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Abstract. This study aimed to evaluate the potential of integrating Photovoltaic (PV) with 
commercial load and examine the impact on distribution networks. To estimate the hourly PV 
output power, 13 years of historical weather data were used. Furthermore, a beta probability 
density function was modeled to handle large amounts of data and generate a 24-hour predicted PV 
curve. Particle Swarm Optimization (PSO) was used to determine the location and size of multiple 
PV units, ranging from 1 to 3. PV performance was tested on IEEE 33-bus and 69-bus test systems 
using time-varying commercial load, with power loss index (PLI) set as the objective function. PV 
penetration level was also calculated. The results showed a significant power loss reduction and PV 
penetration levels when 3 PV units were integrated into the system compared to a single PV unit. 
Specifically, the power loss reduction improved from 32.71% to 45.37% and 43.80% to 48.08%, 
producing PV penetration levels of 43.08% and 40.15% in 33-bus and 69-bus systems, respectively. 
The results indicated that the integration of multiple PV units was better than the single PV 
integration. The proposed model using PSO determined the impact of considering weather-
dependent PV generation simultaneously with time-varying loads. It also provided knowledge to 
model the optimal location and sizing of multiple PV units in the distribution networks based on the 
generated solar irradiance patterns. 
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1. Introduction 

Distributed generation (DG) integration has significantly increased in recent years and 
is expected to continue expanding, playing a more prominent role in the future energy 
market. DG offers several advantages when integrated into a distribution system, 
significantly altering the parameters (Hassan et al., 2020; Lee et al., 2020; Kola, 2018). 
Moreover, some of the technical benefits include reducing transmission losses when 
connected near the consumer load, improving bus voltage profile and power quality, 
increasing system security and reliability, reducing dependency on the grid operator ,
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serving as a backup source of electricity in emergencies and meeting the demand for 
electricity in rural or remote areas (Zagloel et al., 2023; Biswas et al., 2017). Conventional 
diesel generators have traditionally been considered the most reliable and affordable DG 
source. However, environmental concerns and high fuel prices have imposed limitations on 
the usage. This concern has facilitated the adoption of renewable energy (RE) as an 
alternative DG source for power generation (Saroji et al., 2022). RE-based DG technologies, 
known as distributed renewable energy generation, (DREG), include solar Photovoltaic 
(PV), wind turbines, biomass, tidal, and hydropower (Zheng et al., 2021). The availability of 
RE in various countries worldwide and adequate energy resources have led to the growing 
interest due to the abundance and self-sustaining nature of these energy sources. Recently, 
there has been a tremendous increase in DREG installations in distribution networks. The 
main factors contributing to this trend are reductions in capital expenditure and 
operational costs, particularly for PV and wind, as well as the introduction of smart grid 
technologies fostering more flexible distribution of intermittent power in the grid (Zheng 
et al., 2021; Kåberger, 2018). Among all available RE-based DG sources, PV has gained more 
popularity (Jung, Pagidipala, and Salkuti, 2024; Bhambri et al., 2023; Diwania et al., 2020). 
Furthermore, it is rapidly growing and being utilized as an alternative to conventional 
power generation using fossil fuels (Kumar et al., 2023; Onibonoje, 2023; Sánchez et al., 
2023). Despite the unprecedented pandemic in 2019, global solar capacity remains 
dominant for newly installed power generation, reaching a 39% global market share. This 
has increased global cumulative solar capacity from 104 GW in 2012 to 1 TW in 2022 
(IRENA, 2022; Solar Power Europe, 2022). Under optimal conditions, the projected global 
solar capacity is expected to reach 2 TW by 2025 (Board, 2022). Moreover, the advantage 
of utilizing PV system as a RE source is the derivation from nature and abundant availability 
of resources. PV has low maintenance and operational costs since power generation does 
not comprise mechanical moving parts (Zhao et al., 2021; Lupangu and Bansal, 2017). 

1.1.  Literature Review 
Several studies have focused on planning DREG technologies in distribution networks, 

with the aim of minimizing power losses and improving PV penetration through 
optimization. Various optimization methods have been used to determine the optimal size 
and location of DREG units in power systems, focusing on reducing transmission power 
losses and improving voltage profiles. (Khenissi et al., 2021) proposed using PSO and GA 
methods to determine the optimal location and size of PV units. The study found that PSO 
outperformed GA in terms of convergence, reduced power loss, and better voltage profile. 
Similarly, the proposed Adaptive Particle Swarm Optimization (APSO) showed that APSO 
produced better accuracy, optimal solutions, and faster convergence than Bee Colony 
Optimization (BCO) and Lightening Search Algorithm (LSA). (Kumar, Nallagownden and 
Elamvazuthi, 2017) adopted a PSO algorithm for the optimal placement and sizing of DG 
units in a distribution system, with the aim of reducing power loss and improving voltage 
stability. The results confirmed the efficacy and robustness of PSO for PV integration in the 
distribution system. Furthermore, (Hassanzadeh and Jalilian, 2018) used PSO as a multi-
objective optimization method for power loss reduction and voltage improvement in multi-
DG placements in radial distribution systems. The results showed that PSO significantly 
reduced total losses of the distribution system and improved the voltage profile, producing 
optimal solutions with fast convergence. These studies generally showed that PSO not only 
saved costs but also produced lower power losses and better voltage profiles than Tabu 
Search, Hybrid, and GA.  

Studies have examined DREG planning, focusing on time-varying DG generation and 
loads. For instance, (Khan, Malik, and Sajjad, 2018) conducted a comparative analysis of the 
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impact of time-varying PV generation on load models. Three years of solar irradiance data 
were used to predict hourly PV output through a novel probabilistic generation modelling 
approach. In addition, the optimal size and location of PV units were determined based on 
(Khan and Malik, 2017), which applied PSO for similar purpose. (Ahmed et al., 2020) 
proposed using Salp Swarm Algorithm (SSA) in a 19-bus system to optimize the location 
and size of wind-based DG for different time-varying loads based on multi-objective 
functions. However, this study was limited due to the use of pre-defined load models and 
inability to report the use of historical weather data. (Hossain et al., 2023) showed the 
importance of determining the optimal size for PV combined with energy storage to 
accommodate varying commercial loads. However, the analysis focused on the economic 
aspects and did not consider the maximum PV power contribution to the grid for various 
load users. This oversight raised concerns about potential stress on the grid, necessitating 
a more comprehensive approach to balance economic considerations with grid 
infrastructure impacts. (Jamahori, Abdullah, and Ali, 2023) found that optimizing PV 
generation by considering historical weather-dependent data and time-varying loads could 
effectively meet diverse load demands. However, the study was limited to the installation 
of a single PV unit, potentially compromising the attainment of optimal results and the 
determination of the most efficient PV unit required in the distribution network. 

Based on existing literature, most studies used various optimization methods to 
determine the optimal size and location of DREG units in power systems, addressing 
different objective functions. However, there are still gaps in studies concerning variations 
in load demands and peak generation aspects. Addressing these gaps is crucial to 
approximate PV size accurately, prevent overgeneration during periods of low demand, and 
ensure sufficient electricity generation during peak hours. Therefore, the current study 
aimed to provide insights into how an optimized PV generation system performed 
effectively under changing load conditions and assessed the impact on the general 
distribution system. Evaluating varying load demands with PV integration is important, as 
it offers more accurate results for managing real-time daily load consumers in the future.   
 
2.  Problem Formulation  

2.1. Solar PV Modelling  
Thirteen years of hourly weather satellite data (Solcast, 2018) were used to forecast 

the average hourly irradiance and PV output power as well as evaluate the potential of PV 
integration with commercial loads in Malaysia (30821N, 1014113E). The location of 
Malaysia near the equatorial makes it a perfect opportunity to utilize abundant solar energy 
resources, with an average annual irradiance of 4-5 kWh/m2/day (Mohammad, Al-Kayiem, 
and Aurybi, 2020). The historical data collected were divided into 24-hour segments, each 
with solar irradiance measured at specific hours. The mean (µ) and standard deviation (σ) 
for each hour were calculated based on the irradiance data collected hourly over the 13 
years. This facilitated the determination of the probability of solar irradiance for each hour 
and the estimation of PV output. The Beta-PDF f(s) is expressed using equation (1) as 
follows (Atwa et al., 2010):  

f(s) = {
  Γ(α + β)

 Γ(α) x Γ(β)
,

0

  s(α−1) (1 − s) (β−1), 
0 ≤ s ≤ 1, α, β ≥ 0 
          otherwise 

(1) 

where s  is a random variable for solar irradiance measured in (kW/m2), Γ  is a gamma 
function, α and β both parameters of equation (6) are derived using mean, µ and standard 
deviation, σ respectively using equation (2)  (Atwa et al., 2010): 
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α =
µ × β

(1 + µ)
;   β = (1 − µ) (

µ (1 + µ)

σ2
− 1) (2)  

The probability of solar irradiance, s in the limits of s1 and s2 during a specific hour 
(t=1) can be obtained using equation (3)  (Atwa et al., 2010): 

p(s) = ∫ f(s) ds
s1

s2

 (3) 

2.2.  PV Module Output 
PV power is significantly influenced by temperature, climate and geographical factors, 

and solar irradiance. The output of PV module, PVNET  is expressed as a function of solar 
irradiance as follows (Atwa et al., 2010): 

PVNETt(s) = N × FF × VNET × INET (4) 

FF =
VMPPT × IMPPT

VOC × ISC
 (5) 

VNET = VOC − KV × TC (6) 

INET = s × [ISC + Ki x (TC − 25)] (7) 

TC =  TA + s (
N OT − 20

0.8
) (8) 

where N is the number of PV modules, and FF  is the fill factor that depends on solar 
irradiance. The total expected PV output power at a given hour, PVout(t) at (t = 1 hour), is 
derived using (3) and (4), which relies on the irradiance s, and the characteristic of the 
modules given by equation (5)-(8) is expressed by the following expression equation (9) 
(Ali et al., 2018): 

PVout(t) = ∫ PVNET (s) p(s) ds
1

0

 (9) 

2.3.  Load Modelling 

The following equations (10)-(11) express the new active and reactive distribution 
load demand PDnew,i  and QDnew,i  at a respective bus integrated with time-varying 
commercial loads in a given period (t) equation (Atwa et al., 2010): 

PDnew,i (t) = PDi (t) × Vi
 vp

(t) (10)  

QDnew,i(t) = QDi (t) × Vi
vq

(t) (11)  

where, PDi , and QDi  are the actual active and reactive load power and Vi  is voltage 
magnitude at i  bus calculated under base caseload conditions. The active and reactive 
voltage exponential, vp and vq are 1.51 and 3.40, respectively, for time-varying voltage-
dependent commercial loads (Nor et al., 2018). Figure 1 shows the normalized load curve 
for the commercial model, with a peak magnitude of 1.00 (p.u). 

2.4.  Distribution Bus System 
 This study used a standard IEEE 33-bus and 69-bus test system, with each distribution 
bus having different load power and system losses. The rated voltage for both systems was 
100 MVA and 12.66 kV. The total load demand and base power losses for 33-bus were 3.715 
MW, 2.300 MVAr, and 211.20 kW, 143.03 kVAr, respectively. The total load demand and 
base power losses for 69-bus were 3.800 MW, 2.690 MVAr, and 224.95 kW, 102.14 kVAr, 
respectively (Kakueinejad et al., 2020; Nawaz and Tandon, 2018). Furthermore, both bus 
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systems were assumed to serve as distribution power stations for commercial load areas, 
meaning that all connection points were considered commercial consumers. This study was 
limited to using historical weather data based on collected solar irradiation, acknowledging 
that the power output might vary depending on solar irradiation at a specific location. It 
was assumed that the distribution grid was connected to the commercial load areas. 

 

Figure 1 The normalized commercial load curve (Jamahori, Abdullah and Ali, 2023) 

2.5. Load Flow Analysis 

Assuming 2 buses, k  and k + 1  connected through branch i , the following formula 
equation (12)-(13) was used to calculate the active, PLoss(i) and reactive, QLoss(i)  branch 

power loss between 2 buses (Ali et al., 2018): 

PLoss(i)  =  Ri (
Pk+1

2 + Qk+1
2

|Vk+1|2
) 

(12) 

QLoss(i)  =  Xi (
Pk+1

2 + Qk+1
2

|Vk+1|2
) 

(13) 

where Rij  is the branch resistance and Xij  is the branch reactance between 2 buses. The 

base case (without PV) hourly active and reactive power injection across any branches at 
each period can be calculated as a summation of effective k + 1th bus power, load demand 
power, and power losses at k + 1 bus as follows equation (14)-(15) (Ali et al., 2018): 

P(i)(t) = P(k+1)(t) + PD(k+1)(t) +  PLoss(i)(t) (14) 

Q(i)(t) = Q(k+1)(t) + QD(k+1)(t) + QLoss(i)(t) (15) 

where Pi, and Q(i) are the active and reactive power injections between 2 buses, with PD(ij) 

and QD(ij) as the actual load power between both buses. The total power losses, TPLoss(i) 

before PV integration are a summation of both losses given by equation (16) derived from 
equation (12) and equation (13): 

TPLoss(i) = ∑ (PLoss(i)  +  jQLoss(i)

Nbranches  

i=1  

) (16) 

2.6.  PV Integrated System 
The addition of a new power source affected the load flow in the distribution system. 

Therefore, the new active, PDnew(k+1)  and reactive, QDnew(k+1)  power injections at k + 1 

bus, where PV is installed, are as follows equation (17)-(18) (Ali et al., 2018): 
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PDnew(k+1) = PPV − PD(k+1) (17)   

QDnew(k+1) = QPV − QD(k+1)  (18)  

where PD(k+1) and QD(k+1) are the actual active and reactive load power at the effective bus, 

while PPV and QPV are the active and reactive power generation from PV. QPV is a function 
of PPV with a fixed power factor, therefore, QPV = a PPV, where a = ±tan {cos−1(pf(PPVi))}, 
a is positive (+) when PV injects reactive power and negative (-) when it consumes reactive 
power, and pf is an operating power factor of PV unit at bus k + 1. 

Assuming the solar PV unit is installed at k + 1  bus, the hourly active, P(i)(t)  and 

reactive, Q(i)(t) power injection across branch i at each period can be calculated as follows 

equation (19)-(20) (Jamahori, Abdullah and Ali, 2023): 

P(i)(t) = P(k+1)(t) + PD(k+1)(t) +  PLoss(i)(t) −  PPV(t) (19) 

Q(i)(t) = Q(k+1)(t) + QD(k+1)(t) + QLoss(i)(t) − QPV(t) (20) 

The new power loss, PLoss,PV(i) and QLoss,PV(i) in any branches after PV is connected at 

k + 1 bus can be calculated using equation (21)-(22) (Jamahori, Abdullah and Ali, 2021): 

PLoss,PV(i)  =  Ri (
(P(k+1) − PPV)2 + (Q(k+1) − QPV)2

|Vk+1|2
) (21) 

QLoss,PV(i)  =  Xi (
(P(k+1) − PPV)2 + (Q(k+1) − QPV)2

|Vk+1|2
) (22) 

Similarly, the new total losses, TPLoss,PV(i)(t) in all branches after the installation of PV 

at k + 1 bus at each period are calculated using equation (23) (Jamahori, Abdullah and Ali, 
2021): 

TPLoss,PV(i)(t) = ∑ (PLoss,PV(i)(t)  +  jQLoss,PV(i)(t)

Nbranches,t=24

i=1,   t=1

 (23) 

This study aimed to minimize the overall power loss. Therefore, power loss index (PLI) 
was set as the objective function f. PLI can be defined as the ratio of losses with PV to the 
base case power losses without PV (24), which is the ratio between equation (23) and (16) 
with the time-varying commercial load as follows (Jamahori, Abdullah and Ali, 2021): 

f, PLI = min ∑
TPLoss,PV(i)

TPLoss(i)

t=24

t=1

 (24) 

2.7.  Particle Swarm Optimization (PSO) 
PSO algorithm-based random particle generation aimed to achieve the best value of the 

fitness function by updating the position and velocity. The basic principle of PSO works by 
using the swarm's knowledge and experience to randomly direct particles across the search 
space to find the best local and global solution, g_best  based on their personal best solution, 
p_best. The particles change by updating position and velocity using a weighted 
acceleration, ω, at each iteration to accelerate toward the fitness function. PSO updates each 
particle by comparing the best fitness to the current 𝑝𝑏𝑒𝑠𝑡. Assuming the new generation of 
fitness is superior to the current 𝑝𝑏𝑒𝑠𝑡 , newly generated fitness replaces 𝑝𝑏𝑒𝑠𝑡  solution. 
Finally, the best global solution for any particle, 𝑔𝑏𝑒𝑠𝑡 is selected by comparing all particles' 
fitness. The flowchart of the optimization framework using PSO is shown in Figure 2.  
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Figure 2 The flowchart of the optimization framework using PSO 

PSO parameters were selected based on initial suggestions from the year of 
development (1995), which proposed limiting the population size to 20-50 particles. Larger 
swarms typically improved the efficiency of the method for more complicated problems 
and practical applications. While significantly smaller swarm sizes were suggested for the 
majority of PSO variants regarding unimodal problems, hundreds of particles/swarms 
would still perform optimally. PSO parameters for the integration of multiple PV are shown 
in Table 1. 

Table 1 PSO Parameters for integration of multiple PV 

Parameters Value/Type 

Fitness function f, Power loss index (PLI) 
Variable size Location and size 

Population size 50-100 
No. of iteration 100 

𝑐1, 𝑐2 1.05, 1.05 
ω𝑚𝑖𝑛 , ω𝑚𝑎𝑥  1.0, 0.3 

 
3. Results and Discussion  

3.1.   Optimal Location and Size of Multiple PV units 
The simulation result for multiple PV integrations with commercial load users in IEEE 

33-bus and IEEE 69-bus are summarized in Tables 2 and 3, respectively. Based on the 
optimization, the results showed that the optimal PV sizing for the commercial load users 
differed significantly in both distribution networks. This was mainly due to the optimal 
location and power demand in each bus system.  
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Tabel 2 Summary of multiple PV optimization results in IEEE 33-Bus 

Parameters Without PV 1PV 2PV 3PV 

PV Location @ 
PV Size (MW)  

6 @ 4.57 12 @ 1.71 
30 @ 2.08 

14 @ 1.41 
24 @ 1.75,  
30 @ 1.75 

Total PV Size (MW)  4.57 3.79 4.91 
PLoss (kW) 1952.14 1313.54 1158.36 1066.38 
PLoss Reduction, %  32.71 40.66 45.37 
QLoss (kVAr) 1322.56 931.81 789.84 729.95 
QLoss Reduction, %  29.54 40.28 44.81 
PV Penetration, %  40.15 33.29 43.08 

Tabel 3 Summary of multiple PV optimization results in IEEE 69-Bus 

Parameters Without PV 1PV 2PV 3PV 

PV Location @ 
PV Size (MW) 

 61 @ 3.35 18 @ 0.99 
61 @ 3.19 

11 @ 0.91 
17 @ 0.72 
61 @ 3.04 

Total PV Size (MW)  3.35 4.18 4.67 
PLoss (kW) 2074.32 1165.83 1091.18 1076.94 
PLoss Reduction, %  43.80 47.40 48.08 
QLoss (kVAr) 943.79 548.60 518.76 512.78 
QLoss Reduction, %  41.87 45.03 45.67 
PV Penetration, %  28.72 35.90 40.15 

For IEEE 33-bus, the optimal PV integration for a single PV was at bus 6 with a size of 
4.57 MW, while 2 PV units were at bus 12 and 30, respectively, with a size of 1.71 MW and 
2.08 MW. The optimal location and sizing of 3 PV units were at bus 14, 24, and 30, with PV 
sizes of 1.41 MW, 1.75 MW, and 1.75 MW, respectively. In IEEE 69-bus, the optimal PV 
integration for a single PV was at bus 61 with the size of 3.35 MW, while 2 PV units were at 
buses 18 and 61, respectively, with the size of 0.99 MW and 3.19 MW. The optimal location 
and sizing of 3 PV units were at buses 11, 17, and 61, with PV sizes of 0.91 MW, 0.72 MW, 
and 3.04 MW, respectively. The cumulative PV sizes for 1, 2, and 3 PV units were 4.57 MW, 
3.79 MW, and 4.91 MW, respectively, for IEEE 33-bus and 3.35 MW, 4.18 MW, and 4.67 MW, 
respectively, for IEEE 69-bus. The results showed that the average total PV size was larger 
when integrated with commercial load users in 33-bus compared to 69-bus system. 

Figure 3 presents the expected PV output from Equation (9) and commercial demand 
consumption for both systems using Equations (10) and (11). Furthermore, maximum PV 
production and load consumption occurred concurrently during the day, following the solar 
PV production, which peaked at noon and was low in the morning and evening. 

  
(a) (b) 

Figure 3 Expected PV output with commercial demand (a) IEEE 33-Bus; and (b) IEEE 69-
Bus 
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Since the system operated as an integrated grid system, the grid served the remaining 
load consumption when PV power was unavailable or insufficient to supply the load. On the 
other hand, the highest PV output was observed when 3 PV units were integrated into both 
bus systems. The expected PV output was lowest with 2 PV in 33-bus and 1 PV unit in 69-
bus system. While the varying lowest PV size between both buses did not affect the overall 
power losses, it affected the overall PV penetration. Further discussion on PV penetration 
level and power loss reduction was provided in the next sub-section. 

3.2.  Impact on PV Penetration 
PV penetration level is the total expected PV output (MW) ratio to the total load 

demand consumed during the day (MW). A high penetration level shows that PV production 
is sufficient to provide power to meet the load demand. PV penetration results are 
presented in Figure 4. Based on the results, PV penetration levels for 1, 2, and 3 PV units in 
33-bus and 69-bus were 40.15%, 33.29%, 43.08%, and 28.72%, 35.90%, 40.15%, 
respectively.  

 
Figure 4 Penetration level for multiple PV integration 

The penetration level increased significantly with load demand in 69-bus as the 
number of installed PV increased, while the difference in penetration level between 1 PV 
and 3 PV in 33-bus was insignificant. The maximum PV penetration was recorded when 3 
PV units were integrated with commercial load in 33-bus, and the least being 1 unit 
integrated into 69-bus system. As mentioned, the optimum size of PV was subjected to 
power loss minimization. Since power loss in the distribution system depended on the load 
of each model, the size of PV units in each case varied accordingly. The cumulative sizes of 
PV in MW for each load model considering single and multiple PV units for the two 
distribution systems are presented in Tables 2 and 3. For 33-bus system, the impact of 2 PV 
units on the total size of PV in MW was the most optimal compared to the installation of 1 
and 3 PV units. On the other hand, for 69-bus distribution system, the impact of 1 PV unit 
on the total size of PV in MW was more optimal than the installation of 2 and 3 PV units. 
Therefore, the penetration of PV units in the distribution networks varied and depended on 
the size of PV in distribution networks. 

3.3. Impact on Power Losses  
The power loss for multiple PV integration in both buses is presented in Figure 5. The 

power loss reduction showed promising results after multiple PV units were integrated into 
both bus systems. Specifically, the power loss for 1, 2, and 3 PV units in 33-bus and 69-bus 
were 32.71%, 40.66%, 45.37%, and 43.80%, 47.40%, 48.08%, respectively. These power 
losses were influenced by the total PV generated during the day, the total load served at a 
specific hour, and the location and sizing of PV units. In addition, the load demand 
variations in each bus directly affected the location for PV installation. This could be 
attributed to the typical installation of PV near areas with the highest load demand and 
farther from the grid supply to ensure continuous power supply while minimizing voltage 
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deviation and power loss. The reduction in power losses was more significant with multiple 
PV in 33-bus compared to 69-bus system. The installation of a third PV in 69-bus did not 
significantly reduce the total power losses. Therefore, 3 PV units were more optimal to be 
installed for 33-bus, and only 2 PV units were recommended for time-varying commercial 
users in 69-bus system, as the effect of the third PV could be neglected. This was because 
the rate of improvement in distribution system performance was primarily determined by 
the total size of PV units. 

 

(a)       (b) 
Figure 5 Power loss for multiple PV integration (a) IEEE 33-Bus; and (b) IEEE 69-Bus 

 The optimal location and size of 1 to 3 PV units were determined based on proximity 
to areas with the highest load demand and distance from the grid supply. This ensured the 
additional sources from PV could continue to supply the load at a different location. The 
power losses with multiple PV were affected by the total PV generated during the day, the 
total load served at a specific hour, and the total PV sizing on the individual location. In 
addition, the load demand variations in different bus systems directly affected the location 
of installation. Integrating multiple PV units showed that beyond installing 2 PV units, there 
was no significant impact on 69-bus system. However, installing 3 PV was significant in 
addressing the load demand in 33-bus system. The reduction in power losses was more 
prominent within 33-bus compared to 69-bus system. The power loss was influenced by 
the supply of power to the distribution networks and depended on the size of PV units. 
Larger PV sizes corresponded with greater improvements in bus voltage magnitude. 
Nonetheless, inadequate PV sizing could lead to additional power losses and suboptimal 
improvement of bus voltage profiles. 
 
4. Conclusions 

In conclusion, this study showed that modeling multiple PV units with commercial load 
users at optimal size and location had varied impacts on the distribution system 
performance. Furthermore, the integration of multiple PV units outperformed single PV 
integration, resulting in improved power loss reduction from 32.71% to 45.37% and 
43.80% to 48.08% in 33-bus and 69-bus systems, respectively. This integration produced 
PV penetration levels of 43.08% and 40.15% in the respective bus systems. The proposed 
model not only assessed the impact of considering weather-dependent PV generation 
alongside time-varying loads but also provided insights into modeling the optimal location 
and sizing of multiple PV units in distribution networks based on solar irradiance patterns. 
Moreover, this study showed the importance of considering load variations in designing a 
PV grid system to ensure optimal performance and efficiency. By accounting for variations 
in load demand, PV system could be appropriately sized to match varying load profiles, 
preventing overgeneration during low-demand periods and ensuring sufficient electricity 
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generation during peak hours. This method maximized the utilization of renewable energy 
and helped to maintain grid stability and reliability, ensuring consistent voltage levels, 
balanced power flow, and the ability to respond swiftly to changes in demand or supply to 
minimize power losses. Therefore, considering load variations was essential for the 
successful and resilient operation of PV grid system. 
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