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Introduction: Going a step further than quantifying environmental impacts, establishing the environmental and energy payback times of a wind turbine can significantly impact the planning of a wind farm. This study applies the Life Cycle Assessment methodology to a wind turbine and verifies its environmental and energy payback times.

Methods: The Life Cycle Assessment was developed with the SimaPro software, using the Ecoinvent database and the IPCC 2013 GWP 100y and Cumulative Energy Demand environmental impact assessment methods. The Life Cycle Assessment considered the extraction of raw material, production of parts and pieces, transportation, assembly, use, and decommissioning. Besides the material composition of the wind turbine, meteorological data was also utilized to calculate wind electricity production in Northeast Brazil. The environmental analysis and data on energy production were used to calculate the time required to recoup the energy and emissions due to wind electricity compared to the emissions of the electricity grid.

Results: The emission factor of wind electricity was 0.0083 kg CO2-eq/kWh, and the emissions associated with consumption of electricity from the Brazilian Electricity mix was 0.227 kg CO2-eq/kWh. Consideration of the energy consumed for the manufacture of the wind turbine yielded an energy payback of 0.494 years, and greenhouse gas accountancy led to a payback of 0.755 years.

Discussion: The results demonstrate that the payback periods are much lower than the lifetime of the wind turbine, highlighting the important role in addressing climate change and energy savings. The combination of Life Cycle Assessment and energy and environmental paybacks can be used to measure sustainability and deploy wind energy projects in locations with the shorter payback times.
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Introduction

The generation of electricity to supply human demands has always been one of the priorities of modern society. However, utilizing natural resources to meet these energy demands has not been carried out sustainably throughout the years (Pereira et al., 2022). As new energy conversion and supply technologies are developed, better use of resources and higher efficiency in electricity generation can be achieved. The efficient use of natural resources is aligned with the sustainability concept, aiming at resource consumption that considers the interests of future generations (Uysal et al., 2022).

In Brazil, annual National Energy Balances are published with data referring to the consumption and generation of electricity from different sources. According to the 2020 report (Energy Research Company, 2020), there was an increase of 1.4% in the share of electricity compared to the previous year, with a significant contribution of renewable sources. The contribution of renewable energy sources increased by 2.8%, which results in a 46.1% share of renewables within the Brazilian national electricity matrix. Wind energy production presented a 15.5% increase when comparing 2019 and 2020 (Energy Research Company, 2020), which benefits the environment, as it can displace the production of electricity from other sources with higher environmental loads.

Wind energy can be employed in low-carbon schemes and to decarbonize the electricity supply, and should be a leading technology in this transformation context due to its high performance, high availability, and fast decreasing costs (Simón-Martín et al., 2019). Even though wind turbines do not generate pollutants during operation, there are significant impacts on the environment during the production phase (manufacture of parts), construction, and decommissioning (Schreiber et al., 2019). In addition, wind turbines could influence the local microclimate (Stergiannis et al., 2021).

Reducing greenhouse gas (GHG) emissions is an essential factor for a country that wants to generate energy with less pollution. Brazil is one of the countries that have a significant percentage of low-carbon (“clean”) power in its energy matrix (Energy Research Company, 2020), which contributes to the achievement of goals established in international agreements, such as the Paris Agreement signed in 2015. In addition, Brazil presents national plans and public policies to reduce GHG emissions and mitigate climate change - following the premises established in the Paris Agreement.

One of the ways to reduce these environmental impacts is knowing the components required for the manufacture and construction of wind turbines and formulating an action plan for final disposal once the lifetime is over. This knowledge can assist in selecting materials and methods that decrease overall impacts. In this context, the Life Cycle Assessment (LCA) methodology can be employed, quantifying the environmental impacts and liabilities of a product, process, or activity (Ciacci and Passarini, 2020).

Although there have been studies developed to verify the environmental impacts caused by wind turbines in different locations (of which the most recent are Wang and Teah, 2017; Schreiber et al., 2019; Li et al., 2021; Teffera et al., 2021; Garcia-Teruel et al., 2022), different turbine configurations and different results were obtained. The general conclusion was that there are significant environmental impacts embedded in the construction (and manufacturing) phase of the parts and decommissioning.

Kaldellis and Apostolou (2017) reviewed studies published since 2000 and verified that most present energy payback time (EPBT, time to produce the amount of energy required for production and installation) under 1 year for onshore and offshore wind farms. Although annual mean energy production values are obtained, it is not clear whether all studies reviewed employed mean annual wind speed data. Overall, offshore facilities usually presented lower EPBTs, mainly due to higher wind speeds that enable higher generation (kWh/year).

Marimuthu and Kirubakaran (2013) calculated the environmental and energy paybacks of photovoltaic and wind systems in India, considering annual wind speed values. For a 1.65 MW turbine, EPBT was 1.12 years and GHG payback time (GPBT, period during which the system must operate to offset the emissions embedded in its production) was 50 days. Haapala and Prempreeda (2014) analyzed two 2 MW wind turbines using LCA and EPBT, and obtained that environmental impacts were concentrated in the manufacturing stage, accounting for 78% of impacts. The EPBT were 5.2 and 6.4 months, in which annual energy production was obtained via an estimated annual capacity factor. Dammeier et al. (2019) used hourly wind speed data between 1979 and 2013 and showed that the GPBT of wind turbines in northwestern Europe varied between 1.8 and 22.5 months.

Estimates for the GBPT of onshore wind projects employed annual wind speed averages, and ranged from 6 months to 2 years, but construction on forested peatlands could approach 6 years, which is still lower than the average lifetime of wind systems (Thomson and Harrison, 2015a). However, when expected decreases in grid emissions are considered, as mentioned by Thomson and Harrison (2015a,b), longer payback times are expected but should be achieved within the wind farm lifetime. It is expected that wind farms constructed on the forested peatlands of Scotland after 2022 might not achieve payback, and more research is required to verify how to minimize GHG emissions associated with construction at these locations.

The avoided emissions achieved by the operation of wind energy systems are usually obtained by comparison with fossil fuel-generated power plants (which could result in an overestimation) or with the electricity mix supplied by the national electric grid. However, wind actually displaces only the generators operating on the margin. Thomson et al. (2017) presented a methodology to isolate the marginal emissions displacement of wind power from historical empirical data, taking into account the impact on the operating efficiency of the conventional power plants operating in the UK. It was verified that wind power was almost as technically effective as demand-side reductions at decreasing GHG emissions from power generation.

LCA was emphasized by Stavridou et al. (2020) as crucial when assessing the actual contribution of wind energy systems to environmental protection, with the most important parameters being EPBT and GPBT. Two onshore wind turbine towers, a lattice tower and a tubular tower, were investigated and presented EPBTs of 4 and 5 months using the same capacity factors as Haapala and Prempreeda (2014). GHG emissions could be further reduced by saving material from the foundation and tower, which are the most energy-consuming components of the wind structure.

Although the aforementioned studies have considered EPBT and GPBT, few have considered both parameters simultaneously. Most studies have employed annual average wind speeds in their calculations, and none have been carried out in Brazil to date with the combination LCA + electricity forecast with daily wind speed data + EPBT + GPBT.

Daily wind speed data has been employed in recent studies, such as in wind power forecasting in Korea (Kim et al., 2022), Spain (Collados-Lara et al., 2022), and Brazil (Andrade et al., 2021). The study presented herein uses daily wind speed data to forecast wind electricity production and goes a step further in a different direction by combining the results with LCA, to provide environmental paybacks for a specific location.

This is the first study to employ daily wind speeds instead of annual values to calculate the environmental payback after a LCA is developed. Besides GHG accounting, the cumulative energy demand (CED) is employed as an additional environmental impact assessment method within LCA, to quantify the energy embedded in the wind turbine.

The objective of the study presented herein is to quantify the energy and GHG payback times for a wind turbine installed in Northeast Brazil. With these indicators, it is possible to quantify the potential benefits associated with the installation of renewable technologies, such as wind, in reaching specific environmental goals. It must be highlighted that although renewable energy is considered low-carbon, meeting specific emission targets depends on the local electricity mix that will be displaced. Moreover, the energy production is also affected by climate parameters and this could help decide on the most strategic location for the installation of a specific energy project, as achieving maximum or optimal energy production means a lower environmental payback time and higher environmental benefits. To this end, an LCA is developed considering the GHG emissions and cumulative energy demand associated with a wind turbine. Historical meteorological data and technical parameters are used to calculate its energy production. GHG emissions and CED are environmental indicators that evaluate the sustainability and environmental performance of renewable energy systems but have not been considered simultaneously in an LCA.



Materials and methods

LCA is a consolidated, validated methodology for quantifying potential environmental impacts associated with a product (process, service, or activity) throughout its life cycle (Hauschild et al., 2018). An LCA can encompass the extraction of raw materials, manufacture, processing, distribution, transportation, use, maintenance, and final disposal. LCA is standardized by the International Organization for Standardization (ISO 14040 - International Organization for Standardization, 2006; ISO 14044 - International Organization for Standardization., 2006) and consists of four main phases: definition of the objective and scope (definition of the functional unit – to which all inputs and outputs are related to –, its life cycle, and system boundaries), inventory analysis (list of material and energy flows associated with the functional unit), impact assessment (selection of environmental impact assessment method to quantify environmental loads), and interpretation. Industries often use LCA to improve processes, increase efficiency and reduce costs.

The LCA is developed herein with the SimaPro software 9.1.1.1 (SimaPro, 2020), with the Ecoinvent (2019) database version 3.6. Two environmental impact assessment methods are employed: i) IPCC 2013 GWP 100y (IPCC-Intergovernmental Panel on Climate Change, 2014) that groups GHG emissions in a common metric, CO2-eq, throughout a horizon of 100 years, and ii) cumulative energy demand (CED) version 1.11 (also called “primary energy consumption”), which has been one of the critical indicators being addressed in LCAs (Frischknecht et al., 2015). The CED covers the total amount of primary energy necessary to produce, use and dispose of a product, based on higher heating values (HHV) and encompasses non-renewable (fossil, nuclear, and biomass) and renewable (biomass, wind, solar, geothermal, and hydro) energy. Table 1 shows the material composition of the wind turbine.


TABLE 1 Wind turbine inventory.
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The wind turbine analyzed herein is a Gamesa onshore wind turbine, G8X model, with 2-MW rated power, 80 m rotor blade, and 5027 m2 sweep area (Gamesa, 2011). The city of Patos, Northeast Brazil, is the installation site. The environmental analysis encompassed the production of each component, transportation to the installation site, installation, start-up, maintenance, and final decommissioning, with waste disposal.

Regarding transportation, for the foundation, no transportation was considered. For the rotor, the tower, and the nacelle, mean distances were considered for road transportation: 700 km for the rotor, 810 km for the tower, and 2,860 km for the nacelle.

For the final disposal of the wind turbine, it is considered that all iron and steel are recycled with 10% losses, copper is recycled with 5% losses, while fiberglass, PVC, other plastics, and rubber are landfilled. For metals recycling, the mean distance in road transport was 20 km, while landfilled materials were transported for 82.5 km.

Removal of the foundation from the site would result in using heavy equipment and machinery, which could cause even more soil contamination and GHG emissions. Therefore, it was considered that the foundation was left behind, covered with 30 centimeters of organic soil.

Daily wind speed data for the Patos location were obtained from its climatological station (1975-2020) (National Institute of Meteorology - NIMET, 2020). Wind speed data were acquired at a reference height of 10 meters, as established by Brazilian standards NBR 6123 (Brazilian Association of Technical Standards, 1990). The wind speed must be recalculated considering the height of the hub, according to Equation 1 (Stiebler, 2008).
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v2 is the wind speed at height z2, which is the height of the hub; v1 is the average wind speed for a specific location; z1 is the reference height, at which speed v1 was measured; and z0 is the length of the roughness, characteristic of each site. Herein z2 = 80 m, z0 = 0.02 m (CRESESB, 2017), and z1 = 10 m.

The power produced by the turbine is calculated with Equation 2 (Stiebler, 2008).
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A is the sweep area (5,027 m2), ρ is the specific mass of air (1.2 kg/m3), and cp is the power coefficient (0.5). The method presented by Andrade et al. (2021) was employed to calculate the energy production from daily wind speed data.

The energy payback (EPBT) is the time that a system has to operate to generate the same amount of energy that was spent in its manufacture, assembly, installation, and final disposal. The time required to reset this energy balance is calculated by Equation 3.
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Eused is the energy used to manufacture the system, and Esaved is the energy generated over a year.

In addition to EPBT, it is possible to calculate the time required for the system to mitigate the GHG emissions from the wind turbine production, the GHG payback time (GPBT), given by Equation 4.
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EmissionsLCA is the total GHG emissions for the manufacture, installation, operation and disposal of the wind turbine (obtained via LCA), and AnnualEmissionsavoided is the annual avoided value of GHG emissions, calculated as the difference between the emissions that would be generated by consuming this electricity from the grid and the GHG emissions from the turbine. Turbineproduction is the amount of energy produced in kWh. EFee refers to the emission factor of the electricity consumed in the country (kg CO2-eq/kWh), and EFwind refers to the emission factor of the electricity generated by the wind turbine (kg CO2-eq/kWh). AnnualEmissionsLCA is the value of EmissionsLCA divided by the system's lifetime, considered 20 years (Wang and Teah, 2017).

The methodology presented by Carvalho (Carvalho and Delgado, 2017) was followed to calculate the GHG emissions associated with the consumption of 1 kWh of electricity from the electricity grid in Brazil (EF). Data from the National Electric System Operator (2020) was obtained. The first, fifteenth, and thirtieth days of the month were used to calculate monthly mean values, leading to the mean annual composition of the electricity mix in 2020: hydroelectric 66.67%, natural gas 9.28%, wind 9.15%, sugarcane bagasse 8.25%, nuclear 2.79%, coal 1.62%, fuel oil 1.55% and solar 0.69%.



Results and discussion

Table 2 shows the GHG emissions associated with each component of the wind turbine system, using the information from Table 1 and the disposal process considered for each element. The energy consumed in each phase is also shown in Table 2.


TABLE 2 GHG emissions per component and energy consumed in each phase.
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Regarding manufacture, the sub-components with the highest GHG emissions are the three blades, the footing, and the three sections of the tower.

The footing is constituted of 700 t of concrete and 25 t of iron. According to Gomes et al. (2019), concrete is a composition of mineral and chemical additives, water, and cement and is responsible for a considerable amount of GHG emissions. Approximately 4% of global GHG emissions can be attributed to cement, according to Andrew (2018). For the three sections of the tower, also constituted of steel, there are significant embedded emissions, as reported by the Brazil Steel Institute (2010): ~95% of the energy employed in its production originates from solid fuels (mainly coal).

Although the nacelle presented the longest distance for transportation, this component did not present the highest GHG emissions.

Regarding decommissioning, the positive values (blades, nose, and cover) shown in Table 2 refer to the landfill process. The negative values refer to the recycling processes of sub-components, which avoids producing new material despite consuming energy.

The CED column in Table 2 is better represented in Figure 1. The rotor presents the highest share of embedded energy. This result is similar to Martínez et al. (2009), where the authors explain that the rotor has the most significant impact due to the manufacture of the blades. Alsaleh (2017) reported that the tower had the highest energy share while the rotor had the lowest, but this can be explained by the separation adopted by the authors for the main parts of the wind turbine, which was different from the separation adopted herein.


[image: Figure 1]
FIGURE 1
 CED for the main parts of the wind turbine.


After recalculating the corrected values for daily wind speed for 80 m height using Equation 1, and calculating the daily power produced by the wind turbine with Equation 2, the monthly and annual energy produced by the wind turbine are obtained. Figure 2 shows the monthly mean wind turbine power for an operational year.


[image: Figure 2]
FIGURE 2
 Monthly mean wind turbine power.


The annual production of the wind turbine is 2,576.81 MWh. Consideration of the energy consumed for the manufacture of the wind turbine (Table 2, 1,272.17 MWh) and Equation 3 yields that EPBT = 0.494 years, which is equivalent to ~180 days, or 2.47% of the wind turbine's lifetime.

Regarding the environmental payback, Annual EmissionsLCA = 21,284 kg CO2-eq/year. Thus, EFwind = 0.0083 kg CO2-eq/kWh. Following the methodology of Carvalho and Delgado (2017), the emission factor of electricity consumed from the Brazilian grid is 0.227 kg CO2-eq/kWh. Thus, Equation 5 provides Annual Emissionsavoided = 563,653 kg CO2-eq over 1 year of operation. Finally, GPT = 0.755 years, which is equivalent to 276 days, approximately.

Compared with existing studies, the order of magnitude of the paybacks is similar. Rankine et al. (2006) evaluated a type of wind turbine called SWIFT (1.5 kW and hub height 10 m). These authors assessed different values of energy generated (1-2-3-4 MW) and obtained EPBT = 4.20-2.10-1.40-1.05 years and GPBT = 3.28-1.64-1.09-0.82 years. These times are longer than those obtained herein. Still, the authors argue that microgeneration can achieve lower carbon emissions by replacing electricity from the grid with that produced by small generators in a home (fewer emissions associated with the construction and maintenance of a national electricity grid).

Comparing the EPBT and GPBT results obtained herein with those presented in scientific literature, most are under 1 year, and all studies considered a 20-year lifetime. Differences in values could be due to different wind speeds, the electricity matrix of the country where the turbine is installed, methods used in the analysis, and individual characteristics of the turbines. One point that must be emphasized is that there are other positive effects associated with the existence and continued use of wind electricity, and often overlooked. The primary benefit is that wind electricity (as other renewable electricity) steadily reduce reliance on mainstream power generation (fossil-fuel based).

When placing the results obtained herein within a broader context, Figure 3 shows the installed capacity (MW) of wind electricity generation, in Brazil and Northeast Brazil, for 2018 and 2019. It is observed that Northeast Brazil holds the majority of installed capacity, with increasing penetration, demonstrating that the country is moving toward compliance with the Paris Agreement and to the diversification of the electricity matrix, consequently reducing the levels of GHG emissions.
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FIGURE 3
 Installed capacity (MW) of wind power generation in Brazil and the Northeast region. Source: National Electric System Operator (2020).


The environmental benefits of introducing renewable energy generation in the electricity mix has already been shown for Brazil regarding solar photovoltaic electricity (Carvalho and Delgado, 2017; Schultz and Carvalho, 2022) – and wind electricity has the potential to realize further benefits. During the UN Climate Change Convention in 2015, Brazil voluntarily committed to reducing carbon emissions by 2020 (Brazilian Ministry of the Environment (ME)., 2022). The National Energy Balance (Energy Research Company, 2020) shows that the installed capacity for wind generation in 2020 expanded by 6.9% compared to 2019. The implementation of renewable energy schemes has a strong influence on this decrease in emissions. This can be demonstrated by comparing the carbon emissions required to produce 1 MWh in 2015–2020 (according to the reports presented by the Energy Research Company): there was a 34% reduction in emissions, from 137 kg CO2/MWh to 90 kg CO2/MWh. This represents an increase from 12,210 GWh to 55,986 GWh of energy generated by wind sources. Furthermore, there was also a reduction in the share of non-renewable sources from 60.6 to 53.9% for the same period.

According to the Brazilian Business Council for Sustainable Development (BBCSD, 2020), the 2015 Paris Agreement established that the signatory countries were committed to reducing global warming, which is accomplished directly through the actions implemented by each government. Of the 38 participating companies, 21 are Brazilian or have information on the levels of emissions in Brazil (BBCSD, 2020) – this evidences a clear understanding that the improvement of services and actions have a direct impact on the environment, and electricity generation is one of the main areas that have a significant influence on this factor.

Regarding the Paris Agreement, Brazil established the National Determined Contribution (NDC) in 2016, a national commitment that sets targets for reducing GHG emissions by 37% by 2025, compared to the levels emitted in 2005 (AdaptaCLIMA, 2017). In addition, the reduction could reach 50% by 2030, also compared to the levels emitted in 2005, which was officially assumed as an objective by the Brazilian Ministry of Foreign Affairs (MFA) (2021) and the official document sent to the public registry of NDC communications of the signatory countries of the Paris Agreement (National Determined Contribution, 2016, 2022). Brazil also set the “objective of reaching climate neutrality in 2050” (Gomes and Rodrigues, 2020; National Determined Contribution, 2022).

Also, in the official National Determined Contribution (2016) published, Brazil intends to increase the share of renewable sources in the energy matrix up to 45% by 2030, including the expansion of renewable sources (other than hydropower) from 28 to 30% for 2030. The domestic use of energy from non-fossil sources is also expected to increase by at least 23%, employing wind, biomass, and solar.

In 2009, the country also presented the National Policy on Climate Change, with plans and actions to mitigate or adapt to climate change in accordance with the 2015 Convention. Some of the measures include deforestation control, energy expansion, emission reduction in the steel industry, low emissions in agriculture and the manufacturing industry, mitigation of GHG in the transport and mobility sector, and mitigation of GHG in the health sector (Brazilian Ministry of Science, 2016).

With all these plans and agreements signed by Brazil, the country is moving toward better energy management in reducing emissions and implementing public policies to encourage using renewable sources to achieve these goals.

Regarding the GHG emissions associated with thermal generators on standby for backup, it was considered herein that all energy generation technologies (e.g., coal, gas, nuclear, wind, solar) must be supported by other generators with similar backup requirements. Therefore, the associated GHG emissions are minimal (National Renewable Energy Laboratory – NREL, 2013; Broeer et al., 2018).

Wind electricity, characterized by a lower amount of embedded energy and higher conversion efficiency, is becoming increasingly popular. At the same time, different options of energy conversion and supply systems are being developed, motivating further research on the energy payback and environmental performances of each technology. Environmental assessments of this kind are typically developed after an in-depth analysis of wind resource potential, which should investigate the short-term penetration of regional wind power (such as in Nedaei et al., 2018). Green tags can further motivate the reduction of GHG emissions. These incentives are in the spotlight because they enhance the viability of renewable energy projects, being excellent alternatives for investments in wind energy projects, which can be sold, bartered, or traded (Nedaei et al., 2020).

Finally, although it is well-known that wind electricity is a low-carbon option, considerations on the installation of wind power plants should include the production of electricity throughout the lifetime of the project. EPBT and GPBT can be affected by technology type, efficiency, wind speed, and the electricity mix (or the portion of materials used in electricity production).Given the importance of climate change, A case point is made herein to adopt GPBT to complement viability assessments, emphasizing the time required to recoup the emissions due to wind electricity compared to the emissions of the electricity grid.

Although traditional energy policies have employed economic paybacks to assist in the decision-making process, environmental paybacks such as EPBT and GPBT can provide a life-cycle approach and are valuable to promote discussions on the improvement of policies. Based on the results herein presented, different locations can be tested for the installation of a wind farm and ranked on the basis of GPBT. The ranking results suggest the locations where (new, improved) policies could be used to provide environmental benefits. The selection of locations with shorter EPBT and GPBT will realize more environmental benefits compared to consuming electricity directly from the grid.



Conclusion

The environmental performance of wind electricity is usually determined by a Life Cycle Assessment (LCA). The environmental impact depends on the amount and type of materials and energy employed to build and maintain the wind turbine, the electricity produced over its lifetime, and also on the local electricity that is being displaced. This is the first study to report energy payback time (EPBT) and GHG payback time (GPBT) for a Northeast Brazil location, combining LCA and electricity forecast with daily wind speed data.

Consideration of the energy consumed for the manufacture of the wind turbine yielded EPBT = 0.494 years (~180 days, or 2.47% of the wind turbine's lifetime). The emission factor of wind electricity was 0.0083 kg CO2-eq/kWh, and the emissions associated with consumption of electricity from the Brazilian Electricity mix was 0.227 kg CO2-eq/kWh. The GPBT was 0.755 years (equivalent to 276 days). The results demonstrate that the payback periods are much lower than the lifetime of the wind turbine, the important role of EPBT and GPBT in addressing climate change and energy savings.

The combination of LCA, EPBT and GPBT can be used to measure sustainability and deploy wind energy projects in locations with the shorter EPBT and GPBT. Despite the increasing research on energy and environmental aspects associated with wind power in Brazil, there is a lack of studies on EPBT and GPBT.

It is vital to extend studies on wind energy, such as expanding data collection for more cities in northeastern Brazil. The combination of LCA, EPBT and GPBT can provide location-specific predictions of the environmental impacts for wind turbines. In this way, it would be possible to analyze and actually quantify the potential to mitigate GHG emissions and its wind electricity generation capacity. Further refining of wind speed data, employing hourly speeds, could be tested to verify the potential improvement in the precision of annual energy production values, leading to more accurate paybacks.
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