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KEYWORDS Abstract. The main objective of this work is to provide an electric supply to remote
Iranian villages that have no access to electricity grid using a stand-alone hybrid system.
The hybrid systems considered in this study consist of a photovoltaic array, wind turbine,
diesel generator, and battery storage. Measured wind speed data was used for a wind
turbine energy production model. The hybrid system optimized the electricity supply
of villages with 6, 14, 20, 40, and 60 households in Bojnord, Moorchekhort, Kish,
Langroud, Khash, and Meshkinshahr. The main purpose of this optimization is to find
an economical system configuration that is able to fulfill the energy requirements of a given
load distribution while considering Iran’s current economy and cost. The optimized results
for studied cases have been analyzed and implementation feasibility is discussed.
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1. Introduction Alternative energy resources such as solar and
wind have attracted energy sectors to generate power,
although the common drawback of solar and wind
energy is its unpredictable nature and dependence on
weather and climatic changes. Stand-alone photo-

An estimated more than 1 billion people in the world
have no access to electricity [1,2]. More than 85%
of people without access to electricity live in rural

areas [2] 'The're are many factors contributing to the voltaic (PV) or wind energy systems do not produce
poor distribution of electrical resources, such as harsh usable energy for a considerable portion of time during
terrain and the isolation of many rural villages. the year [4]. For these systems, a battery is used to
. An autonomous power system providing energy store electrical energy. At present, the cost of batteries
%ndepen‘dence to remote consumers 1s one Of. the most during the lifetime of a wind generator and PV module
interesting solutions to similar electrification prob- has made up a fairly large part of the total cost of PV
lems.  In these regions, the choice of diesel power or wind generating systems [5]. To help alleviate this
generation has traditionally been considered as the problem, some researchers have proposed other energy

most economical and reliable alternative. However, storage methods, such as compressed air energy and
the volatile prices of fossil fuels and the very high hydrogen storagé [6,7]
,7].

maintenance cost of diesel generators coupled with The term hybrid system is used to describe any
environmental and climate change concerns make this energy system composed of more than one type of

option unsustainable [3]. generator. The use of different energy sources allows

the system to improve efficiency and reliability of the

*. Corresponding author. Tel.: +98 21 66165508 energy supply and reduce the energy stf)r.age require-
E-mail address: hannani@sharif.edu (S. Kazemzadeh ments when compared to systems comprising only one
Hannani) single renewable energy source [8].
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Hybrid PV-diesel [9-13], wind-diesel [14-16], PV-
wind [17-21], or PV-wind-diesel [22-27] systems with
batteries storage have been widely studied in the
literature. Hybrid systems are mainly recognized for
remote area power applications and are currently a
cost-effective option where extension of grid supply
is prohibitively expensive. Although the cost and
technological development of hybrid systems in recent
years has been encouraging, they are still an expensive
source of power [28].

The design of hybrid systems is a very complex
problem containing a high number of parameters;
therefore, the classical techniques of design may pro-
duce unsatisfactory results [29]. In some studies, the
program HOMER is used for determining configuration
of the hybrid system [13,18,20,30]. The program
HOMER, which optimizes hybrid systems, uses an enu-
merative technique in searching for the optimal design.
The enumerative technique assures finding the best
possible solution, but it may require an excessively high
CPU time. In recent years, optimization algorithms
have received increasing attention by the research
community as well as industry. These algorithms have
been applied to many problems, getting very good
results where other techniques have failed.

The main purpose of this study is electric supply
to remote Iranian villages that have no access to
the electricity grid using a stand-alone PV-wind-diesel
system with batteries storage (Figure 1). The system
components are modeled and verified with various
measured data. After modeling of the system, the
PV power, wind turbine power, diesel generator power,
and battery storage capacity are selected as design
parameters (decision variables) and this equipment
is optimized by minimizing the annualized life cycle
cost. Since the cost of hybrid systems depends on

AC DC
le——Wind turbine

|le——— Inverter e—¢—— Battery

Load +———

Diesel gen e

l— PV panel

Figure 1. PV-wind-diesel with battery storage hybrid
system.

the climatic conditions and the load energy demand,
in this study, six different climatic regions in Iran are
considered and the hybrid systems are optimized to
provide an electricity supply in villages with 60, 40,
20, 14, and 6 households.

2. Mathematical model of the hybrid system

2.1. PV generator

The output power of a PV generator (P,,) with an
open circuit voltage V,._reqr and short circuit current
I _reqr under real operating condition is calculated by
the following equation [31]:

va = ff (Voc,realn[sc,real) ) (]-)
where ff is the fill factor given by:

Rnax
= 2
ISC 'VOC ’ ( )

ff

where P.x represents the maximum output power
of a PV generator under laboratory condition; V.
is the open circuit voltage of PV under laboratory
condition; and I, is the PV short circuit current under
laboratory condition. The values of Py .., Vo, and I,
are obtained from PV module manufacturers.

Voo rear and Is. reqr can be calculated as follows:

Voc_reat = Voe + fVOC,T ~T07 (3)

G
Isc,Teal = (Isc + f15u7T~(Tc - Tstd)) . (G d) G7 (4)
st

where fy,._r and frs._7 are temperature correction co-
efficients of current and voltage, respectively. T4 (°C)
and Ggq (w/m?) are temperature and solar radiation
in standard conditions, respectively, and T, (°C) is the
surface temperature of the PV panel. The parameters
fvoers frse.T, Tsta, and Ggq depend on the type of
the used module and are obtained from PV module
manufactures. G (w/m?) is the solar radiation on the
surface of the PV. In this study, the mathematical
models presented in [32,33] are used in calculating solar
radiation.

SGP Co solar laboratory in Moorchekhort mea-
sures solar radiation. The maximum error between
measured and modeled solar radiations in 2012 was
8%. Figure 2 depicts the calculated and measured solar
radiations on June 7, 2013, for a slope equal to 39° in
Moorchekhort.

2.2. Wind turbine

The power output of a wind turbine is proportional
to air density, the swept area of the turbine blades,
the cube of the wind speed, and the power coefficient.
The non-dimensional power coeflicient represents the
fraction of power extracted from the power in the wind
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Figure 2. The difference between calculated and
measured solar radiations on June 7, 2013, in
Moorchekhort.

by a practical wind turbine. The power coefficient is
not constant and varies with turbine blade parameters,
the wind speed, and the rotational speed of the turbine.

The power curve of the wind turbine is estimated
by means of an averaged manufacturer’s power output
curve instead of the wind’s kinetic energy and the
power coefficient. Wind turbine manufacturers provide
turbine power curves at different wind speeds. Each
wind turbine has its own characteristic known as
wind speed power curve. The shape of this curve is
influenced by the area of blades, number of blades,
blade shape, optimum tip speed ratio, rotation speed,
cut-in and cut-out wind speeds, rated speed, and
generator efficiencies. The power output of a wind
turbine varies with wind speed and wind turbine power
curve. If the power curve of the turbine is not available,
the following equation can be used to simulate the
power output of a wind turbine as a function of wind
speed [34]:

0 v < Ve
P, v <v<u,
-F)turbine = U (5)
Per v <V < vf
0 V> vf

where P, is the wind turbine rated power, v (m/s) is
wind speed, v, (m/s) is the cut-in wind speed, v, (m/s)
is the rated wind speed, and vy (m/s) is the cut-out
wind speed. Setting m = 2 is often sufficiently accurate
for analysis of wind power systems [35]. As shown
in Eq. (5), the wind turbine will generate power only
when the actual wind speed exceeds a cut-in velocity.
If the wind speed exceeds the cut-out value, the wind
turbine generator stops running to prevent structural
damage. In this study, v., v,, and vy were set to 3, 9,
and 20 (m/s), respectively.

The estimation of the wind resource at the hub
height of a wind turbine is one of the primary goals
of site assessment. Since in a majority of cities the
wind speed is measured at lower heights, the power law

model is applied to estimate the wind speed at higher
heights. The wind power law model is described by the
following equation [34]:

V2

Z2 Xzp—zq
— [ =22 6
- (Z) , (6)

where vy and v; denote the wind speeds at different
heights of Zy and Z, respectively, and az,—_z, is the
shear coefficient. The value of @ = 1/7 is usually
taken when there is no specific site data. However, in
practice, the shear coefficient, «, is a highly variable
quantity, and it has been ascertained that « varies
with many parameters such as height, time of day,
season, nature of the terrain, wind speed, temperature,
and various thermal and mechanical mixing parame-
ters [34].

Iran’s Renewable Energy Organization has in-
stalled meteorological towers in several places for the
feasibility study of wind power production. The wind
speed data is collected at 10, 30, and 40 m heights every
10 minutes [36]. In this paper, since the wind speed
at 10, 30, and 40 m heights is measured by weather
station anemometers, the hourly shear coefficient, «,
in the months of the year is calculated via Eq. (6),
and the wind speed at different heights is estimated
by the power law model. Iran’s Renewable Energy
Organization has also installed wind turbines with
660 kw rated capacity in a number of places in Iran
which report yearly energy production.

For validation of the wind turbine model, Zabol,
Tabriz, and Binaloud wind farm sites have been se-
lected. Since the wind speed data at two heights
was available, we used the wind turbine model to
estimate the wind speed at hub height and calculate the
annual wind turbine energy production. Figure 3 shows
the difference between actual and calculated annual
wind turbine energy production. In these cities, the
maximum error between measured and calculated wind
turbine energy production is less than 7%.
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Figure 3. The difference between actual and calculated
annual wind turbine energy production.
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2.3. Dresel generator

The main purpose of this study is electric supply to
remote Iranian villages that have no access to the
electricity grid. These remote villages in Iran are not
connected to the natural gas lines. In these villages, the
generator fuel should be stored in the village. Storing
large quantities of natural gas or gasoline is hazardous.
Gasoil is the best option for this problem and in this
study, diesel generator was selected as a backup system.

A diesel generator is usually included in a hybrid
system to supply power during extended periods of low
solar radiation and to supply peak power in order to
reduce the array size as well as the battery bank.

When the generated energy by the renewable
sources is not sufficient to cover the load demands and
the battery is also discharged to its minimum value,
the diesel generator is switched on, and in addition
to the generated energy by the renewable sources, it
supplies the load and charges the batteries. The hybrid
system still remains in this mode of operation until the
batteries are recharged to their full capacity.

Diesel engine characteristics, such as efficiency,
are a function of partial load (part load) which is
defined as the percentage of nominal load [37]. In
practice, the specific (diesel) fuel consumption (kWh/1)
is never in exact proportion to the load and decreases
non-linearly with reducing load. The fuel consumption
of diesel generators can be described by [9]:

Fdiesel = a~-Prated + b~PDG7 (7)

where Fyieser (1) is the fuel consumption, Pateq (kW) is
rated power of the generator, and Ppg (kW) is output
power of the diesel generator. a = 0.08415 (1/kWh)
and b = 0.2661 (1/kWh) are the fuel curve coefficients.

In this paper, the minimum output power of a
diesel generator (minimum partial load) is assumed to
be 25% of the rated power of the diesel generator. The
diesel generator lifespan is considered as 20,000 hours.

2.4. Battery

In this study, a lead-acid battery is used to store
electrical energy. This battery has a high initial cost
and is a low-lifespan battery, leading to heavy costs
imposed on the system.

When the total output of generators (Er) is
greater than the energy demand (E7,), the battery bank
is in a charging state. The charge quantity of the
battery bank (Ep) at time ¢ can be described by [5]:

Eg(t) = Ep(t — 1) + (Er — Br/iny) 0B, (8)

where Ep(t — 1) is the charge quantities of the battery
bank at time ¢t — 1. np and 7;,, are the efficiency of
the inverter and charge efficiency of the battery bank,
respectively. On the other hand, in the discharging
state, the charge quantity of the battery bank at the

time ¢ can be expressed as [3]:

Ep(t) = Ep(t—1) + (EL/Niny — E7). (9)

At any time, the charge quantity of the battery bank
is subject to the following constraints:

EB,min S EB(t) S EB,max~ (10)

The maximum charge quantity of the battery bank
(EBmax) takes the value of the nominal capacity of
the battery bank (Cg). EB min i the minimum charge
quantity of the battery bank and is given by [5]:

Epmin = (1— DOD).C, (11)

where DOD is the maximum depth of discharge and in
this study, DOD takes the value of 80%.

When the energy generated by the hybrid system
is greater than load and the battery bank is in maxi-
mum charge state, the surplus energy is consumed by
the dump load.

The lifetime of a lead-acid battery is defined based
on the frequency of charging and discharging, and
depends on DOD. In this study, Eq. (12) is used to
estimate the lifespan of lead-acid battery [38]:

Life cycle =1380.3 + 6833.5 exp(—8.750D0D)

+ 6746 exp(—6.216DOD). (12)

2.5. Charge controller

In nearly all systems with battery storage, a charge
controller is an essential component to protect the bat-
tery against deep discharge and excessive overcharge.
The controller should be adjustable to ensure optimal
battery system performance under various charging,
discharging, and temperature conditions.

2.6. Inverter
Inasmuch as not all appliances are available as small-
DC-voltage devices (particularly appliances with pow-
erful motors, such as washing machines and power
tools), an inverter is often used for stand-alone systems
to convert DC to AC current.

The inverter efficiency (7;,,) depends on the
inverter output power (Poyuiny) and rated power
(Prated,inv)- This can be described as [39]:

p

inv — s 13
Mine = 0,015 + 0.0437 )2 (13)
where p is the reduced power and is defined as:
Pou L, inv
p= Souin (14)

Prated,inv
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2.7. Economic model

The Life Cycle Cost (LCC) of a hybrid system consists
of the initial capital investment (C;), the present value
of maintenance costs (PW,,), the present value of hy-
brid system components replacement cost (PWheplace),
and the present value of diesel generator fuel consump-
tion (Pquel) [40]

Lcc=<¢;,+ PW,, + PWreplace + PWryel - (15)

The initial capital investment, C;, is the sum of the
investments of each part of the hybrid system, i.e.
PV array, wind turbines, diesel generators, inverter,
storage batteries, electronic controller, transportation,
installation, etc.

PWo, PWieplace, and PWyye are calculated as
follows [40]:

PW,, = Cy, Pa, (16)
Pquel = Cfuelpav (17)

where C,, and Chue are the maintenance cost and the
fuel consumption cost in the first year, respectively. In
the above equation, Pa is expressed as [40]:

. N
1—1 142

Pa = 1-— 18
“ (d—i)( (1+d> ) (18)
where ¢ and d are the inflation rate and market interest
rate, respectively, and N is lifetime of the hybrid

system (25 years).
The present value of hybrid system components

replacement cost (PWieplace) i Eq. (15) is computed
as [8]:

m 1 + Z n
PWreplace = Creplace Z (1 T Zf) s (19)

a=1

where Cleplace 15 the component cost in the first year,
n is lifetime of the component, and m is the number of
replacements in lifetime of the hybrid system (V).

Levelized Cost Of Energy (COE) is the average
cost per kilowatt hour ($/kWh) of useful electrical
energy produced by the system. It is calculated as
follows [28]:

ALCC

COE = ,
Etotal

(20)

where FEiota is the useful energy produced by the
system. ALCC is the annualized life cycle cost of the
system and can be calculated as follow [40]:

LCC
ALCC = Z2 . 21
o0 =— (21)

The average inflation rate and market interest rate

Table 1. The initial price of hybrid system components in
Iranian markets.

Item cost
Wind turbine® 1000-3000 ($/kw)
PV 2150 ($/Kw)

265-1300 ($/kw)
1.3 ($/Ah)

2 Due to the rated power and manufacture,

Diesel generator®

Lead-acid battery

the real price is determined.

in the recent 10 years in Iran are 16% and 13.9%,
respectively.

The initial prices of hybrid system components
are given in Table 1. These prices were collected from
Iranian markets in 2013. The diesel price in Iran is
0.14 ($/1). In this study, the maintenance cost is
considered as 3% of the price of components.

3. Evolutionary algorithm

In this study, the genetic algorithm and particle swarm
optimization algorithm search for configurations of
hybrid system in order to minimize the life cycle cost
of the system.

3.1. Genetic algorithm

Genetic algorithm is proposed as an appropriate nu-
merical method for solving global optimization. A ge-
netic algorithm scope is very extensive due to very high
flexibility in terms of modeling of complex problems
and no need for special mathematical conditions such
as continuity and differentiability. Genetic Algorithms
(GAs) are one of the subsets of evolutionary compu-
tations and have held a direct relation with artificial
intelligence topic. GAs can be called a global search
method that imitates the natural laws of biological
evolution. In this algorithm, during the regeneration
stage, the genetic operators are used. After this oper-
ators influence on a population, the next generation
is produced. The operators of selection, crossover,
and mutation are most commonly used in genetic algo-
rithms. The integer-based uniform crossover operator
takes two parents specified uniquely and exchanges its
every corresponding binary bit number at probability
0 < P. < 1. Following crossover, the mutation
operator makes change in each binary bit at probability
0< P, <0.5.

In this study, the genetic algorithm optimization
was performed for 150 generations using a search
population size of M = 100 individuals, crossover
probability of p. = 0.9, gene mutation probability of
Pm = 0.035, and controlled elitism value of ¢ = 0.1.

3.2. Particle swarm optimization algorithm
Particle Swarm Optimization (PSO) algorithm was
proposed first by Kennedy and Eberhart in 1996 [41]
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as a non-deterministic search method for optimization.
It has been inspired by the mass movement of birds
looking for food. In PSO, each bird is a solution to
the problem of which the current position, according
to updated velocity, will change to the next position.
Like evolutionary algorithms, PSO is also a population
based heuristic, where the population of the potential
solutions is called a swarm and each individual solution
within the swarm is called a particle [42].

There is a random parameter, r, between 0 and
1, in the update formula of velocity because of good
coverage of the issue and avoidance of exposure to local
optimal point. Three values of current motion, particle
own memory, and swarm influence with three weighing
factors, w, c¢1, and co, lead to a new particle velocity
vector (see Eq. (22)):

vy =wyvp, + cirand(p’ — z,) + ¢2 rand(p] — x}),
(22)

wy, = W (km—k) , (23)

k max

where k represents each iteration, ¢ is the ¢th particle in
the population, and k.« is maximum iteration. The
term p; specifies the best global solution obtained by
the swarm, and p’ is the best position of each particle
over time.

The last step in each of the iterations is to
update position of the bird by using velocity vector
as follows [41]:

ZULH =z} + Ulic+1’ (24)

It is iterated in three stages, including updating
velocity, position, and fitness calculation, until the
convergence criterion is specified.

In this study, the PSO is performed for 200
iterations, using 100 particles, Wy = 1, and ¢; = ¢y =
2. The PSO was run 4 times for each case and the best
results are presented here.

3.3. Objective function and constraints
In this study, the objective function of the optimum
design problem is minimization of the Annualized Life
Cycle Cost (ALCC).

The design parameters at any time should satisfy
the following constraints:

va + Pturbine + Pbatt + PDG > Bocal + Hossv (25)
Ppg > A X PDG,rated7 (26)
EB,min < EB(t) S EB,maxa (27)

where P, is the output power of photovoltaic panels,
Piurbine the output power of wind turbine, Ppg the

output power of diesel generator, Ppg _rated the rated
power of diesel generator, Pyq; the output power of the
batteries, Ppoaq the load demand, P, the aggregated
system power losses, and A the minimum load factor of
diesel generator which is set to 25%.

4. Result and discussion

4.1. Case study

In this study, six regions of Iran with different climates
have been considered (Figure 4). The location infor-
mation is summarized in Table 2.

Due to the community lifestyle, the residential
hourly load profile varies. The load profile adopted in
this research for Iranian households is represented in
Figure 5. As shown in this figure, two different load
profiles have been considered for “hot seasons” and
“cold seasons”. Since electric air conditioning systems
are needed for hot seasons, the electrical load in these
seasons is variable.

Since the population of remote Iranian villages

A Yo
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‘. Meshkinshahr f =
% 205 = & o\
X ‘. Langroud Bojnord )
i L\ .ﬁq_o{c’tekhort

g 1

ar

[ ]
Khash
Kish

Figure 4. Locations of the cities under study on Iran
map.

Table 2. Summary of regions information.

City name Altitude Latitude Longitude

(m) (degrees) (degrees)
Khash 1400 28.2°N 61.2°FE
Kish 10 26.3°N 53.5°E
Langroud 25 37.1°N 50.1°E
Meshkinshahr 1394 38.3°N 47.6°E
Moorchekhort 1570 31.8°N 51.6°E
Bojnord 1070 37.2°N 57.2K°
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Figure 5. Hourly demanded power of household in a day.

without grid connection is less than 60 families, the
hybrid systems are optimized to supply electricity in
villages with 60, 40, 20, 14, and 6 households.

4.2. Hybrid system configuration

In this paper, genetic algorithm and particle swarm
optimization algorithm are adopted in detecting the
PV panel power, wind turbine power, diesel generator
power, and batteries capacity. The design parameters
and their ranges of variation are listed in Table 3.

The results show that PSO and GA nearly give
the same results. The difference between results of PSO
and GA algorithms is less than 3%. It is observed that
PSO algorithm has higher rate of convergence and re-
quires less computational effort during the optimization
process.

The results of PSO algorithm optimizations are
presented in Table 4. Figures 6 and 7, respectively,
show the PV panels, the wind turbine, and the diesel

generator power for an optimal configuration of the
hybrid system in the cases under study.

As shown in Figure 6, the values of PV power
for optimal configurations in Langroud, Meshkinshahr,
and Bojnord are low. The optimal configuration
system size depends on the available wind and solar
potential at the site. These regions are situated in

200
| | ® Bojnord
1580 B Moorchekhort
160 |- @ Meshkinshahr
0 Khash

140 g Kish

120 { & Langroud

100
80
60
40

20

PV power (Kw)

6 14 20 40 60
Number of households

Figure 6. PV power in optimized hybrid systems
configuration.
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Figure 7. Wind turbine power in optimized hybrid
systems configuration.

northern Iran and have a low solar potential. They
receive less solar radiation than lower latitudes in
central and southern regions. In addition, the low clear
index in Langroud leads to the lowest PV power in
hybrid systems in this region.

As shown in Figure 7, in the villages with 6
and 14 households, the wind turbine has not been
selected (or the wind turbine power in comparison with
PV power is negligible). This is because the capital
cost to produce a kw power in small wind turbine is

Table 3. Design parameters and their ranges of variation.

Number of households

6 14 20 40 60

Variables
PV power (kw) From
To
. . From
Wind turbine power (kw)
To
. From
Diesel generator power (kw)
To
. From
Battery capacity (Ah)
To

1100

0 0 0 0
36 84 120 240 360

50 80 100 250 350

20 55 65 150 175

2400 3500

6800 10200
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Table 4. Results of the optimizations.

Number PV Wind Diesel Battery LCC of ALCC for COE

Region of power turbine power generator capacity system  household

($/kwh)
households (kw) (kw) power (kw) (Ah) (%) (%)
6 17.04 3.2 15 400 193306.41 1346.9 0.197
14 8.4 50 30 600 253108.18 755.82 0.111
Bojnord 20 13.2 50 55 1300 356114.59 744.39 0.109
40 26.64 120 100 2400 625788.79 654.04 0.096
60 94.32 100 140 3100 1060134.58 738.67 0.108
6 27.12 0 15 460 177279.16 1235.22 0.181
14 41.28 0 55 1000 389866.51 1164.2 0.17
Moorchekhort 20 52.08 6 55 1400 505281.03 1056.19 0.155
40 73.92 6 100 2200 920124.94 961.67 0.141
60 147.84 110 175 3900 1374510.77 957.71 0.14
6 30.48 3.2 5 900 181881.24 1267.29 0.186
14 41.28 1 55 1200 416824.99 1244.7 0.182
Meshkinshahr 20 4.56 65 55 1200 377009.87 788.06 0.115
40 9.6 130 100 2600 730005.78 762.97 0.112
60 50.88 130 175 4000 1095531.22 763.33 0.112
6 28.08 0.1 15 500 188740.37 1315.08 0.193
14 35.52 0.3 55 1200 408989.97 1221.3 0.179
Khash 20 36 50 55 1900 513894.6 1074.19 0.157
40 61.92 130 140 3000 935042.15 977.26 0.143
60 97.68 130 150 3900 1360184.93 947.73 0.139
6 29.04 0 15 600 197827.64 1378.4 0.202
14 57.12 50 40 1000 386591.39 1154.42 0.169
Kish 20 54.24 60 55 1400 494842.28 1034.37 0.151
40 45.36 120 100 2300 911600.51 952.76 0.14
60 187.68 100 175 4000 1449487.25 1009.95 0.148
6 10.08 5 20 500 204431.14 1424.41 0.209
14 0 50 40 1000 305106.57 911.09 0.133
Langroud 20 2.88 60 55 1400 386513.87 807.93 0.118
40 0 120 140 2800 724085.83 756.78 0.111
60 5.76 120 150 4000 1091238.2 760.34 0.111
considerably more than that in medium (and large) 200 ,
180 |/ ®Bojnord

wind turbine. Generally, the wind turbine power is
lowest in Moorchekhort. This result was predictable
because of the low wind speed in this region.

Figure 8 shows that the diesel generator power for
optimal configuration at a specified load does not vary
in the cases under study. The results show that the
diesel generator power is able to supply the maximum
load of the villages.

4.3. Power production
The hourly power production of the simulated hybrid
system generators on September 5, in a village with

B Moorchekhort
160 - @ Meshkinshahr
0 Khash

B Kish

B Langroud

Diesel generator power (kw)

14 20 40 60
Number of households

Figure 8. Diesel generator power in optimized hybrid
systems configuration.
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Figure 9. Hourly energy production of hybrid system
generators on September 5, in a village with 60 households
situated in Meshkinshahr.
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Figure 10. Charge state of batteries on September 5, in a

village with 60 households situated in Meshkinshahr.

60 households situated in Meshkinshahr, is depicted
in Figure 9. During morning and the first half of the
night, the loads are more than the power production
of renewable generators; thus, the diesel generator is
switched on to supply load and batteries. The charge
state of the batteries (SOC) is shown in Figure 10.
As can be seen, the excess electricity produced by the
renewable and diesel generators was used to charge the
batteries.

4.4. Economic analysis

The Annualized Life Cycle Cost (ALCC) of a hybrid
system for each household and the cost of electricity for
the studied cases are presented in Figures 11 and 12,
respectively.

As shown in Figure 11, the annualized cost of
family depends on the village population and its loca-
tion. Generally, it is found that the annualized family
cost decreases as the load size (population of village)
increases. For example, in Langroud, the annualized
cost of the system per family in a village with 6
households is 1.9 times more than that in a village with
60 families. In this study, the minimum annualized cost
of the hybrid system was found in the 40 households
loads in Bojnord (654 $/year). The COE of this case
was 0.096 ($/kwh).

The cost of electricity generation from non-
renewable resources in Iran is 0.0496 ($/kwh). Due
to governmental subsidies, the residential electricity
tariff has fallen to 0.028 ($/kwh) [43]. Thus, based on

1600
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2 1000
=
o
<
S~
*
z
O
@]
=
<<

6 14 20 40 60
Number of households

Figure 11. Annualized life cycle cost of hybrid systems
for each household.
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Figure 12. Cost of energy in cases under study.
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Figure 13. The minimum distance of village from grid,
where implementation of hybrid system is more economic
than constructing transmission lines.

the load profile represented in Figure 5, the household
annual cost of buying electricity from the grid is 260
($/year).

In Iran, the average costs for constructing power
transmission lines in mountain and plain regions are
19,200 and 15,200 ($/km), respectively [44]. Due to
this fact, the distance of the village from the electricity
grid is an important parameter in choosing between a
hybrid system and constructing transmission lines for
rural electricity supply.

Figure 13 shows the minimum distance of the
village from the grid, where it becomes more econom-
ically beneficial to implement a hybrid system than
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to construct transmission lines. As shown in this
figure, this distance is related directly to the village
population. For example, if the grid distance from
a village with 6 households in Moorchekhort is more
than 10 km, the implementation of hybrid system will
be economically feasible; but for a village with 60
households, this distance should be more than 80 km.
It should be noted that most remote villages in Iran are
more distant from the grid than the values depicted
in Figure 13. This means that the implementation
of a hybrid system for off-grid remote villages in Iran
is more economic than connecting the village to the
electricity grid.

5. Conclusion

The hybrid of PV-wind-diesel power with battery
storage systems was modeled and optimized in villages
with 6, 14, 20, 40, and 60 households located in six
regions of Iran with different climates. The developed
methodology is based on the use of long-term wind
speed data. The design parameters (decision variables)
were PV power, wind turbine power, diesel generator
power, and battery storage capacity. In the presented
optimization problem, the total annual cost was the
objective function.

Obtained results clearly show the high impact of
the site energetic potential (wind and solar radiation)
as well as the load profile on the optimal hybrid system
constitution and the related cost of the hybrid system.
The results also show that the power of diesel generator
for optimal configurations at specified load does not
vary in the cases under study.

Generally, it can be found that the annualized
family cost decreases as the load size (population of
village) increases. The COE for optimized systems
varies between 0.096-0.209 ($/kwh), whereas, the cost
of electricity generation from non-renewable resources
in Iran is much less than these values.

Due to the cost of constructing power transmis-
sion lines, the minimum distance of village from the
grid, where the implementation of a hybrid system
becomes more economical than constructing transmis-
sion lines, is calculated. Since the distance of the
most remote villages from the grid is more than these
values in Iran, the implementation of hybrid systems
for off-grid remote villages in Iran is more econom-
ical than connecting the villages to the electricity
grid.
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