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Abstract

Solar power has gained great usage in electricity generation world-wide, and
stand-alone is common in Rwanda. Site visits and energy audit estimates for a
typical residential house in Rwamagana district, were used to cost effectively
compare stand-alone and grid-tied PV systems able to supply 7.2 kWh/day,
load. Algorithms design of lifetime costs and benefits were developed, to ana-
lyse total daily energy requirements using Frequentist approaches to obtain
the Kullback-Liebler solution for convexity. The Frequentist inference ap-
proaches adopted for study led to optimal solution of the design problem.
Results show that stand-alone PV system needs 17 modules with US$ 15,932
initial investment and 18.1 years payback period while grid-tied PV system
requires 8 modules, with US$4449 investment, and 5.7 years payback. Once
government adopts smart grid technology with mature [1] feed-in-tariff,
grid-tied solar power systems [2] can be used to increase electricity supply in
Rwanda through domestic energy producers, because of lower initial invest-
ment costs and shorter payback periods.

Subject Areas
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1. Introduction

Rwanda’s geography is represented by savannah climate with 5 kWh-m*/day of
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solar radiation intensity, and peak sun hours nearly 5 hours per day, which
indicate energy from solar systems would be abundant and reliable once
properly exploited [3]. Rwanda installed electricity generation capacity (216
MW) is low and a small percentage of population has access to utility grid [4].
Rwanda Energy Group (REG), its partners and energy investors are using their
best efforts to increase electricity generation and access to all Rwandan residents
[5]. Solar systems are mostly installed in rural areas where there is limited grid
access and some urban areas, as stand-alone systems [3] [6]. Photovoltaic (PV)
modules and other devices produce electricity through direct transformation of
sunlight into electricity, without mechanical moving parts, no high maintenance
costs and no climatic pollutions [7]. Stand-alone solar power system also called
off-grid solar power system, consists of solar photovoltaic panels, charge con-
trollers, battery, inverters, cables and other equipment assembled together to
generate electricity to users, independent of utility grid or other energy sources
[7]. Therefore, utility interactive, grid intertie and grid back-feeding solar power
systems indicate grid-tied solar power systems, where users interact with utility
grid either by selling excess electricity to or buying from it, when needed
[8]-[13]. It is hypothesised that the grid connected solar power system has lower
cost and shorter payback period than stand-alone system, for residential houses
in Rwanda. This paper is organized into: introduction, types of solar power systems,

methodology, results and discussions, conclusion and recommendations.

2. Types of Solar Power Systems

Solar power systems transform sunlight energy into electricity using either pho-
tovoltaic systems or concentrated solar power [14] [15] using photovoltaic effect
[16] [17]. Photovoltaic solar systems comprise devices and equipment like pho-
tovoltaic modules, charge controllers, inverters, batteries or battery bank [18].
Their design and cost estimation, depend on installation site, building design,
required load profile and type of solar module [19]. Depending on application
and usage, they can be classified as stand-alone systems or off grid solar power
systems; grid-tied and hybrid solar power systems. They can also appear as: 1)
Grid connected with battery storage, 2) Stand-alone off-grid Hybrid systems, 3)
Portable solar power systems, 4) Solar batteries-Off-grid and 5) Hybrid solar
power systems [7] [8]. However, grid connected solar power systems and
stand-alone off-grid solar power systems, are compared in this paper. Grid-Tied
systems are designed to operate in parallel with and interconnected with the
electric utility grid while Stand-alone systems are designed to operate indepen-
dent of the electric utility grid, and are generally designed and sized to supply
certain DC and/or AC electrical loads [18].

2.1. Stand-Alone Solar Power System

Sunlight shines on solar PV modules and generate electricity through photovoltaic

effect [20] [21]. Charge controllers are connected across solar PV modules to
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prevent overcharging, overvoltage and quick discharge of battery [22] [23].
Generated electricity is stored in battery and some DC loads can be powered
from this electricity in battery [24] [25] [26]. Electricity in battery also passes
through inverter and is converted into AC electricity to be used by AC loads [27]
[28]. Solar energy is used in solar lanterns, solar home lighting and solar water
pumping systems [29]. Solar power systems connection technology enables them
work as: 1) Stand-alone solar power system supplying only DC loads, 2)
Stand-alone solar power system with electronic control circuit to extend its duty
cycle, 3) Stand-alone solar power system supplying DC loads, electronic control
circuit for extending duty cycle and simultaneously charging storage battery for
power supply at night or whenever there is no sunlight, and 4) Stand-alone solar
power system with DC/AC converter, which supply AC loads, supplies elec-
tronic control circuit for duty cycle extension and simultaneously charging stor-
age battery for emergency supply. Therefore, stand-alone solar systems are
mostly installed in remote areas without utility grid access. Batteries and other
equipment needs, make them more expensive than grid-tied solar power sys-
tems, because of more maintenance and battery replacement costs after 7 - 10
years [7]. Advantageously, stand-alone solar power owners pay no monthly
electricity bills because the equipment completely belongs to them after defray-

ing installation costs [30] [31].

2.2. Grid-Tied Solar Power Systems

DC electricity generated by solar modules passes through grid-tied inverter and
is converted to AC electricity, which can be used by home electric appliances or
directly fed into utility grid through a net-meter or a bi-directional meter [7].
Grid-tied solar power systems are cheaper and simpler than stand-alone solar
systems because they do not need batteries and other expensive equipment, since
the utility grid is the virtual battery bank [14] [32] [33] [34]. Grid-tied solar
power systems are more cost effective and accepted, easy to operate with low
maintenance, can be sized to meet any scale of power requirements, nor sized to
meet peak loads demands as the excess electricity is fed into utility grid, and
drawn from it, whenever, it is needed [7]. Grid-tied solar power owners save
money using net meters, because they sell electricity to utility grid whenever
their solar system produces more electricity than what their electrical appliances
can consume. Conversely, utility grid supplies electricity to grid-tied solar power
systems owners, whenever there was a deficit from solar power systems [35].
Mainly because the grid-tied solar power systems have no batteries, whenever
there is no sunlight and utility grid is down, they would have no electricity, es-
pecially at nights [7] [31] [36] [37] [38].

3. Methodology

Site visits were made to Rwamagana district, where the sample residential house

is located, and where utility grid access is possible for comparison. Agreements
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and discussions were made to compare both stand-alone and grid-tied solar
power systems once installed in this residential house. The sample size chosen
for this study was 1 in 20 residential houses, for the statistical power probability
to be 0.05. A significance criterion states how unlikely a result must be if null
hypothesis is true, to be significant. For criterion of 0.05, probability of achieving
observed effect must be less than 0.05 for the null hypothesis to be true. There-
fore, Frequentist approach to inference was invoked because it allows probabili-
ties to have interpretations, which represent the researchers’ beliefs that given
values of parameters are true [39] [40] [41].

The residential house owner listed his electric household appliances together
with their power rating and hours of use per day. For the stand-alone solar pow-
er system, design and cost estimation were conducted as follow [42] [43] [44]: 1)
Calculated building load, 2) Choice of system voltage and components, 3) Solar
PV array specifications and design, 4) Inverter capacity calculation, 5) Battery
bank capacity determination, 6) Identification and choice of charge controllers
specifications, 7) Cable sizing, and 8) Cost analyses.

The following abbreviations and formulae in the fourth section of this paper
were used to design, size and cost, stand-alone solar PV system: V_: system dc
voltage, T,;: daily average sun hours, £; daily average energy demand, E; re-
quired daily average energy demand, n,; battery efficiency, n; inverter efficiency,

n;: charge controller efficiency, P,,. ... average peak power, V,: battery rated dc

ve, peal
voltage, 7,: total system dc current, N,,: series modules number, N,,: parallel
modules number, V,,: rated module voltage, 7, rated module current, N, total
modules number, E,: estimated energy storage, D,,: autonomy days, E,,.: safe
energy storage, D, . discharge depth, C,: total battery bank capacity, N, total
batteries number, N, series batteries number, N, parallel batteries number, 7,.:
desired charge controller current, 7! : selected module short circuit current,
I, cable current, /; inverter output current, V,: inverter output voltage, B,
battery cost, C,: selected battery capacity, P; inverter input power, P; power
factor = 0.8, N_: charge controllers number, C,.,: charge controllers total cost.
Consequently, the grid-tied solar PV power system was designed and esti-
mated as follow: 1) We used total daily energy requirements (usage) of case
study (7204 Watts/day), 2) Considered daily average peak sun hours for Rwanda
(5 hours), and 3) Determined and sized solar system components assuming
100% generation capacity, which was also equal to 100% electricity consumption

(No loss).

3.1. Economic Valuation Indices for Solar Energy Projects

Farhat and Reichelstein [45] used levelised cost and profitability of polygenera-
tion to align both fuels and generated products on same per unit bases to reliably
compare polygeneration with single-electricity generation using natural gas or
wind alternatives. Net present value (NPV), profit index (PI), payout time, and
cost of energy were used to evaluate energy economics, but none of these methods
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has produced consistency in comparison to cost-benefit. Furthermore, the cost
of energy (($/kWh) approach has the following drawbacks: 1) It may not pro-
duce electricity as its end product, 2) It is difficult to obtain equivalent cost of
non-electricity products in electricity cost quantities, and 3) Underestimation of
actual cost of electricity [45].

Therefore, assessment of technological and economic effectiveness should
combine operational valuation with economic trade-offs for economic gains.
Hence, investment planning, trade-offs in operational flexibility, techno-economic
analyses using input-output comparison coupled with process configuration,
should be embraced for stand-alone and grid-tied solar PV systems [45]. Flex-
ibility limits were imposed on optimized operations to determine operational
constraints of solar electricity generation based on economics. These helped to
determine profit margins and real options for valuation.

Also, breakeven calculation is the ratio of lifetime costs to lifetime solar elec-
tricity plant production [45]. The algorithms development for lifetime costs and
lifetime stream of benefits for solar electricity plant production, follow.

The cost of solar electricity (PV) consists of capacity per unit output C, time
averaged fixed operating cost per unit output £, and time averaged variable cost
per unit of output v,. So the cost of solar electricity generated from PV is:

COEPV =c, + f, +v, (1)

The cost of capacity per unit kilowatt of solar electricity is:
P

¢, ($/kW )=—=——
( / ) n-CF-ijlajé"

(2)
where P, is price of unit capacity to deliver one kilowatt of solar electricity per
hour. The components of this cost include procurement and construction, im-
port duties, and other ancillary services. The stream of benefits yield of solar
electricity from PV system is over Yyears, with n-a;-CF kilowatts for year j,
n=8760 hours in any one year, a, is derating failure factor (ageing and solar
technology dependent efficiency loss factor), CFis capacity factor (fraction, be-
cause PV systems plant is not operated 100% at all times), J'is the discount fac-
tor, which is a decimal value multiplied against cash flow to discount it back to
today’s value (present value) [45] [46]. Furthermore, discount factor: 1) increas-
es over time, as its decimal value becomes smaller, 2) provides explicit factors for
each time period, to enable us see the effect of compounding more vividly, 3)
makes discounted cash flow (DCF) model easier to audit and 4) is alternative to
using either NPV or internal rate of return (IRR). And £ is the discount rate,
which converts one-time costs into annualized costs [46].

The discount factor is [46]:

Discount factor = 1/(1 x (1+ Discount rate)Pemd pumber )

Accordingly, using the breakeven formula, a convenient discount factor for

solar electricity projects comparison is [45]: 0 = (l/ 1+§)2. Furthermore, fixed
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operating costs change yearly, and average fixed operating cost for producing
one kilowatt of PV solar electricity incurred per year is f,, ($/kW.). Fixed op-
erating costs include, labor, administrative overheads, maintenance and insur-
ance [45]. Costs are assumed proportional to installed capacity, and independent

of actual solar electricity produced:

Z ::1 f ;j 5].

SRV S N (3)
n-CFijla/&’

Conversely, variable costs change over time as ancillary loads, foreign ex-
change conversion expenses and interest charges [45]. Let v, (t) ($/kW,), be
time-dependent variable cost of one kilowatt of solar electricity in year j and,
v, (8/kW,), yearly average variable cost, then yearly averaged variable cost be-
comes:

S (¢)dt (4)

¢ 4]
nvo

Consequently, over project lifecycle, average time variable cost for 1 kW of

solar electricity:

Y i Y i
. Zj:lveijF-ajé" - ijlvejajﬁf 5)
e - Y . - Y .

nCFY s a0

=17

Similarly, P, (z), P,, and P, are respectively, time-dependent solar elec-
tricity price for year j, yearly average price of solar electricity in year jand time
averaged price for solar electricity. From breakeven analyses definition for
COEPV, PV solar electricity production plant under investigation is
cost-effective if and only if [45]:

P, > COEPV (6)

Therefore, cost-effectiveness is measured by that quality of PV solar electricity
plant, which sustains positive net present value (NPV), and equates with brea-

keven analyses.

3.2. Frequentist Methodologies

Frequentist designs focus on planning experiments through appropriate choices
of sample sizes, whose long-run average actual accuracy equals long-run average
reported accuracy [47]. The 95% classical confidence interval of unknown suc-

cess probability 6, becomes Jeffreys equal-tailed 95% confidence interval:
c’ (x)z(qo.ozs (%), o975 (x)), (7)

where ¢, (x) is ath-quantile of Beta(x+0.5,20.5—x) distribution. Applying
the modified Jeffreys equal-tailed confidence interval for large 3, and using local
smoothing kernel over range 6+2c supplies Beta(a(@),a(l —9)) distribu-
tion K_,(.), where the frequentist coverage is 1—c/(6), and leads to o-local

average coverage:
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1-a,(0)=[[1-a(6)]K,,(0)d0

n

=zz_o(kj[l"(a(ﬁ)+a(l—9))~F(a(¢9)+x)-F(a(1—6’)+n—x)]
[r(a(6))r(a(1-0))T (a(8)+a(1-0)+n)]"

[ - Beta((0)|a(6),a(1-6))do

(8)

Equation (8) is beta-binomial predictive distribution, where
Beta(@\a(&),a(l—ﬁ)) is beta density function having specified parameters.
Also, 7(8)c6(1-0)"
al2-quantiles of posterior distribution for €. Furthermore, for two-sided test of
o,

£

for 6. These intervals consist of upper and lower

, is absolute value of real parameter 6, , so that

*

null hypothesis, 6, =
6, = [O,OO). But, p(x)=5(0;x) is a two-tailed p-value for hypothesis testing,
such that: 6, =0. Also, P, (6’* < 0) = S(O;x) , and
B(6.<0)=P(6.=0) 9)
p(x) =P (é* = 0) , is p-value, which is probability that null hypothesis is true
[49] [67]. T = 5* — 6, is defined by
#(6.)=14,,(6.) (10)

That means, #=0, if 6. =0 . Also, 6=1, if >0 . Therefore,
p(x) = R (é* = O) , which mandates, P(@ = O) = p(x) , and by implication:

B(G=1)=1-p(x) (11)

For normally distributed noise &~ N (0, 62) , the likelihood function is [48]:

m d 1 =1 Yy — 156 ’
L(y|9)=Hk_lHl_1Wexp[?(%(t)J J (12)

where m model outputs y, (#,0) and d, data instants, at such time points

t,. The maximum of L(y|@), which is best model fit to data, gives point esti-
mate @ of parameters[48]. The threshold A, =Q( 7 /,a), is a quantile of
y-distribution with degrees of freedom (d.f), and confidence intervals deter-
mined through profiles:

{91.|—210g(PL(y|Q)‘L(y|é))<Aa} (13)

While penalisation removes difficulties in stability of parameter estimates,
shrinks semi-Bayes or partial Bayes estimation without satisfying Bayesian re-
quirements, it allows us tolerate degrees of bias as a trade-off for parameter va-

riability estimates [49]. Therefore, the Penalised log-likelihood becomes [49]:
ln{L(ﬂ;y)}—r(ﬂ—m)2/2 (14)

where, /2 is penalty weight factor relative to original log-likelihood, m is bases
for good value information and S are unknown parameters. However, every sta-
tistically significant result is subject to a type-I error, of falsely rejecting the null

hypothesis as no bias in point estimates. In multilevel analyses with a few clus-
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ters (as in this study), [50] assert that frequentist methods provide unbiased es-
timates and accurate inference. Thus, results are more precise as they occupy

narrower bands, while parameter bias estimate magnitudes shrank towards zero.

3.3. Confidence Benchmark Posterior and Convex Functions
Analyses

While posterior distribution is chosen by nature for priors, statisticians choose
parametric distributions to maximise minimum Kullback-Liebler information
[51], acquired over a confidence distribution. Bayesian methodology is used
when prior distribution is determined from relative frequencies, and Frequentist
approaches are used without knowledge of such parameter distributions. The
condition for total ignorance of prior distribution has a lower bound of 0, and
p-value is used in place of any posterior probability. Whenever prior distribution
is completely known, posterior is used for inference, representing a higher
bound of 1 [47] [51] [52] which is a convex set (0, 1 problem). From hindsight,
convex functions are always minimising and lead to optimal solutions in the in-
terval of convexity, with one minimum [52] [53]. The analyses follow.

We define H as the Hessian, H, as the relaxed Hessian, L as the Lagrangian
and L, is the relaxed Lagrangian (it is the largest functional below Z). Assuming
the minimum cost occurs when ¢ <1. It means: 1) Minimum cost £’ cannot be
less than the project cost E, because H <H as L <L for each non-negative
Aand g, 2) H,is polyconvex as its functional is minimum, 3) The constrained
minimum cost £’ equals E. Furthermore, the minimising functions represent
weak oscillatory limits for L. But, H, is polyconvex and H, < H [52] [53]. The
proof of polyconvexity using convex functions shows that multilinear functions,
which envelope is H, is actually below H, and it is also minimising. Therefore,
[52]:

2p, 0< p<1
a(p)=1" 7" (15)
1+p°, p21

The square root of p is a convex function and d(p) is also convex and in-
creasing. The composition of d(p) is also convex. The linear Jacobian terms
F2J , leave H, convex as functions with extra arguments. But, /4, is maximum of
the two functions, A, and whenever Jis identified with det[Vqu] , H, must,
therefore, be polyconvex [52]. Also, d ( ,0) =1+p’ and for large p, the H, func-
tions become: l+|Vu|2 +|Vv|2 . For small p, the comparison between H, and H_
depends on:

12

/

2(m+n) —n22(m—n)12+n (16)

The above inequality holds for: m=2n>0 and, m+n<l . So,
m= |Vu|2 + |Vv|2 and n=2|J|. The maximising choice of sign is that for which
+det[VuVv] equals |J|. The argument p is exactly y in the definition of H,
where max H, coincides with A, [52] [53]. However, H, is below and less than H

mainly because 2p is below and less than 1+ p*> . The difference:
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(l—p)2 = (1—7/)2 in the range 0<y <1, is the saving in investment cost that
was achieved through homogenisation and convexification of the solar PV sys-

tem.

4. Results and Discussion

The case study residential house owner’s electrical appliances were listed togeth-
er with their power ratings and time of use per day. The total load profile was
determined to be 7204 Watts-hour/day by adding up the daily electricity con-

sumption of each appliance (Table 1).

4.1. Stand-Alone Solar PV System Design and Cost Estimation

We designed PV systems choosing the type of photovoltaic module and some
system parameters. Znshine PV-Tech ZX250 (48) MS module [54] was used
having the following specifications on nameplate: V, =V, =487V ,
L,=1,=514A, V, =596V, I =549A and each PV module costs
US$375.00 (Table 2). Efficiency was estimated to be 0.85, 0.9 and 0.9 respective-
ly for batteries, charge controllers and inverters. The system voltage was set to 24
V. and 5 hours was the average peak sun-hours per day in Rwanda [3].

The MK 8A8DLTP-DEKA 12V 245Ah AGM Battery, able to support PV array
was selected with parameters: C, = 245 Ah, V, =12V, D, = 80%, B, =
US$588.00, D, pp0my = 2 days [55] (Table 3).

The Morningstar TS-MPPT-60 Tristar Mppt 60A charge controller was se-
lected, with specifications: /.. = 60A, C.,, = US$598, safe factor (F,,;) = 1.25 [56]
(Table 4).

During inverter sizing and design, power ratings of appliances that may run
simultaneously were added as follow: P= (96 + 210 + 75 + 15 + 1100 + 250 + 15 +
25 + 150) W = 1936 W (non-inductive loads) and appliances with large surge

Table 1. Residential house electrical appliances and their daily load profile.

Power

No. Appliance Quantity rating Ho;:;rs (;):;se Eg:;?zvlzeas]e g
(W]

8 12.0 1440.0
! Fluoizzr;iiclfamp 14 150 4.0 840.0
2 Computers (laptop) 3 25.0 5.0 375.0
3 Washing machine 1 245.0 5.0 1225.0
4 Shaver 1 15.0 0.6 9.0
5 Iron 1 1100.0 0.6 660.0
6 TV 2 125.0 6.0 1500.0
7 Cell phone 6 2.5 7.0 105.0
8 Satellite receiver 1 25.0 24.0 600.0
9 Refrigerator 1 150.0 3.0 450.0

Total Load Profile = 7204.0 Watts/day
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Table 2. Photovoltaic array design and cost estimation.

Parameter Formula to be used Computed parameters
. . EAI
Required Daily Energy Demand: E,, E, = 10.463 kWh/day
nrnbn(
Eul
Average peak power: P, p P = T 2092.6 W
sh
Pm‘ Peak
Total Dc current: 7, 1, = T 87.19 A
de
Number of series modules: N,,, N, = 7 1
1¢/<
Number of parallel modules: N,,,, N,, = 7 17
Total number of modules: N, N, =N,xN,, 17
Total cost of the array Array cost x Module cost US$ 6375.00

Table 3. Battery design and its cost estimation.

Parameter to be determined Formula Computed parameters
Estimated Energy storage: E,,, E =E ,xD, 14.408 kWh
E('\'f
Safe Energy storage: E,,. E, = ) 18.01 kWh
disch
E safe
Total Battery bank capacity: C, C, = 7 1500.8 Ah
b
. . o
Total Batteries number in bank: N,, N, = C 7
b
. . Vie
Series Batteries number: NV, N, = % 2
b
. — Nlb
Parallel Batteries number: N, N, = N 4

Table 4. Charge controllers design and cost estimation.

Parameter Formula Computed parameters
Required charge controller: 7. I =I!xN, xF, 116.6625 A
Number of charge controllers N =l 5
(regulators): N, - ce
Cost of charge controllers: C,,, C.,.=N_xC,_ US$ 1196.00

currents including motors were calculated as: 245 x 3 = 735 W (inductive loads)
(Table 5 and Table 6). 1.25 scale factor was used to multiply both inductive and
non-inductive loads to allow for miscellaneous and possible system expansion
[57]. The handling power for inverter becomes: (1936 + 735) W x 1.25 = 3338.75
W. The NIMTEK MM4000 Pure Sine Wave Off-grid Inverter was selected, a So-
lar Inverter with 4000 Watts, 24 Volt DC to 220 Volt AC, costing US$660.00
[58].
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Table 5. Cable selection.

PV syst: Selected cable si
sys‘em Current Rating of the Cable electec cable size
cable link and Type
Cable from PV
3x35 2 Insulated
array to battery I,=I"xN, xF, =1166625A X. mme nswiate
“re e Flexible Copper Cable
bank
Current at Inverter output:
Inverter to DB of 3 x 4 mm? Insulated

;B _ 4000
"7V, xP, 220x0.8

residential house =2273A Flexible copper cable

Table 6. Details on sizing and costing stand-alone solar power system.

Component Rating Price/Un . Total cost
Component Model . Quantity
Size A v it (US$) (US$)
Panels  ZUShinePV-Tech o 0h v s1s o4 375 17 6375.00
7X250(48)MS ’ ’
MK
. 8A8DLTP-DEKA
Batteries 245 Ah - 12 588 7 4116.00
12V 245Ah AGM
Battery
Regulators - 60 24 165 2 330.00
NIMTEK
MM4000 Pure
Sine Wave
Off-grid Inverter,
Inverter 4000 W - 24/220 660 1 660.00
Solar Inverter
4000 Watt 24
Volt DC to 220
Volt AC
Wires 3 x 4 mm? Insulated Flexible Copper Cable
2313.00
Design, Labour, Metering, Control devices
Total Estimated Total cost (Freight on Board (FOB) 13,794.00
Carriage and freight (C & F) (Assume 10% of FOB) 1379.40
Contingency (Assume 5% of Sub-total for (FOB+ C& F)) 758.67
Grand Total (FOB+ C & F+ Contingency) 15,932.07

The house is located in a residential area where electricity tariff is
US$ 0.23/kWh. Then:

Annual savings = 10.463 kWh/day x US$0.23/kWh x 365 = US$ 878.36 saving
per year

Payback period = US$15932.07/863.325US$ = 18.13 years.

4.2. Grid-Tied Solar System Design and Cost Estimation

The total energy requirement for typical residential house case study was 7204
Wh/day. Taking energy loss factor in solar system to be 1.3 [59], Wh/day needed
from PV modules = (7204 x 1.3) Wh/day = 9365.2 Wh/day. Thus, for PV panel

sizing, peak sun hours of 5 hours [3], direct system kilowatt size at STC =
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9365.2/5 =1873.04 Wp. Using Znshine PV-Tech ZX250 (48) MS module [54],
number of modules required = 1873.04/250 = 7.49 (approximately 8) modules.
The total cost of modules, is: 8 x US$375 = US$3000.00. Since loads are AC and
assuming power factor of all appliances vary between 0.85 and 0.99. Using, 1.18
multiplier to convert 1873.04 Wp into VA [59]: VA output = 1.18 x 1873.04
Watts = 2210.18 VA. The cost of grid-tied inverter which is able to support
2210.18 VA is US$210 [61]. The cost of PV modules and inverter is: US$3000.00 +
US$210.00 = US$ 3210.00. Assuming 20% of total cost as price of cables, net
metering devices, labour, design and control devices, 20% of PV system total
cost will be US$ 3210 x 0.2 = US$642 [62]. Thus, overall cost for grid-tied solar
power system for typical house case study in Rwanda was US$ (3210 + 642) =
US$3852.00. This overall cost was regarded as Freight on Board cost (FOB) be-
fore shipment to Rwanda.

Assume Carriage and Freight (C & F) cost to be 10 % of FOB = 0.1 X
US$3852.00 = US$385.20.

Contingency (Assume 5% of Sub-total for (FOB + C& F)) = 0.5 x US$ 4237.20 =
US$ 211.86

Grand Total (FOB + C& F + Contingency) = US$ (385.20 + 211.86 + 3852) =
US$ 4449.06

Annual savings = 365 x US$ 0.23 x 9.3652 = US$ 786.20

Then payback period will be equal to US$ 4449.06/US$ 786.20 = 5.65 years

4.3. Reasons for Not Always Choosing Stand-Alone PV Systems

According to [59], some drawbacks commonly associated with stand-alone PV
systems include: 1) Batteries waste between 30% and 40% of costly solar power
to charge inefficiencies, 2) Off-grid users waste or throw away surplus summer
power, which is usually more than 50% of their requirements, 3) Batteries are
unable to store more than 50% summer extra power for use in winter, when less
than 50% solar requirements would be available, 4) During winter, lifestyle
changes and adjustments to use less than 50% normal summer solar average, are
unavoidable, 5) Planning for battery maintenance throughout PV system’s life,
6) Planning for batteries bank replacement every five (5) or so years, throughout
home occupiers lives, 7) PV arrays must face specific direction (due East or West
or South) at correct angle (This is not so with Grid-Tied), and 8) Need for
back-up generator for long stretches of cloudy days, coupled with adjusting to

aggressively increasing gas prices.

4.4. Grid-Tied PV Systems Preference

Whereas our analyses show grid connected PV solar system is the preferred
choice, [39] and [59], suggest this preference from, using rule-of-thumb, which
goes against tradition and convention in solar power usage. Furthermore, there
are hardly any real requirements at majority of latitudes about exact roof facing.

Also, consideration to avoid Trees and Shading [60], have been shown to have
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more impact than roof facing in Grid-Tied PV systems. In addition, East-West
facing house roofs produce more Grid-Tied power than those facing the South
[39].

4.5. Grid-Tied Energy Economics

Maheshwari and Bruninga [34] and [54] suggest producing excess 1 kW in
summer feedback into the grid goes to feed nearest 1 kW load (neighbor). The
power utility charges that neighbor and utility does not need to generate 2 kW
worth of electricity, leading to avoided generation. Consequently, this translates
to saving more than 4 kW energy of coal equivalent electricity for later use. In
addition, utility does not need peaking units to meet peak demand, especially at
normal prices. The economic benefits of Grid-Tied PV system include [34] [59]
[63] [64]: 1) Homeowner wins by pushing meter 1 kW backwards, 2) Home-
owner neighbour also wins by receiving 1 kW at standard electricity rate, 3)
Power utility wins by avoiding costs of not burning 4 kW of equivalent coal or
other fossil fuel units, 4) Utility does not need to buy 1 kW of electricity at exor-
bitant rates from neighbouring or adjacent utility, 5) Homeowner receives Solar
Renewable Energy Credits (SRECs) for PV systems, 6) Environment also wins,
from deferred burning of coal or other fossil fuels.

4.6. Renewable Energy Feed-in-Tariff (REFIT) Policy

The Rwandan REFITs are subjected to be reviewed by Rwanda Utilities Regula-
tory Authority (RURA) and other energy policy makers. REFITs policy for re-
newable energies, like solar, wind and geothermal are already in use but have not
been issued and considered for Grid-Tied PV system [1] [65]. The motivations
to install PV REFITs include: 1) Saving or earning money, 2) Increasing house-
hold energy independence, 3) Protection against higher future electricity costs,
4) Desire to improve environment, 5) Showing environmental commitment, and
6) Higher disposable income. Conversely, barriers to installation include: a)
Lower disposable income, b) Age of customers, c¢) Likelihood of moving house
within 5 years, d) Probability of losing money as they move house, e) Difficulty
of obtaining reliable information, f) Aesthetics and neighbor approval, g) Un-

certainty of potential system performance [66]

5. Conclusion

Cost-Benefit analyses were carried out on residential building in Rwamagana,
Eastern Province of Rwanda, for the design and costing of stand-alone and
grid-tied photovoltaic solar power systems, which supply 7.2 kWh to all electric
power appliances in household. The main factors affecting the design and sizing
of each system component were considered. Analyses show grid tied solar sys-
tem with US$ 4449 initial investment, had 5.7 years payback period, while
stand-alone power system with US$ 15,932 initial investment, had much longer

payback period of 18.1 years. Consequently, grid-tied solar system was found
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preferably cheaper than stand-alone solar system. Once smart grid technology is
adopted by REG, coupled with setting up regulations and rules related to feed-in
tariffs for this grid-tied solar system, and also by facilitating partners and energy
investors in grid-tied solar power systems, Grid-Tied system can become one
important solution for increasing electricity generation capacity in Rwanda,

through solar electricity home producer-user groups.
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