Abstract. The distributed generation (DG) allows electricity
production to be closer to consumers, relieving the burden on
distribution grid feeders. Interest in DG has increased in recent
years due to its close relationship with smart grids and the
development of carbon-free generation technologies. The Ciudad
del Sol feeder in the city of Machala in Ecuador is one of the
feeders with the highest electricity demand. This study evaluates
the incorporation of DG in several consumers connected to this
feeder. Depending on the range of energy consumption of each

?»4 E’ 20™ International Conference on Renewable Energies and Power Quality (ICREPQ’22) BoTE
) ﬁ Vigo (Spain), 27" to 29" July 2022 {‘/’ \
- st gy it Fooner Conatity Jowrnend (RE&PQID) w 8
ISSN 2172-038 X, Volume No.20, September 2022 \‘L/

Impact of the incorporation of photovoltaics distributed generation in
electric distribution grids in Ecuador
X. Serrano-Guerrero', B. Marin-Toro!, C. Ochoa-Malhaber! and A. Barragan-Escandon'
! Universidad Politécnica Salesiana, Grupo de Investigacion en Energias (GIE)
Campus El Vecino — Calle Vieja 12 - 30 y Elia Liut, 010105 Cuenca (Ecuador)

Phone/Fax number: +5937413-5250, e-mail: jserranog@ups.edu.ec, bmarint@est.ups.edu.ec,
cochoam2@est.ups.edu.ec, ebarragan@ups.edu.ec

facility [1].

customer, different PV systems are proposed to meet their

demands. The results of the study show that the installation of PV
generation systems allows considerable savings on the electricity
bill. In addition, the reduction of grid demand reduces Joule effect
losses and improves voltage profiles. The results suggest that the
massive incorporation of correctly dimensioned PV systems does
not affect the operating conditions of a distribution power grid.

Key words. Distributed generation (DG), grid connected
PV systems, feeder, Ciudad del Sol, Machala.

1. Introduction

The environmental benefits of renewables, due to reduced

DG is becoming increasingly popular due to the multiple
benefits it provides. The incorporation of renewable
energy generation resources also allows the consumer's
energy deficit (difference between energy demand and
generated energy) to be supplied by the conventional
electrical system to which it is connected [4], thus
reducing or eliminating the need for energy storage in the

It is estimated that the installation of distributed generation
leads to benefits by reducing costs in transmission and
distribution losses in the order of 5 to 10% of all kWh
generated, and there are also avoided costs in the
expansion or repowering of transmission and distribution
systems, reduced costs for infrastructure maintenance,

greater reliability for consumers close to distributed

generation, and faster attention to demand growth due to
shorter implementation times in relation to centralized

generation. Among the main disadvantages of distributed

generation are the lack of coordination of protection

equipment, desensitization of protections, reconnection

carbon emissions, are widely known. In addition, the resonance and harmonics [5].
socioeconomic benefits are becoming increasingly evident

as their deployment become more widespread [1].

An important aspect to analyze in an electrical load feeder,

difficulties, voltage variations, overvoltages, overvoltage

The benefit of distributed generation systems, can be

observed in different authors, [6] use distributed systems

Wind, solar and hydroelectric power produce little to compensate for low voltage levels and power factor, this
atmospheric pollution. Atmospheric pollution has become a
critical problem in many developing countries. higher current consumption, causing equipment to break
Approximately 2,9 billion people still rely on wood and
charcoal for cooking and heating their homes. Cleaner
options, such as biomass and solar technologies, can
encourage a change in the energy model [1].

is important to consider, since a low power factor causes

down and affect the conventional operation of the
networks. In addition, other methods to maximize the use
of distributed generation systems are studied, as seen in [7]
which details the use of an optimization algorithm that

minimizes the active power loss and the constraints of

is the characterization of its general load curve, as well as distributed generation unit.
that of its consumers for the integral planning of a system.

Alternatives of electrical demand management can be
considered, where the effectiveness of each strategy can be
evaluated according to its load profile [2]. For example, in
[3] a method for characterizing and grouping electricity
consumption patterns with the use of form factors is shown.
With these patterns it is possible to understand, summarize
and categorize the power consumption of consumers.

node voltage, branch current and permeability of the

Other studies on DG [8] show that it is not feasible to use
only DG models to feed traditional distribution networks,
since the energy generating sources can operate
inefficiently, which will imply higher costs in energy
production and problems in the operation of the equipment
and the energy system. Therefore, they propose the multi-
agent model that analyzes the creation of intelligent

integrated energy systems with active consumers and
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distributed control functions, integrating centralized energy
generation and distributed energy generation.

In a similar study [9], they analyze the impact of the
penetration of a distribution feeder of 118 nodes and 10000
kW of installed power, which, compared to this case study,
are 609 nodes and 5073,89 kW expected to be generated. It
can be seen that there are more connection nodes and less
generation, however, the presented study proves to be
reliable since it provides 50% of the feeder demand.

Regarding voltage levels, in [10] they show that the use of
PV systems in the DG increases the voltage, which can be
interpreted as an improvement to the voltage profile in that
feeder, they also show that there is no voltage decrease due
to DG penetration, as well as overvoltages. The most
significant voltage increase with 100% photovoltaic
penetration goes from 11,47 kV to maximum values of
11,55 kV, while in this study the maximum value is from
7,68 kV to 7,71 kV which likewise does not represent any
change to the conventional operation of the feeder.

In the present work, by means of the Cymdist software, the
impact of distributed generation penetration in the "Ciudad
del Sol" feeder in the city of Machala (Ecuador) is analyzed,
where the changes in the power demand of the feeder can
be verified, as well as the modifications in the voltage
profiles and losses.

2. Methodology

A. Information of the distribution network of Ciudad del
Sol feeder

The Ciudad del Sol feeder (code 07MA04T15) is located in
the city of Machala, province of El Oro, Ecuador. Table I
shows the maximum demands of the feeder and the load
factor for the year 2020. It is evident that the month with the
highest demand was February with 1888,97 kW.

Table 1. - Maximum demands of the Ciudad del Sol feeder [11].

mum demands of the r
Substation Feeder Load Factor
S/E Machala 07MA040T15 (Ciudad del Sol) 1738,37 0.67
S/E Machala 07MA 040T15 (Ciudad del Sol) 1888,97 0,65
S/E Machala 07MA040T15 (Ciudad del Sol) 1827,11 0,69
S/E Machala 07MA040T15 (Ciudad del Sol) 1724,80 0,72
S/E Machala 07MA040T15 (Ciudad del Sol) 1751,31 0.66
S/E Machala 07MA040T15 (Ciudad del Sol) 1453,16 0,64
S/E Machala 07MA040T15 (Ciudad del Sol) 1148,25 0,69
S/E Machala 07MA040T 15 (Ciudad del Sol) 1226,67 0,65
S/E Machala 07MA040T15 (Ciudad del Sol) 1205,53 0,68
S/E Machala 07MA040T15 (Ciudad del Sol) 1364,20 0,63
S/E Machala 07MA 040T15 (Ciudad del Sol) 1327,65 0,65
S/E Machala 07MA040T15 (Ciudad del Sol) 1513,96 0,64

Early in the morning, the feeder is observed to have a low
load (up to 07:00 hours), then the demand grows, reaching
its peak between 21:00 and 22:00 hours. Figure 1 shows
the typical daily load curve of the feeder on an average
day.

Average typical daily load curve of the Ciudad
del Sol feeder
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Fig. 1. Average typical daily load curve [11].

The feeder header measurements for the month of
February 2020 are analysed, so Table II shows
measurements of active power, reactive power, power
factor, currents and hourly voltages delivered.

Table II. - Feeder Header Measurement [11].

Measurement at the head of the Ciudad del Sol feeder

Day-Hour

Total P Total Q P Fact
kW] [kVAr] ower Factor

Ia Ib Ic /oltage Volt
. . , oltage
1A] IA] [A] vl V] [\l I\'Ih

Average LL

LL be Voltage LL ca Voltage

2020-feb-01 00:00:00,000 131408 32645 097 67.03 38,05 68.76 1374407 13622,51 1332220 1356293
2020-feb-01 01:00:00,000 1156,16 314,50 096 58.54 32,16 62,15 13809.50 1370625 13434,15 1364997
2020-feb-01 02:00:00,000 1011,05 306,54 096 4923 29,05 5565 1386629 1378221 1354377 1373076
2020-feb-01 03:00:00,000 958,12 308,09 095 46,38 27,62 5329 13890,89 13807,29 1358744 1376187
2020-feb-01 04:00:00,000 939,92 311,55 095 4474 2865 51,16 1394993 13876,58 13661,08 13829.20
2020-feb-01 05:00:00,000 851,22 297,38 094 40,15 2530 4765 13985,80 13931,01 1371940 13878,74
2020-feb-01 06:00:00.000 817,13 27225 095 38.50 2423 46,07 13881,07 13837.26 13625,50 1378128
2020-feb-01 07:00:00,000 693,61 199,26 096 3401 19.59 35,54 1418543 14190,68 13988,64 14121,58
2020-feb-01 08:00:00.000 73897 171,98 097 3655 2232 36,51 1394808 13922.58 1372602 13865.56
2020-feb-01 09:00:00,000 867,70 190,84 098 43,59 2854 41,32 1373004 1368937 1349635 13638.59
2020-feb-01 10:00:00,000 1007.98 214,73 098 4830 3245 51,80 1361867 1357621 1338322 13526,03
2020-feb-01 11:00:00,000 112732 23501 098 54,73 33,52 59.92 1361336 13565,17 13379,76 1351943
2020-feb-01 12:00:00,000 121235 242,14 098 58,19 3492 66.27 13594,69 13538,05 1334133 1349136
2020-feb-01 13:00:00,000 123927 251,92 098 61,24 3546 6583 1365147 13589,69 13372,71 1353796
2020-feb-01 14:00:00,000 1189.83 241,78 098 58,05 3478 62,82 1368354 13621,02 1340827 1357094
2020-feb-01 15:00:00,000 113361 243,57 098 55,00 3096 62,06 13749.89 13687,00 1347396 1363695
2020-feb-01 16:00:00,000 110341 248,87 098 5435 30,12 59,60 1376734 1371026 1350441 13660,67
2020-feb-01 17:00:00,000 105650 245,16 097 5355 29.76 5433 13821,14 1376601 1355681 1371465
2020-feb-01 18:00:00,000 100576 198,29 098 5124 26,71 5247 13789.83 1377080 1352963 13696,75
2020-feb-01 19:00:00,000 122846 31943 097 6392 3221 67.97 1363201 13548,69 1327832 13486,34
2020-feb-01 20:00:00,000 1332,07 32187 097 6941 36,09 71,74 1364272 13537,04 13262,71 1348082
2020-feb-01 21:00:00,000 131440 281,99 098 63,81 36.80 70,58 13488.15 13356,66 13090,02 1331161
2020-feb-01 22:00:00,000 1324.79 306,17 097 70,16 36,13 70,18 13598,66 13486,51 1321730 13434,15
2020-feb-01 23:00:00,000 130791 33085 097 67.59 3537 7031 1373396 1361733 1335631 1356920
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B. Solar irradiation in the city of Machala

The solar irradiation of the city of Machala in 2019 is
presented in Table III, showing both the global horizontal
component (GHI) and the direct normal component (DNI).
The data were taken from the SOLCAST software and the
solar map of Ecuador from the SCINERGY group [12].

Table III. - Contrast of daily solar irradiation of Machala city,
year 2019 [12].

SOLCAST Solar map of Ecuador

Month GHI [kWh/m?] | DNI [kWh/m?| | GHI [kWh/m?] | DNI [kWh/m?]
January 4,2 2,3 4.5 2,2
February 4,1 1,8 4,4 1,8
March 43 2,1 4,2 2,3
April 4,6 2.8 4,2 3,2
May 3.7 1,6 4.3 2,3
June 3 1,2 33 2
July 3,1 1,5 3,2 2,1
August 3,1 1,7 3,5 2,5
September 4,1 2 4,1 2,7
October 3,9 1,8 4 2,5
November 3,9 1,6 4,2 23
December 4 1,7 4,2 2.2
Average 3,9 1,8 4 2,3

C. Design of the modular photovoltaic system

For the design of the photovoltaic system, it is necessary to
collect the monthly energy consumption, the peak sun hour
(PSH) and define the area to be installed, the number of
solar panels and the inverter. The photovoltaic system is
connected to the grid, so no charge controllers or batteries
are required. In addition, having residential users with
different energy demands, 4 consumption ranges and 4
types of PV systems are defined.

The daily energy demand is obtained from each user's
monthly bill and is calculated with Equation 1 [13].

Energy [kWh/month]

Energy [kWh/day] = 30

M

The loss factor (LF) is calculated using Equation 2 [13].

LF = PSH - Panel Performance )
- Inverter Performance
Where, PSH is the peak sun hour (3,6 is the average in the
case of Machala) and the panel performance is given by the
panel technical specifications (see Table VII), the inverter
performance can be obtained with Equation 3 [13].

Inverter Performance =1—k; — k,
Where:
e  ki: Losses due to inverter performance.
0: No inverter in the installation.
0,05: Inverter performance 95%.
0,1: Inverter performance 90%.
0,15: Inverter performance 85%.
0,2: Inverter performance < 85%.
kv: Other losses not considered.
0,02: If wiring and equipment losses are not taken
into account.
e 0,05: If a detailed study of losses in equipment has
been carried out.

3
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The area to install is defined by Equation 4 [13].

_ Energy [kWh/day]

7 “

Area to Install [m?]

Thus, the number of panels is defined by Equation 5 [13].

Area to Install [m?]
Area of the Panels [m?]

(&)

Number of Panels =

3. Results and Discussion

The design summary of the different solar PV systems
proposed is shown in Table IV. For users with energy
consumption between 150 and 300 kWh/month, an array
of 6 PV panels connected in series is used. For customers
with consumption between 300 and 500 kWh/month, an
array of 11 PV panels connected in series is determined.
Customers with consumption between 500 and 760
kWh/month should use 18 PV panels connected in two
strings of 9 panels in series. Finally, for customers with
consumption greater than or equal to 760 kWh/month, an
array of 28 panels is defined, distributed in two strings of
14 panels in series.

Table IV. - Number of panels according to the user's monthly
consumption.

s |Panels Layout

1 series of 6

150 KWh < C <300 kWh 5
panels

0,5725 87,34 280 1,64 6

1 series of 11

300 kWh < C < 500 kWh 10 0,5725 174,67 280 1,64 11 6

panels

2 series of 9

500 kWh < C < 760 kWh 0,5725 291,12 280 1,64 18 7.5

pancls

2 series of 14

760 KWh < C <2000 KWh 25,33 0,5725 | 442,50 280 1.64 28 6,1-117

panels

A.  Simulation in CYMDIST of the Photovoltaic System at
Ciudad del Sol feeder

The entire feeder was parameterized and then loaded into
the CYMDIST software. Fig. 2 shows its parameters, such
as interconnections (2), nodes (609), source nodes (1) and
sections (608).

%
e

Fig. 2. Ciudad del Sol feeder.

The apparent power data of the lines and their total are
configured in Table V. A, B, C are the feeder phases.
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Table V. - Connected capacity [KVA] of the feeder.
A | B | C Total
426,57 772,65 306,16 1505,38

The feeder voltage values are shown in Table VI, which are
balanced.

Table VI. - Balanced voltages [kV] of the feeder.

13,274 13,274 13,274

The PV panel data used for the simulation of the different
systems are presented in Table VII.

Table VII. - Technical data of the photovoltaic panel [14].

Pmax 280W
Vnom 36V
Vpm 31,3V
Ipm 8,95A
Voc 38V
Isc 9,45A
Performance 0,171
Dimensions 1650mm/992mm/35mm
Area 1,64m?

B.  Integration of photovoltaic systems to the feeder

Initially, the simulation is carried out with users with a
monthly demand greater than 760 kWh. Table VIII shows a
customer of the feeder with a monthly consumption of 937
kWh.

Table VIII. - Monthly consumption of a customer with a demand
0of 937 kWh.

Reactive
Power
[kVAr]

Connected
Capacity
[kVA]

Real Power
[kW]

Connection

Consumption

[KWh] Customers

Phase

C. Ciudad del Sol feeder load profile

The PV generation system is expected to start operation at
05:00 and end at 17:00 hours. Table IX shows the load
profile of the feeder without and with distributed
photovoltaic generation, where, the section without DG
shows very high demands especially at peak hours,
therefore, an extra generation system is necessary to help
those demands and as observed in the section with DG the
distributed generation system supplies approximately 50%
of the current demand of the feeder.
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Daily load curve of the Ciudad del Sol feeder without and with
photovoltaic generation

Fig. 3. Daily load curve of the Ciudad del Sol feeder without
and with photovoltaic generation.

Table IX. - Feeder load profile without and with distributed

generation.
Without Distributed Generation

With Distributed Generation

Hour Total Load Total Load Generators

0 164391 97,23 1643,91 9723 0,00 0,00
1 1455,30 97,39 1455,30 97,39 0,00 0,00
2 134240 97,49 1342,40 9749 0,00 0,00
3 124846 97,58 1248,46 97,58 0,00 0,00
4 117341 97,65 173,41 97,65 0,00 0,00
5 117,17 97,70 1093,82 97.61 2327 100,00
6 104227 97,78 894,59 97,04 14741 100,00
7 948,76 97,89 622,90 9527 32585 100,00
8 117,17 97,70 605,67 92,62 512,04 100,00
9 1286,02 97,54 658,56 91,23 62842 100,00
10 143647 97,40 762,49 91,36 67497 100,00
11 1549,53 97,31 77525 90,02 775,82 100,00
12 164391 97,23 923,29 91,73 721,52 100,00
13 1700,60 97,18 1141,84 94,02 558,59 100,00
14 175735 97,13 1360,94 95,38 395,67 100,00
15 1776,28 97,12 1550,53 96,30 22499 100,00
16 1681,70 97,20 1603,78 96,94 77,58 100,00
17 1568,39 97,29 1560,60 9727 776 100,00
18 1530,67 9732 1530,67 97,32 0,00 0,00
19 1719.51 97,16 1719,51 97,16 0,00 0,00
20 1814,15 97,09 1814,15 97,09 0,00 0,00
21 1871,00 97,04 1871,00 97,04 0,00 0,00
22 1889,96 97,02 1889,96 97,02 0,00 0,00
23 1814,15 97,09 1814,15 97,09 0,00 0,00

D. Losses in the Ciudad del Sol feeder

The feeder has losses in the conductors, transformers and
total losses, which would be the sum of both. However, the
distributed generation system shows a minimum impact of
about £1%, so they do not have a representative influence
on the feeder operation. Table X shows the losses of
conductors, transformers and their total without and with
photovoltaic distributed generation.
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Table X. - Losses without and with distributed generation. Table XI. - Voltages without and with photovoltaic distributed
‘Without Distributed Generation ‘With Distributed Generation enerati()n.

‘Without Distributed Generation ‘With Distributed Generation

169658_MTS | 6671_MTA | 40196_MTS | 150018_MTS | 169658_MTS

Hour

0 348 35,06 38,54 348 35,06 3854
1 272 31,73 3445 272 31,73 3445 -
1 7,69 7,69 769 7,69 7.69 7,69 7.69 769
2 231 29,96 3227 231 29,96 3227 ’ P o Py By o o I Py
3 1.99 28,61 30,60 1,99 28,61 30,60 3 7.69 7.69 7.69 7.69 7.69 7.69 7.69 7.69
4 1,75 27,60 2936 1,75 27,60 29,36 4 7,69 7.69 7.69 7.69 7.69 7.69 769 7.69
5 159 26.89 2848 156 26,85 2841 5 7,69 7,69 769 7.69 7,69 7,69 7.69 769
7,60 7,69 7,69 7,69 7.69 7,69 7.69 7,69
6 1,38 26,01 27,39 1,23 25,89 27,12 ¢
7 7.69 7,69 769 7.69 7,70 7,70 7,70 7.70
2

7 L 0 26,13 il 2516 %13 8 7.69 7.69 7,69 7.69 7.70 7.70 771 771
8 1,59 26,89 2848 142 27,60 29,02 9 7,69 7,69 769 7,69 7.70 7,70 771 771
9 2,11 29,14 31,25 1,93 30,28 3221 10 7.69 7.69 7.69 7,69 7,70 7,70 7,71 7,71
10 265 3143 34,08 240 32,67 3507 11 7,69 7,69 7,68 7,68 7,70 7,70 771 771
1 300 R o043 256 EERT 3797 12 7,69 7,69 7.68 7.68 7.69 7,70 771 771
13 7,69 7,69 7,68 7,68 7.69 7,69 7.70 7.70

12 348 35,06 38,54 3,10 36,34 39,44
14 7.69 7.69 7.68 7,68 7.69 7.69 7,70 .70
13 373 36,14 39,88 320 36,51 39.71 15 7.6 7,69 768 768 769 769 7.69 769
14 3.99 37.27 41,27 345 37,09 40,53 16 7.69 7.69 7.68 7.68 7.69 7.69 7.69 7.69
15 4,08 37,66 41,74 3,68 37,30 40,98 17 7,69 7.69 7.68 7.68 7,69 7.69 7,68 7,68
16 3,65 3578 3943 3,50 35,59 39,09 18 76 76 768 768 76 L) 768 168

7,69 7,69 7, 7 7,69 L

17 317 3,67 36,84 315 33,65 36,80 L ¢ ¢ 68 8 © ¢ T8 268
20 7,69 7,69 7,68 7,68 7,69 7,69 7.68 7,68

18 3,01 33,01 36,02 3,01 33,01 36,02
21 7,69 7,69 768 7.68 7.69 7,69 7.68 7.68
19 3,82 3651 4033 3.82 3651 4033 2 7,69 7,69 768 768 7,69 7,69 768 768
20 426 3845 42,71 426 3845 2,71 23 7,69 7,69 768 7,68 7.69 7,69 7,68 7,68

21 4,54 39,67 4421 4,54 39,67 421

22 4,63 40,09 44,72 4,63 40,09 4,72

23 426 38,45 271 426 3845 2,71

Voltage measurements without photovoltaic

generation
7,70
Total losses without and with photovoltaic
generation Z
50 z
45 - z, 7469
40 o e E
35— Ng, = § 2
= ) N -
Z 30 o
=25
57 7,68
g% 01234567 891011121314151617181920212223
15 Hours
10 =@V oltage KVLN en 6671 MTA Voltage kVLN en 40196_MTS
5 Voltage kVLN en 150018 MTS Voltage kVLN en 169658 MTS
0 . . . . .
012345678 9101112131415161718 192021 22 23 Fig. 5. Voltages without photovoltaic generation of the Ciudad
Hours del Sol feeder.
«=@==Total losses without photovoltaic generation Total losses with photovoltaic generation
Fig. 4. Total losses of the Ciudad del Sol feeder.
Voltage measurements with photovoltaic
generation
E. Voltage analysis at a given point on the Ciudad del Sol 7.72

feeder

=
B

The voltages [kV] in the different operating hours of the
feeder without and with distributed photovoltaic generation
are presented in Table XI. The section without DG does not
show any significant variation, but in the section with DG

Voltage kVLN
~
)
(=]

7.69 M oy o= = e—

7,68

there is a voltage increase from 07:00 to 12:00 hours, which 012345678 91001121314151617 181920212223
could represent a change in the feeder operation, producing Hours
It but it i b d that fr 13:00 h it 8= Voltage kVLN en 6671_MTA Voltage kVLN en 40196_MTS
overvoltages but 1 IS_ observe N a om . ours 1 Voltage kVLN en 150018 _MTS Voltage kVLN en 169658 _MTS
returns to the conventional operating state. Fig. 6. Voltages with photovoltaic generation of the Ciudad del
Sol feeder.

4. Conclusion

This paper has investigated the effect of four types of
distributed power plants, using photovoltaic systems, on a
distribution network. The data used for the feeder, load
demands and transformers are real. Simulations have been
performed in Cymdist software for demands between 150,
300, 500 and 760 kWh/month and the results, without and
with PV distributed generation, have been analyzed.
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The systems sized for distributed generation supply up to
50% of the demand of the Ciudad del Sol feeder and are
therefore a viable option for consumers. System losses, in
conductors and transformers, have little significant
variation (around +1%). Voltages increase between 07:00
and 12:00 hours, but after 13:00 they return to previous
values.

It is important to note that the peak demand (between 20:00
and 23:00 hours) of the feeder was not affected by the
incorporation of distributed photovoltaic systems, because
the plants are expected to operate between 05:00 and 17:00
hours (when the sun is available). It is possible to use energy
accumulators such as batteries for the night operation of the
feeder, but it must be considered that the systems would
have a much higher cost, which could result in consumers
not incorporating these technologies.
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