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Abstract: Access to electricity and supplying reliable energy are the key elements that support local
economic development and contribute to reducing poverty. Moreover, the problem of environmental
protection can be considered as a factor of sustainable development. In response to these many
challenges, appropriate national and regional policies, as well as mechanisms, have been implemented.
In Mali, strong dependence on the importation of oil, growth in demand, and the low rate of
electrification have pushed the highest authorities to think of diversified technological solutions like
renewable energy for the satisfaction of energy demands, especially photovoltaics, for which the
country has significant potential. The hybrid systems used is a compromise, because the emission
rate of carbon dioxide emitted by thermal power plants must be reduced and limited to preserve
supernatural disasters. For this, hybrid photovoltaic systems coupled to the grid increased, but the
management of the production of these photovoltaics poses a lot of problem due to its intermittent
status. It is in this context that we conducted an optimization study of a hybrid system photovoltaic
connected to the grid. We applied our approach to the most extensive distribution post of Mali capital.
For the simulation, we used the modeling and simulation tool named HOMER.

Keywords: photovoltaic system; power grid; hybrid system; optimization with HOMER

1. Introduction

1.1. General Introduction

The intense energy demand, as well as the instant consumptions, believe very quickly according
to the seasons (winter and summer), the depletion and impact of fossil fuel deposits are becoming
threatening [1]. However, the production of energy in quantity and quality is a challenge of great
importance. Dependence on fossil fuels as a primary energy source will lead to the depletion of fuels,
environmental pollution, and negative impacts on human health [1]. Figure 1 illustrates the evolution of
fuel consumed for power generation from 2000 to 2014 [2]. Today, faced with the adverse consequences
of climate change, it is essential to maintain the global temperature below 2 ◦C, a maximum increase of
only 1.5 ◦C [3]. For it, the implementation of photovoltaic-grid hybrid power plants for the production
of electricity will reduce the level of CO2 emissions, and contribute to increasing revenues [4]. To achieve
these objectives and mitigate global warming, the use of renewable energies, which is an abundant
resource accessible to all, is a sustainable solution. Therefore, many countries have begun to include
solar energy programs in their planning to support sustainable development and environmental
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protection [5–8]. Between 1998 and 2008, the average annual generation of solar and wind sources rose
by 29.6% and 29.4%, respectively [9]. An analytical study carried out to evaluate different renewable
energy sources in Saudi Arabia has shown that photovoltaic (PV) energy, concentrated solar energy,
and wind power are, respectively, the most efficient renewable energies [10]. The global capacity of
integrated photovoltaic systems in 2016 was 106 GW from the European Union, 77.4 GW from China,
42.8 GW from Japan, and 40.9 GW from the United States of America [11,12]. In 2017, this capacity
was increased to 131.1 GW in China, 108 GW in the European Union, 51 GW in the United States of
America, and 49 GW in Japan [13].
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The investment costs of photovoltaic (PV) technology are now near the lowest cost level, and the
additional reduction can be achieved by discovering new raw products or by developing a cheaper
materials manufacturing technology [14]. The leveled cost of electricity (LCOE) of PV panels with an
installation size of 1 kW to 6 kW, under Italian conditions, was between 0.10 and 0.11/kWh, which
is considered competitive with other green electricity technologies [15]. The amount of electricity
produced by the PV modules depends mainly on the composition, type of the module, the combined
effect of the installation, and the dominant natural factors [16]. Concerning the energy efficiency ratio
of the photovoltaic technology, single-crystalline Si and multi-crystalline Si systems can provide a >90%
net-to-gross energy return ratio, even when deployed in non-optimal locations, according to Leccisi
et al. [17]. However, because of the photovoltaic module heating, its energy production decreases,
affecting the total energy production of the PV system [18,19].

Based on the global distribution map of annual solar radiation, the average yearly amount of PV
energy that can be generated is between 640–2400 kWh/m2 depending on the different geographical
areas. In Mali, this is between 2100 to 2300 kWh/m2 (see Figure 2) [20]. In view of this, the potential
of solar energy available to Mali, and the constant increase in the operating cost of thermal power
stations, in 2006, the government of Mali adopted the renewable energy development strategy, whose
primary objective is to sustainably increase the contribution of renewable energies in the overall energy
balance of the country, from less than 1% in 2002 to 15% in 2020 [21]. The interconnected grid of
EDM-SA (or Mali’s national electricity grid) has various production plants, basically divided between
three technologies of the source of electrical energy: Thermal, hydroelectric (including purchases of
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hydroelectricity, and excluding other renewables), and regional interconnection power grids (Ivory
Coast) [21]. In 2013, the total installed capacity of the national grid was 424.26 MW, of which 39.42%
was for the clean structures (hydroelectric and thermal unit) of the EDM-SA and 60.58% was for the
purchase of energy (hydroelectric and thermal unit) and regional interconnection (Ivory Coast). Facing
these difficulties related to the energy production, the objectives fixed by the government of Mali
concerning of renewable energies connected at the grid must pass from 6.3 MW in 2010 to 150.7 MW in
2020 and 201.8 MW in 2030 [21].
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It is in this context that we will address “hybrid systems optimization: Application to hybrid
systems photovoltaic connected to grid”. The objective is to allow better management of these
hybrid systems and optimize the production of thermal energy according to the availability of
solar productions.

Several works have been brought on PV solar plants installed in the world. A study on the
performance analysis of a solar power plant connected to the 171.36 kW grid on the island of Crete in
2002 was done by Kymakis et al. in 2009 [22]. An evaluation of 13 different photovoltaic technologies
in two localities (Nicosia, Cyprus and Stuttgart, Germany), all connected to the grid with a rated
power of 1 kW was led by Makrides et al. in 2010 [23]. A study by V. Sharma et al. in 2013 focused on
evaluating the performance of different rows of PV technologies consisting of polycrystalline silicon,
thin film, and amorphous silicon at the Solar Energy Center in India [24]. The performance of a PV
power plant connected to the network using the various methods was studied by Hassan et al. in
2014 [25]. Yang et al., in 2015, analyzed the reliability of a single-phase converter with reactive power
injection at night by considering mission profiles [26]. A new approach to reliability was proposed by
Huai et al. in 2016 [27]. Frede et al., in 2017, discussed the reliability of renewable energy systems [28].
A design study and selection of reliable converters for photovoltaic applications connected to the grid
was carried out by Victor et al. in 2018 [29]. Sangwongwanich et al., in 2018, conducted an approach of
the power control flexibility of solar systems [30]. A study on an autonomous photovoltaic system in
an urban area of Mexico was led by Alberto et al. in 2018 [31]. Research on the reconfiguration of a
multi-state converter was carried out by Chen et al. in 2018 [32].

Most of the studies on hybrid systems photovoltaic connected to the grid have been based on
solar power plant performance evaluation, reliability converter, and maximization of installed PV
power output. However, renewable sources are intermittent sources, and managing its productions
according to their availability remains a significant challenge.

This work will be focused on the optimization of thermal energy production, which is an
undesirable source according to the availability of solar power generation, and on the other hand,
allowing Mali’s electricity supplier (EDM-SA Energy of Mali) to have a reliable estimate of purchases
from interconnection with a neighboring country (Ivory Coast).
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1.2. Characteristics of PV System

Among the many environmental factors that affect the operating characteristics of a photovoltaic
cell and its energy production, the solar irradiation G measured in W/m2 and the temperature T
measured in degrees Celsius (◦C) are the two main factors [33].

The source of photocurrent Iph is expressed as follows in the following equation [34]; it depends
on both irradiance and temperature.

Iph(G, T) = [Iscn + Ki(T − Tn)]
G
Gn

(1)

where Iscn is the rated short-circuit current, Ki is the current temperature coefficient, Gn is the rated solar
radiation, which is distinctively 1000 W/m2, and Tn is the rated cell temperature, which is distinctively
25 ◦C.

The values of Gn and Tn can be determined from the datasheet of cells or commercial PV panels.
Also, the current Id and the voltage Vd of the diode are expressed by an exponential relationship

and are represented by Equations (2) and (3) [34].

Id(T, Vd) = Is(T)
[
exp

(
VPV + IPV·Rs

aVt(T)

)
− 1

]
(2)

where Is is the saturation diode current, a is the ideality constant of the diode, Vd is the voltage of the
diode, and Vt is the thermal voltage of the semiconductor junction.

The saturation current of the diode depends on the temperature and can be defined as:

Is(T) =
Iscn + Ki(T − Tn)

exp
(

Vocn+Kv(T−Tn)
aVt(T)

)
− 1

(3)

where Vocn is the open-circuit nominal voltage, and Kv is the temperature coefficient of the voltage.
The diode voltage Vd is the same as the PV voltage VPV of an ideal model. The thermal voltage Vt

depends on temperature T and is established in Equation (4) [34].

Vt(T) =
kT
q

Ns (4)

where k is the Boltzmann constant (1.3807× 10−23 J·K−1), q is the electronic charge (1.60217662 × 10−19 C),
and Ns is the number of PV cells in series.

The intensity of the current at the output of the PV, IPV , and its power PPV , are given respectively
by Equations (5) and (6) [35]:

IPV = Iph(G, T) − Id(T, VPV) −
VPV + IPV·Rs

Rp
(5)

PPV = VPV·IPV (6)

Rs, Rp are respectively the series and parallel resistors of the PV source. Where the current Iph is
defined in Equation (1) and the current of the diode Id in Equation (2).

From the equation of the current IPV given in Equation (5), it can be concluded that the output
current of the PV depends on the solar irradiation G and temperature ambient T.

According to the variation of the solar irradiation and the temperature, Equation (5) can be used
to determine the current and power characteristic curve of a PV for a given voltage Figure 3 [34].
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Figure 3. Daily temperature maximum and minimum.

Several factors affect the efficiency of a PV cell. Among these factors, the two significant factors
are solar irradiation and temperature. The efficiency indicated on the datasheets of the modules is
the efficiency in the standard conditions (solar irradiation G = 1000 W/m2 and temperature T = 25 ◦C
AM = 1.5).

The voltage/current characteristics of a photovoltaic generator under different conditions of
variation of solar irradiation and ambient temperature are illustrated in Figures 4 and 5 [34].
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When irradiation and temperature vary, the I-V curve will also change, as shown in Figure 4. Solar
irradiation is directly proportional to current characteristics; if it increases, the short circuit current
and the maximum power point (MPP) current also increase. Conversely, the temperature is inversely
proportional to the characteristics of the voltage. When the temperature increases, the voltage open
circuit (VOC) and the MPP voltage decrease. Therefore, a cell will produce the most power when the
intensity of sunlight is high, but when the temperature is low (Figure 3). However, these types of
environmental conditions are not common because the higher-intensity light striking an object tends to
increase its heat at the same time.

Variety studies have confirmed these hypotheses. Zsiborács et al. [36] and Chandrasekar et al. [37]
have shown that in crystalline solar modules, a 1 ◦C temperature increase will generally result in
a 0.5% reduction efficiency. According to Skoplaki [18], the efficiency the crystalline modules can
have a loss of 0.3% to 0.5% when the temperature increases by 1 ◦C. Krauter [19] establishes that the
energy–temperature relationship varies between 0.4% and 0.5%/◦C for the same technology. In the
case of unglazed glazing of a photovoltaic, the decrease in electrical efficiency is linear and equal to
0.015 when the temperature was between 25 ◦C and 34 ◦C and the solar radiation increased from 100
to 1000 W/m2 [38]. According, Zsiborács et al. [39], with silicon photovoltaic cells, a decrease of 1 ◦C in
temperature will result in an average increase of 0.27% in efficiency of energy production.

The rest of the paper is structured follows: In Section 2, materials and methods are discussed;
in this section, an overview of the solar resources in Mali and how coupled a photovoltaic system to
an electricity grid is discussed in Sections 2.1 and 2.2; an application case is processed in Section 2.3.
The results and discussions on the best optimization strategy are presented in Section 3, and a conclusion
in Section 4.

2. Materials and Methods

2.1. Solar Resources in Mali

Before addressing the solar energy field in Mali, we recall some scientific concepts related to
solar energy.

• Global horizontal irradiance (GHI): Total amount of direct and diffuse radiation received on a
horizontal surface expressed in Wh/m2.

• Diffuse horizontal irradiance (DHI): Total solar radiation received in one hour on a surface directly
exposed to solar radiation, in Wh/m2.

• Global irradiation (G): Total solar radiation received in one hour from the sky, after deduction of
direct radiation, expressed in Wh/m2.

Solar data in Mali are available through many sources. Here, we used the data climate variation
conditions of Bamako (Figure 6), obtained on the Meteonorm© site.

In the graphs above, representing the solar radiation, the temperature, and the duration of
insolation on the site of Bamako, we considered the average monthly data from Meteonorm©.
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Figure 6. Bamako site coordinates under Meteonorm©.

2.2. PV Systems Connected to a Grid

Satisfying energy needs, peri-urban, rural, and even urban areas have proved difficult in different
conditions such as:

• The electricity grid does not cover all the energy needs permanently (permanent load shedding).
• The cost of electricity is high.
• The reduction of the pollution rate due to the misuse of thermal energies, which becomes a daily

threat (preservation of the environment).
• Independence in electricity.

In Mali, we found a very high solar potential of 6 KWh/m2/day (February to May, see Figure 7)
with a daily average sunshine duration between 7 to 9 h of sunshine (Figure 8) and an annual average
solar energy, indicated on the map above, of 2190 KWh/m2/year [20].

Thus, hybridization of the existing sources of energy with photovoltaic sources in Mali may be a
possible solution to meet the requirements mentioned above. The production of photovoltaic power
(PV) connected to the electricity grid has increased considerably in recent times due to climate change
conditions and the high demand for energy consumption.
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A basic structure of a photovoltaic production system connected to the electricity grid is presented
in Figure 9 [34]. It includes photovoltaic modules, a power converter, a control unit, and the grid.
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The PV source is connected to a DC/DC and/or DC/AC power converter, which connects the
PV generated power to the grid or operates in an autonomous mode (for example, a group of
batteries) [40,41].

Photovoltaic systems connected to the grid multiply and can play a significant role in power
generation [42,43]. Although the capacity of a photovoltaic system is still lower than that of a wind
system, energy demands for PV systems are becoming increasingly important [44] for the fact that the
number of photovoltaic systems with high power continually increases [45]. In contrast, the production
of a photovoltaic system is strongly dependent on the different variations of the atmospheric conditions
(solar irradiation and ambient temperature).

Therefore, it is necessary to maximize the output power of the PVs by a DC/DC converter controlled
by a control unit known as the maximum power point tracking (MPPT). For this, the DC voltage at the
output of the DC/DC converter must be maintained at a value acceptable by the inverter. Besides, PV
supervision, diagnosis, and maintenance must be checked periodically for safety reasons (for example,
fires) [46]. At the power grid for good power quality, the desirable total harmonic distortion (THD) of
the output current must be achieved [47]. In the case of photovoltaic systems coupled to a high-voltage
grid, photovoltaic systems must respect the voltage and the frequency of the grid, provide ancillary
services (frequency regulation for example), and overcome grid failures (such as voltage drops and
frequency variations) when a higher level of penetration becomes a reality [48].
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2.3. Case Study Approach

We applied our approach to the energy distribution post of BALINGUE, which is the most
extensive energy distribution post in Bamako (Mali’s capital city). The distribution post is supplied
with energy produced by a thermal power station at BALINGUE itself; the energy production purchased
on the interconnection network with a neighboring country (Ivory Coast), SELINGUE and SOTUBA
hydro-electric production, are sources of energy specific to EDM. It supports seven urban departures
(DU) of 15 KV and two departures of 30 KV, which supplies the city of KOULIKORO and the energy
distribution post of BALKOU. Distribution post of BALKOU also has five urban departures (DU) of
Bamako in 15 KV (Figure 10). Our objective is to minimize the purchase of energy and the production
of thermal energy with the connection of a 30 MW solar plant.Sustainability 2019, 11, x FOR PEER REVIEW 9 of 20 
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For the work, we used the one-year database obtained at the distribution post level. Table 1
includes monthly and annual productions.

Table 1. Energy consumed, produced, and purchased per month for one year.

Month SOTUBA
(MWh)

SELINGUE
(MWh)

BALINGUE
(MWh)

PURCHASE
(MWh)

LOAD
(MWh)

SELINGUE
(MWh)

BALINGUE
(MWh)

January 3354.90 13,637.89 8541.94 16,788.93 22,762.67 13,637.89 8541.94
February 2942.60 12,557.20 12,363.08 6477.20 35,456.50 12,557.20 12,363.08

March 3188.30 15,774.03 20,215.91 23,785.82 56,631.18 15,774.03 20,215.91
April 2940.10 16,865.90 22,394.86 19,598.02 65,099.21 16,865.90 22,394.86
May 3222.60 16,197.52 20,540.34 25,127.73 72,716.55 16,197.52 20,540.34
June 2528.10 11,070.60 20,493.33 23,506.55 68,205.73 11,070.60 20,493.33
July 2320.50 8837.69 16,769.43 35,743.44 61,288.13 8837.69 16,769.43

August 2154.00 15,822.32 9502.39 35,519.19 52,150.10 15,822.32 9502.39
September 1563.10 16,393.69 8640.85 28,908.20 47,898.36 16,393.69 8640.85

October 1671.00 17,198.60 13,674.93 38,988.13 67,466.47 17,198.60 13,674.93
November 2125.10 12,952.40 14,275.09 29,920.41 57,232.37 12,952.40 14,275.09
December 3186.30 14,395.26 11,365.81 21,666.89 49,074.74 14,395.26 11,365.81

Annual 31,196.60 171,703.10 178,777.97 306,030.51 655,982.01 171,703.10 178,777.97

In this table, there is no production of the solar plant because it is not connected to the station at
the moment.

The following figures (Figures 11 and 12) represent the monthly and yearly productions of the
different production points and the load that we did using the Excel tool.
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Figure 11. The curves of the variations of the different energies produced and load.
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Figure 12. Annual energy obtained based on available data.

The objective of the optimization will be to give priority to solar production when it is available
and hydroelectric productions specific to EDM, which is SOTUBA and SELINGUE. If these productions
are not sufficient to take charge, we proceed to the purchase of the interconnection network with a
neighboring country (Ivory Coast), but with the idea of not exceeding a given threshold. We use the
thermal power station, which is costly and fatal for climate change if there is no solution.

For the simulation, we modeled our system with the annual data collected by the agents of
the distribution station by using the modeling and simulation tool HOMER. As the SOTUBA and
SELINGUE hydroelectric power stations are clean sources of EDM, they were seen as permanent,
according to the data that we have. The purchase on the interconnection grid and the operation of the
thermal power station are automatic in case the two hydroelectric power stations and the production
of the solar power station do not satisfy the energy demand.
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For optimization, we considered two cases. In the first case, we set the purchase of energy at a
maximum of 50 MW to see the impact of the use of the solar power station on the purchase of energy.
In the second case, we increased the purchase of energy at a maximum of 100 MW to see the impact
on thermal production. Then, we compared the two cases to estimate the cost of production and
contribution to the pollution of the thermal power station. These values were chosen after analysis of
the database whose peak power purchase was 96.90 MW in March.

3. Results and Discussion

3.1. For 50 MW Purchase Decision

The tables below summarize the simulation results when we decide not to exceed the purchase of
energy with the neighboring country of 50 MW.

Looking at Tables 1 and 2, we can see that the yearly energy purchase decreased sharply from
306,030.513 MWh to 153,778 MWh. However, the production of the thermal power station saw a small
increase from 178,777,965 MWh to 211,537 MWh. Besides, when we look at Table 3, we find that the
company managed to sell a little energy in case of overproduction of the solar plant that was even more
important in January. The increase in thermal production can be compensated by this overproduction
sold, but the climate impact is still adverse in this condition.

Table 2. Production summary for a maximum purchase of 50 MW.

Component Rated Capacity
(MW)

Production
(MWh/year) Percent Hours of

Operation (h/year)
Maximum

Power (MW)
Minimum

Power (MW)
Mean Power

(MW)

Generic flat plate PV 30 117,234 17.1 4448 28.5 0 12.4
BALINGUE Thermal 160 211,537 30.9 5218 62.2 40.0 40.5

Grid Purchases 50 153,778 22.4 8357 50.0 38.8 47.97
SOTUBA 5.8 31,197 4.55 8628 5.80 0 3.56

SELINGUE 30 171,828 25.1 8751 29.7 0 19.6
Total 685,573 100

Table 3. Ivory Coast purchase for a maximum purchase of 50 MW per month.

Month Energy Purchased (MWh) Energy Sold (MWh) Net Energy Purchased (MWh) Peak Demand (MW)

January 4841 7829 −2988 38.8
February 9020 2790 6230 43.7

March 12,944 1774 11,170 50.0
April 14,665 1249 13,416 50.0
May 17,634 860 16,773 50.0
June 16,988 736 16,251 50.0
July 15,965 1036 14,929 50.0

August 11,971 1282 10,689 47.7
September 10,882 1690 9192 50.0

October 13,982 1311 12,671 50.0
November 12,572 1367 11,205 50.0
December 12,314 1805 10,509 43.4

Annual 153,778 23,729 130,048 50.0

3.2. For 100 MW Purchase Decision

The results of the optimization of when it is decided to increase the purchase to a maximum of
100 MW have been summarized in the tables below.

In Tables 1 and 4, we note that the purchase of energy increased with a difference of 71,568.49 MWh,
but in reference to Table 5, this difference was reduced to 57,865.49 MWh, which is insignificant.
However, the production of the thermal power station decreased considerably from 178,777.965 MWh
to 20,240 MWh. Given this sharp fall, the 57,695.49 MWh surplus purchases are insignificant compared
to the inconvenience of thermal production on climatic conditions.
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Table 4. Production summary for a maximum purchase of 100 MW.

Component Rated Capacity
(MW)

Production
(MWh/year) Percent Hours of

Operation (h/year)
Maximum

Power (MW)
Minimum

Power (MW)
Mean Power

(MW)

Generic flat plate PV 30 114,549 17.0 4448 28.5 0 12.4
BALINGUE Thermal 160 20,240 3.00 506 40.0 40.0 40.0

Grid Purchases 100 337,599 50.0 8357 89.9 38.8 82
SOTUBA 5.8 31,197 4.62 8628 5.80 0 3.56

SELINGUE 30 171,828 25.4 8751 29.7 0 19.6
Total 675,413 100

Table 5. Ivory Coast purchase for a maximum purchase of 100 MW per month.

Month Energy Purchased (MWh) Energy Sold (MWh) Net Energy Purchased (MWh) Peak Demand (MW)

January 4847 7689 −2842 38.8
February 13,715 2387 11,328 78.3

March 29,053 812 28,242 88.9
April 33,431 292 33,138 88.3
May 39,999 1.54 39,997 88.3
June 39,731 25.2 39,706 89.9
July 37,536 105 37,431 89.8

August 25,242 190 25,052 87.7
September 22,835 904 21,931 77.9

October 36,452 39.6 36,412 89.0
November 32,473 71.1 32,402 89.1
December 22,286 1187 21,099 78.0

Annual 337,599 13,703 323,896 89.9

3.3. Comparisons

In both cases, we saw the importance of solar production on both productions. In this section, we
highlighted economic and ecological impacts, which are a current preoccupation for all nations, and
especially Mali, which is a developing country.

The following tables summarize the statistics of the thermal power plant and its emission effects
for both cases.

When we look at Tables 6 and 7, we notice that for the decision to buy up to 50 MW on the
interconnection network of the neighboring country, almost all the data were multiplied by 10. This is
very important from the economic and climate change point of view. The number of startup groups
increased from 168 to 338, which played significantly over its lifetime and reduced it considerably.
Given these tables, it is evident that the optimal solution for this distribution station is the second case,
which is the decision to purchase a maximum of 100 MW.

Figure 13 represents a comparison between the data of the database, the decision of a maximum
purchase of 50 MW, and a maximum purchase of 100 MW. In Figure 14, we have fuel consumption for
simulation cases. We can notice the net difference in these figures and conclude that the decision to
buy a maximum of 100 MW is the best solution in economic and ecological terms.

Table 6. Diesel consumption and production statistics.

Quantity For 100 MW of Purchase Forecast For 50 MW of Purchase Forecast

Hours of Operation (h/year) 506 5218
Number of Starts (starts/ year) 168 338

Operational Life (year) 29.6 2.87
Capacity Factor (%) 1.44 15.1

Total fuel consumed (L) 7141 74,303
Avg fuel per day (L/day) 19.6 204

Avg fuel per hour (L/hour) 0.815 8.48
Specific Fuel Consumption (L/MWh) 0.353 0.351

Fuel Energy Input (MWh/ year) 70,266 731,142
Mean Electrical Efficiency (%) 28.8 28.9

Electrical Production (MWh/ year) 20,240 211,537
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Table 7. Statistical issues.

Pollutant For 100 MW of Purchase Forecast For 50 MW of Purchase Forecast

Carbon Dioxide (kg/year) 232,055 291,684
Carbon Monoxide (kg/year) 118 1226

Unburned Hydrocarbons (kg/year) 5.14 53.5
Particulate Matter (kg/year) 0.714 7.43

Sulfur Dioxide (kg/year) 971 898
Nitrogen Oxides (kg/year) 563 1358
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Figure 14. Annual fuel consumption for both decisions.

The figures below represent time-series representations of the total load and the different
productions for the case where it is decided to buy a maximum of 100 MW.

This curve allows us to see the evolution of consumption in terms of energy and the state of the
different productions. Here, we randomly selected between 1 and 14 January to see its condition.
At this time, even the solar power station alone can take charge, but the values of SOTUBA and
SELINGUE are available because they were considered permanent for the simulation.

In Figure 15, we can see that consumption was high from 2 March and started to reduce from July;
a further increase is observable in October and November. The month of January was observed as the
lowest consumption month. It can also be noted that the thermal power plant was used a lot between
April and July, as well as October when the energy demand was high.

From this curve, you can zoom to see a representation, on a quarter, a week, or a day.
By enlarging the curve (Figure 16), we see that the thermal power station was not used every day

of June, which we can conclude by examining the representation on the year.
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On the weekly curve (Figure 17), we can distinguish the different productions to satisfy the
demand. In the first week of January, despite sometimes unstable solar production, energy was only
paid a few hours, and the thermal power station was not used. However, in the third week of May, the
thermal power plant was used almost every day for a few hours when the solar power station was not
available or unstable.
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Figure 17. Power curves over a week.

On the daily representation (Figure 18), we can see the different productions and consumption
over 24 h. On 1 January, we observe that from 1 h until 7 h, the energy demand is lower than the
SELINGUE production. Around 7.5 h, it exceeded the SELINGUE production, and at that moment, the
solar power plant production had already started. Despite the instability of the solar plant, the need to
purchase was expressed only to 17 h, where the load has risen, and the solar power station was not
available. The purchase lasted only from 17 h to 23 h and had an order inferior to 15 MW. The month
of January almost functioned in this way, as it was the month where the energy sold was higher than
the energy bought.

The day of 21 April was the day when demand was significant. All productions were used that
day. At 10 h, despite the availability of the solar power station and the other three, the thermal power
plant was used from 10 h to 16 h and from 17 h to 2 h.

It was also observed a short time of availability of the solar plant on 3 August. Practically, it was
available only from 8 h to 14 h. The purchase of energy was increased from 14 h to 22 h, but without
resorting to the thermal power station.
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4. Conclusions

In Mali, energy production is based on production specific to EDM (thermal and hydro-electric)
and the purchase of energy from private suppliers including the interconnection network (Ivory Coast).
Among these particular production sources, the hydroelectric production is of the order of 35.8 MW
(SOTUBA and SELINGUE) (Table 4), which is insignificant for demand energy that can reach up to
138.43 MW Figure 19. Therefore, thermal power plants will be the primary sources of electricity, and as



Sustainability 2019, 11, 2356 17 of 20

a result, pollutant factors will increase (Table 5). In this work, we have shown the importance of the use
of a PV solar power plant connected to the electricity grid, economically and ecologically. In different
cases, we have seen the net contribution of solar production according to its availability.
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If we decide to limit the purchase to a maximum of 50 MW, the energy purchased will decrease
from 306,030.51 MWh/year to 153,778 MWh/year. However, the thermal production is a significant
211,537 MWh/year (Tables 1 and 2). The energy bought decreases, but this solution is undesirable for
the conditions of climatic variation.

By increasing the purchase to a maximum of 100 MW, the energy purchased increased a little from
306,030.51 MWh/year to 323,896 MWh/year, a difference of 17,865.49 MWh/year and 48.95 MWh/day,
which is practically negligible (Tables 1 and 4). However, the thermal production was reduced to
20,240 MWh/year (Table 4) and the total fuel consumed decreased from 74,303 L to 7141 L (Table 6).

Tables 6 and 7 clearly show the impact of thermal energy generation in terms of production cost
and contribution to climate change, which are two factors that preoccupy all nations today. In these
tables, we note that the lifetime of the thermal power plant decreased from 29.6 years to 2.87 years, a
difference of more than 25 years. Its consumption has also been multiplied by more than 10, which
increases the cost of production tremendously.

The optimal solution is probably the decision to pay a maximum of 100 MW on the interconnection
network of the neighboring country (Figures 14 and 15). It was also observed throughout the year that
one overproduction was sold back.

Based on the results of the different simulations, we can say that the objectives of this work
have been achieved and help the Mali interconnection network by PV systems to better attain the
stabilization objectives of the electricity grid and maintain continuity of service to satisfy consumer
demand. It will significantly reduce the energy production of thermal power plants, which contributes
positively to climate change, which is today a crucial issue for all of humanity.

But it leaves us many perspectives. Despite the lower production of the thermal power plant, CO2

emission other polluting factors are still important, at 232,055 kg/year (Table 7). Thus, in the future, we
will see if it will cost less to use a storage system that will store overproduction and reuse, instead of
thermal production. One can also see if a second solar power plant can be beneficial, considering that
the lifetime of the thermal power plant will drop by more than 25 years, which corresponds to the
minimum life of a solar system. Further, another alternative, renewable, and non-polluting source
such as wind energy or biomass could be investigated.
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Nomenclature

AC Alternating Current
CO2 Carbon dioxide
DC Direct Current
EDM Energy of Mali
Gn the rated solar radiation
GW Giga-Watt
hrs/yr Hours per years
Id the current of the diode,
Iph Photocurrent
Tn the rated cell temperature
Iscn the rated short-circuit current
Is the saturation diode current
k the Boltzmann constant (1.3807 × 10−23 J·K−1)
Ki the current temperature coefficient
Kv the temperature coefficient of the voltage
MPPT Maximum Power Point Tracking
MWh/year Mega-Watt Hours per years
Ns the number of PV cells in series.
PV Photovoltaic
q the electronic charge (1.60217662 × 10−19 C),
THD Total Harmonic Distortion
Vd the voltage of the diode,
Vt the thermal voltage of the semiconductor junction
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