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Abstract— The Iranian Ministry of Energy commands the Regional Electrical Companies to install
DG resources at 63kV/20kV substations and at the end of 20kV lines. The first and foremost
challenge in installing these resources is deciding on the optimal place and capacity of these
resources. This paper is aimed to propose an appropriate algorithm for siting and sizing such
resources in Bakhtar Regional Electrical Company. The proposed algorithm takes into
consideration all technical and economic factors important to the company. Due to the variety of
important factors in sizing and siting, this paper proposes a new method to reduce limitations and
constraints of this process. Accordingly, all technical and economic factors are assigned
monetarily, so violating limitations reduces considered benefits. This method increases the
probability of convergence of results and accordingly is appropriate for application in actual
network where there are numerous factors. Another feature of this paper is considering the
parameter of earthquake for the first time and is assigned monetarily according to its devastating
effects on considered parameters. Applying this parameter while sizing and siting leads to increase
in distributed generation impacts in reducing customer outage in locations with high probability of
earthquake. The obtained results are reported and discussed.

Keywords— Distributed generation, siting, sizing, cost-to-benefit ratio, earthquake

1. INTRODUCTION

In the last decade, innovations in technology, environmental changes, and economic developments have
drawn attention to Distributed Generation (DG) resources. The application of these resources can bring
about many advantages such as voltage control, power quality and reliability improvement, loss reduction,
energy saving, and deferring the necessity of development of substations [1-4]. Accordingly, DG has
become an appropriate solution to the problem of generating and supplying electrical power from the point
of view of designers [5].

The most critical issue in exploiting DG resources is sizing and siting them [1]. Without appropriate
sizing and siting, the considered benefits cannot be derived [2]. In addition to the technical issues of
installing DG, there are economic issues, which are becoming more important as a result of the creation of
electrical markets. Improving the technical parameters of the network is not possible without economic
justification. This means that sizing and siting necessitates a balance between technical and economic
parameters.
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Many studies have addressed the issues of siting and sizing of DG resources which are reviewed in
[6]. Analyzing different papers, it is obvious that power loss reduction has often been considered as an
objective in most studies [6, 7]. Studies [8-12] are examples of papers which considered power loss
reduction as a single objective of sizing and siting DG. Some other studies which are associated with
power loss reduction have considered load uncertainties in sizing and siting process [13-15]. Studies [16,
17] have suggested another type of single objective sizing and siting which includes the purpose of
increasing the penetration level of DGs in distribution networks. Although single purpose on sizing and
siting process may result in improvement of the associated objective, it is likely to affect other parameters
adversely. Thereby, the best answer is not acquired using these kinds of methods. Accordingly, studies [4,
18-20] aimed at power loss reduction and voltage profile improvement, [21-23] are aimed at power loss
reduction, maintaining short-circuit level, and voltage profile improvement, and the algorithms proposed
by [24, 25] for siting and sizing DGs considered loss reduction, and voltage profile and reliability
improvements. Generally, these studies only considered technical aspects of sizing and siting process and
had not considered economic aspects. In order to consider economic factors, authors in [26] selected the
optimal types, sizes, and locations of DG resources, taking account of investment, maintenance, and
operational costs. Also, study [27] has considered simultaneous sizing and siting DGs along with energy
storages and having purposes of reducing costs of investment, operation, maintenance, and pollutant
emission. Methods suggested in [26, 27] neglect technical factors of the network and are contemplated
only in economic issues and cost reduction purposes. To solve this problem, [3, 28] used a multi-objective
formulation in order to maximally balance the costs of improving the network, power loss, energy
expected but not supplied, and the power purchased from the transmission network. As it is clear, these
studies have neglected some important parameters such as voltage profile and short-circuit level of
network. On the other hand, authors in [29, 30] presented some indices, such as the power loss index, and
voltage profile index, in order to evaluate the efficiency of installed DG units.

This paper proposes a new approach for sizing and siting DG units which can solve defects and
problems of previous studies. Since considered factors in sizing and siting are numerous, in order to
increase convergence of answers and have the best answers, all technical and economic factors are
assigned monetarily according to appropriate indices. Thereby, violating limitations reduces considered
benefits and are not a barrier to achieving optimal answers. Since installing DG units enhances the
reliability of the networks, it should also be considered in earthquake-prone areas. Accordingly, another
feature of this paper is considering the parameter of earthquake for the first time and is assigned
monetarily according to its devastating effect on DG units. Applying this parameter while sizing and siting
leads to increase in DG impacts in reducing customer outage in locations with high probability of
earthquake. In order to prove the efficiency of proposed method it is applied and tested on Bakhtar
Regional Electrical Company (BREC) in Iran.

The rest of the paper is organized as follows. In section Il, the new method and the proposed
formulation are presented. Section Ill describes sample network, software, optimization technique, the
algorithm used to identify the optimal number of DGs, and some assumptions are considered. Finally,
section IV summarizes the simulation results and provides a brief discussion.

2. NEW METHOD

The Objective Function (OF) constitutes the benefit and cost of installing DG resources in 63/20 kV
substations and is defined as Eq. (1) below:

Costpg

Min (CBR) = _
Benefit 5

1)
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The purpose is to minimize the ratio of the cost of DG installation ( Costpg ) to the benefits derived
from installation ( Benefitpg ). Cost factors include cost of initial investment (C;), maintenance cost (C,),
operational cost (Cs), and cost of replacing the circuit breaker (C4). The benefit factors include purchasing
less power from the transmission network (B;), loss reduction (B;), voltage profile improvement (Bs3),
deferring substation capacity development (B,), and the benefit lost due to earthquake (Bs). Equation (1) is
thus turned into Eq. (2) below:

C,+C,+C3+C,

Min (CBR) =
( ) B, +B, +B;+B, —Bg (2)

All the factors are assigned monetary values for a year.
a) Modeling of DG installation costs

1. Cost of Initial Investment (C;): The annual cost of investing in DG units ($) is calculated using Eq.

3).
NDG
C = % Fc % Spg i X COS ¢ X Apg (3)

where F. is the initial cost of purchasing and installing DG units (ﬁ), Spa,i is the power produced by
the i" DG (MVA), cos ¢, is the power factor of i" DG unit, Npg is the total number of DG units, and Agg
is the factor of assigning money which is calculated using Eq. (4) [3].

(4)

where r is the interest rate, and n is the length of time the investment is expected to yield profit.

2. Maintenance costs (C,): DG units require maintenance and cannot operate continuously for an entire
year. Maintenance costs are divided into two parts: the cost of maintaining DG units and the benefit which
is not acquired while maintaining. The cost of maintaining DG units is calculated using Eqg. (5).

NDG
C,= 21 Cy XSpg,i XCOS ¢, (5)
i=

where Cy, is the cost of maintaining a DG unit for a year (ﬁ .

An important issue which has not been considered in most previous research is the benefit which is
not acquired while the DG unit is out of service. Since the benefit obtained mostly depends on the
existence and operation of the DG unit, almost no benefit is acquired while the DG units are out of
service.

3. Operational costs (Cs): Operational costs in non-renewable technologies come from the fuel used for
generating electrical power [31]. Since the DG units used in this research are gas-fired reciprocating
engines, the operational cost (wn ) is equal to the cost associated with the gas consumed by these units
and is calculated through Eg. (6).

BxF,
C. = 0 6
° HVxR ()

wréere B is the coefficient of changing the Kcal to kWh (equaling 860), Fo is the cost of the natural gas
(72 ), HV is the thermal value of the natural gas ( el ), and R is the efficiency of the DG unit (%).

mS
Placing C, in Eq. (7), we can calculate the annual operational cost of the DG units.
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NDG
C,= zl C, % Spg, % €0S @; x10° x (8760 — hyin; ) @
1=

where hpaini is the length of time when the DG unit is out of service, 8760 is the total number of hours in a
year, and 10° coefficient is used to change kWh into MWh,

4. Cost of replacing the circuit breakers (C,): Since installing DG units increases short-circuit level of
network, it is effective in proposed method for sizing and siting DGs in this paper [22]. This increase may
cause problems if the short-circuit level of the buses exceeds that of the circuit breakers (CBs). If this
happens, the CBs must be replaced. The annual cost of replacing CBs is calculated using Eq. (8).

N
Cs=Apg _Zlcs\mtch,i (8)
1=

where N is the number of 20KV buses, and Csyicn; is the cost of replacing the i'" CB.
b) Modeling the benefits obtained from DG installation

1. The Benefit of Purchasing Less Power from the Transmission Network (B,): Electrical companies
have to purchase power from the transmission network. However, installing DG units will allow them to
obtain some of the power they need from these resources. The benefit obtained from purchasing less
power from the transmission network ( B, ) considering maintenance time of DGs is calculated through Eq.

9).
NDG
Bl = 21 SDG,i X COS ¢I X EP X(8760— hmain,i) (9)
i=

where Spg; is the power produced by the i DG (MVA), and E; is the price for electricity (W)-

2. The benefit resulting from loss reduction (B,): The annual benefit obtained from reducing power loss
for one year is calculated using Eq. (10) [31].

. . N
WithoutDG WithDG o
B, = (PVihoutbG _ pWIhDG ) E, x8760 — 3. DPyssi x Ep x Nrvaini (10)
i=
where, PouG ang pWIMDG are the power loss in the absence and presence of DG units respectively,

and DP_; is the amount of change in the loss when the i DG is out of service.

3. The benefit obtained from improving voltage profile (Bs): Given the fact that the voltage is regulated
by tap changes, installing DG units can reduce the number of tap changes in transformers, thus increasing
transformer lifetime. The decrease in the number of transformer taps in order to make the voltage profile
close to 1(pu) is calculated from Eq. (11).

DT = N\T/v;rt)houtDG _ N\T/v;;hDG 1)
where N‘T"e’lgh"“tDG and N\Tg;hDG are the number of taps required to regulate the voltage profile before and

after installing DG resources, respectively.

The monetary benefit obtained from improving voltage profile as a result of DG installation ( B;) can
be calculated using Eq. (12). In this equation, Ci;j is the cost of each substation transformer, DTj; is the
change in the number of taps of i substation and jth transformer, Tapwax is the maximum number of taps
allowed for each transformer, N; is the number of 63/20 kV substations, N+, is the number of i"™ substation
transformers, 8760 is the total number of hours in a year, and h,;,; is the length of time when a DG unit
connected in i substation is out of service.
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B — A0 551§ NZT DT;; c 8760 — Nipain i 1
= U, _— X (—0
S S ATapya 8760 (12)

4. The benefit obtained from deferring substation capacity improvement (B,): The necessity of
improving substation capacity can be deferred by installing DG resources. Accordingly, maximum loading
of the substation before a DG unit is added can be calculated through Eq. (13).

PSMax = I:)DMax (1+ 0!) « (13)

where Ppuax IS the peak load of the substation, « is the growth rate of the load, and K is the number of
years under consideration. Once a DG unit is installed, maximum loading of the substation can be
calculated from Eq. (14).

PSMax: F)DMax(l"' a) « (1_ 7) (14)
where y is the ratio of the capacity of the DG unit to the peak load of the substation. Eq. (15) is used to
calculate how long substation capacity improvement can be deferred.

1
B LOQ(E)
" Log(l+a)

where AT is the length of time substation capacity improvement can be deferred. The annual benefit
obtained from deferring improving the capacity of a 63/20kV substation is calculated via Eq. (16).

Ns 1+1F "
B, = APBZCM.N“{l{ } (16)

-y 1+r

(15)

where Apg is the factor of assigning money (calculated from Eg. (4)), and IF is the annual inflation rate.

5. The benefit lost due to earthquake (Bs): As is clear in Fig. 1, if an earthquake occurs at point 2, the
DG resources installed at points 1 and 3 will be damaged and go out of service. This means that part of the
expected benefit will not be obtained.

4

Fig. 1. Earthquake damage radius
The cost of the damage to a bus (i) as a result of an earthquake is calculated using Eq. (17).
Cg =Dix P 17)
where D; is the cost ($) of the damage caused by an earthquake to bus i, and Pg; is the probability of an
earthquake occurring at bus i. D; can be further classified as increased power loss (DP\ ), degraded

voltage profile (DV;), increased power purchase from upper hand network (DA;), and DG repair or
replacement cost (Dd;). Eq. (18) gives the calculation.

D; = DP,oes; + DV; + DA, + Dd; (18)
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The factors associated with D; are considered for a year and can be obtained from equations in
previous parts.

The maximum yearly cost of the damage associated with earthquakes (Bs) is obtained by multiplying
maximum cost ( Max(C; ) ) of the damage caused to each bus by the probability of an earthquake occurring
in the region where the considered network is located ( Py ). Eq. (19) shows this.

Bs = Py xMax (Cg) (19)
Py is the probability of earthquakes occurring in region.
¢) Constraints of the problem
Two constraints are considered in this paper and are presented below.

1. The constraint of coordination between demand and generation at each bus: Since the electrical
companies in Iran are not allowed to send power from downstream networks to upstream networks to
avoid changing the protection settings of the networks, the capacity of installed DG resources should be
less than the demand from an associated bus.

2. Earth constraint: This constraint is considered because this paper is the result of an investigation
performed on an actual network (BREC). There is not enough space for installing DG resources in some
substations. This problem is exacerbated in substations located in urban areas. The substations which do
not have enough space for installing DG resources are omitted from the sizing process.

3. PROPOSED METHOD
a) Case study and simulation setup

The method proposed in this paper was applied to the BREC in Iran. This network includes the electrical
networks of three provinces of Markazi, Hamedan, and Lorestan. It has 97 substations which are 63/20 kV
(See Appendix for a graphical representation, Fig. 5). Table presents some information about this
network. More information can be found in Table 10 in Appendix. In addition, the proposed method and
the BREC network were simulated in DIGSILENT Power Factory 14.0.523 program. Further information
about this software is presented in [32].

Table 1. Specifications of the BREC network

Province Number of 20-kV buses Active load (MW) Losses(MW)
Markazi 35 692.6 16.85
Hamedan 33 631 22.84
Lorestan 29 475.3 12.04
Total 97 1798.9 51.75

b) Optimization technique

Referring to study [6] most sizing and siting studies are carried out using Genetic Algorithm (GA).
Studies [22, 27, 33] are such studies that have used this algorithm for sizing and siting DGs in recent
years. Since efficiency of this approach for sizing and siting is proven, in this work GA was used to
optimize the objective function. Further information about GA and its operators are presented in [22].

c) Determining the optimal number of DG units

Determining how many DG units should be installed in a network is vitally important, and any
miscalculation could have an adverse effect on network parameters. The present paper proposes an
algorithm for this purpose. The following steps are involved:

1. DG units are installed at all 20kV buses of the network.
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2. The GA algorithm determines the optimum capacities of the DG units.

3. If the determined capacity is smaller than the minimum capacity (10MW), the determined capacity
is replaced with zero.

4. If the determined capacity is larger than the maximum capacity (25MW), the determined capacity
is replaced with the latter.

5. If the determined capacity is larger than the nominal load of the bus, the determined capacity is
replaced with the latter.

6. If the determined capacity is for a substation where there is not enough space, the capacity is
replaced with zero.

7. The OF is calculated using Eq. (2).

8. Step two is repeated until the designer is satisfied.

d) Assumptions

1. The capacity of DG units: As the BREC aims to install gas reciprocating DG units with the capacities
of 10 MW up to 25 MW and steps of 5 MW, the capacity of the DG units are assumed to be these values.

2. The cost of replacing the CBs: It is assumed that the CBs in need of replacement are replaced with 25
KA switches, at a cost of $ 430,022.

3. Maximum allowed tap (Tap Max): According to the research carried out in the Azerbaijan Regional
Electrical Company (AREC) in Iran, 63kV/20kV transformers start to malfunction at about 200,000 taps.
This number was taken in the present study as the allowable number of transformer taps.

4. The amount of voltage change in each tap: Each tap is assumed to be capable of changing the voltage
profile by 2.5% [34].

5. The power factor of the resources: Since the BREC is interested in generating active power due to the
problem of lack of active power, it is assumed that the DG units work at unitary power factor and generate
active power only.

6. Cost of transformers: Table 11 in Appendix presents the cost of transformers at 63/20 kV substations
of the BREC.

7. Substations lacking enough space: According to the information provided by the BREC, some
substations (including substations 2, 10, 14, 22, 39, 45, 58, 66, 76, and 81) do not have enough space for
installing DG resources.

8. The probability of earthquake occurrence: This probability is 43.785% for the BREC. This factor for
each of the substations in BREC is presented in Table 12 in Appendix.

9. Earthquake damage radius: According to the information obtained from the Geology Institute in Iran,
the damage radius of an earthquake is assumed to be 40 Km.

10. The growth rate of the loads: The growth rates of the loads in BREC are presented in Table 13 in
Appendix.
Other sizes for OF parameters are presented in Table 14 in Appendix. All the preceding information
was obtained from the BREC.
4, SIMULATION RESULTS

Table 2 summarizes the results of applying the proposed method to the BREC network. As can be seen,
the optimal number of DG units to be installed in the BREC network is 56. Of these, 15 units are installed
in Lorestan Province (generating 230 MW), 19 units in Hamedan Province (generating 330 MW), and 22
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units in Markazi Province (390 MW). Altogether, the DG resources generate 950 MW of electricity. All
capacities are within the allowed ranges.

Table 3 presents the annual values of benefit and cost factors. As it is shown the value of the
presented OF would be 0.361, so the total amount of the benefit to be obtained is 2.7 times as large as that
of cost. This proves the efficiency of the proposed method. The benefit of voltage profile improvement is
given a minus sign, indicating that the numbers of taps which are used for changing the impact of voltage
profile into dollar are more than the state before installing the resources.

Table 2. Obtained capacity and location of DG resources

Locatio Capacity Locatio Capacity Locatio Capacity Locatio Capacity Locatio Capacity

n (MW) n (MW) n (MW) n (MW) n (MW)
1 15 21 0 41 20 61 25 81 0
2 0 22 0 42 10 62 0 82 10
3 25 23 25 43 10 63 20 83 10
4 25 24 0 44 0 64 0 84 15
5 15 25 20 45 0 65 25 85 0
6 25 26 10 46 10 66 0 86 20
7 0 27 25 47 0 67 20 87 10
8 10 28 15 48 10 68 20 88 0
9 20 29 10 49 25 69 15 89 20
10 0 30 0 50 10 70 15 90 0
11 10 31 0 51 0 71 0 91 0
12 0 32 0 52 25 72 10 92 0
13 0 33 15 53 20 73 15 93 0
14 0 34 15 54 15 74 0 94 0
15 25 35 15 55 0 75 0 95 25
16 0 36 0 56 0 76 0 96 15
17 25 37 25 57 20 77 15 97 0
18 10 38 0 58 0 78 25
19 25 39 0 59 10 79 0
20 10 40 0 60 10 80 10
Table 3. Annual values of benefit and cost factors
Annual cost factors ($) Annual benefit factors (3$)
Initial investment 82435117.49 Purchasing less power 226575000
Repair cost 8835 Power loss reduction 7112240
Operational cost 1699312.5 \(oltage profile -1.3123
improvement
Deferring improving the
Changing CBs 3440176 capacity of the 1598776
substations
Total 87583441 Lost benefit at the time 7148084.92
of an earthquake
Total 242434099.6

Since Iran is rich in natural gas resources, gas prices are cheap in this country. This issue may affect
the OF and reduce its value. So, considering the results in Table 3, operation cost is 1.94% of the overall
cost. According to Eq. (7) where F, and C, have a direct relationship, it can be concluded that the natural
gas price has an impact of 1.94% on the total cost. This indicates the low impact of gas prices on the OF
and the chosen algorithm, because 98.06% of the impact is resulted from other parameters. Hence, it is
concluded that with low cost of gas in Iran, the value of OF and the proposed algorithm are not
diminished.

Figure 2 depicts the voltage profile of the 20kV buses for the three provinces. This table is before
applying transformer taps. As is apparent, DG resources had a positive impact on voltage profile in
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Markazi Province. Also, all the buses in this province have their voltage profiles within the allowable
range. This did not hold true for the other provinces, where, according to Table 4, installing DG resources

resulted in using more taps in transformers.
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Fig. 2. Voltage profile of 20 (kV) buses for Markazi Province (a), Hamedan Province (b), Lorestan Province (c)
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Table 4. Changes in the number of taps used in transformers for 20kV buses
(a) Markazi Province

B The number of taps used in transformers The number of taps used in transformers Benefit
before DG installation after DG installation obtained ($)
1 1 0 0.14062
2 1 0 0.14062
3 2 0 0.5625
4 1 0 0.375
6 2 0 0.5625
7 2 0 0.28125
8 2 0 0.5625
9 2 1 0.28125
10 1 0 0.28125
11 2 0 0.28125
14 2 1 0.14062
15 1 1 0
16 1 0 0.28125
17 2 2 0
18 0 1 -0.375
19 2 1 0.28125
20 2 1 0.28125
21 2 1 0.1875
22 Iy 1 0
23 1 0 0.28125
24 1 0 0.28125
27 1 0 0.28125
28 1 0 0.14062
29 0 1 -0.28125
30 2 1 0.14062
31 1 0 0.14062
32 0 1 -0.1875
33 1 0 0.28125
34 1 1 0
35 1 0 0.14062
Sum 5.48434
(b) Hamedan Province
Bus number The number of taps used in transformers The number of taps used in transformers Benefit
before DG installation after DG installation obtained ($)
36 1 2 -0.28125
37 1 2 -0.28125
38 1 0 0.14062
39 0 2 -0.28125
40 0 2 -0.5625
41 1 2 -0.1875
42 1 2 -0.1875
43 0 2 -0.5625
45 2 0 0.5625
46 1 2 -0.28125
47 2 0 0.28125
48 2 0 0.5625
49 1 2 -0.28125
50 0 1 -0.28125
51 0 2 -0.5625
52 1 1 0
53 1 2 -0.14062
54 1 1 0
55 0 1 -0.0937
56 0 1 -0.28125
57 1 1 0
58 2 1 0.14062
59 1 1 0
60 0 2 -0.5625
61 2 2 0
62 2 1 0.14062
63 1 2 -0.28125
64 1 0 0.28125
65 1 1 0
66 1 1 0
67 2 1 0.28125
68 2 0 0.5625
Sum -2.15621
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(c) Lorestan Province

143

Bus number The number of taps used in transformers before The number of taps used in transformers Benefit
DG installation after DG installation obtained ($)
69 1 1 0
70 1 0 0.28125
71 0 3 -0.28125
72 1 2 -0.5625
73 2 0 0.5625
74 0 1 -0.28125
75 1 0 0.14062
76 0 2 -0.375
77 1 1 0
78 1 2 -0.28125
79 0 2 -0.5625
80 1 3 -0.28125
81 2 2 0
82 2 1 0.14062
83 0 1 -0.28125
84 0 2 -0.375
85 2 0 0.5625
86 1 2 -0.28125
87 0 2 -0.5625
88 1 0 0.1875
89 2 1 0.28125
90 0 2 -0.0937
91 1 2 -0.0937
92 1 3 -0.5625
93 1 2 -0.0937
94 1 3 -0.5625
95 0 3 -0.8437
96 2 3 -0.14062
97 0 1 -0.28125
Sum -4.64043
Table 5. Power loss and the power purchased before and after DG installation
Power loss Power loss Ben_eflt Pois]s el Benefit obtained from
obtained purchased purchased .
before DG after DG purchasing less power
. - . . from power before DG after DG g
installation installation loss installation installation from the transmission
(L) (L) reduction ($) (MW) (MW) E5RE )
51.753406 24.816908 7112240 1850.65 873.72 226575000

Table 6. Total network loss before and after DG installation in
Markazi Province (a), Hamedan Province (b), and Lorestan Province (c)

@

Amount of loss
reduction (%)

Power loss after DG
installation (MW)

Power loss before DG
installation (MW)

16.858400 9.561772 43.28

(b)

Amount of loss
reduction (%)

Power loss after DG
installation(MW)

Power loss before DG
installation(MW)

22.845792 9.703585 57.53

©)

Amount of loss
reduction (%)

Power loss after DG
installation (MW)

Power loss before DG
installation(MW)

12.049214 5.551551 53.93

As observed in Table 1, Markazi Province is considered an industrial province with a high demand
for electricity. The voltage profile in this province had a worse condition than the other two provinces
before installing DG resources. After installing DG units capable of generating 390MW of electricity, the
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voltage profile of this province was placed within the allowable range, and use less transformer tapping
for regulating voltage profile (V =1(pu) ). On the other hand, in the other provinces, the voltage profile
exceeded the allowable range although a smaller number of DG resources were installed. So the electrical
companies of Hamedan and Lorestan Provinces have to use more transformers tapping for regulating
voltage profile, compensating overvoltage, and placing the voltage profile within the allowable range.

The number of transformer taps of 20kV buses in the provinces is presented in Table 4. The benefit
not obtained is given a minus sign. The loss due to using more transformer taps is subtracted from other
benefits. As it was discussed, installing DG resources in Markazi Province in Iran was more beneficial
than other two provinces. The purpose of regulating voltage is making it as close as possible to 1(pu).
According to Table 4, installing DG reduced transformer taps in Markazi Province, but in the two other
provinces it increased usage of transformer taps.

Table 5 shows power loss and the power purchased from the transmission network before and after
installing DG resources. Also, Table 6 presents the power loss in three provinces before and after
installing DG resources. It is apparent that power loss and purchased power were reduced after DG
resources were installed. These benefits are calculated considering maintenance time for DGs.
Considering this time interval increases accuracy compared with other similar studies. It should be pointed
out that since DG resources are installed near loads, power loss decreases significantly. According to
Table V, after installing DG resources, the value of power loss decreased more than 50 %.

The loadings of 63/20 kV substations of the BREC in the provinces under study are depicted in Fig.
3. The loadings diminished significantly when DG units were installed. This was especially so for
substation 61 of Hamedan Province where loading was 92.94%, violating the BREC’s allowable range of
90 %. Hence, at this substation, capacity needed to be improved before DG installation. However,
installing these resources made this improvement unnecessary. Once DG resources were installed, the
loading of this substation dropped to 33.15% and the need for capacity improvement was deferred for two
years.

The length of deferment for Bakhtar substations are given in Table 7. Installation of DG resources
resulted in $ 1,598,776 worth of benefit applying average deferment of 1.5 years for all 97 substations of
BREC network. Indeed, installing DG resources in substations reduces the amount of loading and
therefore defers the need for necessity of developing their capacity. This issue also increases reliability of
system because it increases the ability to maneuver on system.

Table 3 shows that changing the CBs requires $ 3440176. This means that the increase in short-
circuit level was not within allowable range for some of the buses and that the CBs of those buses must be
changed. The short-circuit level of 20kV buses of the three provinces is depicted in Fig. . From the values
of the short-circuit level of the 20kV buses and the rating values of the CBs it is clear that five buses in
Markazi Province, one bus in Hamedan Province, and two buses in Lorestan Province violated the
constraint. The annual cost of replacing these breakers equals $ 3440176.

Figure 3 also shows that the short-circuit levels of some CBs changed drastically once DG units were
installed. This is because the cooperation of DGs in supplying faults. Thus, the BREC had to change the
CBs of different buses so that they were appropriate for the post-installation short-circuit level. A total of
8 buses in the BREC network were changed, Table 8.

The preceding method makes it unnecessary to purchase new CBs. This means that the factor of cost
of buying new CBs would be zero and that the cost of installing and using DG resources is reduced.
Therefore, the value of the presented OF would be 0.347, and it follows that the obtained benefits outstrip
the costs 2.88 times.
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Figure 3. Loadings of BREC substations in Markazi Province (a), Hamedan Province (b), Lorestan
Province (c)”. I sent you Figure 3 in attached file. Please put this figure according to original file of the
paper which | sent you in attached file.
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Table 7. Length of deferment and the benefit obtained

Annual
benefit . Annual Substa Annual
Substatio (Ij_ength o obtained D Langii o benefit tion Ll 62 benefit
eferment on deferments . deferments .
n number (Year) from i S (Year) obtained from  numbe (Year) obtained from
deferment($ deferment ($) r deferment (3$)
)

1 3.154632 27648.15 36 0 0 71 0 0
2 0 0 37 3.572608 28386.9 72 1.91561 25516.65
3 1.603914 37491.96 38 0 0 73 0.9423518 23906.23
4 1.854457 42356.3 39 0 0 74 0 0
5 1.963413 42662.05 40 0 0 75 0 0
6 2.319414 43669.2 41 5.285466 31511.63 76 0 0
7 0 0 42 1.998255 25656.04 77 2.002187 25662.68
8 2.513164 13266.76 43 0.6847586 23489.73 78 2.662568 26791.03
9 2.884844 27176.51 44 0 0 79 0 0
10 0 0 45 0 0 80 1.731111 25206.96
11 4.299957 29695.12 46 1.655611 25080.82 81 0 0
12 0 0 47 0 0 82 1 24000
13 0 0 48 3.299418 13951.48 83 0.7080646 23527.24
14 0 0 49 1.950674 25575.74 84 3.596484 28429.39
15 5.436773 31794.82 50 2.031685 25712.53 85 0 0
16 0 0 51 0 0 86 2.487679 26489.73
17 2.523591 26551.46 52 2.785024 27003.05 87 2.089886 25811.05
18 1.780164 42148.5 53 2.32193 26205.82 88 0 0
19 2.580315 26649.11 54 3.323141 27944.81 89 3.57204 28385.89
20 1.584962 24963.09 55 0 0 90 0 0
21 0 0 56 0 0 91 0 0
22 0 0 57 2.717436 26885.92 92 0 0
23 1.386247 24633.58 58 0 0 93 0 0
24 0 0 59 0.5292014 23240.22 94 0 0
25 4.181855 44221.17 60 3.267738 27847.1 95 4.569885 30187.73
26 1.712815 41960.6 61 1.804754 25330.33 96 1.940451 25558.51
27 1.261041 61067.99 62 0 0 97 0 0
28 3.16568 27667.55 63 2.766358 26970.67
29 2.856978 27128.03 64 0 0
30 0 0 65 2.001405 25661.36
31 0 0 66 0 0
32 0 0 67 0.8596753 23772.1
33 1.82214 25359.5 68 2.511439 26530.56
34 1.072568 24118.34 69 2.082837 25799.11
35 2.293079 26156.57 70 3.557681 28360.35

Table 8. Changing CBs

The number of the bus whose short-circuit level was violated after

The number of the bus whose CB was

DG units were installed changed

3 2

25 16
26 20
27 29
34 30
65 64
72 71
78 76

147

Another factor innovatively added to the OF is the earthquake factor. According to this factor, the
DG units are so placed that the least possible damage is caused during an earthquake. For this purpose, the
impact of an earthquake on voltage profile, the power purchased from the transmission network, power
losses, and the cost of the damage to the resources were calculated. The maximum harm from an
earthquake is for buses 82, 83, 86, 87, and 88. The amount of damage to each of these buses is shown in

Table 9.

December 2015
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Table 9. Maximum damage from an earthquake

Location Other Lost Amount 9f .COSt ol \(/:c())ligg; .COSt o Cost of
of damaged power increase in increase profile increase damage to Total
power loss in power - power damages($)
earthquake buses (MW) (MW) loss($) degzg()jlng purchasing($) resources($)
82 82283388 50 0.2296865 61728.3 0.79688 11925000 4338690.39 16325419.49

Multiplying the damages from this table by the probability of an earthquake occurring in a region
(43.785%), the lost benefit is obtained and placed in the OF (Bs). This value equals $ 7148084.92 and is
deducted from other values.

5. CONCLUSION

This paper proposed a method for optimizing the process of siting and sizing DG resources. The method
takes into consideration the technical and economic parameters and assigns monetary values to all the
factors using appropriate indices. This method increases the probability of convergence of results and
accordingly is appropriate for application in actual network where there are numerous factors. In addition,
since Iran is located in an earthquake-prone area and given the salient role of DG in the future of Iran’s
electrical industry, the earthquake factor was innovatively included in the OF. Results show that this factor
effects about $0.8M of the process of siting and sizing DG resources in this paper. In addition, since the
optimal number of installed DGs has been a problem in previous studies, this paper proposed a method to
indicate it. The proposed method of sizing and siting, and deciding optimal number of DGs, was applied to
97 buses of the BREC, and all the costs and values were based on the information obtained from this
company. The simulation results showed the proposed method to be efficient. Applying this method on
case study, 56 optimal locations for installing DG with total capacity of 560 MW are identified. Applying
these locations and capacities, the network power loss and purchase of power from upstream network have
reduced more than 50 %. In addition, the voltage profile of most buses are in permitted range and loading
of all substations is deferred for average duration of 1.5 years and the benefit of 1,598,776 $ is acquired.
The application of this method to the network caused the benefit of the BREC to be 2.88 times more than
the expenses the company incurs. It should be mentioned that acquired benefit is calculated after
considering all actual assumptions such as considering maintenance time for DGs. Thereby, according to
results, the proposed approach is a practical one which can be used for sizing and siting DGs on any
network and considering any factors.

REFERENCES

1. Ghosh, S. & et al. (2010). Optimal sizing and placement of distributed generation in a network system.
Electrical Power and Energy Systems, Vol. 32, pp. 849-856.

2. Khodr, H. M. & et al. (2010). A probabilistic methodology for distributed generation location in isolated
electrical service area. Electric Power Systems Research, pp. 390-399.

3. Porkar, S. et al. (2011). Optimal allocation of distributed generation using a two-stage multi-objective mixed-
integer-nonlinear programming. European Transactions on Electrical Power, Vol. 21, pp. 1072-1087.

4. Singh, R. K. & Goswami, S. K. (2010).Optimum allocation of distributed generations based on nodal pricing for
profit, loss reduction, and voltage improvement including voltage rise issue. International Journal of Electrical
Power & Energy Systems, Vol. 32, pp. 637-644.

1JST, Transactions of Electrical Engineering, Volume 39, Number E2 December 2015



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Optimal sizing and siting of dg resources at ... 149

Siahi, S. P. M. & et al. (2010). Competitive distribution system planning model integration of DG, interruptible
load and voltage regulator devices. Iranian Journal of Science and Technology Transactions of Electrical
Engineering, Vol. 34, pp. 619-635.

Georgilakis, P. S. & Hatziargyriou, N. D. (2013). Optimal distributed generation placement in power distribution
networks: Models, methods, and future research. IEEE Transactions on Power Systems, Vol. 28, pp. 3420-3428.
Mashhour, M. & et al. (2009). Optimal sizing and siting of distributed generation in radial distribution network:
Comparison of unidirectional and bidirectional power flow scenario. IEEE PowerTech, pp. 1-8.

Duong Quoc, H. & et al. (2010). Analytical expressions for DG allocation in primary distribution networks",
IEEE Transactions on Energy Conversion, Vol. 25, pp. 814-820.

Gozel, T. & Hocaoglu, M. H. (2009). An analytical method for the sizing and siting of distributed generators in
radial systems. Electric Power Systems Research, Vol. 79, pp. 912-918.

Naik, S. G. & et al. (2013). Sizing and siting of distributed generation in distribution networks for real power
loss minimization using analytical approach. International Conference on Power, Energy and Control (ICPEC),
pp. 740-745.

Gopiya Naik, S. N. & et al. (2015). Analytical approach for optimal siting and sizing of distributed generation in
radial distribution networks. IET Generation, Transmission & Distribution, Vol. 9, pp. 209-220.

Sharma, S. & et al. (2014). Optimal location and sizing of DG to minimize loss of distribution system using
SIMBO-Q method. International Conference on Control, Instrumentation, Energy and Communication (CIEC),
pp. 340-344.

Nasiraghdam, H. & Jadid, S. (2013). Load model effect assessment on optimal distributed generation (DG)
sizing and allocation using improved harmony search algorithm. Smart Grid Conference (SGC), pp. 210-218.
Caisheng, W. & Nehrir, M. H. (2004). Analytical approaches for optimal placement of distributed generation
sources in power systems. IEEE Transactions on Power Systems, Vol. 19, pp. 2068-2076.

Viral, R. & Khatod, D. K. (2014). An IvP based programming technique for DG sitting &amp; sizing in radial
distribution systems. International Conference on Optimization, Reliabilty, and Information Technology
(ICROIT), pp. 491-495.

Koutroumpezis, G. N. & Safigianni, A. S. (2010). Optimum allocation of the maximum possible distributed
generation penetration in a distribution network. Electric Power Systems Research, Vol. 80, pp. 1421-1427.
Keane, A. & O'Malley, M. (2005). Optimal allocation of embedded generation on distribution networks. IEEE
Transactions on Power Systems, Vol. 20, pp. 1640-1646.

Pesaran, M. & et al. (2014). Optimal sizing and siting of distributed generators by a weighted exhaustive search.
Electric Power Components and Systems, Vol. 42, pp. 1131-1142.

Prasanna, H. A. M. & et al. (2014). Genetic algorithm based optimal allocation of a distributed generator in a
radial distribution feeder. International Conference on Circuit, Power and Computing Technologies (ICCPCT),
pp. 184-190.

Radhakrishna, J. B. V. S. A. C. (2009). Distributed generator placement and sizing in unbalanced radial
distribution system. International Journal of Electrical Power and Energy Systems Engineering.

Elnashar, M. M. & et al. (2010). Optimum siting and sizing of a large distributed generator in a mesh connected
system. Electric Power Systems Research, Vol. 80, pp. 690-697.

Hosseini, S.A. & et al. (2013). Optimal sizing and siting distributed generation resources using a multiobjective
algorithm. Turkish Journal of Electrical Engineering & Computer Sciences, Vol. 21, pp. 825-850.

Buaklee, W. & Hongesombut, K. (2013). Optimal DG allocation in a smart distribution grid using Cuckoo
Search  algorithm. International Conference on Electrical Engineering/Electronics, Computer,
Telecommunications and Information Technology (ECTI-CON), pp. 1-6.

Borges, C. L. T. & Falcdo, D. M. (2006). Optimal distributed generation allocation for reliability, losses, and
voltage improvement. International Journal of Electrical Power & Energy Systems, Vol. 28, pp. 413-420.

December 2015 I1JST, Transactions of Electrical Engineering, Volume 39, Number E2



150

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

S. A. Hosseini et al.

Borges, C. L. T. & Falcao, D. M. (2003). Impact of distributed generation allocation and sizing on reliability,
losses and voltage profile. IEEE Power Tech Conference Proceedings, Vol. 2.

Teng, J. H. & et al. (2007). Value-based distributed generator placements for service quality improvements.
International Journal of Electrical Power & Energy Systems, Vol. 29, pp. 268-274.

Changsong, C. & Shanxu, D. (2014). Optimal allocation of distributed generation and energy storage system in
microgrids. IET Renewable Power Generation, Vol. 8, pp. 581-589.

Celli, G. & et al. (2005). A multiobjective evolutionary algorithm for the sizing and siting of distributed
generation. IEEE Transactions on Power Systems, Vol. 20, pp. 750-757.

Piccolo, A. & Siano, P. (2009). Evaluating the impact of network investment deferral on distributed generation
expansion. IEEE Transactions on Power Systems, Vol. 24, pp. 1559-1567.

Narvaez, P. A. & et al. (2014). Optimal siting and sizing of distributed generation using a multiobjective index.
IEEE in Central America and Panama Convention, pp. 1-6.

Ahmadigorji, M. & et al. (2009). Optimal DG placement in distribution systems using cost/worth analysis.
World Academy of Science, Engineering and Technology, Vol. 49.

Hosseini, S. A. & et al. (2011). Optimal capacity, location and number of distributed generation at 20 kV
substations. Australian Journal of Basic and Applied Sciences, pp. 1051-1068.

Evangelopoulos, V. A. & Georgilakis, P. S. (2014). Optimal distributed generation placement under
uncertainties based on point estimate method embedded genetic algorithm. IET Generation, Transmission &
Distribution, Vol. 8, pp. 389-400.

Doohnal, D. (2013). On-load tap-changers for power transformers. Maschinenfabrik Reinhausen GmbH
Falkensteinstrasse 8 93059 Regenshurg, Gemany.

1JST, Transactions of Electrical Engineering, Volume 39, Number E2 December 2015



Optimal sizing and siting of dg resources at ... 151
APPENDIX

Table 10. Peak load of each 63/20kV BREC substation

Location bR (LE Location DR [Hee Location WD (Lee Location IR [Lee Location 1B (Lo
(MW) (MW) (MW) (MW) (MW)
1 16.8 21 8.4 41 20.5 61 35 81 6
2 224 22 355 42 13 62 13 82 20
3 36.9 23 40 43 26 63 22.7 83 255
4 34.2 24 35 44 9.6 64 17 84 16.2
5 20 25 21 45 27 65 33 85 49
6 40 26 14 46 135 66 10 86 235
7 9.5 27 41.5 47 9.5 67 44 87 125
8 12 28 16.7 48 111 68 24 88 19.2
9 23 29 115 49 314 69 18.6 89 21.7
10 25 30 13.9 50 13 70 16 90 25
11 10.5 31 6.6 51 9.1 71 54 91 33
12 3 32 6.5 52 28 72 13 92 4.6
13 9.6 33 20 53 25 73 36.6 93 0.2
14 155 34 26 54 16.4 74 73 94 19
15 255 35 18.7 55 55 75 4.8 95 26
16 11 36 215 56 23 76 26.1 96 20
17 30 37 27 57 232 77 19.5 97 9.6
18 139 38 5.2 58 21 78 30
19 35 39 14 59 32 79 5.2
20 15 40 8.4 60 11 80 14

Table 11. The cost of transformers of 63/20 kV

The capacity of the transformer (MVVA) Cost($)
5 100000
10 200000
15 300000
20 400000
25 500000
30 600000
35 700000
40 800000
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Table 12. The probability of an earthquake occurring at each 63/20kV BREC substation

Location Pei Location Pei Location Pgi Location Pei Location Pei
1 0.00375 21 0.00375 41 0.005 61 0.00666 81 0.00375
2 0.00375 22 0.005 42 0.005 62 0.00666 82 0.00375
3 0.00375 23 0.005 43 0.00375 63 0.00375 83 0.005
4 0.00375 24 0.005 44 0.00375 64 0.005 84 0.005
5 0.00375 25 0.005 45 0.005 65 0.005 85 0.005
6 0.00375 26 0.005 46 0.00375 66 0.005 86 0.005
7 0.00375 27 0.005 47 0.00375 67 0.005 87 0.005
8 0.00375 28 0.00375 48 0.005 68 0.005 88 0.00666
9 0.00375 29 0.00375 49 0.005 69 0.00666 89 0.00666
10 0.00375 30 0.00375 50 0.00375 70 0.00666 90 0.00375
11 0.005 31 0.005 51 0.005 71 0.00375 91 0.00375
12 0.005 32 0.00375 52 0.00375 72 0.00375 92 0.00375
13 0.00375 33 0.00375 53 0.00375 73 0.005 93 0.00375
14 0.00375 34 0.00375 54 0.00375 74 0.005 94 0.005
15 0.00375 35 0.00375 55 0.00375 75 0.005 95 0.005
16 0.00375 36 0.00375 56 0.00375 76 0.00666 96 0.00375
17 0.00375 37 0.005 57 0.00375 77 0.00666 97 0.005
18 0.00375 38 0.00375 58 0.005 78 0.00666
19 0.005 39 0.00375 59 0.005 79 0.0666
20 0.00375 40 0.00375 60 0.005 80 0.00375

Table 13. The growth rate of each 63/20kV BREC substation
Location a Location a Location a Location a Location a
1 1.03 21 1.037 41 1.019 61 1.002 81 1.3
2 1.03 22 1.042 42 1.083 62 1.137 82 1
3 1.025 23 1.029 43 1.032 63 1.159 83 1.02
4 1.03 24 1.17 44 1.05 64 1.2 84 1.062
5 1.026 25 1.071 45 1.44 65 1.03 85 1
6 1.03 26 1.078 46 1.26 66 1.2 86 1.15
7 1.037 27 1.078 47 1.16 67 1.024 87 1.16
8 1.04 28 1.058 48 1.015 68 1.041 88 1
9 1.026 29 1.04 49 1.26 69 1.2 89 1.04
10 1.02 30 1.029 50 1.058 70 1.18 90 1
11 1.03 31 1.16 51 1.22 71 1.083 91 1
12 1.04 32 1.33 52 1.23 72 1.15 92 1.33
13 1.1 33 1.14 53 1 73 0.75 93 1.25
14 1.093 34 1.23 54 1.097 74 1.15 94 1.05
15 1.061 35 1.027 55 1.25 75 1.055 95 1.04
16 1.035 36 1.027 56 1.072 76 1.061 96 1.043
17 1.034 37 1.072 57 1.073 77 1.08 97 1.06
18 1.042 38 1.15 58 1.071 78 0.96
19 0.625 39 1.23 59 1.03 79 1.42
20 1 40 1.01 60 1.083 80 1.062
Table 14. Other considered values and costs
Culr) n(Year) Fe(on) IF(%) r (%)
9.3 462000 15 17
R(%) an(hour) Er(o) Fo(35) HY (55
45 30 0.005 8600
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