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Abstract

This study aims to provide electricity to a remote village in the Union of
Comoros that has been affected by energy problems for over 40 years. The
study uses a 50 kW diesel generator, a 10 kW wind turbine, 1500 kW photo-
voltaic solar panels, a converter, and storage batteries as the proposed
sources. The main objective of this study is to conduct a detailed analysis and
optimization of a hybrid diesel and renewable energy system to meet the
electricity demand of a remote area village of 800 to 1500 inhabitants located
in the north of Ngazidja Island in Comoros. The study uses the Hybrid Op-
timization Model for Electric Renewable (HOMER) Pro to conduct simula-
tions and optimize the analysis using meteorological data from Comoros. The
results show that hybrid combination is more profitable in terms of margin
on economic cost with a less expensive investment. With a diesel cost of $1/L,
an average wind speed of 5.09 m/s and a solar irradiation value of 6.14
kWh/m?/day, the system works well with a proportion of renewable energy
production of 99.44% with an emission quantity of 1311.407 kg/year. 99.2%
of the production comes from renewable sources with an estimated energy
surplus of 2,125,344 kWh/year with the cost of electricity (COE) estimated at
$0.18/kWh, presenting a cost-effective alternative compared to current mar-
ket rates. These results present better optimization of the used hybrid energy
system, satisfying energy demand and reducing the environmental impact.
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1. Introduction

Since the industrial revolution of the 18th century, human activities have re-
sulted in massive emissions in several countries of the world. The exploration of
the earth’s natural resources caused by human activities from then to the present
day challenges us on the extreme effects of climate change recently in many
countries of the world [1]. The Comoros is one of the countries facing energy
problems and climate change due to its geographical position and insularity in
the African continent. Among the main causes of this climate change is the use
and production of energy sources, often carried out using fossil fuels such as oil,
gas and coal. For any developed or developing country, energy demand is grow-
ing rapidly due to the huge consumption of households and businesses [2]. To
overcome this problem, the use of other energy sources must be studied [3]. Ac-
cording to the International Energy Agency (IEA), global energy consumption
will increase by 37% by 2040. In addition, global electricity demand was ex-
pected to increase significantly by 80% over the period 2012-2040. As a result,
fossil fuel prices are projected to rise over the next 20 years to reach $215/barrel
in 2035. The use of these energy sources generates a very large amount of
greenhouse gas emissions, specifically carbon dioxides, which contribute to
global warming of our planet [4] [5] [6] [7] [8]. By continuing to use these fossil
fuels at this current rate, humanity will experience a huge catastrophe in the
coming years [9]. This is why researchers and engineers around the world have
proposed [10] [11] the use of green energy sources, which are environmentally
friendly, as a solution to overcome this problem. There are several sources of re-
newable energy, but the most often used and exploited in the world are solar,
hydro and wind energy for the daily power of our activities. Mohamad Shahrizal
Mohd Noor et al [9] conducted a feasibility analysis of the autonomous supply
of renewable energy for a telecommunications tower [12] [13] [14] [15] [16] us-
ing Homer in Malaysia with a solar photovoltaic (PV) system. The specificity of
their system is that the drinking water production system, which consists of a
hybrid solar PV system with a diesel generator, could supply electricity to the
load for 24 hours [17] [18] [19]. A review of energy management strategies in
hybrid renewable energy systems was studied by Olatomiwa et al [20] with par-
ticular attention to energy management strategies used in smart grids. The au-
thors adopted an approach that considers the power of a hybrid renewable
energy system in rural areas without connection and with connection to the na-
tional electricity grid. According to their main recommendations, it is advisable

to develop energies and loads connected directly to these sources. The optimiza-
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tion of hybrid systems for the electrification of isolated areas in the Comoros
and the design of a hybrid system for powering a telecommunications tower in
the Comoros were studied by Kassim ef al and Fahad et al [17] [18] [21] [22]
[23] [24] with the HOMER software tool combining a PV/Diesel system and a
PV/Wind/Diesel system. Their results show that the PV/Diesel/Wind system is
more economically profitable and reduces greenhouse gas emissions for envi-
ronmental protection. Developed countries such as the United Kingdom, the
United States, France, Germany, Spain, Australia, Turkey, and Italy have been
over-exploited renewable energy as their priorities to replace fossil fuels that
harm the global environment and whose number is expected to increase in the
future [17]. On the other hand, in developing countries [25] [26] [27] such as the
Union of the Comoros lags behind in the use and exploration of renewable ener-
gies despite the problems and energy crises that hit these states, due to the cheap
price of electricity produced by fossil fuels [28]. The energy intensity of the
Comorian economy was USD 0.19 per Megajoule (M]) in 2017, which is similar
to energy intensities observed in other least developed countries [29] Energy
needs are dominated by wood and other types of biomass, which met almost half
of primary energy needs in 2017. In the Comoros we can see [17] the existence
of a tropical climate with an average annual temperature around 29°C, an aver-
age annual wind speed estimated at 5 m/s, the existence of an active volcano that
can be exploited with an estimated power of 30 MW as well as exploitable rivers
for hydroelectricity. Wood and biomass are used mainly by households and to
produce essential oil. Then comes the consumption of diesel, which is also used
for electricity generation. Gasoline and kerosene are important fuels for trans-
portation, and many households also rely on kerosene for cooking needs. All pe-
troleum products are imported. Power cuts and load shedding have been ubi-
quitous. These difficulties have been compounded by the lack of an appropriate
strategy and institutional framework, insufficient human resources, the small
size of the market and the high cost of diesel. This shows the scale of the energy
crisis in the country and the need to find short, medium- and long-term strate-
gies. This urgency is reflected in the decision of the African Development Bank.
Despite the government’s efforts on renewable energies [17], the share of re-
newable sources is still low. Therefore, we must insist and encourage the gov-
ernment for maximum exploitation and production of renewable energies and
show them that hybrid power plants are reliable than fossil fuel plants and can
eradicate once and for all the energy crises that have hit this small island state [8]
for more than forty years but will also contribute to the development of the
country. It is important to know that renewable energy sources are reliable, as
are other sources of electricity generation from fossil fuels [30]. A lot of research
in this area shows that renewable energy sources are now cheaper than electricity
generation from fossil fuels in terms of leveled energy cost (COE). According to
the data presented in Figure 1, most Comorian electricity comes from the com-

bustion of fossil fuels. Biomass and petroleum products account for a very large
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part of almost all the country’s energy production. Given its geographical posi-
tion, its insularity and one of the countries’ most affected by global warming, the
Comorian government is very keen to implement renewable energies through-
out the country. The use of renewable energy for electricity generation is only
0%, but according to forecasts and state energy policy the country plans to in-
crease this share of renewable energy to 50% by 2030. Several studies are carried
out for the use of renewable energies in the Comoros. The most recent include
studies by Fahad et a/ [18] [22] [31] using the HOMER Energy software. With
renewable energy like wind and solar PV much cheaper today than they were a
decade ago, it’s time for the Comorian government and the private sector to in-
vest in these energy sources. Several countries in the world, specifically the most
developed nations, have managed to exploit and transform a large part of their
sources of electrical energy into renewable energies; developing countries like
the Comoros can learn from their experiences. Recently, Fahd and Abdulhakim
[17] [32] carried out a techno-economic assessment and optimization of a
grid-connected PV and wind generation system for the city of Riadh in Saudi
Arabia. Their work explores the feasibility of providing electricity from a hybrid
power system (HPS) comprising wind/photovoltaic (PV) and battery. Consider-
ing the residential buildings that consume most of the energy in the Saudi net-
work, the city of Riadh is privileged because of its geographical and climatic
conditions. The economic analysis is performed by applying the HOMER soft-
ware because of Net Current Cost (NPC), Energy Cost (COE) and Renewable
Fraction for all situations. In addition, to clarify the effect of fuel costs on the
system, sensitivity testing is conducted considering two separate tariff rates for
residential consumers. The results of the economic analysis show that the cur-
rent tariff is not economical for the use of HSP in hot and temperate climatic
conditions compared [17] to the use of electricity from the grid and the planned
tariff shows that it is economical to use HSP compared to electricity from the
grid [33]. Husain and Djawad [17] [34] [35] [36] studied an assessment of wind
potential in East Jerusalem in Palestine. The authors show that their results can
be applied to any study using surface measurements at pre-scissor locations at
different altitudes above the ground. In some cases, these energies are much
cheaper than fossil fuels, especially from the point of view of energy security.
This has been proven in European countries such as Germany, Denmark, Swe-
den and Norway [28]. This study aims to encourage the use of renewable energy
in the country to replace coal, gas and oil. The Union of the Comoros has an-
nounced since 2016, a very promising program to develop the use of renewable
energies to move from the era of fossil fuels to the era of green energies by 2030.
It aims through several programs of international partners to be a pioneer in the
production of electricity from renewable energies in the Indian Ocean region.
Therefore, solar, wind and geothermal energy is the main objective of the Com-
orian government to cover 35% of national electricity needs by 2030 [4] [5] [8]
[17] [37].
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Figure 1. Hybrid energy system design method in HOMER energy pro.

The main objective of this study is to evaluate the performance of an auto-
nomous electrical power generation system, coupling a PV matrix, a wind tur-
bine, and a diesel generator with a storage system composed of batteries to meet
the demand of the electric load to supply a village located in rural areas in the
Comoros. Propose a simple but flexible method that can be easily applied for the
design of an isolated microgrid, thus reducing the complicated computational
work for the designer; also carrying out a techno-economic analysis and opti-
mizing hybrid diesel and renewable energy systems. A simple case study is si-
mulated for an autonomous microgrid model, in the commune of Sada djoulam-
lima north of Ngazidja in the Union of Comoros, to illustrate the effectiveness of
the proposed approach using HOMER software [17] [18] [37]. Therefore, the
novelty of this research lies in the fact that it focuses on the optimization of a
hybrid power plant by improving the accessibility, quality and reliability of re-

newable electricity supply using techno-economic analysis.

2. Methodology

The assessment of renewable energy projects typically requires the application of
relevant criteria to on-site location data to appropriately examine the operational
behavior of all potential scenarios. In this research, the following analytical
framework was used [38] [39]:
e Location specification
e The modeling data require:

v' Average electric load demand.

v Daily radiation and clearness index at the location.

v Wind velocity data.

v The daily temperature at the location.
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v' System architecture.

The information collected was fed into the HOMER software for a simulation
process. First, the simulation was carried out for different scenarios depending
on their electricity consumption, the combination of renewable energy technol-
ogies used and the type of system [40].
¢ Analysis of output results

After the simulation, the payback time, component costs, net present cost and
present value of each scenario were analyzed to select the best investment strategy.

The collected data from the site was analyzed and evaluated using various cri-
teria. Each of these criteria was carefully examined and studied to fully charac-
terize the overall design of the system, with a specific focus on the selection of
renewable energy components [41]. The Hybrid Optimization Model for Electric
Renewable (HOMER) Pro software was utilized for this analysis [42]. Developed
by the U.S. Department of Energy, under the National Renewable Energy Labor-
atory (NREL), in 1992, HOMER Pro is a widely used tool for performing tech-
no-economic analysis of renewable energy systems for off-grid applications
[43]-[48]. The HOMER Grid version of the software was created to address the
growing need for modeling behind-the-meter projects, such as solar systems with
storage or more complex systems, such as wind, emergency generators, and com-
bined heat and power [34] [35]. The software allows for the integration of tech-
nical and economic data into a single model, enabling users to perform complex
calculations, assess the value of self-consumption, and optimize the system de-
sign. It also enables users to analyze multiple component options, evaluate cost
competitiveness points for alternative technologies, and minimize project risk by
identifying the most cost-effective design. Additionally, it allows for the replica-
tion of real-world performance which helps system designers and optimizers

make better decisions.

3. Geographical Presentation of Comoros Archipelago

The Comoros archipelago is located in the Indian Ocean, north of the Mozambi-
que Channel, between East Africa and the west coast of Madagascar. It consists of
four volcanic islands: Grande Comore (Ngazidja) which is the largest island with
an area of 67 km in length and 27 km in width, for a total area of 1146 km?, An-
jouan (Ndzouwani) is the second federal state of the Union of Comoros, Moheli
(Mwali) is the third federated state of the Union of the Comoros and one of the
four main islands that make up the Comoros archipelago [36] [37]. It is the smal-
lest and most touristic of the three islands of the Union of the Comoros. Finally,
Mayotte (Maoré) is the oldest island of the four islands, located 295 km west of
Madagascar and 67 km southwest of the island of Anjouan. Mayotte is composed
of several islands and islets covered with vegetation, it is under French adminis-
tration and became a French department in 2009, however it’s not considered as
part of Comoros. The Comoros has a total area of 2234 km? and an estimated

population of 1071229 inhabitants (without Mayotte) according to the census of
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2018. The densest island is Anjouan with 517 inhabitants/km? followed by
Grande Comoros with 240 inhabitants/km?, and finally Moheli with 99 inhabi-
tants/km’.

Energy Problems in the Union of the Comoros

The Comoros has been grappling with a persistent energy crisis for over four
decades, with recurrent power outages affecting the entire country. These
outages are caused by a variety of factors, including mechanical problems and
inadequate maintenance within the energy company, insufficient financial
support from SONELEC, as well as social, political, geographical, and eco-
nomic issues.

In 2016, there was a severe electricity crisis in Mwali and Ngazidja, resulting
in prolonged power outages and electricity rationing. One of the main cultural
challenges faced in this regard is related to electricity billing [17] [22] [24] [29]
[49] [50] [51] [52]. Many consumers tend not to pay their full bills, primarily due
to issues with metering methods, illegal connections, or social status, which poses
significant challenges for revenue collection efforts. The percentage of energy
mix and consumption for the year 2017 is illustrated in Figure 2 [29] [52].

Before 2020, electricity production in the Comoros was mainly from diesel
thermal power plants. In the table (see Table 1), we can see the names of the

different plants and their respective capacities [31].

0 ® Renewable Energy
u Households
= Biomass
® Transportation sector
41% = Electricity P
57% Petroleum products Economic activities
2%
(a). National Energy package (b). Energy consumption

Figure 2. Bouquet and National energy consumption in 2017 [52].

Table 1. Different power plants and their capacities [31].

Power plants

Voidjou Power Plant

Itsambouni Power Plant

Fomboni Power Plant

Nb. ofgenerators Capacity (MW)
Grande Comore (Ngazidja)
10 Caterpillar generator sets 16
5 Caterpillar Groups 2.8
Moheli (Mwali)
5 groups including
2 Caterpillar, 5.38

2 Mitsubishi and 1 SDMO

Anjouan (Ndzuwani)

Trenani Power Stations, Lingoni 7 Caterpillar groups, Micro-hydro. 6.3
Total 30.48
DOI: 10.4236/jpee.2024.125002 30 Journal of Power and Energy Engineering
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The country is lagging far behind in terms of renewable energy sources.
Moreover, a recent study on renewable energy options in the Comoros (see Ta-
ble 2) highlighted the possibility of a 10 MW geothermal power plant and a 15
MW public solar farm in Grande Comore. However, a 5 MW hydroelectric plant
and a 6 MW wind farm can be installed in Anjouan. In Moheli, 27 kW of hy-
droelectric power plant are exploitable [31]. Based on the levelized cost of energy
(LCOE) of each technology, the Geological Office of the Comoros proposed a 5
MW solar farm and a 10 MW geothermal power plant in Grande Comore. These
facilities could provide a short-term energy solution for the island but combin-
ing them with existing fossil fuel systems to make the energy mix could be a
long-term solution for energy stability in the Comoros.

Although the Comoros currently produces all its energy from diesel power
plants, several studies highlight the possibility of energy independence through
renewable energies, particularly solar potential as shown in Figure 3. Solar
energy has been successful in private homes, stand-alone photovoltaic systems,

and the distribution of solar micro-power plants [53].

Table 2. Comoros’ renewable energy potential [52].

Energy source Comoros Ngazidja Ndzouwani Mwali
Wind generator 15 MW - 6 MW -
Hydroelectricity 1 MW - 5 MW 27 kW
Solar 5kWh/m?*day 5MW - -
Geothermal energy - 10 MW - -
Biomass - 5 MW - -

li:h';lbéni
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Figure 3. Photovoltaic electricity potential (Solar field) of the Comoros [54].
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In 2020, the country began registering its first photovoltaic power plants. In
Pomoni in the commune of Moya in the Sima region on the island of Anjouan, a
photovoltaic solar power plant has been built, located in a plot of five hectares,
now under the management of SONELEC. With this additional capacity, Ndzu-
ani now has 6 MW since the plant has a capacity of 4 Mw and will cover 40% of
the island’s electricity needs. In 2022, a photovoltaic plant in Foumbouni in the
south of the island of Ngazidja was built with a power of 3 Mw or 13% of pro-
duction. In Moheli, a solar power plant of 250 kW or 0.25 MW is installed. Oth-
er projects are under way throughout the country.

4. System Modeling
4.1. Site of Implantation and Demand of the Electrical Load

The village of Koua is located in the north of Grande Comore, more precisely in
the commune of Sada Djoulamlima, which consists of three villages (Koua, Oel-
lah, and Wemani) as shown in Figure 4. To carry out this project, we conducted
surveys in the commune to determine the electrical load of a typical family home
before making an estimate for the entire community.

Table 3 shows the energy consumption of a typical family member of the vil-
lage. The demand for the electric charge is available throughout the village, which
has 130 to 200 families on average with 5 to 6 people average member in each fam-
ily and 800 to 1000 inhabitants in 2021. According to surveys already done, the
whole village consumes 1603.60 kWh per day, with an average peak load of
143.16 kW as shown in Figure 5. To electrify this village, we considered it ne-
cessary to install a hybrid system composed of solar photovoltaics, a wind tur-
bine, a diesel generator, and storage batteries with the objective in this work of
optimizing renewable sources and minimizing the intervention of the diesel ge-

nerator. Energy demand assumptions were based on historical data and local

oimbani

Comores

Foumbouni

Ndzouani

Figure 4. Location of the site of implantation.
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Table 3. Daily charge of a typical village household.

Blectrical appliance Nb. Power Running time Energy consumed.
P (W) (hour) (kWh/day)
Hi-Fi system 1 80 5 0.4
Fans 1 40 10 0.4
TV Sallon 1 100 8 0.8
Radio D500 1 10 10 0.1
Light bulbs 3 40 6 0.72
Rice cooker 1 500 1 0.5
LED 2 8 6 0.096
Iron 1 750 1 0.75
Refrigerator 1 150 24 3.6
Freezer 1 110 24 2.64
Water heater 1 2400 1 2.4
Total - 4188 - 12.406
0.10 “ | Load of a one house
0.09
0.08
0.07 |
~ 0.06 -

B o004
S o003
0.02 -|
0.01
0.00 - : : :
0 2 4 6 8

10 12 14 16 18 20 22

22

surveys, taking into account seasonal variations and demand peaks to optimize

100 ® Il Load of a Koua Village

50 |
40 |
30
20
10
0 ' '
0o 2 4 6 8 1

Figure 5. Electrical load profile for a typical house and village.

0 12 14 16 18 20
Hour

the system design.
this hybrid energy system, some input data must be calculated to determine

which system is optimized with the best efficiency and lowest cost.

4.2. The Site Weather Data

The average daily sunshine north of Ngazidja is estimated at 10 hours of time per
day with an average power between 5 to 6.5 kW/m?/day of production. Weather

data from Ngazidja between 1961 and 2018 show effective sunshine regardless of
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Figure 6. Village weather data.

the month or season. The Comoros archipelago also receives a very high rate of
solar radiation. These values show that the country has strong solar radiation ca-
pable of powering photovoltaic and solar thermal installations [17]. In the case of
this study, the average solar irradiation of the village is 6.14 kWh/m?/day. Indeed,
the HOMER software tool directly retrieves the clarity index via the information
present on the latitude of the site studied for this village located in a rural area
(Figure 6(a)).

The source of the wind turbine considered is none other than the wind
speed. In our case, we note that throughout the year the lowest speed is ob-
served in March with 3.7 m/s while the highest is obtained in June with a value
of 6.3 m/s (Figure 6(b)). The average temperature varies between 24.5°C to
28.5°C throughout the year as shown in Figure 6(b). Note that these data are ob-
tained directly in the NASA database and are justified in relation to the data of
the ANACEM (National Agency of Civil Aviation and Meteorology) of the Union
of the Comoros [17].

4.3. Architecture of the Proposed System

Before simulating the hybrid system in Homer Energy, we first design the ar-
chitecture of the system. In our case, the system is composed of photovoltaic
solar panels, a wind turbine, a diesel generator, storage batteries and conver-
ters which consist of transforming direct current into alternating current. The
photovoltaic system chosen is CS6U-340M from Canadian Solar with an effi-
ciency of 17.49%, a ground reflectance of 20%, a decommissioning factor of
80% and a service life of 25 years. The proposed wind turbine has a power of
10 kW, a hub height of 24 m and a lifespan of 20 years. The selected battery is
the OPzS 3780 DC type with a nominal voltage of 2 V, a rated capacity of 1
kWh, a capacity ratio of 0.403, a round trip efficiency of 85%, a maximum
state load of 100%, a minimum state load of 40%, a flow rate of 7862.40 kWh

and a service life of 20 years. At the same time, the converter of the selected
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system has a relative capacity of 100%, an input efficiency of the inverter and
rectifier of 95% and a service life of 25 years [17] [55] [56]. We selected the
components of the hybrid system based on their cost, efficiency, reliability and
compatibility. Environmental criteria and resilience to local climatic condi-
tions also played a crucial role in this choice.

Component reliability is critical, given the harsh environmental conditions. A
maintenance plan adapted to the geographical remoteness of the site has been
developed to ensure the sustainability of the system.

Here is the architecture simulated on HOMER Energy Pro in order to electrify
the village in an optimal way. HOMER Pro was chosen for its ability to integrate
technical and economic data, enabling accurate optimization and economic anal-
ysis of hybrid energy systems under isolated conditions.

The equipment is collected in the catalog provided by the software. Figure
7 shows the architecture diagram of the proposed system. Detailed informa-
tion on the system is presented in Table 4. In this first scenario, photovoltaic
solar panels, wind turbines, a diesel generator and a battery energy storage
system feed the load, and all systems are not connected to the power grid [17]
[57] [58].

AC DC
GDsl Load

@

-~

1603.60 kWh/d
143.16 kW peak

Conv.

Figure 7. Proposed system architecture(HOMER Energy Pro).

Table 4. The component of the proposed system architecture.

Component Capital Replacement O&M Cost Lifetime
() $) ($) (year)

Diesel Generator 500 500 0.030/0p hour 25 years

PV 800 750 5/year 25 years

Wind Turbine 50,000 50,000 50/year 20 years
Converter 300 250 0/year 20 years
Storage Kinetic Battery 300 250 3/year 20 years
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5. Modeling Hybrid System Components
5.1. Diesel Generator and Fuel Modeling

In this study, the AC type diesel generator (DG) can generate at rated power.
Thus, the observed excess energy can participate in the charge of a battery in
general. Indeed, the DG is designed in such a way that it operates between 75 and
100% of the assessment in kW by operating with a storage system or other re-
newable energy sources. To make a better comparison between the system and a
feasibility system, we included it in the simulation [17]. The mathematical equa-
tions for modeling the system are derived within the HOMER Energy Pro soft-
ware model [43] [59].

A very important element of this study is fuel. From the generator inputs, one
can determine the fuel curve which is described as the amount of fuel that the
generator consumes to produce electricity. HOMER Pro assumes that the fuel
curve is a straight line. The following equation gives the fuel consumption of the
generator in units/h as a function of its electrical power [59]:

F=F-Y, +F-P (1)

gen gen

where is £, the fuel curve intercept coefficient [units/hr/kW], F; the fuel curve
slope [units/hr/kW], Y., rated capacity of the generator [kW] and P, the
electrical output of the generator [kW]. In HOMER Energy Pro, we define the
generator’s electrical efficiency as the electrical energy coming out divided by
the chemical energy of the fuel going in. The following equation gives this
relationship [59]:

p =0t 2)
g mﬁwl -LH Vfuel

where is Py, the electrical output [kW], m,,, the mass flow rate of the fuel
[kg/hr] and LHV fuel the lower heating value (a measure of energy content) of
the fuel [M]/kg]. The factor of 3.6 arises because 1 kWh = 3.6 MJ. The mass flow
rate of the fuel is related to 7 the generator’s fuel consumption, but the exact re-
lationship depends on the units of the fuel. If the fuel units are kg, then 1,
and Fare equal, so the equation for 7, is as follows [59]:

gy =F=Fy-Y,, +F-P 3)

gen gen

If the fuel units are L, the relationship between 71,,, and Finvolves the den-

sity. The equation for i, is as follows:

. F p/uel(EJ.Ygen_'_Fi.})gen)
mfuel = pfuel = (4)
1000

1000
where pg.e is the fuel density [kg/m?]. If the fuel units are m?, the factor of 1000 is

unnecessary, and the equation for m,, is as follows [59]:
mﬁlel = pfuelF = pfuel (E) : Ygen + E : Pgen) (5)

Table 5 provides an overview of the various characteristics and essential pa-
rameters of diesel fuel.
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Table 5. Physical characteristics of the diesel fuel [17].

Fuel properties Value
Lower heating value 43.2 MJ/kg
Density 820 kg/m?
Carbon content 88%
Sulfur content 0.4%

Fuel cost max $1

Fuel cost min $0.98

If the fuel units are L, the efficiency equation becomes:

3600-P,, ©
77 en =
) Pfue/(Fo'Y +F P, )'LHV

gen gen Sfuel

If we divide numerator and denominator by Y., the capacity of the genera-
tor, and define a new symbol pg..for the relative output of the generator (pge, =
Pren/Ygen) then the efficiency equation becomes [59]:

3600- p,,,
Pt (Fy+ F, ooy ) LHV

Ngen = (7)

This equation gives the efficiency of the generator as a function of its relative
output. HOMER Energy plots this relationship in the efficiency curve in the Ge-
nerator Inputs window when the fuel units are L. If the fuel units are m?, the ef-

ficiency equation becomes [59]:

3.6-p,,,
ngen = £ (8)
pfuel (FZ) + FI : pgen ) ' LHVfuel
Finally, if the fuel units are kg, the efficiency equation becomes [59]:
3.6
p gen (9)

T TR+ F - po ) LHV

5.2. Solar Photovoltaic

In a photovoltaic system, a cutting factor, which is a scale factor applied to the
production of the PV panel and a cutting factor of 90% for the component, is
added to account for losses and those attributable to fouling of the PV panel [18]
[31] [60]. The energy production of the PV generator is determined using the
following formula [61]:

G
PPV = YPVfPV ((—;—TJI:I tap (TC - TC,STC )] (10)
T,STC
where is Ypy : the rated capacity of the PV array, meaning its power output
under standard test conditions [kW],% the PV derating factor [%], GT the

solar radiation incident on the PV array in the current time step [kW/m?],
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G

.s7c the incident radiation at standard test conditions [1 kW/m’], «, The

temperature coefficient of power [%/°C], 7, the PV cell temperature in the
current time step ["C] and 7. o the PV cell temperature under standard test
conditions [25°C].

If, on the PV page, you choose not to model the effect of temperature on the
PV array, HOMER assumes that the temperature coefficient of power is zero, so

the equation above is simplified [61]:

Poy = Yoy for (—i] (11)
Gr src

The equivalent diagram of a photovoltaic cell includes a current generator
that models illuminance and a diode in parallel that models the PN junction,
but the real equivalent diagram considers the parasitic resistive effect due to
manufacturing, it is represented on the equivalent diagram by two resistors
Figure 8 [62].

The current source generates a current J,;,proportional to the illuminance A
[w/m?]. The shunt resistor R, characterizes the leakage current at the junction
and the resistor R, represents the various contact and connection resistors. The
current [ supplied by the cell is the difference between the current 7, and the
current of the diode 1p /17].

I=1,-1,-1, (12)
e(V+RJ) V+RI
I:Iph—ID:Iph—IO[exp e —lj— R (13)

where: [, is the saturation current of the unlit junction, /.the current of the cell, e
the charge of the electron (1.602 x 107** C), K the Boltzmann constant (1.381 x
1072 J/K), T.is the junction temperature of the photovoltaic cell, m the ideality

factor of the junction, V'the voltage across the cell, R, the series resistor and &,

the shunt resistor [31].
I —Ee (14)
=ex
0 P kT,

where V= kT./eis the thermal tension, £, is the bandgap energy for a given

semiconductor material. It is almost constant and 1 is therefore a function of
temperature. Ideally, we can neglect R, and 7 in front of V, then work with a
simplified model [62]:

eV 14
IZIPh_[D:Iph_lo{exp[mT'ch_lj_R_ (15)

P

The influence of temperature is important and has consequences for the de-
sign of photovoltaic panels and systems. Temperature is an essential parameter

since cells are exposed to solar radiation, which can heat them. In addition, part
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Figure 8. Electrical diagram equivalent of a solar cell.

of the absorbed radiation is not converted into electrical energy [63]: it is dissi-
pated in the form of heat; this is why the cell temperature (7¢) is always higher
than the ambient temperature 7, [62].

r_p g NOCT-20

. 16
oo 1000 (16)

With 7, an ambient temperature (°C), H;, Solar irradiation on the inclined-
plane (w/m?) and NOCT the operating temperature of the cell which is defined
as the temperature of the cell when the module operates under the following
conditions of Solar Irradiation of 1000 W/m?, Spectral Distribution of AML1.5
Ambient Temperature of 25°C and Wind Speed greater than 1 m/s. Figure 9(a)
shows that the tension of a cell decreases sharply with temperature. The higher
the temperature, the less efficient the cell. On the other hand, the current in-
creases slightly in intensity; however, this increase remains negligible at the
point of maximum power. In Figure 9(b), the increase in temperature also re-
sults in a decrease in the maximum available power (the order of (5 x 107 w/k
per cm? of the cell) [64].

The electrical energy produced by a cell depends on the illuminance it receives
on its surface. The previous equations are only valid for an optimal mode of op-
eration. To generalize our calculation for different illuminances and tempera-
tures, we use the model that moves the reference curve to new locations [31]
[62].

]YC :]Y('r ! H (17)
=7 1000

The reference short-circuits current, A the global solar irradiation. In the same
way as temperature, the PN junction reacts differently depending on the energy it
receives. The more energy it receives, the more it returns, but always with a very low
efficiency coefficient of around 15%. The variation in characteristics is shown in
Figure 9(c) and Figure 9(d), depending on weather conditions. We get different

curves with different maximum powers during the same day.
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Figure 9. Influence of temperature and radiation on PV module Type CS6U-340M.

ln Zhub
Z,
U =U, :

anem ( 1 8)
VA
In anem
( ZO ]

where Uy is the wind speed at the hub height of the wind turbine [m/s], U.zem
the wind speed at anemometer height [m/s], Zu. the hub height of the wind
turbine [m], Z,em the anemometer height [m], Z, the surface roughness length
[m] and In(..) the natural logarithm. If you choose to apply the power law,

HOMER calculates the hub height wind speed using the following equation
[17] [65]:

7 a
Uhub = Uanem : (Z]Ab] (19)

anem

where : Ups is the wind speed at the hub height of the wind turbine [m/s], Usnem
the wind speed at anemometer height [m/s], Zu.; the hub height of the wind tur-
bine [m], Zem the anemometer height [m] and a the power law exponent. Pow-
er curves typically specify wind turbine performance under conditions of stan-
dard temperature and pressure (STP). To adjust to actual conditions, HOMER
multiplies the power value predicted by the power curve by the air density ratio,
according to following equation [32] [65] [66]:

P
PWTG =" PWTG,ST (20)
Po

where Pyrcis the wind turbine power output [kW], Pyrgsrrthe wind turbine
power output at standard temperature and pressure [kW], p the actual air den-
sity [kg/m®], and p, the air density at standard temperature and pressure (1.225
kg/m®) [66]. Figure 10 shows the maximum operating power of the wind tur-

bine. With a wind speed of 15 m/s, the wind turbine reaches the power of 10 kW
which is the operating power.
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Figure 10. Wind turbine power curve.

5.3. Converter

A converter is a device that converts electrical energy from direct current to al-
ternating current during reversal and from alternating current to direct current
during straightening [17]. The size of the converter refers to the capacity of the
inverter or the largest amount of alternating current that the device can generate
by reversing continuous energy. The rectifier capacity is expressed as a percentage
of the inverter capacity, which is the largest amount of DC energy the unit can
produce by straightening AC energy. The inverter and rectifier capacities are con-
tinuous, without overvoltage, and the device can handle the load for as long as
needed, according to the software. For this, the inverter must be able to syn-
chronize with the frequency of alternating current, which is lacking in some in-
verters [17]. Converter reversal and straightening efficiencies are the ultimate
physical attributes of the converter, which the software expects to remain con-
stant. The economic characteristics of the converter are the investment and re-
placement costs in dollars per year and the expected life of the converter in years
[17].

5.4. Storage Battery

HOMER models a single battery as a device capable of storing a specific amount
of energy in direct current with fixed energy efficiency, subject to limits on how
quickly it can be charged or drained, as well as how much energy can flow
through it before it needs to be replaced. The program implies that the characte-
ristics of the battery remain constant over time and are not affected by environ-
mental influences such as temperature. A group of one or more separate batteries
is called a “battery bank”. The software predicted the life of the battery bank by
simply monitoring the amount of energy passing through it, since the flow rate of

the battery life is independent of the depth of the cycle in this situation. The life of
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the battery bank in years is calculated by the program based on the following eq-
uation [43] [67]:

N, o
Rhu" — M[N battQIIjetlme ) Rbamf (21)

thrpt

where Rj..is the life of storage bank(year), Np.storage bank number of batteries,
Qiiime 18 the single storage lifetime throughput (kWh), Quy: is storage through-
put annually (kWh/year), and Ry..s storage float life (year). The cyclic energy
expenditure through the storage bench is known as the cost of battery wear and
tear of the battery. Suppose that storage characteristics show that throughput is a
constraint on lifetime. In this case, the program estimates that the storage bench
will need to be replaced when its total throughput equals the throughput of its
lifetime. Therefore, the storage bench approaches its necessary replacement with
each kWh of flow. The software uses the following calculation to calculate the
cost of storage wear [30] [39] [43]:

— Crep,butt (22)
Nbatt : Qhﬁztime : V nrt

where Crepsar is storage bank replacement cost ($), Ny is storage bank number of

bw

batteries, Qjeume is single storage lifetime throughput (kWh), and 7, is storage

roundtrip efficiency (fractional).

6. Economic Analysis and Interest Rates

To make a techno-economic study of the system, it is necessary to consider cer-
tain economic data including the life of the project, the nominal discount rate, the
expected inflation rate [63]. The economic data required for this analysis are pre-
sented in Table 6.

Other information considered in this project is the annual real interest rate,
also known as the real interest rate or simply the interest rate. The discount rate
is used to convert one-time costs into annualized expenses [17]. The following
equation is used to determine the relationship between the annual real interest

rate and the annual nominal interest rate [17] [63]:

v

- ;; (23)
where 7is the real interest rate, i’ is the nominal interest rate (the rate at which
the project can obtain a loan) and fis the annual inflation rate in this equation.
Thus, for system optimization HOMER Energy Pro needs the lifespan, initial
investment cost, replacement cost, maintenance, and labor of each component to
calculate the net project cost (NPC) and the cost of energy (COE) of the system
to meet load demand. The total net present cost (NPC) of a system is the present
value of all costs incurred by the system over its lifetime, less the present value of
all revenues it earns over its lifetime. This value can be determined by the fol-

lowing expression [17]:
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Table 6. Economic input data.

Description Value Unit
Currency US Dollar $
Diesel price 1 $/L
Nominal Discount rate 6.6 %
Expected inflation rate 2.0 %
Project lifetime 25 Year
CNPC Cann,mz (2 4)

B CRF(i,R,,;)

In this equation G, is the total annualized cost (USD/year), CRFis the cap-
ital recovery factor, 7 is the real interest rate (%), and R, is project lifetime
(year) (25 years in this study). The capital recovery factor is a ratio used to assess
an annual present value (a series of equal annual cash flows). The capital recov-
ery factor’s equation is [43]:
i(1+i)"

CRF(i,N) :(IT)N—I

(25)
where 7is the real interest rate (%) and N is the number of years. HOMER cal-
culates the discount factor 7;using the following equation [63]:

fd=1

—_— 26
(1+i)N (26)

With N representing the year the project was developed. HOMER defines le-
velized cost of energy (COE) as the average cost per kWh of useful electrical
energy produced by the system. To calculate the COE, HOMER divides the an-
nualized cost of generating electricity (the total annualized cost minus the cost of
the heat load) by the total electrical load served, using the following equation
[17] [68]:

COE = Carm,tat B CbailerH served (27)

served
where, Ciunieis the total annualized cost of the system [$/yr], Cpouer boiler mar-
ginal cost [$/kWh], Hienestotal thermal load served [kWh/yr] and Eineq total
electrical load served [kWh/yr]. The second term in the numerator is the portion
of the annualized cost that results from serving the thermal load. In systems,
such as wind or PV, that do not serve a thermal load (Huermar = 0), this term is

zero. In our case, equation 26 becomes [17] [68]:

Cllﬂn tot
COE = —amot (28)

served
The COEis a convenient metric with which to compare systems, but HOMER
does not rank systems based on COE [17]. The software uses the recovery value,

which is the value of a component of the electrical system that is still usable at
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the end of the project’s life, to calculate the value of each component after the
project’s lifecycle [69]:

S — C ’ rem (29)

where Sis the salvage value, Crps the component replacement cost, Ryemis the re-
maining component life, and Ry the component lifetime. The annualized to-
tal cost of a component is calculated by multiplying the net present cost by a
factor, called the capital recovery factor. This factor distributes the cost evenly
over the project’s life and results in the same net present cost as the component’s

actual cash flow sequence [70]:

Copnior =CRF (iR, ) Cope (30)

ann,tot

where Cypcior is the current net total cost (USD), 7is the annual real discount rate
(%), Ry is the life of the project (year), and CRFis a function returning the cap-
ital recovery factor. The leveled cost of energy is calculated using the total annu-
alized cost [33] [70].

7. Results

Our system has been simulated under various scenarios, considering variations
in load profile, component cost and size, system constraints, control strategy and
system economy. HOMER eliminates any infeasible combinations and ranks the
feasible systems based on their net present cost. This software has many features,
but its main functionalities are feasibility studies and techno-economic studies of
microgrids or distributed off-grid or grid-connected energy systems and allows
for modeling and optimizing low-cost renewable energy systems and risk miti-
gation techniques. It demonstrates how to combine fossil energy production
with renewable energy, storage, grid resources (if available) and load control
based on a techno-economic analysis. In a single simulation run, the program
evaluates and optimizes power system architecture, load profiles, components,
fuel prices and environmental factors, simulating the operation of a hybrid mi-

crogrid or distributed energy system for one year.

7.1. Results by Optimisation

A study was conducted in the village of Koua in the Union of Comoros (11°24.3'S,
43°20.9'E) which yielded four potential architectural options for a hybrid power
plant. The system would use 1603.60 kWh/day and have a peak power of 143.16
kW. The simulation software Homer generated a list of system configurations
based on their lowest cost of energy and net present cost. Different configura-
tions were considered and the optimal design that best fits the village’s needs was
chosen. The details of the chosen optimized components can be found in Table
7, with the reference case (Figure 11(d)) in light green. The specifics of the op-
timized system design are also outlined in Table 7. These optimization results are

provided by the HOMER Energy software after validation of various parameters.
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Table 7. Optimization results of the proposed system.

Rank PV Wind Generator Battery Converter NPC COE Ren Frac
an
[kW] Nb. [kW] Nb. [kW] [$] [$] [%]
1 1500 0 500 100 $1.60M $0.175 100
2 1500 1 0 500 100 $1.66M $0.181 100
3 1500 50 500 100 $1.66M $0.182 99
4 1500 1 50 500 100 $1.72M $0.187 99.1
H Converter W OPzS3780 ' PV solar
M Converter W OPzS 3780 PVsolar ® Wind
1600 000
1600 000
1200 000 —
1200 000
800 000
800 000
400 000
400 000
0 — I
0 —— |
(400 000)
(400 000)
(800 000)
Capital Operating Replacement  Salvage Resource (800 000)
Capital Operating Replacement  Salvage Resource
(a). PV/Storage .
(b). PV/Wind/Storage
® Converter M Generator [ OPzS 3780 PV solar M Converter M Generator m OPzS 3780 PV solar ® Wind
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(800 000) (800 000)
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(c). PV/Generator/Storage

(d). PV/Wind/Generator/Storage

Figure 11. Cost summary of the project components of the four architectures.

7.1.1. Results of the Economic Evaluation of the Different Architectures

Based on the analyses, it has been determined that the cost of energy (COE)
across all architectures is relatively similar, with only a 1% difference in the frac-
tion of renewable energies used. To mitigate issues of power outages or lack of
coverage during periods of low renewable energy availability, it is recommended
to choose the reference architecture outlined in Figure 11(d), which combines
PV, wind, generator, and storage systems for optimal performance, self-consumption,

and cost savings for the village.

7.1.2. Reference Architecture Result

As depicted in Figure 11(a), the optimization results presented were obtained
using HOMER Energy Pro software, indicating that the electricity demand of the
village can be fulfilled by utilizing 1500 kW of PV and 2808 kWh of battery, with

total annual operating costs of $13,903. To further reduce these costs, it is rec-

DOI: 10.4236/jpee.2024.125002

45 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2024.125002

F. Maoulida et al.

ommended to implement the reference architecture illustrated in Figure 11(d),
which involves incorporating an extra 50 kW of diesel generator capacity and 10
kW of wind generation capacity. This modification would result in a decrease of
the annual operating costs to $16,583, as demonstrated in Figure 12. The pro-
posed investment is expected to yield a return on investment of 12.9 years.
Figure 13 presents the cash flow by component and the economic and chro-
nological cash flow of the components over the 25-year lifespan of the project.
The data reveals that many expenses were for diesel generator fuel, totaling
$31958.21. For renewable energy, most of the spending was for operation and
maintenance of photovoltaic solar panel components, followed by storage batte-

ries and system maintenance costs.

Cumulative Cash Flow over Project Lifetime

1800000 —
1500000 _ e S
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b
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=
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Figure 12. Cumulative cash flow over project lifetime.
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Figure 13. The economic and chronological cash flow of the components.
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7.1.3. Electricity Generation

The proposed system for this microgrid, which requires an average daily con-
sumption of 1603.60 kWh and peaks at 143.16 kW, utilizes various generation
sources to meet the electrical load.

As depicted in Figure 14, the lion’s share of electricity generation, amounting
to 2,762,338 kWh annually or 99.2% of the total, originates from photovoltaic
solar panels. In contrast, the wind turbine’s contribution is relatively minor, de-
livering 16,841 kWh per year, equivalent to 0.6%. The diesel generator, reserved
exclusively for backup during renewable energy downtimes, adds a mere 5183
kWh annually, representing a slender fraction of between 0.186% to 0.2% of the
overall electricity output. This hybrid system’s efficacy is underscored by the
predominance of renewable sources in its energy mix, with 99.2% of its output
being green. Remarkably, this configuration yields an energy surplus estimated
at 2,125,344 kWh annually, translating to 76.3% of the total generation.

This system not only exemplifies the potential for sustainable energy solutions
but also demonstrates the diminishing role of fossil fuels in modern energy
strategies. By leveraging the inherent strengths of both solar and wind power, it
achieves a remarkable balance between reliability and environmental steward-
ship. Moreover, the substantial energy surplus underscores the feasibility of
transitioning to renewable sources without compromising on energy security or
availability. This model serves as a beacon for future energy systems aiming for
sustainability and resilience against the backdrop of global energy challenges.

As seen in Figure 15, a typical sunny day in the village of May 5th was chosen
to demonstrate the performance of the chosen system. The results show a clear
dominance of the solar photovoltaic system, with a peak power output of 1200
kW at noon when the sun is at its highest point. Additionally, the state of charge
of the storage batteries is observed to vary between 50% - 100% throughout the
day, further highlighting the effectiveness of the system.

2% 0,6%

Apr May Jun Jul Aug Sep Oct Nov Dec - PV solar
Il Generator
mGDsl =PV mWind B Wind

Figure 14. Electrical production of the hybrid system.
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In Figure 16(a), the diesel generator is mostly inactive, with a power output
that ranges from 0 kW to 50 kW, operating only during the night when the wind
turbine’s production is insufficient, and the storage batteries are depleted. The
production of the solar photovoltaic system, as shown in Figure 16(b), is con-
stant throughout the day, from 6am to 6pm, supplying electricity to the village
with a power output that varies from 0 kW to 1500 kW. The wind turbine, as
shown in Figure 16(c), operates throughout the day, producing a power output
that ranges from 0 kW to 10 kW. In Figure 16(d), the state of charge of the sto-
rage batteries is crucial, with a deep discharge rate of 40% and a deep charge rate

of 100% during the day, around 10am to 5pm, throughout the year.
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Figure 15. Production and weather situation for a typical day.
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Figure 16. Component production of hybrid system architecture.
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7.2. Results by Sensitivity

Figure 17(a) and Figure 17(b), alongside Figure 18(a) and Figure 18(b),
present a comprehensive analysis of the optimal system configuration, taking
into account fuel costs and wind speed variables. Specifically, Figure 17(a) and
Figure 17(b) detail the system’s total net cost at varying diesel prices, $0.5/L and
$1/L respectively, highlighting the financial dynamics under different fuel price
scenarios. The analysis reveals that the PV/Battery system, a solution relying en-
tirely on renewable energy, emerges as the preeminent option in terms of
cost-effectiveness. Trailing this leader, the hybrid PV/Wind/GDsl/Battery system
secures the second position, demonstrating a balanced integration of multiple
energy sources. The GDsl/PV/Battery system occupies the third place, followed
by the PV/Wind/Battery configuration, which, despite its renewable composi-
tion, ranks last in cost efficiency.

The span of the total net cost (NPC) for these systems, ranging from
$1,599,004 to $2,281,352, underscores the influence of external factors such as

global solar radiation and average wind speed on system economics.
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Figure 17. NPC with variation in diesel price.
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This variability accentuates the critical role of environmental conditions in
determining the optimal energy mix and system design. Additionally, this analy-
sis serves as a testament to the evolving landscape of energy systems, where the
integration of renewable resources is increasingly becoming a viable and
cost-effective alternative to traditional fossil fuel-based setups.

By incorporating renewable energy sources, such systems not only offer a
hedge against fluctuating fuel prices but also contribute to a reduction in carbon
footprint, aligning with global sustainability goals. This insight into cost dynam-
ics and system performance underlines the importance of strategic planning and
investment in renewable energy technologies, setting a path for a more sustaina-
ble and economically feasible energy future.

The sensitivity analysis examined the impact of changes in fuel prices, wind
speed and solar irradiation, allowing for an assessment of the robustness of sys-
tem configurations to fluctuations in key parameters.

Figure 18(a) depicts the levelized cost of energy at a constant wind speed of
5.09 m/s, where the Photovoltaic/Battery (PV/Battery) system emerges as the
most cost-effective option. It is closely followed by the integrated Photovol-
taic/Wind/Generator Diesel/Battery (PV/Wind/GDsl/Battery) system, with the
Generator Diesel/Photovoltaic/Battery (GDsl/PV/Battery) configuration ranking
third in terms of cost efficiency. In contrast, Figure 18(b) examines the scenario
when the wind speed is elevated to 8.5 m/s. Here, the PV/Battery system maintains
its prominence as a cost-effective energy solution. Meanwhile, the GDsl/PV/Battery
system becomes obsolete, and the Photovoltaic/Wind/Battery (PV/Wind/Battery)
system emerges as a feasible alternative. This shift highlights the dynamic nature
of renewable energy systems’ economic viability, which significantly depends on
environmental conditions. Notably, the increase in wind speed not only alters
the competitive landscape among these systems but also underscores the impor-
tance of adaptability in optimizing the integration of renewable energy sources.
As the reliance on renewable energy grows, understanding these dynamics be-
comes crucial for developing efficient, sustainable energy solutions tailored to
specific environmental conditions.

On the other hand, the PV/Battery system is economically favorable, as it has
a levelized cost of energy that ranges between $0.198/kWh. As seen in Figure
18(b), at a fixed wind speed of 8.5 m/s, the hybrid PV/Battery energy system is
no longer present, and the Wind/PV/Battery combination becomes the most
advantageous with a range of $0.175 to $0.267/kWh. This configuration shows
that increasing the wind speed leads to a reduction in energy costs for the con-
sumers and a reduction in diesel fuel consumption. The village inhabitants can
potentially rely on 100% renewable energy when the wind speed reaches 8.5 m/s.
As the wind speed increases, the contribution of renewable energy becomes
more favorable, and the hybrid system works well with energy storage in batte-
ries for later use. The PV/Battery system is considered to be the most suitable for

this scenario.
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Figure 18. COE with variation in wind speed.
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The study was conducted with a fixed solar radiation of 2 kWh/m?/day
(Figure 19), a fuel price of $1/L and a wind speed of 5.09 m/s. The results
showed that the most dominant architecture of the system is the GDsl/PV/Battery
configuration, with the potential for a 100% renewable architecture composed of
PV/Wind/Battery. The cost of energy (COE) varies between $0.182/kWh and
$0.186/kWh and the net present cost (NPC) varies between $1,555,816 and
$1,698,087.

8. Gas Emission

Table 8 shows an estimated gas emission production of 5390,059 kg/year. In
Figure 20, we see a maximum production of CO, at around 98.5%, an estimated
value of 5311 kg/year and which is really negligible in terms of emissions. In
second place we find carbon monoxide with a percentage of 0.6% or the value of
33.2 kg/year and in third place Nitrogen Oxides which also occupies 0.6% or
31.2 kg/year. The other gases are almost at 0%. Following this cost at, we can say
that our project is good in terms of respect and protection of the environment.
This respect for the environment is due to the fact that 99.1% of the energy pro-

duced comes from so-called green or renewable energy.

Table 8. The distribution of gas emissions.

Quantity Value Units
Carbon Dioxide 5311 kg/yr
Carbon Monoxide 33.2 kgl/yr
Unburned Hydrocarbons 1.46 kgl/yr
Particulate Matter 0.199 kgl/yr
Sulfur Dioxide 13.0 kgl/yr
Nitrogen Oxides 31.2 kgl/yr
Total 5390.059 Kg/yr

0,
0% 0% 0,2% I Carbon Dioxide
0.6% I carbon Monoxide
0,6%—>\/—""°"  mEE Unburned Hydrocarbons
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| [ Sulfur Dioxide
[ Nitrogen Oxides

98,5%

Figure 20. Share of gas emissions.
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9. Conclusions and Prospects

In this research, an approach to providing power to a rural village in the Com-
oros was developed using the simulation tool HOMER Energy Pro. The pro-
posed system includes a combination of a photovoltaic system, a wind turbine, a
generator, and a storage battery. The study was carried out using meteorological
data from the Comoros, including wind speed and solar irradiation, to optimize
the design. The findings indicate that the optimal configuration of the system is
a 100 kW converter, a 10 kW wind turbine, a PV field with a nominal capacity of
1500 kW and a 500-chain storage unit of OPzS 3780, resulting in a net total cost
of $1,716,229, an operating cost of $16,583.43/year and a cost of energy sales of
$0.1871/kWh. Additionally, the majority of electricity production is expected to
come from the solar PV system at 2,762,338 kWh/year or 99.2%, followed by
wind at 16,841 kWh/year or 0.6% and the diesel generator with a value of 5183
kWh/year or 0.186% - 0.2% of electricity production. This proposed system is
expected to effectively meet the needs of the village as it relies heavily on renew-
able energy sources, with an estimated surplus of 2,125,344 kWh/year or 76.3%.
This surplus energy can be sold to the national electricity production company
in the Comoros, SONELEC, and be reinjected into the electricity network,
creating savings for the community. This surplus can also be used to fund other
community projects that have been hindered due to energy shortages. Addition-
ally, this excess energy can be used to provide electricity to other villages in the
commune of Sada Djoulamlima, or even the entire northern region of Grande
Comore. The results of this study indicate that solar resources in the village of
Koua have a strong potential compared to wind power, making it the primary
energy source for the community. This work will not only contribute to the pro-
tection of the environment and the fight against climate change but also allow
this remote village to be self-sufficient and autonomous in terms of electrical
energy, which will contribute to its socio-economic development.

Given the limited budget and lack of government funding for the project, we
propose to the Comorian government to conduct feasibility and techno-economic
studies for residential self-consumption in this area using hybrid photovoltaic
thermal (PV/T) systems to meet the needs of households for both water and
electricity. This alternative is more cost-effective and can address the urgent
need for electricity in the country while larger community projects are being de-
veloped.
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HOMER Hybrid Optimization Model for Electric Renewable
HPS Hybrid Power System
1IEA International Energy Agency
PV Photovoltaic
SONELEC National electricity production company in the Comoros
ANACEM National Agency of Civil Aviation and Meteorology
PV/T Photovoltaic Thermal
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