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Abstract: The energy sector and electricity generation in particular, is responsible for a great share
of the global greenhouse gas (GHG) emissions. World electricity generation is still largely based on
the burning of fossil fuels. However, Brazil has already a very low electricity carbon intensity due
to the country’s large hydropower capacity. In countries with low grid carbon intensities such as
Brazil, the investment in photovoltaic solar systems (PVSS) even if it is cost-effective, might become
challenging as any new generation competes essentially against other renewable generation and the
carbon offset is not a key driver for investment anymore. This study builds further upon that case
to examine if national renewable energy incentives could actually lead to an increase of global net
carbon emissions from the installation of PVSS in countries with a low grid carbon intensity. The
study presents a life cycle analysis (LCA) of ten photovoltaic systems representative of the different
operational conditions in regions across Brazil. It was found that the average energy payback time
of the studied PV plants is between 3 and 5 years of operation. This result shows the feasibility
and viability of such investments in the Brazilian context. When the LCA was integrated into the
analysis though, the results showed that the “local” direct emissions avoidance from two out of ten
studied PV plants would not manage to offset their “global” life cycle emissions due to the 2020
projected Brazilian grid emission factor which is already low. It is important to recognize that public
policies of unrestricted, unconditional stimulus to photovoltaic systems investment might not help
towards reducing global net emissions when the PV systems are installed at countries with a low
carbon emission electric matrix. That is also something to consider for other countries as the carbon
intensity of their grids will start reducing at levels similar to Brazil’s. It is likely that in the near
future, the real net carbon offset achieved by PV systems at the global level will be largely defined
by the manufacture procedures and the production’s carbon intensity at the country of origin of the
PV panels.

Keywords: life cycle assessment (LCA); renewable energy; photovoltaics; greenhouse gas emission
rate (GHGe-rate); embodied carbon; net-zero emissions

1. Introduction

The energy sector is responsible for more than 70% of global Greenhouse Gas (GHG)
emissions. Within the energy sector, the largest part of global energy consumption is
associated with electricity generation (5485 millions tons of CO2-eq Mtoe in comparison with
2891 Mtoe for transport) [1]. Despite the investments and increasing trend in renewable
power generation capacity (total 2351 GW in 2019), world electricity generation still relied
on coal (36% of generation) and gas power plants. In fact, the capacity of coal fired power
plants (38.5% of global power mix) has doubled (from 1066 to 2045 GW) between 2000 and
2019 but the increase rate has reduced drastically the last years [2].
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As expected, neither the energy demand nor the associated emissions and efficiency
are equally distributed among countries. Most countries with high per capita gross do-
mestic product (GDP) still have high per capita energy use. It is however important that
this trend is not repeated in the case of the carbon emission intensity (kg CO2 per output
of economy in $) of their economies. The countries with the highest GDP per capita have
largely managed to reduce the carbon intensity of their GDP, mainly through increased
efficiency and a shift from industrial production to services. Whereas the countries with the
lowest GDP per capita, mostly in Africa, are likely to have a low carbon emission intensity
due to the small scale of energy consumption and production. Brazil in particular, while it
is among the ten countries with the highest GDP globally, it has a medium to high GDP per
capita and a carbon intensity of 0.16 kg per $ (2017 PPP, 2016 data) comparable to 0.26 kg
per $ in the United States, 0.13 kg per $ in the United Kingdom, 0.3 kg per $ in India, and
0.5 kg per $ in China [3]. From this list, the UK is probably a good example of the shift from
manufacture towards services and investment in renewable energy sources in comparison
with India and China which are currently the epicenter of industrial production and they
still rely on coal. This is also depicted by the electricity grid carbon intensity (kg CO2e
per kWhe) of these countries, with the UK emitting 0.28 kg CO2e/kWhe (2017), the US
on average 0.48 kg CO2e/kWhe (2016), India 0.74 kg CO2e/kWhe (2017), China 0.62 kg
CO2e/kWhe (2017), and Brazil 0.09 kg CO2e/kWhe (2017), respectively [4].

Brazil has already a very low electricity carbon intensity due to the country’s large
hydropower capacity which is the second largest (109 GW) in the world after China [5]. In
this case, interventions to reduce carbon emissions would likely focus on the agriculture
and transportation and not the energy sector. It becomes apparent that in countries with low
grid carbon intensities such as Brazil, the investment in photovoltaic solar systems (PVSS),
even if it is cost-effective, might become challenging as any new electricity generation
competes essentially against other renewable generation and the carbon offset is not a key
driver for investment anymore.

Figure 1 shows the contribution of each sector of the economy in the total emissions
of Brazil and a detailed breakdown of the energy sector emissions.
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This study builds upon this case to examine if there could actually be an increase of
net carbon emissions from the installation of PVSS in countries with a low grid carbon
intensity. Data were gathered from ten operational PV power plants in Brazil and a life
cycle assessment of the PV modules was performed to investigate the embodied carbon in
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PVSS and the conditions under which their installation could still help reduce the country’s
electricity related carbon emissions. Electricity generation output, the location and technical
specifications of the studied PV plants were collected with the written permission of SMA
Brazil from the Sunny Portal website.

1.1. Energy Matrix and Greenhouse Gas Emission Factors

World electricity generation is still largely based on the burning of fossil fuels (Figure 2).
According to the International Energy Agency (IEA) consolidated world power matrix as
shown in Figure 2, 64% of world electricity generation comes from coal, natural gas, and
diesel-fired power plants [8].

Energies 2021, 14, x FOR PEER REVIEW 3 of 19 
 

 

intensity. Data were gathered from ten operational PV power plants in Brazil and a life 
cycle assessment of the PV modules was performed to investigate the embodied carbon 
in PVSS and the conditions under which their installation could still help reduce the coun-
try’s electricity related carbon emissions. Electricity generation output, the location and 
technical specifications of the studied PV plants were collected with the written permis-
sion of SMA Brazil from the Sunny Portal website. 

1.1. Energy Matrix and Greenhouse Gas Emission Factors 
World electricity generation is still largely based on the burning of fossil fuels (Figure 

2). According to the International Energy Agency (IEA) consolidated world power matrix 
as shown in Figure 2, 64% of world electricity generation comes from coal, natural gas, 
and diesel-fired power plants [8]. 

 
Figure 2. World electricity matrix in 2017. Data Source:[8]. 

As expected, national electricity generation mixes depend mainly on the conditions 
of each country’s access to energy resources. Countries with large natural reserves of oil, 
coal, and natural gas, found in the use of these resources the opportunity to power their 
industrialization and urbanization as these were relatively cheaper than other sources and 
easier to exploit. This historical use of energy resources is reflected in the electricity sector 
emission factors, which vary across countries widely. The average global electricity emis-
sion factor, also known as carbon intensity of electricity, was 485 g CO2/kWh in 2017, 
whereas China emitted on average 637 g CO2/kWh between 2015 and 2017 [9]. Although 
China has excelled in its efforts to decarbonize its own energy matrix, it is still investing 
heavily in coal-fired power projects in Asia, which maintains the trend of high emission 
factors in the region (Figure 3) [4]. 

Figure 2. World electricity matrix in 2017. Data Source: [8].

As expected, national electricity generation mixes depend mainly on the conditions
of each country’s access to energy resources. Countries with large natural reserves of oil,
coal, and natural gas, found in the use of these resources the opportunity to power their
industrialization and urbanization as these were relatively cheaper than other sources
and easier to exploit. This historical use of energy resources is reflected in the electricity
sector emission factors, which vary across countries widely. The average global electricity
emission factor, also known as carbon intensity of electricity, was 485 g CO2/kWh in 2017,
whereas China emitted on average 637 g CO2/kWh between 2015 and 2017 [9]. Although
China has excelled in its efforts to decarbonize its own energy matrix, it is still investing
heavily in coal-fired power projects in Asia, which maintains the trend of high emission
factors in the region (Figure 3) [4].

By contrast, Brazil’s electricity is mainly generated by renewable sources, in particular,
hydropower (70% of total generation). Its emission factor in 2018 was only 74 g CO2/kWh,
or about 6 times less than the world average [11]. The development plan for the Brazilian
electricity sector is presented in the Decennial Energy Plan—PDE 2027 [12] which, together
with the forecast of demand growth, incorporates actions to meet national carbon emission
reduction commitments. These actions include the recent expansion of the wind sector
and energy efficiency improvement programs. Figure 4 presents the Brazilian electricity
matrix in 2017 and the PDE forecasts for 2022 and 2027 [12], maintaining the strong share
of renewable sources.



Energies 2021, 14, 961 4 of 19Energies 2021, 14, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 3. Average electricity emission factors for the period 2015–2018. Data Source: [9–11]. Note: (a) the average value of the 
IEA in the years 2015 and 2017 [9]. 

By contrast, Brazil’s electricity is mainly generated by renewable sources, in particu-
lar, hydropower (70% of total generation). Its emission factor in 2018 was only 74 g 
CO2/kWh, or about 6 times less than the world average [11]. The development plan for the 
Brazilian electricity sector is presented in the Decennial Energy Plan—PDE 2027 [12] 
which, together with the forecast of demand growth, incorporates actions to meet national 
carbon emission reduction commitments. These actions include the recent expansion of 
the wind sector and energy efficiency improvement programs. Figure 4 presents the Bra-
zilian electricity matrix in 2017 and the PDE forecasts for 2022 and 2027 [12], maintaining 
the strong share of renewable sources. 

 
Figure 4. Decennial energy plans for the evolution of the Brazilian electrical matrix installed capacity by generation source. 
Data Source: [12]. Note: The data refer to the centralized internal supply of electricity excluding any distributed generation 
and self-production. 

Figure 4 shows that the forecasted mix remains unchanged with small changes in 
hydropower capacity offset by a small increase mainly in wind power capacity. The direct 
consequence of the large share of hydropower in the Brazilian electricity matrix is the low 
emission factor of the electricity sector and the maintenance of this low factor in the sce-
narios for the next decade. Figure 5 shows the history of emission factors from 2006 to 
2019 [11], with a projected rate of 63.9 g CO2/kWh for 2020 [10]. 

Dale et al. [13] and Projeto Balcar [14] comment on the reasonable uncertainty about 
the quantification of net GHG emissions from artificial reservoirs. An extensive study of 
the Carbon Balance in Hydroelectric Reservoirs was carried out by Projeto Balcar [14] in 
the period from 2011 to 2013. The project was a collaboration of the Eletrobras group and 
ten Brazilian research institutions and it made a detailed analysis of biota and gas ex-

Figure 3. Average electricity emission factors for the period 2015–2018. Data Source: [9–11]. Note: (a) the average value of
the IEA in the years 2015 and 2017 [9].

Energies 2021, 14, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 3. Average electricity emission factors for the period 2015–2018. Data Source: [9–11]. Note: (a) the average value of the 
IEA in the years 2015 and 2017 [9]. 

By contrast, Brazil’s electricity is mainly generated by renewable sources, in particu-
lar, hydropower (70% of total generation). Its emission factor in 2018 was only 74 g 
CO2/kWh, or about 6 times less than the world average [11]. The development plan for the 
Brazilian electricity sector is presented in the Decennial Energy Plan—PDE 2027 [12] 
which, together with the forecast of demand growth, incorporates actions to meet national 
carbon emission reduction commitments. These actions include the recent expansion of 
the wind sector and energy efficiency improvement programs. Figure 4 presents the Bra-
zilian electricity matrix in 2017 and the PDE forecasts for 2022 and 2027 [12], maintaining 
the strong share of renewable sources. 

 
Figure 4. Decennial energy plans for the evolution of the Brazilian electrical matrix installed capacity by generation source. 
Data Source: [12]. Note: The data refer to the centralized internal supply of electricity excluding any distributed generation 
and self-production. 

Figure 4 shows that the forecasted mix remains unchanged with small changes in 
hydropower capacity offset by a small increase mainly in wind power capacity. The direct 
consequence of the large share of hydropower in the Brazilian electricity matrix is the low 
emission factor of the electricity sector and the maintenance of this low factor in the sce-
narios for the next decade. Figure 5 shows the history of emission factors from 2006 to 
2019 [11], with a projected rate of 63.9 g CO2/kWh for 2020 [10]. 

Dale et al. [13] and Projeto Balcar [14] comment on the reasonable uncertainty about 
the quantification of net GHG emissions from artificial reservoirs. An extensive study of 
the Carbon Balance in Hydroelectric Reservoirs was carried out by Projeto Balcar [14] in 
the period from 2011 to 2013. The project was a collaboration of the Eletrobras group and 
ten Brazilian research institutions and it made a detailed analysis of biota and gas ex-

Figure 4. Decennial energy plans for the evolution of the Brazilian electrical matrix installed capacity by generation source.
Data Source: [12]. Note: The data refer to the centralized internal supply of electricity excluding any distributed generation
and self-production.

Figure 4 shows that the forecasted mix remains unchanged with small changes in
hydropower capacity offset by a small increase mainly in wind power capacity. The direct
consequence of the large share of hydropower in the Brazilian electricity matrix is the
low emission factor of the electricity sector and the maintenance of this low factor in the
scenarios for the next decade. Figure 5 shows the history of emission factors from 2006 to
2019 [11], with a projected rate of 63.9 g CO2/kWh for 2020 [10].

Dale et al. [13] and Projeto Balcar [14] comment on the reasonable uncertainty about
the quantification of net GHG emissions from artificial reservoirs. An extensive study of
the Carbon Balance in Hydroelectric Reservoirs was carried out by Projeto Balcar [14] in
the period from 2011 to 2013. The project was a collaboration of the Eletrobras group and
ten Brazilian research institutions and it made a detailed analysis of biota and gas exchange
over the period of one year in 11 Brazilian hydroelectric plants. The results indicated
positive net emissions in some and negative in others. More extensive studies are needed
to determine the carbon balance of the more than 140 Brazilian hydroelectric plants linked
to the National Interconnected System (NIS).

In a study developed by Barros et al. [15], the authors work on the projections of
electricity supply as electricity elaborated by EPE in PDE2026 [16], using data from Ecoin-
vent [17]. In their report, they point out that the GHG emission rates associated with each
type of technology used for electricity generation. The NIS emission rate was found to be
0.205 kg CO2-eq/kWh which is different from the official data provided by the Brazilian
government. However, in relation to the Brazilian NIS emission factor, and in the absence
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of a comprehensive study on net emissions from Brazilian hydroelectric dams, this study
used for the calculations the official data from the Brazilian government, provided by the
Ministry of Science, Technology, Innovation, and Communication (MCTIC) [11].
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The significant increase registered in the emission factor of the Brazilian electric matrix
for the years from 2012 to 2015 can be attributed to the greater use of thermoelectric plants
during this period. These plants have a strategic function of serving as a reserve to be
used when hydroelectric plants are unable to meet demand. In that period, the backup
generation was put into operation due to low levels at the water reservoirs as a result of
prolonged drought periods.

Maintaining a low power matrix emission factor is in line with the national determined
contributions (NDCs) undertaken by Brazil under the Paris Agreement, with a target to
reduce GHG emissions by 37% (1.3 Gt CO2-eq.) by 2025 and by 43% (1.2 Gt CO2-eq.) by 2030
in relation to the 2005 baseline emissions (total of 2.1 Gt CO2-eq), using the global warming
potential—GWP-100 metric (IPCC AR5) [18].

1.2. Public Policy to Incentivise Distributed Renewable Generation

In 2012, Normative Resolution No. 482 (REN 482/2012) [19] defined the regulatory
framework for distributed generation (DG) in Brazil and it has been important to the evolu-
tion of DG in the country. Subsequently, ANEEL (Brazilian Electricity Regulatory Agency)
made robust changes through REN 687/2015 and REN 786/2017 [20,21]. The main changes
were: (1) the establishment of remote self-consumption and shared generation modalities;
(2) the possibility of offsetting energy credits between headquarters and branches of the
same business groups; (3) condominium distributed generation systems (individuals and
companies); (4) the expansion of the power of photovoltaic systems from 1 MW to 5 MW;
and (5) the extension of possibility of use (credits) of electricity from 3 years to 5 years.
According to this legislation, microgeneration refers to any power plant which relies on a
qualified cogeneration or renewable energy sources with a maximum installed capacity
of 75 kW that is connected to the central distribution network. Similarly, mini generation
refers to power plants with installed capacity of 75 kW and up to 5 MW for qualified
cogeneration and renewables, as regulated by ANEEL [22]. ANEEL credits the significant
growth in the number of micro and mini generator connections in Brazil to the evolution
of DG regulation in the country. DG capacity has grown approximately 31 times between
2014 and 2016, increasing the number of connections from 284 to 8842 connections. In
the scenarios presented by EPE, there are not any significant negative impacts associated
with the expansion of the distributed generation network [12]. A frank and progressive
expansion with micro and distributed mini generators that has been intensifying since
2016 [22]. According to Greener [23], the favorable regulatory model, associated with
the cost reduction of the micro and mini generation distributed (MMDG) technologies



Energies 2021, 14, 961 6 of 19

allowed the consumer to evolve from a passive to an active position in the electricity sector.
EPE indicates that in 2027, there will be 1.35 million adopters of MMGD systems, totaling
11.9 GW capacity mostly from solar energy [12].

Regarding the financial return on electricity production, two practices are discussed:
(1) the feed-in tariff (FIT), or payment for renewable energy, in which long-term contracts
are made with a producer; or (2) net metering, where an electric energy compensation
system for consumers-generators, also called prosumers, is established. The exported
electricity is being deducted from the prosumers’ accounts and they pay the difference
between the generated and consumed electricity [24]. According to Pinto and Zilles [25],
the reason for adopting net metering policies in the country instead of FITs is that network
parity has already been achieved in most areas of Brazil. That is, alternative energy sources
would have already reached a level energy cost less than or equal to the direct purchase
price from the grid.

2. Life Cycle Assessment of Solar Photovoltaic Systems

The life cycle assessment (LCA) methodology is generally used as a technique to
measure and analyze energy use and its environmental impacts arising from product
development throughout its life cycle [26]. According to Löfgren et al. [27], the concept of
LCA must be considered in modern industrial environmental management, which implies
that emissions and the use of resources are considered both in the company’s production
processes and the environmental impacts related to the life cycle of its products. LCA
is characterized by conducting a systematic and efficient analysis of the environmental
impacts related to a product, process, or economic activity, surveying and measuring the
impacts of the energy and material resources demanded in addition to the waste released to
the environment. The LCA methodology is a comprehensive and structured quantification
of material and energy flows. This structuring of flows also allows the quantification of
emissions during the life cycle of products or processes, which are standardized by ISO
14040 and 14044.

A complete life cycle assessment also includes the environmental impact caused by
all inputs and outputs of a process or product [28,29]. The renewable energies wind and
solar photovoltaic, according to the critical review that considered 47 studies, have the
lowest impacts on carbon emissions and consequent global warming, compared to other
technologies. [30]. Our study has also identified the Ecoinvent database as the most used
amongst the 47 publications in the literature review.

IEA [31] grouped guidelines that constitute a consensus among LCA PV experts from
Europe, the United States, and Asia, providing guidance on consistency, criteria, and
quality, aiming to improve the credibility of LCA findings for photovoltaic systems (PVSS)
by guiding methods and results reports, reinforcing the relevance of these studies on the
world stage.

2.1. LCA Methodology

The following are the Equations (1), (2), and (3) that were used in the study to calculate
indicators: Energy payback time (EPBT), greenhouse gas emission rate (GHGe-rate), and
payback time emission, were used to assess the environmental performance of PVSS. The
terms present in these equations are described in the table right after the equations.

• Energy payback time (EPBT), given by the following equation [26,32]:

EPBT =
CED

Eagen/ng
(1)

• Greenhouse gas emission rate (GHGe-rate), given by the following equation [26]:

GHGerate =
GHGe_total
EELCA_output

. (2)
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• Payback time emission, given by the following equation:

Payback time emission =
Generated emissions(

avoided emissions during lifetime
lifetime

) . (3)

where:

CED = Einput + EBOS
CED (cumulative energy demand) is the sum of Einput: primary energy entering the life cycle (MJp)
and the EBOS: energy required by the balance of system (BOS) (MJp).

Eagen annual electricity generation by the PVSS (MJ).

ng
average conversion rate of primary energy into grid electricity in the country where the panel is
installed.

Einput
includes the energy required for module manufacturing, transportation, installation, operation, and
maintenance, and its final decommissioning or recycling.

EBOS
is the energy required for BOS components, including support structure, cabling, electronic and
electrical components, inverters, and batteries for standard isolated systems.

GHGe-rate is the GHG emission rate per unit of electricity generated by the PVSS (g CO2-eq/kWh)..
GHGe-total comprises the total GHG emissions during the life cycle (g CO2-eq).
EELCA-output is the total electricity generated by the PVSS during the life cycle (kWh).

Payback Time Emission
indicates how many PVSS years of operation will be required to offset the emissions generated
during the manufacturing and installation process (Equation (3)).

The following, Figure 6, presents an overview of the data flow used in this study.
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A complete quantitative and qualitative analysis of the energy generated by the PVSS,
must consider its possible environmental impacts and its contributions to net GHG emis-
sions. Therefore, it is essential that several factors in the life cycle analysis are considered,
such as: type of PV panels, efficiency ratings, manufacturing technology, assembly pattern,
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matrix support, absent or present structure, installation location (facade, roof, or floor),
type of connection (grid or insulated), and performance rate, including all losses [26,33].

The precision and high time resolution of energy consumption data is expected to
have a noticeable impact on the precision of the results of the LCA study. Typically, PVSS
in a domestic setting have an installed capacity of less than 5 kW and they are connected in
a single string with an inverter. Batteries are not commonly part of these systems and the
system is connected with the main grid.

2.2. System Boundaries

This study collected the electricity generation data from ten solar photovoltaic systems
(PVSS), in operation for the period of one year in 2018 with a total installed capacity of
845 kWp. The examined systems are located in different regions of Brazil.

PV commercial technology had a remarkable increase in efficiency the last 30 years
followed by an impressive reduction of cost per kW installed capacity. It is likely that the
further development of PV panels with efficiency above 20–24% at comparable costs could
be achieved with economies of scale in the next decade. An important factor to the pace of
PVSS upgrades will likely be the contracts and maintenance deal the solar farms have in
place, the cost effectiveness of more efficient panels and their operational costs but also,
once again as the paper discusses, the carbon intensity of future PV panel manufacture and
distribution regardless of the technology used.

The system boundaries and the assumptions that were made in this study:

• For the studied PVSS, energy consumption was considered in the phases of: manufac-
ture of the modules, assembly and installation of the system and operation (25 years
assumed).

• Direct emissions from the photovoltaic module manufacturing process and emissions
associated with the energy use for the manufacture of PVSS were accounted for.

• Data of emissions from transportation and the recycling process were also considered.
• The average data available in the literature for the energy values incorporated in the

production of PVSS and the balance of system were used.
• All stages of the PVSS production process were carried out in China.
• The PVSS real electricity generation data for 1 year was used. The data from 2018 were

the only publicly available during the time this study took place. Future work will
look into the integration of longer historical datasets. For the projection of electricity
generated by PVSS, an increase of losses by 0.7% per year was considered [31] to
represent normal wear.

2.3. PVSS Materials, Energy, and Carbon Inventory

The primary energy necessary for the manufacture of photovoltaic systems was
around 3418 MJp/m2, considering the average of the values from 2005 to 2014 as found
in the literature [32,34–37], which is equivalent to 317 kWh/m2 of electricity demand. In
addition to the energy consumed for the manufacture of the photovoltaic modules, the
energy used for the components of the balance of system (BOS) must also be considered,
which includes the inverters, controllers, junction box, cabling, and support structure, to
name few parts among others. Other studies have been carried out regarding BOS energy
in different installation schemes, including Alsema et al. [38], Frankl et al. [39], Pacca and
Silvaraman [34], Alsema and Wild-Scholten [37], and Alsema and Nieuwlaar [40].

Regarding the calculation of emissions related to the transport of photovoltaic systems,
data were used regarding the power plants and the distance from the PV factory to each
installation site. The maritime transport from the port of Shanghai in China to the port
of Santos in Brazil was considered, and the road distance from the port of Santos to the
place of installation of each PVSS in the study respectively. The emission factor used for
maritime transport was 0.0179 kg CO2/tMn [41]. Regarding the recycling process of the
photovoltaic system, a value of 25 MJ/m2 [42] was used according to information from the
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installed PVSS areas and data from the literature, which contemplate the glass recycling
process but did not include metals.

For the conversion of the primary thermal energy, required for the manufacture and
installation of the PV panels, into electricity a generation efficiency index was applied for
China [32] and Brazil [43], that was 0.22 for China [32], 0.625 for Brazil [43], respectively.
An average factor of 0.33 [35,44–46] was considered from the average primary energy
consumption data applied in other countries. Literature data were used as a source
of information for energy consumption. IEA and MCTIC [9,11] were the source of the
emission factors.

2.4. System Balance (GHG Emission Rate and EPBT from PVSS)

For the calculation of the EPBT and the PVSS GHG emissions, the methodology used
the following procedures [47]:

For the calculation of EPBT:

• Literature was the source of the energy values required in photovoltaic systems and
their installation structures, given in MJp/m2;

• The area of each PVSS and the electricity values generated by each evaluated photo-
voltaic plant were collected from the Sunny portal [48], who is a supplier of photo-
voltaic systems.

• Equation (1) was used to calculate the EPBT.

For the estimation of the GHGe-rate:

• The values were converted from primary energy to electrical energy by using the total
primary energy required for each PVSS (MJp), expressed in MJ and then converted
to kWh.

• To calculate the GHG value from the electricity needed to manufacture and install
the photovoltaic system, the emission factor of the electrical matrix of the country
in which the photovoltaic system was manufactured, expressed in g CO2-eq/kWh,
was used.

• Literature was the source of the estimated values of GHG emitted directly in the
acquisition and manufacture of PVSS components, expressed in g CO2-eq/m2.

• Direct and indirect GHG emissions from the systems were combined.
• The electricity generation data for each analyzed photovoltaic system was used.
• Equation (2) was used to calculate the GHG emission rate in g CO2-eq/kWh.

Other parameters and considerations applied in this study:

• For the projection of electricity generated by PVSS in the year following the actual
data collected (2018), an increase of losses by 0.7% per year was considered [31] to
represent normal wear.

• To calculate emissions avoided during each plant’s useful life, the total electricity
generated per year (in MWh) was multiplied by the annual projected NIS emission
factor (in tCO2/MWh).

• The return time of the emissions generated in the manufacture of the systems was
calculated using Equation (3).

3. Case Study: PV Electricity Generation in Brazil

Brazil is a country of great territorial extension with a wide variety of climates and
variation in the annual solar irradiation at different regions, as shown in Figure 7. [49].
Its location in the tropics has potential for PV electricity generation throughout the year,
especially at the areas located in the north-east and mid-west. Brazil receives average
horizontal solar radiation in the range of 3.5 to 6 kWh/m2.day, which is higher than most
European countries with an established PV installed capacity [49,50] (Table 1).
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Table 1. Daily solar irradiance and area by country.

Country Average Minimum
(kWh/m2. Day) Maximum Area (Thousand. km2)

Germany 2.95 2.47 3.42 357.02
France 3.49 2.47 4.52 643.97

England 2.73 2.36 3.10 130.39
Brazil 5.50 4.25 6.75 8515.77

The PVSS in this study are located in several Brazilian regions, from the south to the
northeast of the country, representing the climate diversity of the country. PV plants with
an installed capacity over 50 kWp and at least one full year of data available were chosen
for the analysis. Their technical characteristics can be seen in Table 2.
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Table 2. Technical specifications of the evaluated photovoltaic plants.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Location

City and state Assú/RN Ubajara/CE Jaraguá do
Sul/SC Rio Verde/GO

Campo Novo
do

Parecis/MT

São José do
Mipibu/RN

Jaraguá do
Sul/SC

Cacique
Doble/RS Itajaí/SC Campo

Mourão/PR

Annual
irradiation

(kWh/m2.year)
2154 2026 1469 1998 1952 2141 1469 1766 1586 1871

Installed
PVcapacity

(kWp) 108 51.5 77 65 140 72 70 52 77 52
Annual

electricity
generation

Annual Total
(MWh) 173.8 67.5 75.3 82.4 161.7 106.4 71.3 55.2 98.8 59.0

Annual Yield
(kWh/kWp) 1609 1312 977 1268 1156 1487 1015 1061 1280 1135
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4. Results and Discussion
4.1. PV System EPBT and GHG Emission Rate

This article aims to analyze public policies for the implementation of photovoltaic
systems in a country with continental dimensions and an electrical matrix with a strong
participation of renewables. In this way, the initial result of the life cycle analysis considers
the real data of manufacture and installation of the studied PV systems, which were
manufactured in China and installed in several Brazilian regions with different intensities
of annual solar irradiation.

Additionally corroborating with the intention of analyzing national public policies,
the electric matrix emission factor officially declared by the Brazilian government was
considered, which has a long history of supplying the emission factor values of its electric
matrix. Internationally reported data for China emission factor from the IEA were also used.

This section shows the results of the LCA in relation to the embodied energy and
emissions (Table 3). The table shows the energy and carbon emissions payback for each of
the photovoltaic plants installed over the wide Brazilian territory. Table 3 uses the official
emission factors reported for Brazil (MCTIC) [11] and China (IEA) [9].

Table 3. Energy payback time and GHGe-rate for the solar PV power plants.

Energy Emissions CO2-eq GHGe-Rate

Required Annual
Converted Payback Avoided Generated Payback NIS

PVSS (GJp) (GJp) (Years) (tCO2-eq) (tCO2-eq) (Years) (gCO2-eq/kWh) 2018 2020

1 2695.06 1001.06 2.69 279.34 184.29 16.49 42.42

73.98 63.9

2 1334.65 388.97 3.43 108.54 91.41 21.05 54.14
3 2030.93 433.48 4.69 120.96 135.02 27.91 71.76
4 1683.79 474.67 3.55 132.45 112.49 21.23 54.60
5 3551.78 931.38 3.81 259.89 240.39 23.12 59.47
6 1818.74 612.69 2.97 170.96 124.51 18.21 46.82
7 1754.37 410.57 4.27 114.57 116.37 25.39 65.31
8 1289.51 317.82 4.06 88.69 85.86 24.20 62.24
9 1998.75 569.27 3.51 165.89 132.71 20.00 53.71
10 1347.53 340.08 3.96 99.10 89.65 22.62 60.74

In this study, it is suggested that even if PV systems do not have direct emissions
during their operation, they have an impact in the global emissions balance associated
to their lifecycle. In this way, they could be considered a “carbon import” that needs
to be offset by the emissions saved from the grid where they are connected. This is the
reason the study considers the life cycle “global” emissions of PV systems as a direct “local”
emissions equivalent. If, in order to “decarbonize” the electrical matrix of a given country,
it is necessary to import systems that during their life cycle emit more GHG in total than
the direct emissions savings for the electrical matrix of the importing country, there is a
potential to increase global emissions, despite locally, in the importing country, a false
“decarbonization” occurs.

Figure 8 below shows the relationship between the emission of each analyzed pho-
tovoltaic system and the official emission factors of the Brazilian electric matrix for 2019
and its forecast for 2020. There is a forecast of maintaining low emission factors due to the
penetration of more renewable systems, especially of large wind farms already contracted,
in commissioning and beginning of operation.
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4.2. Additional Analysis

An additional analysis (Table 4) was carried out to verify the influence of the variation
of the calculation parameters on the results: GHG rate of the electrical matrix both in the
country where the photovoltaic systems were manufactured and, in the country, where the
systems were installed.

Table 4. Energy payback time and GHGe-rate calculated with the upper range of the factors values.
(Factors assumptions analysis).

Emissions CO2-eq

Avoided Generated Payback

PVSS (tCO2-eq) (tCO2-eq) (Years) (g CO2-eq/kWh)

1 890.7 219.49 6.16 50.5
2 346.1 108.69 7.85 64.4
3 385.7 165.43 10.72 87.9
4 422.3 137.1 8.12 66.6
5 828.7 289.3 8.73 71.6
6 545.1 148.1 6.79 55.7
7 365.3 142.9 9.78 80.2
8 282.8 105.0 9.28 76.1
9 529.0 162.8 7.69 65.9
10 316.0 109.8 8.68 74.4

Note: In this complementary analysis, other emission factors from the electric matrix of Brazil and China
were used.

In this analysis, for the emission factors, the results of studies by other authors [15,52]
that obtained higher emission factors for China and Brazil were used as the data source.
The reference values for the emission factor in China ranged from 0.637 kg CO2/kWh
(IEA [9]) to 0.821 kg CO2/kWh [52] and the emission factor for the Brazilian electrical
matrix ranged from 0.074 kg CO2/kWh (MCTIC [11]) to 0.205 kg CO2/kWh [15].
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Figure 9 shows a comparison of the GHG emission results for different assumptions
of the national grid emission factor. H1 shows the emission factor of the Brazilian electrical
matrix from official data (MCTIC, [11]) and the emission factor of the Chinese electrical
matrix (IEA, [9]). H2 shows the emission factor of the Brazilian electrical matrix calculated
by Barros et al. ([15] and the emission factor of the Chinese electrical matrix as calculated
by Lia et al. [52]).
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In this direction, Figure 10 shows a comparison between payback emission time for
different hypotheses adopted for national emission factors. H1 and H2 show the emission
factors according to different sources of data as discussed in Figure 10 above.
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With regard to CO2-eq emissions, it can be seen in the results of Table 4 that the emission
return time decreases considerably when compared to Table 3. This occurs because in
the simulated hypothesis (the one in Table 4), the emission factor of the Brazilian matrix
considered is more than twice the official data, thus the direct emissions avoided by the
use of the installed photovoltaic systems, during the whole useful life is much higher. On
the other hand, with an increase of about 29% in the emission factor data of the Chinese
electrical matrix, the GHG emissions during the lifetime of the photovoltaic systems under
this hypothesis are even greater than the results in Table 3. This article prioritizes in its
analysis and conclusions the focus on official data as it intends to discuss the effect of
national renewable incentives policies on global net GHG reductions. Specifically, when
the policies are implemented in countries with a large share of renewable sources as in the
case of Brazil.

4.3. Discussion

The results indicate an estimated payback period for the embodied energy in the range
of 3 to 5 years. The calculated payback periods in this study were about 1 year longer
than those in previous studies [32,53–59]. That can be explained by the different network
efficiency factor used in the relevant literature. This study assumed an efficiency factor of
0.625 for Brazil, 0.625 for USA, and 0.327 for Europe approximately. Interestingly, an EPBT
of only 5 years shows that the energy required for the manufacture and installation of the
PV systems in Brazil will be recovered in a relatively short period when compared to the
systems’ useful life of 25 years, and at most cases in less than 10 years that is the threshold
when an investment is considered financially viable usually.

The different annual yield (kWh/kWp) in different locations in Brazil impacts the
respective EPBT and GHGe-rate of the studied systems. The variations in generation are
mainly the result of variations in solar irradiation among the locations and the efficiency of
the PV modules. In addition, there are possible differences in the design and implementa-
tion of the PVSS (i.e., orientation and inclination of panels). It is observed that PVSS 3 and
PVSS 7 are south in the east coast of Brazil, where average solar irradiation is about 30%
lower than the location of PVSS 1. These two systems had the lowest annual generation
output, PVSS 3 (977 kWh/kWp) and PVSS 7 (1015 kWh/kWp). This represents 37% and
39% respectively less annual generation when compared with PVSS 1 (Figure 11). Those
differences in generation and their impact on the EPBT and GHGe-rate had already been
a concern and limitation of studies carried out with only one PVSS installed in a single
location such as a previous study in the Brazilian state of Rio Grande do Norte [47].

The unit cost of kWh generated during the PVSS useful life (25 years) was not es-
timated by this study because there were not any data available regarding the cost of
the studied PVSS. The average life cycle emission rate calculated for the 10 PVSSs was
53.59 g CO2-eq/kWh, being lower than the projected rate for the electric matrix in 2020,
which is 63.9 g CO2/kWh. The carbon intensities of PVSS 3 and PVSS 7 are the only ones
higher than the 63.9 g CO2/kWh projection mark. However, this is an indication of the
considerations required regarding the emissions balance when PV systems are installed
in certain locations, as in reality they may not contribute positively to the reduction of
net total GHG emissions in a national and global level. This net negative contribution to
emissions is exacerbated at countries with a large existing share of renewables electricity
generation and as grid carbon intensity becomes lower.

The emission rates in this study ranged from 42.42 to 71.76 g CO2-eq/kWh. These
values are in agreement with the results of previous studies such as those carried out by
Yue et al. and Kommalapi [60]. Approximately 80% of the total CO2-eq emissions of the
PVSS in this study originate from the energy required for the manufacture and installation
of the PVSS. This result is indicative of the reliance in Chinese products and China’s current
high carbon intensity in manufacture. Thus, it becomes apparent that the origin of the PV
panels plays an important role in achieving any net-carbon reduction global targets despite
the size of investment in renewable energy resources.
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Some limitations were found in this research, which could be addressed in future work:

• There is only data available for one year of electricity generation of the systems studied
and the outputs were projected for the remaining 24 years of useful life despite any
possible upgrades or downgrades during this period;

• For the calculation of the emissions avoided by the installation of the systems, it
was considered that the emission factor of the matrix remains constant and equal to
2020 levels;

• Future work, if hourly PV generation data are available, could perform a comparative
analysis with hourly data from NIS emission or marginal factors.

5. Conclusions

This study presents a life cycle analysis of photovoltaic systems representative of the
different operational conditions in regions across Brazil. It was found that the average
energy payback time is between 3 and 5 years of operation. This result shows the feasibility
and viability of such investments in the Brazilian context. Despite the complexity and in-
tensive energy requirements for manufacture and the infrastructure needed for installation,
most PV systems in Brazil are expected to return the energy and life cycle emissions from
manufacture and installation within a short payback period.

This is usually the first analysis to advocate the adoption of a power generation
technology. However, the energy sector, as it is discussed in the introduction, is historically
one of the main producers of greenhouse gases. Renewable energy systems that produce
more carbon emissions during their life cycle than those avoided during their operational
lifetime could in reality aggravate global climate change, generating a vicious cycle of
increasing energy demand to compensate, mitigate, and adapt to climate change. Therefore,
it is essential to not only analyze the energy output and cost efficiency, but also integrate in
the analysis the environmental aspects and the full life cycle embodied carbon involved
with the adoption of a specific energy system too.

This study assessed the cradle to grave life cycle of PVSS from China installed in Brazil.
China is the main world producer of photovoltaic systems whereas Brazil is a country with
an electrical matrix that is already primarily based on renewable sources. In that case, it
was found that the life cycle carbon emissions payback time exceeded the life expectancy
of the PV systems in 2 out of the 10 installed plants assessed in this study. According to the
results, these two plants will not manage to offset their embodied carbon emissions, as they
generate electricity in the horizon of 25 years of their useful life with a carbon intensity still
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higher than the 2020 projected emission factor for the Brazilian electrical matrix. This is
mainly a result of the location of the PV systems and the offset of emissions (emissions
avoidance) from a grid with very low carbon intensity as it relies mainly in hydropower.

In countries like Brazil, this result, where PV systems will likely not compensate for
their embodied carbon emissions during their operational lifetime, leads to the realization
that the adoption of PVSS requires further careful analysis of the environmental impacts
related to their life cycle and there are instances where they could even have a negative
impact in net emissions at national and global level. It is however noted that Brazil has in
general a very high solar radiation potential but at the same time a very low grid carbon
intensity.

It is suggested, according to the findings, that public policies of unrestricted, uncon-
ditional stimulus to photovoltaic systems investment might not help towards reducing
emissions at countries with a low carbon emission electric matrix and at global level. Such
policies are often copied from other, notably developed countries, where the conditions
of use and the carbon offsets are significantly different. Those policies when horizontally
applied without appropriate environmental analysis, as proposed by this study, can actu-
ally result in “carbon imports”, even worsening the total net emissions balance in the long
term. That is also something to consider for other countries as the carbon intensity of their
grids will start reducing at levels similar to Brazil’s.

The northeast region in Brazil comprises most areas of high solar radiation and
unfortunately coincides with the least developed regions of the country. A national policy
to encourage PV capacity installation at the regions with the greatest solar radiation
potential needs to be implemented, with incentives to prioritize installation at the areas
with greater application efficiency.

In the near future, the manufacture procedures, the carbon intensity associated with
Chinese production lines and the origin of PV panels will play an important role to the
reduction of net global GHG emissions. Future research could examine the scenarios of
sourcing the PV panels locally or from other than China countries but cost considerations
and availability should be also considered among other factors. Current PV manufacture
in Brazil focuses only on final panel assembly processes, and other less energy intensive
processes than the manufacture. The most energy-intensive processes occur in other
countries, mainly in China. The higher cost of Brazilian electricity, labor, and local taxes
contributes to outsource manufacturing. Local production is still insipient to serve the
national market.

The manufacture of photovoltaic systems in countries with lower emission factors,
as well as the adoption of current PV panels in countries with electrical matrix with a
high emission factor, could help to achieve the necessary compensation of lifecycle-related
carbon emissions and contribute further to the reduction of net global GHG emissions.
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