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Abstract 

This work aims to determine the Energy Payback Time (EPBT) of a 33.7 MWp grid-connected photovoltaic (PV) power 
plant in Zagtouli (Burkina Faso) and assess its environmental impacts using the life cycle assessment tool according 
to ISO 14040 and 14044 standards. A “cradle to grave” approach was used, considering 1 kWh of electricity produced 
and injected into the national grid over 25 years as a functional unit. In addition to the baseline scenario, the other 
simulated scenarios combining three variables, module technology (mono c-Si, poly c-Si, and CdTe), type of mount-
ing structure (aluminum and steel), and end-of-life treatments (landfill and recycling) were considered. SimaPro 9.4 
software and the ReCiPe 2016 Midpoint (H) evaluation method were used for the calculations considering four envi-
ronmental indicators. A sensitivity analysis of the change in the electricity mix was also performed. Results showed 
that the EPBT of the scenarios varies between 1.47 and 1.95 years, with the shortest and longest corresponding to sce-
narios 4 (CdTe modules, steel mounting structure, and recycling as end-of-life treatment) and scenario 3 (mono c-Si 
modules, aluminum mounting structure, and recycling as end-of-life treatment), respectively. All the EPBT scenarios 
studied can be considered acceptable given the long lifetime of PV systems (25 years). The following environmental 
impact results were obtained: climate change 37–48 CO2-eq kWh-1, freshwater ecotoxicity 4–11 g 1,4-DCB kWh-1, 
mineral resource scarcity 0.4–0.7 g Cu-eq kWh-1 and 11–13 g oil-eq kWh-1 for fossil resource scarcity. Scenario 3 (mono 
c-Si modules, aluminum mounting structure, and recycling as end-of-life treatment) dominates all environmental 
indicators studied except freshwater ecotoxicity, which is dominated by scenario 4 (CdTe modules, steel mounting 
structure, and recycling as end-of-life treatment). The sensitivity analysis showed that the change in the electricity 
mix could reduce around 30% the EPBT, climate change, and fossil resource scarcity. Considering the environmen-
tal indicators studied, using CdTe modules manufactured in a country with a less carbon-intensive electricity mix, 
using galvanized steel as the mounting structure, and completely recycling components at the end of their lifetime 
is the most environmentally friendly scenario. However, particular attention needs to be paid to the land occupation 
that this plant could generate.
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1  Introduction
Sub-Saharan Africa has one of the lowest electricity 
access rates in the world, with 20% in rural areas and 
60% in urban areas [1]. Burkina Faso faces a major energy 
challenge, with an electricity access rate of about 21% 
in 2020 and a known growing demand of 10% annually 
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[2]. The electricity mix on the existing interconnected 
national grid is mainly composed of diesel thermal power 
plants (55.01%), and importations from neighboring 
countries: Côte d’Ivoire and Ghana (37.06%), mini hydro 
dams (7.35%) and solar photovoltaic (PV) power plants 
(0.58%) [2, 3]. However, the country has no oil resources 
and depends heavily on oil imports. Private and pub-
lic sector investments in the advancement of renewable 
energy, specifically solar PV, have been instrumental in 
diminishing the reliance on fossil fuels and mitigat-
ing greenhouse gas (GHG) emissions from diesel power 
plants in recent times [4, 5].

Solar energy is the most abundant and under-exploited 
renewable energy source in Burkina Faso, with daily 
solar radiation of 5.5 kWh m−2 [6]. To increase electrical 
power generation capacity and cope with daily load shed-
ding, the state has implemented policies to promote the 
development of solar PV energy in all regions by exempt-
ing solar energy equipment from customs and Value-
Added Taxes. In 2017, major progress was made with the 
installation of two PV plants: the Ziga plant (1.1 MWp) 
and the Zagtouli plant (33.7 MWp). The latter will be the 
subject of this study.

Large-scale PV power plants consist mainly in a field 
of PV panels, inverters, cables, mounting structures, and 
transformers. The chemical composition of these compo-
nents can impact the environment during the raw mate-
rial acquisition and manufacturing process, operation 
(use) phase, and dismantling, including the environmen-
tal impacts generated during the transportation stage. In 
addition, the waste generated at the end of the installa-
tion’s lifetime may be harmful if no management plan is 
implemented.

With the increase in the number of plants and the 
strong political interest in PV systems, coupled with the 
lack of legislation and consideration for the end-of-life 
management of components, there is a risk that these 
environmental impacts will also increase exponentially 
in the coming years. Therefore, it is necessary to assess 
the environmental impacts of large-scale PV plants in the 
context of developing countries.

Numerous studies on the life cycle assessment (LCA) 
of PV systems have been carried out in the literature [7–
10]. These studies have mainly focused on small (1–100 
kWp) and medium-sized (100 kWp–1 MWp) stand-alone 
PV installations. The environmental impacts of large-
scale grid-connected PV installations (˃ 1 MWp) are less 
addressed and discussed in the literature: only a few stud-
ies have addressed them [11–16].

From 2003 to 2016, three studies focusing on LCA of 
large-scale facilities were conducted by Ito et al. [14, 15, 
17]. The first studies compared mono-Si, a-Si, and CdTe 
systems of large-scale PV systems in the desert. These 

studies show that in desert areas, from an environmen-
tal point of view, the energy payback time (EPBT) is 2–3 
years, and the carbon emission rate is 17–23  g CO2-eq 
kWh−1. These studies also show that thin-film tech-
nologies require less energy to produce than crystalline 
PV modules, but their efficiency is, unfortunately, lower 
than crystalline PV modules. In their 2016 studies, Ito 
et al. [15] evaluated the environmental impacts and cost 
analysis on simulated large PV systems at two sites in 
Carpentras (France) and Ouarzazate (Morocco). This 
study found that the lowest GHG emissions are obtained 
assuming a CdTe module at the Morocco site.

Deriche et  al. [12] evaluated the performance of four 
grid-connected PV systems based on four PV module 
technologies installed in the Sahara region of Algeria. 
Due to its low life-cycle energy requirements, the CdTe 
PV system outperformed the other module technologies 
regarding EPBT and GHG emissions under Algerian cli-
matic conditions.

Beylot et  al. [11] studied the environmental perfor-
mance of large-scale ground-mounted PV installations 
by considering four scenarios: (1) fixed aluminum struc-
tures, (2) wooden structures, (3) mobile structures, sin-
gle-axis trackers, and (4) dual-axis trackers. According 
to this study, the fixed aluminum structure has the great-
est impact on human health, energy consumption, and 
climate change indicators. It also shows that the type of 
support, the composition, and the location of the PV sys-
tem installation appear as the main parameters affecting 
the environmental impacts of large-scale installations.

Recently, the primary energy consumption and envi-
ronmental performance of a large-scale PV system 
(37.57  MW) installed in Malaysia were evaluated by 
Mohd Nordin et al. [18] through the LCA tool. A cradle-
to-grave approach was considered, assuming a 30 years 
lifetime and an irradiation rate of 1950 kWh m−2 yr−1. 
The system boundary includes all parts of the PV instal-
lation and other infrastructures, such as buildings, roads, 
fences, and electrical substations. The EPBT and climate 
change impact were 3.43 years and 31 g CO2-eq kWh−1, 
respectively. The sensitivity study also showed that 
increasing the systems’ lifetime from 15 to 40 years can 
reduce climate change by 55%.

These impact studies on large-scale installations are 
sometimes carried out on simulated PV plants [15, 17], 
while others focus only on the impacts of the balance of 
system [16, 19]. Moreover, in the majority of these stud-
ies, the end of life of the PV plant is not considered. Only 
Desideri et al. [13] investigated the LCA of a 1778 kWp 
PV plant installed in Italy, considering all end-of-life 
stages.

Data on the environmental impacts of African Sub-
Saharan PV plants are almost nonexistent. This study 
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aims to determine the EPBT and environmental impacts 
of a grid-connected PV power plant (33.7 MWp) installed 
in Burkina Faso, considering scenarios based on module 
technologies (poly c-Si, mono c-Si, and CdTe), the type 
of mounting structures (aluminum, steel) and the end-of-
life management of the PV system.

2 � Methodology
2.1 � Description of the Zagtouli PV plant
Located 14  km from the city of Ouagadougou (Burkina 
Faso), the Zagtouli solar PV power plant (33.7 MWp) is 
based in the locality of Zagtouli with a geographical coor-
dinate of 12°18’33.3” North, 1°38’27.7” West. It spans 
an approximate area of 60 ha. The Zagtouli solar power 
plant is the first milestone in a vast program to develop 
solar energy production in Burkina Faso to supply more 
than 150  MW of solar energy to the Burkina Faso grid 
(around 30% of the country’s total production).

The solar field consists of 129,600 PV modules of 260 
Wp in poly c-Si, 1800 structures of 72 modules, 5400 
strings of 24 modules in series, 466 grouping boxes, 32 
inverters, and 16 transformers. The 1800 structures are 
held in the ground by piles (steel profiles) driven 1.20 m 
into the ground. A spacing of approximately 5.26  m 
between the mounting structures allows the solar panels 
to be freely accessible by cleaning equipment.

The solar power plant includes a connection link to the 
Zagtouli substation in the form of a double 33 kV buried 
line, approximately 400 m long; a delivery station or solar 
substation; three 33 kV distribution loops operated in an 
open loop to supply 16 Integrated PV Centers. In addi-
tion, the plant is also equipped with 17 infrared surveil-
lance cameras around the PV field. A partial aerial view 
of the plant is shown in Fig. 1.

The technical characteristics of the PV modules, invert-
ers, transformers, and mounting structures are presented 
in scenario 1 of Table 1.

The plant has four small meteorological stations, 
each consisting of pyrometers and thermometers. The 
monthly sunshine data for the site for the year 2021 is 
presented in Fig. 2.

The Zagtouli site has an average global irradiation of 
about 2140 kWh m−2 yr−1 and, therefore, benefits from 
the sunshine favorable to the operation of the PV plant.

2.2 � LCA
The LCA methodology used to determine the environ-
mental impacts of the PV plant based on the Interna-
tional Standards Organisation ISO 14040 and ISO 14044 
and the more PV-specific guidelines of the International 
PV Power System Task 12 [20]. It consists of four main 
parts: goal and scope definition, inventory analysis, 
impact assessment, and results interpretation.

2.2.1 � Goal and scope definition
The main objective of this LCA is to evaluate the EPBT 
and environmental impacts of the Zagtouli PV plant by 
comparing different scenarios: module technology, type 
of mounting structure, and end-of-life management of 
the components.

This study is meant for policymakers, researchers, and 
environmental impact practitioners, as it provides data 
on the potential environmental impacts of PV power 
plants in Sub-Saharan Africa.

The functional unit, i.e., the reference to which the 
inventory and impact assessment calculations are related, 
is defined as follows: “1 kWh of electricity produced 
by the solar PV plant and injected into the Burkinabe 
national grid”. As the functional unit is 1 kWh of energy 

Fig. 1  Partial aerial view of the Zagtouli solar power plant
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produced over 25 years, the energy generated by the PV 
plant during the 25 years operation stage has been cal-
culated and is shown in Fig. 3. Based on the energy esti-
mated by the developer of the plant (Vinci Energies) 
and the annual energy production of the PV plant since 
its commissioning, it is estimated that the total energy 
produced would be 1,334 GWh over the 25 years of 
operation.

The cradle-to-cradle assessment was carried out. The 
study considered all the elements that make up the PV 

plant: PV modules and the balance of the system (mount-
ing structures, inverters, transformers, and cables). All 
life cycle stages and potential impacts of raw material 
extraction, material processing, component manufactur-
ing, transport, installation, operation phase, and end-of-
life were considered (Fig.  4). Conventional production 
technologies are considered within the system bounda-
ries for each component manufacturing stage. The use 
stage of the PV systems is also considered to assess the 
electricity production over the entire lifetime of the PV 

Table 1  Technical characteristics of the different study scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenarios 5 Scenario 6

PV Panels Poly-Si
(P: 260 Wp, 1,675 m2,
h: 15.51%, W: 18 kg)
129 600 modules

Mono c-Si
(P: 280 Wp, 1,63 m2,
h: 17.21%, W: 18 kg)
120 358 modules

CdTe
(P: 128 Wp, 1,42 m2,
h: 9.5%, W: 12 kg)
263 283 modules

Poly-Si
(P: 260 Wp, 1,675 m2,
h: 15.51%, W: 18 kg)
129 600 modules

Mounting structure: 
fixed
Slope: 15° facing 
South

Galvanized steel
 Tables: 1800

Aluminum
Tables: 1800

Aluminum
Tables: 1800

Galvanized steel
 Tables: 3100

Aluminum
Tables: 1800

Galvanized steel
Tables: 1800

Foundations Galvanized steel
Total mass: 193.23 t

Concrete
Total mass: 16 590 t

Galvanized steel
Total mass: 193.23 t

Concrete
Total mass: 28 571 t

Galvanized steel
Total mass: 193.23 t

Inverters Type: 1165TL B420 Indoor (AC Power: 1 071 kVA AC voltage: 420 V)
Weight: 1860 kg
32 inverters

Transformers CG POWER SYSTEMS BELGIUM NV (Power: 2330 kVA, voltage: 420 V, oil: 1095 kg)
Total mass: 5170 kg
16 transformers

Batteries (ESS Stor-
age Container)

No energy storage Li-Ion
10 MW/
10 MWh

Fig. 2  Monthly distribution of annual global horizontal irradiation at the Zagtouli site in 2021
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systems. System maintenance is included in the current 
study because motorized cleaning of the PV modules is 
frequent due to dust and the short rainy season. End-of-
life considerations were included to better assess the role 
of end-of-life component management in the context of 
developing countries.

2.2.2 � Scenarios
Six different scenarios are studied. Inverters, electrical 
installations, and transformers are assumed to be the 
same in all scenarios. They differ from each other either 
in the type of module technology, the type of mount-
ing structure, or the end-of-life management of the 

Fig. 3  Estimated energy production during the life cycle of the Zagtouli PV plant

Fig. 4  System boundary of the Zagtouli plant LCA
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components. Table 1 shows the main differentiating fea-
tures of the studied scenarios.

Scenario 1 is the baseline scenario in this study and 
represents the actual composition of the Zagtouli PV 
plant. The poly c-Si PV modules and the galvanized steel 
mounting structures are manufactured in Germany and 
purchased in Burkina Faso. At the end of the PV plant 
operation, it is assumed that all the power plant mate-
rials will be buried except for the aluminum frame of 
the module and the galvanized steel structure, which is 
assumed to be recycled. Landfill of PV components is the 
only option for end-of-life management in the West Afri-
can sub-region.

The landfill results from the sub-regions lack of PV 
waste recycling facilities. The recycled or reused materi-
als in these scenarios will be considered substitutes for 
the materials in the component manufacturing stage.

The substitution of the galvanized steel mounting 
structure with an aluminum mounting structure and the 
concrete foundation is shown in scenario 2. Monocrys-
talline silicon and thin-film module technologies are 
studied in scenarios 3 and 4, respectively, while varying 
the type of mounting structures and foundations.

A more promising alternative for end-of-life compo-
nents is studied in scenario 5. PV modules, inverters, 
and electrical installations at the end of their lifetime 
will be recycled into an approved PV-CYCLE Belgium 
PV waste management structure by the thermochemical 
process. In scenario 6, the addition of a Lithium-ion bat-
tery storage park with a capacity of 10 MW 10 MWh−1 is 
considered.

The environmental impacts of PV components manu-
facturing, transport, construction, operation, mainte-
nance, plant dismantling, and end-of-life management 
are included in the LCA calculation of each scenario.

The mono c-Si and CdTe thin-film PV modules are 
assumed to be produced in the same country as the mod-
ule in the baseline scenario (scenario 1). In this study, sea 
and land transport are considered for the transportation 
of the components from the manufacturing sites to the 
Zagtouli site via the seaport of Lomé (Togo). The manu-
facturing locations of the components and transport dis-
tances (in t.km) are described in Table 2.

The following assumptions have been made: a 25 years 
lifetime for all module technologies with 3% replace-
ment over this period, 25 years for the mounting struc-
tures and foundations, and 25 years for the inverters and 
transformers with 10% replacement of total mass every 
10 years.

2.2.3 � Energy performance: EPBT
The EPBT of a solar PV system is the time it takes for 
an energy system to generate the amount of energy 

equivalent to the amount needed to produce the PV sys-
tem [21, 22]. The EPBT is calculated for each scenario 
using the following formula, Eq. (1):

Emat: Primary energy demand required for the produc-
tion of materials comprising PV system.

Emanuf: Primary energy demand involved to manufac-
ture PV system process.

Etrans: Primary energy demand associated with the 
transportation of materials throughout the PV system’s 
life cycle.

Eins: Primary energy demand needed for the installation 
of the PV system.

EEOL: Primary energy demand for managing the system 
at its end-of-life stage.

Eagen: The amount of electricity generated by the PV 
system on an annual basis.

Eaoper: Annual energy demand, in terms of primary 
energy, for operating and maintaining the PV system.

 ȠG: Grid efficiency refers to the average efficiency of 
converting primary energy into electricity on the demand 
side

The EPBT is a variable that gives an idea of the benefits 
of exploiting renewable energy. This indicator can also be 
used as a base for the energy sector to assess each energy 
according to its EPBT to have a long-term vision and bet-
ter orient its strategies.

2.2.4 � Life cycle inventory
The data required for a complete analysis of the PV 
power plant concerns the raw materials used, the energy 
consumed, and the emissions generated at each stage of 

(1)

EPBT =
(Emat + Emanuf + Etrans + Einst + EEOL)

((Eagen/ηG)− Eaoper)

Table 2  Components transport from the manufacturing 
location to Ouagadougou

Manufacturing 
location

Transports

Sea (t.km) Land (t.km)

mc-Si module Germany 2.17 107 2.34 106

CdTe Germany 7.35 107 7.93 106

Inverters Spain 7.99 105 1.06 105

Transformers Belgium 6.91 105 8.06 104

Steel structure Germany 1.52 107 1.63 106

Aluminum structure Germany 1.20 107 1.30 106

Steel foundation Germany 1.74 106 1.88 105

Concrete foundations Burkina Faso 0 1.65 106

Electrical installation Germany 7.48 105 8.06 104

Batteries China 2.16 106 8.79 104
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the life cycle studied. This study was based on second-
ary data, i.e., generic or theoretical data from commer-
cial databases, various study reports, or other published 
sources.

Manufacturing inventory data for the different com-
ponents were obtained from recently published studies: 
modules [10, 23–25]. Where possible, average data has 
been calculated. The Ecoinvent 3.7 database was used to 
obtain inventories of inverter manufacturing, transform-
ers, electrical installations, and transport (sea and land). 
Inventory data on construction, use, and maintenance 
were provided by Vinci Energies, responsible for the con-
struction of the Zagtouli power plant, and the national 
electrification company of Burkina Faso (SONABEL). 
Data on the end-of-life management of the components 
are taken from previous studies [24, 26, 27]. All inventory 
data used in this study are detailed in the Supplemental 
Materials (Tables A1-A11; B1-B6; C1 and D1-D7).

2.2.5 � Environmental impact assessment
The life cycle impact assessment of the PV plant was 
determined using the ReCiPe Midpoint (H) method, as 
described by Goedkoop et  al. in 2013 [28]. The ReCiPe 
is one of the most recent and updated impact assessment 
methods available for LCA practitioners. Four indicators 
were chosen: climate change, freshwater ecotoxicity, and 
mineral and fossil resource scarcity. These indicators are 
widely used in the literature to assess the environmental 
impacts of PV systems [9, 13, 29].

SimaPro 9.4.0.2 LCA software, one of the leading soft-
ware tools used for LCA, is used to build the LCA model 

and perform the environmental impact calculations. The 
software is provided with a combination of an extensive 
international life cycle inventory database and a variety 
of different impact assessment methods. The European 
environmental inventory database, Ecoinvent 3.7, was 
used.

3 � Results and discussion
3.1 � Energy performance: EPBT
The EPBT of the six scenarios of a PV power plant 
installed in Burkina Faso are presented in Fig. 5.

The results show that the EPBT of the scenarios varies 
between 1.47 and 1.95 years, with the shortest and the 
longest times corresponding to scenarios 4 and 3, respec-
tively. Scenarios 1, 2, 5, and 6 have approximately the 
same EPBT of around 1.6 years. The PV module technol-
ogy used largely explains this disparity in EPBT between 
the scenarios. The PV installation in scenario 3 (mono 
c-Si) has an EPBT 1.2 times higher than scenarios 1, 2, 5, 
and 6 (poly c-Si) and an EPBT 1.3 times higher than sce-
nario 4 (CdTe). Thus, for PV installations with the same 
power but different technologies, the EPBT in ascending 
order is CdTe thin-film technology, poly c-Si, and mono 
c-Si. This is due to the energy required to manufacture 
them [9]. Ito et al. [15] made the same observation when 
they compared the EPBT of the different module tech-
nologies installed in Morocco.

Studies conducted on the energy performance of PV 
installations in Africa have reported an EPBT of 0.83–2.3 
years for a 1.5 kWp mono c-Si installation in Nigeria in 
different locations with irradiation 1493–2223 kWh m−2 

Fig. 5  EPBT of ground-mounted PV systems scenarios in Burkina Faso (2140 kWh m-2 yr-1)
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yr−1 [30] and 2 years for a 48 kWp ground-mounted PV 
system in Tanzania with solar irradiation 1900 kWh m−2 
yr−1 [31]. Similarly, EPBTs of 0.9–1.7 years were found 
for a PV plant with different module technologies in 
Morocco [15].

The EPBT values of all the scenarios in this study are 
close to those in the literature, i.e., less than 3 years. From 
an energy payback point of view, all the scenarios studied 
can be considered acceptable given the long lifetime of 
PV systems (25 years). Indeed, the energy consumed by 
the PV systems during their whole life cycle will be com-
pensated in less than 2 years.

3.2 � Environmental performance
3.2.1 � Climate change
Figure 6 presents the results for the climate change indi-
cator of the production of 1 kWh of electricity injected 
into the national grid by a PV plant.

The GHG emissions for the six scenarios range from 
0.37 to 0.48  kg CO2-eq kWh−1 for scenario 5 and sce-
nario 3, respectively. It is characterized by three major 
groups dominated mainly by the PV module manufac-
turing stage, the mounting support, and the end-of-life 
management of the PV components.

Manufacturing PV modules account for the larg-
est share of the emissions (61–86%) of the total impact) 
except for scenario 4, which accounts for only 31% of the 
global impact. This is due to the high-energy consump-
tion during the solar-grade silicon and aluminum manu-
facturing stage, which is used as a frame for PV panels. 
Panels have been manufactured in Germany, while the 

German electricity mix is dominated by fossil fuels and 
is characterized by a gross electricity production of 44% 
(lignite, coal, natural gas, oil) from fossil fuel power 
plants until 2021. The production of 1 kWh of electric-
ity from the German electricity mix is accompanied by 
1.22 kg of CO2-eq emission.

In scenario 3, mono c-Si, PV modules emit about 1.2 
times more CO2-eq than those in scenarios 1,2,5, and 6 
(poly c-Si) and 2.5 times more than CdTe modules in sce-
nario 4. This is because mono c-Si, which is more elabo-
rate than poly c-Si, requires additional energy-intensive 
purification steps, thus increasing the CO2-eq emission 
rate. The lowest CO2-eq emitting CdTe cell is obtained 
by a rapid deposition process of cadmium telluride at low 
temperatures. Earlier studies by Ito et al. [17] and Gerbi-
net et al. [9] conducted on the LCA of different PV mod-
ule technologies also showed that mono c-Si technologies 
are more CO2-eq emitting than poly c-Si, which in turn 
is more emitting than thin film technologies, notably the 
CdTe module.

Manufacturing the mounting structures appears to be 
the second component that impacts the climate change 
indicator, with its most significant contribution of about 
56% in scenario 4. This contribution differs from one 
scenario to another and depends on the type of mate-
rial used by the mounting structures. Scenarios 2, 3, and 
4 with aluminum structure emit about 6.9 times more 
CO2-eq than the steel structure in scenarios 1, 5, and 
6. The type of structure is responsible for the difference 
observed between scenarios of the same module tech-
nology in several cases (e.g., between scenarios 1 and 2). 

Fig. 6  Global warming potentials of PV plant systems
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Primary aluminum production by electrolysis produces 
GHG emissions ranging from 4.3 to 30  kg CO2-eq kg−1 
of primary aluminum ingot [32, 33]. Emissions associ-
ated with steel manufacturing are 1.1 kg CO2-eq kg−1 of 
steel, about 4 times less than aluminum [34]. Others [11, 
13, 15] studying the environmental impacts of PV power 
plants have also highlighted the significant contribution 
of structural supports to the emission of CO2-eq, some-
times reaching more than 45% of the total impact of the 
PV plant.

The contributions of inverters, transformers, electrical 
installations, the addition of an energy storage system, 
transport, and the construction/operation/dismantling 
stage represent a small part (less than 10% of the total 
impact). This conclusion is similar to that of Sinha et al. 
[35], who worked on the environmental impacts of the 
connection system of a PV plant.

The end-of-life management of components has an 
environmental benefit due to recycling. It contributes 
to a 17–38% reduction in carbon emissions. It is partly 
due to substituting raw materials for recycled materials 
in manufacturing the components, leading to a decrease 
in the cumulative environmental impacts. Previous stud-
ies on the life management of PV components [25, 36, 
37] have shown that the recycling of aluminum and steel 
supports could reduce impacts by 25%, considering that 
the structures were 100% recycled. As for module recy-
cling, the study by Latunussa et  al. [25] on the innova-
tive recycling process of crystalline modules showed that 
recycling could considerably reduce energy consump-
tion during manufacturing as it allows the recovery of 
aluminum from the frame, copper, glass, silver, and solar 
grade silicon.

Potential climate change is the most studied environ-
mental indicator in LCA of PV systems in the literature. 
The total emissions for PV systems installed in Europe 
have been estimated at 38–88 g CO2-eq kWh−1, accord-
ing to previous studies [38–40]. According to Fu et  al. 
[41] and Huang et  al. [27], Asian PV installations have 
been found to exhibit values ranging from 50 to 87.3  g 
CO2-eq kWh−1. Studies carried out in sub-Saharan 
Africa, specifically in Nigeria and Tanzania, resulted in 
37.3–180 g CO2-eq kWh−1 emissions, depending on the 
localities where the PV systems were installed [30, 42]. 
The climate change values of the six scenarios studied 
(37–48 g CO2-eq kWh−1) fall within the range of values 
obtained for installations in sub-Saharan Africa.

Regarding the climate change indicator, this study 
shows that CdTe technology is the least CO2-eq emit-
ting considering a lifetime of 25 years among the stud-
ied technologies. However, for installations of the same 
power technologies, the CdTe module will require more 
surface area and, therefore, an environmental cost for 

transport, the construction stage, and an increase in 
mounting structures. As for the type of structure, it will 
be preferable for African countries to use steel structures 
rather than aluminum because, in addition to requiring 
less energy to manufacture, steel has a higher strength 
than aluminum and will allow the mounting structures to 
withstand the high winds in the region. Implementing a 
recycling structure for the components in life will allow a 
gain in the carbon rate emitted into the atmosphere.

3.2.2 � Fossil resources scarcity
The impacts on fossil resource scarcity in Fig.  7 show a 
similar pattern to the impacts on climate change in terms 
of the most contributing stages of the life cycle (module 
and mounting structure manufacturing and end-of-life) 
and in terms of comparison between the scenarios.

This graph shows that the main component responsible 
for fossil resource scarcity is the PV module (50–76%), 
except for scenario 4, where the module contributes 28% 
to the total impact. The large impact of the module on 
fossil resource scarcity is mainly due to the energy con-
sumption and the coal and coke used as a reducer for 
silica reduction during silica transformation into silicone. 
Almost all of the fossil resource scarcity impact of the 
scenarios is attributed to coal consumption (46–52%), 
followed by natural gas (23–28%), crude oil (20–31%), 
and peat (less than 1%). This fossil fuel consumption 
is similar to the amount of fossil fuels used by German 
thermal power stations [43].

CdTe PV modules in scenario 4 consume 2.1 times 
fewer fossil resources than poly c-Si modules in scenarios 
1, 2, 5 and 6, and 2.5 times less than mono-Si modules 
in scenario 3. The crystalline silicon technologies (mono 
and poly) lead to high fossil resource scarcity values due 
to the energy consumption during the purification of the 
metallurgical grade silicon into solar grade silicon and 
during the ingot crystallization phase. The latter stage is 
the main reason for the difference in energy consump-
tion between mono c-Si and poly c-Si technologies. In 
a research conducted by Kim et  al. [44], comparing the 
environmental performance of mono-crystal silicon and 
polycrystalline silicon modules in Korea, the crystal-
lization of mono-crystal silicon at high temperatures 
(1500 °C) consumes more energy than the crystallization 
of polycrystalline silicon at room temperature. This con-
sumption of fossil energy confirms the high carbon emis-
sion of PV modules. Furthermore, Zahedi et al. [45] have 
also demonstrated that polycrystalline module technolo-
gies consume 2.5 times more fossil fuels than thin-film 
technologies during the production process.

Manufacturing the mounting structure is the sec-
ond largest contributor to the fossil resource indica-
tor (10–40%). The use of coal and natural gas for the 
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manufacturing of steel and aluminum is the leading 
cause. Thus, the aluminum structure in scenarios 2, 3, 
and 4 consumes 7.9 times more fossil resources than the 
steel structures in the other scenarios (1, 5, and 6), which 
also explains the high CO2-eq emission rate. Bauxite 
refining, alumina reduction, and smelting are the three 
most intensive energy in primary aluminum manufactur-
ing. The main energy resources consumed during these 
steps are coal, oil, and natural gas. Manufacturing one kg 
of aluminum ingot consumes about 178 MJ and 18.2 MJ 
for one kg of steel, which is 6–10 times less energy. 
These results are similar to studies by Farjana et al. [46] 
and Burchart-korol [34], who found consumption of 
108–179 MJ kg−1 of aluminum and 24.5 MJ kg−1 of steel, 
respectively.

Transporting the various products to the place of use 
and the recycling sites contributes to about 3% of fossil 
resource scarcity. Recycling the end-of-life components, 
especially the aluminum and steel mounting structures 
and aluminum frame of the PV module, will reduce fossil 
resources by an absolute value of 12–24%. The complete 
recycling of the PV module in scenario 5 reduces the 
total energy consumption by about 18%.

3.2.3 � Mineral resource scarcity
Mineral resource scarcity reflects the consumption of 
mineral resources in all electricity generation processes. 
A resource availability factor is calculated for each min-
eral resource extraction based on the available reserves 
and exploitation rate. Figure 8 illustrates the contribution 

of the different stages of the PV plant life cycle to reduc-
ing mineral resources.

Similar trends to climate change and fossil resource 
scarcity indicators, the decrease in mineral resources is 
dominated by module manufacturing, structural support, 
and end-of-life management. However, the significant 
contributions of electrical installations and the addition 
of battery energy storage units are worth noting.

The contributions of poly c-Si and mono c-Si modules 
are of the same order of magnitude 0.64 g Cu-eq kWh−1, 
which is 1.8 times that of CdTe thin film technology 
0.36 g Cu-eq kWh−1). Silver, copper, lead, and aluminum 
are the mineral resources responsible for this contribu-
tion. These metals are used as metallization agents in 
the PV cell. Metallization consists of depositing metallic 
contacts on at least one side of the cell to collect the cur-
rent and interconnect the cells. Silver and lead are used 
to metalize the front of the cells, while copper and alu-
minum are used for the back. Indeed, according to the 
International Energy Agency, the solar panel industry is 
a growing source of demand for silver metal. Feltrin and 
Freundlich [47] and Zuser and Rechberger [48], in assess-
ing the limits of energy production for different modules 
technologies concerning the world’s supply of available 
mineral resources, have shown that despite the abun-
dance of silicon, crystalline silicon technology will be 
hampered by the world’s supply of silver as an electrode. 
The scarcity of tellurium could affect the large-scale 
deployment of CdTe thin-film technology.

Mounting structure, the second largest component 
of mineral resource scarcity, is dominated by iron ore 

Fig. 7  Fossil resources scarcity of the Zagtouli plant PV systems
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and bauxite consumption for steel and aluminum struc-
tures, respectively. The aluminum structure accounts for 
19–37% of the total impact of scenarios 2, 3, and 4, i.e., 
2 to 3 times more than the steel structure of scenarios 1, 
5, and 6 if the benefits of their end-of-life recycling are 
included. Indeed, 4 t of bauxite mineral resources are 
needed to obtain 2 t of alumina, from which 1 t of alu-
minum is extracted by electrolysis.

In contrast to the environmental indicators, where 
the contributions of the electrical installation and the 
inverters are low (less than 3%), in the mineral resource 
use indicator, they reach about 15%. Indeed, for each of 
the components, copper metal is used in the process of 
their manufacture. Harmsen et  al. [49], in studying the 
impact of copper scarcity on renewable energy efficiency 
by 2050, showed that over the next few decades, copper 
scarcity is likely to lead to a deterioration in ore quality 
and a higher gross energy requirement for its production.

The environmental benefits derived from recycling the 
various metals contained in end-of-life PV waste allow a 
reduction in the use of mineral resources by 20% for steel 
structures and 23–35% for aluminum structures. Recy-
cling aluminum is important because it limits mineral 
resource consumption, especially bauxite. In addition, it 
reduces energy consumption, as the amount of electricity 
needed to produce one ton of recycled aluminum is only 
5% of that used to produce one ton of primary aluminum.

3.2.4 � Freshwater ecotoxicity
Water pollution is a major environmental issue. The 
main water pollutants for the aquatic environment are 

heavy metals, which are toxic to living aquatic organ-
isms. This pollution leads to the disappearance of spe-
cies and the degradation of the ecosystem over the long 
term. Figure  9 shows the contribution of the different 
life cycle stages of the PV plant to the environmental 
indicator of freshwater ecotoxicity.

The main contributors to freshwater ecotoxicity are 
PV panels, electrical installations (13–22%), and end-
of-life management. In contrast to the other environ-
mental indicators, the mounting structure has a low 
contribution to freshwater ecotoxicity.

The poly c-Si (scenarios 1, 2, 5, and 6) and mono c-Si 
(scenario 3) PV module technologies contribute 65%. 
Thin film technology (scenario 4) contributes 73% if 
end-of-life management is excluded. CdTe technology 
has more impacts on freshwater ecotoxicity than mono 
c-Si and poly c-Si.

The substances in the modules that contribute most 
to freshwater ecotoxicity are mainly copper (57–69%), 
zinc (24–35%), and nickel (1–4%). The concentration of 
copper ore during the manufacturing stage generates 
tailings rich in toxic metals (copper, zinc, silver, nickel). 
These tailings are usually stored behind dammed 
impoundments, known as tailings ponds. These ponds 
present a significant long-term pollution risk because 
the metals may leach into the surrounding environ-
ment, potentially over very long periods. This leaching 
is, therefore, the cause of the toxicity of the surround-
ing freshwater. This also explains the contribution of 
electrical installations (as they are mainly made of 
copper).

Fig. 8  Mineral resource scarcity of plant PV systems
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During the manufacture of the PV module, the inter-
connection of the PV cells results in the release of cop-
per and zinc into the water. Copper and zinc are used in 
the PV cell as electron collectors. For a 33.7 MWp PV 
plant with the same power output, the installed area of 
CdTe thin-film technology is 1.7 times the area of polyc-
Si and mono c-Si modules. Indeed, the larger the module 
surface, the more electron collector it consumes, which 
explains the high impact of CdTe technology.

Regarding the impact of end-of-life management on 
freshwater ecotoxicity, all the scenario scores are nega-
tive, i.e., generate environmental benefits. Environmental 
benefits come from PV modules and mounting structures 
recycling. Recycling the copper and zinc contained in the 
PV module at the end of its life reduced the total impact 
by around 20–32%. Research conducted in the litera-
ture has demonstrated that the recycling of PV modules 
can significantly mitigate the environmental impact of 
freshwater. According to studies by (Sharma et al., 2023), 
panel recycling reduces human and freshwater toxicity by 
about 32%.

The freshwater toxicity values for the six scenarios ana-
lyzed in this study range from 4.1 10−3 to 10.9 10−2  kg 
1,4-DCB kWh−1 for scenarios 1 and 4. All these values 
are on average 1.83 times higher than those found in 
the literature [45, 50]. Freshwater ecotoxicity values of 
5.96 10−2 kg 1,4-DCB kWh−1 were found by Shah et al. 
[50] when studying environmental impacts in Pakistan. 
Zahedi et  al. [45] compared the environmental impacts 
of different technologies and estimated the freshwa-
ter ecotoxicity of polycrystalline and thin-film panels at 

4.47 10−2 and 5.98 10−2 kg 1,4-DCB kWh−1 respectively. 
These differences in values between the literature and the 
data from this study are mainly due to the system bound-
aries considered. The majority of studies in the literature 
do not include the manufacturing stages of the connec-
tion system (electrical installation, inverters, and trans-
formers) in the system boundaries. Furthermore, these 
studies do not consider the end-of-life management of 
PV components.

3.3 � Sensitivity analysis
The electricity source was the most significant contribu-
tor to the EPBT and environmental indicators (climate 
change and fossil resource scarcity). As this source of 
electricity varies considerably from country to country, 
a sensitivity analysis of the EPBT and environmental 
impacts was performed by choosing a country with a less 
carbon-intensive energy mix than Germany and Norway. 
The sensitivity analysis was carried out only on the PV 
modules’ manufacturing location, as the other compo-
nents’ production location remains unchanged.

The resulting EPBT values of the change in the electric 
mix are presented in Fig. 10. The results show a decrease 
of about 30% in the EPBT in all scenarios except scenario 
4, where it is 15%. The thin film technology, which is less 
energy-intensive during the manufacturing stage, is less 
affected by the change in the electricity mix. The choice 
of the manufacturing location of a PV module plays a 
crucial role in a faster payback of energy investments.

Table  3 presents the effect of the change in electric-
ity mix on the environmental indicators studied. It can 

Fig. 9  Freshwater ecotoxicity of PV plant systems
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be seen that the change in the electricity mix generates 
significant decreases in environmental impacts in all six 
scenarios: 30–40% in climate change and 18–20% in fos-
sil resource scarcity. A trend reversal is observed between 
scenarios 3 and 4. The electricity mix change in these 
scenarios decreases the module’s contribution to the 
impacts. However, the share of the mounting structure 
remains unchanged. Indeed, the CdTe thin film mod-
ule in scenario 4 consumes more mounting structures 
than the other technologies. For PV installations pro-
duced in countries with a less carbon-intensive electricity 
mix, such as Norway, the contribution of the mounting 

structures becomes dominant in the environmental 
impacts.

Contrary to the climate change and fossil resource 
scarcity indicators, the impact of the electricity mix on 
the mineral resource scarcity and ecotoxicity indicators is 
very low (less than 5%), and they are, thus, independent 
of energy consumption.

Electricity consumption during the components’ 
manufacturing phase, mainly the PV modules, has an 
important impact on climate change and fossil fuel con-
sumption. Therefore, a change in the electricity mix will 
reduce these impacts. As Norway has a lower carbon mix 

Fig. 10  EPBT Sensitivity analysis

Table 3  Environmental impact of the 06 scenarios according to the manufacturing location of the PV module

 A similar trend. but the difference is more than 15%

 Close results

 Trend reversal
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than Germany, this will result in low consumption of fos-
sil resources and, thus, low GHG emissions; so, the place 
of manufacture is a parameter that significantly influ-
ences carbon emission. The production of PV modules 
should, therefore, ideally take place in countries with a 
lower carbon electricity mix, but special attention should 
be paid to the availability of materials. Nevertheless, the 
distance from the production site to the plant must be 
reduced to avoid the pollution shift due to transport.

It should be noted, however, in Europe, where envi-
ronmental concern is the most determining factor of 
PV panel adoption factors [51]. In Africa, economic 
and social factors may influence the choice of where to 
purchase PV modules. Further studies are needed to 
determine the factors influencing the choice of module 
technology and production location.

4 � Conclusions
This study highlights PV installations’ energy and envi-
ronmental performance in Africa, considering differ-
ent module technologies, mounting structure types, and 
components’ end-of-life management. The study shows 
that: The EPBTs obtained in this study ranged from 1.47 
to 1.95 years. These EPBTs are satisfactory and compa-
rable to results obtained in other African locations. The 
analysis of the environmental performance of the six sce-
narios showed that climate change varies between 37 and 
48 g CO2-eq kWh−1, freshwater ecotoxicity of 4.1–10.9 g 
1,4-DCB kWh−1, mineral resource scarcity 0.39–0.64  g 
Cu-eq kWh−1 and fossil resource scarcity 10.5–13.1  g 
oil-eq kWh−1. The evaluation of PV systems revealed 
that CdTe technology has the lowest impacts on climate 
change and mineral and fossil resource scarcity. However, 
it has the highest contribution to freshwater ecotoxic-
ity. The mono c-Si technology has the highest impact on 
most indicators. These results depend to a large extent, 
on the electricity mix of the country in which the mod-
ules were manufactured. Aluminum mounting structures 
showed higher emissions than steel structures due to the 
energy-intensive manufacturing process and the high 
credit avoided during recycling. Inverters, transform-
ers, and foundations have a low manufacturing, use, and 
end-of-life contribution for all cases studied. The sensi-
tivity analysis highlighted the need to purchase PV pan-
els in a country with a lower carbon electricity mix to 
reduce EPBT and significantly reduce CO2-eq emission 
rate and fossil resource scarcity. For a large PV installa-
tion in Africa, purchasing the panels in a country with an 
electricity mix dominated by renewable sources is rec-
ommended. The galvanized steel structure is more rec-
ommended. Concerning end-of-life management, panel 
recycling units should be set up to facilitate management.

Studies on the variation of the lifetime of the compo-
nents (modules, inverters, transformers) and the per-
centage of recycled material in the composition of the 
mounting structure should be conducted to optimize 
the energy and environmental performance of PV power 
plants in West Africa.
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