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Abstract: The major objective of any electric distribution system (DS) operators in the
present competitive market is to increase the service quality with improved reliability and
lesser energy cost. This objective can be achieved by maintaining the balance between
the reliability and cost of investments. In this work, system reliability is improved by
using reserve capacity considering load growth. A sequential load growth model is
presented for addition of load in non-integer years which is essential for sequential Monte
Carlo simulation method. A model is presented to estimate the required reserve capacity
if planning duration is known and vice versa. The concept of minimum allowable reserve
capacity (MARC) is introduced to overcome the risk due to uncertain load growth. The
system reserve capacity is increased by two ways i.e. up-gradation of distribution
substation and integration of distributed generation (DG). The impact of load growth rate
and reserve capacity level on system reliability is evaluated for a practical Indian
distribution system. The required reserve capacity levels and capacity expansion duration
are evaluated for different load growth rates and MARC values.
Keyword: Sequential load growth, reserve capacity, capacity expansion, reliability,
distributed generation.
1. Introduction
In the present competitive deregulated environment, the distribution system (DS) operators
are under high pressure to improve the system reliability, reduce the energy cost and increase the
profit simultaneously. The deregulation of energy market brings in the concept of performance
based rates (PBR), which is a contract of reward/penalty for system operators based on the
system performance i.e. reliability. However, the PBR introduces the financial risk to the system
operators [1] i.e. imposing penalty for not maintaining predefined reliability levels. To reduce
the financial risk associated with the use of PBR, proper estimation of future system reliability,
planning of system capacity expansion and maintaining appropriate reserve capacity are
necessary.
In the literature, different reliability evaluation methods are developed for distribution system
reliability evaluation. In reference [2], reliability of a test system is evaluated using analytical
approach and the results considered as benchmark. The analytical methods are fail to consider
the uncertainty involved in the assessment due to uncertainty of system failures and repair times.
Monte Carlo simulation (MCS) methods are used for reliability evaluation [3], [4] to overcome
the disadvantage of analytical method. The MCS methods has the ability to include the
uncertainty associated with the distributed generators (DGs) output power. System reliability is
evaluated in [5], [6] with the integration of DGs. The computational efficiency of MCS method
is less and takes more time for evaluation. Authors in [7], [8] are used variance reduction
techniques in association with MCS method to improve the computational efficiency of MCS
method.
The loading of the system is not constant and it increases with time due to load growth.
Reliability of a system is not authenticate if load growth is not included in the evaluation. The
effects of load growth on different distribution system parameters are discussed in [9] - [11]. The
uncertainty in load growth is modelled using fuzzy concept [12], [13] while probability load
growth is considered [14] to find the supply capacity of the DS. The existing load growth models
discussed in [9] -[14] considered the time period in integer values in years, which adds the
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additional load due to the load growth on annual basis. However, in practical scenario, additional
loads are added to the system throughout the year. Hence, existing load growth models fail to
add the additional load to the system throughout the year. Therefore, they are not applicable in
sequential evaluation of system reliability as such evaluation requires loading of the system at
any instant in a year.
As the load growth increases the system demand in the future, the DS operators need to go
for their capacity expansion. The extra added capacity is technically called as reserve capacity
of the system at the initial stage. The estimation of the required reserve capacity plays a key role
in capacity expansion planning. The reserve capacity increases by the means of integration of
DGs and reinforcement or installation of distribution substation and feeders [15]. In reference
[16], the generation reserve capacity forecasting is done using second order Markov chain and
Monte Carlo simulation. In [17], the reserve capacity is estimated by considering energy
charging and customers’ contribution. Keeping the reserve capacity not only satisfies the future
loads of the system due to load growth but also increases the reliability of system. The impact of
reserve margin on system reliability and economic operation is studied in [18].
The assessment of realistic reliability demands the consideration of appropriate load growth
model. The model will be suitable for calculating system maximum load for non-integer years,
which needs to add the additional load to the system on monthly basis, so that model is more
suitable to use with sequential MCS for reliability evaluation. The over investment for capacity
expansion is economically not good for system operation and insufficient reserve capacity will
not only create the power shortage in the system but reduce the reliability as well. For estimation
of reserve capacity certain load growth rate is required but as the load growth rate is uncertain in
nature [12] - [14], this uncertain growth rate increases the risk of insufficient reserve capacity.
Hence, an additional margin of reserve capacity is needed to mitigate the risk.
Therefore in this paper a sequential load growth model is proposed to overcome the
drawbacks of existing load growth models. Models are proposed to estimate the required reserve
capacity and required time for next capacity expansion considering the system load growth. The
risk of uncertain load growth rate is mitigated using an extra reserve capacity called as Minimum
Allowable Reserve Capacity (MARC).
The remaining paper is organised as follows: The introduction of reliability evaluation is
explained in section 2, which includes component modelling, load modelling and description of
sequential MCS method. The mathematical modelling of sequential load growth model and
estimation of reserve capacity is formulated in section 3. The proposed approach for impact
analysis is explained in section 4 with load growth and reserve capacity. The test distribution
system description and reliability data are mentioned in section 5. Results are analysed and
relevant discussion are forwarded in section 6. Finally section 7 concludes the work.
2. Brief introduction to reliability evaluation
A. Component modelling
The component modelling is very essential for system reliability evaluation. Typically,
distribution system components (transformers, circuit breakers, bus bars, line sections, switching
devices etc.) have two states i.e. operating and failure state. These two states are modelled using
continuous time Markov modelling to represent the component reliability model [19], [20]. The
state transition rate depends on the failure and repair rates of the component.
The state space representation of two state continuous time Markov model is shown in Figure 1.
The component operating and failure states are represented by up and down states respectively.
For sequential MCS method, the artificial failure and repair times are generated by using
exponential probability distributions [20].

Figure 1. Two state space diagram of the component
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B. Load modelling
The DS loading depends on many aspects like season (rainy, summer and winter), social factors
(major festivals, marriages etc.) and weather conditions etc. The load changes of the DS have a
repeated nature of daily and monthly basis. The time varying load models will give the realistic
representation of system loading. The system loading at any instant t is determined by using the
following equation [21].
P(t )  Wh (t )  Wm (m)  Pmax
(1)
where,
Wh (t ) =Hourly load factor

Wm (m) =Monthly load factor

P(t ) = System loading at time t
Pmax = System maximum loading
m = month index
The hourly load factor is the percentage of load at a particular hour in terms of daily peak
load. The monthly load factor is the percentage of maximum load in a month in terms of annual
peak load.
C. Reliability indices
The distribution system reliability is measured using system reliability indices i.e. system
average interruption frequency index (SAIFI), system average interruption duration index
(SAIDI), customer average interruption duration index (CAIDI), expected energy not supplied
(EENS) and average service availability index (ASAI) etc. System reliability indices are
determined by using load point reliability indices like failure rate and annual outage time. The
reliability indices are calculated as follows [19]:
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Where i is the failure rate, U i is the annual outage time, N i is the number of customers, Li
is the load of load point i.
D. Sequential MCS
Simulation methods are intended to study and calculate the real behaviour of the system
during the analysis period. The evaluation process is completely based on the generation of
random numbers because it reflects random nature of system behaviour. Sequential MCS method
is able to use the time varying loads for reliability evaluation of the DS. The basic features of the
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sequential MCS method with variance reduction techniques are used to evaluate the system
reliability in this paper. The simulation process is stopped when variation of reliability indices
are less than the predefined coefficient of variation (β). Variance reduction techniques will
reduce computational time of MCS method. In present work, Antithetic variates is used as a
variance reduction technique [7]. The reliability indices are estimated using sequential MCS
method. The mean of the indices over N simulation years is determined by [8]:
1 N
E[ F ]   F ( x k )
(7)
N k 1
here, F is the function definition of reliability index. xk is the sequence of system states in
simulation year k. The variance of estimator is calculated as follows:
V (F )
(8)
V ( E[ F ]) 
N
here, V ( F ) is variance of function.
The coefficient of variance is determined by



V ( E[ F ])
E[ F ]

(9)

Proposed load growth and reserve capacity estimation modelling
A. Load growth modelling
Load growth adds the energy demand on the distribution system. Increase of energy demand
is caused by many social and economic reasons (population growth, industrialization, changing
the lifestyle of consumers etc.). Loading of the system under the load growth condition is
determined as follows [12]:
Pn  Pi (1  r )n
(10)
where,
Pi= Initial or present load of the system
Pn = Final or maximum load of the system after n years
n = Time period in years (n = 1, 2, 3....)
r = Load growth rate per year
If final load and load growth rate are known values then time required to reach the final load
is determined as follows:
Applying logarithmic on both sides of eq. (10)
log Pn  log( Pi (1  r )n )
(11)

log Pn  log Pi  n log(1  r )

(12)

From eq (12), time period n is calculated as:
log Pn  log Pi
P
n
 log (1 r )  n 
 Pi 
log(1  r )

(13)

The load growth model represented in eq. (10) is a non-sequential growth model which takes
the addition of load on a yearly basis instead of considering the addition throughout the year and
hence it is not feasible to use with sequential MCS. To overcome this drawback, a sequential
load growth model is proposed in this paper which gives the increment of the load on the system
in coordination with sequential MCS method. The modelling of sequential load growth model
is developed as follows:
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Let, x be the load growth rate per month. The final load after k months is determined by
Pn  Pi (1  x)k

(14)

If time period is one year then n = 1 and k = 12. Then n and k values are substituted in eq. (10)
and eq. (14)
Pn  Pi (1  x)12
(15)

Pn  Pi (1  r )

(16)

From eq. (15) and eq. (16)
(1  x)12  1  r

(17)

Applying 12th root on both sides of eq. (17) and it becomes
1  x  (1  r )

1
12

(18)

1Substitute eq. (18) in eq. (14) to find the system final load
Pn  Pi (1  r )

k

(19)

12

If the time period is more than 12 month i.e. k > 12 then time period is combination of years
and months. Equation (19) becomes
Pn  Pi (1  r )q
(20)
m
12
m = Time duration in months (m = 1, 2, ....12)
N = Time duration in years (N = 0, 1, 2… ,n-1)

where, q  N 

B. System reserve capacity estimation
System reserve capacity is helpful to partial or full restoration of affected customers after the
isolation of faulted section. The system restoration capacity will increase by keeping more
reserve capacity. The system operators need to estimate the required reserve capacity for reliable
operation of the system during a particular time period and required time for next capacity
expansion is based on the present available reserve capacity. The mathematical modelling of
estimation of reserve capacity and time required for capacity expansion is as follows.
The maximum loading capacity (Pmax) of the system with inclusion of reserve capacity (RC) is
calculated as follows.
Pmax  (1  RC ) Pi
(21)
Final load at the end of time period q with a load growth rate r is determined from the eq.
(20) and is also called as maximum loading capacity (Pmax) required at the end of time period q.
Pmax  Pi (1  r )q
(22)
As mentioned in the introduction, the load growth rate is not a fixed value and have uncertain
nature. The system loading may reach to its maximum loading capacity before the end of the
time period q. Thus might fail to maintain the system reliability as desired.
Hence, from the reliability perspective of the system operation, it is mandatory that the
system must have a certain amount of reserve capacity at any instant or at the end of planning
period to overcome the impact of uncertainty in load growth rate. This mandatory reserve
capacity is called as minimum allowable reserve capacity (MARC). Once the system reserve
capacity is reached to MARC level, then the system must undergo for capacity expansion. So the
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maximum loading capacity of the system at the end of period q while maintaining a desired
MARC level is given below.
Pmax  Pi (1  MARC)(1  r )q
(23)
From eq. (21) and eq. (23)
(1  RC)  (1  MARC)(1  r )q

(24)

In eq. (24), MARC and r are known parameters and RC and q are unknown parameters. If the
capacity expansion period q is known, then the required reserve capacity RC is calculated using
the following equation.
RC  (1  MARC )(1  r )q  1
(25)
If the available reserve capacity RC is known, then the time required for system capacity
expansion is formulated as follows:
Applying logarithmic on both sides of eq. (24)
log(1  RC)  log(1  MARC)  q log(1  r )
(26)

q

log(1  RC )  log(1  MARC )
log(1  r )

(27)

q  log R K
where, K 

(28)
1  RC
and R  1  r
1  MARC

C. Reserve capacity installation
Two scenarios are considered to increase the system reserve capacity. Scenario 1 considers
the increase of substation capacity and up gradation of feeders. This will increase the availability
of the substation and load transfer capability of feeders. Scenario 2 considers the integration of
DGs without changing the substation and feeders capacity. This will increase the islanding
capacity and also the load transfer capacity of feeders. The correlation between feeder loading
and DG output are considered in reliability assessment. For this purpose, time varying loads [7]
and DG output models are considered [22]. The change of feeder loading on substation in
scenario 1 is as follows.
PF _ new (t )  PF _ old (t )  PLG (t )
(29)
where, PF _ old (t ) is initial feeder loading. PLG (t ) is the increase of load due to load growth.

PF _ new (t ) is the final or new feeder loading.
The change of feeder loading on substation in scenario 2 is as follows:
PF _ new (t )  PF _ old (t )  PLG (t )  PDG _ gen (t )

(30)

Here, PDG _ gen (t ) is DG output power.
It is to be noted that the load transfer capacity of any feeder depends on maximum loading
capacity of feeder and present loading of feeder.
4. Frame work for reliability evaluation considering load growth and reserve capacity
The proposed work in this paper uses the basic features of sequential MCS methods for
reliability evaluation. But it considers all components and normal working conditions of a
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practical system. The load transfer restrictions are applied and load transfer capacity of the
feeders varies according to the instantaneous loading of the system. The time varying loads are
applied to reliability evaluation with the help of hourly and monthly load factors. Two different
scenarios are considered to increase the reserve capacity of the system. The load growth and
estimation of reserve capacity models are integrated with sequential MCS method for accurate
estimation of system reliability. The proposed sequential load growth model gives the realistic
load addition suitable for sequential evaluation. The inclusion of MARC for reserve capacity
estimation reduces the risk of uncertain load growth as discussed in previous sections. The
system instant loading after adding the additional load is determined in association with TTF of
system equipment. The feeders load transfer capability is re-evaluated considering the MARC,
load growth rate and TTF. Different load growth rates, reserve capacity levels and MARC values
are used for evaluation purpose to analyse their impact on reliability. The evaluation steps of
proposed approach are represented as a flow chart as shown in Figure 2.

Figure 2. Flow chart for reliability evaluation using MCS method

665

Galiveeti Hemakumar Reddy, et al

5. Test system
An Indian distribution system is used as a test system as given in Figure 3. It is a radially
operated and lightly interconnected system which uses normally open (NO) switches to transfer
loads between the feeders during the faults. The required data for reliability analysis has been
collected from a practical system of Assam Power Distribution Corporation Limited. The system
loading data is used to develop the time varying load models. The distribution substation having
25 MVA installed capacity with three power transformers (rated at 10 MVA, 10 MVA and 5
MVA) are given in Figure 4. At present, the maximum load on the distribution system is 18 MW
(at 0.8 p.f lagging) which experiences a 10 % load growth rate per year. The detailed layout and
connection of major substation equipment is shown in Figure 4. This distribution system has 8
feeders and 295 load points. The load points are distributed along the feeders and serves 6440
customers of different types (which includes large, commercial and domestic customers).
Feeders are divided into 59 sections using sectionalizing switches to reduce the affected
customers during the fault. Six NO switches (namely SW1-SW6) are used to interconnect the
system for load transfer during the failures. The locations of switches are shown in Figure 3. The
failure rate (λ) and repair(r)/replacement time (rp) of the system components are given in Table
1.

Component
Distribution transformer
Power transformer
Overhead lines
Circuit breaker
Bus bar

Table 1. Test system reliability data
Failure rate
Repair/replacement
(failures/year)
time (hours)
0.0843
10
0.0843
15
0.1479
5
0.004
4
0.0001
2

The repair of transformers takes more time, so it is considered that the failed transformer is
replaced with a healthy (spare) transformer, unlike the on-site repair of other equipment (circuit
breakers, bus bars, line). Initially the distribution substation has a 10 % reserve capacity (at 0.8
p.f. lagging) and feeders have sufficient reserve capacity to handle future load growth of the
system. For SC 1, system reserve capacity is increased by considering the following assumptions:
System power factor is increased to 0.9 p.f lagging using compensation devices and replacing
the 5 MVA power transformer (T3) by 10 MVA. DGs are installed to increase the reserve
capacity of the system for SC 2. The DG locations are shown in Figure 3. The size of the DG are
changed according to the required reserve capacity.

Figure 3. Single line diagram of the test distribution system
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Figure 4. Single line diagram of the test distribution substation
6. Results and discussions
The paper utilises the practical Indian distribution system, as discussed previously, for
analysis purpose. It is assumed that the system will be operated manually and interconnected
through NO switches for all the analysis done in this section. The presented results in this section
explains load growth and reserve capacity impact on system reliability. Here, reserve capacity
means the reserve capacity of both substation and the feeders reserve capacity. The load growth
is occurred due to two reasons, i). New customers are added to the system ii). Extra loads are
added by the existing customers. It is assumed that number of load points remain same during
the analysis period.
A. Impact of load growth and reserve capacity
System reliability is calculated for different load growth rates and reserve capacities. Three
different cases are studied to evaluate the impact of load growth and reserve capacity on system
reliability and obtained results are compared with each other. The basic system reliability indices
viz. SAIFI (interruptions/year), SAIDI (hours/year), CAIDI (hours/year), EENS (MWhr/year)
and ASAI are determined for comparison.
CASE 1: In this case, the system reliability is calculated without system load growth. The
system reliability indices (SAIFI, SAIDI, CAIDI, EENS and ASAI) are calculated by
changing the reserve capacity from 0 to 70%, so that the impact of reserve capacity on
reliability is identified.
CASE 2: In this case, the system reliability is calculated by considering the system load
growth. The evaluation of the distribution system final load is determined using load growth
model given in eq. (10).
CASE 3: In this case, the proposed sequential load growth model is used for determination
of system final load. This model is able to give the instantaneous system loading in
coordination with the sequential MCS method for reliability calculation, the mathematical
model for which is given in eq. (21).
Scenario 1 is considered for increase of reserve capacity and impact of load growth rate and
reserve capacity is analysed in the following section. The system reliability indices for different
levels of reserve capacity are shown in Figure 5 for case 1. From the Figure 5, it is observed that
SAIFI is not affected due to the change of system reserve capacity. It is expected because the
SAIFI value depends on failure rate and number of customers in each load point. System reserve
capacity increases the restoration capacity and reduces the restoration time/outage time of load
points and it will not show any impact on failure rate. On the other hand, SAIDI, CAIDI and
EENS indices depends on the restoration/outage time of the load points. These reliability indices
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are changing with change of system reserve capacity and improves with increase of reserve
capacity.
EENS is significantly improved, if the system reserve capacity changes from 0 % to 10% and
from 10% to 20%. There is a small improvement in EENS, if system reserve capacity changes
from 20% to 30% and from 30% to 40%. It is also identified that there is a big improvement in
SAIDI and CAIDI values, if the reserve capacity increases from 0 % to 20 % and small variation
between 20 % to 40% reserve capacities. If system reserve capacity increases further (more than
40%) then relative improvement of SAIDI, CAIDI and EENS is very less and negligible. This is
explained as, if feeders don’t have reserve capacity then loads are not restored after isolation of
faulty section. However, if the feeders reserve capacity is increased from 0% to 20%, it is but
obvious to have more number of load point getting restored after isolation of faulty section.
Because of this the relative improvement of reliability is high. Now, if the reserve capacity goes
on increasing then relatively less number of load points would be restored which causes less
improvement in reliability. After a certain level of reserve capacity (40%), negligible load points
are restored and consequently the relative improvement in reliability is also negligible. It is also
observed that from the reliability point of view, the minimum required reserve capacity is
between 20-40 % for this case study.

Figure 5. System reliability indices without load growth
The system reliability indices are calculated for case 2 for different reserve capacity levels
(from 20% to 70%) and load growth rates (5%, 10%, 15%, and 20%). The system reliability
values are given in Table 2. From Table 2, it is observed that apart from the reliability
improvement due to increase of reserve capacity, the system reliability reduces with the increase
of the system load growth rate. It is because of the following reasons: reserve capacity will
increase the load transfer capacity of the feeders but at the same time due to load growth, loading
of all feeders increases and it leads to reduction of load transfer capacity of the feeders. If load
growth rate is fixed then reliability is improving with increase of reserve capacity and reasons
are stated above. If reserve capacity is fixed then system reliability is decreasing with increase
of load growth rate. It can be seen from Table 2 that there is no further considerable improvement
of reliability beyond 50% reserve capacity for 5% load growth rate whereas the reliability is seen
to be improved for 20% load growth rate till the reserve capacity of 70%. Hence, in conclusion
the minimum required reserve capacity increases with the increase of load growth rate.
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Table 2. System reliability indices for case 2
Index

Growth rate
5%
10%
15%
20%
5%
10%
15%
20%
5%
10%
15%
20%
5%
10%
15%
20%

EENS

SAIDI

CAIDI

ASAI

20%
111.63
118.84
125.99
133.42
10.85
10.93
11.050
11.19
3.9598
3.9890
4.0328
4.0839
0.998761
0.998752
0.998738
0.998722

30%
109.98
116.15
122.99
129.93
10.67
10.72
10.82
10.93
3.8941
3.9124
3.9489
3.9890
0.998781
0.998776
0.998764
0.998752

Reserve capacity
40%
50%
108.83
107.35
114.72
112.90
120.84
118.87
127.41
125.86
10.58
10.49
10.63
10.52
10.68
10.56
10.76
10.61
3.8613
3.8284
3.8795
3.8394
3.8978
3.8540
3.9270
3.8722
0.998792
0.998802
0.998786
0.998799
0.998780
0.998794
0.998771
0.998788

60%
106.76
112.23
117.85
123.52
10.46
10.48
10.51
10.54
3.8175
3.8248
3.8357
3.8467
0.998805
0.998803
0.998800
0.998796

70%
106.35
111.68
117.10
122.25
10.44
10.45
10.46
10.49
3.8102
3.8138
3.8175
3.8284
0.998808
0.998807
0.998805
0.998802

The system reliability values for case 3 are given in Table 3 for different load growth rates
and reserve capacity levels. Variation of reliability indices with reserve capacity and load growth
rate is same as that of case 2 however, the reliability is observed to be improved when compared
to case 2. For example, at 40% reserve capacity and 10 % load growth, EENS is increased by
11.65% and 3.19% in case 2 and case 3 respectively as compared to case 1. It is because the load
growth model used in case 2 calculates system final load at the end of the year. It means that
total load growth of the system during the simulation year is added at the starting of the
simulation year. However, in general, total load growth will not add at starting of the simulation
year but will add to system during entire simulation year. Due to this, the sequential reliability
evaluation takes apparently more system loading than actual loading which reduces the net
reserve capacity and there upon reliability changes accordingly (increase in reliability values
than actual). The growth model used in case 3 calculates the final load at the ending of the each
month of simulation year. The system maximum load will change according to the month of the
year and this will match the actual system. Because of this reason, reliability values determined
in case 3 are more realistic and lower than case 2.
Table 3. System reliability indices for case 3
Index

EENS

SAIDI

CAIDI

ASAI

Growth rate
5%
10%
15%
20%
5%
10%
15%
20%
5%
10%
15%
20%
5%
10%
15%
20%

20%
106.85
108.52
110.01
111.72
10.81
10.83
10.84
10.86
3.9452
3.9525
3.956
3.9635
0.998761
0.998752
0.998738
0.998722

30%
105.21
106.73
108.19
109.69
10.64
10.65
10.68
10.71
3.8832
3.8868
3.8978
3.9087
0.998781
0.998776
0.998764
0.998752

Reserve capacity
40%
50%
104.13
103.07
105.55
104.30
106.84
105.46
108.21
106.75
10.54
10.48
10.56
10.49
10.58
10.5
10.60
10.52
3.8467
3.8248
3.8540
3.8284
3.8613
3.8321
3.8686
3.8394
0.998792
0.998802
0.998786
0.998799
0.998780
0.998794
0.998771
0.998788

60%
102.56
103.67
104.75
105.90
10.45
10.46
10.46
10.47
3.8138
3.8175
3.8175
3.8211
0.998805
0.998803
0.998800
0.998796

70%
102.22
103.26
104.43
105.45
10.43
10.43
10.45
10.45
3.8065
3.8065
3.8138
3.8138
0.998808
0.998807
0.998805
0.998802

The reliability values from all three cases are compared to analyse the impact of reserve
capacity as well as load growth models. For the comparison, the load growth rate is assumed as
10 %. The comparison of EENS and SAIDI values are shown in Figure 6 and Figure 7
respectively for different reserve capacity levels. The EENS and SAIDI values are decreasing
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with the increase of reserve capacity for all the three cases. It is also observed that reliability
indices in case 3 are less affected with system load growth as compared to case 2 for any level
of reserve capacity and also at higher reserve capacity levels (above 50%), the impact of load
growth rate on SAIDI is observed to be very less in case 3.

Figure 6. EENS value for different reserve capacity levels

Figure 7. SAIDI value for different reserve capacity levels
The system reliability indices for different simulation years are shown in Figure 8. Figure 8
compares the reliability indices of case 2 and case 3. The system reserve capacity is assumed as
60% at the starting of first simulation year and 10% load growth rate is assumed for all simulation
years. It is observed that there is a slight increment of SAIDI value with increase of simulation
year for both the cases. On the other hand, higher increment in EENS value is identified. The
SAIDI and EENS values in simulation year 4 are increased by 3.05% and 39.37% respectively
as compared to the values of simulation year 1. The SAIFI value is constant and independent of
the simulation year. SAIFI value mainly depends on the failure rate of load points and load point
failure rate will depend on the failure rate of the distribution system equipment. The failure rate
of distribution system equipment is constant throughout the analysis period and aging effect on
equipment failures is not considered.
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Figure 8. SAIDI and EENS for different years
B. Impact of DGs on reliability
Scenario 2 is considered for increment of reserve capacity. DGs are used to increase the
system reserve capacity to increase the reliability and satisfy the future load demand on the
system. In the following section results are compared with scenario 1. If load growth is not
considered and system reserve capacity is considered as 20% then the EENS values are 106.08
MWhr/year and 94.17 MWhr/year for scenario 1 and scenario 2 respectively, thus implying a
good reliability of DG integration (scenario 2) as compared to scenario 1. This is explained as
follows, in scenario 1 due to the up gradation of substation and feeders’ capacity, load transfer
capability of feeders is increased. During the failure of any feeder section, the downstream load
points are restored using alternate feeder provided there is an interconnection point between
alternative feeder and downstream load points. Thus, if this constraint is not satisfied, then the
restoration of loads will fail.
In case of scenario 2, DG integration improves both the feeder load transfer capability and
islanding capacity of feeders. This will effectively restore more load points during the system
failures. System load growth rate is considered as 10% and sequential load growth model was
used to find the reserve capacity impact on reliability under two scenarios. System reliability for
different reserve capacities is shown in Figure 9 for both the scenarios. It is observed that SAIDI
and EENS are improved noticeably in scenario 2. There is no considerable change in reliability
beyond the 40 % reserve capacity.

Figure 9. SAIDI and EENS for both scenarios
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C. System capacity expansion planning
In this section, system capacity expansion planning is discussed in terms of required reserve
capacity and required time for capacity expansion considering the system load growth. A new
measure MARC is used for system capacity expansion planning. Two different MARC values are
considered for analysis to evaluate the impact of MARC on system capacity planning. Firstly, the
MARC value is taken as zero for planning analysis. It means the system is allowed to operate up
to zero reserve capacity and then it will go for capacity expansion. The final load on the system
may not be the expected value due to the uncertainty nature of the system load growth rate as
reliability concern, it is not possible to operate the system up to zero reserve capacity.
From the previous analysis of reserve capacity impact on system reliability (section 5.1), 20%
system reserve capacity is considered as minimum required reserve capacity. So MARC is taken
as 20% for capacity expansion for better reliability. The estimation of required reserve capacity
is given in Table 4 for different load growth rates and MARC values. The time for capacity
expansion is considered as 3 years. The required reserve capacity is observed to increase with
the increase of the load growth rate. It means that the system having higher load growth rates
need to keep more reserve capacity at initial stage. It is also observed that the system required
reserve capacity is increasing with MARC values.
Table 4. Estimation of reserve capacity and time for expansion
Growth rate
(%)
5%
10%
15%
20%

Reserve capacity (%)
MARC=20%
MARC=0%
38.91
15.76
59.72
33.1
82.5
52
107.36
72.8

Time for expansion
MARC=20%
MARC=0%
5 years, 11 months
9 years, 8 months
3 years
4 years, 11 months
2years, 1 month
3 years, 4 months
1 year, 7 months
2 years, 7 months

Figure 10. Constant system capacity planning
The unexpected conditions of the system loading and load growth leads to the system
capacity expansion at any intermediate stage apart from the periodic system capacity expansion.
The unexpected conditions consist of commercialization, industrialization and fast urbanization
of distribution system serviceable area. The estimation of required time for capacity expansion
is given in Table 4 for different system load growth rates and MARC values. System reserve
capacity is considered as 60% at the instant of estimation of required time for capacity expansion.
It can be seen that the required time margin is reducing with the increase of system load growth
rate. The higher value of MARC causes the lesser time margin for system capacity expansion.
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The system capacity expansion planning is initiated after identifying the system load growth
rate. From the Table 4, if distribution system experiences 10% load growth rate then system
requires 60% reserve capacity for reliable operation of next 3 years with MARC value as 20%.
The installation of reserve capacity is performed in two ways. The total reserve capacity is
installed at initial stage of system capacity expansion planning and it is shown in Figure 10.
From the analysis of reserve capacity impact on system reliability, it is identified that the excess
reserve capacity does not give more reliability benefits, instead it will increase the capital
investment of the system. Most of the reserve capacity is wasted in this method during the initial
months as shown in Figure 10.
A stepwise capacity expansion method is used to extract the maximum economic benefits
from the system capacity expansion planning. The graphical illustration of this method is shown
in Figure 11. Initially 40% reserve capacity (MARC=20% and RC=20%) is installed instead of
60% reserve capacity, because the improvement of system reliability, in case of reserve capacity
being increased from 40% to 60%, is negligible, the system reserve capacity reaches to its MARC
value after 21 months from the first system capacity expansion. So, after 21 months, the
remaining 20% capacity is installed to get the reliability benefits. In this method, less reserve
capacity is useless as shown in Figure 11.

Figure 11. Step wise system capacity planning
7. Conclusion
In this paper, a sequential load growth model and capacity expansion model are proposed
and are applied to an Indian distribution system. The sequential load growth model gives more
realistic addition of load to the system due to load growth. The system reliability is evaluated
using proposed model and compared with existing growth model for different load growth rates
and reserve capacities and impact on reliability is analysed. The proposed load growth model
gives realistic estimation of system reliability than existing model. The reliability is improving
with the increase of reserve capacity, on the other hand, reliability is reducing with the increase
of load growth rate. The relative change of reliability improvement is reduced with the increase
of reserve capacity to higher levels. It is also observed that the required reserve capacity is
increasing with the increase of load growth rate. The impact of load growth is reduced at high
reserve capacity levels while using the proposed model. The reliability is reduced with the
increase of time under load growth condition. From the impact analysis, it is possible to estimate
the minimum required reserve capacity for a particular load growth rate for maximum reliability
benefits along with lower investment. Two different scenarios are considered for increase of
system reserve capacity. System reserve capacity’s impact on reliability is studied for both
scenarios, scenario 2 (DG integration) gives better reliability than the scenario 1(system capacity
up gradation). The reserve capacity is estimated by including the MARC to reduce the risk due
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to load growth rate uncertainty. For a fixed duration of system capacity planning, the required
reserve capacity is directly proportional to the load growth rate and required reserve capacity is
found to change with the change of MARC value. At any instant, time required for next system
capacity expansion is reduced with the increase of the load growth rate and MARC value. The
step wise installation of the required reserve capacity is observed to reduce the wastage of reserve
capacity thus reducing the capital investment.
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