247
248
249
250

254

261
262
263
264
265
266
267
268
269
270
271
272
273

274

275
276
277

SETA 33
29 October 2013

No. of Pages 9, Model 5G

4 L.M. Ayompe, A. Duffy/Sustainable Energy Technologies and Assessments xxx (2013) XXX—XXx

Table 2

Annual average daily wind speed, ambient air temperature and GHI for different locations in Cameroon [11].

Location Region Latitude (°) Longitude (°) Elevation (m) Wind speed (m/s) Ambient air Annual average daily
temperature (°C) GHI (kWh/m? d)
Banyo Adamawa 6.8 11.8 1,123 2.8 213 5.82
Meiganga Adamawa 6.5 14.3 990 3.2 23.1 5.76
Ngoundéré Adamawa 7.3 13.6 1162 33 21.5 5.77
Tibati Adamawa 6.5 12.6 332 3.2 23.6 5.78
Akonolinga Centre 3.8 123 634 1.4 23.0 4.94
Bafia Centre 4.8 11.2 517 1.8 244 522
Abong Mbang East 4.0 13.2 693 1.5 229 4.94
Batouri East 4.4 144 637 2.0 244 5.27
Bertoua East 4.6 13.7 661 1.9 23.6 5.18
Yokadouma East 3.5 15.1 566 1.7 24.0 5.20
Maroua Far North 10.6 14.3 404 3.8 28.8 5.99
Mokolo Far North 10.8 13.8 432 3.7 24.0 5.92
Mora Far North 11.0 14.1 608 3.9 26.1 5.99
Yagoua Far North 10.4 15.2 322 3.9 28.9 5.97
Douala Littoral 4.1 9.7 11 1.8 26.2 4.76
Edea Littoral 3.8 10.1 31 1.5 25.7 4.71
Garoua North 9.3 13.4 185 3.5 293 5.81
Garoua Boulai North 5.9 14.6 1002 2.8 229 5.62
Tcholliré North 8.4 14.2 332 34 26.2 5.81
Bamenda North West 6.0 10.2 1255 1.9 18.7 5.36
Kumbo North West 6.2 10.7 1739 2.3 17.5 5.55
Wum North West 6.4 10.1 1034 2.3 21.0 532
Akom South 2.8 10.6 316 1.5 223 4.72
Ebolowa South 2.9 111 591 14 223 4.84
Kribi South 29 9.9 20 1.8 25.4 4.85
Buea South West 4.2 9.2 984 1.8 22.1 4.00
Fontem South West 5.5 9.9 1046 1.8 20.2 4.35
Kumba South West 4.6 9.5 226 1.8 25.2 4.85
Mamfe South West 5.8 9.3 88 1.8 24.8 4.96
Mundemba South West 5.0 8.9 147 2.2 26.2 4.40
Muyuka South West 43 9.4 47 1.8 25.5 4.73
Nguti South West 53 9.4 231 1.8 23.1 494
Baffousam West 5.5 104 1384 1.9 191 5.63

radiation datasets that provide estimates for different locations in
Cameroon. Selecting the most suitable dataset is important for en-
ergy output assessment from PV systems.

In order to choose the best dataset for locations in Cameroon, a
comparison of ground measurements of average daily global horizon-
tal irradiation for 22 cities in Burkina Faso (5), Ghana (6), Guinea (2),
Mauritania (3), Nigeria (3) and Senegal (3) against satellite-derived
solar radiation datasets from three commercially available software
which include: Solar GIS, Solar radiation data (SoDa), National Aero-
nautics and Space Administration (NASA) was undertaken. The re-
sults showed that the mean bias errors (MBE) were 2.5%, 2.7% and
—6.7% while the root mean square errors (RMSE) were 7.9%, 9.3%
and 13.1% for Solar GIS, NASA and SoDa datasets, respectively. The So-
lar GIS dataset [11] was chosen as the best because it had the lowest
MBE and RMSE. The positive MBE shows that it overestimates with
maximum average deviation of 7.9%. Predicted PV energy outputs
used in the economic analysis were therefore reduced by 7.9%.

Table 2 shows satellite-derived annual average daily GHI avail-
able in Solar GIS for different locations in Cameroon. Solar irradia-
tion varies between 4.00 kWh/m? d in Buea (South West Region)
and 5.99 kWh/m? d in Maroua and Mora (Far North Region). The
lowest average annual wind speed is 1.4 m/s in Akonolinga (Center
Region) and Ebolowa (South Region) while the highest average an-
nual wind speed is 3.9 m/s in Mora and Yagoua (Far North Region).
The annual average ambient air temperature varies between
17.5 °Cin Kumbo (North West Region) and 29.3 °C in Garoua (North
Region).

Energy performance of PV systems
In order to analyse the energy-related performance of PV sys-

tems, some important parameters must be computed using weath-
er data for the location of interest. Some of these parameters

include: the total AC energy generated by the PV system (Eac);
the performance ratio (PR) and the capacity factor (CF). These nor-
malised performance indicators are relevant since they provide a
basis under which PV systems can be compared under various
operating conditions.

Table 3 shows the optimum inclination of PV modules; annual
average daily GHI; global irradiation on the surface of the PV mod-
ules; average daily energy output, PR and CF for c-Si, a-Si and CIS
PV modules. It is seen that optimally inclined PV modules receive
more irradiation than those on horizontal surfaces. The lowest
optimum inclination angle is 5° in the South Region while the high-
est is 15-16° in the Far North Region.

Energy output assessment

Predicting the energy output from a PV system is a matter of
combining the characteristics of the major components, that is,
the PV array and the inverter with local insolation and temperature
data. Energy output prediction using Solar GIS’s pvPlanner tool was
validated using measured data reported in Ayompe et al. [16]. The
pvPlanner tool was therefore used to model the energy output
from the PV systems assuming: 95% inverter euro efficiency, 5.5%
DC losses, 1.5% AC losses and 99% availability.

It is seen in Table 3 that the energy output is highest for a-Si fol-
lowed by CIS and c-Si PV modules for all the locations considered
in this study. The average daily energy output has lowest values
of 3.13, 3.28 and 3.15 kWh/kW,, in Buea (South West Region) and
highest values of 4.74, 5.25 and 4.74 kWh/kW/,, in Mora (Far North
Region) for c-Si, a-Si and CIS PV modules, respectively. These would
result in annual energy output ranging between 1143 and
1916 kWh/kW,,. Considering that the Solar GIS dataset overesti-
mates average daily GHI by an average of 7.9%, the energy output
range was reduced to 1053 and 1764 kWh/kW,. The economic
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Table 3

Annual average daily energy output, performance ratio and capacity factor for PV module technologies in different locations in Cameroon.

Location Region Optimum Solar GIS annual average Global radiation on PV Energy output Performance ratio  Capacity factor (%)
inclination (°)  daily GHI (kWh/m? d) surface (kWh/m? d) (kWh/kW,) (%)
c-Si a-Si CS c¢Si aSi CS ¢Si aSi CIS

Banyo Adamawa 11 5.82 5.92 456 5.05 465 770 854 785 19.0 211 194

Meiganga Adamawa 11 5.76 5.86 447 499 456 762 851 778 186 208 19.0

Ngoundéré  Adamawa 13 5.77 5.90 454 503 463 770 853 784 189 21.0 193

Tibati Adamawa 11 5.78 5.79 446 500 456 760 851 776 186 208 19.0

Akonolinga  Centre 6 4.94 4.97 383 420 388 77.1 845 782 160 175 16.2

Bafia Centre 7 5.22 5.26 4.03 445 410 76.7 847 779 168 186 17.1

Abong East 7 4.94 4.97 383 420 389 771 845 782 160 175 16.2

Mbang

Batouri East 7 5.27 531 4.06 451 413 764 849 778 169 188 172

Bertoua East 8 5.18 522 4.01 443 408 768 848 780 167 185 17.0

Yokadouma East 6 5.20 523 4.00 444 407 766 849 779 167 185 17.0

Maroua Far North 15 5.99 6.17 4.59 520 471 744 843 763 191 21.7 196

Mokolo Far North 15 5.92 6.10 461 520 472 740 835 758 192 217 19.6

Mora Far North 16 5.99 6.19 474 525 474 746 845 765 197 219 197

Yagoua Far North 15 5.97 6.14 4.57 5.18 468 743 842 762 190 216 195

Douala Littoral 6 4.76 4.78 364 402 370 761 841 773 152 168 154

Edea Littoral 6 4.71 4.73 363 397 368 766 838 777 151 165 153

Garoua North 13 5.81 5.96 442 501 453 741 840 760 184 209 189

Garoua North 10 5.62 5.62 436 4.84 444 764 849 779 182 202 185

Boulai

Tcholliré North 13 5.81 5.94 443 501 454 746 843 764 185 209 189

Bamenda North 10 5.36 5.44 425 459 434 782 844 794 17.7 191 181
West

Kumbo North 11 5.55 5.64 443 478 449 788 847 797 185 199 187
West

Wum North 11 5.32 5.40 418 457 425 775 848 788 174 191 177
West

Akom South 5 4.72 4.74 369 398 373 778 838 788 154 16,6 15.6

Ebolowa South 5 4.84 4.85 3.78 408 382 778 841 788 157 17.0 159

Kribi South 5 4.85 4.87 375 410 380 769 842 780 156 171 158

Buea South 6 4.00 4.01 313 328 315 778 814 783 131 131 131
West

Fontem South 10 4.35 4.39 346 362 346 786 822 786 144 151 144
West

Kumba South 6 4.85 4.87 3.73 411 378 765 844 777 155 171 158
West

Mamfe South 8 4.96 5.00 382 422 388 764 844 776 159 176 16.2
West

Mundemba  South 7 4.40 4.42 337 371 341 761 839 771 140 155 14.2
West

Muyuka South 6 4.73 4.75 365 398 369 768 839 778 152 166 154
West

Nguti South 8 4.94 4.97 384 421 390 772 845 784 160 175 16.2
West

Baffousam  West 9 5.63 5.69 446 4.83 453 782 848 795 186 201 189

analysis undertaken in this paper therefore considered annual
electricity g(ineration between 1 953 and 17641<Wh/kWp.

Performance ratio

The performance ratio (PR) indicates the overall effect of losses
on a PV Erray’s normal power output and depends on its
temperature, incomplete utilisation of incident solar radiation
and system component inefficiencies or failures. The PR of a PV
system indicates how close it approaches ideal performance during
real operation and allows comparison of PV systems independent
of location, tilt angle, orientation and their nominal rated power
capacity [17,18]. Performance ratio is defined by the following
equation [19,20]:

EAC

PR =
GmMstc

(1)

It is seen in Table 3 that the PR for c-Si PV modules varied be-
tween 74.0% in Mokolo (Far North Region) and 78.8% in Kumbo

(North West Region). For a-Si PV modules, the PR varied between
81.4% in Buea (South West Region) and 85.4% in Banyo (Adamawa
Region) while for CIS PV modules the PR varied between 75.8% in
Mokolo (Far North Region) and 79.7% in Kumbo (North West Re-
gion). It is seen that c-Si and CIS PV modules have higher PR in
locations with low annual average ambient air temperature be-
cause of their negative temperature coefficient. c-Si PV modules
have higher temperature coefficients than CIS PV modules so this
results in lower PR under high ambient temperatures. a-Si has
the highest PR in all locations due to their low temperature coeffi-
cient compared to that of c-Si and CIS PV modules.

Capacity factor

The capacity factor (CF) or capacity utilisation factor (CUF) is a
means used to present the energy delivered by an electric power
generating system. If the system delivers full rated power continu-
ously, its CF would be unity. CF is defined as the ratio of the actual
annual energy output to the amount of energy the PV system
would generate if it operated at full rated power (Ppy rateq) for 24
hAper day for a year and is given as [21 ]i -
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EAC
CF=— 5% 2
PPV,rated x 8760 ( )

Table 3 shows that the CF for c-Si, a-Si and CIS PV modules had
lowest values of 13.1%, 13.6% and 13.1% in Buea (South West Re-
gion) and highest values of 19.7%, 21.9% and 19.7% in Mora (Far
North Region), respectively. The CF is highest in the North, Far
North and Adamawa regions while it is lowest in the South and
South West regions.

Economic analysis

The economic analysis undertaken in this paper consists of eval-
uating the simple payback periods and levelised costs of electricity
generation from PV systems in Cameroon. It is assumed that the
normalised electricity output from the PV systems would vary be-
tween 1053 and 1764 kWh/kW,/yr depending on the location
where they are installed. Annual electricity output is assumed to
decrease by 0.5% over the service life of the PV system. The in-
stalled costs of the PV systems are considered to vary between
1500 and 2500 €/kW,,. The analyses are based on grid connected
commercial and industrial consumers with annual electricity de-
mand greater than 800 kWh with electricity purchase cost of
15.09 €c/kWh.

It is assumed that the PV systems will be installed in premises
with electricity loads that coincide with generation from PV sys-
tems. As a consequence, all the electricity generated by the PV sys-
tems would be used on-site with shortfalls imported from the grid.
The PV systems are assumed to have a useful service life of

Table 4

Parameters used in the economic analysis.
Parameter Value Unit
Annual electric energy generation 1053-1764 KkWh/kW,/yr
Capital cost 1500-2500 €/kW,
Electricity price 0.1509 €/kWh
System life 30 Years
Annual O&M percentage of capital cost 2 %
Discount rate 5and 10 %
Annual PV output degradation 0.5 %

=
@

[
(o))

-
o~

@1,053 kWh/kWp/yr

30years with annual operation and maintenance cost of 2% of
the initial investment. 5% and 10% discount rates are used to com-
pute the levelised cost of electricity generation. A summary of the
parameters used in the economic analyses are shown in Table 4.

Simple payback period

The simple payback period is the period of time required for the
profit or other benefits of an investment to equal the cost of the
investment. For an investment in PV systems it would represent
the time it takes for the cumulative annual investment to equal
the initial investment. Fig. 2 shows the simple payback period
against capital cost for PV systems installed in locations with an-
nual electricity generation of 1053 and 1764 kWh/kW,, It is seen
that the simple payback period would vary between 5.6 and
9.4 years, 7.5 and 12.6 years, and 9.4 and 15.7 years for an installed
cost of 1500, 2000 and 2500 £/kW,, respectively in locations with
annual electricity generation of 1764 and 1053 kWh/kW,,

Levelised cost of electricity

Levelised cost of electricity (LCoE) is the most transparent con-
sensus measure and remains a widely used tool for comparing the
unit costs of different technologies over their economic life in mod-
elling and policy discussions. It corresponds to the cost of an inves-
tor assuming the certainty of production costs and the stability of
electricity prices. Thus, if the electricity price is equal to the leve-
lised average lifetime costs, an investor would precisely breakeven
on the project. The discount rate reflects the return on capital for
an investor in the absence of specific market or technology risks.
The discount rate and electricity price are assumed constant during
the lifetime of the project under consideration while all electricity
generated is assumed to be sold at the LCoE. LCoE is expressed as
[22]:

CAPEX + YN | OPEX,(1+d)™"

LCoE = - S
SniGn(1+d

3)

=
E}

Fig. 3 shows the LCoE generation against capital costs for loca-
tion with 1053 and 1764 kWh/kWp/yr annual electricity genera-
tion, at 5% and 10% discount rates. It is seen that for a PV system

1,764 kWh/kWp/yr
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Fig. 2. Simple payback against capital cost for different annual electricity generation.
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Fig. 3. Levelised cost of electricity generation against capital costs.

capital cost of 1500€/kW, the LCoE generation would vary
between 11.38 and 17.29 €c/kWh for 5% and 10% discount rates
in locations with annual electricity generation of 1053 kWh/kW,/
yr. In locations with annual electricity generation of 1764 kWh/
kWp/yr the LCoE generation would vary between 6.79 and
10.32 €c/1<Wh for 5% and 10% discount rates. For a PV system cap-
ital cost of 2000 €/kW,, the LCoE generation would vary between
15.17 and 23.06 €c/1<Wh for 5% and 10% discount rates in locations
with annual electr1c1ty generation of 1053£<Wh/kWp/yr In loca-
tions with annual electricity generation of 1764 1<Wh/1<Wp/yr the
LCoE generation would vary between 9.06 and 13.76 €c/1<Wh for
5% and 10% discount rates. Finally, for a PV system capltal cost of
2500 €/1<W the LCoE generation would vary between 18.97 and
28.82 €c/kWh for 5% and 10% discount rates in locations with an-
nual electr1c1ty generation of 1053 1<Wh/1<W /yr. In locations with
annual electricity generation of 1 1764 kWh/kWp/yr the LCoE gener-
ation would vary between 11.32 “and 17.20 €c/1<Wh for 5 and 10%
discount rates.

Conclusion

Energy performance data of PV systems are of extreme impor-
tance to investors and project developers who are keen on setting
up PV plants. The lack of reliable performance data for PV plants in
locations such as Cameroon that are endowed with adequate solar
resource has been a contributing factor towards the hesitance of
both individuals, businesses, utility operators and independent
power producers to invest in PV systems.

In this paper, the energy output, capacity factor and perfor-
mance ratio of photovoltaic systems in 33 locations spread around
ten regions in Cameroon were evaluated using monthly average
daily global horizontal solar irradiation from long-term satellite-
derived data available in Solar GIS software. Optimally inclined
PV modules with crystalline silicon, amorphous silicon and copper
indium selenide were considered in the study. For all 33 locations
amorphous silicon PV modules had the highest energy output, per-
formance ratio and capacity factor followed by cupper indium sel-
enide and crystalline silicon.

The lowest average daily energy output was 3.13 kWh/kW,, for
c-Si PV modules installed in Buea (South West Region) while the
highest average daily energy output was 5.25 kWh/kW,, for a-Si
PV modules installed in Mora (Far North Region). The PR varied be-
tween 74.0% for c-Si PV modules installed in Mokolo (Far North Re-
gion) and 85.4% for a-Si PV modules installed in Banyo (Adamawa
Region). The lowest CF was 13.1% for c-Si and CIS PV modules in
Buea (South West Region) while the highest CF was for a-Si PV
modules installed in Mora (Far North Region).

The simple payback periods and levelised costs of electricity
generation were computed for a range of capital costs, discount
rates, normalised annual electricity generation and electricity tariff
for consumers with annual electricity demand exceeding SOOEWh.
Results from the economic evaluation revealed that a simple pay-
back period of 5.6 years and levelised cost of electricity generation
of 6.79 €c/kWh can be achieved in locations with annual electricity
generatlon of 1764 kWh/kW if the capital cost of the PV system is
1500 €/1<W at a discount rate of 5% Alternatively, the simple pay-
back perlod would be 15.7 years and the levelised cost of electricity
generation 28.825c/1<Wh if the capital cost is ZEOOf/kW at a dis-
count rate of 10%.

The return on investment would vary for different customers
based on their location, investment cost, cost of capital (discount
rate) and electricity tariff. With the levelised cost of electricity gen-
eration from PV competing favourably against the cost of grid sup-
plied electricity under certain scenarios, the government of
Cameroon should consider facilitating the deployment of PV in
commercial buildings with loads that match PV generation. Such
policies could include: exempting PV related equipment from cus-
tom duties until the market matures, providing low interest loans
for the purchase of PV equipment, and providing capital cost grants
in the form of tax breaks.
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