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Abstract

This work examines the implementation of solar power systems in Southern
Nigerian using Benin City as a case study. It designs solar power system for a 3-
bedroom flat for Benin City for grid-tie, grid-tie with battery backup and off-grid
design approaches and carried out cost and pollution analysis for the three
approaches. Designing the systems involved electrical load estimate and solar system
component sizing and costing. Analysis was carried out considering a 25-year
operational period for the system. It was observed that though initial system cost was
high, operational and maintenance costs were significantly minimal to deflate the
initial cost of setting up the systems.

1.0 Introduction

Power generation and distribution in Nigeria hasrbso unreliable and unstable that a greater pdnieocountry goes
for as long as three or more months without hayogver for just one hour. Many of these places eithve without
electrical power or resort to the use of generaforssolace. The total installed electrical poweneration capacity is
6600MW][1] out of which the actual power generation at argterial time fluctuates between 3500MW and 1700NAN3]
This is grossly inadequate. The power utility comptherefore resorts to load shedding which asemumence leaves some
parts of a town, city or state in long wait for itheurn leading them to long periods without pow@mnother factor
responsible for long periods of darkness for soreasis the poor maintenance culture of the utiidgnpany which leads to
long downtime occasioned by poor response to regdeatults.[4]

For the economy of any place to develop, there iesufficient power to meet demand plus resenesaep for periods
of peak demanfb]. This, the Nigerian nation does not have novdesiand far exceeds generation. There is therefed
to explore alternative sources of power to boostgrogeneration in a bid to meet the ever increapmger demand. Thus
this paper presents the solar system design anduwedggreen house gas emission analysis for Nigeiizg Benin City as a
case study.

2.0 Design of a 2- and 3-bedroom flats solar systems for Benin City

The design of a photovoltaic system requires thmgiof solar panel requirement, battery bank ¢frgrid systems)
and inverter. The sizes of these components ameapity a function of the daily sunshine hour foe tlocality where the
design is to be implemented as well as the eledtibad requirement. Thus the sunshine hour dat8émin City was used,
Table 1[6, 7] The electrical load estimate for a 3-bedrdtahis as shown in Table 2. [8]

2.1 Solar system design for the grid —tie system for the 3-bedroomatt

The total wattHour estimate for 2-bedroom flat &7#&3. The WattHour power requirement per day fwhedevice was
obtained from:

Device Daily WattHour demand = Device power ratingWatts x Quantity x daily demand factor in hourshus, for
Blender, Daily WattHour = 400W x 1 x 0.33hour = ¥8&tthour

2.1.1 Component Sizing for 3-bedroom flat solar design

Designing for the worst case scenario, i.e usimglélast monthly average of the average sunshinevaue, which is 2.44
sunshine hours,

Number of solar panels required is obtained frah: [

*Corresponding authorApeh S.T, E-mail: apeh@uniben.eddgl.: +2348034956812.

Journal of the Nigerian Association of Mathematical Physics Volume 19 (November, 2011413 — 422
413



Photovoltaics Application in Benin City. Apeh and Anazia J of NAMP

Table 1: Average of average monthly sunshine hour dat&émin Cit

Month Jan | Feb | Mar | Apr |May |Jun |Jul Aug |Sep | Oct | Nov | Dec
Sunshine Hours 494 4.88 5.12fy 57B 5.68 4.p6 2.92.44 | 3.05| 4.73] 6.23 5.33
Table 2:Daily Electrical load requirement for 3-bedroont fla
S/IN | Electrical device Device Power| Quantity | Total device | Hours  of | Average watt-
(Watts) power (Watts) daily use hours per day

1 Ceiling fans 50 5 250 12 3000
2 4ft Flourescents 36 6 216 12 2592
3 2ft Flourescents 19 9 171 2 342
4 Colour TV Flat screen 35 4 140 10 1400
5 Cable Decoder 30 1 30 10 300
6 CD Player 10 1 10 6 60
7 Laptop 75 1 75 4 300
8 Desktop 150 1 150 4 600
9 Printer 150 1 150 1 150
10 | Satellite Dish 30 1 30 10 300
11 | Incandescent bulbs 36 2 72 6 432
12 | Toaster 1500 1 1500 0.33 495
13 | Micro-wave 1500 1 1500 0.1 150
14 | Pressing iron 1000 1 1000 0.5 500
15 Air conditioner 1000 4 4000 4 16000
16 | Refrigerator 1500 1 1500 24 36000
17 | Blender 400 1 400 0.33 132

TOTAL 11,194 TOTAL 62,753

LE
No of panelsneeded =——— x1.2 (1)
W, xH,

Where:LE = Electrical load estimate for intendeglegation, W, = Watt rating for the panel to be used,#+Daily sunshine
Hours for the location where system is to impleradrdand 1.2 = Factor that gives additional 20% nurobeanels to cover
for conversion losses and periods of prolongedcctmver.

Therefore,

ﬂ:%.z& 96 276-Watts / 24 Pands
2.44x 270

Inverter size required is obtained by summing tbevgr ratings of all appliances that can be usedilsdmeously and using
the appliance combination with the highest powguiement. Therefore, the inverter size is
Invertersize = Freezerpwr + Ironpwr + ACpwr + Microwavepwr

=1500+ 1000+ 2000+ 1500 = 7000MNatts
Therefore, the inverter size is 7KVA. However, aKVVA should be used.
CostOfInverter =1x 4356x 151 = 657,756.C. Therefore the cost of inverterfis657,756.00
2.1.2  Cost estimate for 3-bedroom flat grid tie sar system
Table 3 shows the cost estimate for implementisglar power system for a 3-bedroom flat using tha sf#& 700,000.00
for system accessories.
Table 3: Cost Estimate for implementing grid tie withoutteay backup solar system for a 3-bedroom flat

Noof panels=

S/N | Component Units | Price/unit(N) Total (N)

1 270W SunTech solar Panels 96 101,472.00 9,741,312.00

2 7.5 KVA Frontius-1G-Plus purely grid-tie Pure 8imave inverter 1 657,756.00 657,756.00

3 Others Lot 700,000 700,000.00
TOTAL 11,099,068.00
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2.1.3 Cost Analysis Of The Grid Tie Systems
Cost analysis for this system covered annual audlyais, net- metering and environmental cost benef

2.1.3.1 Annual Cost Analysis For The Grid Tie System
The annual cost analysis was carried out usingtenud9,10]
Ct=7l+1%0+TCc+(W+R+M)+Cf ®)

Where I=interest in %, D=depreciation in %, T=Taxes Insurance in %, Cc-Construction cost, W=Waayes$ Salaries,
R=Repairs(Maintenance), M=Miscellaneous and Cf=lasdt

Using I=T=W=M=G = 0 and D = 0.1% and R involving the basic maiatere of the panels and the battery bank, the annual
cost tables for a 25 year period were obtainedtHergrid tie system for the 3-bedroom flat as shawTables 4 and the
corresponding MATLAB Plots in Figures 1, 2 and 3.

Table 4: Annual Cost analysis for 3-bedroom flat grid tides system

YEAR ANNUAL COST,CT (M) NET VALUE (M)
1 14,099.07 11,087,969
2 14,087.97 11,076,881
3 14,076.88 11,065,804
4 14,065.80 11,054,738
5 14,054.74 11,043,683
6 14,043.68 11,032,639
7 14,032.64 11,021,606
8 14,021.61 11,010,584
9 14,010.58 10,999,573
10 13,999.57 10,988,573
11 13,988.57 10,977,584
12 13,977.58 10,966,606
13 13,966.61 10,955,639
14 13,955.64 10,944,683
15 13,944.68 10,933,738
16 13,933.74 10,922,804
17 13,922.80 10,911,881
18 13,911.88 10,900,969
19 13,900.97 10,890,068
20 13,890.07 10,879,178
21 13,879.18 10,868,299
22 13,868.30 10,857,431
23 13,857.43 10,846,574
24 13,846.57 10,835,727
25 13,835.73 10,824,891
x 10% Annual Cost for 3-bedroom grid tie solar system
1.415 T T
data plot
1.41 1~y = - 11*x + 1.4e+004 — linear fit ||
1.405 -
3
g 1.4+
g 1.395
<
1.39+-
1.385
1.38 ! . ! !
0 5 10 15 20 25

Year

Figure 1: Annual Cost for 3-bedroom grid tie solar system
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x 10’ Plant Cost for 3-bedroom grid tie solar system
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Figure 2: Plant cost for 3-bedroom grid tie solar system
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Figure3: Annual and Plant costs for 3-bedroom grid tie Issjestem

2.13.2 Pollution Cost Analysis

A combined cycle gas turbine (CCGT) emits 191.1Nyh of CQ,, 1.55 g/MWh of S@ and 31 g/MWh of NQ.[11]
Therefore generating power from solar energy fbedroom flat would save the environment, in congmarito CCGT;
For 3-bedroom grid tie with load estimate of 627884 = 0.062753MWh,

() 0,062753 x 191Kg of CO= 11.985823 Kg daily
Therefore, for using this system for 1 year, theiremment would be saved:
11.985823Kg x 365 = 4374,8254Kg of €@ comparison to a CCGT plant.
For a 25 year this system would save environmgrathlition due to C@produced by CCGT plant to the tune of: 4374.8254
x 25kg of CQ = 109,370.64 Kg of C®

(i) 0.062753 x 1.55 g/MWh of SO= 0.9726715g of SOdaily. Therefore for using the system for 1 yda t
environment is saved of: 0.9726715¢g x 365 = 355.2% SQ.
For a 25 year period which is the conservative dif@an of a solar system, this system would saveitk@onment of S©
pollution to the tune of: 25 x 355.0251 g of S©8875.6275¢g or 8.88 Kg of S@ollution in comparison to a CCGT plant.

(iii) 0.062753 x 31g of NOx daily = 19.45343g of M@ comparison to a CCGT plant producing the same
amount of power. This is equivalent to: 19.453483$5 = 7100.502 g a year. For a 25year periodtheunt of NOx = 25 x
7100.502 g = 177512.55 g = 177.51 Kg
2.1.3.3 Net Metering
If at any time, the solar system’s generated pasvar excess of what the connected load is consgithi@n the excess could
be sold to the public utility company (PHCN) acdogdto the expression: [12,13]

N/kwh = KW, x sun = hours x No.of days/month x N / kWh (4)
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If the excess were, say, 22.5kWh for the 3-bedrdbem, Net Metering for the 3-bedroom flat systeould be
®/kwh = 22.5x 30x 4= 2,70

For a year this would be2700x 12= 32,401 and for the 25 year
32,400x 25= 810, 00. Therefore, there would a returnié$10,000.00

period, this would amount to

2.2 Solar system design for the grid —tie with ba¢ry backup system for the 3-bedroom flat.
The total wattHour estimate for 2-bedroom flat 257%53.

2.2.1 Component Sizing for 3-bedroom flat solar dégn
Designing for the worst case scenario, i.e usimglélast monthly average of the average sunshinevabue, which is 2.44
sunshine hours,Number of solar panels requirddois) eqn 1

No of panelszﬂz%.za~~ 96 270-Watts / 24 Panels
2.44x 270
Number of batteries required is obtained from as:
. 62753%x 2 .
Noof batteries=———— =26.147= 27 206 AH /24 Batteries
24x 200

The inverter size is:
Invertersize = Freezerpwr + Ironpwr + ACpwr + Microwavepwr

=1500+ 1000+ 2008 1500= 70W@Gtts
Therefore, the inverter size is 7KVA. However, 8KA/A should be used.

2.2.2  Cost estimate for 3-bedroom flat
Table 5 shows the cost estimate for implementisglar power system for a 3-bedroom flat using tiva sf# 800,000.00
for system accessories.

Table5: Cost Estimate for implementing grid tie with bagtbackup solar system for a 3-bedroom flat

SIN Component Units Price/unit(N) Total (N)
1 270W SunTech solar Panels 96 101,472.00 9,7213
2 4 KVA Xantrex inverter 1 440,769.00 440,769.00
3.5KVA OutBack inverter 1 286,749.00 286,749.00
3 200AH,24V AGM Battery 27 85,000.00 2,295,000.00
4 Others Lot 800,000 800,000.00
TOTAL 13,563,830.00

2.2.3

Cost Analysis Of The Grid Tie Systems With Battery Bck Up

Cost analysis for this system covered annual audlyais, net- metering and environmental cost benef

2231

The annual cost analysis was carried out usingtigud to obtain Table 6 and MATLAB plots of Figgrd, 5 and 6 were

made.

Annual Cost Analysis For The Grid Tie Sysim

Table 6: Annual Cost analysis for 3-bedroom flat grid tighabattery backup solar system

YEAR ANNUAL COST,CT (M) NET VALUE (N)
1 15,326.94 9,317,608.10
2 15,317.61 9,308,290.50
3 15,308.29 9,298,982.20
4 15,298.98 9,289,683.20
5 15,289.68 9,280,393.50
6 15,280.39 9,271,113.10
7 15,271.11 9,261,842.00
3 15,261.84 9,252,580.20
9 15,252.58 9,243,327.60
10 15,243.33 9,234,084.30
11 15,234.08 9,224,850.20
12 15,224.85 9,215,625.40
13 15,215.63 9,206,409.80
14 15,206.41 9,197,203.40
15 15,197.20 9,188,006.20
16 15,188.01 9,178,818.20
17 15,178.82 9,169,639.40
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18 15,169.64 9,160,469.80
19 15,160.47 9,151,309.30
20 15,151.31 9,142,158.00
21 15,142.16 9,133,015.80
YEAR ANNUAL COST,CT (N) NET VALUE (N)
22 15,133.02 9,123,882.80
23 15,123.88 9,114,758.90
24 15,114.76 9,105,644.10
25 15,105.64 9,096,538.50
x 10* Annual Cost For 3-Bedroom Grid Tie With Battery Back UP Solar System
1.535 T T T T
~ data plot
— linear Fit
153F y = -9.2*x + 1.5e+004 |
2 1s25f
B
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Figure 4: Annual cost for 3-bedroom grid tie with batterychaip solar system
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Figure 5: Plant cost for 3-bedroom grid tie with battery bap solar system
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Figure6: Annual and plant cost for 3-bedroom grid tie iatkttery backup solar system
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224 Pollution Cost Analysis

A combined cycle gas turbine (CCGT) emits 191.1NWh of CO,, 1.55 g/MWh of S@and 31 g/MWh of NQ. Therefore
generating power from solar energy for 3-bedroanvlould save the environment, in comparison to TCG

For 3-bedroom grid tie with battery backup withdogstimate of 62753 Wh = 0.062753MWh,

0] 0,062753 x 191Kg of CO= 11.985823 Kg daily . Therefore, for using thistem for 1 year, the environment
would be saved:

11.985823Kg x 365 = 4374,8254Kg of €@ comparison to a CCGT plant.

For a 25 year this system would save environmgrattilition due to C@Qproduced by CCGT plant to the tune of : 4374.8254
x 25kg of CQ = 109,370.64 Kg of CO

(i) 0.062753 x 1.55 g/MWh of SO= 0.9726715¢g of S{daily

Therefore for using the system for 1 year the emvirent is saved of:

0.9726715¢g x 365 = 355.0251g of SO

For a 25 year period which is the conservative dif@n of a solar system, this system would saveitk@onment of S©
pollution to the tune of:

25 x 355.0251 g of SO- 8875.6275¢g or 8.88 Kg of S@ollution in comparison to a CCGT plant.

(iii) 0.062753 x 31g of NOx daily = 19.45343¢g of M@ comparison to a CCGT plant producing the sameunt of
power. This is equivalent to: 19.45343 g x 365 80502 g a year. For a 25year period the amouRif = 25 x 7100.502
g=177512.559g=177.51 Kg

2.2.5 Net Metering
From eqn 4, if the excess were, say, 15kWh for2thedroom, 22.5kWh for the 3-bedroom and 55 kWhtlier5-bedroom
duplex, then,

Net Metering for the 3-bedroom flat system would#é&Wh = 22.5x 30x 4= 2,70!

For a year this would be2700x 12= 32,40' and for the 25 year period, this would amount to
32,400x 25= 810, 00. Therefore, there would a returnié$10,000.00

2.3 Solar system design for the Off-grid with battey backup system for the 3-bedroom flat.

The total wattHour estimate for 2-bedroom flat 257%53.

2.3.1 Component Sizing for 3-bedroom flat solar dégn

Designing for the worst case scenario, i.e usimglélast monthly average of the average sunshinevaue, which is 2.44

sunshine hours,
Number of solar panels required is, from egn 1:

No of panels:ﬂ:%ZS: 96 270-Watts/24V Panels
244% 270
Number of batteries required is from eqgn 2:
Noof batteri&s:m =26.147=27 200- AH /24V Batteries
24%x 200

Inverter size required is obtained by summing tbevgr ratings of all appliances that can be usedilsdmeously and using
the appliance combination with the highest poweguirement that can be connected simultaneouslyteftre, the inverter
size is

Invertersize = Freezerpwr + Ironpwr + ACpwr + Microwavepwr

=1500+1000+ 2000+ 1500 = 7000MNatts
Therefore, the inverter size is 7KVA. However, 8KA/A should be used.

2.3.2  Cost estimate for 3-bedroom flat

Table 7 shows the cost estimate for implementin@&rgrid solar power system for a 3-bedroom flaing the sum of¥
800,000.00 for system accessories.

Table 7: Cost Estimate for off-grid solar system for a 3Hmem flat

S/IN Component Units Price/unit(N) Total (N)

1 270W SunTech solar Panels 96 101,472.00 9,72108

2 5 KVA Genus inverter 1 220,000.00 220,000.00
2.5KVA Genus inverter 1 120,000.00 120,000.00

3 200AH,24V AGM Battery 27 85,000.00 2,295,000.00
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4 Others Lot 800,000 800,000.00

TOTAL 13,176,312.00

2.3.3  Cost Analysis Of The Off Grid Systems With Bttery Back Up
Cost analysis for this system covered annual auaiais, net- metering and environmental cost henef

2.3.3.1 Annual Cost Analysis For The Grid Tie Systa
Using eqgn 3, Table 8 was obtained and the MATLA&$bf Figures 7, 8 and 9 were made.

Table 8: Annual Cost analysis for 3-bedroom flat off gridttwbattery backup solar system

YEAR ANNUAL COST,CT (M) NET VALUE (M)
1 31,176.31 13,163,136
2 31,163.14 13,149,973
3 31,149.97 13,136,823
4 31,136.82 13,123,686
5 31,123.69 13,110,562
6 31,110.56 13,097,451
7 31,097.45 13,084,354
8 31,084.35 13,071,270
9 31,071.27 13,058,199
10 31,058.20 13,045,141
11 31,045.14 13,032,096
12 31,032.10 13,019,064
13 31,019.06 13,006,045
14 31,006.05 12,993,039
15 30,993.04 12,980,046
16 30,980.05 12,967,066
17 30,967.07 12,954,099
18 30,954.10 12,941,145
19 30,941.15 12,928,204
20 30,928.20 12,915,276
21 30,915.28 12,902,361
22 30,902.36 12,889,459
23 30,889.46 12,876,570
YEAR ANNUAL COST,CT (M) NET VALUE (N)
24 30,876.57 12,863,693
25 30,863.69 12,850,829
312 x 10* Annual Cost For 3-Bedroom Off Grid Solar System
™ data Plot
3.115 y = - 13*x + 3.1e+004 — linear Fit B

3.105-

Annual Cost (N)

3.095-
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0
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Figure7: Annual cost for 3-bedroom off grid solar system
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x 10 Plant Cost For 3-Bedroom Off Grid Solar System
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Figure 8: Plant cost for 3-bedroom off grid solar system

10° Annual and Plant Cost For 3-Bedroom Off Grid Solar System
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Figure 9: Annual and plant costs for 3-bedroom off grid sakgstem

2.3.3.2 Pollution Cost Analysis For The 3-Bedrooml&t

A combined cycle gas turbine (CCGT) emits 191.1 N@h of CO, 1.55 g/MWh of S@ and 31 g/MWh of NQ.
Therefore generating power from solar energy 3-beuirflat would save the environment, in comparisp@CGT:

For 3-bedroom grid tie with load estimate of 627884 = 0.062753MWh,

() 0,062753 x 191Kg of CO= 11.985823 Kg daily

Therefore, for using this system for 1 year, theiremment would be saved:

11.985823Kg x 365 = 4374,8254Kg of €@ comparison to a CCGT plant.

For a 25 year this system would save environmgutilition due to C@produced by CCGT plant to the tune of : 4374.8254
x 25kg of CQ = 109,370.64 Kg of CO

(i) 0.062753 x 1.55 g/MWh of SO= 0.9726715g of S{daily

Therefore for using the system for 1 year the emvrirent is saved of:

0.9726715g x 365 = 355.0251g of SO

For a 25 year period which is the conservative dif@n of a solar system, this system would saveitk@onment of S©
pollution to the tune of 25 x 355.0251 g of S©8875.6275g or 8.88 Kg of S@ollution in comparison to a CCGT plant.

(iii) 0.062753 x 31g of NOx daily = 19.45343¢g of M@ comparison to a CCGT plant producing the sameunt of
power. This is equivalent to:

19.45343 g x 365 = 7100.502 g a year.
For a 25year period the amount of NOx = 25 x 710D &= 177512.55 g = 177.51 Kg
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3.0  Discussion

The solar system estimate for Benin City for a @8rbem flat for grid tie system, grid tie with battebackup and off-grid
were respectivelyi11,099,068.00 #13,563,830.00and #13,176,312.00.For a 3-bedroom flat implementation the
environment would be saved gree house gas (GHGystms equivalent to 4374,8254Kg of £355.0251g of S©and
7100.502 g of NOx a year for grid tie, 4374,8254K¢C0O,, 355.0251g of SPand 7100.502 g of NOx a year for grid tie
with battery backup, and 4374,8254Kg of £,(355.0251g of Seand 7100.502 g of NOx a year, in comparison to &TC
plant respectively.

Using Net Metering for the gird tie and grid tietlvbattery backup, for 3-bedroom flat implementatié#2.700 per month
would be earned for 22.5kWh excess power #d/kWh power pricing. There is no Net Metering fdf grid system
implementations. The plots of Figures 1- 9 give figtorial representation for cost implication fonplementing and
running a solar system for a 3-bedroom off grichsslystem in Benin City for a 25-year period. lbls/ious from the plots
that though the initial system cost is high, omoplemented the running cost would be significamipimal.

4.0 Conclusion

Solar system design using photovoltaic was cardetfor a 3-bedrroom flat for Benin City environmebor the three

implementation platforms and the cost analysis eaased out. The analysis showed minimal runninst ¢or solar systems
as well as huge environmental benefit. The onlyrseg drawback was the high initial cost. Howevés geeming drawback
becomes deflated when it is understood that sgkiem implementations using photovoltaic can beedout in phases.
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