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This paper presents a methodology for the integration of dispatchable and nondispatchable renewable
distributed generation (DG) units for minimizing annual energy losses. In this methodology, analytical
expressions are first proposed to identify the optimal size and power factor of DG unit simultaneously
for each location for minimizing power losses. These expressions are then adapted to place renewable
DG units for minimizing annual energy losses while considering the time-varying characteristics of
demand and generation. A combination of dispatchable and nondispatchable DG units is also proposed
in this paper. The proposed methodology has been applied to a 69-bus test distribution system with dif-
ferent scenarios. The results demonstrate that dispatchable DG units or a combination of dispatchable
and nondispatchable DG units can lead to a substantial reduction in annual energy losses when compared
to nondispatchable DG units. The results also show that a maximum annual energy loss reduction is
achieved for all scenarios proposed with DG operation at optimal power factor.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

With the concern on depleting fossil fuel resources and environ-
mental concerns, renewable distributed generation (DG) units such
as biomass, wind and solar are emerging as an alternative energy
solution. DG owners usually receive incentives from utilities by
setting a high selling energy price [1]. From the utility perspective,
DG units located close to distribution system loads can lead to
power flow reduction, loss minimization, voltage profile enhance-
ment, voltage stability improvement, network upgrade deferral,
etc. [2–21], DG units can participate into the competitive market
to provide ancillary services such as spinning reserve, voltage reg-
ulation, reactive power control and frequency control [22–24].
However, the high penetration of intermittent renewable resources
(i.e., wind and solar) together with demand variations has intro-
duced many challenges to distribution systems such as power fluc-
tuations, voltage rise and high losses [1].

The optimal DG placement and sizing issues for minimizing
power and energy losses in distribution networks have attracted
great attention in recent years. Most of the researchers have fo-
cused on developing methodologies for minimizing power losses
with the assumption that DG units are dispatchable and allocated
at the peak demand [25]. Typical examples for such works are ana-
lytical approaches [4–8], a numerical method [9], and a wide range
of heuristic algorithms: Simulated Annealing (SA) [10], Genetic
Algorithm (GA) [11], Particle Swarm Optimization (PSO) [12,13],
Artificial Bee Colony Algorithm (ABC) [14], Modified Teaching–
Learning Based Optimization (MTLBO) [15], and Harmony Search
Algorithm (HSA) [16]. However, such approaches may not solve a
practical case of time-varying demand and renewable generation
(e.g., nondispatchable wind output) as the optimum DG size at
the peak demand may not remain at other loading levels. Hence,
the energy loss minimization may not be optimal. Recently, a
few studies on renewable DG integration for minimizing energy
losses have been reported while considering the time-varying
characteristics of both demand and generation. For example, wind
DG units are sized using a GA-based approach [17] and an optimal
power flow-based method [18]. In [19], different types of renew-
able DG unit (i.e., biomass, wind and solar PV) are located and sized
using analytical approaches. In [20], the optimal location and size
of wind DG units are addressed using a probabilistic-based plan-
ning approach. This approach has also been employed in [21] for
locating and sizing different types of nondispatchable renewable
DG units. So far, a combination of dispatchable and nondispatch-
able DG placement for minimizing energy losses has not been re-
ported in the literature. On the other hand, most of the studies
presented above have assumed that DG units operate at pre-spec-
ified power factor (usually unity power factor). In these researches,
only the location and size have been considered, while the optimal
power factor for each DG unit that would be a crucial part for
minimizing energy losses has been neglected. Depending on the
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characteristics of loads served, each DG unit that can deliver both
active and reactive power at optimal power factor may have posi-
tive impacts on energy loss reduction.

This paper first proposes analytical expressions to determine
the optimal size and power factor of DG unit simultaneously for
each location for minimizing power losses. These analytical
expressions are obtained by improving the work in [7], where
the analytical expressions were developed to calculate different
types of DG unit when the DG power factor is pre-specified. The
proposed analytical expressions are then adapted to allocate dis-
patchable and nondispatchable DG units to minimize energy losses
while considering the time-varying characteristics of demand and
generation. Moreover, a combination of dispatchable and nondis-
patchable renewable DG units is proposed. Here, DG unit is consid-
ered as a dispatchable source (e.g., biomass), if its output can be
adjusted, whereas DG unit is considered as a nondispatchable
source (e.g., wind), if its output cannot be adjusted.

The rest of the paper is structured as follows: Section 2 de-
scribes the modeling of load and renewable DG. Section 3 intro-
duces a methodology to accommodate renewable DG sources for
minimizing energy losses. Section 4 portrays a 69-bus test distri-
bution system along with numerical results and discussions. Final-
ly, Section 5 summaries the contribution of the work.

2. Load and renewable resources modeling

2.1. Load modeling

The system considered in this work is assumed to follow the load
curve of the IEEE-RTS system in Fig. 1 [26]. As shown in the figure,
each year is divided into four seasons (winter, spring, summer and
fall). An hourly load curve of a day is representing each season. The
load curve of four 24-h days (24 � 4 = 96 h) is subsequently repre-
senting the four seasons in a year (8760 h). The seasonal maximum
and minimum in load demand occurred during summer and fall,
respectively. With a peak demand of 1 p.u., the load factor (LF) or
average load level of the system can be defined by (1) as the ratio
of the area under the load curve in p.u. to the total duration.

LF ¼
X96

t¼1

p:u: loadðtÞ
96

ð1Þ
2.2. Renewable resources modeling

Biomass and wind sources are assumed to utilize technologies
that can operate at any desired power factor. Biomass DG unit is
modeled as a synchronous machine and wind DG unit uses dou-
bly-fed induction generators or full converter synchronous ma-
chines. Biomass DG unit is assumed to be a dispatchable source
which can be dispatched according to the load curve as shown in
Fig. 1. In this case, the capacity factor (CF) of biomass unit is equal
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Fig. 1. Hourly load demand curve.
to the LF as given in Eq. (1). On the other hand, wind DG unit is as-
sumed to be a nondispatchable source following the output curve
for each season per year [27], as depicted in Fig. 2. It is noted that
different wind patterns could be easily incorporated in the pro-
posed methodology below. As shown in Fig. 2, a year is divided into
four seasons. An hourly generation output pattern for a day is rep-
resenting each season. The generation output curve of four 24-
h days (24 � 4 = 96 h) is then representing the four seasons in a
year (8760 h). The seasonal maximum and minimum in wind
power availability occurred during winter and summer, respec-
tively. With a peak of 1 p.u., the CF of wind DG unit is defined by
(2) as the ratio of the area under the output curve in p.u. to the to-
tal duration.

CF ¼
X96

t¼1

p:u: DG outputðtÞ
96

ð2Þ
2.3. Scenarios

In order to demonstrate the effectiveness of the proposed ap-
proach, the following four scenarios have been considered:

� Scenario#1: No DG unit.
� Scenario#2: Dispatchable biomass DG units.
� Scenario#3: Nondispatchable wind DG units.
� Scenario#4: A combination of dispatchable biomass and non-

dispatchable wind DG units as a dispatchable source.

Here, the assumption is that wind DG unit is nondispatchable
and owned by developers and controlled by distribution network
operators (DNOs). Biomass DG unit is dispatchable and owned
and operated by DNOs.

3. Proposed methodology

3.1. Power and energy losses

The total active power loss in a distribution system with N
buses as a function of active and reactive power injections at all
buses can be calculated as follows [28]:

Ploss ¼
XN

i¼1

XN

j¼1

½aijðPiPj þ QiQ jÞ þ bijðQ iPj � PiQjÞ� ð3Þ

where aij ¼
rij

ViVj
cosðdi � djÞ; bij ¼

rij

ViVj
sinðdi � djÞ; Vi\di is complex

voltage at bus i; rij + jxij = Zij is the ijth element of [Zbus] impedance
matrix; Pi and Pj are active power injections at buses i and j, respec-
tively; Qi and Qj are reactive power injections at buses i and j,
respectively.

As shown in Fig. 1, each year has four seasons. A load curve for a
24-h day is representing each season. The load curve of four 24-
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Fig. 2. Hourly wind output curve.
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h days (24 � 4 = 96 h) is subsequently representing the four sea-
sons in a year. The total number of hours per year is 365 � 24
(8760) h. Therefore, the 96-h load curve is repeated 91.25 times
to represent 1 year (91.25 � 96 = 8760). Here, 96 h in four seasons
a year are corresponding to 96 periods (load levels). The active
power loss, Pt

loss, at each period t is obtained from (3). Hence, the
total annual energy loss in a distribution system with a time dura-
tion (Dt) of 1 h can be expressed as:

Eloss ¼ 91:25
X96

t¼1

Pt
lossDt ð4Þ
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3.2. Analytical expression for sizing DG unit with a predefined power
factor at various locations [7]

This section briefly describes an analytical expression devel-
oped in [7] to calculate different types of DG unit for minimizing
power losses when the DG power factor is pre-specified. Here,
the active and reactive power injections at bus i where DG unit
is installed are respectively given as:

Pi ¼ PDGi � PDi ð5Þ

Q i ¼ Q DGi � Q Di ¼ aiPDGi � QDi ð6Þ

where QDGi = aiPDGi, PDGi and QDGi are respectively the active and
reactive power injections from DG unit at bus i, ai =
(sign) tan (cos�1(pfDGi)) with {sign = +1: DG unit injecting reactive
power, sign = �1: DG unit consuming reactive power}; PDi and QDi

are respectively the active and reactive power of load at bus i; pfDGi

is the operating power factor of DG unit at bus i.
Substituting Eqs. (5) and (6) into Eq. (3), we obtain the total ac-

tive power loss with DG unit as follows:

Ploss ¼
XN

i¼1

XN

j¼1

aijððPDGi � PDiÞPj þ ðaiPDGi � QDiÞQ jÞ
þbijððaiPDGi � QDiÞPj � ðPDGi � PDiÞQ jÞ

" #
ð7Þ

The total active power loss can reach a minimum value if the
partial derivative of Eq. (7) with respect to the active power injec-
tion from DG at bus i (PDGi) is zero.

@Ploss

@PDGi
¼ 2

XN

j¼1

½aijðPj þ aiQjÞ þ bijðaiPj � Q jÞ� ¼ 0 ð8Þ

Eq. (8) can be rearranged as follows:

aiiðPi þ aiQiÞ þ Xi þ aiYi ¼ 0 ð9Þ

where

Xi ¼
XN

j ¼ 1
j–i

ðaijPj � bijQ jÞ; Yi ¼
XN

j ¼ 1
j–i

ðaijQ j þ bijPjÞ

Substituting Eqs. (5) and (6) into Eq. (9), we obtain Eq. (10) which
is used to calculate the optimal size of different types of DG unit at
bus i for minimizing power losses when the DG power factor
(pfDGi) or value ai is known. This expression can be written as [7]:

PDGi ¼
aiiðPDi þ aiQ DiÞ � Xi � aiYi

aii a2
i þ 1

� � ð10Þ
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Fig. 3. Hourly optimal generation curve of biomass DG unit.
3.3. Proposed analytical expressions for calculating the optimal size
and power factor at various locations

This section proposes analytical expressions based on an
improvement to the work in [7] mentioned in Section 3.2 to deter-
mine the optimal size and power factor of DG unit simultaneously
for each location. Here, the total active power loss is minimum if
the partial derivative of Eq. (7) with respect to variable ai (or
pfDGi) becomes zero.

@Ploss

@ai
¼ 2

XN

j¼1

½aijQ j þ bijPj� ¼ 0 ð11Þ

Eq. (11) can be rearranged as follows:

aiiQ i þ Yi ¼ 0 ð12Þ

Substituting Eq. (6) into Eq. (12), we get:

ai ¼
1

PDGi
Q Di �

Yi

aii

� �
ð13Þ

The relationship between the power factor of DG (pfDGi) and
variable ai at bus i can be expressed as:

pfDGi ¼ cosðtan�1ðaiÞÞ ð14Þ

Finally, the optimal PDGi and its pfDGi for the total system loss to
be minimum can be obtained from (10), (13), and (14) as follows:

PDGi ¼ PDi �
Xi

aii
ð15Þ

pfDGi ¼ cos tan�1 aiiQ Di � Yi

aiiPDi � Xi

� �� �
ð16Þ
3.4. Computational procedure

Scenario 1: Run load flow for each period (or load level) of the
day and find the total annual energy loss using Eq. (4).

Scenario 2: Fig. 3 shows an example of the output curve of a sin-
gle dispatchable biomass DG unit for the 69-bus system [29], as de-
scribed in Section 4.1, in four seasons. This curve follows the load
demand pattern in Fig. 1 and was obtained using a computational
procedure as follows:

Step 1: Run base case load flow at the peak load level for the
year and find the total power loss using Eq. (3).
Step 2: Find the optimal location, size and power factor of DG
unit at the peak load level for the year.

(a) Find the optimal size Ppeak
DGi

� �
and the optimal power fac-

tor using Eqs. (15) and (16), respectively.
(b) Place DG unit obtained earlier at each bus, one at a time.

Calculate the power loss for each case using Eq. (7).
(c) Locate the optimal bus at which the power loss is min-

imum with the corresponding optimal size or maximum
output Pmax

DG

� �
at that bus.

Step 3: Find the optimal DG output at the optimal location for
period t as follows, where p.u. load(t) is the load demand in
p.u. at period t.
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Pt
DG ¼ p:u: loadðtÞPmax

DG ð17Þ
Step 4: Run load flow with each DG output obtained in step 3 for
each period, find the total energy loss using Eq. (4), and repeat
steps 2–4. Stop if any of the following occurs and the previous
iteration solution is obtained.
(a) the bus voltage at any bus is over the upper limit;
(b) the branch current is over the upper limit;
(c) the total DG size is larger than the system demand plus loss;
(d) the maximum number of DG units are unavailable.

Scenario 3: Fig. 4 shows an example of the output curve of a sin-
gle nondispatchable wind DG unit for the 69-bus system [29], as
described in Section 4.1, in four seasons. This curve follows the
wind output pattern in Fig. 2 and was obtained using a computa-
tional procedure as follows:
Step 1: Run load flow for the system without DG unit at the
average load level for the year or at the load factor as given
in Eq. (1) and find the total power loss using Eq. (3).
Step 2: Find the optimal location, size and power factor of DG
unit at the average load level for the year.

(a) Find the optimal size Pavg
DGi

� �
and the optimal power factor

using Eqs. (15) and (16), respectively.
(b) Place DG unit obtained earlier at each bus, one at a time.

Calculate the power loss for each case using Eq. (7).
(c) Locate the optimal bus at which the power loss is minimum

with the corresponding optimal size at the average load
level or the average output Pavg

DG

� �
at that bus.
Step 3: Find the capacity factor (CF) of wind DG unit based on
its daily output curve using Eq. (2).
Step 4: Find the optimal DG size or maximum DG output at
the optimal location as follows:

Pmax
DG ¼

Pavg
DG

CF
ð18Þ
Step 5: Find the optimal DG output at the optimal location for

period t as follows, where p.u. DG output(t) is the DG output
in p.u. at period t.

Pt
DG ¼ p:u: DG outputðtÞPmax

DG ð19Þ
Step 6: Run load flow with each DG output obtained in step 5

for each period, find the total energy loss using Eq. (4), and
repeat steps 2–6. Stop if any of the following occurs and the
previous iteration solution is obtained.

(a) the bus voltage at any bus is over the upper limit;
(b) the branch current is over the upper limit;
(c) the total DG size is larger than the system demand plus

loss;
(d) the maximum number of DG units are unavailable.
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. 4. Hourly optimal generation curve of nondispatchable wind DG unit.
When the power factor of DG unit is pre-specified, the compu-
tational procedure is similar to the above with exception that the
optimal DG size for each bus is determined using Eq. (10) rather
than Eq. (15).

Scenario 4: Fig. 5 shows an example of the output curve of a dis-
patchable and nondispatchable DG mix for the 69-bus system [29],
as described in Section 4.1, in four seasons. This curve follows the
demand profile in Fig. 1 and was obtained using the computational
procedure as explained below. Here, the wind output pattern in
Fig. 5 follows the wind output curve in Fig. 2 on the condition that
wind penetration is in its maximum. Biomass DG units are utilized
as an additional dispatchable source to fill up the supply energy
portion that wind DG units cannot. Notice that the total DG output
in MW for each period in scenario 4 (a mix of one dispatchable DG
unit and one nondispatchable DG unit) is the same as that in sce-
nario 2 (one dispatchable DG unit) on the condition that nondis-
patchable DG penetration is in its maximum.

Step 1: Find the optimal location, size and power factor of DG
unit and the corresponding total energy loss using the compu-
tational procedure in scenario 2.
Step 2: Select the optimal location and power factor of dispatch-
able and nondispatchable DG units as calculated in step 1.
Step 3: Find the optimal size or maximum output of nondis-
patchable DG unit Pmax

DG

� �
over all periods on the condition that

its output is no more than that of DG unit as specified in step 1,
at each period.
Step 4: Find the optimal output of nondispatchable DG unit for
period t as given in Eq. (19).
Step 5: Calculate the output of dispatchable DG unit that is equal
to the output of DG unit in step 1 minus the output of nondis-
patchable DG unit in step 4, for each period; then find the optimal
size or maximum output of dispatchable DG unit over all periods.

4. Case study

4.1. Test systems

The proposed methodology has been applied to an 11 kV 69-bus
radial distribution system, as depicted in Fig. 6. The complete sys-
tem data at the peak load demand are given in [29]. This system is
supplied from two substations with a total peak load of 4.47 MW
and 3.06 MVar. The total system power loss at the peak demand
without DG connection is 227.53 kW.
4.2. Assumptions and constraints

The lower and upper voltage thresholds should be 0.94 p.u. and
1.06 p.u., respectively, and the feeder thermal limits are 5.1 MVA
(270 A).
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Fig. 5. Hourly optimal generation curve of wind–biomass DG mix.



Fig. 6. Single line diagram of the 69-bus test distribution system.
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Fig. 7. Hourly load demand and power loss curves (scenario 1).
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The demand of the system is assumed to follow the load curve
in Fig. 1 [26]. Wind DG units are assumed to be nondispatchable
and follow the wind output curve in Fig. 2, but different wind pat-
terns could be easily incorporated in the proposed methodology.

Biomass DG units are assumed to be allocated at any bus in the
system. The locations of wind DG units may be identified by re-
sources and geographic factors. As their sites are unspecified in
the test system, they are assumed to be installed at any bus. How-
ever, when the locations are pre-specified, the optimal sizes and
power factors with the lowest corresponding power loss can be
quickly determined based on the proposed methodology. The
power factor of DG units remains unchanged over all periods.
The number of DG units is predefined at two for scenarios 2 and
3, and at four for scenario 4. However, the proposed methodology
can consider the different number of DG units.
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Fig. 8. Hourly optimal generation curve of biomass DG units (scenario 2).
4.3. DG placement without considering power factor limit

Fig. 7 shows the hourly load demand and power loss curves of
the system in four seasons a year in scenario 1. The load demand
curve shown in Fig. 7 follows the hourly load demand curve in
Fig. 1. The peak demand occurred at the period 59 in summer,
whereas the lowest demand was at the period 77 in fall. The signif-
icant power losses were observed at periods in summer. The total
annual energy import from the grid without DG unit is calculated
as tracing the area under Fig. 7 times 91.25 days. In this case, the
total annual energy import is found at 24.556 GW h, which is a
sum of the total system load demand (23.787 GW h) and the total
system energy loss (0.769 GW h).

Without considering the power factor limit, Figs. 8–10 show the
optimal output curves of DG units in four seasons in scenarios 2, 3
and 4, respectively, and the power import from the grid. For sce-
nario 2, the total output of biomass DG units at each period
(Fig. 8) is dispatched following the demand curve (Fig. 7). Similarly,
for scenario 4, the total output of biomass-wind DG units at each
period in Fig. 10 is also dispatched according to the demand curve
in Fig. 7. Here, the wind output pattern in Fig. 10 follows the wind
output curve in Fig. 2 on the condition that wind penetration is in
its maximum. Biomass DG units are utilized as an additional dis-
patchable source to fill up the supply energy portion that wind
DG units cannot. As the total DG output patterns of scenarios 2
and 4 are the same and are dispatched following the load demand
in Fig. 7, the power loss at each period in scenario 2 is identical to
that in scenario 4 as depicted in Fig. 11. On the other hand, as wind
DG units in scenario 3 (Fig. 9) cannot dispatch following the de-
mand pattern in Fig. 7, the power loss at each period in scenario
3 is higher than that in scenarios 2 and 4 as shown in Fig. 11. In
addition, it can be revealed from Figs. 8–10 that the integration
of DG units amounts to the reduction in the total energy import
from the grid in all scenarios, resulting from the DG energy produc-
tion and system energy loss reduction.

Table 1 shows a summary and comparison of the simulation re-
sults obtained for four different scenarios with and without DG
units in the 69-bus system. For scenarios 2–4 with DG units, the re-
sults include the type of DG units and the location, size and power
factor for each type. The annual energy loss and its loss reduction
for each scenario are also presented in this table. The optimal loca-
tions of DG units for each scenario are identified at buses 62 and 35
with the corresponding sizes and power factors as shown in the ta-
ble. A significant energy loss reduction is observed in scenarios 2–4
(with DG units) when compared to scenario 1 (without DG units).
In scenarios with DG units, the highest loss reduction is found in
scenarios 2 and 4, while the lowest loss reduction is obtained in
scenario 3. The combination of dispatchable and nondispatchable
DG units in scenario 4 can yield the same loss reduction as dis-
patchable biomass DG units in scenario 2. Notice that the optimal
DG power factors at buses 62 and 35 are different at 0.79 and 0.83
(lagging), respectively.
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4.4. Biomass versus wind

Fig. 12 shows the power loss reduction over 96 periods in four
seasons in scenarios 2–4. It is obvious that scenario 2 can produce a
maximum loss reduction over each period because the biomass
output was dispatched according to the varying demand curve.
Table 1
Optimal DG placement results for different scenarios without considering power factor lim

Scenarios 1 2 (biomass) 3 (wind

DG type No DG Bio 1 Bio 2 Wind 1

Location (bus) 62 35 62
Size (MVA) 0.94 0.99 0.86
Power factor (lagging) 0.79 0.83 0.79
Annual loss (MW h) 768.50 365.38
Loss reduction (%) 52.46
On the other hand, the maximum loss reduction is found at a
few periods in scenario 3 although the wind DG output cannot
be dispatched according to the varying demand curve. Scenario 4
can yield the same loss reduction as scenario 2. The advantage is
that biomass DG units have capability to dispatch according to load
demand. Consequently, scenarios 2 and 4 that include dispatchable
biomass DG units are superior to scenario 3 from the perspective of
total annual energy loss reduction as shown in Fig. 12.

4.5. Voltage profiles

Fig. 13 shows the voltage profiles for scenarios 1–4 at the ex-
treme periods (load levels) where the voltage profiles are the
worst. In the absence of DG units, the extreme period is at the peak
period 59 as depicted in Fig. 7, at which the voltages at some buses
are under 0.94 p.u. In the presence of DG units, by considering the
combination of the demand and DG output curves, the extreme
periods are also at the peak period 59 for scenarios 2–4, as shown
in Figs. 8–10. It can be observed from the figure that after DG units
are integrated at the extreme periods, the voltage profiles improve
significantly. It is interesting to note that the voltage profiles in
scenario 2 (dispatchable DG units) or scenario 4 (a mix of dispatch-
able and nondispatchable DG units) are better than those in sce-
nario 3 (nondispatchable DG units).

It is worth noting that the optimal size and location of DG units
obtained for power loss minimization using the proposed method
are in close agreement with the results of recently published meth-
ods such as heuristic [30], PSO [12,31], SA [10], ABC [14], MTLBO
[15], and HSA [16].
it.

) 4 (wind–biomass mix)

Wind 2 Wind 1 Bio 1 Wind 2 Bio 2

35 62 62 35 35
0.99 0.49 0.71 0.56 0.82
0.83 0.79 0.79 0.83 0.83
426.92 365.38
44.45 52.46



Table 2
Optimal DG placement results for different scenarios considering power factor limit.

Scenarios 1 2 (biomass) 3 (wind) 4 (wind-biomass mix)

DG type No DG Bio 1 Bio 2 Wind 1 Wind 2 Wind 1 Bio 1 Wind 2 Bio 2

Location (bus) 62 35 62 35 62 62 35 35
Size (MVA) 0.89 1.05 0.81 0.96 0.44 0.67 0.52 0.79
Power factor (lagging) 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95
Annual loss (MW h) 768.50 401.41 458.04 401.41
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Fig. 14. Impact of the power factor of DG units on energy loss reduction.
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4.6. Impact of power factors of DG unit on energy losses

As reported in [32], the grid codes of many countries require
that grid-connected wind turbines should provide the capability
of reactive power control or power factor control in a specific
range. For instance, in the Ireland, the power factor of wind tur-
bines is required to be from 0.835 leading to 0.835 lagging. It
should be from 0.95 leading to 0.95 lagging in Italy and the United
Kingdom. Hence, in this study, the power factor is limited in the
range of 0.95 leading and 0.95 lagging to assess the impact of the
power factor of DG units on energy losses. Table 2 summarizes
and compares the results of DG placement for four different sce-
narios with and without DG units in the 69-bus system considering
the power factor limit from 0.95 leading to 0.95 lagging. For each
scenario with DG units, the results include the type, location, size,
power factor and corresponding energy loss. The optimal locations
of DG units for each scenario are identified at buses 62 and 35 with
the corresponding sizes as shown in Table 2. In this case, the best
power factor of all DG units is found to be at 0.95 lagging. However,
the optimal power factor of DG units are 0.79 and 0.83 (lagging), at
buses 62 and 35, respectively, when the power factor limit was not
considered as shown in Table 1. It is revealed that imposing the
power factor limit has a negative impact on the energy loss reduc-
tion at a maximum difference of nearly 5% when compared to the
case without considering the power factor limit, as presented in
Fig. 14. However, this may depends on the characteristics of the
system and DG output.
5. Conclusion

This paper has presented a methodology to determine the opti-
mal location, size and power factor of dispatchable and nondis-
patchable renewable DG units for minimizing annual energy
losses. In this methodology, analytical expressions are first pro-
posed to determine the optimal size and power factor of DG unit
simultaneously for each location to minimize power losses. These
expressions are then adapted to locate and size different renewable
DG units and calculate the optimal power factor for each unit to
minimize energy losses while considering the time-varying charac-
teristics of demand and generation. Moreover, a combination of
dispatchable and nondispatchable renewable DG units is proposed
in this paper. The proposed methodology has been applied to dif-
ferent renewable DG scenarios with and without power factor limit
for a 69-bus test distribution system. The results show that dis-
patchable DG units or a combination of dispatchable and nondis-
patchable DG units can minimize annual energy losses
significantly when compared to nondispatchable DG units alone.
The results also indicate that a maximum annual energy loss
reduction has been obtained for all scenarios proposed with DG
operation at optimal power factor. It is also revealed that imposing
power factor limit can result in an increase in annual energy losses
from the optimal value.
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