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1. Introduction
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Photovoltaic microgrids provide free renewable energy solutions for Rwandans. Although solar technology keeps on its
advancement, hydropower remains the principal power source in Rwanda. Other renewable power sources include wind and
geothermal energies that are not yet fully exploited. Nonrenewable sources in Rwanda including methane, peat, thermal, and
fuels are also used for providing energy solutions for the citizens. Rwanda Energy Group (REG) sets the energy strategic plan
since 2015 for achieving the minimum of 512 MW of energy production in 2024/2025 to meet the total energy demand. The
plan predicted 52% for grid-connected and 48% for off-grid (standalone) connections. The literature survey and data analysis
collected on site were used to evaluate and determine the best cheaper microgrid model from the three comparison case studies
for the household in Rwanda. The study focused on the economic power generation model mainly based on solar resources to
minimize the electricity cost and provide income for the excess energy produced. Moreover, the study resulted in a low-cost
(four times cheaper), reliable, and affordable grid-connected PV and battery microgrid model for a residential home with a
minimum daily load of 5.467 kWh. The simulation results based on economic comparison analysis found the levelized cost of
energy (LCOE) and net present cost (NPC) for each power-generated model by using Hybrid Optimization Model for Electric
Renewable (Homer) pro software. The results show that the LCOE for electricity production by each of the Grid connected-PV-
Battery system, Diesel GenSet-PV-Batteries, and PV-Batteries systems was 0.0645 US$/1kWh, 1.38 US$/1kWh and 1.82
US$/1 kWh, respectively, compared with 0.2621 US$/1 kWh, the current residential electricity price (2020) for Rwanda.

instant varying solar insolation, a backup energy storage
system has been provided by so many authors. For grid-

Photovoltaic technology has been an important topic for
researchers from the last decade up to date. PV systems are
placed into a microgrid as a local electricity distribution sys-
tem that is operated in a controlled way and include both
energy users and renewable energy generation. Other sources
of renewable energy are wind, fuel cells, biogas, tidal, and
geothermal that can be produced to generate electricity
locally [1]. PV microgrid distribution across the globe has
been grown while taking advantage of free solar insolation
during the day period. However, its variability and uncon-
trollability are greatly depending on weather conditions. In
Rwanda, the minimum global horizontal irradiation is vary-
ing from 4.2 up to 5.8 kWh/m? [2]. To avoid the effect of

connected systems, the backup will take effect only during
the oft-peak load hours or during power cut or blackout or
any power failure. To evaluate more opportunities, diesel
generator has been simulated with photovoltaic system as
the other source of energy generating system to find its effi-
cacy. The global studies confirm the continuous increase of
the world’s total installed photovoltaic capacity up-to-date
[3]. In Rwanda, a lot of effort is currently made to sensitize
private investors on the implementation of solar energy pro-
jects to remove the big gap between electricity demand and
power generation capacity [4]. Recently, electrical loads in
Rwanda are power supported by diesel generators during
heavy peak hours which may rise the fuel electricity cost,
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equivalent to 0.2621 US$/1kWh for residential homes
consuming above 50 kW per month [5]. The authors in [6]
highlight the drawbacks from diesel generator usage relied
on their fuel cost and environment pollution. Three case sce-
narios were simulated with HOMER software where one is
grid-connected and the other two are off-grid systems with
and without a diesel generator. The resulting conclusion
comes up with a recommended model suitable for enough
power production, electrical load capacity, financial costs,
and society benefits such as power reliability and affordability
and ability to reduce CO, emissions. The levelized cost of
electricity from PV microgrid supply scheme, LCOE, for each
model type has been compared to recent electricity purchase
in Rwanda, and the best economic model was chosen. This
paper starts by Introduction, Literature Survey, Methodol-
ogy, Optimization Results and Analysis with Homer Pro
Software, Comparison of Different State-of-the-Art Results
with the Proposed Study, and finally Conclusion.

2. Literature Survey

Nowadays, some literatures are available for the optimization
of renewable energy systems by operating different distribu-
tion energy sources [7]. Across the continent, the develop-
ment of new power sources for fossil fuel replacement, such
as renewable energy sources, has given high priority for both
economic and environmental advantages. Studies [8, 9] used
HOMER to simulate, analyze, and optimize renewable power
sources which can substitute conventional energy sources,
and the authors confirmed a feasibility solution of a reliable
standalone electric power system for people living far from
the national grid. For power back-up, different authors use
storage systems including battery or inline diesel generator
support. [10] used HOMER appliances in the village and
show the result of adding renewable generation to the current
supply scheme. Sharmin et al. proved that Off-Grid Biogas
Power Generation Model for a rural area is feasible by using
Homer software tool and confirmed the feasibility of the
representation. The authors [11] evaluated both off-grid
and grid-connected for a variety of applications and made a
cost-benefit study using Homer Pro software tool. However,
the study elaborates the analysis of data based on a partic-
ular residential home with specific detailed load in Rwanda
by using three different alternative PV microgrid models
such as a grid-connected system and two standalone sys-
tems. The selection choice is based on which model would
be reliable, feasible, and affordable for the home with
5.47kWh load.

3. Methodology

The methodology of the research is based on the economic
analysis of three PV microgrid systems based on two princi-
pal economic indicators such as total NPC and LCOE for
each model design. The first one is a grid-connected photo-
voltaic system with lithium ion battery. The other two sys-
tems are off-grid systems with PV, generator, and battery
and are then compared with the purely renewable system
with PV and battery only using Homer Pro to find the least
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Ficure 1: Kigali horizontal radiation [2].

LCOE values and minimum net present cost for respective
models. Homer Pro software was selected due to its merit
to simulate different energy systems, shows system configu-
rations optimized by cost, and finally provides sensitivity
analyses on which the authors conclude based on the study
purposes.

3.1. Site Profile. The site location is a home located in the city
of Kigali, the central capital of, Rwanda, with the geographi-
cal coordinates (1'56.6'S, 30'3.7'E) in Kigali city, Africa. Its
coordinated universal time (UTC) zone is UTC plus two
hours, i.e., [UTC+02]. This is the home location where the
data has been taken for model design. Figure 1 indicates the
map for the site location with long-term average global
horizontal irradiation.

3.2. Load Description. The items and their power rating have
been detailed in Table 1. The total load can be split into three
different consumption parts. The first part starts from 4:00
AM to 8:00 AM, where both parents and children are staying
at home and therefore use some power to prepare morning
work. It is their time to use lights, microwave, and iron for
preparing the starting of their daily journey. The second part
starts from 9:00 AM to 14:00 AM where the load is consumed
by watching TV, using a shaver and fridge. The last part
comes from 5:00 PM to 21:00 PM where both parents and
children come back home from their jobs and they can use
high electrical loads such as lights, watching TV, charging
phones, and using high-consumption electrical loads like
fridge and microwaves as distributed in Figure 2. In this
paper, the load profile is considered the energy consumption
of the residential home in Kigali city and it is about
5.467 kWh/day as illustrated in Table 1.

The daily distribution of the load is hereby shown in
Figure 2. It is clear that a high-power consumption in the
morning rises around 7:00 AM and around 13:00 PM and
the peak load is observed from 19:00-20:00 PM. The reason
of this peak load is justified by the time where the whole fam-
ily get back home and use much power for their daily needs.
It is highly noted that during the peak power period, the sun
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TaBLE 1: Electrical consumption of equipment and daily energy usage for a home in Kigali city.

Serial number Item name Quantity required Power rating (W) Hour of use per day Daily energy usage (Wh)
1 Home lights 8 20 12 1920

2 Computers usage 2 25 6 300

3 TV 1 125 5 625

4 Iron 1 1000 0.5 500

5 Shaver 4 15 0.2 12

6 Mobile phones 4 2.5 5 50

7 Refrigerator 1 150 12 1800

8 Microwave 1 1300 0.2 260

Total daily load profile (watt-hour/day)

5,467

Daily load profile
1.2

Power (kW)

Time (hour)

FIGURE 2: Daily electric load distribution for a residential home in
Kigali city.

has already been set, which explains the necessity of storage
energy resources.

3.3. PV Radiation. The annual average data of the global
horizontal radiation (GHI) and clearness index from a
residential home obtained with the help of the National
Aeronautics and Space Administration (NASA) Surface
meteorology database based on the geographical location of
KN 4Ave, Kigali, Rwanda, with longitude and altitude here-
with shown (1°56.6'S, 30°3.7'E). At this location, the annual
average solar radiation is 5.5 kWh/m?* and the annual average
clearness index is 0.55. As it is shown in Figure 3, the three
months with higher solar radiation are February, March,
and September with their respective insolation of 5.84, 5.81,
and 5.85 kWh/m?/day (2020). During this period, the major-
ity of the sun interchanges with little rain at normal temper-
ature around 25°C. A measurement of atmospheric clearness
noted as clearness index is averaged to 0.55 from to its high-
est possible value of 1.0, which means the study site is mostly
clear and sunny.

3.4. Selection of PV System. The following PV specifications
were chosen based on its design performance. The295-Watt
CS6K-295MS features efficient Passivated Emitter and Rear
Contact (PERC) solar cells to significantly improve the per-
formance of its power in morning, evening, and other low
light conditions at a low price per watt. The important
parameters of the selected PV panel are available in the data-
sheet of the manufacturer’s website, and it is summarized in
Table 2.

34.1. On-Grid PV Microgrid System Design. The grid-
connected microgrid topology is given by the Monocrystal-
line solar PV with 295 Wp (Watts peak), CS6K-295MS with
1kWh string of lithium-ion, ASM battery model with bidi-
rectional converter, and Leonics model supplying the daily
minimum load demand of 5.467kWh. Furthermore, the
respective design models were analyzed economically with
Homer Pro based on their respective LCOE and NPC values.
As stated in different literatures like Dekker, et al. [12], NPC
values should be kept minimum as much as possible. The fol-
lowing schematic diagrams are showing different simulation
strategies to be evaluated to find a reliable, feasible, and opti-
mum model for Kigali city citizens. Figure 4 illustrates the
on-grid microgrid with PV, battery, and converter to feed
the AC load demand.

3.4.2. Off-Grid PV Microgrid System Design. The off-grid PV
systems, also called standalone PV systems, are relying on
solar power as the main power production unit. The
following PV microgrid systems consist of a standalone solar
system with (Figure 5) or without diesel (Figure 6) to meet
the daily load demand of 5,467 Wh of a residential house
in Kigali city, the capital of Rwanda. All those system
models use batteries for energy storage during periods of
poor weather. The charge controllers are also included
here—with the solar PV to control the state of charging
and discharging of batteries [13]. When batteries are fully
charged, they are disconnected from the PV modules and
may also be disconnected from the load to protect the bat-
teries from over-discharging. Figures 5 and 6 are the design
layout models of, respectively, the off-grid topology with
solar PV, generator, and battery systems to feed the AC
load demand through a bidirectional converter, while the
last model is done with PV and battery system to supply
the same AC load demand through the two-way converter.
These three cases give an intuition view of the system oper-
ation, and the simulations have been done using Homer
Pro software.

3.5. Battery. The three model systems designed for the com-
parison study require all energy storage elements, which is in
this manuscript the lithium-ion battery. The battery belongs
to the advanced kinetic storage model (ASM) that includes
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TABLE 2: Parameters of CS6K-295MS PV Module at Standard Test
Conditions (STC) and temperature = 25°C and insolation = 1000
W/m?.

Solar model CS6K-295MS
STC rating 295W
Efficiency 18.02%
Open circuit voltage (V) 39.5V
Short circuit current (1) 9.75A
Optimum operating voltage (V,,) 323V
Optimum operating current (Imp) 9.14V
AC bus DC bus
Utlhiy grid Residential load PV
[ 5.47 kWh/day, CS6K-295MS
0.45 kW daily peak
Li-ion
Converter Battery
Leonics 25

FIGURE 4: Layout diagram for on-grid power system with PV,
battery and converter.

rate-dependent losses, temperature dependence on capacity,
cycle lifetime estimation using rain flow counting, and tem-
perature effects on calendar life. In the model design, the
capacity and configuration of the battery must be evaluated
so that it can work with respect to the system requirements.
The sizing of the battery for two days of autonomy is herein
calculated by using the nominal voltage of 12 V/100 Ah that
is mostly used in solar panels. Table 3 indicates the worst sce-
nario of battery and solar sizing in the zone without grid util-
ity for a home load of 5,467 Wh.

3.6. Utility Grid. The national utility for major power produc-
tion is from hydropower plants (53%), and the current power
is 224.6 MW distributed to an estimate of 51% (37% on-grid

and 14% off-grid) of the total of 12.5 million of the popula-
tion [4]. Rwanda has a plan to increase electricity access in
2024 to a total of 556 MW that will be able to supply power
to 100% of inhabitants. Among them, 52% are targeting on-
grid while 48% will be off-grid [14].

The cost of electrical energy to be purchased from the
national utility grid is annually revised, and it is currently
US$ 0.2621 per each 1 kWh purchased and US$ 0.15 per each
kWh of solar sold back to the grid.

3.7. Economic Cost Optimization of the System. In this paper,
the grid-connected system with PV and battery system gives
the most promising results for Kigali city inhabitants. The
selection of the best model is done based on the economic
analysis of the system with the lowest levelized cost of energy
(LCOE) and the total net present cost (NPC). The NPC of a
component is also called life-cycle cost as it was explained
in Homer Pro user manual (2020), which includes the costs
of installing and operating the component over the project
lifetime, subtracting the present value of all revenues earned
over the project lifetime. The system costs here include the
capital cost, replacement cost, operation and maintenance
costs, fuel costs, emissions penalties, and the cost for power
purchase from the grid while the salvage and grids sales are
revenues [15]. Despite the low values of LCOE and NPC
which are one of the indicators of feasibility study, the avail-
ability of natural resources at the investigated location is also
considered while deciding on the reliability and feasibility of
the power system. There are places which are rich in wind,
fuels, and gas energy but which may be poor in solar energy
or are having potential in both wind and solar. The decision
of the best power system model is therefore done on case
basis depending on which energy resource is dominating in
the study location. In Homer optimization results, the lower
is the LCOE, the lower is the electricity tariff. Similarly, the
lower is the NPC imply, the lower is the initial investment
required to initiate the energy infrastructure. The NPC is
mathematically derived, while the levelized cost of energy
(LCOE) value to a certain extent is arbitrary making the
NPC more reliable [16, 17].

3.8. Mathematical Analysis Relied on the Power System Cost
Minimization System. The optimization of each power sys-
tem is done using HOMER software for finding the feasibility
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FIGURE 5: Layout diagram for off-grid power system with generator,
PV, battery and converter.

ACbus DC bus
Residential load oy
5.47 kWh/day, CS6K-295
0.45 kW daily peak
Li-ion
Converter Battery
Leon 25

FIGURE 6: Layout diagram for off-grid power system with PV,
battery and converter.

cost by referring to the following cost minimization proce-
dure. Each schematic model among the three categories will
undergo the minimization steps using the below formula.
The following is an example of a photovoltaic grid-
connected system with a battery to supply the AC load
demand.

Let the function (f) be expressed in the cost of each
installed component (x).

f(x) =Cc+Rec+ Mc + ChBg, (1)

where Cc is the capital cost, Rc is the replacement cost, Mc is
the maintenance cost, and ChBc is the charging battery cost.
Equation (1) can be detailed as follows:

(i) Capital cost (Cc): capital cost symbolizes the total
installed cost of each component (PV panels, battery,
charge controller, power converter, and cabling) at
the beginning of the project.

ChBc = EGig_pat * - (2)

Equation (2) represents the amount of money to be spent
in order to charge the battery from the main energy source
during its availability and Eg,q_g,. is the amount of energy
extracted from the grid for the charging process, while ¢,
defines the cost of kWh imposed by the utility power
providers.

It is required to find the value of the annuity based on the
interest rate (i;) and the period (h < n) of the payment using
the term known as capital recovery factor (CRF).

.. 1 h
CRE(iy, h) = IL(’L—J“h) (3)
(iL + 1) -1

The total capital cost (TCc) is the sum (}.) of each com-
ponent as it was derived from [16].

TCc= ZCCCO * CRF = h, (4)

co

where “co” is the installation components and “Cc_,” is the
capital cost of a specific component which depends on the
number of installed components.

(ii) Replacement cost (Rc): the cost related to component
changes in the worst scenario. An example may be a
battery that may be replaced more than once during
the lifetime of the project (Rp,,).

R, =np, * Ry, * SFF %, (5)

where n is the project lifetime (Yr.) and it is estimated to be
25 years for PV systems; ny,, is the number of installed batte-
ries; Ry, is battery replacement during the lifetime of the
project; and SFF are the sinking fund factors. It allows the
computation of the real amount of money that can be spent
while considering the interest rate of the saving account. It
is mostly used when the future payment is forecast.

i
SFF= ——————, 6
(1 iL)n 1 ( )

where i; is the interest rate offered by a bank for a saving
account. It is also called real discount rate (%).

(iii) Maintenance cost (Mc): the total maintenance cost
(TMc) of each component of the system is generally
set to a value of 1% of its capital cost. It depends on
the inflation rate (i,) and the final value of the pay-
ment (FVA) over the project’s lifetime (n) after add-
ing the inflation rate.

1+4)"
FVA:<,+71’)
i,+1

TMc = ) Mc,, * FVA.

co
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TaBLE 3: The sizing of PV, battery, and converter to supply power to AC load. This case can well fit in regions far from the national utility.

Load demand: 5467 Wh

Battery needed Li-ion (ASM) 12 V/100 Ah
with DoD 100%

Solar panels needed for off-grid systems
with 5.5k Wh/m? yearly radiation

1200 Wh need to charge this load for

Load by considering two days of autonomy:
10934 Wh

one day with 10934/1200 = 9.1 or 10
strings which makes battery size of 10 *

We consider solar irradiance of 1000 W/m?
with 5.5 hours of solar availability

1200 Wh = 12,000 Wh

The site where data was collected manifests
clearness index of 0.55 (Figure 3) which is a
good indicator for clear and sunny region,
so two days of autonomy is a good
approximation to minimize the battery

cost in this design

The 10 strings of batteries will be connected
in parallel to make a battery bank be able
to accumulate maximum solar charges. It is
noted that the battery is the only component
that is mostly expensive, and they need
a replacement before the lifetime of
solar photovoltaics

Solar panel capacity: 12,000 Wh/5.5h =
2181.8 W. Using this CS6K-295MS solar, we
get minimum of 2182/295 = 7.4 or simply 8

solar panels to meet the daily load demand

The optimization problem is constrained by the technical
constraints in Homer Pro optimization tool and by the main-
tenance of a permanent power supply of the residential house
load and thus maintaining a nil loss of power supply proba-
bility (LPSP). It can be important to compute the loss of
power supply (LPS,) when the energy produced by the PV
panels and the energy stored in batteries are not sufficient
to meet the load demand. The PV output is served as input
to battery and the battery output to DC/AC inverter which
feeds the load through AC bus. Its formula is given by the fol-
lowing expression:

Lpsh = ELoad,h - (EPV,h + EBat,h—l - EBat,min) * qinv’ (8)

where v is the inverter efficiency; E| .4, is the amount of
energy consumed by the load at step period h; Epy, is the
amount of energy produced by the PV panels at step period
h; Eg,j_, is the amount of stored energy in battery bank at
the previous period h—1; and Ey, ., is the minimum
amount of battery energy to maintain its depth of discharge.

Y, LPS,

LPSP= ZF——.
ZhELoad,h

©)

The optimization problem from of the PV-battery
backup system is then summarized as follows:

minimize f(x) = Cc+ Mc + Rc + ChBc
x is subjected to LPSP = 0 (10)

PLoad,h < Pmax;for allh>

where Py .4, is the amount of power consumed by the load at
step period h and P, is the contracted power limit of the
utility grid and it is a fixed preset threshold.To maximize
the output of PV microgrid and protect the state of charge
of battery within the prescribed limits of charging and dis-
charging, a PV charge controller is used. In Homer software,
the charge controller cost is not separated from the PV

panels. The efficiency of charge controller #n4,., can be com-

puted as follows:

chco

_Pmpp*nPV (11)
Meheo = = *V >
Leheo sys

where i, is the rated current of the charge controller, P

chco mpp
is the maximum power of PV panels, npy is the number of

PV panels to make PV array, and Vg is the system bus vol-

tage.In Homer software, the charge controller is not sepa-
rated from the PV panels.

4. Optimization Results and Analysis with
Homer Pro Software

With Homer Pro software, three case studies are analyzed for
a residential home of 5,467 kWh/day in Kigali city with the
following components: The national utility grid price per
unit (0.2621 US$/kWh) [5], Canadian solar superpower
CS6K-295MS, Generic 1kWh Li-ion Battery of ASM
model, and the System converter with the model Leonics,
MTP-413F.

The following are the detailed cost summary results
obtained from simulations with Homer Pro for the three
respective schematic models.

4.1. Case I: Grid (999,999 kW)-CS6K-295MS (18 kW)-Li-ion
(1kWh) and Leonics-MTP-413F (25kW). In this case, the
proposed microgrid was optimized in Homer Pro with com-
ponents such as solar Canadian model CS6K-295MS (18 kW)
for a cost of 37,800 US$, i.e., 2.1US$/1 watt, battery model Li-
ion (1kWh) for a cost of 700 USS$, and utility grid that is
highly depending on monthly bills. Through the converter
model, Leonics MTP-413F (25kW) at a cost of 15,000 US$,
a residential load demand of 5.467 kW, was supplied. The
total system requires investments of 53,500 US$. The simula-
tion results are NPC of 22,155 US$ and LCOE of 0.0645
US$/kWh. Operating and replacement cost is evaluated to
43,041 US$, and 13,549 USS$, respectively. The system salvage
results in 1,853 US$ from the converter contribution of 1,797
USS$, and battery’s salvage is 55.9 US$. Figure 7 gives the
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FiGure 7: Cost summary (US$) results for PV (CS6K-295MS),
battery (Li-ion), grid, and converter system.
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Bl Converter, Leonics MTP-413F

F1GURE 8: Cost summary (US$) from Homer Pro simulation results
for PV, generator, battery, and converter.

details of the cost contribution in US$ for each component in
the system. The roles of PV and converter are mentioned
with big contribution in supplying load demand. The outputs
of PV and Battery are all DC power which are converted into
AC power through the converter model (Leonics MTP-413F,
25kW) to both feed the AC load and producing the excess
power to sell back to the grid. The Homer Pro optimization
software minimized the low usage of batteries which may
be only needed during power back up or peak hour period.
The PV and converter manifest high cost contribution in
the system. The system is designed to minimize the grid cost
and therefore put much focus to renewable energies usages
by regulating the automatic transfer switch (ATS). The bat-
tery contribution is low in order to minimize the system cost.
Figure 7 illustrates the cost summary (US$) of PV (CS6K-295
MS), battery (Li-ion), grid connected, and converter system.

The installed capacity that is explored in Case I resulted
in electrical energy production of 27,647 kWh/year of which

30,000

25,000 o T

20,000

15,000

10,000

5,000

0

-5,000

B PV model, CS6K-295MS
B Generic baattery, Li-ion (ASM)
[l Converter, Leonics MTP-413F 25 kW

FIGURE 9: Cost summary (US$) from Homer Pro simulation results
for PV, battery, and converter.

the solar PV (CS6K-295MS) produce 26,973 kWh/year, i.e.,
97.6% with Grid purchases equivalent to 673 kWh/year, i.e.,
2. 43%. Among the total energy produced, only
1,995 kWh/year, i.e., 7.51% is dedicated to AC load demand
while the remaining 24,815kWh/year, i.e., 92.6% has been
sold to the grid. This justify why the solar PV for the grid
connected PV system is highly rated (up to 18 kW) with its
corresponding converter (25kW) while in the case of the
other two off-grid systems, their power ratings are exactly
matching the load requirement. The energy purchased from
the grid is much lower than the energy sold to the Grid. This
motivate the PV microgrid owner to stack on solar PV energy
production in the country where the energy sells and buy pol-
icy is well structured.

4.2. Case II: Generator (1.3kW)-CS6K-295MS (1.69 kW )-Li-
ion Battery (5 kWh)-Leonics-MTP-413F (25 kW). Case II pro-
poses PV microgrid with their components such as diesel
generator (0.5 kW) for the cost of 4,650 USS$, solar PV model
CS6K-295MS (1.16kW) for a cost of 2,597 USS$, battery
model Li-ion (2kWh) for a cost of 1,903 US$, and the con-
verter model, Leonics MTP-413F (25kW) for a cost of
26,455 US$ which are all designed to supply the residential
load demand of 5.467kW/day. The total system requires
investments of NPC of 35,605 US$ to raise the LCOE of
1.38 US$/kWh. To meet the AC load demand while minimiz-
ing the high fuel cost of generator, the converter contribution
is more enormous than other components due to its high task
to invert the DC power output from both PV and battery into
their equivalent AC power. Although the initial capital is rel-
atively small with 19,096 US$, there is an additional great
cost mainly related to generator component, battery, and
converter replacement equivalent to 361.97 US$, 603.82
USS$, and 13,252 US$, respectively. The operation, salvage,
and resources are, respectively, given by 577.78 USS$, 1,917
USS$, and 3,631 US$ for an estimated lifetime of more than
25 years. It is noted that the salvage is the value remaining
in a component of power system at the end of the project life-
time. Figure 8 shows the cost contribution for each
component.
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The electrical and production summary from the Case II
analysis are herewith explained in details:

The excess electricity produced was 537 kWh/year. There
was no capacity shortage or unmet electric load. The solar PV
(CS6K-295MS) produces 1,746 kWh/year, i.e., 65.8%, while
the generator produces 906 kWh/year, i.e., 34.2%. The total
annual power production of 2,652 kWh has been able to meet
the load requirement by 100%. No energy excess or overpro-
duction was observed. However, for a land locked country,
like Rwanda, this system is not advisable since its NPC and
LCOE are higher than Case I.

4.3. Case III: PV Power CS6K-295MS (5kW)-Li-ion (1kWh)
for 10 Strings and Leonics MTP-413F (25kW). The last case
is the PV microgrid with all parts are renewable. The system
has been optimized in Homer Pro with components such as
Solar Canadian model CS6K-295MS (5kW) for a cost of
11,146 USS$, Battery model Li-ion (1kWh) for a cost of 10
strings equivalent to 9,411 US$, and the converter model,
Leonics-MTP-413F (25kW) for a cost of 26,455 US$ and
thus supplies the residential AC load demand of
5.467 kWh/day. The total system requires investments of
NPC of 47,012 US$ to get LCOE of 1.82 US$/kWh. The con-
verter cost contribution is similarly high as in Case II, which
is followed by the solar PV array cost of 5kW and 1kWh
battery for 10 string cost.

The operating and replacement costs are 646.38 US$ and
16,221 US$ of which 82% are due to converter and 18% are
dedicated to battery cost replacements. The salvage was equal
to 2,356 US$ with no resources. Figure 9 gives the result
details.

The electrical and production summary from the Case III
analysis is herewith detailed below:

The system produced the excess electricity of
5,349 kWh/year with 1.33kWh/year of capacity shortage
and 1.95kWh/year of unmet electric load. The solar PV
(CS6K-295MS) produces 7,493 kWh/year, i.e., 100% to meet
the yearly load consumption of 1994. Although this is 100%
renewable energy system, the economic indicators obtained
do not permit it to be advisable in the proposed study when
compared to Case I. The manual calculation in Table 3 met
the simulation results on the required number of batteries
needed for the model design for the total off-grid systems.

5. Comparison of Different State-of-the-Art
Results with the Proposed Study

Table 4 shows the state of art of different studies using the
various renewable energy resources and their results have
been compared with the proposed study while focusing on
two principal economic indicators. Two fundamental eco-
nomic parameters such as net present cost (NPC) and leve-
lized cost of energy (LCOE) have been set as the economic
indicator for deciding the feasibility studies of the respec-
tive models’ design. Other important parameters such as
initial capital cost and operating cost have been reviewed.
Those concluding parameters should be optimally mini-
mized as much as possible in order to lower the cost of
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energy while providing reliable and feasible energy solu-
tions to the citizens.

6. Conclusion

This study demonstrated the comparison analysis of three
designed schematic models. One model is the grid-
connected system with PV and battery (Figure 4) and the
other two models are the oft-grid system with PV-battery-
diesel (Figure 5) and PV-battery only (Figure 6). With
Homer Pro optimization results, it was possible to decide
which layout is reliable, feasible, and benefiting the residen-
tial home in the city of Kigali based on the lowest fundamen-
tal and economic indicators. The results show the grid
connected system in Figure 4 is able to meet the load demand
on the lowest LCOE of 0.0645 US$/kWh and the NPC of
22,155 US$. The electricity price is four times cheaper than
the current national electricity tariff. The system model pro-
vides more benefits such as the excess of PV microgrid
energy produced at rate of 97.6% and the grid sales equiva-
lent to 92.5%. This system has very low energy purchase of
2.4% from the grid, and it is meeting the load requirement
of 7.5%. The more additional benefit from Figure 4 model
is its excellent impact on the environmental weather due to
the high rate of PV microgrid usage to supply the load
demand. It has better economic impact due to its possibility
to sell the excess power produced during the sunny period
and the low peak hours. Therefore, it is highly recommended
for this study. The other results from Figures 5 and 6 are,
respectively, the LCOE of 1.38 US$/kWh and NPC of
35,605 US$ and LCOE of 1.82 US$/kWh with NPC of
32,500 USS$. The contribution results of Figure 5 are 65.8%
and 34.2% of solar PV and Diesel Generator’s electrical
energy production to supply the daily load demand of
5.47 kWh. The model produces 537 kWh/year of the excess
electricity, but due to the geographical location of Rwanda
which make it a land locked country with the unavailability
of fuel to maintain the normal operation of diesel generator,
it is not the best choice. The remaining contribution results
are from the Figure 6 model where the system is 100% solar
PV usage with a string of ten batteries for energy backup dur-
ing the period of solar power failure to meet the designed
load. The Figure 6 model has an annual of 1.33kWh of
unmet electric load with 5,349 kWh of the excess of electricity
production. Although the model is excellently renewable, it
may not be easy for a low or a middle-income population
to handle its higher electricity tariff. Therefore, it is not rec-
ommended in this study.
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