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Abstract. in this paper, a novel approach is proposed to
assess and quantifying some of the technical benefits of
Distributed Generation (DG) based on a set of indices. The
proposed indices are: Voltage Profile Improvement index,
Network Loss Reduction index, Line Capacity Release index
and Greenhouse Gases Effect Reduction index. The Zanjan
Regional Electric Company (ZREC) power system network has
been simulated by DIgSILENT software and proposed indices
have been determined in different scenarios. These scenarios
have been developed considering the number of busses with DG
connection, geographically dispersed substations with installed
DGs and the capacity of the installed DG. The study results
have been presented and discussed to illustrate quantitatively
usefulness of utilizing distributed generation technologies in
bulk power system.
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1. INTRODUCTION

With present electric sector regulations that allow
independent energy producers to access transmission and
distribution systems, the presence of customers with
energy exportation capabilities and, moreover,
governments’ incentives for specific energy resources,
distributed generation (DG) appears to have many factors
supporting its rapid development [1]. DG can be powered
by both conventional and renewable energy sources [1,2].

Distributed generations (DG) is related with the use of
small generating units installed in strategic points of the
electric power system and, mainly, closes to load centers.
The technologies applied in DG comprise small gas
turbines, micro-turbines, fuel cells, wind and solar energy,
etc. DG can be used in an isolated way, supplying the
consumer's local demand, or in an integrated way,
supplying energy to the remaining of the electric system
3].

Most of the benefits of employing DG in existing
distribution networks have both economic and technical
implications and they are interrelated. As such, it is
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proposed to classify the benefits into two groups —
technical and economic.

The major technical benefits are:

* Reduced line losses

« Voltage profile improvement

» Reduced emissions of pollutants

* Increased overall energy efficiency

» Enhanced system reliability and security

 Improved power quality

* Relieved T&D congestion

The major economic benefits are:

» Deferred investments for upgrades of facilities

» Reduced O&M costs of some DG technologies

» Enhanced productivity

» Reduced health care costs due to improved environment
» Reduced fuel costs due to increased overall efficiency

» Reduced reserve requirements and the associated costs
 Lower operating costs due to peak shaving

* Increased security for critical loads

Chiradeja in [4] has quantified the benefit of reduced line
loss in a radial distribution feeder with concentrated load.
A line loss reduction analysis is shown clearly in [5]. The

loss can be significant under heavy load conditions. The
utility is forced to pass the cost of electrical line losses to
all customers in terms of higher energy cost. With the
inclusion of DG, line loss in the distribution system can be

reduced.

The limit of [5] is only to search the line loss reduction for
the simplest case of a radial distribution feeder. In fact,
the utility networks are more complex, they usually have a
radial structure with many feeders along the transmission
line.

The benefits of DG have discussed by evaluating and
qguantifying in terms of capacity credit, energy value and
energy cost saving in[6]. The effects of improvement in
voltage profile and loss reduction were not considered in
the method. Joss et al. [7] have demonstrated the potential
of DG with power electronic interface to provide ancillary
services such as reactive power, voltage sag compensation
and harmonic filtering. It has proved the ability of DG to
compensate voltage sag resulting from faults in the power
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system. However the method did not analyze the amount
of power loss reduction due to DG installation.

In light of the well-known benefits as well as the various
issues involved in DG in corporation, proposes different
indices [8]. By introducing DG in the system, voltage
profile can be improved because DG can provide a
portion of the real and reactive power to the load, thus
helping to decrease current along a section of the
distribution line, which, in turn, will result in a boost in
the voltage magnitude at the customer site. The primal
dual interior point (PDIP) method has been employed to
identify the optimal location and real and reactive power
generation on the basis of the newly proposed indices.

This paper presents a methodology to evaluate the impact
of DG units installation on voltage profile improvement,
line loss reduction, line capacity release and the
greenhouse gases effect of distribution networks. The
influence of the local of installation and the capacity of
DG on these system performance characteristics will be
shown for different generation expansion planning
alternatives using the proposed methodology.

2. DEFINITION OF INDICESTO QUANTIFY
THE BENEFITSOF DG

In order to evaluate and quantify the benefits of
distributed generation technologies, suitable mathematical
models along with distribution system models should be
employed to run power flow calculations to arrive at
indices of benefits. Among the many benefits, four major
ones are considered: Voltage profile improvement, line
loss reduction, line voltage stability and greenhouse gases
effects reduction.

A. Voltage Profile Improvement Index(VPII)

DG installation normally results in improved voltage

profile at various buses. The Voltage Profile Improvement
Index quantifies the improvement in the voltage profile
(VP) with the inclusion of DG [8,9]. It is expressed as,

VPII =VR,,5e /VPuo /b6 (1)
Based on this definition, the following attributes are:

VPII < 1, DG has not beneficial,

VPII = 1, DG has no impact on the system voltage profile
and

VPIl > 1 DG has improved the voltage profile of the
system.

Where, VPw/DG, VPwo/DG are the calculated amounts
of the voltage profile of system substations with and
without DG, respectively. The general expression for VP
is given as,

K, with ZN:Ki =1 2)

N
VP=ZVi L,

i=1 i=1
Where, Vi is voltage magnitude at bus i in per unit, Li is
load represented as complex bus power at bus i in per
unit, Ki is weighting factor for bus i, and N is total
number of buses in the distribution system. Weighting
factors are chosen based on the significance of different
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loads. As defined, the expression for VP provides an
opportunity to quantify and aggregate the importance,
amounts, and voltage levels at which loads are being
supplied at various load busses in the system. This
expression should be used only after making sure that the
voltages at all the load busses are within allowable
minimum and maximum limits, typically between 0.95
p.u. and 1.05 p.u. Starting with a set of equal weighting
factors, modifications can be implemented. Acceptable
voltage profile can be selected after analyzing the
simulation results which are repeatedly conducted after
each weighting factor modification. It should be noted
that if all load busses are equally weighted, the value of
Ki is given as below:
Kl:KZ:...:KN :]/N 3)

In this case, all the load buses are given equal importance.
In reality, DG can be installed almost anywhere in the
system.

In general, the highest value of VPII implies the best
location for installing DG in terms of improving voltage
profile. The voltage profile expression in (4) recognizes
the influences of the amount and importance of load at
each bus. It allows the possibility of a low-load bus with
important load to have a strong impact. In general,
weighting factors are assigned based on the
importance/criticality of load at each bus.

B. Line Loss Reduction Index

Another major benefit offered by installation of DG is the
reduction in electrical line losses [10]. By installing DG,
line currents can be reduced, thus helping to reduce
electrical line losses. The proposed line loss reduction
index (LLRI) is defined as follow:

LLRI = LLy,p6 / Lhwosoe (4)

Where, LLW/DG is total line losses in the system with the
employment of DG and LLwo/DG is total line losses in
the system without DG and it can be calculated as below:

M
Ly =3%D 17 xRxD, (5)
i=1

Where, li is per unit line current in distribution line i with
the employment of DG, R is line resistance (p.u./km), Di
is distribution line length (km), and M is number of lines
in the system. LLwo/DG is expressed similarly for the
reference case.

Based on this definition:
LLRI < 1 DG has reduced electrical line losses,
LLRI =1 DG has no impact on system line losses,
LLRI > 1 DG has caused more electrical line losses.
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This index can be used to identify the best location to
instal DG which maximizes line loss reduction.
Obviously, minimum value of LLRI corresponds to the
best DG location scenario in terms of line loss reduction.

C. Line Capacity Release Index (LCRI)

One of the major benefits achieved by DG installation is

line capacity release. As it mentioned, by installing DGs,

line currents can be reduced. Consequently, loading of
each line will be reduced and in another word, line

capacity will release. The main advantage of line capacity
release is postponing the power system network
expansion and investment. LCRI concept is equal to line
loading reduction concept; therefore, in this study the
second concept has been calculated and presented.

D. Greenhouse Gases Effect Reduction (GGER)

The need for improving energy efficiency and reducing
air emissions and other pollutants has favored the increase
of DG utilization [12]. This is due to the increased
awareness of pollution of the emission from fossil-fuel
power station, which has led to the commitment of many
countries to comply with the Kyoto Protocol and reduce
green house gas (GHG) emissions. GHGs are gases in an
atmosphere that absorb and emit radiation within the
thermal infrared range. This process is the fundamental
cause of the greenhouse effect. An emission performance
standard is a limit that sets thresholds above which a
different type of emission control technology might be
needed. While emission performance standards have been
used to dictate limits for conventional pollutants such as
oxides of nitrogen and oxides of sulfur (NOx and SOXx)
and particularly carbon dioxide (CO2). In this study, the
average decrement amounts of GHGs emission by
substitution of present power plants with DGs are
calculated.

3. RESULTSAND DISCUSSIONS

The study has been conducted on substations of entire
transmission network of Iran including Zanjan Regional

Electric Company (ZREC) transmission and sub-

transmission network with approved power system plans
up to 2011. The defined parameters are calculated only for
ZREC transmission and sub-transmission networks.
Because of the sub-transmission network simulation of
ZREC, loads of the transmission substations in ZREC are
zero. The power system network is simulated in

DIgSILENT software environment.

Different cases are defined based on the following
consideration:
« Difference in the number and total load of selected
substations for DGs to be installed
« Scattering of substations which DGs are installed

According to the above considerations, 3 cases are
considered as below:

In case 1, 10 substations among ZREC substations are
selected and in term of diversity, all of them are near

together.
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In case 2, 20 substations among ZREC substations are
selected. Similar to the case 1, substations are near
together but the number of substations is twice.

In case 3, 20 substations among ZREC substations are
selected. The number of substations is similar to the case
2, but substations are quite far from each other.

Table | indicates summery of the introduced cases. In
each case, 3 scenarios are considered. In all scenarios,
installed DGs on the selected buses are proportional to the
substation load.

The scenarios in each case are defined as below:

Scenario 1: 10% of the selected buses loads in ZREC are
compensated by DGs.

Scenario 2: 20% of the selected buses loads in ZREC are
compensated by DGs.

Scenario 3: 50% of the selected buses loads in ZREC are
compensated by DGs.

The reference scenario is ZREC power system network
without any installed DG.

TABLE I. SUMMERY OF THE CONSIDEREDCASES

No. of

Total load on

Dispersion of
Cases selected selected Selzed bses
buses buses
Case 1 10 262 Low
Case 2 20 701 Low
Case 3 20 632 High

A. Impact of DG Installation on voltage profile
improvement of the system

In Fig. 1, the bar graph of voltage profile improvement
index for various scenarios in each case is depicted. Also,
to represent the exact values of VPII the calculated
amounts are presented in Table Il, for each scenario. VPII
for the base case is considered 1.0 and for defined
scenarios are calculated and divided to VP as expressed in
(). As it can be seen, in all cases, VPIl has been
improved by connecting DGs in selected substations.
Comparing the case 1 scenarios with two other cases’
scenarios, it can be concluded that increasing the number
of buses to connect DGs has positive effect on VPII
increment; especially while more loads are supplied by
DGs. Also, by comparing cases 2 and 3 scenarios, it can
be seen that selecting the buses with more dispersion in a
region will increase voltage profile improvement index. It

is clear that increasing the amount of generation by DGs,
improves VPII considerably.

Voltage Profile Improvement Index

Fig. 1. Bar graph of VPII index for defined scenarios
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Table Il. Quantitaive results of VPII for defined scenarios

Cases | Scenarios VPII 'mprgz)?“em
Base Case 1. 000 -
Scenario 1 1. 004 0.4
Case 1 Scenario 2 1. 007 0.7
Scenario 3 1.017 1.7
Scenario 1 1. 004 0.4
Case 2 Scenario 2 1. 007 0.7
Scenario 3 1. 018 1.8
Scenario 1 1. 004 0.4
Case 3 Scenario 2 1. 008 0.8
Scenario 3 1.018 1.8

B. Results of DG Installation on line loss reduction of the
system

In Fig. 2 the bar graph of line loss reduction index for
various scenarios is depicted. Table Il indicates that for
the various cases considered, the values of the line loss
index of the system have been reduced by connecting a
DG of various capacities. According to (4), for each
scenario, line loss is divided to base case line loss value.
Comparing the case 1 scenarios with cases 2 and 3
scenarios, it can be seen that increasing the number of
buses to connect DGs has positive effect on LLRI. Also,
by comparing the scenarios of the cases 2 and 3, it can be
concluded that selecting the buses with more dispersion in
a region will decrease LLRI. It can be seen clearly that
line loss reduction is proportional to the increasing of the
generation by DGs.

Line Loss Reduction Index
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Fig. 2. Bar graph of LLRI for defined scenarios

Table Ill. Quantitative results of LLRI for defined scenarios

Cases Scenarios LLRI ! mprg){’)‘ime“t
Base Case 1. 000 -
Scenario 1 0.9900 1
Case 1 Scenario 2 0.9822 1.78
Scenario 3 0.9583 4.17
Scenario 1 0.9904 0.96
Case 2 Scenario 2 0.9809 1.91
Scenario 3 0.9555 4.45
Scenario 1 0.9903 0.97
Case 3 Scenario 2 0.9807 1.93
Scenario 3 0.9540 4.6
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C. Results of DG Ingtallation on line capacity release
index of the system

In Fig. 3, bar graph of LCRI in terms of line loading
percentage is depicted. As it over mentioned, decrement
of line loading percentage equals to the increment of line
capacity release index, as each conductor is capable to
transfer certain level of MVA. Similar to other indices,
guantitative results of line loading percentage which is in
contrary with LCRI are indicated in Table IV. For this
index, results show that increasing bus numbers that DGs
are connected will increase line loading. Consequently,
selecting less numbers of substations to install DGs
improves LCRI. From the amount of generation point of
view, as it is clear from Table 1V, line loading percentage
decreases with increment of DGs generation capacity.
Therefore, LCRI increment is proportional to DGs
generation capacity increment.

Line Capacity Release Index (Line Loading %)

Fig. 3. Bar graph of LCRI index for defined scenarios

Table IV. Quantitative results of LCRI in contrary with line
loading for defined scenarios

Scenarios L_ine I mprovement
Cases loading (%) (%)
Base Case 17.95 -
Scenario 1 17.82 0.72
Case 1 Scenario 2 17.72 1.28
Scenario 3 17.41 3.01
Scenario 1 17.85 0.56
Case 2 Scenario 2 17.75 1.11
Scenario 3 17.45 2.79
Scenario 1 17.85 0.56
Case 3 Scenario 2 17.75 1.11
Scenario 3 17.45 2.79

D. Results of DG Installation on GHG effects reduction

According to Iran ministry of energy reports on 2007,
average amounts of GHGs emission by existing power
plants are 0.973(gr/kwh) for NOx, 2.694(gr/kwWh) for Sox
and 643.872(gr/kwh) for CO2 (Table V). On the other
hand, average amount of GHGs emission by gas turbine
and reciprocal engines is 0.000522, negligible and 464.48
grammas per kWh for NOx, Sox and CO2, respectively
[13]. Therefore, decreasing rate of NOx, SOx and CO2
emission by generating electric power using DGs would
be 0.972, 2.694 and 179.392 grammas per kWh,
respectively. Supposing 8 hours operation of DGs per day,
total generation of DGs for defined scenarios in each case
can be obtained as indicated in Table VI and consequently
average decreased amount of GHGs emissions for one
year would be as represented in Table VI. As it over
mentioned, DGs are installed close to the load point.
Therefore, because of line loss reduction, necessity of
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generating electric power by conventional power plants
will be reduced. Table VII indicates reduced amounts of
line loss for different scenarios of the case 3 and
corresponding reduction of GHGs emission in one year.
Total average amounts of GHGs emission corresponding

to different scenarios of the case 3 for one year has been

presented in Table VIII. As it can be seen by substituting
only 132 MW conventional electric power generations by
DGs, emission of 84145 ton CO2, 1263 ton NOx and 455
ton SOx will be prevented in each year which are
considerably high amounts.

Table V. Average amounts of GHGs emission by existing
power plants and DGs

Avg. amount of Avg. amount of
GHG GHG emission by GHG emission by
existing PPs existing DGs
(gr/kWh) (gr/kwWh)
NOx 0.973 0.000522
SO« 2.694 -
CGo, 643.872 464.48

4. CONCLUSION

The penetration of DG in a distribution system offers

several benefits to line capacity release losses, improved
system voltage profile, reduced environmental impacts
and relieved transmission and distribution congestion.

This paper has proposed an approach to quantify the
technical benefits of DG applications. The benefits have
been determined based on a set of proposed indices.

It is shown that increasing the number of buses with
connected DG has a positive effect on the improvement of
the voltage profile and the reduction of line losses but
increases the line loading and has negative effect on the
line capacity release. Also, selecting the buses which are
dispersed in the region, improves the voltage profile

index, reduces line losses and increases the line capacity

release. From the amount of generation point of view,
increasing of DGs generation improves VPII, reduces line
losses and LCRI increment is proportional to DGs
generation increment.

As expected, DG rating plays a vital role in determining
the amount of voltage profile improvement and
environmental impact reduction. However, this trend may
not always be applicable to line-loss reduction because the
amount of line-loss reduction may actually decrease in
some scenarios.

The location of DG is also significant to both voltage
profile improvement and line-loss reduction.

Quantitative studies shows that the substitution of only
132 MW centralized conventional generations by DGs,
would prevent the emission of 84145 ton CO2, 1263 ton
NOx and 455 ton SOx in each year.
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Table VI. Decrement of GHGs Emission by substituting existing power plants with DGs

Scenario | Ingtalled | Mwhy | Decreased | Decreased | Decreased
No. DG Year CO, NOx SOx
(Kglyear) | (Kglyear) | (Kglyear)

1 26 75,920.00 13,619,441 73,794 204,528

2 53 154,760.00] 27,762,706 150,427 416,923

3 132 385,440.00]  69,144,85p 374,648 1,038,375
Decreasing rate of Nox (gr/kwh) 0.972
Decreasing rate of Sox (gr/kwh) 2.694
Decreasing rate of Co2 (gr/kwh) 179.392
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Table VII.

Decrement of GHGs Emission by substituting existing power plants with DGs caused by loss reduction in the case 3

Decr loss Decreased Decreased Decreased
Scenario No. (MW) MWh/ Y ear CO, NOXx SOx
(kglyear) (kglyear) (kglyear)
1 6.21 18,133.20 3,252,951 17,625 48,851
2 12.15 35,478.00 6,364,469 34,485 95,578
3 28.64 83,628.80 15,002,338 81,287 225,296
Table VIII. Total decrement of GHGs Emission by substituting existing power plants with DGs
. Total decreased CO, Total decreased NOx | Total decreased SOx
Scenario No.
(Tonlyear) (Tonl/year) (Tonlyear)
1 16,872 91 253
2 34,127 184 512
3 84,145 455 1,263
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