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Abstract

This study investigates the optimal integration and performance of intercon-
nected rooftop photovoltaic (PV) microgrids within Rwanda’s electrical dis-
tribution network, supporting the nation’s goals for widespread electrification
and renewable energy adoption. Through a detailed case study, the research
addresses technical, economic, operational, social, and environmental challenges
associated with high PV microgrid penetration. Advanced simulations con-
ducted using MATLAB evaluate the system’s performance across various sce-
narios, focusing on voltage stability, power quality, and energy losses. The find-
ings reveal that interconnected microgrids significantly enhance network re-
silience, energy access, and renewable energy integration, particularly in remote
areas. Key technical results demonstrate a robust and efficient system, with a
System Self-Sufficiency Index (SSSI) of 0.4186, a System Self-Consumption
Index (SSCI) of 0.3088, an excess energy generation of 3568803.59 kWh, zero
unmet load, a very low Loss of Power Supply Probability (LPSP) of 0.0096, and
a total energy transfer of 3913515.11 kWh. Economic analysis highlights strong
financial viability, with a low Levelized Cost of Energy (LCOE) of $0.04/kWh,
a Net Present Cost (NPC) of $8867793.27, and a payback period of 9.6 years.
Socially, the optimized systems are expected to create three direct jobs per in-
stallation, improve the Human Development Index (HDI), and achieve high
social acceptance, supported by a 95% positive response rate toward renewable
energy adoption. Environmentally, the systems avoid 10374932.8 kilograms of
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CO; emissions and achieve a remarkable renewable energy penetration rate of
97.75%. Overall, this study demonstrates the technical, economic, social, and
environmental benefits of high PV microgrid penetration in Rwanda and pro-
vides actionable insights for policymakers, engineers, and stakeholders aiming
to maximize the advantages of microgrid integration while addressing associ-
ated challenges.

Keywords

Rooftop PV Microgrids, Battery Storage, Electrical Distribution Networks,
Evaluation Criteria, Energy Management

1. Introduction

1.1. Background and Literature Review

The International Energy Agency’s assessment finds that carbon emissions and
electricity demand might rise by 70% and 65%, respectively, during the next 20
years if appropriate measures are not taken [1]. Approximately 40% of electricity
consumption is attributed to the residential and commercial edifice sectors [2].
Incorporating renewable energy has been a critical emphasis for environmental
advocates and legislators in an effort to lower electricity usage and carbon output
through the frequent use of PV systems for residential homes [3]. Installing PV
systems on rooftops helps lower emissions and reduce electricity costs [4]. Addi-
tionally, the shift toward sustainable energy has increased interest in decentralized
solutions, particularly in regions with underdeveloped energy infrastructure, such
as sub-Saharan Africa, including Rwanda. Renewable energy-based microgrids
improve local energy resilience and have emerged as a vital part of this transition
[5].

The global energy sector must achieve one of the Sustainable Development Goal’s
which is cleaner technologies by accessing modern, affordable, sustainable, and
dependable energy by 2030 [6]. In order to track the progress towards the “Net
Zero Scenario by 20507, the share of renewable energy in the power grid must rise
by 13% per year until 2030, when it will account for 60% of total generation [7].
A substantial shift in the global energy framework towards cleaner technologies is
necessary to meet the Sustainable Development Goal of “providing access to af-
fordable, reliable, sustainable, and modern energy for everyone by 2030” Incor-
porating various energy sources into the grid requires efficient storage options to
handle surplus renewable output and provide electricity during times of low gen-
eration. Nonetheless, the widespread implementation of energy storage systems
brings about complexities and extra expenses [8].

Power losses in photovoltaic (PV) systems arise from various factors, including
inefficiencies in system components, mismatched panel characteristics, shading,

contamination, and increased PV penetration levels [9]. One approach to mitigat-
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ing these losses is the integration of Distributed Generation (DG). Proper posi-
tioning and sizing of DG are crucial, as improper implementation can lead to
feeder overload and further power losses. If PV generation exceeds consumer de-
mand, surplus produced energy is fed back into the network, altering feeder cur-
rents [10]. High levels of PV penetration can further amplify these current fluctu-
ations, aggravating power losses. To address these challenges, a voltage and de-
mand management method has been studied in [11], significantly enhancing dis-
tribution networks’ capacity to accommodate and utilize PV generation for dis-
tributed battery storage. In [12], researchers investigated the impact of increasing
PV’s penetration on distribution load tap changer operations. They included steady-
state and quasi-static power flow experiments in their study, which was based on
simulations of two distribution feeder circuits. The findings showed that when pen-
etration reached 30% or more, generating voltage oscillations, the tap change po-
sition significantly increased. Future studies are encouraged to confirm and im-
prove system performance by integrating an adaptive HVAC control technique
into quasi-static power flow analysis in order to lessen these effects.

There are related power losses effects and studies related to 1 MWp of installed
rooftop solar system at the Kaohsiung World Games Stadium, as well as without
it. To improve the precision of PV power generation modeling, the authors inte-
grated real-time measurements of various parameters of that PV system such as
solar radiation, temperature, etc. Different strategies have been suggested to min-
imize the system losses; these strategies are such as a multi-objective Optimal Power
Flow (OPF) method [13] and a refined reference scheduling technique. In [14],
research was carried out on a highly unstable radial Low Voltage (LV) distribution
network under elevated PV penetration levels on a summer day. The findings
showed differences in power losses among various testing methods, with self-con-
sumption and storage modes recognized as the most efficient strategies. To en-
hance the incorporation of high levels of renewable energy, [15] proposed a ma-
chine learning (ML) oriented method. The creation of control frameworks may
aid in decreasing communication needs, whereas certain peer-to-peer energy
trading systems guarantee minimal latency and alignment with data sharing. These
results can help in creating localized renewable energy generation and storage sys-
tems that minimize voltage drops, efficiently satisfying local energy needs. Future
developments in intelligent inverters for high-penetration rooftop solar installa-
tions are anticipated to improve efficiency and decrease device dimensions. More-
over, it is expected that interoperability and communication protocols will grow
through ML algorithms. A framework for evaluating voltage stability in power
networks featuring PV systems and variable loads was presented by [16]. This
method utilizes a Monte Carlo Simulation to consider the fluctuations and unpre-
dictability of PV energy sources and system requirements. Results indicate that
with rising PV penetration, total system line losses diminish, and the reactive
power margin at the load bus is enhanced, especially during solar irradiation’s

peak hours.
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A study examining the effects of rooftop solar systems by [17] on power gener-
ation systems is not an established approach for forecasting the secure level of
solar integration for transmission networks. The permissible penetration level is
established by the feeder configuration, load characteristics, and solar/cloud dy-
namics during the day. The upper limit for solar input is identified as the moment
when voltage rises and/or flicker issues start to happen. Regardless of comparable
penetration levels and weather conditions, the design of the feeder influences the
threshold. Accurate information is just as important in assessing the permissible
level of solar power integration. However, the Rooftop Solar PV installation re-
sults in reduced operating costs. There are issues with inefficiency, and it is addi-
tionally untrustworthy. In [18], the authors introduced a method for scheduling
energy consumption that self-regulates, aimed at reducing the peak load from
large rooftop PV installations and lowering RPF. They created stochastic pro-
gramming due to the inconsistent power generation from PV. The proposed al-
gorithm might alleviate the voltage rise problem and the peak-to-average ratio of
the overall load. The primary problem resulting from RPF is a rise in voltage.
When the electricity generated by PV exceeds user demand, the voltage at the in-
verter’s Point of Common Coupling with the grid increases. Reducing the elevated
voltage in the network is the most effective way to mitigate the negative impacts
of high PV levels.

Power quality issues arise from fluctuations in renewable systems, which are
frequently brought on by bad weather or connectivity issues. [19] has offered an
experimental investigation that uses a cloud shadow technique to address tech-
nical problems such as voltage and power variations. According to the modelling
results, variations may be managed at 50% PV penetration levels. Voltage fluctu-
ations can interfere with the production of power, damaging system components
and perhaps costing the system owner money and lowering energy output [20].
Because LV feeders are typically situated a considerable distance from the main
substation and frequently exhibit low power or failure rates, they may result in
voltage variations at the output of the solar panel [21]. Notable rises in the instal-
lation of rooftop PV systems cause issues like voltage imbalance, affecting the
grid’s power quality. Voltage unbalance arises from unpredictable current and im-
pedance linked to the disparity between net demand and net generation, and it
often worsens due to the uneven arrangement of PV panels. The quality of power
is greatly influenced by the frequency. A change in the load results in frequency
alterations within the grid, and the frequency is also affected as the active power
from the PV output varies with solar radiation [22]. The real power could increase
due to the drop in frequency caused by generation losses and a higher load. Fur-
thermore, generator emulation controls accomplish this by instructing the in-
verter to reduce the real power output as the line frequency rises. When energy
usage is elevated, the demand for energy rises, resulting in a further decline in
frequency. Grid-tied PV systems need a consistent frequency for effective func-

tioning, and the inverter should not exceed a frequency error of 2% [23].
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1.2. Research Gaps and Study Objectives

While earlier studies offer important perspectives on renewable energy across var-
ious regions, limited research has been carried out to integrate technical, eco-
nomic, and social models tailored to the ideal design of rooftop PV implementa-
tion in Western Rwanda’s Rwamagana District, particularly as this region is rap-
idly advancing in industrialization and e-mobility being one of the closest districts
to Kigali City. Moreover, the viability from a techno-economic standpoint is al-
ready well understood. Thus, this manuscript, Optimal Analysis and Performance
of Electrical Network with High Penetration of Interconnected PV Rooftop Mi-
crogrids: Case Study of Rwanda, explores the issues and possibilities linked to the
extensive implementation of interconnected PV microgrids in Rwanda’s electrical
distribution network. Rwanda serves as a compelling case study because of its bold
electrification objectives, which encompass a notable rise in e-transportation and
industrial development. Therefore, depending on distributed renewable energy
systems to meet these goals may be an optimal solution. The paper examines the
technical, operational, and planning consequences of incorporating a high level of
rooftop PV microgrids into the national grid. By examining the Rwandan context,
the research offers perspectives on optimizing interconnected rooftop PV mi-
crogrids to tackle issues like voltage regulation, load balancing, and power relia-

bility in both rural and urban environments.

---- | Information Flow
Utility Grid
-

1
v X

Distributed Network
Operator

NMG Manager

PVMG 1 PV MG2 PV MG2

Figure 1. Model of proposed networked PV microgrids.

The study utilizes sophisticated modeling methods with MATLAB and PSO to
emulate network efficiency across diverse microgrid penetration situations, provid-
ing a framework for analogous uses in additional developing countries. Moreover,
the research highlights the significance of regulatory structures, updates to grid
codes, and investment approaches that facilitate the cohabitation of centralized
and decentralized energy systems. In conclusion, this paper adds to the wider dis-
cussion on how linked microgrids can transform energy access, especially in areas

with limited resources, by thoroughly examining their effects on electrical distri-
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bution systems in Rwanda. The primary contributions to this article consist of:

= Evaluate the technical effects of interconnected rooftop PV microgrids on volt-
age stability, power losses, and network dependability.

= Assess the suitability of the current distribution network framework for de-
centralized energy production.

= Suggest approaches for enhancing the integration of rooftop PV microgrids to

reduce interruptions and increase efficiency as shown in Figure 1.

2. Methodology

The research methods employed to accomplish the stated goals are described in
depth in this section. The methodology describes the study area and load charac-
teristics, the hybrid renewable energy systems that are analysed and their compo-
nent modelling, the optimisation technique, the evaluation of the objective func-
tions, the techno-economic aspects of the system, and the suggested energy and

storage management framework.

2.1. Study Location and Load Profile

The study was conducted at the Rwamagana Industrial Park, which is part of the
eastern network that includes the districts of Nyagatare, Kayonza, Ngoma, Kirehe,
Gatsibo, and Rwamagana. The coordinates of this location are 30.4386°E and
1.9535°S. A Rwamagana feeder with a conductor size of ACSR 70/12 mm?, a max-
imum power capacity of 12.05 MW, and a peak output of 2.2 MW supplies the
research area. A 110/15 kV, 10 MVA power transformer steps down the 110 kV

voltage level.

A

Nyagatare

Burera

Musange rupends &
Burera

- ife

Legend
+ District office
[] Country boundary
Lake
Park
[] District boundary

Figure 2. Geographical location of Rwamagana, Rwanda.
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Figure 3. Rwamagana Steel Rwa hourly load variation in a day.

Critical projects that need sufficient electricity to run enterprises, such as irri-

gation, milk collection centres, mining, and special economic zones in the districts

of Nyagatare and Rwamagana, are being carried out in the study region as shown

in Figure 2. Hourly demand fluctuated significantly during the year, as was to be
expected. With the exception of blackouts, the lowest recorded load was roughly
1.45 kW, while the highest recorded load was 2.5 kW. As seen in Figure 3, the
connected load consistently stays rather high between 18:00 and 21:00, peaking at
about 19:00 (Figure 4).

Temperature in °

Days for one year

=1 Daily Gloabal Horizontal irradiation(kWh/m?/day) = —— Ambient temperature(°C)

Figure 4. Daily meteorology data for Rwamagana Industrial Park over a year.

2.2. Renewable Energy Systems Configuration and Modeling

This section outlines the topology of connected rooftop PV networked microgrids
(NMG) examined in this research and discusses the modeling of different compo-
nents, including PV, BESS, grid, and loads of each microgrid within the connected
system.

2.2.1. PV NMG System Configuration
The configuration under consideration is illustrated in Figure 5, considering

prosumers with residential, commercial, and industrial loads, respectively. Com-
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mercial and industrial structures offer ample space for a large rooftop PV array,
leading to greater electricity generation capacity, while residential buildings pro-
vide less room. The electricity produced by PV meets the local load demand and,
once satisfied, transmits any excess electricity to the grid. When the PV generation

falls short of the demand, the grid provides the necessary electricity to meet the

loads.
DC Bus AC Bus
0 Inverter
Battery ' = AC
Bank .
k- lobe /L Fnagana
D |,
AC
Inverter Bidirectional
pV 7 Meter _@
Modules — R > Grid
<>

Figure 5. Proposed system configuration. Grid-PV-Battery.

2.2.2. Grid-PV-Battery System Modeling
Three setups are assessed for their technical, economic, environmental, and social
aspects to deliver electricity to the analyzed region. In this part, we address the
modeling of Grid, PV, and BESS for every microgrid (MG) within a networked
structure. Three scenarios are also examined, which include: Grid-PV-BESS-
Load, Grid-PV-Load, and PV-BESS-Load. This suggested system can facilitate a
two-way power flow with the grid, either acquiring or supplying electricity.

A) Photovoltaic Panel Modeling

The hourly power output of the photovoltaic panels, referred to as PPV (kW),
is determined by Equation (1) and is influenced by solar irradiation and ambient

temperature [24] [25].

P, =N, xX, vaSST X[l"'ap (TC_TC,STC):| (1)
7,8TC

The variables relevant to this context include N, , which represents the total
number of photovoltaic panels; X, , the rated power output of the PV system in
kilowatts; and f,, , the derating factor given as a percentage. S, stands for the
total irradiance on the tilted PV surface, measured in kW/m? while S, i, refers
to the standard solar irradiance value of 1 kW/m? The symbol ¢, , represents the
power temperature coefficient in percentage per degree Celsius (%/°C). Addition-
ally, 7. is the PV cell temperature in degrees Celsius, and T i, denotes the
cell temperature under normal conditions.

B) Battery Storage System Modeling
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Battery storage systems function as backup energy reservoirs when the electric-
ity generated by RE sources falls short of fulfilling the demand [26]. The batteries
are recharged when the PV generator generates enough electricity to fulfill re-
quirements and are drained when their production is inadequate to satisfy con-
sumption needs. Consequently, they are essential for the proper operation of a
hybrid system. The flowcharts in Figure 5 illustrate the equations that depict bat-
tery functioning (both charging and discharging), where it is incorporated. [27]
indicate that the subsequent restrictions influence the manner in which the bat-

tery’s energy may be stored:

Eb,min < Eb (t) < Eb,max
Eb,max = NbEb,cap (2)
Eb,min = Eb,max (1 - DOD)

Here, N, denotes the total number of batteries, E, . (kWh) signifies the
highest necessary storage battery capacity, E,

b,min

represents the battery’s nominal

(kWh) refers to the minimum

permissible storage battery capacity, and £, ,,

capacity (kWh). DOD indicates the depth to which the battery has been dis-
charged.

C) Inverter Modeling

As stated in [28], Equation (3) specifies the dimensions of the inverter (P, ) in
a hybrid RE setup. [29] clarified this equation, indicating that the inverter needs
to possess a capacity 8% - 10% greater than the power demand for assuring safety.

P
— peak (3)

luinv

inv

D) Grid Modeling
The national grid delivers interrupted electricity to the system. When the PV-
Wind-BES system does not have enough power to meet demand, this equation

calculates the electricity received from the grid [30].
P =B (0)={R, () + P.()+ B (1)} (4)

where P, F(t), P,(t), P,(t), P(t) are the power compensated by the

grid, load connected, PV-module output power, wind turbine’s generated power

(kW), and power stored in BES respectively.

2.3. Grid-Connected Microgrid

Energy management approaches need to be applied as the microgrid is linked to
the grid. The microgrid needs to facilitate energy trading, enabling it to sell excess
generation or draw energy from the grid in times of shortage. Equation (5) illus-
trates the approach for determining the objective function to reduce the operating
costs of the interconnected microgrid. The objective function considers the ex-

penses of the generating units.

minY* €, (1) P(1) ©)
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where:
C,; represents the expense for each generation unit.
P(t) is DG-generated power.
Cie (t) represents the cost for each unit of controllable produced power.
MG represents the produced energy for each unit and the sold power to the
grid.

2.4. Energy Management System

To effectively control the power flow and accomplish the goal function by speci-
fying decision variables, the optimisation system must be implemented in the mi-
crogrid’s energy management relationship. The ideal power flow in this study
aims to lower MG’s operating costs while increasing the utilisation of renewables.
Equation (6) [31] can be used to characterise the target function for every time

interval:

min Z,TZI va (t) va + Pstorage (t) Cvmmge + Pgrid (t) Cgrid (6)

Here, P, & P,

storage

denote the supplied power from PV and storage genera-
tion, respectively.
c, & C

storage

denote respectively the costs related to the operation and
maintenance of generated power from the PV and storage.
C

o denotes electricity cost from the grid during period &

T indicates the overall time of optimization, which is a daily range.

In order to address the optimisation system and its objective function, con-
straints must be considered. Equation (7) can be used to express the power balance

constraint of the system.
3 Pt (1) By ()= Prage (1) Paa =0 )

where:
R

oa

, is the total consumed power of the microgrid.

The P, & P, shouldbe capped to ensure system stability; these param-
eters are restricted to predetermined maximum PV and BESS values, along with
upholding defined SOC’s maximum and minimum levels of BESS as outlined in

Equations (8) & (9).

min max
PSP <PJ

min max (8)
f.’vmmge S ]thamge S Pstorage
SOC,, <SOC<SO0C,
min max (9)
E.vtorage S E.vtarage S E.vtorage

where:

E isthe BESS capacity.

It is equally important to take into account the constraints linked to energy in-
dicators described in Equations (11) and (12), which illustrate how the energy

management in the electricity lab will result in a decrease in consumption per area
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and per user.

Users

—<P 10
Load Mo (10)
Area

—<P 11
Load MG (1)

where:

Users refer to the count of individuals operating within the microgrid.

Load refers to the demand needed at the meter boundary with the utility.

Area represents the covered area by the microgrid about the energy demand
needed at the utility boundary meter.

The balance of the power consumption, provision, and charging process of the
battery is very important in this study, while minimizing NPC and maximizing
reliability. Therefore, the control and the fundamental concepts of the suggested
operational strategies are outlined as follows:

A) PV-Grid-Storage-Load:

Following the maximum export power threshold ( ™), surplus energy is sent
to the main grid if PV system’s power generation ( P, ) surpasses the household’s

consumption ( B).
P(t)=min(P™ P, (t)- B (1)) (12)

P, (t)=N, =Py (1) (13)

pv
The solar PV system’s inverter is used to redirect extra power if the export
power exceeds the limit. The expression for the discarded energy ( P, ) is:

F(1)=F,()=R(1)-£™ (14)

B) PV-Grid-Load:
If P, isbelow the load, then the shortage of power is acquired from the grid.

B(1)=£()- B, (1) 15)

And then, by exporting the maximum power to the grid, the extra power of PV

is dumped.

E,(t)= B, (1)=F (1)-E™ (16)

pv

C) PV-BESS-Load:

If the BES has charge available, it will be discharged to provide the required
amount of power.

B (0)= £ (1)-P, (1) (17)

If the initial condition isn’t satisfied and the leftover load does not exceed the

battery’s input, then any surplus power from the PV charges the battery:
B! ()=F,.(1)=£ (1) (18)

The below equations used to determine the battery’s SOC level and available

input and output power restrictions at each time interval:
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R (1) = min(B™, (E, /Ar)*(SOC;™ -SOC, (1)) (19)
B () =min(B™,(E, /At) *(SOC, (1) -SOC;™ ) (20)
dmch
PCh( ) T]b dmcg )
SOC, (¢+At) =SOC, (¢)+ = T 1)
b
At

3. Optimization and Criteria Evaluation

This section describes the optimisation model that was used to size the PV and
BES. This includes the evaluation criteria, design restrictions, objective function,
and optimisation approach.

3.1. Optimization Approach

Three configurations of the hybrid system (PV-Grid-Storage, PV-Grid, and PV-
BESS) will be evaluated techno-economically, environmentally, and socially in

this study using MOPSO, a heuristic method modelled after the social dynamics

Read input data ]

For loop
8760 times (

No Yes

[Pma) = (PO -P, () *n
E, . O=P, ©*1hr

N~/

[ P,()=P0) *u,,— P() ]

E ()=P () * 1hr

l

E(t-1)-E,  2E, ,©®

EMO<(E, TE(r—1)

Yes

[ Eb(t) = E ( 1) duch ] ‘ ¥

[ E()=E(t-1)+E, ] E0)=E,

!

[Take the defcient load from the grid] [ E_ (=0 ] [Sulplus energy to grid sales]
grid,s

Retun

Figure 6. Flowchart for the energy management of proposed system.
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of a flock of birds [32]. This is a straightforward approach that depends on the
populace. Every particle in PSO represents a possible fix for the issue at hand. To
get the best results, the particles in PSO move around in the high-dimensional
search space and change their positions. In PSO, every particle is linked to both
its own optimal location and the overall optimal position for all particles. The tra-
jectory of these particles depends on each particle’s velocity, influenced by its own
best performance, highest performance of others, reflecting the individual travel
experience of the particle and the experiences of neighboring particles [33].
MOPSO replaces PSO for Single Objective Functions: Unlike PSO, in which all
objective functions share a common neighborhood, MOPSO allows each function
to keep its distinct area for position updates. The update for velocity in MOPSO
is presented in Equation (22). The mutation operator is utilized to enhance the
diversity of the quest to achieve the ideal solution.

The particles that perform best for each objective function are kept in an exter-

nal archive known as the repository (REP)

v =wHv " 4 *rand ( )*(x,,bmi —xl.’)+c2 * Rand ( )*(REP(,I) —xf). (22)

The value REF, is taken from the repository. Figure 6 illustrates the detailed
process for minimising the AEC and LPSP problems as employing MOPSO.

3.2. Design Constraints

The following equations illustrate the design limitations of the optimization issue:

0<P, (1)<Pr™ (23)

0= Piguee (1) Piorage (1) < Pririce (24)
SOCH e SSOC, . (1) <SOCH (25)

By (6)+ P (1) + By (1) = By (1) 2 By (1) (26)
0<P, (1)<Py (27)

Equations (23)-(27) represent the power limitations of the PV and BES, respec-
tively. It is important to note that the house’s load cannot be controlled. The bat-
tery’s SOC constraints are specified by Equations (24) and (25), respectively.
Equation (26) represents the balance constraint, while Equation (27) indicates ex-
ported power limitation from the house’s solar PV system to main grid. The re-
strictions must be applicable for the overall “#’, which is 8760 hours. Pe represents

the power that is exported,

3.3. Evaluation Criteria

Various distinct domain characteristics are used as the basis for selecting the best
MG. NPC and COE factors are examined in the economic evaluation. The tech-
nical requirements address the unmet load (UL), excess or surplus energy (EE),
size, and renewable dispersion (RD). CO; as an environmental element is also as-

sessed. Social analysis assesses acceptance in the community and human progress.
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When assessing reliability, both availability index and loss of power supply prob-
ability abbreviated as AI and LPSP, respectively, are estimated. While COE and
NPC are lowered in the economic side, CO and APM are environmentally re-
duced, and for reliability, the LPSP is decreased.

3.3.1. Technical Criteria
The quantity of energy produced by RES consumed in the MG is determined by
the RD factor. This is how RD is computed [31]:

ZPDG
RD=|1-—="2¢ 100 (28)
2P +h

The annual unfulfilled load divided by the total annual load is known as the UL.
This is how UL is determined [34]

Lo Yearly unfulfilled load
Total yearly load

(29)

The further generated energy by the system that is not promptly utilized by
connected loads referred as EE in an MG system. Batteries may be used to store
this energy, or the energy may be handled by the dump load. EE should be kept to
a minimum. This is how EE is computed [31] [34] with values in Table 1.

(B ()4 B(1) + P — P (1) x00)
ZZTO(PPV (t)_|_1:;7 (t)+ B + FPog (l‘)xAt)

(30)

Table 1. Technical and economic rating of the proposed system components

Components Ratings Lifetime
PV module 300 W, 17.2% 25 years
Battery 100 Ah, 12V 5 years
Inverter 15 kW, 3-phase 10 years
Converter 1 kW 15 years
Project lifespan 25 years
Interest rate 10%

1) System Self-Sufficiency Index (SSSI)

This criterion evaluates the energy of the system that needs to be fulfilled
through its power production instead of depending on external sources like grid
electricity. A higher level of SSSI shows increased independence and decreased
reliance on outside energy sources. The SSSI measures the percentage of energy
coming from RES compared to the overall load demand during a period 7°[35]
[36], as shown in Equation (31). This index can assess the efficiency of multi-en-
ergy systems or net-zero energy systems that rely solely on renewable energy
sources. Can convert electricity into different forms of energy to meet different
energy needs. Additionally, the SSSI can predict energy security and reductions in

greenhouse gas emissions.

DOI: 10.4236/jpee.2025.139024

384 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2025.139024

E. Nisingizwe et al.

_ 40
SSSI jjg(t)dt (31)

2) System Self-Consumption Index (SSCI)

The SSCI evaluates the quantity of energy generated by RES that is utilized in-
ternally to fulfil energy demands, instead of being sent back to the grid [37]. A
greater Self-Sufficiency Index (SSCI) indicates increased self-reliance and reduced
reliance on the electricity grid. SSCI computes the proportion of immediate elec-
tricity demand fulfilled by RES compared to the total renewable energy output
during a period 7°[35], as shown in Equation (32).

SSCI = , min {3 (1), (1)} (32)
J-OTPT(t)dt

3.3.2. Economic Objective Function
The net present cost is computed as follows [38] where NPC is the total of the
life’s beginning cost ( C,. ), operation and maintenance costs ( C,, ), and replace-

ment spare costs (C, ).

rsc

C.+C,+C
— _ic rsc omc ( 3 3)

M CRF (iy,t)
C.=>.N,,xC,,.:C.. =pv,inverter,converter, battery & DG (34)

Comc=chomXCcom><zzS_|£l+irJ > (35)

I+r

C. = pv,inverter,converter, battery & DG

com

The systems’ spare parts for the batteries, DG, inverter, and converter are

change, Equation (36) governs the replacement spare costs:

Crsc = z Nwm X C(fom X ziil {ﬁ]’

(1+i, (36)
C,,. = Dv,inverter,converter, battery & DG
Equation (37) is used to get capital recovery factor [38]:
i (1+4,)
CRF (i) = "1) ( fj) (37)
(1+i,) -1

The cost of electricity per unit, or COE, is determined as follows [16]:
Cype XCRF (iy,1)

Ceor = (38)
365x XA ()

where P and n are the load power at time ¢ and the number of years, respec-

tively; 1, d, and 7stand for interest, annual, and inflation rates, respectively.

3.3.3. Social Parameters
In systems analysis, social influences refer to how the system affects community
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and its constituents. This covers elements including safety, dependability, cost-
effectiveness, and energy availability. The involvement of stakeholders and the lo-
cal community in the development, deployment, and supervision of MG systems
is another example of a social component. The social component is essential as it
guarantees that MG systems are developed then put into place to satisfy commu-
nity demands and expectations while encouraging sustainable growth.

The creation and upkeep of MGs can lead to employment opportunities in a
number of industries, such as engineering, building, installation, and mainte-
nance. There will be a need for qualified experts to plan, develop, and manage
these systems as the demand for MGs increases. Additionally, MGs can increase
electricity to various industrial zones lacking conventional power sources, open-
ing up employment opportunities in those areas. All things considered, the ex-
pansion of MGs can promote sustained economic growth and employment crea-
tion. In Rwanda, RESs create new work opportunities. The development of emerg-
ing nations is intimately related to expansion of RESs.

Therefore, this is how the job creation opportunity (JCO) is computed and re-
sults are presented in Table 2 [39]:

Jco=>JC,, xP,,;com=pv,inverter,converter, battery & DG (39)

om

where JC, is job creation and P,

com

.. represents the maximum power of each
of system’s components.

Human development index (HDI) or socioeconomic development is measured.
It also has to do with the energy that people use. The HDI rises in tandem with

the energy consumption. This is how the HDI is determined as [40]:

HDI = 0.09788log, [(Ez +minimize(é,,, X E,, X &, X E, ))/Nhumm ] —-0.0310¢,

mee

(40)

The mechanism appears to link human development to energy-related param-
is the factor of EE, E, is the load en-

ergy, and &, is the factor of raising the AC load. where N, is human us-

uman

eters. Where E,, isthe annual EE, ¢ ,
ers’ total number of hybrid renewable-energy microgrid systems [31]. The numer-
ator combines the baseline energy with the minimized product of efficiency fac-

tors and energy demand, then normalizes by N, the population. The loga-

rithmic function smooths extreme variations, reflecting diminishing returns of
energy access on HDI. This approach emphasizes the role of energy availability
and efficiency in shaping human development outcomes such as enabling better

access to education or health services through reliable power.

Table 2. Social parameter results.

Job Creation Opportunity (JCO) 3
Human Development Index (HDI) 0.43

3.3.4. Environment Objectives
Avoided carbon dioxide (CO;) emissions

By choosing to employ renewable energy sources (RES) rather of fossil fuels,
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carbon dioxide (CO,) emissions that are forbidden from entering the atmosphere
were avoided. The annual estimate of CO, emissions averted by switching from

the conventional grid to renewable energy sources is shown in Equation (41) [41].

Avoidede, = (SO, +NO, +C0,)(0.001)( X\ B, (1)~ 2P, (t)) (41)

t=1

Using the emission factors for sulphur oxides (SOx), nitrogen oxides (NOy), and
carbon dioxide (CO,), as well as a conversion factor of 0.001, the total annual
averted CO, emissions are calculated in kilogrammes. The amount of greenhouse
gas emission reduction brought about by the installation of a grid-connected hy-

brid system is determined by Equation (42) [42].

kg CO,

CO, Saving PV, WT = (PV,y, +Bat,y, )x0.747 Wh (42)

The system’s overall greenhouse gas emissions are determined by multiplying
the net grid electricity in kWh by emission factor for each pollutant, which is ex-

pressed in g/kWh and are presented in below Table 3.

Table 3. Greenhouse gas emission factor [43] [44].

Greenhouse gas Emission factor value Unit
SO 0.5 gSOx/kWh
NOx 0.22 gNO~/kWh
CO2 690 gCO2/kWh

3.3.5. Reliability Objective Index

The reliability index is used to assess the MG’s performance. AI and LPSP are
crucial dependability measures. LPSP is the shortfall in power generated and de-
livered to load as a result of weather and system component failure. This is how
LPSP is computed [45]:

Z(E_va'_PBMG+PIJ+PDG)
25

Al =1-LPSP (44)

LPSP = (43)

3.4. Objective Function

In order to support the industrial area in Rwamagana, Rwanda, this study objec-
tive is to identify the energy system that offers the best overall system performance
and economic efficiency for PV/Battery system. The effect of improving the as-
sessment of economic factors like Net Present Cost (NPC) and Cost of Energy
(COE) criteria, as well as social factors like Job Creation Opportunity (JCO) and
the Human Development Index (HDI), on lowering technical aspects like Loss of
Power Supply Probability (LPSP), will also be evaluated. The purpose of this study
is to clarify how energy is spread among various setups by looking at excess en-
ergy. HDI, JCO, and NPC are additional objective functions that result from sys-

tem optimisation. Equation (44) can be used to express the optimisation theory
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for any system that is being studied [46].

OF, = min(NPC,COE, LPSP) )
5
OF, = max (HDILJCO)
Subject to:
N)'Cnin <N SN™ x= {pv, Batt, Storage, Grid} (46)
0<LPSP<1%

The number of components that make up the proposed systems is denoted by N .

4. Results and Discussion

With an emphasis on technical, economic, environmental, and social aspects, we
evaluate the outcomes of the most accurate models of PV/Battery/Grid for grid-
connected systems. We focus on this scenario in the analysis as it offers greater
reliability, flexibility, and energy independence compared to other setups. The
battery allows excess solar energy to be stored during the day and used during
peak demand or grid outages, reducing reliance on the utility and mitigating the
effects of power interruptions. It also enables better load shifting, allowing users
to take advantage of lower electricity prices during off-peak hours and avoid
higher tariffs during peak periods. This combination enhances system resilience,

optimizes self-consumption, and supports grid stability.

4.1. Optimal Sizing Status Analysis

Figure 7 illustrates the convergence of the PSO algorithm in optimizing load de-
mand for a grid-connected system in the study area.

9 ><105 T T T T MOIPSO T T T T
85F %@ .
@, 3
) O@
2 By
2o
%)
81 ® o ]
O%
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75 1 1 1 1 1 1 1 Il 1
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LPSP(%)

Figure 7. Convergence diagram for the Rwamagana area.
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The scatter plot illustrates the relationship between the Loss of Power Supply
Probability, (expressed in percentage) and the Annualized System Cost. As ob-
served in Figure 7, there is a clear inverse relationship: as LPSP increases, indicat-
ing a higher probability of power supply shortfalls, the ASC decreases. This trend
suggests that achieving higher reliability (lower LPSP) comes at a greater finan-
cial cost, whereas allowing for more frequent power shortages reduces system ex-
penses. The data points, represented by red open circles, form a relatively smooth
downward curve, emphasizing the trade-off between system reliability and cost.
This analysis is crucial in designing hybrid renewable energy systems, where de-

cision-makers must balance reliability with economic feasibility.

4.2. Technical, Economic, Environmental, and Social Criteria
Results Analysis

In this subtopic, we present a detailed analysis of the technical, economic, envi-
ronmental and social criteria results obtained from the study as presented in Table
4 on the optimal integration and performance of Rwanda’s electrical network with
high penetration of interconnected PV rooftop microgrids. By evaluating these
criteria, we assess the operational impacts and benefits of widespread PV deploy-

ment on the existing grid infrastructure in the study Rwamagana area.

Table 4. Rwamagana optimal sizing of the proposed system.

Solar panels (1 kW) 19,806
Battery units (each 100 kWh) 1820.69
Total solar energy (kWh) 20828448.89
Total energy purchased (kWh) 344711.52
Total energy sold to grid (kWh) 3568803.59
Battery charge energy (kWh) 9451527.89
Battery discharge energy (kWh) 9036620.6
Total Load demand (kWh) 15365172.5
Renewable energy penetration (%) 97.75
Solar PV fraction 96.16
SSSI 0.418
SSCI 0.308
Avoided CO: emissions (Kg) 10374932.8
Energy excess 3568803.59
Unmet load 0
HDI 0.326
LPSP 0.00961

4.2.1. Technical Criteria Results Analysis
The obtained technical results demonstrate a well-performing energy system with

promising reliability and efficiency indicators, such as SSSI of 0.4186, and SSCI of
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14000

0.3088 reflects a reasonable ability of the system to meet energy demands.

These evaluation criteria provide crucial insights into the feasibility, stability,
and efficiency of transitioning towards a more decentralized and renewable-pow-
ered network in Rwanda and shows the analysis and assessment of best outcomes
in the area under study, including the optimum results for technical, economic,
and environmental factors.

The system produced an excess energy amount of 3568803.59 kWh, indicating
a surplus that could potentially be stored or sold to the grid. Importantly, the un-
met load is zero, highlighting that the system successfully met all the required de-
mand without shortages. The LPSP is very low at 0.0096, further emphasizing the
system’s high reliability. Additionally, the total energy transfer reached 3913515.11
kWh, confirming the system’s capability to generate and deliver a substantial
amount of energy. Overall, these results suggest a technically strong and relia-

ble energy system with opportunities for optimizing energy excess management.

Comparison of battery output vs Renewable energy
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Figure 8. Comparison of the battery and Renewable energy output.

Figure 8 displays the power profiles of system load, battery output energy, and
solar generation over approximately 180 hours. The load (blue dashed line) re-
mains relatively stable around 2000 kW, indicating consistent energy demand. So-
lar power (green line) shows high variability with sharp peaks reaching up to
nearly 14,000 kW, highlighting intermittent nature of solar energy input. The bat-
tery output (orange line) appears to respond dynamically, providing power during
periods of low solar generation and reducing output or charging during high solar

availability. This interplay suggests an effective energy management strategy
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Figure 9.

where the battery compensates for solar fluctuations to ensure a stable power sup-
ply that meets the load demand.

Figure 9 illustrates the variation in power over approximately 180 hours, com-
paring system Load, Battery Charging Load, and Solar Power (SolPower). The
dashed blue line represents the constant or mildly fluctuating Load, which re-
mains relatively steady around 2000 kW. In contrast, the red line indicates Battery
Charging Load, which shows intermittent charging patterns aligning closely with
the availability of solar power. The green line representing SolPower displays a
highly variable and peaky profile, with solar generation reaching values above
12,000 kW during sunny intervals. These peaks in SolPower correspond with
spikes in Battery Charging Load, demonstrating a strategy of charging batteries
primarily when solar energy is abundant, thus enhancing renewable energy utili-

zation.

Comparison of Battery load vs Renewable energy
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Battery and renewable energy loads comparison.

Figure 10 displays the annual power profile of a battery energy storage system,
showing both the charging and discharging behavior over approximately 8760
hours (one year). The blue curve represents battery charging (negative values),
indicating power absorption by the battery, while the orange curve represents bat-
tery output or discharging (positive values). The sharp and deep fluctuations in
the charging curve indicate high variability in energy input, likely due to intermit-
tent renewable sources. Meanwhile, the output remains relatively more stable, alt-
hough still fluctuating, implying controlled discharge to meet demand or grid sup-
port. The data point marker shows a peak charging event at hour 2652 with a
power input of approximately —8266.82 kW.
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Figure 10. Battery input and output status.
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Figure 11. Renewable energy and load.

The chart visualizes the power distribution over time (in hours), highlighting
three key parameters: Grid Import, Load, and Solar Power Output (Psol). The left
Y-axis (blue) represents power in kilowatts (kW), while the right Y-axis (orange)
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corresponds to the normalized scale of solar power output. The magenta-filled
area indicates the electrical load, the dashed line shows the Grid Import, and the
black dash-dot line represents solar power generation. The plot shows a fluctuat-
ing solar output peaking periodically, while the grid import and load remain rel-
atively stable, indicating reliance on grid supply when solar output is insufficient.
(Figure 11).

Figure 12 presents the annual power exchange with the grid, showing both grid
purchases (blue) and grid sales (orange) across time in hours. The y-axis rep-
resents kilowatts (kW) power, while the x-axis spans an entire year (up to 8760
hours). The data illustrates that for the majority of the year, there is a high fre-
quency of grid sales, indicating surplus power, likely from renewable generation
such as solar, being exported. Conversely, grid purchases are concentrated in cer-
tain periods, likely correlating with times of low renewable generation or high de-
mand. The sporadic and uneven distribution highlights the variability in power

flows typical in systems with high renewable energy penetration.

Grid sales and import in kW
T I

15000 T
Grid purchase(annual)
Grid sale(annual)
10000 — —
=
=
]
=
o
o
>
5000 _
o - Il |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Hours

Figure 12. Grid sales and import of studied area.

4.2.2. Economic Criteria Results Analysis

The economic analysis of the system indicates strong financial viability based on
the obtained criteria. The LCOE is notably low at 0.04 $/kWh, suggesting cost-
effective energy production. The Net Present Cost is calculated at $8867793.27,
reflecting the total cost of the project over its lifetime (Table 5).
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Table 5. Economic criteria results.

Economic results Costs ($)
LCOE 0.04
NPC 8867793.27
Payback period 9.6
Annual cost 758129.28
Solar cost 730313.9
Grid cost —15005.35
Battery cost 41613.49
Inverter cost 1207.24

The payback period is estimated at 9.6 years, meaning the project will recover its
initial investment within a reasonable timeframe. The annual operating cost stands
at $758129.28, with a significant contribution from solar energy at $730313.90.
The grid component contributes a small negative cost of —$15005.35, likely due to
energy export revenues or net metering benefits. Battery storage and inverter sys-
tems incur additional costs of $41613.49 and $1207.24, respectively. Overall, the
results demonstrate that the system is economically attractive, primarily driven by
affordable solar energy costs and supported by modest storage and inverter ex-
penses.

The bar chart in Figure 12 illustrates the annualized cost of various energy sys-
tem components—Battery, Inverter, Solar, and Grid—in USD. It is evident that
the Solar component dominates the cost distribution, contributing over $700,000

annually, which likely reflects high initial capital investment and large system size.

x10°

Annualized Cost of components in USD

ol [

_1 1 Il 1 1
Battery Inverter Solar grid

Figure 13. System annual cost for the Rwamagana area.
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The Battery system follows, though at a much lower cost, indicating a moderate
storage requirement. The Inverter cost is negligible, possibly due to system design
or integration efficiencies. Interestingly, the Grid cost appears slightly negative,
potentially suggesting revenue from grid exports or avoided grid purchases, high-
lighting the system’s economic interaction with external electricity networks (Fig-
ure 13).

4.2.3. Environmental Criteria Results Analysis

In this study, the environmental impact was assessed using two key criteria:
avoided CO; emissions and renewable energy penetration. The results demon-
strate a significant positive outcome, with a total of 10374932.8 kilograms of CO,
emissions avoided, highlighting the substantial reduction in greenhouse gas emis-

sions achieved through the proposed system (Figure 14).
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Figure 14. System output power and the load for Rwamagana area.

Furthermore, the renewable energy penetration reached an impressive 97.75%,
indicating that nearly the entire energy demand was met through renewable
sources. Together, these results underscore the effectiveness of the system in pro-
moting sustainability, reducing reliance on fossil fuels, and contributing mean-
ingfully to climate change mitigation efforts. The monthly energy distribution
chart showcases the interplay between various power sources—solar, battery out-
put, and grid (import/export)—and the corresponding load demand throughout
the year. Solar energy, represented by the dominant blue bars, consistently con-
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tributes the majority of the power, peaking in July due to higher solar irradiance.
Battery output and grid import supplement the system, particularly during peri-
ods of reduced solar output. Notably, grid export is more prominent in months
with excess solar generation, indicating efficient energy utilization and potential
economic benefits. The load curve (blue line) remains relatively stable, emphasiz-

ing the system’s need to adapt to seasonal variations in solar availability.

4.2.4. Social Criteria Results Analysis

The values for the social criteria achieved during the optimization of the proposed
systems, using the implemented algorithms, are presented in Table 3. In this
study, three social criteria were considered: Human Development Index (HDI),
job creation opportunities (JCO), and social acceptance. This work is among few
studies that assess these social factors within Rwandan context.

Based on simulation results, each system is expected to generate three (3) direct
jobs and contribute to improving the HDI. Regarding the third social criterion,
social acceptance, we referred to field survey conducted [47] the field survey car-
ried out by on accessibility to renewable energies in SSA and 95% of the surveyed
individuals expressed positive attitudes toward adopting or transitioning to RE

systems.

5. Conclusion and Future Work

This study has comprehensively analyzed the optimal integration of intercon-
nected rooftop PV microgrids into the Rwandan electrical distribution network,
providing valuable insights into technical, economic, social, and environmental
dimensions. The simulation results confirm that high penetration of intercon-
nected PV microgrids significantly enhances grid reliability, energy access, and
renewable energy adoption. Technically, the system exhibited strong reliability in-
dicators, including a low Loss of Power Supply Probability (0.0096), no unmet
load, substantial energy transfer (3913515.11 kWh), and favourable stability indi-
ces (SSSI of 0.4186 and SSCI of 0.3088). Economically, the system demonstrated
strong viability with a low Levelized Cost of Energy ($0.04/kWh), a reasonable
payback period (9.6 years), and acceptable operating costs. Socially, the project
supports human development, job creation, and enjoys high social acceptance
(95%), while environmentally, it achieved a renewable energy penetration of 97.75%
and avoided over 10 million kilograms of CO, emissions. Overall, the findings
highlight that interconnected rooftop PV microgrids offer a technically feasible,
economically viable, socially beneficial, and environmentally sustainable pathway
to enhance Rwanda’s energy transition. However, successful large-scale deploy-
ment will require careful planning, advanced grid control strategies, energy stor-
age integration, and supportive regulatory frameworks to maximize benefits and
mitigate associated challenges.

Future work will focus on several critical areas to further strengthen this re-
search. Firstly, dynamic modelling under real-time operational conditions will be

undertaken to better assess system behaviour under transient and fault scenarios.
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Secondly, the integration of advanced energy management systems (EMS) and
demand-side response mechanisms will be explored to optimize energy flow and
enhance grid flexibility. Thirdly, an in-depth financial sensitivity analysis consid-
ering varying policy incentives, market conditions, and technological cost trends
will be conducted. Additionally, future studies will investigate hybrid microgrid
configurations incorporating other available renewable sources, such as biomass,
to enhance system resilience. Lastly, broader social impacts, including long-term
effects on community development and energy equity, will be evaluated to ensure

a holistic assessment of microgrid deployment in the Rwandan context.
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