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where PT,i+1 and QT,i+1 are the total active and reactive power at node i + 1, as formulated in Equations
(17) and (18) without including both the EVCS and PV.

PT,i+ 1 = Pi+ 1 + PL
i+ 1 (17)

QT,i+ 1 = Qi+ 1 + QL
i+ 1 (18)

Considering both EVCS and PV implementation in the system, the total power equations are
modified into Equations (19) and (20).

PT,i+ 1 = Pi+ 1 + PL
i+ 1 + PEVCS

i+ 1 − PPV
i+ 1 (19)

QT,i+ 1 = Qi+ 1 + QL
i+ 1 ±QEVCS

i+ 1 ±QPV
i+ 1 (20)

The magnitudes and phase angles of the voltages at each bus are calculated using Equations (21)
and (22).
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The total load Si on the main bus i is calculated using the bus voltage Vi and the outgoing feeder
currents Ii by:

Si= ViI∗j (23)

4. Case Study

4.1. The Test Area Description

To study the proposed assessment approach, a distribution network in an urban area located in
Ahmadi, Kuwait, was considered. This section describes this base case study for the power system
analysis. Kuwait has an area of 17,818 km2 with borders of about 195 km located along the Arabian
Gulf (Figure 3).

Figure 3. Illustration of Kuwait and Ahmadi city.
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Ahmadi city is located 42 km south of Kuwait City and covers an area of 60 km2. This is a
residential area for Kuwait Oil Company employees. The company provides housing, along with
facilities and vehicles, and the residents of this area have a higher than average income. Therefore,
the possibility of their owning EVs in the future may be higher than others in the country, which may
be provided by the company or purchased using their own income. Therefore, analyzing the impact of
EVs on this area is essential to promoting the first transition to EVs in Kuwait in the near future.

4.2. Assumptions and Considerations

The Ahmadi low-voltage (LV) residential network delivers power to domestic customers and
operates on a medium-voltage to low-voltage (MV/LV) transformer, which supplies 40 houses with
five outgoing pillars or feeders (Figure 4). The main transformer of the substation is loaded at 80% of
its rated capacity.

Figure 4. Ahmadi residential network-typical.

All networks are assumed to be three-phase with balanced loads. Residential customers were
modeled individually as lumped loads according to the main feeder maximum demand with an
average power factor of 0.85.

Both the loading and the characteristic data of the network’s buses and lines were considered
in this study. The cables feeding the customers were modeled according to their characteristics,
sizes, and lengths. As shown in Table 2, the maximum current demand was measured during peak
hours in Kuwait at 14:00 on 6 June.

Table 2. Max current demand (6 June 2018 at 14:00).

Bus Max Demand (A) No. Customers

2 210 11
3 210 10
4 240 7
5 195 7
6 105 5

The total number of EVCSs was chosen according to the required placement locations in the
distribution network (see Figure 4 and Table 3).
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Table 3. Scenarios for the EV and PV locations for each case study.

Case Study
EVCS

Terminology
Number of Buses/Locations

IEEE 33 Bus 33, 16, 8, 4 33 EVCS, 16 EVCS, 8 EVCS, 4 EVCS
Ahmadi Residential Network All residence 100%, 50%, 25% 40 EVCS, 20 EVCS, 10 EVCS

It was assumed that only one EVCS is placed at each defined location/bus. The maximum capacity
for the EVCS to be added to the network without violating the grid constraints was first obtained for
every case study. Then, the optimal location of the PV was obtained for every EVCS location scenario.
This was repeated for different values of the power factor. The reactive power at the inverter was taken
into consideration for these scenarios by varying the PV inverter power factor (PF = 1, 0.9, and 0.8).

For the IEEE 33 bus system, the PV location was assumed to be at the EV charger bus. The impact
assessment of EV charging on the Ahmadi residential area as performed when the chargers were at
the residential buses as a case study. Another case was considered when charging was centralized at
upper buses. The cases for the PVDG locations are defined in Table 4

Table 4. Cases for PV locations.

Case Study PVDG Locations

K1 At EV charging locations (all buses)
K2 Centralized PV, main buses (2–6) for Ahmadi residential area

4.3. PV and Load Profiles

After considering the impact of EVCSs on the grid during maximum demand (peak hours), a daily
assessment of the power system was performed over a period of 24 h. during a summer peak day.
The power flow was run with daily EVs, loads, and PV profiles to obtain the total power system
load profile (see Table 5). The load profile was constructed from IEEE Reliability Test System (RTS)
system [32]; see Table 5.

Table 5. Daily variation % of peak load [32], EVCS hourly peak load in % daily peak load [27], and PV
hourly generation for a 5 kWp plant in Kuwait on 11 June PVSYST© [33].

Hour
Residential Loads Residential Charging PV Generation

% % kW

0−1 64 54.41 0
1−2 60 39.71 0
2−3 58 35.29 0
3−4 56 32.35 0
4−5 56 26.47 0
5−6 58 17.65 0
6−7 64 10.29 0.55
7−8 76 11.03 1.2
8−9 87 11.76 1.89
9−10 95 11.62 2.55

10−11 99 11.76 3.06
11−12 100 13.97 3.39
12−13 100 16.18 3.51
13−14 100 22.06 3.44
14−15 100 26.47 3.18
15−16 97 28.68 2.74
16−17 96 36.76 2.14
17−18 96 51.47 1.46
18−19 93 73.53 0
19−20 92 85.29 0
20−21 92 88.24 0
21−22 93 100 0
22−23 87 95.59 0
23−24 72 75 0
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The hourly variation of the peak demand is provided as a percentage for every hour. The EVCS
profile is based on the hourly peak loads as a percentage of daily peak loads. The individual house
peak demand on the residential Ahmadi network is considered to be 22 kW. This is based on the data
obtained from the site survey from the Kuwait Oil Company (KOC) housing team [34]. A rooftop
PV power generation of 5 kW is obtained from the PVSYST© results in Table 5 and confirmed by
capacity factors from the real-life PV rooftop projects installed in Kuwait [35]. The estimated PV
generation is based on satellite data obtained for site location coordinates N 28◦49′29.12′′ (Latitude:
28.97), E 47◦45′36.81′′ (Longitude: 47.62).The actual meteorological data of the location is taken from
satellite measures provided by SolarGIS [36]. The software used PVSyst© considers the location’s real
temperatures and insulation on an hourly bases [33]. The electrical components are based on a typical
PV rooftop system installed on the rooftop of a house in Kuwait City obtained from the contractor.
According to the collected weather data, the peak irradiance in Kuwait occurred on 11 June. The hourly
daily max demand load profile was constructed by PVSYST©; the selected PV panel type was Solar
Frontier SF 155-S [37], and the inverter was PVI-6000-OUTD [38].

5. Results and Discussion

This section discusses the impact of EVCS penetration with PVDG and reactive power
compensation on power system performance indices. The base case scenario is when there is
no EVCS connected to the network system.

5.1. EVCSs’ Demand for IEEE 33 Bus

The IEEE 33 bus distribution system was used to investigate the model under study. The power
system load flow results, represented as node voltages, line currents, and losses, were obtained for the
different demands of the EVCS connected to the system. The results were assessed by the performance
indices shown in Table 6. For all cases, the integration of the EVCS into the network system was limited
by the capacity of the incoming feeder of the main bus 1, as shown in Figure 5.

Table 6. Maximum EVCS penetration-demand obtained by load flow.

Case Scenario
EVCS Size Total Imax Vmax Total Line Losses

(kW) (kW) (p.u.) (p.u.) (kW)

IEEE 33 Bus Network

33 EVCS 14 462 0.997 0.913 244.1
16 EVCS 29 464 0.999 0.903 244.5
8 EVCS 58 464 0.999 0.905 243
4 EVCS 119 476 1 0.906 238.5

Figure 5. Current in the incomer buses of 33 bus systems.
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The limitation factor is defined by the incomer capacity, which should not exceed 1 p.u. Another
limiting parameter is the voltage profile, which was taken into consideration while obtaining the
EVCSs’ demand. The voltage profile at each bus was checked for all the scenarios, and also plotted
in Figure 6.

Figure 6. Voltage profile for 33 bus distribution systems.

For the base case, the minimum voltage of 0.913 p.u. occurs at bus 18. This result was benchmarked
and validated with the same bus voltage values published in [39,40]. The worst-case scenario was
obtained for the maximum overloading of EVCSs, for which a voltage drop violation occurred.

For the IEEE 33 bus system with 33 integrated EVCSs, the voltage drop is approximately 1%
compared only to the base case. In all cases, there is no voltage violation while integrating the maximum
EV charger demand.

Figure 7 compares the line losses in the incoming lines (incomers) to the buses for all studied
cases. It is observed that the incomers with most line losses are those for buses 2–6. It is also observed
that the fewer the line losses, the greater the EVCSs’ installed capacity.

Figure 7. Losses in the incoming lines of the buses in 33 bus systems.

The charging station’s maximum penetration for this IEEE 33 bus was obtained for the cases
without PV. According to the results in Table 6, the capacity of the charging station is related to the
number of total EVCSs distributed in the network.

For the case of four EVCSs in the network, the max capacity is 119 kW per charger station.
This results in a higher total charging capacity of 476 kW in the overall system and lower losses of
approximately 238 kW. Installing 33 EVCSs limits each charger to 14 kW. This case shows higher losses
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(244 kW) than the previous. The limitation factor in all cases is the incomer line capacity. For the
IEEE 33-bus system, installing fewer EVCSs is more efficient than having higher numbers in the
distribution network.

5.2. EVCSs’ Demand for the Ahmadi Residential Network

The maximum penetration of EVCSs at the Ahmadi Residential Network was obtained through
load flow simulation, and the results are listed in Table 7. According to Figure 8, the maximum demand
is limited by the maximum capacity of the incoming feeder to main bus 1.

Table 7. Maximum EVCS penetration—demand obtained by load flow.

Case Scenario
EVCS Size Total Imax Vmax Total Line Losses

(kW) (kW) (p.u.) (p.u.) (kW)

Ahmadi
Residential

Network

40 EVCS 4 160 0.997 0.949 7.262
20 EVCS 7 140 0.988 0.948 7.044
10 EVCS 15 150 0.999 0.948 7.541

Figure 8. Current in incomer buses of the Ahmadi distribution system.

Besides, the line currents are not uniformly drawn from the main bus because not all customers
have charging stations installed at their bus/house. The load profile is less affected by these variations
with the increase of customers with EV chargers integrated into the system.

Figure 9 shows the voltage profile at each bus. For the base case, the minimum voltage is found at
buses 25 and 31 with a value of 0.95 p.u., which is within the acceptable limits. Notably, the maximum
voltage drop for all cases under study is less than 1%.

Figure 9. Voltage profile for the Ahmadi distribution system.
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In the case when all houses are equipped with EV chargers, which is equivalent to 100% EVCS
integration, if the demand per charger is 4 kW, then the total charging demand is 160 kW. The analysis
of this case scenario also shows less power loss in the network system. Figure 10 shows that the feeders
of main buses 2–6 have the highest losses; these are the feeders of the main buses that feed multiple
houses in parallel. Furthermore, the sizes of these feeders are 240 mm2 and run for approximately
300–700 m. The maximum ampacity (amperage) of the incomer of each feeder pillar at these buses
is 400 A. The incomers to the rest of the buses are the residential buses, 185 mm2 in size, and run
for approximately 30–200 m. For all cases, the currents in these lines reach maximum cable capacity
because of the high charger loading current, in addition to the losses in the feeder line.

Figure 10. Losses in incomers of the buses in the Ahmadi distribution system.

The limitation of this design is that fast charging cannot be implemented under the circumstances
of only a 4 kW charging capacity. For the case with 10 EVCSs connected to the system (25% EVCS
penetration), the capacity per charger is 15 kW, and the total charring demand is 150 kW. This case
introduces higher line losses compared with the previous. As the number of EVCSs is reduced in this
network, the individual charger capacity becomes larger. Consequently, the overall charging demand
is decreased because of the increased line losses. Indeed, the line losses are directly affected by the
EVCSs’ loading demand, location, number, and power line characteristics.

The plot in Figure 11 shows the overall active and reactive powers on the main bus (Bus 1) for
different sizes of connected PV and EVCs. For the case of 100% EVCSs (40 EVCS) without integrating
any PV power, the bus active power is 1354 kW and reactive power is 691 kVAr (blue), which is the
transformer’s capacity 1.5 kVA.
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Figure 11. System load at main bus (Bus 1) at 100% EVCS penetration (PV = 20 kW).
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Notice that adding 20 kW PV power to the system reduces the total active load kW by 17.3% and
kVA load by 14.5% (green). The following section studies the effect of PV penetration and inverter
reactive power on power system line losses.

5.3. Effect of PV Inverter Penetration on Line Losses with Reactive Power Control

This paper proposes PV generation application with EV charging stations to minimize power
system losses. The effect of PV penetration levels on power system losses was obtained through
multiple iterations of the load flow simulation, with the objective to minimize power losses in the
feeder lines. The results are presented in Figure 12, which are the losses obtained by the load flow for
the Ahmadi network cases. The locations of the PV are mentioned in detail in Table 4.

  
(a) (b) 

Figure 12. Optimum PV size at minimum line loss for PV locations K1 and K2 for unity power factor:
(a) Optimum PV at K1 locations; (b) optimum PV at K2 locations.

Line losses start decreasing with the increasing size of PV generation, and then start increasing at
the point when PV generation exceeds the power at the bus and line losses. This is the point when
the current is reversed. Therefore, the point of minimum power loss is the suggested optimal point
of operation.

The maximum PV penetration for every case was obtained by the proposed load flow technique.
The results are shown in Tables 8 and 9. For the unity power factor, the PV rating was considered
the inverter’s apparent power for the case study. For the IEEE 33 bus system, the PV locations were
considered connected directly to the EVCS. PV generation introduces current to the network load,
which in turn reduces losses in the lines by around 60–70% (see Table 8). This is the case when the
PV inverter is operating at a unity power factor. As the PF decreases, the inverter compensates for
the system’s reactive power. Setting the inverter power factor to 0.9 or 0.8 reduces line losses by
approximately 90%. The maximum PV inverter penetrations for the Ahmadi distribution network
are shown in Table 9. The results in Table 9 refer to the cases when EVCSs are connected at different
capacities, and are as follows:

Table 8. Effect of PV penetration on losses for the IEEE 33 bus system.

PF 1 0.9 0.8

Size/EVCS PV Sinv PLoss
PLoss

Reduction
Sinv PLoss

PLoss
Reduction

Sinv PLoss
PLoss

Reduction
Case (kW) (kVA) (kW) (%) (kVA) (kW) (%) (kVA) (kW) (%)

4
EVCS 118 K1 * 243 68.29 72.1 276 138 43.5 276 17.91 92.6

8
EVCS 58 K1 243 68.29 72.1 276 138 43.5 276 17.91 92.6

16
EVCS 29 K1 243 68.29 72.1 276 138 43.5 276 17.91 92.6

33
EVCS 14 K1 117 69.43 71.5 134 18.07 92.5 134 19.2 92.1

* K1: PV location at EVCS.
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Table 9. Effect of PV penetration on losses for the Ahmadi residential network.

PF = 1 PF = 0.9 PF = 0.8

Size/EVCS PV Sinv PLoss
PLoss

Reduct.
Sinv PLoss

PLoss
Reduct.

Sinv PLoss
PLoss

Reduct.
Case (kW) (kVA) (kW) (%) (kVA) (kW) (%) (kVA) (kW) (%)

40
EVCS 4 K1 * 20 1.455 80.0 22 0.104 98.6 22 0.335 95.4

K2 ** 153 2.522 65.3 169 1.407 80.6 166 1.591 78.1

20
EVCS 7 K1 34 1.918 72.8 38 0.729 89.7 37 0.934 86.7

K2 148 2.46 65.1 166 1.347 80.9 165 1.513 78.5

10
EVCS 15 K1 54 2.519 66.6 59 1.545 79.5 58 1.817 75.9

K2 156 2.591 65.6 173 1.475 80.4 169 1.684 77.7

* K1: PV location at EVCS. ** K2: PV location at the upper bus (feeder pillar).

Case 1: For 40 EVCSs in the system, the maximum PV inverter capacity obtained is 20 kW at the
EVCS location and 153 kW if located at the main buses (2–6) for the unity power factor. The inverter
size is increased when the power factor is reduced in order to obtain the optimum active and reactive
power the system requires to minimize line losses. Therefore, at 0.9 power factor operation, the PV
inverter size is 22 kW at the EVCS buses and 169 kW at the main buses. At 0.8 power factor operation,
the change in the maximum size of the inverter is not significant.

Case 2: For 20 EVCSs in the system, the maximum PV inverter size obtained is 34 kW at the EVCS
location (higher than Case 1) and 148 kW if located at the main buses (lower than Case 1) for the unity
power factor. At 0.9 power factor operation, the PV inverter size is 38 kW at the EVCS buses and
166 kW at the main buses. At 0.8 power factor operation, the change in the maximum size is reduced.
The reactive power generated by the inverter exceeds the load reactive power consumed by the power
system load when the inverter operates at a power factor of 0.8.

Case 3: The maximum inverter size increases compared to Cases 1 and 2. The increase is more for
the cases when the PV is installed directly at the main buses.

It is observed that, for the three cases, the maximum PV penetration is higher when the PV
is installed at the EVCS buses when fewer EV chargers with higher capacity are connected to the
system. For the Ahmadi distribution system, the line loss reduction for unity, 0.9, and 0.8 power
factors is in the range of 60–80%, 80–90%, and 70–90%, respectively. Varying the inverter’s power
factor results in a noticeable decrease in the line losses of both networks under study. In the load flow
simulation, the value of apparent power was increased after each iteration, and the real and reactive
power was calculated and added to the network. Thus, the numerical results can be used to develop a
performance indicator that can be utilized for optimizing the inverter-to-PV ratio in the distribution
network, along with EVCS planning.

5.4. Effect of PV Inverter Power Factor on PV Optimum Size

As the inverter power factor is reduced from unity, the optimum PV size kVA is affected. According
to the results presented in Figures 13 and 14, it is observed that the maximum PV penetration into the
power system varies with the inverter power factor. For non-unity power factor operation, the optimum
size of PV is chosen according to the optimum inverter-to-PV ratio for each power factor. This section
did not consider the available area when calculating the maximum PV penetration. The inverter-to-PV
ratios considered were 1 for PF = 1, 1.11 for PF = 0.9, and 1.25 for PF = 0.8. As the power factor
decreases, the power system’s losses are lessened by reducing the reactive power load until the point
where power losses start to increase, as for the case when PF = 0.8. The optimum inverter-to-PV
ratio is 1.1 for this system. Changing the power factor setting of the inverter allows an increase in PV
installation. Varying the inverter-to-PV ratio can affect the maximum connection that the system can
allow. Therefore, the PV connection is more effective for systems with high line losses, as is the case
when the PV is installed at the main buses (case in Figure 14).
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Figure 13. Effect of PV inverter PF on PV optimum size—PV at EVCSs.
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Figure 14. Effect of PV inverter PF on PV optimum size—PV at main buses.

According to the Ahmadi distribution, the rooftop area of the residence can allow an installation
of no more than 5 kW per house, which refers to the case study in the next section.

5.5. Daily Assessment of the Power System for the Ahmadi Distribution Network with EVCSs and PV

The daily load flow was obtained according to EVCSs’ demand, PV power generation, and PV
inverter reactive power. The case under study was conducted with the following (obtained from
previous results and assumptions):

• EVCS penetration 100% located at residential buses.
• EVCS capacity size 4 kW per house (see Table 9).
• PV plant at residential buses and capacity of 5 kW.
• The load on buses and EV demand from Table 5.
• PV generation from PVSYST© (see Table 5).

Figure 15 shows the load profile for the Ahmadi distribution network, which is the overall active
power drawn by the network at bus 1.

Case 1: The base case with zero EVCSs connected. The load profile shows an increasing peak
around noon. The daily load profile is generated by the network’s maximum demand [32]. This case
was studied according to the available data and the future development of the actual daily load demand
required. The peak demand is approximately 1 MW and occurs between 11:00 and 15:00.

Case 2: This case studies the network at 100% EVCS penetration with no PV power. The EVCSs’
demand is reflected in the overall power profile. The increase in the load occurs at night between 16:00
and 07:00, which refers to the time during the weekdays where people return to their homes after work.
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Figure 15. Daily load profile at bus 1.

The noon peak increases by approximately 3.4%, and the new peak at 15:00 is 1.15 MW, which
increases by 6.4%, with a higher peak at 22:00 of 1.27 MW (an increase of 17.4%). The load starts to
reduce exponentially, which reflects the final behavior of the charging process of the electric vehicles’
batteries. Adding an EVCS to the load demand affects daily power losses by an increase of 17%
(see Table 10).

Table 10. Inverter power factor effect on system line losses.

EV PV PV Inverter Power Factor System Losses (kWh/day) Change in Power Loss (%)

× × N/A 97.18 0√ × N/A 114.05 +17.36%√ √
1 76.81 −32.65%√ √

0.9 74.89 −34.33%√ √
0.8 72.46 −36.47%√ √
0.6 69.46 −39.10%√ √
0.5 67.03 −41.22%

Similar effect of EV charging on the load profile is found in the literature. The report in [41] shows
two types of load factors (LFs) that of the load profiles. The system peak (SP) load factor and the
non-coincident peak (NCP). The SP load factor is the ratio of the average EV demand to the EV peak
demand, obtained here as 1.08. The NCP is the ratio between the average EV demand to the EV NCP
demand, obtained here as 0.198.

Case 3: PV generation is the minimum where every house has an installation of only 4−5 kW,
which operates around 2–3 kW per house. The total maximum PV generation occurs at noon,
with approximately 130 kW, and load demand is reduced from 1.12 to 0.88 MW (a reduction of 21.4%).
The power losses reduce by approximately 41% with PV generation (at 12:00 pm), as shown in Figure 16.
At night, the PV inverter is used for reactive power compensation. The line losses are reduced by
16.6% during the night peak load (at 10 pm), and the daily power losses are reduced by 20% (see
Table 10). This case considers the inverter-to-PV ratio to be 1; the available reactive power at the PV
does not reach the installed capacity. Therefore, there is always available reactive power at the inverter
to compensate for the system losses.
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Figure 16. Daily losses.

Case 4: The non-unity power factor of the PV inverter is considered. The effect of reactive power
compensation is reflected in the line losses. PV generation is not affected by the power factor because
the inverter-to-PV ratio is 1.11 for this case (PF = 0.9). The daily power losses are reduced by 2.5%
compared with the case involving unity power factor operation.

Case 5: The inverter-to-PV ratio of this case is 1.25. The effect of having the inverter compensate
at PF = 0.8 causes a 5.67% reduction in daily line losses compared to the system at a unity power factor.

Furthermore, other cases were considered for PF = 0.6 and 0.5, with an inverter-to-PV ratio of 1.5
and 2, respectively, with further daily loss reductions of 7.26% and 12.73%, respectively.

6. Conclusions

In this study, the impact of EV charging demand was analyzed for two case study power
distribution networks with different characteristics. The power flow was validated by the standard
IEEE 33 network. Different load flow scenarios were introduced to analyze the performance indices.
Instead of varying the number of EVs, the number of EV charging stations was varied, and the
maximum charging load capacity was obtained using the load flow analysis technique.

This paper suggests operating EVCS with PV power generation and reactive power compensation.
The optimal PV size was considered by obtaining the optimum inverter-to-PV ratio for minimum
power loss. The inverter optimum size was obtained at 0.9 power factor for the Ahmadi network
without considering rooftop area limitations. The maximum PV size is not always the optimal solution
when PVs are located at the same EVCS buses. Other cases show that reactive power increases the PV
maximum penetration when the PV is located at the main feeder buses. The limitation factor refers to
both cable ampacity and line losses at PV locations.

It was observed that PV integration with EV charging stations can decrease 21% of the load profile
at noon in Kuwait. A high penetration of EV chargers among the houses in the Ahmadi case study
causes a 17% increase in power demand at night. The increase does not exceed the network power
system limitations for the worst-case scenario, which is the summer peak load. The capability for fast
charging at residential areas is limited to the physical characteristics of the network. The maximum
demand of an EVCS that can be provided for all customers is 4 kW, which limits the DC fast charging to
be centralized at the network’s main buses only. Deciding whether or not to have central or distributed
charging stations depends on both network characteristics and customer needs. Varying the Inverter to
PV ratio from 1.1 to 2 can decrease the system losses by 34% to 41%, which shall be considered based
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on an economic assessment. Considering reactive power compensation with PVDG when integrating
EVCS into the power system has triggered improvements in system efficiency and power delivery.
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Nomenclature

Acronyms Variables

DC Direct Current Pinv Power injected by PV inverter (p.u)
DG Distributed generator PLoss Total active power losses (p.u.)
EV Electric vehicle Po Active power at rated voltage (p.u.)
EVCSs Electric vehicle charging stations PPV PV active power (p.u.)
PV Photovoltaic QT Total reactive power (p.u.)
PF Power Factor QL Total load reactive power (p.u.)
PVDG Photovoltaic distributed generation QEVCS Total EVCS reactive power (p.u.)
RES Renewable Energy Sources Qinv Reactive power of PV inverter (p.u.)
Greek symbols Qloss Total reactive power losses (p.u.)
δ Angle of the bus voltage (degree) Qo Reactive power at rated voltage (p.u.)
ηinv Inverter efficiency Rline Line resistance (ohm)
α Active power exponent Sinv PV inverter apparent power (p.u.)
β Reactive power exponent Si Apparent power at certain bus (p.u.)
Variables Vi Voltage of bus i (p.u.)
Iline The line current (p.u.) Vmin Minimum limit of bus voltage (p.u.)
PT Total active power of power system(p.u.) Vmax Maximum limit of bus voltage (p.u.)
PL Total load active power (p.u.) Xline Line reactance (ohm)
PEVCS Total EVCS active power (p.u.) Zline Line impedance (ohm)
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