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Abstract— This paper presents an optimized off-grid PV-diesel generator-battery hybrid energy system
for application in an un-electrified rural community and further outlines a procedure for designing such an
economical and technically feasible hybrid system. The hybrid optimization model for multiple energy
resources (HOMER) software was utilized for simulation and analysis. The criteria of minimum net
present cost of system, low CO; emissions and zero electric load rejection was applied while considering
technical issues of PV array, inverter coordination and PV capacity penetration level. For the case study
system used, the obtained optimized hybrid energy system configuration is as follows: 68kW PV plant;
40kW Diesel plant; 45.4kW Inverter; and 80kWh battery unit. The proposed hybrid energy system is
capable of producing 157685kWh of electricity annually at a levelized cost of energy of 0.55 $/kWh
while emitting 51,000 kg of CO; yearly. To avoid self-shading of the PV array, an appropriate inter-row
distance was determined. The total quantity of PV modules and the electrical configuration of the PV

array is presented.
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1. Introduction

Electric energy remains the major driver for
sustainable  development.  However, its
associated adverse environmental impact and
inaccessibility also continue to attract global
attention [1]. For example, it is estimated that
about 17% of the global population does not
have access to electricity. Also, more than 80%
of the this percentage that do not have electricity,
reside in rural communities of developing Asia
and Sub-Saharan Africa [1, 2].

There has been global implementation of
energy-related policies and advanced
technologies aimed at improving energy access,
reducing greenhouse gas emissions and
improving the well-being of people. These
initiatives have resulted in improved energy
access particularly in rural communities [1].

Research and implementation results have
shown that the utilization of off-grid renewable
energy-based systems, especially systems with
distinct multiple energy sources (hybrid systems),

are suitable for meeting the electricity needs of
rural communities without electricity access.
Moreover, the cost-effectiveness, minimization
of greenhouse gas emissions, reduction in system
losses and reliable electricity supply are among
the many financial, environmental and technical
benefits offered by well-engineered hybrid
renewable energy systems [3].

However, these renewable energy systems are
also faced with challenges including the varying
nature of the energy sources, multiplicity of
energy conversion technologies and high price of
components. The issues of relatively high cost
and poor performance of these systems, which
are mostly associated with inappropriate design,
continue to drive the quest for optimizing the
design of renewable energy systems[4]. To
achieve the optimization of renewable energy
systems, several  approaches  including
mathematical techniques and computerized
algorithms are continuously being developed [5-
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This paper adds to knowledge in the optimal
design of off-grid energy systems. It presents an
effective and efficient procedure for designing
optimum off-grid PV-diesel generator-battery
hybrid energy system for an un-electrified rural
community. The study utilised the HOMER
software tool [8]. The procedure applied to
design the optimal hybrid energy system
involved the estimation of electric energy
demand, assessment of temperature and solar
radiation at the study site, selection of
components, determination of appropriate input
parameters, and the determination of electrical
configuration and optimum inter-row distance of
PV array. These are discussed in the sections that
follow.

2. Selection, Sizing and Cost Estimation of
Components

Photovoltaic was the only renewable energy
source considered in the study due to the fact that
other renewable energy sources are not viable in
the case study community. A diesel generator
and an electric storage system (battery bank)
were also utilized to increase the reliability of the
system. The system components modeled were
PV generator, diesel generator, converter and
battery. The range of options for each
component, which are required inputs of the
decision variables were determined as explained
in the sub-sections that follow. Also, the
economic and technical inputs for modeling the
proposed system were defined based on relevant
information obtained from local companies in
the solar industry of Ghana and from [9, 10].

2.1 Photovoltaic generator
The range of options of PV capacity is
derived from (1) [5, 6].

- EAC—d‘ailyS (1)
d*Mp*Ninv*Sh

where, Ejc_qqity i the AC mean daily energy
consumption of the community in kWh/day; f;
is the derating; 1, is the battery round trip
efficiency; n;,,1s the efficiency of the inverter;
Sy is the average peak sunshine hour which is
defined as the ratio of the mean daily solar
irradiation over the standardized global solar
irradiance.

va—array =
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2.2 Converter

The bidirectional electric converter is a
device designed to transform electric power from
direct current (DC) to alternating current (AC)
and vice-versa. Equation 2 along with
assumptions on PV and inverter coordination
was used to determine the range of options for
the capacity of the converter [5, 6].
where, Rg is the sizing ratio; Ppyy ac 1s the
inverter rated output power (kW) and Ppy pc is
the PV array rated output power (kW).

2.3 Battery

The range of options for the number of strings

of battery is defined by (3) [5, 6].
E otal—ba

Nistring-bat) = =% ©
where, Nistring—bat) 1 the maximum number of
strings of the battery to be considered,
E(totai-bar) 18 the total amount of energy the
battery bank is capable of storing and E(per—pat)
is the amount of energy each battery is capable
of storing.

Taking into account temperature effects and

total electrical energy demand of the study site,
the total energy of the battery bank was
estimated as,
Eqaity*T pxDA*DM (4)
Nbat*Niny*DOD
where, Egqi, is the daily electrical energy
demand of the study site; Tr is the temperature
correction factor; DA is the day of autonomy,
DM is the design margin; DOD is the depth to
which the battery is discharged; 1,4, is the round
trip efficiency of the battery; 7, is the
inverter’s efficiency.

The energy for one of the batteries is
determined as,

E(total—bat) =

E(per—bat) = V(per—bat) * C(per—bat) Q)

where, Viper_par) 1s the nominal voltage for each
battery in volts and Ciper—par) is the nominal
capacity for each battery in Ampere-hour.

2.4 PV array arrangement
The electrical arrangement of the PV array is
determined by applying data for the selected PV
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module, charge controller and the selected
optimized PV capacity to (6) [11].

Nmin—mod/s < Nmod/s = Nmax—mod/s (6)

where, Njmin—mod/s 1 the minimum number of
PV modules per string that can maintain the
operation of the charge controller, Ny,q/5 18 the
desired number of PV modules per string that is
required to deliver optimum electrical power
without stopping the required electrical function
of the charge controller, Nygx_moass 18 the
maximum number of PV modules per string for
which the maximum string voltage is less than
the voltage of the maximum charge controller.
The maximum and minimum numbers of
modules per string were determined using (7)
while considering the influence of temperature
on the PV system.
> |4 min—input—cc (7)

Nmin—mod/s = Vo
min-mod

where, V 1in_mod/s 18 the minimum number of
PV modules per string, V in—input—cc i the
minimum input voltage of the charge controller
and V in—moaq 18 the minimum voltage of the
PV module.

The maximum number of PV modules per
string is also defined as,

< 14 max—input—cc

Nmax—mod/s = (8)

Vmax-mod

where, V pmax—input-cc 18 the maximum input
voltage of the charge controller and V ;45— mod
is the maximum voltage of the PV module.

The number of strings per module is also
defined as:

I .
N S max-—icc 9
$ fs*Isc—mod ( )

where, Ny is the number of strings of PV
module, I,;55_icc1S the maximum input current
of the charge controller, Is._,0q 1S the short
circuit current of the module and f; is safety
factor.

2.5 PV array inter-row distance
determination

The optimum inter-row distance of the PV
array is determined as,

d >1x [—Sin(et)cos(yg_ﬂ + cos(@t)]

sin(ag)

(10)
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where, d is the optimum distance that should
exist between each row and [ is length of the row
of modules. Equation (10) was developed by
combining (11) and (12) [12, 13].

uxsin(6;) )

1—uxcos(6)

(11)

where ay, is the shading angle; 8, is the angle at
which each row is tilted relative to the horizontal
and u is the ground utilization factor. This factor
is determined from dividing the length of the row
of modules by the distance between each row.

sin(ay) )
cos(ys—v)

Agq = tan‘l(

a, = tan_l( (12)

where a, is the profile angle, ag,; is the solar
altitude angle; y is the azimuth angle of the
reference surface which in this study is the
orientation of the PV array which is south facing
and y; is the solar azimuth angle.

2.6 Other inputs

The economic, emissions and constraint input
values used in the simulation, optimization and
sensitivity analysis processes were obtained from
current economic statistics of Ghana and
recommendations from [8].

3. Proposed Design Procedure

The proposed procedure for designing an optimal
PV-Diesel hybrid energy system for an un-
electrified community is outlined as follow;

i. Estimate the electric energy demand. Here;

one is required to determine the energy
needs of the community considering future
growth in demand. An already electrified
community with similar characteristics can
be a useful aid in the load estimation.

ii. Obtain temperature and solar radiation data
for the community.

iii. Determine system components (i.e. PV,
Battery, etc.) to be used (based on obtained
data in step 2).

iv. Obtain input parameters for the determined
components (in line with (i)-(iv)).

v. Obtain economic, emissions and constraint
input values. (a) Typical economic input
values are: discount rate, expected inflation
rate, system fixed capital cost, system fixed

https://doi.org/10.25077/jnte.v7n3.558.2018
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operation and maintenance cost, capacity
shortage penalty, fuel cost and cost of
components. (b) Typical emissions input
values consist of emission factors (gram/liter
of diesel fuel) for carbon-monoxide, carbon-
dioxide, unburned hydrocarbon, particulate
matter, proportion of fuel sulfur converted to
particulate matter and nitrogen oxides. (c)

Typical constraint input values are:
maximum  annual capacity  shortage,
minimum renewable fraction, operating

reserve as percentage of peak load and
operating reserve as percentage of solar
power output.

vi. Use appropriate software to determine the
optimal system configuration.

vii. Determine the optimal PV configuration
using (6)-(12).

4, Case Study Community and Load

Estimation

Groso, a non-electrified rural community in
Ghana, was used as the study site for the work.
The community is located in the Amansie-West
district of the Ashanti Region of Ghana. It has
about 84 households with a population of 500.
Presently, the households of Groso individually
rely on either kerosene, gasoline and diesel fuels
to meet their energy needs. The distance between
the nearest feeding point of the national electric
grid and the Groso is about 20km.

Considering the fact that the study
community does not have electricity, load
estimation was done using Apenimandi, a nearby
electrified community which has similar
population, and social and economic activities.
The present average daily energy required using
Apenimandi as the reference was estimated to be
300kWh (see appendix for details). The
estimated present peak load was 19kW.
However, to account for future load growth, the
hybrid system was designed to meet a daily peak
demand of 29.4kW. Solar radiation and
temperature data were obtained from NASA
[14].
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5. Software used

The hybrid optimization of multiple electric
renewables (HOMER) software was used for
modelling and simulation [8]. HOMER
simplifies the task of evaluating and designing
grid-connected and off-grid power systems. It
uses inputs describing technology options,
component costs and resource availability to
generate results of feasible configurations sorted
by net present cost. It simulates the operation of
a system by applying energy balance calculations
in each time step.

6. Results and Analysis

Table 1 shows the configuration and general
performance of the optimized hybrid energy
system. The following requirements had to be
met in the optimization process: minimum CO;
emissions, low net present cost and zero electric
load rejection. It is important to note that the
actual output of the plants, particularly the PV, is
highly dependent on PV efficiency as well as
atmospheric and operating conditions. The
performance of the proposed hybrid energy
system is discussed in two core areas namely,
technical performance and economic
performance.

Table 1. Configuration and performance of
optimized systems

No. Quantity/Parameter Value
1 PV (kW) 68

2 Diesel (kW) 40

3 Battery (kAh) 80

4 Converter (kW) 454

5 Cost of Energy ($) 0.554

6 Net present cost ($) 933571
7 Operating cost ($) 39251
8 Initial capital ($) 329888
9 Renewable fraction (%) 38

10 | Total fuel (L) 19414
11 Electricity production (kWh/yr) 157685
12 | Electricity consumption (kWh/yr) | 109500
13 | Excess electricity (kWh/yr) 48185
14 | CO2 (kg/yr) 51123.1
15 | Diesel operation (hours) 2471
16 | Battery autonomy (hours) 16.2

6.1 Technical performance

Figure 1 shows the contribution of each plant
to the maximum demand for each month. It is
observed from Figure 1 that the PV and diesel
generators’ contribution to the peak demand
varies moderately over the year. The PV
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generator supplies a greater share of the monthly
maximum demand. The only exception is in the
month of August due to less availability of solar
radiation.

Figure 2 shows the contribution of the plants
to the annual electric energy production. The PV
generator  accounted for almost 57%
(89720kWh) of the annual electric energy
production of 157,685kWh. This high share of
renewable energy in the generation mix of the
hybrid system indicates relatively less
operational hours of the diesel generator thereby
reducing diesel fuel consumption as well as CO»
emissions.
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Figure 1. Plant contribution to maximum
monthly demand

m FY generator

B D generalor

Figure 2. Contribution of generators to
annual energy production

6.2 Economic performance

The economic performance of the selected
optimized hybrid energy system takes into
consideration the cost of the entire system in
terms of initial capital, operation and
maintenance, fuel and salvage costs.

Figure 3 shows the contribution of each
component to the capital cost. It is noted that the
PV contributes the highest percentage (62%) to
the capital cost with the least contributor being
the diesel generator.
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Figure 4 shows the contribution of each
system component to the net present cost (NPC).
Here, the diesel generator contributes the highest
percentage (49%) while the converter is the least
contributor (5%).
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Figure 4: Components’ contribution to net
present cost

6.3 Arrangement of PV modules

Based on the determined PV capacity,
temperature of the study site and technical
characteristics of the selected charge controller
and inverter, the total number of PV modules
was determined to be 212. The electrical
arrangement is as follows: four set of 4 modules
per string with 11 strings and one set of 4
modules per string with 9 strings. Furthermore,
from data analysis done, the optimum inter-row
distance for the PV array is determined to be
greater than 4.22 meters.

7. Conclusion

An optimized off-grid PV-Diesel-Battery
hybrid energy system for a rural community has
been presented. The levelized cost of energy of
the system is comparable to other existing off-
grid renewable hybrid energy systems. The
procedure presented in this study can be applied
in designing economical and technically feasible
PV-diesel generator-battery hybrid energy
systems for other rural communities with
favourable solar energy resources.

https://doi.org/10.25077 jnte.v7n3.558.2018
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