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Analysis of energy outputs photovoltaic power plants under extremes climatic conditions -
Case of the Sahel

Abstract

The present work analyzes the energy production of three 50kW,, photovoltaic (PV) power plants which are placed in three climate
zones. The Sudano-Sahelian and Sudanian climates have lower average temperatures than the Sahelian environment. The Sudanian
climate, next the Sudano-Sahelian zone, and finally the Sahelian region, have the best performance for PV power plants. The
performance of silicon PV cells may suffer due to temperature. The Sahelian climatic zone experiences its highest levels of PV
output between April and October due to longer sunshine hours and a reduction in sand dust. In the Sudano-Sahelian region, PV
output is at its peak between May and October. The best PV generation in the Sudanian environment occurs between June and
November. The theoretical forecasting for the various climate zones is consistent with the PV mini-grid real energy output in
various situations. The humidity, cloud cover, and rainfall in all climatic zones will make August the worst month for PV energy
generation. Due to the type of load compared to the Sudanian climate where the PV power plant is situated in a university, the
usage of batteries is crucial in the Sudano-Sahelian climate.

Keywords: PV power plant, Silicon PV module, Electricity grid, Sahelian climate.

1. Introduction ing to Ouedraogo et al.[3]], the use of PV energy can increase a
population’s reliance in regions with high security unrest. Fur-
thermore, a variety of activities utilize solar energy especially

In many emerging nations, there is a surge in energy demand. X
in remote areas (figure|[T).

Due to climate change, renewable energy sources offer a signif-
icant chance to supply electricity to emerging nations reducing
greenhouse gas emission. According to Plaza er al. and Mo-
hamed er al. [} 2], the PV panels’ performance was impacted
by the high ambient temperatures, dusty air, and cloud cover.
Burkina Faso is a Sahelian developing nation whose national
electricity rate rose from 13.7% in 2008 to 21.5% in 2018[3].
This rate of electrification is primarily dominated by urban elec-
trification. The rural electrification has only increased from 1%
to 3.2% during the same period. The gap between urban and
rural areas is common to all Sahelian nations. It varies just
slightly from a country to other. From 21.9% in 2008 to 16.9%
in 2018 [3]], Burkina Faso’s national production of renewable
energy has decreased. This decrease is the result of increased
conventional energy use to meet the explosion of the energy de-
mand. However, SONABEL, the country’s electricity provider,
increased the installed PV power plant in Burkina Faso from
30kW,, in 2011 to 34.899 MW, in 2018 [3]. Private PV produc-
tion increased from 9.1GWh in 2017 to 54.1GWh in 2018 [3, 4.
To conserve the environment, it translates to a greater aware- Figure 1: Surveillance camera powered by PV energy to control road traffic in
ness of the need to consume less conventional energy. Accord-  the City of Ouagadougou (Burkina Faso)
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Mohammed ([2]]) asserts that Saharan sand accumulation af-
fects PV module performance. Sahel is an area closeness to
the Sahara. But the climatic conditions in the Sahel are differ-
ent from those in the Sahara. Regarding the functionality of
PV systems under Sahelian climate conditions, there is a dearth
of deep knowledge. It is then very instructive to examine the
PV power plant energy production in Sahel climate condition
in order to recognize where the greatest losses occur and can
reduce the overall efficiency. The Sahelian nation of Burkina
Faso in West Africa was chosen to perform research on the PV
system’s capacity to create electricity in order to fill this deficit.
The Sahelian strip’s energy production can be estimated using
information on Burkina Faso’s PV energy output due to its ge-
ographic location. The usage of PV energy is widespread in
Burkina Faso to meet the country’s high energy demand. In
hospitals and other public institutions around Burkina Faso in
various climate zones, PV systems have been deployed during
the past two years. Three climate areas are shown in Burkina
Faso in figure[2]
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Figure 2: Climate zones of Burkina Faso based on the 1971-2000 average an-
nual rainfall

The average temperature in these three zones rises from
the west and south (Banfora, Bobo Dioulasso, Gaou and Ni-
angoloko ) to the north (Bogande, Dori and Ouahigouya)[6].
Therefore, the West and South may produce more PV energy
than the North and East, at least in theory. The North and East’s
extreme heat is the main contributor. Mali, Niger, Mauritania,
and Chad all experience a comparable predicament. According
to Ouedraogo [6] and Cotfas [7], a rise in temperature can lead
to a reduction in the performance of a PV cell by decreasing the
thermodynamic efficiency and the fill factor (FF) during a heat
wave. Sometimes the PV system is installed close to the source
of the electromagnetic radiation such as base transceiver station
(BTS), radio and television (TV) antenna [8]].

PV System

Figure 3: PV system in roofing of shop in Ouagadougou City

According to certain research ([8, 9} [T0} [11]]), a strong elec-
tromagnetic field might disturb a PV cell energy production.
Compared to electromagnetic field variation, the thermody-
namic and absorption processes exhibit greater sensitivity. The
critical junction being crossed by the carriers’ charge and re-
sulting increase in short circuit current is the explanation for the
electromagnetic sensitivity of the absorption phenomenon. On
the other hand, the open-circuit voltage, which falls as the elec-
tromagnetic field increases, substantially influences the thermo-
dynamic electromagnetic sensitivity. Then for the PV system,
the influence of the electromagnetic source must be control any-
where to avoid the performance reduction. Some areas have
a background level of radioactivity that is significantly higher
than the average background. There may be some lost ionizing
radiation sources around PV installation. The PV cell’s per-
formance may suffer as a result of increased carrier charge re-
combination brought on by low radiation [20]. The hight back-
ground site is to avoid for a PV system installation. Dust is an
important issue to take into account in the Sahelian zone. It can
fall onto the PV module’s electrical outputs and have an impact
on PV systems [5] as presented in the figure 3] The present re-
search intends to assess the theoretical PV energy production
and the in-situ energy production of the PV system deployed in
the various climatic circumstances and make some recommen-
dations to optimize the deployment of the PV energy in the Sa-
helian countries, using the example of Burkina Faso. The theo-
ries and techniques regarding a PV system dimensioning in the
various climate zones are discussed in Section [2] The findings
and discussions will be presented in Section[3] This section will
draw a comparison between theoretical and on-site production.
The latter component of the paper will contain some conclu-
sions.

2. Theories and Methods

The present section is about three (03) mini-grids installed in
the different climate zones in hospitals and universities. They
are the mini-grid installed in university of Ouahigouya in Sa-
helian climate, the mini-grid installed in the Paediatric Charles
De Gaulle of Ouagadougou in the Sudano-Sahelian climate and
the last which is installed in Nazi Boni University of Bobo
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Dioulasso in the Sudanian climate. Each one PV power plant
has a peak power of 50kW,. The theoretical background about
sizing up and the informations about selected equipments will
be provided. The technical specifications about grid synchro-
nization and natural phenomena which can cause damages will
be provided also at the end of this section.

2.1. Theoretical background
The theoretical daily energy production for PV module area
Apy(m?) was defined by [12] as:

Ppy,ps = Apv.Gayvipy 1)

With G, (W.m™?), the average global solar irradiation of the site
and 7npy is the PV module efficiency in Standard Test Condi-
tions (STC). The peak power occurs for G,, = Ggrc. This ap-
proximation can be extrapolated on the PV system set when the
installed PV system area is known. The output power based on
the ambient temperature and the global radiation can be found
following [[13L [14] as:

G
Pry,. = PPV G “— [1+ar (T, = Tsrc)] (2)
sTC
Where Ppy,,, is the rated power of the utilized PV module.

ar refers to the temperature coefficient (in this case —3.7 X
1073°C™1), Tgrc is the reference temperature (in STC 25°C),
and Gsre the reference solar radiation (in STC 1000W.m™2).
The PV cell temperature 7, can be formulated as follows
[131 141
NOCT -20
Tc = Tam ~ onn_ av

b+ ( = )G 3)
With T, , the ambient temperature ( °C) and NOCT, the nor-
mal operating cell temperature (°C). The PV modules electrical
model is presented on the figure ] [14]).

]

(%]

External Load

e—————————

Figure 4: PV module electrical model

The current per PV module versus the voltage that we are
going to extrapolate to the system’s total current is shown in
the following equation [6].

NSV+RSI(%—3;)
aN5V7‘ ]_

NSV+RSI(%—3;)

1= NPIPV_NPIU {CXP(

Ra (5;)

- “

Whith Np the number of PV modules in parallel and Ny the
number of PV modules connected in series. [ gives the satura-
tion current caused by the p—n junction, R the series resistance,
Ry, the shunt resistance, Vi provides the thermal voltage and a
provides the ideality factor. It is given for different types of sil-
icon PV cells in the table[I]

Table 1: Ideality factor a versus PV cell technology [[15]
Technology a

Mono crystalline silicon (Si — mono) | 1.2

Polycrystalline silicon (S i — poly) 1.3

Amorphous hybrid silicon (a —Si: H) | 1.8

The photogenerated current versus the solar radiation and the
temperature is found as [16]

G
= g b 1o ®

With k7 is the temperature coefficient of the short circuit current
(A.°C™1). The saturation current I, is evaluated according to the
next formula [16].

3 qEg 1 1
Iy = IOref(L) elﬁ(rsm_?ﬂ ©)

Tstc

Where I(),(f is the saturation current in the STC, ¢ is electron
charge, kg is Boltzmann’s constant and E, is the band-gap en-
ergy in electron-volt (eV).

The second component of the PV system is the battery storage
bank. At an output power of the PV system higher than the
required load, the energy storage unit will start charging. The
energy storage is used during the insufficiency of the output to
supply the load demand. When charging, the state of the battery
storage at time ¢, S p,; (¢) is formulated following [12}14]

Ep ()

Ninv

Spar (1) = (1 = ) Spar (1 = 1)+(Epv Ok )nb @)
Where E;(¢) is the load energy demand at time t, 77;,, is the ef-
ficiency of the inverter, 77, the battery storage efficiency and o
the self-discharge rate.

To supply the deficit, the battery storage is discharged accord-
ing to the following expression [12,[14]:

Npa ()

S (0= (1 =) Spur (£ = 1) + (EPV - B <f>) .

iny

With 7, the battery discharging efficiency.

2.2. Sizing of the PV system

To meet the load demand, it is necessary to evaluate the en-
ergy consumption profile of the load (e.g., Hospitals, Univer-
sity, etc.). From this load profile , the profile of the daily en-
ergy demand ( C,(Wh)) is obtained using the following formula
(2, 170

Cy=Pp.t €))

Where #(h) is the load operation duration and P, (W) the load
power. The peak power of the photovoltaic field to be installed
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is deducted from the month-of-the-year with the worst solar in-
cidence using the expression [17]:

Cj

P, =—L
" KE

(10)

E(kWh/mz/day) is the solar incident energy on the plan

of the PV modules. Its value is between 3kWh.m™>.day™
and 7.5kWh.m™%.day™" in Burkina Faso for different climate
zones[18]. K is the correction factor taking into account the
different efficiencies and the security coefficients. It is gen-
erally choosing between 0.55 and 0.65. Its practical value is
K =0.65.

The number of PV modules required to produce the required
amount of solar energy is estimated by [12]:

(1D

Py, is the maximum power of the selected PV module. In Fig-
ure[3] it is represented the block diagram.

ACBus

ey

== Sl

PV field

Load demand : hospital

Hybrid inverter

il

Batteries bank

Electrical grid

Figure 5: Block diagram of a PV system set [3]

In the present study there is only the input energy from the
national grid and not the provided energy from PV plant to na-
tional grid. PV plant energy is provided only to the internal
load. The national grid is used to inject the PV energy in the lo-
cal network of the load. Note that the solar energy is withdrawn
only in two cases: at night when the batteries are completely
discharged and in the absence of PV production. In alternative
current (AC), the C; (Wh/day) is given by

2 Pit;
Cj=—-
TIpc/ac

(12)

Whith 7pc/ac is the inverter efficiency. The PV field elec-
tricity is found in direct current (DC) which will be inverted to
an alternative current (AC) for the load use. P; is the individ-
ual equipment power and #; functioning duration. The output

power of the inverter (P;,,) is obtained, according to [14] by the
following equation:
Py

Py, =
Ninv

13)

With P, the hourly demand and 7;,, is the inverter efficiency.
The PV modules network is provided by :

= Total number of PV modules [12] [17].

P,
no=— (14)
Pp
® The series connection PV modules number is [[17] :
U .
n, = string (15)
Uy

Us tring the string maximum voltage supplied and U, is the
individual module voltage in PV module maximum power
point.

® String number [17].

ny

= 16
np s (16)
= Grid inverter DC/AC
The sufficient inverter quantity is given by :
P,
Riny = Pon (17

With P;,, , the inverter individual power. The total string
by inverter is found as :

p
Nstring/inv =
Riny

(18

= Batteries charging inverter
Active power for the year (365 days) is obtained by

1 P.P,
H 365

Pt = (]9)
P, provides the productive PV power which is between
1600kWh.kWp~'.year™' to 1800kWh.kWp~'.year™' in
Burkina Faso [18] under H as the daily sunshine duration
with a power factor of cos(f). The charging inverter num-
ber is given by

Pact

—_— 2/
P inv ( 0)

Nehar—inv =

= Batteries quantity
The storage capacity requirement of the battery system in
Ampere-hour (Ah) can be found as [12} [17]:

Cd X Ad
US X Nbar X Niny X DoD

C(Ah) = 21
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A, represents the battery autonomous days i.e. the max-
imum number of days the battery can supply continuous
energy without recharging, DoD is the battery maximum
depth of discharge permissible and U is the system volt-
age in Volts(V). The string number of the batteries can be

evaluated ([12, [17]):

C (Ah)
Cind

(22)

NString-b =
Cinq provides the individual battery storage capacity i.e. its
nominal capacity in Ampere hour (Ah).
® The batteries number in series

U
Ubat

Nseries—b = (23)

Here Uj is the delivered voltage provided by the PV field.
For P, > 1kWp, U, = 48V.

® The total number of the batteries is obtained as following
N7_p = Nseries-b-Ns tring—b 24

The charging and the discharging of the battery bank can fol-
low the equations [7{8] The following table [2] provides some
informations about the load. An identical peak power (50kW),)

Table 2: Load sheet

Designation | Energy consumption C,(Wh)
surgical wing 116817
emergency 46 033
Total 162 850

was installed in the three climate zones of Burkina Faso. The
hospital is then chosen as reference to the load estimation. In a
previous paper [3], the integral estimation was summarized and
provided in the table[2]

The energy evaluation is done for 3.5h and the batteries auton-
omy is 3.5h. The PV module electrical manufacturing specifi-
cations is presented in the table[3]

Table 3: Electrical manufacturing specificcations of PV module

Putax | 330W,
Uwp | 38V
Iyp | 8.69A
Uy | 455V
I, | 924

The technical specifications of the batteries are indicated in the
table[d] The wire of the various system components can be ob-
tained using a numerical tool. A security sizing of the installa-
tion has been incorporated in order to safeguard and secure the
PV system. In the system, the surge arrester will be included.
A few defense mechanisms will also be added against natural
events which can harm PV modules (rain, dew, wind and sun).
The PV power plant is operated as :

Table 4: Batteries OPzV data
Upar 2V

Capacity Cyo;, | 2000AR
E fficiency 95%

e The PV energy will supply in priory the loads during the
day;

e During the unavailability of the PV energy, the national
electricity company (SONABEL) will provide the energy
to the load ;

e The batteries will supply when the SONABEL and the PV
power plant are not in operation.

This study is curried out so far any telecommunication antenna
and also any high radioactive background for the three PV sys-
tems.

3. Results and Discussions

3.1. Theoretical production of PV energy in different climatic
zones

The Sahelian climate is found in the north of Burkina Faso
(zone 1); the Sudano-Sahelian climate is found in the center,
the northwest, the east, and the south of the country (zone 2);
and the Sudanian climate is found in the west (zone 3). Images
of the three zones’ PV installations are displayed in Figure 6]

-

Figure 6: 50kW, power plant installed in the three climatic zones of Burkina
Faso

In the zone 1, the PV system is installed in the University of
Ouahigouya, the capital city of the Yenenga province. In the
zone 2, the system is installed in the Pediatric Hospital called
Hopital pdiatrique Charles De Gaulle in the capital City Oua-
gadougou. In the climatic zone 3, the installation is done in the
premises of the Nazi Boni University of Bobo Dioulasso. The
solar radiation and the temperature data used to evaluate the
theoretical PV energy production are found from the national
meteorology services (ANAM). Figure[7]shows the interannual
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variations of the average temperature from 2010 to 2016 for
three cities in the three climate zones.
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Figure 7: Interannual variability of the average air temperature in three different
climatic zones of Burkina Faso

This graph makes that it possible to forecast the performance
of PV systems in the three climate zones. In all three zones
throughout this time, a consistent temperature pattern was seen.
Zone 1 has a high annual average temperature, which falls from
zone 1 to zone 3 as the year progresses. Given that the Sahe-
lian strip has daily temperatures that can exceed 40°C, zone 3
should theoretically perform better for PV systems than zone
2 because of this and zone 2 will perform better than zone 1.
According to Ouedraogo et al. [6], temperature can impair the
performance of silicon photovoltaic cells. The monthly average
temperature evolution in the figure[§|from 2015 to 2020 is eval-
uated using Ouagadougou, a city in zone 2, which is situated in
the center of this country and at the same time in the center of
West Africa.

Average Temperature (OC)

Period (Month)

Figure 8: Seasaonal cycle of air temperature in Ouagadougou from 2015 to
2020

The figure [§] shows three essential traits. April was the hottest
month on average from March through May, except for 2015
and 2020. According to Kabore et al. [[19], the average daily
sunshine duration in these months ranges from 7 to more than
9 hours. It is then a best period for the PV energy production
if the well PV modules are chosen taking into account the per-
formances degradations versus the temperature. In a second
hot spell that lasts from September through November, Octo-
ber is the hottest month. Additionally, PV energy is generated
at a second, higher level. The last characteristic is freshness
from December to February, with December being the coldest
month. The drop in temperature was brought on by an increase
in humidity and the rains in August. The temperature pattern
found in Figure [§]is similar in the other climatic zones of the
Sahel. According to Kabore et al.[19], the average daily sun-
shine duration in these months ranges from 7 to more than 9
hours. The Ouagadougou measurements of the sun global irra-
diation are displayed in figure[9]
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Figure 9: Average monthly global irradiation over Ouagadougou

The best solar global irradiation is obtained in the period from
March to May. Using the equation (2), theoretically the best
PV energy production will be found in this period. The sec-
ond best solar global irradiation period is between September
to November. It is so the second best PV energy production pe-
riod. Following the observations from the figure[§] theoretically
the best energy production will be the month of April followed
by the month of October in the year. The month of August
will be the worst month of the PV energy production because
of the humidity due to the rainfall. During the months of March
through May, the best global irradiance is attained. The opti-
mal time for PV energy generation will be discovered in this
time frame, according to the equation (2)). September through
November has the second-best solar irradiance levels. The best
energy production will, in theory, occur in the months of April
and October of a given year, as shown by the observations from
the figures[8}9] Because of the humidity from the rains, August
will be the worst month for producing PV electricity.
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3.2. In-situ Production of PV Energy in the Climatic Zones

Figure [I0] presents the PV energy produced in the three cli-
matic zones of Burkina Faso.
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Figure 10: Average production of monthly PV energy in the three climatic
zones of Burkina Faso

In all three climate zones, the same power peak50kWis gener-
ated. Bobo Dioulasso (zone 3) and Ouagadougou (zone 2) have
higher connected loads than Ouahigouya (zone 1). Compared
to Bobo Dioulasso and Ouagadougou, Ouahigouya has a higher
average temperature. The observations in the figures [8] [0 and
@]are consistent with one another. Compared to zones 2 and 3,
the level of dust in zone 1 is particularly significant. The short
production time of eleven days, not thirty-one days, is what ac-
counts for the high production seen in the first month in zone
2. In zone 1, the months of April and October have the best PV
production. In zone 2, the best PV production occurs between
May and October. The best months for solar energy produc-
tion in zone 3 are June and November. There is consistency
between the installed PV system production and the theoretical
predictions in the various scenarios, as shown by some research
[L1} 20, [10]. However, because to the national grid’s frequent
power shortage, April is the poorest production month in zone
2 overall. The national grid receives a significant demand due
to the hot period, which results in the battery bank replacing
the national grid to assure the continued injection of solar en-
ergy. According to estimates, the national grid is unavailable
for 177 hours, or 2%, on average, per year. However, according
to SONABEL [21]], the rural areas are above this average. This
means that for the three climate zones, it is projected that the
failure rate of the PV power plant will be close to zero percent.
The battery bank does really take over when the SONABEL is
unavailable. The produced energy on the reference figure [10]is
greater than what the load in zone 1 consumes. The University
of Ouahigouya shuts down every day at 4:00 pm (GMT) due
to the security issues in this region. What makes it difficult to
understand the necessity for batteries. That is not the case with
the remaining two zones, which are shown in the figure[TT]

This graph shows that both sections of the battery system are
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Figure 11: Batteries charge in two climate zones

correctly charged. The incorrect PV system arrangement, how-
ever, is consistent with the excessive charge seen in the Bobo
Dioulasso. PV energy, batteries, and the national grid are used
in that order, from beginning to end, for energy consump-
tion. That explains the increased battery usage from January
to March shown in figure [I2} This arrangement was changed
from May to December to one that was based on the placement
of the batteries, the national grid, and PV energy. This enables
the battery usage to decrease and thus lengthen the battery life.
For the same capacity in a good configuration, Ouagadougou’s
charge is more significant than Bobo Dioulasso’s. In contrast
to a university in zone 3 of Bobo Dioulasso, the PV system is
built in a hospital in zone 2 of Ouagadougou where nocturnal
activities are quite essential. Figure[T2]shows that many storage
batteries are used.

---®-- Ouagadougou

—@— Bobo Dioulasso
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Figure 12: Batteries discharge in two climate zones

The configuration issue can be seen in these curves as well.
Compared to the Nazi Boni University of Bobo Dioulasso, the
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Ouagadougou hospital has a stronger battery discharge in the
ideal configuration from May to December. Because of the in-
creased demand on the national grid brought on by the heat
wave, which frequently results in grid outages, the need of bat-
teries for the hospital PV system is highlighted from April to
July. From September through December, a second emphasis
on battery use is seen. The Sahelian strip’s PV energy output
improved for the second time in the year during this study pe-
riod. The significant energy demand on the batteries, however,
can be explained by the dust and the little sunshine in Decem-
ber.

4. Conclusion

March through May, with April being the hottest month out-
side of 2015 and 2020. Sunlight exposure ranges from 7 to
more than 9 hours every day. That explains, both theoretically
and experimentally, the strong PV energy output in this month’s
range. The PV module’s efficiency, however, is adversely im-
pacted by the high temperature. The warmest month of the
second heat wave is October, which lasts from September to
November. The PV energy generation is likewise good in this
second range. The primary environmental factor affecting PV
module efficiency is temperature. There is a set battery charge
and discharge. The arrangement of direct PV energy, the na-
tional grid, and the batteries at the end is suitable for PV in-
stallations in various temperature zones. For the three climate
zones, the anticipated failure rate of the PV power plant is close
to 0%. The batteries do indeed take over when the SONABEL
is not available. The Sahelian climate zone records its best PV
energy output in April, followed by its second-best PV energy
production in October. The Sudano-Sahelian climate produces
the most solar energy between the months of May and Octo-
ber. June and November are the ideal times of year to produce
solar energy in the Sudanese environment. The actual energy
output of the PV system, the theoretical predictions, and the lit-
erature research are all consistent in the various scenarios. The
present study shows the security in the Sahel weakens the PV
energy deployment. The load estimation is an important factor
to succeed the installation and the optimum operation of the PV
power plant.
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