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This study focused on finding an optimal design method for sizing
a stand-alone photovoltaic mini-grid to provide sustainable and
reliable power to a house. Optimal size of the photovoltaic array,
battery, and inverter was calculated using appropriate equations.
Simulations were carried out using the Homer software to verify
the optimal design for a residential house in Guru Karaftayi
village in Kazaure Local Government Area of Jigawa state,
Nigeria. After optimal design and simulations, the battery size
with 12.96 kWh and a Photovoltaic Array size of 2.2 kW was
chosen as optimal. Simulation results showed it could supply
power for 10 years with annual capacity shortage of 171.86
kWh/yr and 502 outage hours in a year. The Net present cost of
the system was $8,913. The project clearly proves that a
standalone photovoltaic mini-grid can be implemented reliably
and economically with this optimal design method.
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1. INTRODUCTION
The possibility of converting solar radiation into electrical energy has made it suitable in many applications.
Solar radiation can be converted into electricity using a photovoltaic (PV) system. Solar electricity may be
used for power supply to remote villages and locations not connected to the national grid. It may also be
used to generate power for feeding into the national grid. Other common areas of application of solar
electricity include low and medium power application such as water pumping, village electrification, rural
clinic and school power supply, vaccine refrigeration, traffic lighting and lighting of road (Sambo, 2010). In
Nigeria most of the photovoltaic system employed to provide electricity service to rural communities for
street lighting, water pumping, primary health centres, refrigerators and TV viewing centres are government
sponsored project (Ogedengbe and Adamolekun, 2017).
A standalone PV system is one in which the PV panel is the only source of power and is intermittent because
the sun does not shine throughout the day and the load demand varies through the day (Zhou, et al., 2008).
For example, a residential house would have higher load demand in the morning and evening when most
activities are taking place and less demand in the afternoon when the occupants have gone to work. In the
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opposite, the PV array installed in the home would experience less solar radiations in the morning and
evening and experience more in the afternoon when radiation is highest. There is also seasonal fluctuations
and mismatch between the load and the solar radiation during the year. Some months are characterized by
high rainfall, smaller solar window; this surely reduces the solar radiation received by the PV Array. A
battery is needed to take care of this mismatch. The work of the battery is to store excess energy generated
by the PV array during the solar window and supply that energy when there is load demand but no or
insufficient solar radiation.
This work focuses on an optimal design method for sizing photovoltaic system for rural residential house.

2. METHODOLOGY
The load demand was estimated by itemizing all the electrical appliances in the home, their power rating,
and usage hours. Then the average daily energy demand in watt-hours was calculated. The average daily
demand was used for sizing the PV array and battery (Munro, 2010). The number of hours we want the
battery to cater for the load (optimal hour of autonomy) was hypothesized using the solar window and
confirmed by simulation using Homer software. Different sizes of PV array were also experimented with by
simulation to confirm calculation for the optimal PV array size.
2.1. Load Profile Calculation
Figure 1 is a sketch of the sample home showing the connected electrical load. To design a mini-grid that
can effectively cater for these loads, the average daily load demand has to be calculated (NZER, 2010).

Figure: 1: Sketch of the sample home showing the connected electrical load

2.2. PV Array Design and Optimization
The area of the PV panel that can extract the required power to meet the load demand for any location with
a global horizontal irradiance was calculated from Equation (1) (Bataineh et al., 2012).
lday
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Where Hin is the global horizontal irradiance (kWh/m2/day), ηpv is Efficiency of PV module, Kderating is a
factor that accounts for losses due to temperature effect, dirt, PV output tolerance, shading, and wire. ηloss
is the product of the battery and inverter efficiency.

ηloss = ηbat x ηinv

(2)

Kderating

(3)

Ktempx Kprod x Kshade x Kdirt x ηwire

Where ηbat is battery efficiency and ηinv is inverter efficiency, Ktemp is the temperature loss factor, Kprod is
PV module output power tolerance factor, Kshade is factor to account for array shading, Kdirt is the PV
module dirt derating factor, ηwire is efficiency to account for wire loss (Openelectrical, 2015).
The PV module temperature loss factor (Ktemp) is dependent on the module installed and the average
ambient maximum temperature for the location. Temperature loss factor was calculated from Equation (4).

Ktemp = 1 + (γ × (Tcell.eff - Tstc))

(4)

Where γ is power temperature coefficient per oC, Tcell.eff is the Nominal Operating Cell Temperature (NOCT)
in o C, Tstc is the cell temperature at standard test conditions, in o C (CEC, 2009).
The required PV output power generated from the PV area was calculated from Equation (5) (Bataineh et
al., 2012).
PVoutput =

ηpv

(5)

Where PVoutput is the power output of the PV array from the PV area, PSI is the maximum radiation intensity.
PVoutput is 1000 W/m2 at standard test condition while ηpv is the efficiency of PV module.
The number of modules that would provide this PV array output was calculated from Equation (6) (Guda
and Aliyu, 2015).
PVoutput

Nmodules

Pmpeak

(6)

Where Nmodules is the number of modules to meet this required output, Pmpeak is the peak power of the choose
module.
The modules are connected in series and parallel to form the PV Array. The number of modules in series
(Nms) was determined by dividing the voltage the system is designed for by the nominal voltage of the module
at standard test condition, (Equation 7) (Guda and Aliyu, 2015).
Nms =

system

(7)

module

The number of modules in parallel (Nmp) was obtained by dividing total array output by a single module
output, as shown in Equation 8 (Guda and Aliyu, 2015).
Nmp = !ms

pv
module

(8)

For the case study (Karaftayi in Jigawa state), the average solar global irradiance is 6.04 kWh/m2/day
(Nasa.gov, 2017). Average load demand for the residential house is 7.425 kWh. The GS-STAR-100 W PV
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module was chosen primarily because of its (unit capacity of 100 W) which enabled simulation to be perform
easily with increment of 100 W sizes using Homer software. However, the choice of PV module should be
based mainly on efficiency, cost, and availability. Battery efficiency, ηbat ("both VISION CP6100D and
Rolls 12CS11P batteries) is 0.8; Inverter efficiency, ηinv ("MS PWRINV10KW " 12V inverter) is 0.90.
From data sheet for PV module GS-STAR-100W, nominal operating cell temperature is 46o C, temperature
coefficient of Pmax is -0.45 %/°C, TSTC is 25o C, PV module max output power tolerance is 0% to +6% hence
chosen PV module max output power tolerance factor, Kprod as 1.0, PV module shading derating factor,
K"shade " as 0.98,PV module dirt derating factor,K"dirt " as 0.95 and Wire loss (GrapeSolar.com, 2015).

2.3. Battery Design and Optimization
A battery has limit to how much it can discharge every cycle without being damaged and how much energy
it can give out throughout its lifetime. The battery size was effectively optimized by:
1) Finding the optimal depth of discharge for the battery lifetime
2) Finding the hours of autonomy that would give the optimal battery size (low cost and low outage
hours).

2.3.1. Depth of discharge
In finding the optimal depth of discharge it was assumed that a battery is discharged once every day awaiting
the next solar window for charging. Hence, the optimal number of cycles to failure would be the same as the
desired battery life in days, this optimal number of cycles to failure is used to determine the optimal depth
of discharge. For ROLLS 12CS11P DOD for 10 years lifetime (3650 cycles) is 0.4.
Optimal depth of discharge = DOD at battery lifetime in days (cycles)

(9)

2.3.2. Optimal battery size
The size of battery is mainly determined by the number of hours you want the battery to last for (hours of
autonomy). The battery can only be allowed to discharge up to its chosen depth of discharge in order to reach
its required lifetime. Hence, the size of battery chosen should sufficiently cater for the load demand for the
required hours of autonomy. The optimal battery size, Bsize was calculated from Equation 10.
Bsize

'aut
"∑%&
$l dt)
%&(

*+* , -out

(10)

aut
Where El dt is the load demand at t hour, Haut is the battery hours of Autonomy, ∑/0
El dt is an expression
/01
used to show the load demand up to Haut hours of autonomy, 23 4 is the battery output efficiency.

To reduce the complexity in calculating the average load demand up to the required hours of autonomy, the
average hourly load demand can be used.

5lhr

lday
67

Where Elhr is the average hourly load demand and 5lday is the average daily load demand
Haut
Hence, replacing (∑/0
El dt) by (Elhr x Haut) in Equation (10) yields:
/01

(11)
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:; <

(5lhr =aut>
DOD x 2out

(12>

2.3.3. Total number of batteries
The total number of batteries required was obtained from Equation 13 (NABCEP, 2015).
Csize

Total Number of batteries = Dsingle

(13)

Where Bsize is the optimal battery size and Bsingle is the capacity of a single battery
EFG/HI J /KLH

Number of batteries in series =MK//HNF OJ /KLH
Number of batteries in parallel =

PJ/K !QIMHN JR MK//HNSHG
!QIMHN JR MK//HNSHG ST GHNSHG

(14)
(15)

2.3.4. Optimal Hour of Autonomy
The size of battery required majorly depends on the hours of autonomy to be designed for. The hour of
autonomy is the number of hours the battery is able to cater for the load demand without recharging. A
hypothesis for finding the optimal hour of autonomy is to use the number of hours in the solar window (hours
of sunshine in the day). Karaftayi has a fairly constant solar window of 11 hours throughout the year,
therefore 13 hours (24-11 hours) of autonomy was chosen. The optimal ROLLS 12CS11P DOD for 10 years
lifetime (3650 cycles) is 0.4 and from Equation (12) battery, size is 12768.06 Wh. Using the ROLLS
12CS11P battery that has capacity of 4320 Wh per battery (Bataineh, et al., 2014). The total number of
batteries required to meet the 12768.06 Wh for 13 hours autonomy is 2.96 (approximately 3 batteries). Three
batteries will give a total capacity of 12960 Wh.

2.4. Inverter Design
The Inverter should be capable of handling the load demand if all appliances were to draw power
simultaneously. It should also be able to take high starting current and normal surge from large loads. A safe
method to estimate the maximum amount of surge the ac load can generate would be to multiply the AC
load by 3. A safety factor of 1.25 can also be used to allow for rare high surge (Chris, 2015). The inverters
voltage has to be matched with that of the battery bank. The power rating of the inverter, Pinv was calculated
from Equation 16.
Pinv = (Prs + 3Plsc) x 1.25

(16)

Where Prs is power of low surge appliances running simultaneously and Plsc is power of large surge current
appliances (Ishaq et al., 2015). For the case study, the likely appliances to surge are the refrigerator and the
washing machine.

2.5. Cable Design
To ensure a good performance and a reliable system, the cables have to be properly sized. The current passing
through the cable has to be determined, as well as the cable size that would result in minimal voltage drop.
In both AC and DC wiring for standalone PV system the maximum voltage drop should not exceed 3 %
(Sundog Energy, 2006). The length of cable should allow for ease of installation. There should also be some
added length to allow for maintenance. There are three main cables in the PV system: the cable connecting
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the PV Array to the battery bank, the cable connecting the battery bank to the inverter, and the one connecting
the inverter to the load.

2.5.1. Cable between PV array and battery bank
Firstly, the current produced from the module entering the battery bank was calculated from Equation (17)
(Ishaq et al., 2015).
Irated = Nmp x Isc x Fsafety

(17)

Where Irated is the current from the PV module, Nmp is the number of modules in parallel
Isc is the Short circuit current of the PV module, Fsafety is Safety factor (usually taken as 1.25) to give the
cable some lag in case of rare high currents (Ishaq et al., 2015).
The cable area was calculated from Equation (18).
A=

UV
d

2

(18)

Where W is the resistivity of copper cable (1.724 x 10-8Ωm), X is the length of copper cable, is the current
passing through the cable, Vd is the maximum allowable voltage drop.

2.5.2. Cable between battery bank and inverter
The current from the battery bank was calculated from Equation (19). (Ishaq et al., 2015)
Imax =

Yinverter
ηinv , Zsystem

(19)

Where Imax is the maximum current drawn from battery bank; Pinverter is the inverter power rating and Vsystem
is the Voltage of the battery bank

2.5.3. Cable between inverter and load
The current from the inverter drawn from the load was calculated from Equation (20) (Ishaq et al., 2015).
Yinverter

Iphase = Zoutput , √\

(20)

Where Iphase is the Phase current flowing to the load, Pinverteris the inverter power rating and Voutput is the
output phase voltage.

2.6. Economics
For every PV system design, it is necessary to do an economic analysis to determine how much money would
be incurred in installing, operating, and maintaining the system. The salvage value for each component at
the end of the project period is calculated from Equation (21) (Anayochukwu, 2013).

]rep (^rem/^comp>

(21)
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Where S is the Salvage value, Crep is the Replacement cost of the component; Rrem and Rcomp are the remaining
life of the component, and the lifetime of the component respectively.
The net present cost (NPC) is used to represent the lifecycle cost of the system. The total annualized cost of
the system includes capital cost of each components, installation cost, operation, maintenance, fuel cost, and
penalty for pollutant emission. The total net present cost can be gotten from Equation (22) (Anayochukwu,
2013).

` ]

aann,tot
abc( I, Rproj>

(22)

Where Cann,tot is the total annualized cost, I is the annual real interest rate (the discount rate), Rproj is the
project lifetime; CRF is the capital recovery factor
The capital recovery factor is calculated from Equation (23) (Anayochukwu, 2013).
S(V f S>!
(V f S>! – h

]^d( , `>

(23)

Where I is the Annual real interest rate, N is the Number of years.
The levelized cost of energy (COE) is the average cost per kilowatt-hour of electricity produced by the
system. It is calculated from Equation (24) (Lambert et al., 2015).

]i5

aann,tot
prim

f

(24)
def

Where Cann,tot is the Total annualized cost, Eprim and Edef are the total amounts of yearly primary and
deferrable load, respectively.
Both the levelized cost of energy and the total NPC are convenient metrics used to compare the costs of
different systems. An optimal design should have low COE and NPC.

3. RESULTS AND DISCUSSION
The calculated optimal design sizes were used for simulation using the Homer Software for a typical year.
Result shows that the total number of outage hours in a year is 502, and the unmet load demand (capacity
shortage) is 171.86 kWh/yr. Figure 2 shows the average capacity shortage for each month of the year, with
July, August and September months mostly affected. Figure 4 shows the capacity shortage hourly profile for
the 12 months of the year. Most of the capacity shortage happens in the morning between 5:00 am to 7:00
am, the maximum is 300 W shortage in August. Figure 5 shows cost summary by components. The battery
takes a larger share of the cost. The total net present cost of the system is $8913. Figure 5 shows the number
of outage hours for 1—60 hours of Autonomy. From the graph, most optimal number of hours of autonomy
is 13. Figure 6 shows outage Hours Verses PV Array Size. From the graph, the most optimal PV Array size
is 2.2 kW, the optimal PV size agrees with the theoretical result of 2.2 kW PV array size calculated using
Equation 5. This shows that a cost effective and high performance standalone PV system can be designed
using the method explained in this work. Figure 2 shows the average capacity shortage for each month of
the year. July, August and September are the months that are mostly affected. The reliability of the system
is mainly dependent on solar radiation. The capacity shortage hourly profile also shows that most of the
capacity shortage happens in the morning between 5:00 am to 7:00 am. The maximum is 300 W shortage in
Figure 2.
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Figure 2: Capacity shortage monthly profile for the year

Figure 3: Capacity shortage hourly profile for 12 months of the year

3.1. Cost of the Optimal Design for Karaftayi
Table 1 shows a summary of the design. It shows the sizes of each system component, the model chosen and
the price. Figure 4 shows a summary of the cost of the system components with the battery taking a larger
share of the cost. The cost was calculated for a 10-year period. The PV array have a lifetime of 15 years;
hence it has a salvage value of $1378 after the 10-year project period. The total net present cost of the system
is $8913. Simulations carried out to find out / verify the hours of autonomy that would give the optimal
battery size. This was done using the homer software to simulating the load, solar radiation, PV array output
of 2.2 kW with different battery sizes for 1- 60 hours of autonomy. Figure 5 shows the number of outage
hours for 1 – 60 hours of autonomy. From the graph, most optimal number of hours of autonomy is 13.
Increasing the battery autonomy any further would cost so much for just little improvement in outage hours.
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Table 1: Summary of project design
Component

Description
PV array capacity

PV array

Total no of modules

Battery
bank

Total Capital Cost
(dollars)

GS-STAR-100W

$4070 for 22 modules
(Grapesolar.com, 2015)

2.2 kW
22

Capacity of battery bank (13 hrs
Autonomy) 12960 Wh
Capacity of inverter 10 kW (20 kW
surge)
Total capital cost

Inverter

Model

ROLLS 12CS11P
AIMS PWRINV 10 kW
12V

$4500 for 3 batteries
(Rollsbattery.com, 2015
$1100 (Bataineh, et al.,
2012)
$9670

Figure 4: Cost Summary by component
5000

Outage hours
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Battery hours of autonomy
Figure 5: Outage hours versus hours of autonomy

Another set of simulations was done to find the optimal PV Array size. The PV array output was increased
in steps of 100 W from 0 kW up to 5 kW using battery size of 12960 Wh to find the increase in systems
performance and find the optimal value. The number of outage hours versus the PV Array sizes is shown in
the Figure 6. From the graph, the most optimal PV Array size is 2.2 kW. Increasing the PV Array size any
further would cost so much for just little improvement in outage hours.
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Figure 6: Outage hours versus PV array size

4. CONCLUSION
The project is carried out to find an optimal design method for an isolated PV system. A modern residential
house with solar electricity in Karaftayi Village was used as a case study to verify the proposed optimization
method. After optimal design and simulations, the battery size with 12.96 kWh was chosen while a PV size
of 2.2 kW was chosen as optimal. It would be able to supply power for 10 years with annual capacity shortage
of 171.86 kWh/yr and 502 outage hours in a year. The net present cost of the system is $8,913. To confirm
the optimal design and hypothesis, sets of simulations were done using various combination of battery and
PV sizes and plotting them to find the optimal size.
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