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ABSTRACT

Many homes in Nigeria are in remote locations where grid electricity supply could not be extended. This paper
atlemuts to present a concise life-cycle-cost comparison of diesel generator power supply system and photovcitaic
power system for a remote rural application. In this comparative analysis, conceptual designs were developed for
nhotovoltaic-power and diesel powered systems to meet the base-case load requirements, A case study for cost
cumparison of 3KW, photovoltaic home system and 3KVA diesel generator was considered. Financial evaluation of
nroviding a 3KW, photovoltaic home system i~ ren.ste location was carried out and compared with that of a 3KVA
diesel generator, These two systems were compared using a 20-year life-cycle-cost analysis, to obtain the net present
value (NPV) cr "present worth” of the systems comprising of the total capitai and operating costs over the period. Then.
sensitivity analyses were presented, which further explore system comparisons as certain hase-case assumptions like
capital cost, and diesel fuel costs are varied, The results show the photovoltaic system to be more cost-effeciive at
low-power ranges of electrical energy supply.
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INTRODUCTION

, For every remote installation requiring electric power, there are several power supply alternatives such as
grid-connected power supply, power supply from generator system, wind power, e.t.c. Life-cycle cost analysis is a
form of economic analysis which allows a comprehensive evaluation of all the cosis associated with installing and
using a power system over a reasonable length of time, thus giving a realistic assessment of a system's life time
costs, Because life-cycie cost analysis breaks out specilic cost components (such as battery replaceament) it gives &
better analysis of the economic effect of using different components with differert reliability factors.

Life-cycle cost comparison of 3KW, photovoltaic-powered system and diesel generator system of an
equivalent size are presented nere,

Economically, competitive ranges of photovoll .ic systems relative to diesel generators for supplying reliable power

depend on such factors as solar energy resource of the enwronment load profile pattern, cust and level of
maintenance needed for the system.

METHODOLOGY

In this comparative dndlySib conceptual designs of photovollaic powered system were developed to meet the
base-case load requirements. This was compared with a 3 KVA diesel generator. Each base — case was intended to
be representative of typical apphudtlon for which PV systems might be used. These two base-case systems were
compared using a 20-yesr life cycle cost analysis, to obtain the “present worth” (PW) or “net present value” (NPV) of
the system, comprising of the total capital and operating costs over the 20-year period. The net present value (NPV)
signifies that future costs must be presented in terms of their "present worth” or actual value today [PV Design
Assistance Centre, 1998),

The life-cycle cost of each power system was calculated using the equation

LCC = Cpy *+ Mpw t Ep F Row ™ Spw oo vveeeviearei ottt et v (1)
Where M = Operation and Maintenance cost
. C = Initial capital cost of the sy.tem over the projected period.

E

1]

Energy cost of the system.
R = Replaceiment & Repair costs.

S = Salvage value of the system (i.e. its worth in the final year of Life-cycle).
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The subscript PW signifies present worth or NPV. Some base-case assumptions unique to the household power
application area were considered here. 4

These include Initial capital cost, salvage vaiue of 20% of original capital cost, installation costs, operating
labour cost, yearly inspection cost, diesel fuel cost at N26/litre, general inflation at 5%/year, nominal discount rate of
10% and net discount rate of 5% (i.e. nominal discount rate - general inflation)[Lasnier & Gan Ang, 1990].

Photovoltaic Power System Sizing
The method used here is the ampere-tiour method. The daily ampere-hour load AH, of each appliance in the

home is calculated

Thus AH, = Pr X DG X M DG vt iiiee it ettt et et e e e bbb bbb e as sttt eheb s bt sbsaaees (2)
Vns X 7 X Nep

Where Pr, DDC, WDC, Vi, and n., are the total power rating, daily duty cycle, weekly duty cycle, nominal system
voltage and inverter power conversion efficiency factor respectively.
The basic approach in this load analysis is that the total power rating of all the appliances in the home must

tally with the required load demand. of the system.
Table 1 shows the list of appliances used for this evaluation and their ampere-hour load values calculated using
equation 2. This list of appliances here is for a moderately sized four bedroom residence with about six inhabitants,
inclined towards relatively moderate use of electricity in a remote Nigerian environment. 4
Array Sizing

In sizing the array, the above total ampere-hour load AH( is corrected to reflect the losses in the baitery and
wiring.A corrected ampere-hour load AH, is calculated thus;

AHC = AHL/{I]W X I]g} ................................................................................................................ (3)

fiw = 0.98 and ng = 0.9 are the wire and battery efficiency factors respectively. From equation 3, AHg = 376AH/day
The system design current Cyp, is obtained from

Cn = AH G O o e b s {(4)

Where Sp = Peak sun hours per day. For the location under consideration Sp = 4.2 hours and so the design

current equals 90A.

Table 1: Average Daily Load for the PV System

S/No Load Description | Qty Load Daily  Duty | Weekly Duty | Inverter Power | Nominal Calculated  Amperc-
Power Cycle Cyele Conversion system hour load (AH/day)
(W) (Hrs/day) (Days/week) | Efficiency Voltage (V)
Factor
} Lighting points 10 110 4 7 0.9 ) 24 20
2 Radio 1 99 4 7 09 24 18
3 Television 1 200 4 7 0.9 24 37

{eoloured)y

4 Relrigerutor 1 320 7 7 0.9 24 104
§ Water Heater 1 1200 0.7 7 0.9 24 39 ‘
9 Fans S 575 3 7 0.9 24 80

7 Blender I 400 0.5 7 0.9 24 9.0
§ Security lights " | 6 66 9.5 7 0.9 24 25

Total 2970 332AH/day
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Table 2: Life-cycle Cost Analy5|s for 3KVA Generator at Base-case Condition
S/No Item Single Uniform Amount Present Worth | Present Worth
Present | Present (N) Factor Amount (N)
Worth Worth Year
Year
1 Capital Equipment and 0 - 189,000.00 X 1 189,000.00
instaliation
2 Operation and Maintenance
(a)'Lahour - 20 90,000.00 x 12.46 1,121,400.00
(b)Yearly Inspection - 20 90,000.00 X 12.46 1,121,400.00
( ¢ ) Insurance - - - - -
3 Energy Cost ‘
(a) Generator Fuel - 20 99,658.00 X 12.46 1,241,739.00
4 Repair and Replacement
+ | (a) Battery Bank (b) 8 - 432,000.00 x 0.677 292,434. 00
Battery Bank (c) Generator 16 - 432,000.00 x 0.458 197,856.00
Rebuild (d)Génerator Rebuild 5 - 75,000.00 x 0.784 .58,800.00
(e) Generator Rebuild 10 - 75,000.00 x 0.614 46,050.00
15 - x 0.481 ¢ 36,075.00
75,000.00 - ¢
5 Salvage .
(a) 20% Of Capital 20 - x 0.377 13,5672.00
(Equipment Cost = 36,000.00
N180, 000.00)
Total Life-cycle (items 1+2+3+4 ~ 5) = N4,291,212.00
The number of modules in parallel Mp and in series Mg were obtained from the following equations.
Mp = CD/{CRM X MDR} ........................................................................................................... (5)
IS = VsV ime e e it oo e e s (6)

Where Cgy ( 3.1A), Mpr (0.9) and V,m (12v) are the rated module current, module derate factor and module

nominal voltage respectively.

- From equations 5 and 8, Mp = 32 and Ms = 2. Therefore the total number of modules equals 64 (i.e. Mp X Mg).

Battery Sizing

The battery selected for this sizing work, from manufacturer's guide, is type DP110DC  which is rated to deliver 12
Voits and 110 ampere-hours when discharging and is designed for deep-cycle service with 80% maximum depth of
discharge. A total of three days of storage was chosen.A temperature correction factor of 0.9 was assumed. The

corrected battery capacity B is then calculated
Be = {AHCc x SpM{Dmax X TF}

vhich gives 1567AH
where Sp = storage days i.e. days of no sun

Dmax = Maximum depth of discharge

Ts = Temperature correction factor.
The number of batteries in parallel:-
Bp =

where Bg is the rated battery capacity = 110AH

as: -

Be/BRewvooiveiein

...(8)
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P

The number.of Batteries in series Bg is given by

BS = Vis/ViBeee e eeeeen et oo e e e e e et 9
where Vg is the battery nominal voltage = 12V
Total number of batteries for the system By is given by

By

0
o9}
sl
x
m
»
B
-
=
&

it

28 batteries

Charge Controller Sizing :

In order to determine the size of a charge controller needed for the PV system, the module short-circuit
current and hence the array short-circuit current must be determined. The module short-circuit current here is taken to
be 4.6 amps: -

= 147 amps
where Mgc = module short-circuit curresit

it

Mp modules in parallel
Then design controller capacity is calculated as
502D X A ot ettt e e e e e e e e et e e s (12)
= 184 amps
Three controllers of size GOA each will be adequate.
Inverter sizing
Inverter rating can be calculated thus:

INVg = {CD X Vs .25 e i e e e e e ( 13)

= 1728 watts

Table 3: Life-cycle Cost Analysis for a 3KWp Photovoltaic System at Base-case Condition

. SiNo f Itemn Single Uniform Amount Present Present Worth
! | Present Present Worth (N) Worth Amount
i Worth Year Factor (N)
i, Year
1 W Capital Equipment and Installation 0 - 2,688,000.00 x 1 2,688,000.00
2 Operation and NMaintenance
‘ (a) Labour/Yearly Inspection - 20 90,000.00 X 12.46 | 1,121,400.00
i 3 Ene—fgy Cost - - - - -
] -
4 Repair and Replacement
{a)Battery Bank 8 - 432,000.00 x 0.677 292,464.00
(b) Battery Bank 16 : 432,000.00 X 0455 | 797856.06
5 Salvage 20% of Capital (Equipment Cost = 20 - 512,000.00 x 0.377 193,024.00
N2, 560,000.00)
|
_Total Life-Cycle Cost = (item1+2+3+4 -5) . N4, 106,696.00
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Table 4 : Life-cycle cost comparison of diesel generatbvr and photovoltaic system as a function of variation of fuel cost from Base-case fuel condition

S/No Item Present Worth Amount for | Present Worth Amount
the Generator System (N For the PV System (N)
1 Capital Equipment and Installation 189,000.00 ‘ 2,688,000.00
2 Operation and Maintenance
(a) L.abour 1,121,400.00 1,121,400.00
(b) Yearly Inspection 1,121,400.00 -
3 Energy Cost
(a) Diesel Fuel at N10/litre 477,592.00 .
at N15/litre 716,388.00 -
at N26/litre 1,241,739.00 -
at N40/litre 1,910,367.00 -
*J_at N80/litre 3,820,734.00 -
4 Repair and Replacement
(a) Battery Bank at 8" year 292,464.00 292,464.00
hj’éa'%'téry Bank at 16" year 197,856.00 197,856.00
(c) Generator Rebuild at 5" year 58,800.00 -
(d) Generator Rebuild at 10" year 46,050.00 -
(e) Generator Rebuild at 15" year 36,075.00 -
s Salvage T
‘ ‘9% ¢ 3l Cost 13,572.00 193,024.00
6 t at N10/litre 3,527,065.00
at N15/litre 3,765,861.00
TOTAL LIFE-CYCLE at N26/litre 4,291,212.00 4,106,696.00
, COST at N4Oflitre | 4,958,840.00
at N80/litre 6,870,207.00

Therefore, a 1.5kw pure sine wave inverter can be adequately considered for the system [Ruesel, 1984]

Basic Parameters

The local cost of the PV system components were deduced from quotations of our local suppliers (Standby
Poyver Systems Ltd and Eco-pal Electric System Ltd), while the cost of the diesel generator set was obtained from a
rnajor generator set supplier (Eloka Star Time Nig. Ltd). The discount rate of 5% used in the analysis is based on the
average inflation rate in Nigeria (1970-1993) of 20%[Oparaku, 1997]

_ The single present worth discount factor DFg and the uniform present worth discount factors DFy used in the
analysis were obtained from equations:

DFs = {1+ DR e (14)

DFG = {14 DRIVDR oo e (15)
The total annual fuel consumption FC of the generator set was obtained from the equation:

FC = AOH X FCR X 365 oot e e oot et ts s e s (16)

Where AOH = average operating hours per day (i.e. daily duty cycle) and FCR = fuel consumption rate of the
generator.

The total annual consumption of the generator at an annual average daily duty cycle of ‘7hrs per day and a fuel
consumption rate of 1.18litres/hour is calculated to be 3015 litres. The installation costs in the two systems were
assumed to be 5% of the original capital cost in each system{Lasnier & Gan Ang] . '

The operation and maintenance costs in each system include the cost for annual inspection (NQ0,00Q) and
wages (N90,000) for a system operator in each case working for 8 hrs. per day on a wage of N 7.500/month (Nigerian
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Table 5: Life-cycle Cost Companson of Diesel Generator and Photovoltalc System as a Functlon of
Variation of Module Cost from Base-case Valie. '

S/No Item Present Worth Present Worth Amount for PV System
Amount for
Generator System | 7 (N}
' (N) N
1 Capital Equipment and 189,000.00 . .at 364/Wp 1,345,344.00
Installation at 582/Wp 2,151,072.00
IENANT . 2,688,000.00
| | at 872MWp ‘ 3,222:912.00
% ["at 1091 W» 4,032,336.00
2 Operation and maintenance i L S
(a) Labour 1,121,400.00 ! A 1,121,400.00
: (b) Yearly Inspection 1,121,400.00 “ .
3 Energy Cost i
(2) Diesel Fuel 1,241,400.00 ' -
4 Repair 2nd Replacement _ R | -
(a) Battery Bank at 8" year 292,464.00 292,464.00 '
{b) Battery Bank at 16" year 197,856.00 197,856.00 : I
(c) Generator Rebuild at 5" year 58,800.00 - My
_fd) Ge-arator Rebuild at 10" year | 46,050.00 - ~ ’
[ (e) Generator Rebuild at 15" year 36,075.00 -
5 Salvage B
{a) 20% of Capital Cost at N364/Wp ' | 96,609.00
13,572.00 at N5B2Ws 164,467.00 - |
at N727/\Wp 193,024.00
“at N872/Wp 231,436.00
at N1091/We 289,560.00
6 Total life-cycle Cost N4, 291,212.00 at N364MWp '2,860,455.00
* “at NEG2MW, 3,608,325.00_
“at N727MWe 4,106,696.00
B NETOMe . ['4,603,196.00
at N1091/We | 5,354,496.00

minimum wage).The repair and replacement costs of the system include the costs of replacing solar batteries every 8
years for each system and maintenance/repairs of generator set at about 41.5% of the original capital cost every 5
years for the generator system

method or the present worth (PW) technique was adopted in thIS analysis. Equation 1 represents this techmque as
earlier stated. Tables 2 and 3 show the life cycle cost analysis for the 3 KVA diesel generator and 3 KW; photovoltaic
system respectively, both at base case conditions. Tables 4 and 5 show the final summary of the life cycie cost
comparison of the diesel generator and PV systems.

Sensitivity Analysis »

Sensitivity analysis demonstrates the effect of variation of certain paramsters on the life cycle cost of the
systems. The parameters discussed here are capital cost and diesel fuel cost. The sensitivity of LCC to diesel fuel
cost was carried out at N10/litre, N15/litre, N26/litre, N40/litre and Ng0/litre. '

Sensitivity to Diesel fuel
This analysis examines the effect of varying fuel cost from the base case value of N26/litre. Fig. 1 shows the
impact of variation of fuel costs on the life-cycle cost analysis. It is observed that the diesel generator is financially
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Fig. 1 Sensitivity of LCC to Diesel Fhel
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Fig.2 Sensitivity of LCC to Module cost

-advantageous up to a fuel cost of N23/litre, but beyond this rate, the PV system becomes the more cost effective
option on a life-cycle cost analysis.

Sensitivity to Module cost

Fig. 2 shows the sensitivity of LCC to module cost in N/W,,. Here the life cycle cost increases linearly with module cost
per W,. At a break-even point of N727/W,, PV system is relatively comparable with a diesel generator. But however,
at higher cost per W, PV system loses its cost effectiveness.

RESULT AND DISCUSSION

The life-cycle cost comparative analysis as shown in tables 4 and 5 and in figures 1 and 2 shows that photovoltaic
systern of comparable capacity with a diesel generator will cost relatively less than the diesel generator over an
extended period of life-cycle. The photovoltaic system would require huge capital to acquire. The initial capital
investment of the diesel generator used in this work is about 7.03% of its PV systern counterpart. But on a 20-year life
cycle cost comparison, the diesel generator LCC becomes higher by about 4.3% of its LCC. The base-case fuel cost
of N26/litre was used and the result shows that PV is more advant;geoﬁs at & high fuel cost. Since the Nigerian
econcmy is dependent on the oil, Government has continued to embark on upward adjustment of fuel prices and the
subsequent deregulation of the oil industry. It becomes necessary to look for an alternative and cost-effective option
for energy generation such as development of photovoltaic systems. If the growth of photovoltaic systems are
eéncouraged, it will facilitate the social and economic development of this country.
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