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Abstract

In this paper, Rural electrifications and optimum sizing of isolated hybrid micro-grids improve the quality of the life in
rural areas by using the optimization technique. The hybrid isolated micro-grids consist of wind turbine (WT), solar voltaic
(SPV) systems, storage unit batteries, and diesel generators as a backup to feed electric load demand requirements. A
software homer optimization technique has been used to model isolated micro-grid performance during a time of one year,
considering hourly variations in both the availability of renewable resources and variations in load demands. The optimum
solution is obtained considering the minimization of the levelized costs of energy (LCOES) over a project lifetime of 25
years. The simulations concentrated on the net present costs (NPCs), LCOEs, and a renewable fraction (RFs) of the given
hybrid isolated micro-grids for all four zones. The gotten analyses show that SPV/wind/diesel/battery storage hybrid isolated
micro-grids configuration is found as optimal solutions for 1.3 $/1 of diesel fuel consumption. It also showed a better
performance in fuel consumption and gas greenhouse CO2 reduction. This paper studied the feasibility of different isolated
micro-grid configurations comprising SPV, WT, and diesel in different areas of Egypt. Four rural isolated micro-grids have
been randomly chosen for the four areas in Egypt with the intention that the obtained results of this study could be replaced in
other rural locations of the selected areas with similar terrains. HOMER simulation was used to calculate the economic
feasibility of the isolated micro-grids. The simulations focused on the LCOEs and RFs of the given hybrid component for all
four regions. The analyses showed that SPV/wind/diesel/battery hybrid isolated micro-grids configuration is found as the best
architecture for all rural areas. It also presented a good performance in fuel consumption and CO2 reduction.
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. INTRODUCTION with alternative models. The authors in reference [9] suggest

Nowadays the world energy request is increasing at a fast a non-linear constrained system to obtain the optimum
rate compared to the growth of the human population [1]. In ~ combinations of a model that contains hydro, SPV, wind
the developing countries, it is expected that the largest  turbine, diesel, and batteries storages using an iterative
increase will occur, where more people in these countries method. The best model is chosen frc_>m seve_ra_l combinations
still do not have sufficient energy for people energy that are compared together. The optimum sizing scheme for

requirements [2]. The isolated system has been applied using 0 isolated grid h""_ith digseL is dexisting in [10h'11]- Tﬂe
diesel generators or more renewable energy resources, but  OPtimization technique is based on GA to choose the

because of the increasing development of WT, SPV sources, Opt'm“'p size of WT, SPV rated por:/ver, battery sftorqge
and diesel fuels have high costs and high environmental nominal capacity, and inverter rating. The advantage of using

ollutions, these traditional systems are being modernized to _renewables energies compa_red fo a standalone c_jlesel system
potiutions, Y Ing is then measured. Though in both works, the diesel systems
combine more renewable energy technologies [3-4]. are high cost, and the resize is not recommended for an

The design of hybrid micro-grids by optimization economic solution in Ref. [12]. The use of hybrid energy
software techniques is driven by the requirements to  Systems in Egypt is considered the main way for future
overcome the convolution of decision making in the presence  energy and can decrease the amounts of the emissions of
of large variability of renewable microgrids resources, gaseous resulted from fossil fuels [13]. In this reference, four
variable energy load requirement profile, cost characteristics, ~ different hybrid systems are discussed, and the comparisons
and different performance of equipment. The hybrid  Were obtained to get a proper design for Hurghada city. From
microgrid evaluation has been described using optimization ~ this literature review, it is clear that different sub-systems
software tools, different performance schemes, and different ~ have been studied, different optimization methods have been
techniques [5-6]. The methodology suggested a dynamic used, and different time horizons considered. The main
system to calculate the optimal operating strategy for a wind ~ contribution of this article is to offer the integrated
turbine with a diesel and battery storage system during one ~ methodology of the sizing and planning of hybrid micro-
day [7]. In [8] the authors have used the optimum design of ~ grids containing the main renewable sources, SPV and WT,
WT with diesel and battery storage system based on the  batteries storages, and a backup diesel generator for four
structure of trade-offs shapes. So the economics of charging ~ rural areas in Egypt. Four rural isolated micro-grids have

batteries storages with diesel power are shown in comparison ~ been randomly chosen for the four areas in Egypt. The other
thing of the article is planned as follows. Section Il describes

Received:20 Augest, 2020, Accepted:11 March, 2021 the problem definition and isolated micro-grid modeling.
Section Il is concerned with system descriptions and
simulations model of the hybrid system. The gotten results
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being discussed in section V. The conclusions showed in
section V.

1. PROBLEM DEFINITION AND ISOLATED MICRO-GRIDS

MODELING

A. Problem Definition

Four isolated micro-grids are considered for the rural
regions in Egypt that consist of WT energy, SPV, batteries
storages, and diesel generators. The objective is to obtain the
optimum scheme of isolated micro-grids that minimizes the
LCOE while feeding load demands under uninterruptible
conditions. Assuming the renewable resources variations,
load profile, and general technical characteristics like rated
power, initial cost, and efficiency. The No. of SPV, wind
turbine, diesel generators, and storages batteries capacity
have been evaluated, to allow continuous operation. Diesel
engines and batteries have been used as a backup for
renewables sources. Diesel generators are cheap and easy to
use, but the fuel consumptions are high when working in
temporary modes. Batteries storages are expensive and the
No. of charge/discharge cycles change their lifespan. The
resize and usage of the battery can be kept to a low value to
minimize the total cost. The time of the project considered is
one year with a time step of one hour. From the modeling, it
is direct to consider a smaller time step discretization but that
would significantly increase the No. of variables and
constraints leading to a higher computational time.

B. Isolated Micro-grids Modeling.

The isolated micro-grids sources, particularly SPV and
WT are characterized by their uncertainties in a time frame
in addition to in magnitude. The best method to get around
these uncertainties would be to couple them with other
steady controllable energy supplies. Figure 1 displays the
schematic diagram for the SPV/wind/diesel system
connected to battery storage.

- AC

— Solar photovoltaic
Electrical load P

DC
el gy
> @
Diesel generator

Battery storage
units 4KS25P

[« Converter [«

Wind turbine
Fig. 1. Hybrid SPV/wind/diesel isolated micro-grids with battery storage.

1. Wind energy subsystem

The wind turbine's power output at a certain place
depended on the value of wind speeds at hub height and the
rated speed of the WT system. Wind speeds at hub height
calculated by:

Vs =V, [hﬂ]x

‘ D
Where v, and v; are the wind speeds at the heights h and h;
respectively. x is a power law and power output Py

(kW/m?) obtained from a wind turbine can be computed
by[14]:
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Where A, B are the wind power characteristic curve
parameters, slightly different for different wind turbines; P,
is the wind turbine rated power; Vi, Vi, Veou are the cut-in,
rated and cut-out wind speed and the values of these speeds
is 2.5m/s, 12m/s, 24m/s with rotor diameter 13 m
respectively. Ay is a total swept area of wind turbine and
efwr is an efficiency of WT. The relationship curve
between the output power and wind speed is shown in
Figure 2.
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Fig. 2. wind turbine output power

2. Photovoltaic energy subsystem [15]

The current output of SPV panels is evaluated in
Equation (6). The Cell photocurrent (I,,), Cell reverse
saturation current (ls), Cell saturation current I,, varies with
the cell temperature and the current output of SPV cell (1) are
existing in the below equations.

Loh = [lser + Ki (T - 298)]*1. /1000 (6)
Vor
ls = Iscr/ [EXp (m)-l] (7)
Tl e [ER [L L
I'CI=I.|'i I:T_:] exXp I:AI:RI: {T.r-‘!'m}] (8)
TR W+I* g
I'=Np *lpn — Np*lo*(e“'s“me - 1] —— ©)
Hp

Where, Iy is SPV module short-circuit current at 25°C,
Kj is a short-circuit current temperature coefficient at lsc, =
0.0017 (A /°C) and 1000W/m? (A), T, is the reference
temperature = 298 (K), T, is module operating temperature
(K), A is SPV module illumination (W/m?) = 1000 W/m?, q is
an electron charge (1.6 x 10 (C)), Ve is SPV cell open-
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circuit voltage at 25°C and 1000W/m?, N is No. of the solar
cells connected in a series, N, is No. of solar cells connected
in a parallel, A; is ideality factor (1.6) and Eg, is bandgap of
silicon (1.1eV).

3. Diesel generator

Diesel generator works as a voltage-stability organizer
through the system isolated operation. After there is a lack
of solar output, the diesel engine raises its output to
recompense the lack of power. The minimum operating ratio
of diesel is taken as 25% of the generator power output. The
fuel generator curve of the intercept coefficient is assumed
as 0.014L/hr/kW,qeq. The fuel engine curve slope is
supposed as 0.244L/h/kW output.

4. battery storage system

The electric battery is an important part of any hybrid
renewable energy system. The main disadvantages of
employing a battery system are its cost and the know-how to
choose the appropriate rating of it. A battery is an electrical
device containing one or several electrochemical cells. It has
two poles: positive pole is the anode and negative pole is the
cathode and is the source of electrons when connected to an
external device. The electrons allow the passage of ions
through them in the sense that it is a chemical reaction and
thus out of energy for the device, the current that comes out

of the battery movement of ions within the battery.

C. Economic analysis

HOMER software compares the economics of the wide
ranges of system configurations containing variable No. of
renewable and unrenewable energy resources [16]. For
equality constraint, such comparisons must explanation for
both initial and operating costs for each energy resource. In
this article, two parameters including LCOE and RFs were
used to estimate the performance of hybrid systems.

1. Levelized cost of energy(LCOE)

HOMER combines the initial, replacement, fuel costs, and
salvage values for each component to get the component’s
annualized cost. LCOE is an average cost per kilo Wh of the
useful electric energy resulted from the hybrid system. To
compute the LCOE, HOMER program divides the total
annualized costs of producing electricity by total electrical
energy production as given in the following equation:

LCOE = Cr.'r!,mr."r'iEurim:] (10)

Where Cgn ot IS @ total annualized cost, Egin is total amounts
of electrical load that the hybrid system serves annually.

2. Renewable fraction(RFs)

RFs is the total amounts of power generated by the
renewable energy resources compared to the total power
generation from then entire hybrid energy systems [14]. RFs
is usually wanted to be as high as possible because the
electric loads are predictable to make the maximum usage of
the renewable sources. The RFs is obtained from the
following equation.
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Where P, and Pgs are the power output of renewable
energy and diesel output power respectively.
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I11. SYSTEM DESCRIPTIONS AND SIMULATIONS MODEL FOR
HYBRID MICRO-GRID

A. System Descriptions

The load profile considered average energy consumption
by the proposed area and it is 85 kWh/d. Fig 3 shows the
daily average load profile. Here, 11 kW is considered as peak
load consumption. The scaled annual average (kWh/d) is
assumed 85. Fig. 4 shows the monthly average load in the
proposed region. The data of solar resources was gotten from
the NASA website. Tables I and Il show solar irradiation and
the wind speed of the four towns of Egypt, respectively.
Table 111 shows the locations of the four towns. The specific
location of Hurghada-Egypt is at a location of 27° 15'N
latitude and 33° 48'E longitude with annual average solar
irradiation of 6.25kWh/m2/d as displayed in Figure 5. The
actual wind speeds are obtained for Hurghada and the scaled
annual average speed is 7m/s as displayed in Figure 6.
Hurghada town has a wind speed rate between 5 m/s and 9
m/s and an average speed rate of 6.65 m/s. The high wind
and low wind speeds of months of a year are detected in Sep.
and Nov., respectively.
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Fig. 3. Load profile (daily)
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Fig. 4. Load for a complete year (monthly average)
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10 Global Horizontal Radiation 'o Simbel
_ Latitude (N)/ | 21°18N | 27°15N 31°19'N 24°4N
E= g 05 Longitude (E) 34°4E 33°48'E 27°9E 32°57'E
: - T | 3
= D; B. Simulation Model of Hybrid System.
= L]
E a n,4§ Figure 7 shows off-grid hybrid systems design using
= & HOMER which contains an SPV array, diesel generator,
T2 0.2 wind turbine, converter, load, and battery. Every source from
the previous has details that can be put into a program to
O o e W A My dom ol A Sen Ot New s 00 have an actual result. HOMER software discusses the
Daily Radiation = Cleamess Index principle of optimization so the cost should be an important
i o part of the program. HOMER differentiates between the fuel
Fig. 5. Annual average solar irradiation of Hurghada. costs of diesel and the costs of diesel generator equipment so
the cost of fuel should be inserted. According to
10 L T environmental protocols, there are penalties on emissions,
T, HOMER uses these penalties and adds its cost to the cost of
T e a project such that the Intercept coeff. (L/hr/kW rated)equal
- 0.08 and Slope (L/hr/kW output) equal 0.25. for the
7 monocrystalline silicon solar panel. Its efficiency is about
g " 19% and its lifetime about 25 years. It can withstand high
Jan  Feb  Mar Apr May Jun  Jul Aug Sep  Oct  Nov  Dec temperature and It can withstand high pressure. We should
Fig. 6. The scaled annual average speed of Hurghada. notice that the initial installation cost _of SPV arrays is
assumed as $2000 per kW, and operation &maintenance
costs practically zero. The best choice will be the central
converter because it is designed for navigational purposes,
economical, and cheap more than other types. Notice that:
the converter functions as both an inverter (converting DC to
TABLE 1. SOLAR RADIATION DATA OF THE FOUR TOWNS. AC) and rectifier (AC to DC). This will not affect the results
(KWH/M oAY) of an analysis of a hybrid system that only requires an
Abu Hurghada Matrouh Aswan inverter. The specification of all components is presented in
Simbel Table IV
Jan. 5.100 4.285 2.882 4592
Feb. 5.985 5.176 3.745 5.372
Mar. 6.752 6211 5003 6.444 ih_; I ﬂ — ﬂ
Apr. 7.381 6.980 6.023 6.895 .
May 7281 7468 6.904 7353 Fuhrlsnder 30§ Primary Load 1 i
Jun. 7.640 8.324 7.690 7.927 85 khw'hid
Jul, 7.225 8.116 7.506 7.604 11 k' peak
Aug. 6.931 7.617 7.008 7.055
Sep. 6.558 6.861 5.883 6.582 =
ot 5.974 5,522 4319 5.666 Q'—’ +— H@
Nov 5.293 4.475 3.265 4.785 Generatar 1 Canverter 54K.525P
Dec. 4.773 3.96 2.738 4.303
Average 6.408 6.254 5.254 6.218
AL oC
TABLE Il WIND SPEED DATA OF THE FOUR TOWNS (M/S) Fig. 7. Hybrid system schematic in HOMER.
Abu Hurghada Matrouh Aswan
Simbel TABLE IV. SPECIFICATIONS OF ISOLATED MICRO-GRID.
Jan. 3.000 5.000 5.000 4.000 Size | Capital | Replacement | O&M
Feb. 3.000 5.700 5.000 4.000 : (kW) $) ($) &)
Mar. 2.000 6.200 5000 5.000 Diesel 1.000 450 400 0.090
Apr. 3.000 7.000 5.000 4.000 SPV 1.000 2000 1800 0
May 4.000 8.000 4.000 4.000
Jun. 4,000 7.600 4.000 4,000 WT 30 27500 25000 100
Jul. 4.000 7.300 4.000 4.000 Battery 7.6 1250 1100 15
e I L I L O
Oct. 4.000 7.000 3.000 4.000
Nov 4.000 5.000 4.000 4.000 IV. RESULTS AND DISCUSSION
Rsz'rage g:ggg Z:ggg i:ggg j:ggg Tr]e result includes n_umerical values which cpntain Fhe
capacity of Photovoltaic., Number of Batteries units,
TABLE IIl.  SELECTED TOWNS OF THIS STUDY WITH THEIR LOCATIONS. Capacity of Converter, the initial cost of a system, operating

[ Abu

| Hurghada |

Matrouh

| Aswan
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cost of the system, total NPCs, LCOE per year, Hours of
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operation for diesel, and No. of diesel fuel in liters. Table V
and VI show isolated micro-grid architecture taking kW
SPV array rating, wind turbine, diesel generators, the power
converter, and the electrical production. The No. of storage
batteries needed for energy battery is indicated under
microgrid architecture. The conventional stand-alone diesel

consumptions view, among four hybrid sources with an
hourly LCOE presented that the electricity cost of Diesel
system with 0.749 $/kWh and the electricity cost of SPV-
wind -diesel-battery with 0.147 $/kWh has the high and low
value per dollar each hour, respectively in Abu Simble town.

engine is currently employed in every rural area in Egypt and TABLE VII.  SysTEM LCOE ($/KWH) FOR FOUR TOWNS OF DIFFERENT
hence considered as the diesel simulation in this paper. It is MICROGRIDS.
selected to permit the comparisons to be made about total Abu Hurghada Matrouh | Aswan
savings which can be get by including renewable resources Simbel
in isolated mICI.’Ongd de5|gn|_ng (i.e comparing costs and the SPVowind 0147 0153 0151 0156
amount of emissions for diesel with the proposed hybrid diesel-
SPV/wind/diesel configuration). SPV/wind/ diesel/battery | battery
configurations are adjudged an optimum best, for all the four ‘t')V"t]td-d'eseF 0.157 0.161 0.16 0.168
; . : attery
rural_ areas, and hence comparing with the (_ile_sel system oo U 353 W 0304 3314
considering the LCOE, RFs, and amount of emissions for the | patery
diesel price ( $1.3/L). Diesel 0.749 0.749 0.749 0.749
TABLE V. SYSTEM ARCHITECTURE FOR FOUR TOWNS
TABLE VIIl.  THE LCOE OF SPV- WIND -DIESEL-BATTERY FOR
Abu Hurghada Matrouh Aswan DIFFERENT TOWNS IN EGYPT
Simbel
Abu | Hurghada | Matrouh | Aswan Ref.
SPV (kW) 4 4 4 4 Simbel [17]
Diesel (kW) 5.5 5.5 5.5 5.5
WT (kW) 30 30 30 30 LCOE | 0.147 0.153 0.151 0.156 | 0.2262
Converter 5 5 5 5 ($/kWh)
(kw)
No. of 8 8 6 8 . .
batteries Table VIII shows the comparison of LCOE of different
towns in Egypt with the same hybrid source (SPV- wind -
diesel-battery). The Abu Simble town have the minimum
LCOE of 0.147 $/kWh and this because of high solar
TABLE VI KWH/YR OF DIFFERENT TOWNS FOR DIFFERENT SOURCES irradiation and Wmd reSources. The higheSt LCOE Wlth
) 0.2262 $/kWh in Ref [17] because it has low solar irradiation
Abu Hurghada Matrouh Aswan and wind speed resources.
Simbel .
B. RF Calculations
SPV 10230 12600 10225 12183 Renewable fraction (RFs) varies as microgrid
Diesel 1062 1000 1352 1105 ) . . .
WT 110121 108722 109489 110103 architectures for every area taken in the simulations. It could

A. Total LCOE Calculations.

The LCOE of all the feasible isolated micro-grid
configurations considered for implementation of a hybrid
microgrid in certain areas is shown in Table VII for diesel
prices of $1.3/l. LCOE is evaluated for the whole model
considering the expected life of 25 years. The system
configuration includes a standalone diesel-only system,
wind/diesel/battery, SPV/wind/battery, and SPV/wind/
diesel/battery. LCOE of SPV-wind-diesel-battery in Abu
Simble (0.147$/kWh) for the electrical production of this
system is 123391 kWh/y. LCOE of SPV-wind-diesel-battery
in Hurghada (0.153$/kWh) for the electrical production of
this system is 121414 kWh/y. LCOE of SPV- wind -diesel-
battery in  Matrouh (0.151$/kwh) for the electrical
production of this system is 121067kWh/y. LCOE of SPV-
wind -diesel-battery in Aswan (0.156$/kWh) for the
electrical production of this system is 122322 kWhly. A
comparison study for the optimal source for the four regions
displays that hybrid SPV-wind in Abu Simble has a higher
electrical production value with 123391 kWh/y, while the
hybrid SPV-wind in Matrouh has a lower electrical
production value of 121067kWh/y. From the electricity

be noticed that from Table IX, that the RFs for every area in
the simulations is a notably high value for a diesel price of
$1.3/I. An increase in diesel price favors more addition of
SPV panels, resulting in a higher RFs value.

TABLE IX. RFs FOR FOUR TOWNS OF DIFFERENT MICROGRIDS
Abu Hurghada Matrouh Aswan
Simbel
SPV-wind- 0.99 0.99 0.99 0.99
diesel-
battery
Wind-diesel- 0.99 0.99 0.98 0.98
battery
SPV-wind- 1 1 1 1
battery
Diesel 0 0 0 0

157

C. Carbon emissions.

The annual CO2 amount of emissions relate directly to
the amounts of fuel consumed by diesel engines per year.
Table X displays a comparison to a total amount of CO2
emission per year by all configurations for every area with a
base case simulation at diesel prices of 1.3%/L. In the four
hybrid sources, the SPV- wind -battery system has no
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pollution with zero value and the Diesel system has a
maximum value of 41125 kg/y in the four regions. These
gotten results showed that long-term planning for
participating in renewable energies is suitable for the four
towns.

TABLE X. CO2 EMISSION (KG/YR) FOR FOUR TOWNS OF DIFFERENT
MICROGRIDS
Abu Hurghada | Matrouh Aswan
Simbel
SPV-wind- 1305 1207 1636 1344
diesel-battery
Wind-diesel- 1771 2711 2591 3033
battery
SPV-wind- 0 0 0 0
battery
Diesel 41125 41125 41125 41125

V. CONCLUSIONS

In this paper, the feasibility study of hybrid renewable
isolated micro-grids in four selected regions of rural areas in
Egypt was obtained. Through the investigations for sources
availability in every area and the simulations for total
isolated micro-grids scenarios, the optimum system
architecture, LCOE, and environmental impacts, were
quantitatively  analyzed.  Four isolated  micro-grids
configurations including standalone diesel-only system,
wind/diesel/battery, SPV/wind/battery, and SPV/wind/
diesel/battery, were evaluated by HOMER to get the more
economically suitable solution. According to the gotten
results for the selected areas in this paper, it can be
recommended that: The WIND/SPV/diesel/battery isolated
micro-grids are found as optimum planning for diesel price
of $1.3/1, based on the LCOE, and RFs calculations. Also,
the best optimum area to install SPV/wind/diesel/battery
isolated micro-grids in Egypt is Hurghada. The standalone
diesel unit is the highest LCOE 0.749$/kWh, and the amount
of emission is 41125 kgly of COZ2; this is a large value and
will harm the environment. A standalone diesel system is a
bad option in all the areas considered, due to the highest
LCOE, low RFs, and high pollutions. The overall obtained
results isolated micro-grid configurations perform better than
the diesel regards to the LCOE for all four simulations, it
also displayed a good performance in all areas considering
electrical, fuel consumptions and CO2 reduction. Because of
the high capital cost of implementing isolated microgrids and
tariff concession require to be established in Egypt to boost
investments in isolated micro-grids, to enhance their
contributions to the total energy mix, alleviate poverty and
rural electrification problems and promote CO2 emission

reduction on the environment.
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