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Abstract

:

Global wind resources greatly exceed current electricity demand and the levelized cost of energy from wind turbines has shown precipitous declines. Accordingly, the installed capacity of wind turbines grew at an annualized rate of about 14% during the last two decades and wind turbines now provide ~6–7% of the global electricity supply. This renewable electricity generation source is thus already playing a role in reducing greenhouse gas emissions from the energy sector. Here we document trends within the industry, examine projections of future installed capacity increases and compute the associated climate change mitigation potential at the global and regional levels. Key countries (the USA, UK and China) and regions (e.g., EU27) have developed ambitious plans to expand wind energy penetration as core aspects of their net-zero emissions strategies. The projected climate change mitigation from wind energy by 2100 ranges from 0.3–0.8 °C depending on the precise socio-economic pathway and wind energy expansion scenario followed. The rapid expansion of annual increments to wind energy installed capacity by approximately two times current rates can greatly delay the passing of the 2 °C warming threshold relative to pre-industrial levels. To achieve the required expansion of this cost-effective, low-carbon energy source, there is a need for electrification of the energy system and for expansion of manufacturing and installation capacity.
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1. Introduction


Current global greenhouse gas (GHG) emissions (including those from land-use change) of 59.1 GtCO2e are dominated by fossil fuel combustion (38.0 GtCO2) associated primarily with electricity and heat generation (24% of GHG emissions) plus transformation and fugitive emissions (10%) [1]. As 189 countries seek to implement the Paris climate agreement to reduce emissions of GHG including carbon dioxide (CO2) and limit the increase in global temperature from the pre-industrial baseline (ΔT) to 2°C or less, decarbonization of the energy sector is a major goal [2].



The maturity of the wind energy industry with low-cost, low-carbon electricity generation means that the growth of wind energy penetration into global electricity generation systems has long been recognized as a potential mechanism to reduce climate forcing [3]. Over the past two decades, wind energy deployed on land has become the cheapest source of electricity generation [4]. Accordingly, many countries have ambitious plans to expand both onshore and offshore wind energy installed capacity as well as further exploiting solar energy resources [1].



In earlier work (2014), we explored whether the enhanced deployment of wind energy could substantially impact climate change trajectories. We concluded that, with ambitious wind energy scenarios, it was possible to “buy time” to delay passing a 2 °C warming temperature threshold that was of the order 1–10 years, depending on the overall emissions scenario [3]. As CO2 emissions continue to accumulate in the atmosphere, we updated the conclusions in 2020 to show advanced wind energy scenarios could still delay exceeding the 2 °C threshold by up to 5 years, and, by 2050, reduce cumulative emissions by ~154 GtCO2 [5]. In light of the rapidity of changes in national and global ambitions to reduce anthropogenic forcing, here we revisit this issue. We characterize recent growth trends in the wind energy industry and present analyses to quantify the mitigation potential from wind-derived electricity in the rapidly evolving context of new global aspirations and regional policies and targets.




2. Methodology


To assess the future climate change mitigation potential of wind energy we begin in this section by, documenting the assumptions upon which the climate change mitigation potential are predicated. Accordingly, we start by describing the current status of the energy sector and its related GHG emissions. In the following sub-section, we detail current energy demand and related metrics, focusing on the top four GHG emitters (China, US, EU+UK and India) that contribute over 55% of total non-land use change related global CO2 emissions [1] (Table 1). These four also have the largest TPES and electricity use (Figure 1 and Table 1), closely followed by Russia and Japan. Following that, we summarize current climate pledges focused on those from the four areas. To assess how much wind energy expansion is feasible to 2050, we start by documenting historical trends of wind energy deployment and then detail near-term plans. For the future period (beyond 2025) we quantify plans for expansion of on- and off-shore wind turbine deployments by country and examine scenarios of potential wind energy deployment developed by non-governmental agencies. We conclude this section by briefly summarizing the IPCC socio-economic pathways and RCP scenarios.



2.1. Energy and GHG Emissions


Energy use is a key driver of global atmospheric carbon dioxide concentrations. The International Energy Agency (IEA) states “CO2 emitted from coal combustion was responsible for over 0.3 °C of the 1 °C increase in global average annual surface temperatures above pre-industrial levels. This makes coal the single largest source of global temperature increase” [7]. Overall total primary energy supply (TPES) is continuing to grow. Annual TPES increased from 6908 million tonnes of oil equivalent (Mtoe) in 1973 to 14,282 Mtoe in 2018. This equates to an annualized rate of increase of ~3.7% and includes increases in demand for coal, natural gas, and oil leading to an increase in energy-related CO2 emissions by 1.7% to 33.1 GtCO2 in 2018 [7] (Figure 1).



The contribution to energy supply from electricity has also grown over recent decades from 6131 TWh (9.4% of TPES) in 1973 to 26,619 TWh in 2018 (19.3% of TPES) (an increase of 7.4% per year) [6]. This trend towards electrification, e.g., the use of electric vehicles and in industrial processes is likely to enable both increasing reliance on renewable energy sources and reductions of GHG emissions. Although the recent growth of renewable energy for electricity generation is substantial, in absolute terms fossil fuels remain the overwhelmingly dominant component of energy demand in every area, and globally (Figure 1). Transport comprises ~36% of energy demand and contributes ~24% of global GHG emissions [6]. According to some estimates, by 2040 the share of renewable energy sources needs to increase from 3.5% to 19% in the transportation sector, 10% to 25% in the provision of heat and 25 to 67% in electricity in order to be on track to meet climate goals and reduce air pollution [7].



Although hydroelectricity currently dominates renewable electricity generation (4325 TWh, around 16% of total electricity supply) [6], the largest growth rates and most future scenarios envisage major expansion in wind and solar energy [7]. GHG emissions from wind energy are estimated to be 14.5–28.5 g CO2e per kWh of electricity generated compared to 360–1259 g CO2e per kWh for fossil fuel generation [8]. Some estimates of lifetime GHG emissions from wind turbines deployed onshore are 7 g CO2e per kWh while some estimates for offshore deployments are 11 g CO2e per kWh [9]. Given the market readiness and low cost of electricity generation from wind turbines, we focus here on wind energy and examine how current plans for expanded use of this technology will/could contribute to meeting GHG emission reduction goals.



Note, in synthesizing data across multiple sources, agencies and countries there are inevitably some inconsistencies and simplifying assumptions that must be invoked. For example, while data presented here for the IPCC RCP denote total GHG emissions expressed at the mass of carbon dioxide equivalents (CO2e) because most GHG emissions from fuel combustion are in the form of carbon dioxide, where energy-related GHG emissions (or avoided emissions) are presented they are for CO2 only. Furthermore, in order to equate emissions from different fuel types, some assumptions about energy content and/or electricity generation efficiency and/or GHG emission rates must be made. For example, the following conversion factors are employed; Combustion of 1 Mtoe produces approx. 4.4 TWh electricity; production of 1 barrel of oil per day = 49.8 tonnes of oil per year; 1 bcm gas = 0.86 Mtoe; 1.5 tonnes of hard coal or 3 tonnes lignite and sub-bituminous coal (average 2.25 tonnes) = 1 tonne oil [10].




2.2. Pledges and Targets


Since adoption of the Paris accord of United Nation Framework Convention on Climate Change (UNFCCC) based on Nationally Determined Contributions (NDC), there were both political and market factors moving towards the decarbonization of not just electricity generation but the entire energy sector. A total of 145 of the 194 submitted NDCs include renewable energy and 109 have a quantified target for renewables [11,12] to reduce GHG emissions [13] (Table 2). By April 2021 44 countries plus the European Union (EU) pledged to meet the net-zero emissions target, most by the year 2050. These countries account for about 70% of global CO2 emissions but, even if fully realized, these changes will be insufficient to limit global warming to 1.5 °C [14].




2.3. Growth of Wind Energy


2.3.1. Wind Energy Industry Historical Trends


Wind turbines are deployed to harness wind resources in over 90 countries. By 2020, 742 GW of wind energy capacity was installed, 35 GW of which was offshore (Figure 2) [11]. As of the end of 2020, 12 countries have an installed capacity (IC) above 10 GW, and twenty have IC above 5 GW [11]. As shown in Figure 2, IC is dominated by Asia (principally China with 288 GW), Europe (largest contributor; Germany 62 GW) and North America (dominated by the USA with 122 GW) [11]. IC increased at a mean annualized rate ~14.2% between 2006 and 2020.



Consistent with the increase in IC, wind energy electricity production expanded from 104 TWh in 2005 to 1273 TWh in 2018 [6]. In 2019, wind energy generated approximately 6.5% of 26,600 TWh global electricity demand [11] with six countries generating more than 20% of demand. The UK, Germany and Spain are close to achieving 20%, ten countries more than 10% and China reported close to 5% of electricity supply from wind energy [21]. Denmark has the highest penetration of wind-generated electricity of 47%, which is 32% in Ireland and 27% in Portugal [21]. In 2020, wind energy produced 459 TWh of electricity in Europe from 220 GW of wind energy IC. Wind-derived electricity production in the EU27 was 382 TWh in 2020. The USA generates 8.4% of its electricity from wind (2020) with wind contributing nearly 25% in six states [22]. Current wind penetration levels of electricity generation compare favorably with other sources. For example, approximately 10.2% of global electricity supply derives from nuclear, 16.3% from hydroelectric plants, 3.3% from oil, 22.9% from natural gas and 38.3% from coal [23].



In the following sections, we document the near-term expectations for expansion of the wind energy IC and examine the plans for the long-term growth of wind-derived electricity generation in the context of the global energy supply for the top GHG emitters.




2.3.2. Near-Term Trends in Wind Energy Deployments


60 GW of wind energy installed capacity was added in 2019 [11]. In a 2019 report by the International Energy Agency (IEA), global annual net wind capacity additions were projected to be 65 GW by 2020 and 68 GW in 2021 (including 7.3 GW of net capacity additions offshore) [24]. Despite the COVID-19 pandemic, 92 GW of installed capacity was actually added in 2020 [11]. The Global Wind Energy Council (GWEC) anticipates even larger annual increases of nearly 94 GW until 2025, including 70 GW offshore over the period 2021–2025 from IC of 35 GW in 2020 [11].



The current growth in wind energy IC is not even across each region. Most regions, including the USA, follow closely the global mean annual increase of 14% (Figure 2). In the USA, IC reached 122 GW at the end of 2020 with an annual record installation of nearly 17 GW. The European Union (EU), which already had an IC of 48 GW in 2006, increased at 7% per year reaching 219 GW in 2020. In 2020 14.7 GW of new IC was installed in the EU. IC increased in Asia from 2006–2020 by over 19% per year. Annual installations in China exceeded 48 GW in 2020 as the market accelerated to beat the deadline in the transition to subsidy-free onshore wind [11].




2.3.3. Future Wind Energy Pledges and Targets from National Governments


Global annual increases in wind energy IC are approaching 100 GW [11] with IC in individual countries/regions increasing at annual rates of 3–18% (Table 2). While impressive, this progress appears to be too slow to meet climate goals. The current rate of the annual increase in wind energy installed capacity of 15 GW in Europe (Table 2) is widely regarded to be insufficient to deliver the Green Deal and climate neutrality by 2050 [25]. WindEurope suggests that to meet the new 55% climate targets that would require annual installation of almost twice as much (27 GW) [25,26]. The path to climate neutrality by 2050 as currently envisaged by the EU relies on increasing electrification from 2760 TWh/y today to meet 75% of energy demand (i.e., generation of 6800 TWh/y in 2050). It is proposed that wind turbines deployed onshore will generate 2300 TWh/y, and an additional 1200 TWh/y will be supplied by offshore wind IC [26]. The amount of IC needed to meet these electricity generation goals is a strong function of the assumed electricity generation efficiency. Assuming no increase in the efficiency of next-generation wind turbines and thus capacity factors (CF) of 34% and 43%, respectively for onshore and offshore wind [27], this represents approximately 770 GW IC onshore and 320 GW IC offshore. Assuming the projected increase in capacity factors to 45% for onshore wind and 50% for offshore wind, the required IC is 580 GW onshore and 270 GW offshore. Both would require a faster rate of expansion of wind energy installed capacity (~21–28 GW/y) than is currently being realized (15 GW/y, Table 2) but lower than the rate that some deem possible [28]. According to government pledges, 105 GW of total new wind power IC will be achieved by 2025 (75 GW by the EU27) [28]. The UK strategy relies on the expansion of offshore wind IC from around 10 GW currently [28] to 40 GW by 2030 [20], which would require considerable acceleration of the current rate of increase in IC of 0.48 GW/y in 2020 [28].



While China reached the levels of its intended annual wind IC increase of 50 GW in 2020, wind energy IC growth may fall as the Feed-in Tariff expires and is replaced by an Emissions Trading Scheme [11]. Nonetheless, it indicates that 50 GW of annual installation as planned is achievable in China.



In 2015 the U.S. Department of Energy (DoE) updated its strategic vision for wind energy [29]. The DoE Study Scenario sets out wind deployment levels to IC of 113 GW by 2020 to supply 10% of electricity. It further sets out wind deployment levels of 224 GW by 2030, and 404 GW by 2050 [19,29] (Table 2). The 2020 IC target was met and indeed slightly exceeded. The IC was 122 GW at the end of 2020 [30]. Unfortunately, in 2019, wind energy supplied 296 TWh of total electricity generation or 7.2% of the total 4128 TWh. Thus, penetration of the electricity supply fell short of the specified goal due largely to unexpected large growth in electricity demand. The 2015 DoE wind vision proposed 20% of electricity supply from wind in 2030, and 35% in 2050 when electricity demand is expected to be 4900 TWh/y. Assuming a CF of 48%, to reach the 35% goal by 2050 (i.e., wind-generated electricity of 1715 TWh/y), requires around 404 GW of wind energy IC by 2050. Given IC was 122 GW at the end of 2020 [30], achieving 404 GW of wind energy IC would require annual additions of IC of around 10 GW/y. This is below the record rate of nearly 17 GW achieved in 2020 [30]. At this rate, the IC goal for 2030 can be passed in 2026 and the 2050 goal by 2037. A separate goal of 30 GW of offshore wind IC by 2030 was announced in early 2021 [17].



With the installation of around 1 GW wind IC in 2020, India looks unlikely to fulfill its current plan of 65 GW by 2022 (from 39 GW in 2020) and would need massive investment to reach the planned 450 GW by 2030 [11] (Table 2 and Figure 3).




2.3.4. Future Wind Energy Scenarios from Non-Governmental Organization


Implementation of the current NDC would lead to only a 3.6% annual increase in deployment of wind energy over 2015–2030 compared to the 8.5% per year realized between 2010 and 2016 [12]. Hence several agencies have proposed wind energy IC and electricity generation targets that are more ambitious.



For example, the International Energy Agency (IEA) Announced Pledges Case (APC) is designed to keep GHG emissions down to 22 GtCO2/y by 2050 and includes about 12,000 TWh/y from wind energy by that date. Under the IEA Stated Policies (STEPS) scenario, offshore wind IC increases to about 180 GW in 2030, and 380 GW by 2050, while the IEA Sustainable Development Scenario (SDS) increases offshore wind IC to 220 GW in 2030 and 590 GW by 2050 [31]. GHG emission reductions under the IEA Stated Policies Scenario (STEPS) and the more ambitious IEA Announced Pledges Case (APC) scenario are substantial but neither scenario limits ΔT < 1.5 °C or achieves net-zero global emissions [14]. Under the IEA net-zero emissions scenario from the energy sector (IEA NZE) global energy-related and industrial process CO2 emissions fall to around 21 GtCO2 in 2030 and to net-zero in 2050. This scenario requires TPES to fall by 7% from 2020 to 2030 and for ~50% of energy supply to be in the form of electricity, 88% of which is derived from wind and solar [14]. Under this ambitious scenario, annual wind energy IC additions reach 390 GW/y by 2030 (from 114 GW/y in 2020), leading to around 8000 GW wind IC by 2050 [14] (Figure 3 and Figure 4). Since the GWEC scenario [11,16] is similar to IEA NZE we assume that its impact can be inferred from those scenarios and call the scenario IEA NZE/GWEC (Figure 4).



Similar scenarios were also developed by other organizations. IRENA describes a reference case based on current plans (global emissions falling from around 35 GtCO2/y in 2030 to 33.1 GtCO2/y in 2050) and a Renewable Energy Roadmap (REmap) case designed to keep the global temperature rise from pre-industrial levels (ΔT) to less than 2 °C with emissions falling to 24.9 GtCO2/y in 2030 and 9.8 GtCO2/y by 2050 [27]. In REmap wind energy generates 35% of electricity by 2050 [12,27]. The share of wind-generated electricity is expected to increase from 4% in 2020 to 21% and 35% in 2030 and 2050 globally, respectively. Equivalent country-specific figures (2020, 2030 and 2050) for the wind contribution to total electricity are; 11, 37, 55 for the UK; 4, 29, 51 for China; 6, 28, 46 for the USA; 9, 24, 40 for the EU28 (EU27+UK); 4, 19, 23 for India [27]. REmap projections from IRENA for onshore IC would realize 5044 GW onshore (including China 2000 GW, USA 840 GW, India 300 GW, Europe 483 GW) and 1000 GW offshore [27] (Figure 3). IRENA indicates global annual new IC including repowering (see description in Section 4.3) increasing from around 50 GW/y in 2018 to 147 GW/y in 2030, stabilizing at 200 GW/year from 2040–2050 [27]. China’s onshore wind installed capacity would grow from 205 GW in 2018 to almost 2150 GW in 2050 [27]. USA grew from 94 GW in 2018 to 857 GW by 2050 [27] and Europe from 161 GW to 406 GW by 2050 [27]. In these scenarios, the overall IC for wind energy could expand over 10 times from current levels by 2050, generating the amounts of low-carbon electricity needed to substantially contribute to climate change mitigation.





2.4. Emission Scenarios and Related Global Temperature Increases


The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report [32], suggests that limiting global temperature increase above pre-industrial levels (ΔT) to less than 1.5 °C “would require major reductions in greenhouse gas emissions in all sectors” [33]. Assuming cumulative emissions to 2017 of 2200 GtCO2 this indicates approximately 580 GtCO2 can be added prior to exceedance of 1.5 °C warming [33]. The IPCC Fifth Assessment Report includes a number of the Representative Concentration Pathways (RCP) [34] that can be used to examine how scenarios of GHG emissions may influence future climate states. These RCP scenarios are based on different Socio-Economic Pathways and thus include assumptions about the transformation of the energy system. However, none are as ambitious as the scenarios articulated by IRENA, IEA and increasingly by national governments.



GHG concentrations initially grow under all four RCP [34] (Figure 5a) with the major divergence between the scenarios and emission pathways occurring after 2040. There is an approximately linear relationship between peak global mean temperature and cumulative emissions of carbon (transient climate response to cumulative emissions of carbon, TCRE) which we assume here to be ΔT = 0. 54 °C per 1000 GtCO2 [3] which falls within the “likely range” 0.2–0.7 °C per 1000 GtCO2 [33] (Figure 5b).





3. Results


3.1. Wind Energy Global Climate Change Mitigation Potential


In this section, we present results for climate change mitigation computed for the implementation of three wind energy scenarios to 2050 based on Current National Pledges (NDC) (Figure 3a), IRENA and IEA NZE and their impact GHG emissions and related global temperature changes from pre-industrial levels (ΔT) (Figure 5). In order to do so we invoke several assumptions:




	
We use the IPCC emissions scenarios to provide total cumulative GHG emissions to 2100 for a number of different RCPs [33]. Note, the current emissions trajectory is closest to RCP 8.5 [35].



	
To avoid double counting, GHG emission reductions associated with the implementation of wind energy in the IPCC scenarios are removed as in [3] and [5]. This process is shown as IPCC minus wind in Figure 6. Assumptions regarding the wind energy IC under each IPCC scenario (RCP 2.6, 4.5, 6.0 and 8.5) are estimated to avoid 2.5, 2.7, 0.74 and 1.5 GtCO2e/y, respectively. The more aggressive wind energy expansion scenarios are then implemented in each RCP to generate new estimates of global CO2e emissions (Figure 6).



	
To estimate avoided emissions, it is assumed that wind energy replaces electricity generation that is typified by the USA energy mix in 2013 in terms of emissions of carbon dioxide equivalent per unit of electricity produced. Thus the avoided emissions of CO2e are around 0.64 kg/kWh or 0.64 mt/TWh [29].



	
To convert wind energy IC in GW to electricity generation in TWh, wind energy capacity factors (CF) are used. CF for onshore wind turbines is currently 34% and is expected to increase for onshore wind turbines to over 42% by 2030 and 45% by 2050. Equivalent values for wind turbines deployed offshore are currently 43%, increasing to over 45% by 2030 and to over 50% by 2050 [27].



	
The annual rate of increase in wind energy IC in 2050 is assumed to continue over 2051–2100.








Because GHG accumulate in the atmosphere and have lifetimes of many years, and wind energy expansion is also incremental through time, implementation of expanded wind energy scenarios has only a very small impact on near-term cumulative emissions and climate forcing but has increasing influence on climate futures by the end of the century. Based on current emissions and the IPCC RCP8.5 pathway in which TPES and associated emissions continue to grow, ΔT cannot remain below 2 °C (Figure 6). Implementing any of the wind energy expansion scenarios (NDC, IREA and IEA NZE) in this IPCC RCP all fail to prevent global temperature rises above 2 °C in <30 years (Figure 6). However, the longer-term use of the more advanced wind energy scenarios makes an important contribution to the annual and cumulative GHG emissions and resulting climate forcing. The most aggressive deployment scenario reduces CO2 emissions by around 5 GtCO2e/y by 2030 and by over 10 GtCO2e/y by 2050 [14]. Employing the most ambitious wind energy scenarios where installed wind energy capacity is more than 10 times the present value by 2050 will reduce ΔT by up to 0.7–0.8 °C. Even adopting wind energy at the level of current pledges will lower ΔT by 0.3–0.4 °C at the end of the century. In both more moderate emission scenarios where significant action is undertaken to reduce GHG emissions (IPCC RCP 6.0 and 4.5), ΔT passes the 2 °C threshold within 30–50 years, unless further action is taken, e.g., as here by a more rapid increase in renewable energy in the IEA NZE/GWEC scenarios. Taking the most ambitious GHG emission reduction pathway (RCP2.6) with the IEA NZE/GWEC wind energy scenario can reduce ΔT to well below 1.5–2 °C and achieve even less warming by the end of the twenty-first century. However, this pathway requires urgent and significant lifestyle changes substantially beyond the decarbonization of energy supply.




3.2. Wind Energy Impact on Regional GHG Emissions


As expressed above, four countries/areas; China, Europe (EU plus UK), the USA and India are critically important to historical and future global GHG emissions. In this section, we describe possible impacts from achieving Nationally Determined Contributions (NDC) (current pledges) and implementing IRENA regionally-discretized wind energy scenarios [27] on impact national/regional GHG emissions and contextualize those in the historical emissions and post-COVID-19 current policies.



Over the last three decades, these countries and the EU have shown markedly different trajectories in terms of energy-related GHG emissions, with increases in China and India but declines in EU+UK and fairly constant (but varying) CO2e emissions in the USA (Figure 7). The EU plus UK already have net zero emissions targets that include a large contribution from wind energy (and other renewables) which are nearly equivalent to projections in the IRENA advanced scenarios. The USA has high current CO2 per capita emissions from energy but is anticipating declines in GHG emissions under the post-COVID-19 current policies (Figure 7, Table 3). The Chinese government is discussing net zero emissions by 2060 but likely would benefit from a more aggressive wind energy scenario. India has committed to greatly expanding the use of wind energy. Thus, these four countries that currently have a relatively large proportion of global GHG emissions are, to varying degrees, also committing to future wind energy development that will substantially reduce emissions by 2030 and 2050, assuming that these pledges are fulfilled.



The analysis of future energy-related GHG emissions is based on the following methodology and assumptions:




	
Historical and near-term future emissions to 2030 are based on estimates provided by the Carbon Tracker think-tank (https://carbontracker.org/ Date of access 30 July 2021) and include high-low envelopes derived from post-COVID-19 current policies [36].



	
For dates after 2030, we compute avoided GHG emissions that would be realized if the given country/area were to enact in full their pledges (NDC) or enact those pledges plus any additional impact from the IRENA country-specific scenario projections for expansion of wind energy installed capacity and electricity generation above what is codified in the NDC. To avoid double-counting in the NDC plus IRENA calculations for the USA and China only the excess wind energy IC from IRENA (above the NDC) are included. Equally, because the IRENA region/country projections for wind energy in the EU+UK and India are slightly below those noted in the NDC the NDC+IRENA calculation is performed using the wind energy IC expansion from IRENA and not the more ambitious NDC.



	
To estimate avoided emissions, it is assumed that wind energy replaces electricity generation that is typified by the USA energy mix in 2013 in terms of emissions of carbon dioxide equivalent per unit of electricity produced. Thus the avoided emissions of CO2e are ~0.64 kg/kWh or 0.64 Mt/TWh [29].








In the short-term (to 2030), under post-COVID-19 country/EU policies, GHG emissions are projected to increase or remain similar to 2018 values in the EU+UK and the USA (Figure 7). The rate of increase in GHG emissions from China is expected to slow and then stop increasing, while in the near term, emissions from India are projected to continue to increase. After 2030 realizing NDC would result in marked declines in GHG and use of the IRENA scenario for the USA would markedly enhance emission reductions from those in the NDC (Table 3 and Figure 7).



Using the IRENA scenario [27], the four countries/area (USA, Europe, China and India) would need to expand capacity by over 4000 GW and the rest of the world would need to commit to developing over 1000 GW of on- and off-shore wind to bring about GHG reductions of more than 10 GtCO2 per year by 2050. This would constitute an important part of the transition to a lower-carbon energy future.




3.3. Uncertainties in the Modeling


Estimating the potential contribution of wind energy to climate change mitigation requires a range of assumptions regarding the socioeconomic, energy and climate systems. The projections thus include both socio-economic uncertainties and physical modeling uncertainties which are described below.



The global COVID-19 pandemic presents a dramatic example of the uncertainty in modeling future GHG emissions. There was an unprecedented 5.8% decline in CO2 emissions in 2020 which is expected to rebound to close to 2019 levels in 2021 [14]. The IPCC emission scenarios are designed to capture some of the uncertainty in projecting changes in socioeconomic conditions and population, GHG emissions and climate response [34]. The IPCC scenarios considered here include a wide range of projections by the end of the century; from annual emissions of −3.4 GtCO2e in RCP2.5 to over 105 GtCO2e in RCP8.5. We consider wind energy IC expansion scenarios that also encompass a range of possibilities that would lead to avoided GHG emissions of ~4–5 GtCO2e by 2030, increasing to around 10 GtCO2e in 2050 under current pledges to over 20 GtCO2e for the more advanced expansion scenarios.



Key uncertainties in the climate change mitigation potentials presented in this work derive from:




	
The use of capacity factors (CF) for on- and off-shore wind energy describes the efficiency of electrical power production. Actual CF are dictated by physical variables such as the wind speed probability distribution at a given location and also to the physical dimensions of installed wind turbines (such as hub height and rotor diameter that tend to increase over time [37]). Further, wind turbine performance can decline over time as the technology ages [38]. CF are also determined by operational factors such as curtailment for grid management [39].



	
Use of a fixed factor for avoided emissions of CO2e of 0.64 kg/kWh when it is likely that these vary both by region and over time [29].



	
Using current projections and pipelines assumes that plans and targets for wind energy deployment will be realized. After 2030, uncertainty increases and by 2050 there is no available information regarding future expansion rates so it is assumed here that annual wind energy deployments continue at the level achieved in 2050.








Based on the possibility that wind energy can substantially contribute to both regional and global emissions reductions and to achieving the overall global plan of meeting the Paris Agreement, in the next section we examine whether there are barriers to this large-scale expansion of wind energy.





4. Are There Barriers to Wind Energy Expansion?


4.1. The Available Wind Resource under Climate Change


The available global wind resource has at least the potential to meet current world electricity demand [5]. The use of wind energy for electricity generation in specific regions with high current and substantial projections of increased wind energy penetration is also not limited by the resource. The technically feasible resource is estimated to be about ten times the current demand in both Europe (potential ~33,000 TWh/y) [26] and the USA (potential ~49,700 TWh/y) [29].



As a weather-dependent renewable energy source, it is possible that global climate non-stationarity may lead to changes in that resource [40,41]. Any such changes are likely to vary by region, rather than being universal increases or decreases [5,42]. It will be imposed on low-frequency variability in wind resources (years to decades) [43,44,45] that derives primarily from the influence of multiple internal climate modes (atmospheric modes such as the North Atlantic Oscillation (NAO), Pacific North American index (PNA), and Arctic Oscillation (AO) or Northern Annular Mode (NAM) and oceanic modes such as El Niño-Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO)) on cyclone frequency/intensity/tracking [46,47,48]. For example, the extended period of low electricity generation in the western USA during the first quarter of 2015 was linked to interactions between ENSO, PDO and the PNA [49] and periods of high wind generation in Northern Europe are linked to the occurrence of positive phase NAO [48].



Reduced latitudinal temperature gradients resulting from increased GHG concentrations may also change wind resources via changes in cyclone frequency [50], intensity [51], and/or tracks [52], and/or enhanced atmospheric water vapor and convective instability may impact the intensity of some meso- to synoptic-scale systems [53]. However, deconvoluting any change from current interannual to interdecadal variability is difficult [54], particularly given internal climate modes are themselves impacted by climate change [55].



Assessment of wind speed variability on time and spatial scales of relevance to wind energy continues to be hampered by the lack of long-term high-quality wind speeds at wind turbine hub-heights which are now an average of 89 m for onshore, 103 m for offshore and increasing [56]. Few in situ measurements at heights of approx. 100 m a.g.l. exist in the public domain [57], and while some reanalysis products now report wind speeds at 100 m a.g.l. (e.g., ERA5) they are spatially averaged (in the case of ERA5 the output is at 30 km by 30 km, but naturally the effective length scale is much larger) [58], do not represent all of the processes that impact flow regimes (e.g., terrain channeling) and are subject to inaccuracies deriving from factors such as excessive terrain drag [49]. Direct wind speed measurements are generally taken at 10 m a.g.l. where local terrain and barriers substantially influence the flow characteristics [59], changes in land use land cover change around observational stations can lead to time-varying drag [60], historical records are fractured and/or subject to inhomogeneities [61,62,63] and reanalysis products exhibit notable inconsistencies between the different products and relative to in situ measurements [63,64].



CMIP6 generation global Earth System Models (ESM) exhibit continuing improvements in terms of the representation of key climate modes responsible for low-frequency variability in wind resources [65] but are applied at effective scales that far exceed those that dictate wind resources and representation of cyclone climates, while improving, remains imperfect [66]. Use of direct output (e.g., daily mean or once daily wind speeds) from ESM for wind energy applications remains highly undesirable. Use of dynamical (i.e., application of regional models) [67,68] or statistical downscaling [44,69] is preferable in order to represent more fully the scales of motion responsible for dictating resource and resource variability, but naturally, projections of future resources from such experiments remain contingent on the sources of the lateral boundary conditions/predictor suites as provided by the ESM [5].



A summary of current research on the forcing of near-surface wind climates under greenhouse gas-induced warming can be found in [5] and is briefly summarized below:




	
The majority of research on the causes of wind climate variability is focused on high wind resource/high deployment areas of Europe and/or North America.



	
The wind energy industry works on timescales of decades relevant to current and planned wind farm lifetimes averaging close to 30 years [70] whereas the majority of climate change studies consider long time scales (i.e., most have considered periods at the end of the current century) where the climate change signal may be more evident.



	
Variability in wind resource projections for a given region arises from the global and regional model applied, or predictors to statistical downscaling, resolution of the model, and specific climate forcing scenario. Differences in the mean future wind resource from the current manifestation appear to be of small magnitude and of similar/smaller magnitudes than current inter-annual variability.



	
There may not be an overall increase or decrease in wind speeds but rather regional variations which may link to storm track changes. For example, research focused on Europe suggests that wind resources in the north may slightly increase linked to small declines in the Mediterranean. Similarly, there may be changes in the timing of the resource such as increases in winter wind speeds and small declines in summer. Results from downscaling experiments indicate some evidence for increasing resource magnitudes over northern Europe and amplification of the seasonal cycle with the higher resource in winter and lower in the summer, declines over southern Europe (including the Mediterranean). In the USA, wind resources in the southern Great Plains are projected to increase while there is some evidence of declines in the more complex terrain in the western USA [5].








Making resource projections under climate non-stationarity remains challenging and further work is certainly warranted.




4.2. Costs


Much of the expansion of wind energy IC in the near term is projected to occur in the form of wind turbines deployed onshore (Figure 4) and thus will likely employ existing technology and be subject to a relatively low levelized cost of energy (LCoE). Expansion of the scale of offshore deployments may require additional technological advances and may be associated with higher LCoE.



The cost of onshore wind energy is now lower than for most generation types and is, therefore, an incentive rather than a barrier. The cost of electricity generated from wind turbines deployed onshore is below USD 40/MWh in the USA and Europe and below USD 60/MWh in Asia [56]. These costs have declined markedly over the last decade are expected to continue to decrease [56]. Installed costs for onshore wind are expected to drop to USD 0.8–1.3 million per MW of IC (m/MW) and USD 0.65–1.0 million by 2030 from USD 1.5 m/MW in 2018 [27]. Recent projections based on an expert elicitation indicate cost reductions (relative to 2018) of 37% for offshore wind by 2050 [56].



The current levelized cost of energy (LCoE) expressed per Mega-Watt hour of electricity generation (MWh) from offshore wind is estimated to be USD ~100/MWh, with a range of about USD ± 50/MWh [71]. Specific country costs have a range of USD 106–171/MWh that depend on physical parameters (distance to the coast, water depth, etc.) as well as financing structure [72]. The cost of offshore wind energy costs is expected to decline to less than USD 50/MWh in all regions by 2050 [56].



Much of the offshore wind resource lies in water depths greater than 50–60 m where floating offshore wind energy is required. In 2020, 66 MW of floating wind IC are installed, 19 MW in Japan and the remainder in Europe [16]. According to some estimates; 80% of the resource in Europe, 58% in the USA [71] and 60% in China and 80% in Japan [27] will require the use of floating wind turbines. A capacity of 3–19 GW of floating offshore wind by 2030 is anticipated, depending on the relative cost [16] or as much as 5–30 GW, increasing to 1000 GW by 2050 [27]. Costs are currently estimated at above USD 175/MWh and are anticipated to fall below USD 70/MWh by 2030 [71] or in the range of USD 50–80 MWh by 2050 [56].



This summary thus suggests that expansion of wind energy installed capacity will require substantial capital investment and is likely to generate significant financial returns.




4.3. Repowering and Recycling


Wind turbine lifetimes are now close to 30 years [70]. Nevertheless, many wind turbines will either reach the end of their useful life before 2050 (50% in Europe by 2030 [21], 30% in the USA by the end of 2020 [73]) and be decommissioned or retrofitted. Retrofitting is cost-effective because it allows the continued use of infrastructure (grid connections, foundations, access roads). This retrofitting usually involves repowering where wind turbines are altered/replaced with those with increased rotor diameter or hub-height [37] leading to large increments in rated power. Repowering can also involve the replacement of the nacelle with no change in the tower or rotor. This can increase power output by up to 16% [21]. Repowering existing sites is expected to be an important part of future wind energy capacity [74,75]. In Europe, from a total of 38 GW of onshore wind capacity ending operational life over the next five years, nearly 29 GW will undergo lifetime extension and 2.4 GW be repowered [28]. In 2019, nearly 3 GW of repowering was undertaken in the USA [37]. In general, repowering increases both IC and capacity factors.



About 85–90% of a wind turbine can already be recycled (steel, cement, copper, etc.), and full lifecycle assessment suggests that further improvements can be made, particularly for the capital infrastructure which accounts for most of the GHG emissions and hence climate change impacts [9]. The use of glass fiber and resin for wind turbine blades has made recycling more challenging [76]. The European wind industry has proposed on Europe-wide ban on disposing of wind turbine blades via landfill [77] and is working on blade recycling technologies that include materials for new blades or industrial applications [78].




4.4. Materials, Manufacturing, Legal and Workforce Needs


As described herein, Europe has plans to expand by 10–20 times offshore wind current capacity reaching between 230 and 450 GW by 2050 [79]. The USA has a goal of 30 GW of installed capacity by 2030 [17] and the UK plans 40 GW [17]. Asia’s offshore capacity is expected to increase rapidly with twice as much investment as Europe in offshore wind annually to 2030, increasing to 3.5 times by 2050 [27]. Enactment of the IEA NZE by 2030 will require annual installation rates of wind energy that are about twice those in 2020 [11]. The implication is that significant new supply chains will need to emerge, and that deployment and manufacturing capability expansion is needed. Annual manufacturing and assembly capacity in the USA in 2018 was ~15 GW for nacelles, ~9.2 GW for blades and ~8.9 GW for towers in 2018 [27]. Thus, considerable investment in workforce development and manufacturing would be needed to install more than the current rate of ~16 GW per year. Similarly in Europe, to meet the expected level of the annual additional deployment 27 GW is needed up from the current 15 GW requiring significant expansion of manufacturing and deployment capacity [79].



The expansion of wind energy deployment and by association wind turbine manufacture, in turn, relies on substantial increases in the use of raw materials. Over 400 tonnes of concrete is required per 1 MW of installed onshore wind or 400 tonnes of steel per 1 MW offshore wind installed using current technology [27]. Studies estimating the materials/resources needed for such expansion of the wind energy industry have indicated some potential bottlenecks such as copper and dysprosium [80,81].



Human resources will also be needed. IRENA estimates nearly 5 million jobs would be created by 2050, in addition to over 1 million positions in wind energy today [27].



In summary, there are remaining technical and social barriers to large-scale wind energy deployment [11,82]. Policy and technical needs to enable large-scale wind energy expansion are discussed further in [26,27]. In addition to the manufacturing scaling-up described above, other issues include permitting leading to undersubscribed auctions in Europe and could lead to less than 80 GW rather than 105 GW being installed in Europe to 2025 [28]. The complexity of the legal framework for offshore wind development, as well as the supply chain and marine logistics, were also described as additional risks for the USA and European markets [71,79]. In the USA, all of the major transmission system operators have backlogs amounting to around 600 MW in terms of interconnections to the grid [30]. Some estimates indicate Europe needs six times the current rate of grid installation if the green deal targets are to be met [79].





5. Discussion and Conclusions


The global population is rising at 1.1%/yr [83] and the use of TPES and electricity continue to rise at annualized rates of 3.7% and 7.4%, respectively [7]. Atmospheric carbon dioxide concentrations passed 410 ppm in 2019 [84] and globally we emit nearly 46 billion tonnes of greenhouse gases (measured in carbon dioxide equivalents, CO2e) each year [85]. A substantial fraction of those GHG emissions derives from the energy sector. These trends raise the specter of unprecedented and uncontrolled rises in global air temperatures and associated climate change risks. This has prompted individual countries and economic zones to sign the Paris climate agreement and develop strategies to decarbonize their energy systems, and in some cases to propose net-zero emissions by 2050. In parallel, major global organizations such as the International Energy Agency have advanced technically feasible projections for expansion of renewable energy and electrification of the energy system. One of the most mature and readily scalable renewable electricity generation technologies is wind energy. It has seen rapid expansion and substantial cost reductions during the last decades and is a key lynchpin in many national and global strategies for decarbonization of the energy supply.



Here we document the historical growth of the wind energy industry, articulate projections for increased installed capacity from different agencies and address the questions; if the projections for this individual renewable energy technology—wind energy—were to be realized what climate change mitigation could be achieved? How will/could different countries and regions contribute to that mitigation? Are there clear barriers to realizing the required expansion of wind energy installed capacity?



Much of this historical expansion and global wind energy installations are focused on China, the US, and the European Union plus the United Kingdom. These countries are also likely to be the focus on the near-term expansion of installed capacity. For example, China has current wind energy installed capacity (end of 2020) of 288 GW and plans to deploy an additional 50 GW annually until 2025, subsequently increasing to 60 GW/yr.



A number of organizations have developed global growth scenarios for wind energy installed capacity. Projections of wind energy installed capacity at the end of 2050 from IRENA, IEA NZE and GWEC range from approximately 5000 GW to approximately 8200 GW. The projections at the global scale from IRENA of technically feasible expansion of the wind energy industry, are below those issued by the IEA NZE and GWEC but include information at the national level. Replacing the wind energy contributions from the IPCC RCP with the IRENA projections for wind and using the following key assumptions:




	
An electricity generation efficiency from onshore wind that increases from 34% to 45% by 2050 and for the offshore wind of 43% increasing to 50% by 2050.



	
The wind energy-derived electricity displaces the mean current USA generation supply in terms of CO2 emission per TWh of electricity.



	
The transient climate response to cumulative emissions of carbon is 0.54 °C per 1000 GtCO2.








The climate change mitigation from wind energy by 2100 would be 0.3–0.8 °C depending on the RCP emissions scenario.



If the USA achieves its specified NDC, annual GtCO2e emissions will decline from over 6.3 GtCO2e in 2020 to 5 GtCO2e by 2050. However, if they were to achieve additional electrification of industry and transportation and the regional IRENA goal for wind energy expansion, it may be possible to reduce national greenhouse gas emission by 2050 to below 3 GtCO2e. Countries that are still developing their emissions reductions strategy such as the USA can greatly increase the proportion of wind energy in their energy portfolio leading to an even more dramatic reduction of GHG emissions.



An earlier analysis of the wind energy climate change mitigation potential based on the status in 2013 [3] showed that for the most ambitious wind energy expansion plan available at that time (GWEC-Advanced) proposed wind energy IC would increase from 282 GW to ~4800 GW so that wind energy generates ~30% of global electricity supply (~12,000 TWh/y). This was estimated to decrease cumulative CO2 emissions to 2050 by around 600 GtCO2. Depending on the RCP followed, implementing this wind energy expansion scenario was found to reduce likely global temperature increase at 2100 compared to the pre-industrial by ~0.3 °C and although passing the warming threshold of ΔT = 1.5 °C is inevitable it is delayed by up to 6 years.



As of 2021, wind turbines are now deployed in 90 countries and, depending on the precise source of information, generate ~6–7% of global electricity. Between 2012 and 2021 there was the continued expansion of wind energy IC from 282 GW to 742 GW and wind energy IC growing at an annualized rate of ~14%. This expansion is almost equal to achieving the original GWEC Advanced scenario. The new projections for wind energy expansion are even more ambitious than those available in 2013. However, cumulative GHG emissions grow each year. The IPCC report released in 2021 indicated cumulative CO2 emissions are already at 2390 ± 240 GtCO2, and the remaining carbon budget is in the range 300–2300 GtCO2 [86]. There remains no expectation of a reduction in energy demand prior to 2050. As shown here, much more ambitious plans are now required to delay, and potentially avoid the warming threshold of ΔT = 1.5–2 °C. Advanced wind energy scenarios involving >6000 GW of installed capacity by 2050 can help to provide low carbon electricity and reduce CO2 emissions by up to 15 GtCO2 per year, but even these plans will be insufficient to avoid the 1.5 °C warming threshold without reductions in energy use and GHG emissions from other sectors. Even with the enactment of the most ambitious wind energy expansion scenario, if other aspects of the future world continue to follow the IPCC RCP8.5 scenario, the ΔT = 2 °C threshold will be passed in the 2040s. If expanded wind energy is coupled with the RCP4.5 scenario then passing the ΔT = 2 °C threshold would be entirely avoided.



While the scale of anthropogenic climate change is daunting, research presented herein illustrates that wind energy can substantially reduce emissions of greenhouse gases at the national and global scale and measurably reduce the amount of temperature increase. The investment needed to achieve the required expansion of the wind energy installed capacity is substantial but the LCoE from wind is competitive, and a substantial fraction of IC increases may be achieved via repowering and thus require no additional land. Substantial upscaling of manufacturing and installation capacity is required, streamlining of permitting processes would greatly facilitate the expansion of renewable energy penetration of the electricity supply and system-wide electrification is essential.
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Nomenclature




	APC
	Announced Pledges Case



	bcm gas
	Billion cubic meters of natural gas



	CF
	Capacity Factors. CF measures the efficiency of electricity production from wind turbines. They are the ratio of the amount of power produced normalized by the potential power produced if all wind turbines run at their rated capacity (usually annual).



	CO2
	Carbon dioxide. GtCO2 indicates Giga-tonnes (i.e., 109 tonnes) of carbon dioxide.



	CO2e
	Carbon dioxide equivalents. CO2e for gas are computed by their mass emissions by their “global warming potential” (GWP) which represents the warming impacts from that gas compared to CO2 over some time horizon.



	EU27
	27 countries that comprise the European Union (EU)



	EU28
	27 countries that comprise the European Union (EU) plus the UK



	GDP
	Gross Domestic Product



	GHG
	Greenhouse gases



	GW
	GigaWatts (109 Watts (Joules per second))



	GWEC
	Global Wind Energy Council



	IC
	Installed Capacity. This is a measure of the total power production (in Watts or GW) that could be produced from the wind turbine fleet if all were operating at peak power production (i.e., their rated of nameplate capacity).



	IEA
	International Energy Agency



	IEA NZE
	International Energy Agency Net Zero Emissions scenario



	IEA STEPS
	International Energy Agency Stated Policies scenario



	IPCC-RCP
	Intergovernmental Panel on Climate Change Fifth Assessment Report Representative Concentration Pathways



	IRENA
	International Renewable Energy Agency



	kWh
	kilo-Watt hour



	LCoE
	Levelized Cost of Energy



	Mtoe
	Million tonnes of oil equivalent



	NDC
	Nationally Determined Contributions



	TPES
	Total Primary Energy Supply



	TCRE
	Transient Climate Response to cumulative Emissions of carbon



	TWh
	Terra-Watt hours



	UNFCCC
	United Nation Framework Convention on Climate Change
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Figure 1. Energy demand and annual energy demand growth from selected sources [7]. To enable comparison across different fuel types they were also converted to electricity in TWh (NB. Not calorific equivalents). (a) Energy demand (2018) by country/area where ROW = Rest of World. (b) Annual growth 2017–2018 (in %). Conversion factors; 1 Mtoe produces approx. 4.4 TWh electricity; 1 barrel of oil per day = 49.8 tonnes per year; 1 bcm gas = 0.86 Mtoe; 1.5 tonnes of hard coal or 3 tonnes lignite and sub-bituminous coal (average 2.25 tonnes = 1 tonne oil) [10]. 
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Figure 2. Total installed capacity (IC) of wind energy show by region (solid bars, left axis). The offshore installed capacity for Asia, Europe and North America is indicated using the same colors and thinner hatched bars (right axis). The solid black line shows the accumulation of global IC and the dashed line denotes a 14.2% annualized growth rate. Data from [11]. 
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Figure 3. Wind energy installed capacity (IC) (a) Current IC (2018) and NDC/pledges/targets to 2030 and 2050 (b) Implied expansion of IC in different countries/regions under more ambitious wind energy scenarios. Values are estimated from IRENA [27], IEA NZE [14], GWEC [11]. 
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Figure 4. Global scenarios for the growth of wind energy IC. Data estimated from IEA NZE [14], IRENA [27] and GWEC [11,16]. The solid black line shows total wind energy IC while offshore IC is shown by the blue bars and onshore IC by the grey bars. 
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Figure 5. Representative Concentration Pathways (RCP) from the Intergovernmental Panel on Climate Change Emissions Scenarios [34]. (a) Cumulative CO2 emissions in GtCO2e relative to the pre-industrial. The RCP scenarios X.X refer to a forcing equivalent to 2.6 Wm−2, 2.6 to 4.5 Wm−2 (total bar height), 4.5 to 6.0 Wm-2 (total bar height), and 6.0 to 8.5 Wm−2 (total bar height) by the end of the century. (b) Temperature increases relative to pre-industrial levels calculated using TCRE of ΔT = 0.54 °C per 1000 GtCO2. 
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Figure 6. Projections of cumulative CO2e emissions from the IPCC Representative Concentration Pathways [33] (IPCC RCP), minus the current contribution from wind energy (IPCC-wind). The right axis indicates the associated global temperature increase above pre-industrial levels. The scenarios for current pledges and targets (NDC), IRENA and IEA NZE/GWEC use avoided emissions from wind energy only with IPCC projected emissions. The goal of the Paris Climate Agreement is to limit ΔT to well below 2 °C, preferably to 1.5 °C [2] which is indicated by the horizontal bar in yellow. 
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Figure 7. Annual global GHG emissions (a) and emissions by country/area (b–e) (in GtCO2e). NB. Axes differ in each panel, grey grid lines indicate 1 GtCO2e per year for comparison. Solid lines show historical emissions to 2016 (global) or 2018 by country/area [36]. Shaded areas from 2016/2018 to 2030 show high/low projections based on post-COVID-19 current policies. Dashed lines indicate emissions minus wind energy contributions based on current pledges and targets from [36]. Dotted lines show emissions minus wind energy contributions estimated from IRENA [27]. Carbon emissions from [36]. 






Figure 7. Annual global GHG emissions (a) and emissions by country/area (b–e) (in GtCO2e). NB. Axes differ in each panel, grey grid lines indicate 1 GtCO2e per year for comparison. Solid lines show historical emissions to 2016 (global) or 2018 by country/area [36]. Shaded areas from 2016/2018 to 2030 show high/low projections based on post-COVID-19 current policies. Dashed lines indicate emissions minus wind energy contributions based on current pledges and targets from [36]. Dotted lines show emissions minus wind energy contributions estimated from IRENA [27]. Carbon emissions from [36].



[image: Climate 09 00136 g007]







[image: Table] 





Table 1. Annual Total Primary Energy Supply (TPES), electricity consumption, carbon dioxide emissions from energy use, and population by country or region. Additionally shown are per capita rates of TPES, electricity consumption and CO2 emissions from energy use. Data from [6].
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TPES (Mtoe)

	
Electricity Consumption (TWh)

	
CO2 Emissions (Gt)

	
Population (Million)

	
Per Capita




	
TPES (toe per Capita)

	
Electricity Consumption (MWh per Capita)

	
CO2 Emission (tonne per Capita)






	
China

	
3196

	
6833

	
9.582

	
1393

	
2.3

	
4.9

	
6.8




	
US

	
2231

	
4289

	
4.921

	
327

	
6.8

	
13.1

	
15.0




	
EU+UK

	
1603

	
3098

	
3.156

	
514

	
3.1

	
6.0

	
6.1




	
India

	
919

	
1309

	
2.308

	
1353

	
0.7

	
1.0

	
1.7




	
World

	
14,282

	
24,739

	
33.513

	
7588

	
1.9

	
3.3

	
4.4
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Table 2. Climate-relevant pledges and targets. Additionally shown are installed capacity (IC) of wind energy in 2020 and historical annual rates of increase in IC [11].
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	Pledges and Targets
	Wind Energy IC 2020 (GW)
	Annual Increase IC Wind Energy (GW) (%)





	China
	Reduce CO2 emissions intensity per unit of GDP by 65%, increase non-fossil fuel contribution to TPES to 25% and expand wind and solar IC >1200 GW. Plans for carbon neutrality by 2060 [15]. Beijing declaration on wind energy, 50 GW annual added IC to 2025, increasing to 60 GW annually to 3000 GW by 2060 [11]. Guangdong and Jiangsu Province plans >30 GW offshore IC by 2025 [16].
	288
	52 (18%)



	US
	Reduce GHG emissions by 50–52% below 2005 levels by 2030. Net-zero emissions pledge by 2050 under the Biden administration [11,13,17]. A total of 30 GW offshore wind IC by 2030 [17]. A total of 10% of U.S. electrical demand (4128 TWh in 2019 [18]) by 2020, 20% in 2030, and 35% in 2050 [19].
	122
	16 (14%)



	EU+UK
	EU climate neutrality by 2050 and renewables 32% of TPES by 2030 [13]. UK targets: GHG reduction >68% by 2030, cf 1990 levels, net zero emissions by 2050 [13]. UK 40 GW offshore wind IC by 2030 [20].
	219
	15 (7%)



	India
	33–35% reduction in carbon emissions intensity by 2030 relative to 2005. Renewables target 175 GW by 2022 (wind 60 GW onshore; 5 GW offshore), 450 GW by 2030, including 30 GW offshore [11].
	39
	1 (3%)



	World
	
	743
	93 (13%)
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Table 3. Energy-related emissions (GtCO2) in 2018, plus estimated avoided emissions in that year resulting from current use of wind energy (GtCO2) plus projections of avoided emissions in 2030 and 2050 that would arise in the current pledges from each country/area were realized in full and then if those pledges were realized but the full scenario of wind expansion from IRENA is also achieved. The avoided emissions from wind energy electricity generation are estimated by assuming emissions from the current energy mix of 0.64 MtCO2 per TWh.
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Energy-Related CO2 Emissions (GtCO2) [6]

	
Annual Avoided Emissions from Current Wind IC (GtCO2)

	
Annual Avoided Emissions from Current Pledges (NDC)

	
Annual Avoided Emissions from NDC + IRENA Wind Scenario






	
Year

	
2018

	
2018

	
2030

	
2050

	
2030

	
2050




	
Country/area

	

	

	

	

	

	




	
China

	
9.6

	
0.40

	
1.6

	
5.8

	
2.0

	
6.1




	
EU+UK

	
3.1

	
0.36

	
0.48

	
2.0

	
0.70

	
1.8




	
USA

	
4.9

	
0.18

	
0.50

	
0.94

	
0.64

	
3.4




	
India

	
2.3

	
0.07

	
0.19

	
1.0

	
0.45

	
0.93




	
ROW

	
14

	
0.11

	
0.17

	
0.33

	
0.96

	
2.8




	
Total

	
34

	
1.1

	
2.9

	
10

	
4.8

	
15
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