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Abstract: Diffusing solar photovoltaic (PV) systems is believed to be a promising solution for energy
crises and reducing greenhouse gas emissions. This encourages households, organizations, and
enterprises to install solar PV systems. On the contrary, there are many solar PV systems connected
to the power distribution grid without required procedures. Power distribution grid operators cannot
detect the locations of these solar PV systems. Thus, it is necessary to assess the impact of solar PV
systems on the power distribution grid in detail, even though there are multiple economic and
environmental advantages associated with installing solar PV systems. This study analyzes the
changes in an overloaded power distribution grid's power losses and voltage deviations with solar
PV systems. There are two main factors considered for assessing the impact of the solar PV system
on the power distribution grid: the total installed capacity of the solar PV systems and the location of
the connection. Based on a comparison between the measurement results of three feeders with higher
loads in the Ulaanbaatar area, the Dambadarjaa feeder, which has the highest load, was selected. The
impact of the solar PV systems on the selected feeder is analyzed by connecting 8 cases of solar PV
systems at four different locations. Their total installed capacities vary between 25 and 80 percent of
the highest daily load of the selected feeder. The results show that the power loss of the feeder can be
greatly reduced when the total installed capacity of the solar PV systems is selected optimally, and
the location of the connection is at the end of the power distribution grid.

Keywords: solar photovoltaic system; power distribution grid; power loss; voltage deviation

1. Introduction

Diffusing solar photovoltaic (PV) systems is considered as a promising solution against energy
crises and an effective way to reduce greenhouse gas emissions. The cumulative installed capacity of
solar PV systems has significantly increased in the last decade [1]. Equipment-related costs are
notably reduced year by year as technological advancements are in place [2]. As a result, solar PV
systems and their related legal frameworks are being developed not only in highly developed
countries but also in developing nations [3-5]. For instance, the regulation on the consumer
renewable energy system’s interconnection to the power distribution grid was approved in August
2020 for Mongolia, and this was updated in 2024 [6]. Based on the factors mentioned above, the
number of households, organizations, and enterprises interested in installing solar photovoltaic
systems is continuously increasing.

However, there may be power quality issues such as voltage fluctuation and reverse power flow
when the solar PV system with a high installed capacity is connected to the power distribution grid
since the existing power infrastructure is radial and is designed for unidirectional power flow [7]. In

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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addition, the complexity of dispatching the generation of solar PV systems is getting much higher
than that of conventional electricity sources [8].
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Figure 1. Equivalent schemes of the feeders with the highest loads in 110/35/10 kV Selbe substation (a) Chingeltei
feeder; (b) Sogoot feeder; (c) Dambadarjaa feeder.

Although there are many economic and environmental advantages associated with installing
solar PV systems, their impact on the power distribution grid needs to be studied in detail. This can
contribute to resolving the power quality issues occurring in Mongolia, especially in Ulaanbaatar city
and other densely populated areas, and to reduce the power and electricity losses on the power
distribution lines and substations. Moreover, the appropriate use of small-scale solar PV systems
relevant to the regulation to inject energy into the distribution grid from distributed renewable
energy sources of consumers can be determined.

This study analyzes the changes in an overloaded power distribution grid's power losses and
voltage deviations with solar PV systems installed at different points. There are two main factors
considered for assessing the impact of solar PV systems on the power distribution grid: the installed
capacity of the solar PV systems and the location of the connection. Based on a comparison between
the measurement results of three feeders with higher loads in the Ulaanbaatar area, the Dambadarjaa
feeder, which has the highest load, was selected for the analysis. The impact of the solar PV system
on the selected feeder is analyzed by connecting 8 cases of solar PV systems at four different locations.
Their installed capacities vary between 25 and 80 percent of the highest daily load of the selected
feeder. The results show that the power loss of the feeder can be greatly reduced among all the cases
when the total installed capacity of the solar PV systems is equal to 75 percent of the highest daily
load of the feeder, and the location of the connection is at the end of the power distribution grid.

2. Power Distribution Grid and Solar PV Systems

2.1. Power Distribution Grid

The power distribution grid owned by the Ulaanbaatar Electricity Distribution Network
(UBEDN) state-owned company is analyzed for the selection of feeders. The following feeders have
the most significant number of consumers connected and show the highest loads based on the load
measurement data. This includes:

e  Chingeltei feeder
e  Sogoot feeder

¢ Dambadarjaa feeder.

Especially during the high load period in the winter, the Chingeltei, Sogoot, and Dambadarjaa
feeders supplied up to 2573 kW, 1934 kW, and 3149 kW, respectively. Figure 1 shows the equivalent
schemes of these feeders. Thus, the Dambadarjaa feeder was selected as it has the highest load among
the other feeders. Figure 2 shows the measured load of the selected feeder for a year on a monthly
basis. It can be seen that the peak load occurred between November and February, varying in a range
of 2 MW to 3 MW. The load is reduced between June and August, supplying 0.5 MW to 1.5 MW.

2.2. Generation of Solar PV Systems

The average solar irradiation and ambient temperature data are extracted from the Metronorm
[9]. Figure 3 shows Ulaanbaatar City’s monthly solar irradiance and temperature. Solar irradiance
and ambient temperature are highly relevant [10]. In addition, the temperature coefficient of the PV
module was taken from the manufacturer's datasheet.

The equation for estimating the output power and performance of a PV module is expressed as:

P ostimated = Pmp (1 + ycoef(Tmodule — Tstc)) - G. (1)

The total and annual energy generation can be calculated by


https://doi.org/10.20944/preprints202501.0342.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 January 2025 d0i:10.20944/preprints202501.0342.v1

4 of 12

4,500.00
4,000.00 !
3,500.00
3,000.00

2,500.00

Load [kKW]

2,000.00

1,500.00

1,000.00
500.00 ~ =
[ ] - e ® LN ] L]
® e e *
1 ¥ 3 4 5 6 7 B ] 10 1 12

Period [Months}

Figure 2. Measured loads of the Dambadarjaa feeder shown on a monthly basis.
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Figure 3. Solar irradiance and ambient temperature in Ulaanbaatar.

Figure 4. A developed scheme for the Dambadarjaa feeder using the PowerFactory simulation software.

Etotar = Bnp " PSH - PR (2)
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and

Eyield = Etotal/Pmp- 3)

2.3. Load Flow of Electric Power System

The active power transferred through a power line generates heat in core and windings of a
transformer, and the reactive power is used to generate magnetic fields in the transformer and line.
The power plant generator or source of power supplies an amount of power that not only meets the
load of users but also causes the active and reactive power losses in the system [11]. In order to reduce
power losses, solar PV systems should be connected near the users. This can reduce the power
transmitted through the line.

The state corresponding to each instant of time of the electric power system is called as a load
flow. The calculation to find the load flow parameters of the system is called load flow analysis. Load
flow analysis of the transmission line is multi-step, and each iteration consists of 2 main parts: power
balance calculation and voltage balance calculation.

3. Solar PV Systems Connected to Power Distribution Line

In order to assess the impact on voltage deviation and transmission losses when solar PV
systems are connected to the Dambadarjaa feeder of the Selbe substation, four different connection
points of solar PV systems were studied. The impact of connecting solar PV systems with a capacity
of 25 to 80 percent of the feeder's daily load was studied at each connection point. PowerFactory
simulation software was used in this study.

Figure 4 shows a developed scheme of the Dambadarjaa feeder on the worksheet of the
simulation software. The length of the Dambadarjaa feeder line is 6.81 km, and the total length is
11.42 km. In total, 36 units of 10/0.4 kV transformers with different rated powers are connected to the
Dambadarjaa feeder. The location of each unit is shown in Figure 5 (a) and specification of each unit
is listed in Table 1.

Table 1. The specifications of each 10/04 kV transformer connected to the Dambadarjaa feeder.

No. No. of Transformer Rated Power [kKVA]
1 1 30
2 1 40
3 1 50
4 1 63
5 2 100
6 6 160
7 17 250
8 7 400

Based on the measurement results, the seasonal load conditions of the selected feeder have been
determined. Table 2 shows the seasonal lowest and highest loads of the selected feeders which has
the distribution capacity of 2.2 MW. In winter, the lowest and highest loads were equal to 116.89%
and 157.47% of the installed capacity of the selected feeder, respectively. It can be seen that the feeder
is continuously overloaded during the winter season, resulting in a high temperature and reduced
lifetime of the equipment. While the lowest load of the selected feeder was 27.56%, and the highest
load was 70.72% in summer. Thus, it can be seen as the load conditions of the power distribution grid
has a strong dependency on the season.

Table 2. The seasonal lowest and highest loads of the Dambadarjaa feeder.

Season Lowest Load [%] Highest Load [%]
Winter 116.89 157.47
Spring 64.13 104.96

Summer 27.56 70.72

Autumn 68.61 111.35
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3.1. Solar PV Systems Connected at the Beginning of the Power Distribution Line

The power distribution line is divided into three sections: beginning, middle, and end. There are
seven transformers connected at the beginning of the power distribution line. These transformers
have the rated powers of 1x30 kVA, 1x100 kVA, 1x160 kVA, 1x250 kVA, and 3x400 kVA, respectively.
The total installed capacity of the solar PV systems is selected to be 25% to 80% of the highest daily
load of the feeder, while the installed capacity of each solar PV system is decided to be up to 75% of
the highest load measured on the connected transformer. Figure 5 (b) shows the location of each
substation and solar PV system connected at the beginning of the power distribution line. According
to results obtained from the simulation using the PowerFactory software, the daily power losses of
the Dambadarjaa feeder were 4319 kWh when there is no solar PV systems connected. This could be
reduced by 90 kWh by installing the solar PV systems at the beginning of the feeder. In this case, the
total capacity was equal to 25% of the highest daily load of the feeder. The power loss reduction of
90 kWh accounts for 2% of the daily power losses.

Then, the total capacity of the solar PV systems was increased to 50% and 80% of the feeder's
highest daily load. The corresponding energy losses were reduced by 3.5% and 4.1%, respectively.

3.2. Solar PV Systems Connected in the Middle of the Power Distribution Line

There are eight transformers connected in the middle of the power distribution line. Their rated
powers are 1x40 kVA, 1x63 kV A, 4x250 kV A, and 2x400 kVA, respectively. The total installed capacity
of the solar PV systems is decided in the same way that was used in the previous scenario. Figure 5
(c) shows the location of each transformer and solar PV system connected in the middle of the power
distribution line. The losses of the Dambadarjaa feeder were reduced by 224 kWh by installing solar
PV systems with a total capacity equal to 25% of the highest daily load of the feeder—the power loss
reduction of 224 kWh accounts for 5.1% of the daily power losses.

Like the previous simulation, the total capacity of the solar PV systems was increased to 50%
and 80% of the feeder's highest daily load. The corresponding energy losses were reduced by 9.4%
and 11.5%, respectively. Thus, it can be seen that the losses could be reduced more when solar PV
systems are installed in the middle of the power distribution line.

3.3. Solar PV Systems Connected at the End of the Power Distribution Line

Eight transformers are also connected at the end of the power distribution line. Their rated
powers are 1x50 kVA, 1x160 kVA, 5x250 kVA, and 1x400 kV A, respectively. The sizing of the solar
PV systems was completed in the same way as the previous two scenarios. Figure 5 (d) shows the
location of each substation and solar PV system at the end of the power distribution line. The losses
of the Dambadarjaa feeder were reduced by 258 kWh by installing solar PV systems with a total
capacity equal to 25% of the highest daily load of the feeder —the loss reduction of 258 kWh accounts
for about 6% of the daily power losses.

As with the previous simulation, the total capacity of the solar PV systems was increased to 50%
and 80% of the feeder's highest daily load. The corresponding energy losses were reduced by 10.7%
and 12.9%, respectively. The reduction rates of power losses were increased while connecting the
solar PV systems at the end of the power distribution line.

d0i:10.20944/preprints202501.0342.v1
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Figure 5. Dambadarjaa feeder map from 110/35/10 kV Selbe substation with solar PV systems connected at
different points (a) Dambadarjaa feeder map from 110/35/10 kV Selbe substation; (b) Solar PV systems connected
at the beginning of the power distribution line; (c) Solar PV systems connected at the middle of the power
distribution line; and (d) Solar PV systems connected at the end of the power distribution line.

3.4. Solar PV Systems Evenly Distributed along the Power Distribution Line

To assess the effects based on different connection points, solar PV systems distributed evenly
along the power distribution line were also examined. Several transformers were systematically
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chosen along the line until their total installed capacity reached 80% of the feeder’s highest daily load.
Subsequently, the sizing of the solar PV systems was determined for each selected transformer,
varying between 25% and 80% of the feeder's peak daily load.

The simulation results from PowerFactory software showed that the daily power losses of the
Dambadarjaa feeder were 4319 kWh when no solar PV systems were connected. With this connection
scenario, power losses were reduced by 5%, with the total system capacity set to 25% of the feeder's
peak load. As the total capacity of the solar PV systems was increased to 50% and 80% of the feeder's
highest daily load, energy losses decreased by 9.5% and 13.2%, respectively.

4. Analyses of Energy Loss Reductions and Voltage Deviations

Figure 6 summarizes energy losses on the feeder depending on solar PV systems' total installed
capacity and connection points. The vertical axis represents energy losses on the feeder. The
horizontal axis indicates the ratio of the total installed capacity of the solar PV system and the feeder
load by percentage. In order to clearly show the reduction rates of the energy losses, the scenario with
no solar PV systems has been added to the existing four scenarios with different connection points.
The energy loss has a constant value of 4319 kWh in the scenario with no solar PV systems shown in
the light-blue line. The scenarios with solar PV systems connected at the power distribution line's
beginning, middle, and end are shown in orange, grey, and amber, respectively. From the comparison
shown in Figure 6, it is clear that the energy losses associated could be reduced by the highest
percentage when the solar PV systems were connected at the end of the power
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Figure 6. Energy losses depend on the total installed capacity and connection points of solar PV systems with
regard to the feeder load.
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Figure 7. Probed voltage deviation at the beginning of the power distribution line when the solar PV systems
connected (a) at the beginning, (b) in the middle, (c) at the end, and (d) evenly distributed.

distribution line until the installed capacity reaches 70%. Afterward, the evenly distributed solar PV
systems showed fewer energy losses when the total installed capacity exceeded 75% of the feeder’s
highest daily load (please see more from the numerical data at the bottom part of Figure 6).

In order to analyze the voltage deviations on the selected feeder, the voltage probes were placed
at the beginning, middle, and end of the power distribution line. As a result of the simulation with
no solar PV systems, the probed voltages at the beginning, middle, and end of the power distribution
line were up to 0.9935 p.u., 0.96368 p.u., and 0.94846 p.u., respectively.

Figure 7 shows the probed voltage deviations at the beginning of the power distribution line
depending on the installed location of solar PV systems, where the vertical, primary horizontal, and
secondary horizontal axes illustrate the voltage per unit, time in hours, and total installed capacity in
the percentage of the highest daily load of the feeder. By installing the solar PV systems at the
beginning, middle, end of or evenly distributed through the power distribution line, the voltage
could be increased up to 0.99961 p.u., 0.99961 p.u., 0.99962 p.u., and 0.99961 p.u., respectively. In this
case, the closest value to the rated voltage can be obtained with the installation of solar PV systems
at the end of the power distribution lines.
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Figure 8. Probed voltage deviation in the middle of the power distribution line when the solar PV systems are
connected (a) at the beginning, (b) in the middle, (c) at the end, and (d) evenly distributed.

Figure 8 shows the probed voltage deviations in the middle of the power distribution line
depending on the installed location of solar PV systems. The voltage increases to 0.97240 p.u., 0.98481
p-u., 0.98572 p.u., and 0.98158 p.u. when solar PV systems are installed at the beginning, middle, end,
or evenly distributed throughout the power distribution line, respectively. In this scenario, the closest
value to the rated voltage is achieved when the solar PV systems are also installed at the end of the
distribution lines.

Figure 9 shows the probed voltage deviations at the end of the power distribution line
depending on the installed location of solar PV systems. In the scenario with solar PV systems
connected at the end of the power distribution line, the voltages are increased up to 0.95731 p.u.,
0.97254 p.u., 0.98632 p.u., and 0.97393 p.u., respectively.

Overall, the voltage at the beginning of the power distribution line does not have a noticeable
increase regarding the installed location of the solar PV systems, whereas there are significant
differences in the voltage in the middle and end of the power distribution line due to the installed
locations. This can be seen in the voltage at the end of the power distribution line, which was
increased with the highest value when the solar PV systems were installed at the end of the power
distribution line.
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Figure 9. Probed voltage deviation at the end of the power distribution line when the solar PV systems are
connected (a) at the beginning, (b) in the middle, (c) at the end, and (d) evenly distributed.

5. Conclusions

In this study, the impact assessment of the grid-connected solar PV systems on the overloaded
feeder in Ulaanbaatar ger district was carried out considering the total installed capacity and
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installation locations. Solar PV systems could show the best effect on the under voltage of the power
distribution line when they are connected at the end of the line.

In terms of the loss reduction rate, solar PV systems with a total installed capacity equal to 25%
of the daily load of the selected feeder can reduce the associated loss by 2% to 6%, depending on the
connection point. The total installed capacity of the solar PV systems was then increased to 50% of
the daily load of the selected feeder, resulting in a loss reduction of 3.4% to 9.7%. Afterward, the total
installed capacity was increased to 75% of the daily load of the selected feeder. With this capacity
specification, the associated loss could be reduced by 4% to 11.4%, suggesting that this scenario is the
best one.

Overall, from the scenarios considered in this study, solar PV systems can reduce the losses and
voltage deviations by the highest values when they are connected at the end of the power distribution
line. A scenario with solar PV systems evenly distributed throughout the power distribution line
could show a significant impact on the loss reduction when the total installed capacity exceeds 75%
of the highest daily load of the selected feeder. However, the performance on the reduction of the
voltage deviation could not overcome the scenario when the solar PV systems are installed at the end
of the power distribution line.

It is entirely feasible to address undervoltage and other technical challenges through the
integration of battery energy storage systems with solar PV installations. The findings of this study
provide a solid foundation for developing a methodology to determine the optimal installed capacity
of solar PV systems at any point along the power distribution line. This methodology will be
presented in forthcoming research.
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