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ABSTRACT
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Hybrid power systems based on renewable energy sources, especially
photovoltaic energy with diesel generator, are an effective option to

Power and Control

solve the power-supply deficiency problem for remote and isolated

Engineering, School of

areas far from the national grids. In this paper, photovoltaic-diesel
and

generator-battery bank-converter have been simulated and optimized

Computing, Adama Science

for the rural community of Dasaanach among the woreda of south

and Technology University,

Omo Zone in SNNPR of Ethiopia. Primary energy demand of the

Electrical Engineering

Adama, Ethiopia.

community is 325kwh/day with peak load of 54kw and the deferrable
energy demand of 16kwh/day with peak load of 2.6kw was involved

during optimal design of hybrid power system. HOMER software has been used to design the
optimal combination, test and simulate the off-grid system. Accordingly, solar energy is
considered as primary sources to supply electricity directly to the load and to charge battery
bank when there is excess solar energy generation. However, in peak load times diesel
generator could also be engaged. The load has been suggested for house hold loads (lighting,
television, radio, local food (enjera) baking), commercial load (flour milling machines),
community load (school, health clinic) and deferable load (water pumping). The Integration
of the hybrid system is to electrify residential houses and their surrounding in order to reduce
the need for fossil fuel leading to an increase in the sustainability of the power supply. The
study shows that a 60kw solar, 25kw diesel and 80 units of battery with least cost of energy
$0.295/kwh and minimum net present cost $381,457 is an optimal combination to provide
electricity for the community.
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1

INTRODUCTION

Electricity is the backbone and imperative condition for a human life.[1] Electricity affects
every part of people lives and it is vital to the smooth functioning of a healthy economy and
to ensure a healthy population. To generating electricity, energy generating resources will be
available and secure. Based on their availability and security, energy resources can be
distinguished as fossil fuels that will be exhausted by exploiting them and the renewable
energy that is sustainable but needs further technical improvement to be used efficiently.[2]
Due to that, the adoption of an off-grid stand-alone RES constitute a useful option for
electricity inadequacies in rural area of the developing countries in which the evolution in
national grid extension continue to be slower than the population growth.[1,14]
The hybrid integration of PV-battery-diesel systems is economically feasible in many cases
for electric energy supply in isolated areas where the electric utility is not available.[3,12] PVDiesel system has greater reliability for electricity production than a PV-only system or
diesel-only system. It means that hybrid power systems have greater flexibility, higher
efficiency and lower costs for the same quantity of energy production. In addition, the
integration of PV system with battery storage and diesel unit as a backup system provides a
reduction in the operational costs and emitted air pollutants to the atmosphere.[4,13]
2

Hybrid system

A hybrid renewable energy system is a system in which two or more supplies from different
renewable energy sources (solar-thermal, solar photovoltaic, wind, biomass, hydropower,
etc.) are integrated to supply electricity or heat, or both to the same demand.[4-6] Because the
supply pattern of different renewable energy sources intermittent but with different patterns
of intermittency, it is often possible to achieve a better overall supply pattern by integrating
two or more sources. Sometimes also it including a form of energy storage. In this way the
energy supply can effectively be made less intermittent, or more firm.[6]
The type of the hybrid system and its configuration depend mainly on the availability of the
renewable source in the location selected for installing hybrid system. For the Ethiopian case,
the average daily solar radiation intensity on a horizontal surface is about 5.26 kWh/m2while
the total annual sunshine hours amounts to about 3000hours.
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Solar radiation estimation

For any solar based system design, the most important factors are the position of the sun in
the sky, the slope and orientation of a collecting surface, and obstruction and reflection
properties of neighboring structures.
The value of each parameters which used to estimated solar radiation of the site are
formulated as follows:
(1)
Where:
s: solar declination angle (0)
nd: day number of the year starting at January 1st as 1
(2)
Where:
ts: local solar time in hours.
ωs: solar hour angle (0)
(3)
Where:
ts: Solar time [hr]
tc: The local time accounted to the center (middle) of the time step [hr]
E: Equation of time in hour
λ: Longitude [°]
zc: Time region (zone) to east of Greenwich Meridian Time (GMT) [hr.]
(4)

(5)
Where: n: day of the year starting with January 1st as 1 through 365.
(6)
Where: ϒs: solar azimuth angle (0)
αs: solar altitude (0)
The sunset/sunrise angle is given by
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(-tan(ϕ) tan ( ))

(7)

Where: : Latitude (0)
The extraterrestrial irradiance on a surface at normal incidence (Gon) may be expressed as:
(8)
Where:
Gon: The extraterrestrial normal radiation [kW/m2]
Gsc: The solar constant= 1.367 [kW/m2]
(9)
Go: The extraterrestrial horizontal radiation [kW/m2)
θz: zenith angle
The whole daily extraterrestrial radiation, Ho from the sun rise to sunset can be
calculated as follows:
(10)
nd: Day number starting from January 1st as 1
Gsc: 1367 W/m2, the solar constant
: Latitude of the location (4.450)
: Declination angle (0)
s: Sunset hour angle (0)
(11)
Where: H monthly average daily radiation on horizontal surface (MJ/m2)
H0 monthly average daily extraterrestrial radiation on a horizontal surface (MJ/m2)
Ns the maximum possible daily hours of bright sunshine given by equation
n  monthly average daily number of hours of bright sunshine
a and b are regression coefficients having average value of a =0.30 and b=0.50.[7,14]
The day length, Ns, is the maximum possible daily sunshine hour is
(12)

3.1 Solar energy potential in ethiopia
Ethiopia receives 4.55 to 6.5 kWh/m2/day annual average of solar isolation throughout the
country. This varies significantly during the year, ranging from a minimum of 4.55 kWh/m 2
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in July to a maximum of 6.55 kWh/m2 in February and March. Other literatures describe the
yearly average radiation to be in the range from 4.25 kWh/m 2 in the areas of Itang in the
Gambella regional state (western Ethiopia) to 6.25 kWh/m2 around Adigrat in the Tigray
regional state (northern Ethiopia).[2, 8-9]
3.2 Solar energy potential of the selected site
The assessment of the potential for solar radiation of the selected area is done by taking data
from different sources. These are National Metrological Service Agency of Ethiopia
(NMSA), NASA, and as well as data assessed by Mulugeta and Drake for the regions of the
country. At the first approach, the data taken from the National Metrological Service. Solar
resource raw data input to the software is the average global horizontal radiation measured
for five consecutive years starting from 2011.But as it can be seen from the table1, the data of
2014 and 2015 are incomplete, so it is better to take the rest of the years then converted into
solar radiation using Angstrom Radiation Sunshine Relation.[10]
Table 1: Sun shine duration of the site from NMSA.
Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2011 5.4 7.6 5.1 6.7 5.5 2.1 3.9 3.4 3.5 4.5 3.5 6.1
2012 8.7 8.6 7.1
4
4.7
3
3.1 3.6 3.3 5.8 5.2 5.4
2013 6.4 6.3 3.6 3.9 3.4 1.6 2.7
4
4.32 4.7 7.3 7.8
2014 7.5 6.7
6
5.5
4
2.8 X
X
X
X
X
X
2015 8.8 8.32 7.3
4
3.9 1.7 3.1 6.2 6.1
X
X
X
The value for the coefficients ɑ and b which are used to calculate average solar radiation (H)
varies with location, and hence the approximate values for the selected site are taken to be
0.30 and 0.50 for ɑ and b respectively.[10] Hence the average solar radiation data is analyzed
using these values and Ho. Finally, this result is compared with the data taken from NASA
and it is found that the annual average solar radiation obtained from NMSA is 5.16KWh/m2
and from NASA is 5.97KWh/m2. In this study, it prefers to use data obtained from NASA to
module the hybrid system due to low value of calculated average radiation and incomplete
data record and measure from NMSA. The monthly solar radiation data required from NMSA
is given in MJ/m2 therefore, it should have converted to kwh/m2by a factor of 277.78wh/m2.
Using the above equations and table 2 below calculate the values of required parameter used
in hybrid power system design.
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0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997

0.93
0.97
0.99
0.98
0.94
0.92
0.93
0.97
0.99
0.98
0.94
0.92
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1.54
1.55
1.53
1.58
1.59
1.60
1.60
1.59
1.57
1.56
1.54
1.53

0.9996 -0.357 0.078
0.9998 -0.225 0.078
0.9994 -0.042 0.078
0.9999 0.1633 0.078
0.9996 0.3222 0.078
0.9994 0.3923 0.078
0.9995 0.3616 0.078
0.9998 0.2283 0.078
0.9999 0.0384 0.078
0.9999 -0.1668 0.078
0.9996 -0.3239 0.078
0.9994 -0.3907 0.078

Month

0.979
0.979
0.979
0.978
0.978
0.977
0.978
0.978
0.979
0.979
0.979
0.979

H () MJ/m2

Cos ()

11.6
11.7
11.5
11.9
12.0
12.1
12.0
11.9
11.8
11.7
11.6
11.5

Ho (MJ/M2)

Cos ()

11.8
11.9
11.7
12.1
12.2
12.3
12.2
12.1
12.0
11.9
11.8
11.7

Sin ()

Cos(360n/365)

-20.9
-13.0
-2.4
9.4
18.8
23.1
21.2
13.2
2.2
-9.6
-18.9
-23.0

Sin ()

360N/365

4.45
4.45
4.45
4.45
4.45
4.45
4.45
4.45
4.45
4.45
4.45
4.45

Sin ( )

N

88.29
88.97
88.1
90.74
91.52
91.9
91.73
91.04
90.17
89.25
88.47
88.11



5.4
7.6
5.1
6.7
5.5
2.1
3.9
3.4
3.5
4.5
3.5
6.1



n

Table 2: analysis of monthly average solar radiation in MJ/m2 for 2011.

31
37
36
39
39
37
38
39
39
37
35
34

16
23
19
23
21
14
18
17
17
18
16
19

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
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Table 3: Monthly average solar radiation of Dasaanach site in Kwh/m2.
Year
2011
2012
2013
Monthly
average

Jan
4.4
5.8
5.0

Feb Mar Apr May Jun
6.4 5.3 6.4 5.8 3.9
6.9 6.1 5.0 5.3 4.4
5.8 4.4 5.0 4.7 3.9

Jul Aug Sep Oct Nov Dec
5
4.7 4.7
5
4.4 5.3
4.4 5.0 4.7 5.6 5.0 5.0
4.4 5.0 5.3 5.0 5.8 6.1

5.1

6.4

4.6

5.3

5.5

5.3

4.1

4.9

4.9

5.2

5.1

5.5

Annual average 5.16
The size of PV array required for the site can be calculated as
(13)

Where:
SF: Safety factor
Etot: Total Daily energy demand (wh/d) SPH: Solar Peak Hour (h/d). = 5.97
Beff: Battery efficiency (%) =90%
PVder: PV derating factor (%) which takes in account = 80%
The YINGLI SOLARYLxxxD-36B (xxx=Pmax) solar technology solar
The YINGLI SOLARYLxxxD-36B (xxx=Pmax) solar technology solar 320Watt poly/multi
crystalline module is selected for the purpose of this work. It has atypical characteristics
under Standard test conditions (irradiance of 1000W/m2, Air mass of 1.5G solar spectrum and
effective cell temperature of 250C).
4

Diesel generator

Diesel generators are important in renewable energy hybrid systems to improve the quality
and the availability of the electricity supply. Since diesel generators are dispatchable they can
be used to supply the load when the energy productions from the renewable sources are low
or the state of the charge of the battery bank is not sufficient for supplying the load. However,
the operating and maintenance cost of a diesel generator is relatively high as it requires a
continuous supply of fuel (diesel), and frequent maintenance of the machine throughout its
operating life.
A back up diesel generator can be connected to the hybrid system to provide electric energy
for peak loads which can't be covered by this hybrid system if a permanent electric power
supply is required or in case of incapability of the renewable sources to supply the load.
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In this study, Cummins diesel generators used and its fuel consumption curve and the
efficiency curve equation is depicted as shown below respectively.
(14)
Where:
Fo: The fuel curve intercept coefficient [units/hr/kW]
Ygen: Fuel curve slope [units/hr/kW]
F1: Rated capacity in [kW]
Ρgen: Electric output in [kW]

(15)
Where:
ηgen: Generator efficiency
mfuel: The mass flow rate of fuel [kg/hr]
LHVfuel: The lower heating value [MJ/kg]
Ρgen: The electrical output [kW]
1 kWh = 3.6 MJ
5

Energy Storage-Battery Bank

To guarantee reliable and continual electricity supply to stand-alone PV system, batteries are
need for energy storage. Thus, batteries are purposely used to store excess energy for later
use. The batteries in most common use in hybrid systems are the deep-cycle lead acid type as
Present options cause of availability and cost effectiveness.
Depending on the energy available from the renewable sources and the load power
requirement the SoC of a battery can be calculated from the following equations.[2,15]
Battery charging
(16)
Battery discharging;
(17)
Where;
SoC (t): is the state of charge of the battery bank at the time t
SoC (t-1): is the state of charge of the battery bank at the time t-1
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: is the hourly discharge rate
E (t): is the total energy generated by the renewable systems (PV)
EL (t): is the load demand at time t
inv: is the inverter efficiency
The storage capacity of a battery also calculated according to the following relation.[2,6,11]
(18)
Where:
Cwh:is the storage capacity of the battery expressed in (Wh)
EL: is the average daily load energy expressed in (kWh/day)
AD: is the daily autonomy
inv: is the inverter efficiency expressed in (%)
B: is the battery efficiency expressed in (%)
DOD: is the depth of discharge of the battery.
In this study Surratte 6CS-25PS battery selected which cost around $ 1400 and its properties
are given in the table 3.5 below.
Table 4: Properties of Surratte 6CS-25PS battery.
Nominal voltage
6V
Around trip efficiency
80 %
Min. State of charge
40 %
Nominal capacity
1156 Ah
Maximum discharge current
41 A
5.1 Charge controller Modeling and Sizing
Charge controller is an essential component in hybrid systems where a storage system is
required. It protects the battery against both excessive overcharge and deep discharge. So,
charge controller is modeled by its efficiency where its output is.[6,11]
(19)
Where:
PPVR: is the output power of the PV charge controller,
PPVout: is the PV panel output power,
𝞰PVR: is the efficiency of the PV charge controller.
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5.2 Bidirectional inverter Modeling and Sizing
A bidirectional inverter is essential in the hybrid system where a storage system and a backup
diesel generator are involved in the system. It can transfer power simultaneously in both
directions. In a charger (rectifier) mode of operation, the output of the bidirectional inverter
can be formulated as follows:
(20)
Where:
Pdcim: is the output power of the bidirectional inverter in its rectifier mode,
PGout: is the diesel generator output power, dcim: is the efficiency of the bidirectional
inverter in its rectifier mode.
In an inverter mode of operation, the output of the bidirectional inverter can be formulated as:
(21)

Where:
Pinvm: is the output power of the bidirectional inverter in its inverter mode,
PDCB: is the DC bus power,
Invm: is the efficiency of the bidirectional inverter in its inverter mode
6

Modeling of hybrid system using homer

Figure 1: HOMER modeling of hybrid power system set-up.
It has three main functions:


Simulation (Hourly energy balance)



Optimization



Sensitivity Analysis
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Energy demand of the village

7.1 Profile of the village under study
The Dassenach are an ethnic group of Ethiopia, Kenya and Sudan. Their main homeland is in
the Debub Omro Zone of the Southern Nations, Nationalities, and People's Region of
Ethiopia, around the North end of Lake Turkana. There are a number of variant spellings of
Daasanach, including Dassenach and Dassenach. Daasanach is the primary name given in the
Ethnologies language entry.
7.2 Energy Demand Assessment and Load estimation of the village
The term loads refer to a demand for electric or thermal energy, if any. Three types of loads
can be modeled using HOMER: primary load which is electric demand that must be served
according to a particular schedule, deferrable load which is electric demand that can be
served at certain period of time, the exact timing is not important and thermal load which is
demand for heat. In this paper the electric load demand of the village community is divided in
to the following four major categories like: Household/domestic loads: - which includes
lighting, TV, Radio, and baking appliances etc.
Commercial loads: - Flour milling machine.
Community loads: - Which consists of elementary school lighting, desktop computer, and
printer, health clinic which includes vaccine refrigerator, communication radio, television,
microscope, computer and printer.
Deferable load: Water pump
The study performed electricity load estimation of the village for 834 household with average
of five to six family members per household.

Figure 2: Daily primary load demand profile of the village.
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Figure 3: Deferable load profile.
8

RESULT ANALYSIS AND DISCUSSION

All possible hybrid system configurations are listed in ascending order according to their
Total net present cost (NPC). The best possible combination of solar PV, DG, Batteries and
Convertor in the first row of the table 5 is able to fully meet the village load demands at the
lowest cost, and the next best possible combination is in the second row of the table 5,
includes the solar PV, Batteries and Converter. The simulation software (HOMER) provides
the results in terms of optimal systems and the sensitivity analysis. The optimal system
configuration for the first case is 60 kW PV, 25kW DG, 80 S6CS 25P batteries and 20kW
converter with a dispatch strategy of load following.
As indicated in Figure 2 of the daily village load profile, the maximum load demand will
cover in between 18hr to 22hr which is around 38.075kW. But this peak power is increased to
54 kW due the random variability of 5% for day to day and 10%-time step to time step as to
be more realistic load demand growth. The generate the extra power of 25 kW required
during the peak hours.
This system is considered at $ 0.63/L of current diesel price and 5.97kwh/m2/day of solar
radiation for the PV.
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Table 5: Categorized simulation result comparison of three least cost-effective scenarios.

Based on the HOMER modeling, the optimal system for Dasaanach village in table 5 first
row, a hybrid solar PV/diesel /storage battery, with 60 kw of solar power, 25kw of diesel
generator, 80unit of SC6SS25P batteries and 20 kw bi-directional inverter are required power
supplied for the selected village where diesel generator runs in load following (LF)strategy.
This “optimal” system uses 68% renewable energy, 32% diesel generator and the cost of
electricity is $0.295/kwh.
All of the power schemes remain producing electricity throughout the year no power unit is
producing peak load. However, diesel generator runs regularly the whole year due to high
nighttime peak load.

Figure 4: Share of electricity generation from the optimum system with a 68% RE(PV).
The total power generation of this power system setup is 154,345kWh/year, whereas the total
electric power consumption of the AC load is about 115,421kWh/year that is (95%) of the
electricity consumed by AC primary load and the remaining 5,839kWh/year (5%) is for
deferrable load with an excess electricity of 10.6%, a capacity shortage of (4.2%) and unmet
load of (2.6%) was experienced during the year.

www.wjert.org

ISO 9001: 2015 Certified Journal

123

Tekie.

World Journal of Engineering Research and Technology

Figure 5: PV power productions with the 68% renewable contribution.
As it can be seen from the figure 5, high solar radiation striking the earth's surface in the
month of February but May till end of June PV power generation is lower below 40kW due
to cloud coverage of the clear sky. The rated power output PV is 60kW when sky is clear
enough, and during no sun time the minimum power output is 0kW.
System load variation and continued run of generator at lower loads depicts poor diesel
engine performance. In the figure 6 and 7 below shows Diesel generator power production
distribution largely in the evening time because demand is higher than the energy stored in
the battery. A 25kW rating capacity diesel generator contribution in hybrid power system
generates with mean power output of 12kW and minimum output of 7.5kW.
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Figure 6: Diesel generator output power.

Figure 7: Diesel generator power production monthly average.

Figure 8: Cash flow summary in terms of NPC by component type.
Cost summary of the above figure 8 clear shown that the initial cost of diesel generator has
got low cost to purchase but because of higher fuel consumption, the first expensive cost
draw from diesel generator which is around $142,145 where as large contribution is from PV
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which costs $120,641. Battery got the third one with it costs $100,006 followed with
converter with a cost of 18,666. The percentage share of individual components is described
by chart as shown below.

Figure 9: Cost summary of the system by component type.
The figure 10 below displays cost break down cost summary of the components by cost type
with 68% renewable fraction hybrid power scheme. It is clearly seen from the graph the total
capital cost, NPC cost and cost of energy of the optimal configuration of the hybrid system is
calculated by the HOMER software to be $204,583 and $381,457 with COE of 0.295$/kwh
respectively.

Figure 10: Cost breakdowns of components by cost type.
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Sensitivity results consideration

Sensitivity is a measure of how the optimal integration of components changes for any
parametric variations in the lifelong of the system. The HOMER software simulates all the
systems in their respective search space for each of the sensitivity values.
A feasible system is defined as the hybrid system which meet the required load under certain
constraint. The software eliminates all infeasible systems and presents the results in
ascending order of NPC. In the present case, the two parameters solar radiation ((5.5,6,6.5)
kwh/m2/day) and diesel price (0.63, 0.7, 0.77, 0.84 and 0.91 ,0.98 and 1.05) are sensitive
variables. The optimal system type, line graph, spider graph and surface plot are used to show
sensitive results. In the Figure 11 below the net present cost of the most cost-effective result
for specific set of solar radiations and diesel prices is obtained. At low and high solar
radiation and low and high diesel price PV/diesel/battery system is cost effective system and
become more favored.

Figure 11: Sensitivity of solar radiation and DG price with total NPC labeled.
The surface plot for the Levelized COE is presented in Figure 12 global solar radiation is
represented on the x-axis, and diesel price variation on the y-axis. As the global solar
radiation increases, the power output from PV increases and consequently there is a reduction
in the total NPC. As the total NPC reduces, the system‟s COE decreases as well. The same
case happens for the diesel price but in reverse way, the total NPC and COE increases as the
diesel price increases.
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Figure 12: Surface plot of cost of electricity from HOMER.
The Figure 13 which shows how renewable fraction (RF) can be affected by global solar
radiation, it is clear that RF increases with the increase of solar radiation and the variation of
fuel price for the hybrid system.

Figure 13: RF respect to global solar Radiation and Diesel price variation.
According to Figure 14 it can see that the LCOE decreases as the global solar radiation
increases. The decrease in the COE for the variation in radiation in the range of 5.5 kwh/day
– 6.5kwh/day is approximately $0.02/kwh but it is not significant variation.
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Figure 14: LCOE at different value of global solar radiation.

Figure 15: LCOE at different value of global solar radiation.
10 CONCLUSION
The main objective of this study is to find a best techno-economic of an off-grid power
system supply a rural community in Dasaanach. In the design of PV/diesel generator/battery
for rural community (Dasaanach), the study attains 5.97kWh/day as the average daily solar
energy demand for a household with a total number of 834 households while the total average
energy demand was about 325kWh per day. Off-grid renewable energy-based power systems
cannot provide a continuous supply of electricity without a storage medium. Consequently,
batteries are added to the hybrid system. In order to ensure uninterrupted power supply
without putting severe stress on the battery bank for a reduced overall cost, a diesel generator
is also incorporated. After selecting the appropriate components and studying their
characteristics, the hybrid power system has been modeled using HOMER. Therefore,
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simulations have been made to determine the best system which can supply the village load
with the required level of availability. The usefulness cost of all hybrid structure that can
satisfy the continuous load demand has been analyzed using HOMER software to determine
the system which provides the lowest cost. A PV/diesel generator/ battery bank hybrid system
has been found as the optimum system with capacities of 60 kW, 25k and 80 unit
respectively.
11 Recommendation
Further investigations involve to be carried out to modify this thesis. To modify this thesis,
the following recommendations are held.
I.

Afterward this study is deal to solve the electricity problem in the Dasaanach
community found around Debub Omo Zone, other may work optimize this system for
rural electrification as well by integrated with wind energy.

II.

Since this study use fixed trucking system but the use of MMPT solar tracking will
increase generation efficiency of the solar panel.

III.

Addressing the possibility of replacing the diesel generator in the hybrid system by
locally generated biofuels.

IV.

Integrating the standalone hybrid power systems with the national grid
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