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Abstract—High levels of penetration of distributed generation
(DG) are a new challenge for traditional electric power systems.
Power injections from DGs change network power flows modifying
energy losses. Although it is considered that DG reduce losses, this
paper shows that this is not always true. This paper presents an ap-
proach to compute annual energy losses variations when different
penetration and concentration levels of DG are connected to a dis-
tribution network. In addition, the impact on losses of different
DG technologies, such as combined heat and power, wind power,
photovoltaic, and fuel-cells, is analyzed. Results show that energy
losses variation, as a function of the DG penetration level, presents
a characteristic U-shape trajectory. Moreover, when DG units are
more dispersed along network feeders, higher losses reduction can
be expected. Regarding DG technologies, it should be noted that
wind power is the one that shows the worst behavior in losses re-
duction. Finally, DG units with reactive power control provide a
better network voltage profile and lower losses.

Index Terms—Distributed generation (DG), distribution, losses.

I. INTRODUCTION

E LECTRICAL power systems are evolving from the nowa-
days centralized bulk system, with generation plants con-

nected to the transmission network, to a future more decentral-
ized system, with smaller generating units connected directly
to distribution networks near demand consumption. This type
of generating unit is known as distributed generation (DG) [1].
Various reasons are at the core of these changes. Environmental
consciousness and sustainable development based on long-term
diversification of energy sources are key aspects on the agenda
of energy policy-makers. This has contributed to the promo-
tion of renewable energy sources and combined heat and power
(CHP) generation. On the other hand, a major breakthrough in
high-efficiency small generators and natural gas availability are
allowing for the development of micro-turbines and fuel-cells.

Power injections from DG change magnitude and even direc-
tion of network power flows. This causes an impact on network
operation and planning practices of distribution companies with
both technical and economic implications [2]–[7]. For instance,
from the point of view of supply security, DG connection in-
volves reviewing the design and adjustment of system protection
devices; from the point of view of network operation, voltage
profiles, energy losses, and maintenance and system restoration
practices, in case of faults, are also affected [2]–[5]; and finally
from the point of view of network design and planning, network
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reinforcement and additions should take into account future DG
installations [6], [7].

Despite the aforementioned technical and economic implica-
tions of DG, the presented research has been concentrated on the
evaluation of energy losses variation as a function of the main
parameters that characterize DG connection to distribution net-
works. In addition, several regulatory implications associated to
this impact are also identified.

The connection of DG to radial distribution networks can
change power flows from unidirectional to bidirectional af-
fecting load-related losses. Neither no-load losses nor nontech-
nical or commercial losses depend on power flows; therefore,
they are not considered in this paper.

From the regulatory point of view, distribution companies’
regulation is affected precisely by the issue that is analyzed in
this paper. In general, distribution companies (DISCOs) have
an economic incentive to reduce losses in their networks. Usu-
ally, this incentive is the cost difference between real and stan-
dard losses. Therefore, if real losses are higher than standard
ones, the DISCOs are economically penalized, or, if the oppo-
site happens, they obtain a profit. An example of this incentive
mechanism is the one applied in Spain, through the following
mechanism: in the wholesale market, DISCOs buy the energy
losses that are consumed in their networks obtained as the dif-
ference between the injected energy into their networks less the
sold energy to final costumers. On the other hand, consumers
pay the DISCOs the energy they consume times a standard loss
coefficient, which is set for a regulatory period of several years.
This means that the DISCOs buy real losses, but they receive
payments for an amount of standard losses [8].

Since the installation of DG will impact on distribution
losses, it will have a direct consequence on the DISCOs’ profit.
If DGs decrease actual network losses, the DISCOs’ profit will
increase, but if the opposite happens, the DISCO’s benefits
will decrease. With the purpose to transfer the losses impact
to the agents in the system (DISCOs, customers, and DGs) in
the following regulatory period, it is necessary to calculate new
standard loss coefficients for demands and generators.

Several studies have been conducted to assess losses vari-
ations and/or to allocate such variations between DG and
consumers. Reference [9] did pinpoint the importance of losses
variations for DG connection costs and proposed a method-
ology, based on second-order sensitivities, to compute such
losses variations. However, this method is only valid for small
DG penetration variations, as it will be proved later in this
paper. References [10] and [11] proposed different methods to
compute marginal nodal losses in order to provide economical
signals to both consumers and DG. Reference [12] made the
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analysis of predicting how losses will vary when connecting
a specific photovoltaic plant to a specific feeder, based on a
feeder section-by-section analysis. Other authors analyzed
some other aspects, as the importance of the location of DG for
losses reduction [13]–[15], even proposing in some cases some
optimization algorithm to find the better DG location. How
the control of the reactive power injected by DG plants impact
losses levels was studied in [16] and [17]. A more complete
study was carried out in [18], where impact of operational
aspects on losses variations and acceptable DG penetration
levels are analyzed, based on a specific case study.

DG impact on losses is an aspect of great interest, as shown by
the number of different studies performed on this subject. Most
of these studies have concentrated on studying a specific case
(feeder and DG plant connection) or to develop a methodology
to assess specific losses situation when a particular scenario of
DG penetration has been analyzed. There is a lack of knowledge
on what is the expected evolution of losses in a feeder, as a
function of different parameters, such as DG penetration, DG
technologies mix, DG dispersion and location, or reactive power
control strategy.

This paper covers such a knowledge gap, through the analysis
of the impact of DG on distribution losses by studying different
scenarios with several DG penetration and concentration levels.
Losses are evaluated on an annual basis. Different DG technolo-
gies, such as CHP, wind power, and photovoltaic cells, are mod-
eled. For each type of technology, different penetration levels,
corresponding with different amounts of DG installed capacity,
and different concentration levels, corresponding with several
DG units connected along the feeder, are studied.

This paper continues and completes the preliminary research
presented by the same authors in [19], improving modeling
issues and confirming previous results. The structure of this
paper is as follows. Section II presents the adopted general
approach and proposes some term definitions that are used later.
Section III details modeling issues such as the network model,
the hourly energy production for each type of DG technology
model, and the location of DG units along the network to sim-
ulate different concentration levels. Computational algorithms
are described in Section IV. Finally, results and conclusions are
presented in Sections V and VI, respectively.

II. GENERAL APPROACH

The developed approach computes annual losses in a distribu-
tion network where DG units have been connected. Therefore,
losses should be calculated for every hour of the year. This re-
quires to run a load flow for each hour, taking into account load
demands and DG productions at that hour.

To analyze the overall impact of DG on losses, several sce-
narios with different DG technologies, penetration, and concen-
tration levels were created. DG impact on losses was measured
as the difference between losses in the considered scenario and
losses in the base case (without DG). Finally, the results ob-
tained are presented through different types of curves that show
how network losses change versus DG penetration and concen-
tration levels for each type of DG technology.

A. Definitions

Some useful definitions used in this paper are as follows.

• DG production: Energy produced by DG units connected
to a distribution network. It changes every hour of the
year.

• DG installed capacity: The total maximum output of each
DG unit. The DG installed capacity in the network is the
sum of the individual DG installed capacities.

• Capacity factor: The ratio of the energy produced, during
the period of time considered, to the energy that could
have been produced if DG would have operated at con-
tinuous full power during the same time period.

• DG penetration: The ratio of the amount of DG energy
injected into the network to the feeder capacity

DG penetration
capacity factor DG installed capacity

feeder capacity
(1)

• DG concentration: Degree of concentration of DG units
along the network feeder. It is measured as a function of
the number of nodes with DG versus the total number
of feeder load nodes. All DG units connected to a few
nodes or even to a single node mean a high concentra-
tion level. On the contrary, DG units connected to several
nodes mean a low concentration level.

• DG mix: A mixture of DG technologies that have been
connected into the feeder. For instance, a “Mix CHP50-
WT50” is a scenario with the same installed capacity in
CHP units as in wind turbines (50% of CHP and 50% of
wind turbines).

• Annual energy losses (%): The ratio of total energy losses
to the total energy demanded in the feeder on an annual
basis.

III. MODELING

A. Network Model

In this paper, different medium-voltage radial distribution
networks have been analyzed, obtaining in all the cases similar
qualitative results. In order to better illustrate the methodology
and the influence of every DG parameter, only the results of
the radial IEEE 34-node test feeder (see Fig. 1 and Table I) are
presented in this paper. Detailed information about this feeder
can be found in [20].

B. DG Units Modeling

The effect of DG on losses depends on the number and size
of DG units and their energy production patterns. DG units
are characterized according to their constructive technology and
their reactive power control scheme.

1) DG Technologies: Hourly energy production for each
DG unit, during a whole year, has been modeled according to
the specific DG technology characteristics.

• CHP units: These units were simulated by an hourly
generation profile obtained from recorded real annual
hourly data from a set of CHP plants. First, a typical
generation profile was obtained for the whole set of
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Fig. 1. Single-line diagram of the IEEE 34-node test feeder.

TABLE I
BASIC DATA OF THE IEEE 34-NODE TEST FEEDER

CHP units. Then, individual energy productions were
obtained by modifying the typical generation profile with
a superposed random noise that represented observed
hourly differences from plant to plant. This randomness
was introduced by a uniformly distributed noise for every
hourly data. This noise was set at 25% of the basic
generation profile.

• Wind turbines: These DG plants were simulated using the
Markov matrix simulation method described in [21]–[23].
For each wind turbine, this method correlates the energy
production in the present hour with the energy production
in the previous hour. This correlation matrix was calcu-
lated using real hourly wind farm production data.

A wind farm was simulated as a single wind power
unit with installed capacity equal to the total wind farm
capacity.

• Photovoltaic: In order to model this kind of unit, the
hourly variation of solar radiation was simulated. This
variation is due to the passage and rotation movements
of the earth throughout the year. The model used the
geographical coordinates of the power plant to compute
theoretical values of extraterrestrial radiation. The radi-
ation that reached the terrestrial surface was estimated
using local correction factors to take into account the
effect of clouds.

The power produced by photovoltaic units was esti-
mated using the characteristics provided by the manu-
facturers of solar cell arrays, taking into account hourly
values for the calculated radiation.

In order to represent typical hourly differences from
plant to plant, the local correction factors of each plant
were modeled through two uniformly distributed random
numbers: one for the monthly local correction factor (set
at 20% of the base value) and the other one for the daily
local correction factor (set at 50% of the base value).

• Base-load generation: This is a generic type of DG tech-
nology that was used to model DG units that can produce
full power almost during the whole year, such as fuel-cells
or micro-turbines working as base load plants.

2) Control of Reactive Power: An important issue regarding
the impact of DG on power losses is the capability of DG to
control voltages and to provide reactive power support.

The capability of DG to supply reactive power depends on its
generator technology. Some DG technologies cannot control re-
active power, for instance, traditional wind farms based on asyn-
chronous generators. Other DG technologies are able to control
reactive power, although due to regulatory or economic reasons,
they are not encouraged to do so. For instance, CHP plants with
synchronous generators are able to provide reactive power sup-
port. DG technologies with power electronic interface based on
self-commutated converters, IGBT devices, can be operated at
any desired power factor [2]. Examples of this type of DG are
photovoltaic, wind turbines, micro-turbines, fuel cell, etc., with
all of them connected to the network through ac-dc converters.

Traditionally, DG has been considered as not having the ca-
pability to control voltages, and therefore, it has been modeled
in power flow studies as a negative load, i.e., as a PQ node. How-
ever, if DG is able to control reactive power, the node where DG
is connected should be modeled as a PV node. This represents
the DG generator capability to keep a voltage reference value
while the supplied reactive power is within its maximum and
minimum limits.

C. Load Modeling

The computation of energy losses on an hourly basis requires
the knowledge of hourly energy consumptions in each load
node. The selected IEEE 34-node test feeder does not provide
hourly load data. For this reason, the IEEE load data have
been assumed as peak demands and demands for the rest of
the year were obtained, assuming the same load evolution as
real historical hourly data from Spanish consumers. Different
combinations of types of consumers were assumed connected
to each load node of this test feeder.

Load nodes were modeled as constant power sinks, i.e., inde-
pendently of feeder voltage magnitudes.

D. Scenarios

To analyze the impact of DG penetration and concentration
levels on energy losses, several DG scenarios were created. In
each scenario, the DG penetration level was gradually increased
from 0% (base case) to 15%.

Regarding DG concentration levels, the following scenarios
were created.

• “Ideal” scenario: In this scenario, DG plants were in-
stalled in each load node. The DG installed capacity in
each node was proportional to the load demand in that
node.

• “Three DGs” scenario: In this scenario, three same-size
DG plants were located strategically along the feeder to
obtain a well-balanced load situation.

• “One DG” scenario: In this scenario, one single DG plant
was located alternatively in different nodes along the
feeder.

Regarding DG generation mix, several scenarios have been
modeled to represent the different types of generation technolo-
gies connected to the same feeder node. For instance, a scenario
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denominated “Mix CHP50-WT50” represents a DG plant with
the same installed capacity in CHP units as in wind turbines
(50% of CHP and 50% of wind turbines).

IV. COMPUTATIONAL ALGORITHMS

In order to compute energy losses on an annual basis, a load
flow algorithm should be run each hour of the year. Annual
losses are calculated as the sum of hourly energy losses. In addi-
tion, in this paper, many different scenarios, each one meaning
a whole year simulation, were analyzed. Therefore, several load
flow algorithms were compared in accuracy and speed with the
purpose to select the one with a better performance.

The Newton–Raphson (N–R) algorithm was taken as a refer-
ence for the purpose of comparison.

A. Load Flow Algorithms

1) N–R Load Flow: This is the more precise algorithm but
it requires a high computational burden since it is necessary to
calculate the inverse of the Jacobian matrix in each iteration.

2) Radial Load Flow: Many radial load flow algorithms
have been mentioned in the literature [24]–[27]. These algo-
rithms take advantage of the radial or arborescent structure
of distribution networks. These types of algorithms are also
iterative, but they do not require the inversion of any matrix
and, therefore, are faster than N–R algorithms. This aspect
becomes more relevant as the size of the distribution network
increases. Unfortunately, these types of algorithms only allow
for a representation of PQ load nodes; therefore, DG reactive
power control capability cannot be analyzed.

The results presented in this paper in Figs. 2 and 3 were
obtained with a radial load flow algorithm similar to the one
in [24].

3) Second-Order Sensitivities: These types of algorithms
are based on a second-order Taylor approximation of total
active power losses. Disturbance variables are defined as the
net generation of active and reactive power in each PQ node.
Therefore, DG has to be modeled as a negative load. In this
research, the load flow for the base case without DG in each
hour of the year was taken as reference. Then, losses for each
hour and different scenarios were estimated with second-order
sensitivities.

The results presented in this paper in Fig. 2 were obtained
with an algorithm similar to the one described in [9].

4) Losses in Time-of-Use (TOU) Periods: A simpler way to
estimate annual losses is to compute the losses in a few repre-
sentative hours of the year instead of in each single hour. This
option can be implemented with any of the previous load flow
algorithms. In this research, this option has only been combined
with the most precise algorithm, i.e., Newton–Raphson. The
presented results in Figs. 2 and 3 represent the loss of accuracy
due to the use of this simple method.

In particular, the year was divided into six time periods based
on the Spanish TOU tariffs [28]. The average load for each load
node and the average generation for each DG plant were cal-
culated for each TOU period. Using these average values, the
average losses for each period were calculated through a run of
the N–R load flow algorithm. Annual losses were calculated by
the weighted sum of TOU losses.

Fig. 2. Comparison of load flow algorithms.

Fig. 3. Enlargement of Fig. 2.

B. Evaluation of Algorithms

Figs. 2 and 3 show the results obtained in the “ideal” con-
centration scenario with CHP DG units. As can be observed,
the second-order sensitivities algorithm should be rejected due
to the inaccuracy of the provided results. As DG penetration
levels increase, disturbance variables are not valid for estimating
losses based on second-order sensitivities.

The accuracy of the results obtained with the radial load flow
algorithm is excellent. In addition, in this case, there were no
significant differences in the computational burden with the N-R
algorithm because the considered feeder was small enough. In
conclusion, radial load flow would be preferred in the case of
larger networks and assuming there is no need to analyze DG
reactive power control capabilities.

Finally, the computation of annual losses in TOU periods pro-
vides accurate results if DG penetration levels are low enough.
The losses estimation error increases with the DG penetration
level.
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Fig. 4. Annual energy losses (“ideal” scenario).

V. RESULTS

In this section, different results are presented that were
obtained by applying the developed approach to evaluate en-
ergy losses variations when DG is connected to distribution
networks.

A. Energy Losses Versus DG Production

In order to analyze the impact of DG energy production on
energy losses, DG was modeled as a negative PQ load with a
power factor equal to one.

Fig. 4 shows the evolution of losses in the “ideal” scenario for
different DG technologies. The first result that claims attention
is the shape of all the traces. Losses start to decrease when con-
necting small amounts of DG until they reach their minimum
level. Once this minimum level is reached, if DG penetration
level still increases, then losses begin to marginally increase
too. If DG penetration levels increase enough, then losses can
be even higher than without DG connected (more than 5 times
in extreme cases). This type of shape has appeared in all the
studied cases.

Regarding the impact of each DG type of technology, it can
be observed that wind turbines have the least positive impact on
losses, because the injected energy is intermittent, presenting
high time variability, and does not match well with the feeder
load pattern. As expected, the mix CHP50-WT50 shows a per-
formance in between CHP and wind turbines technologies.

The impact on losses of the rest of the technologies is also ex-
plained by the expected matching between hourly energy gen-
eration and hourly load demand patterns.

Similar performances were observed in all the different types
of networks that were simulated.

Fig. 5 shows the results for the “three DGs” scenario with DG
connected in nodes 826, 848, and 838. In this scenario, losses
are quite similar to those in the “ideal” scenario. This result
shows that three well-chosen nodes to locate DG plants produce
identical benefits to that of an ideal DG location.

Fig. 6 shows the results for the “one DG” scenario with a
DG plant connected in node 848. As can be expected, in this
situation losses are higher than in the above-mentioned cases.

Fig. 5. Annual energy losses (“three DGs” scenario).

Fig. 6. Annual energy losses (“one DG” scenario).

TABLE II
CAPACITY FACTOR OF EACH TECHNOLOGY

Understanding the previous results, it is important to empha-
size the effect of the capacity factor of each DG technology.
Due to the adopted definition of DG penetration level (see Sec-
tion II-A), a DG technology with a low capacity factor repre-
sents, for the same level of penetration, much more DG capacity
installed than a DG technology with a higher capacity factor.
The capacity factor of each technology is presented in Table II.

In addition, the DISCOs or DG connection standards can
limit the maximum DG capacity allowed along a distribution
feeder or connected to a distribution transformer. For instance,
in Spain, the maximum DG installed capacity in a distribution
feeder should be kept lower than 50% of the maximum feeder
capacity. In our case study, assuming a maximum feeder ca-
pacity of 713 kVA, the maximum DG installed capacity should
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Fig. 7. Comparison of DG modeling (PQ or PV). CHP “ideal” scenario.

be 356.5 kVA, which would correspond with a penetration level
of 12.5% if wind turbines were installed capacity factor

or with a penetration level of 6.25% if photovoltaic plants
were installed capacity factor . Therefore, it is im-
portant to keep in mind that when applying the results obtained
in this study, the validity range of the energy losses variation
curves changes from one DG technology to the other. For in-
stance, for photovoltaic units, penetration levels only range from
0 to 6.25%, while for wind plants, they range from 0 to 12.5%.

B. Energy Losses Versus DG Reactive Power Control

Fig. 7 shows a comparison of energy losses variations under
two different reactive power control situations. First, DG is as-
sumed working each hour with a constant power factor equal to
one. In this situation, DG is modeled as a PQ node (PQ model).
Second, DG is assumed providing voltage control and reactive
power support. DG is modeled as a PV node maintaining each
hour a voltage equal to a reference value set by the distribu-
tion system operator (PV model). This reference voltage was
selected equal to the voltage in the base case (without DG) plus
5%. The maximum reactive power that DG can supply or con-
sume was set at a power factor equal to 0.8.

As can be seen in Fig. 7, voltage control made by DG units
decreases energy losses because reactive power flows along the
feeder are better controlled. These figures have been obtained
without optimizing the reactive or voltage control, just using a
fixed voltage reference. This means that it is possible to design
better voltage control strategies that would be able to obtain
much better results.

Another control strategy, even less sophisticated than the one
previously presented, could be to set different power factors that
should be kept by DG units in different time periods. This is
the strategy that has been followed in Spain, where renewable
and CHP DG units are encouraged to supply reactive power
during peak hours and to consume reactive power during off-
peak hours. A bonus is set as a percentage of the premium that
this type of generation receives associated with energy sales, as
is shown in Table III.

TABLE III
INCENTIVE TO SUPPLY OR TO CONSUME REACTIVE POWER

FOR RENEWABLE AND CHP GENERATION IN SPAIN

Fig. 8. Comparison between a constant power factor and a variable power
factor with time discrimination control strategies. CHP “ideal” scenario.

Fig. 8 shows the benefits in energy losses associated with the
aforementioned reactive power control strategy versus keeping
a constant power factor equal to one. It is clear that to supply
reactive power during peak hours or to consume it during off-
peak hours has a beneficial effect on voltages and losses. This
simple rule can have some exceptions that would be overcome if
the most sophisticated real-time control strategy would be im-
plemented. A regulatory recommendation could be that large
DG generators should implement the real-time voltage control
strategy, while medium and small DG generators would perform
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adequately if the time period power factor control strategy were
adopted.

VI. CONCLUSION

In this paper, the impact of DG on distribution losses has
been analyzed. Several DG technologies and DG penetration
and concentration levels along the feeder have been studied.

The main contribution of this paper is the qualitative re-
sults, which can be applied to most situations. The results
presented help to understand the influence of each parameter
that affect annual losses variations: mainly DG penetration but
also technology mix, dispersion, location, and reactive power
control.

In all the situations, annual energy losses variation as a func-
tion of the penetration level of DG shows a U-shape trajectory.
Losses start to decrease with low DG penetration levels, whereas
after a minimum value, they start to increase with higher DG
penetration levels.

DG concentration along the feeder also impacts on energy
losses variations. The more dispersed the DG units are, the
greater the impact is on losses. However, results show that in
most feeders, three DG units strategically connected are enough
to produce the same benefit as an ideal situation with multiple
dispersed DG units.

Wind turbines have a less positive impact on losses than
other DG technologies, as for instance, photovoltaic units.
Intermittent and random energy injected by wind turbines does
not match well with feeder load patterns. On the contrary,
photovoltaic production follows better daily load variations.

Control of reactive power supplied or consumed by DG also
impacts on energy losses. The more sophisticated the voltage
and reactive power control strategy is, the greater the impact is
on losses. Large DG generators should control voltages in real
time. Medium and small generators can keep a constant power
factor with time discrimination. In a competitive framework,
DG units should receive suitable economic signals to encourage
them to control reactive power.

The numerical results presented in this paper correspond with
a specific case study. Other distribution networks with different
topologies and load patterns have been also analyzed by the au-
thors, obtaining similar qualitative results but with important nu-
merical differences regarding energy losses values.
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