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Meeting climate mitigation and sustainable development goals requires rapid increases in both renewable energy development and carbon storage in ecosystems. If sited with the sole goal of maximizing production, renewable energy may negatively impact biodiversity and carbon storage. Here, we evaluated the potential unintended environmental consequences of this type of business-as-usual development scenario. We spatially allocated land-based, utility-scaled wind and solar energy needed to achieve emission reduction goals from nationally determined contributions under the Paris Climate Agreement. Siting was conducted at 1-km resolution and followed a scenario where on-shore wind, concentrated solar power, and photovoltaic solar renewable energy developments were located where wind and solar resources were highest. Once sited, we evaluated the potential losses of natural lands, Key Biodiversity Areas (KBAs), threatened and endangered species, and carbon emissions. Over 11 million ha of natural lands can be lost, releasing almost 415 million tons of carbon storage, which equals 8.6% of overall Paris Agreement emission reduction goals. Globally we found that over 3.1 million ha of KBAs and ranges of 1,574 threatened and endanger species could be impacted, with the highest number of impacted species in the tropical countries of Indonesia (282), Malaysia (273), and Thailand (253). Avoiding land-based emissions through improved renewable energy siting can reduce these losses, potentially saving $47.5–$155.9 billion USD based on social carbon costs. Consideration of these impacts will help reduce investor risk to facilitate a timely transition to a low-carbon economy.
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INTRODUCTION

Humanity is facing two major existential challenges (Ripple et al., 2017): increasing demand for natural resources for a human population that may exceed 9 billion by 2050 (Crist et al., 2017), and global warming that increases the frequency of environmental disasters and causes economic damages (Burke et al., 2018). In response to these challenges, countries signed the Paris Climate Agreement (PCA) to keep global warming to <2°C below pre-industrial levels, through their “Nationally Determined Contributions” (NDCs) that specify greenhouse gas (GHG) emission reduction targets (United Nations, 2015a). Concurrently, countries committed to a new agenda for Sustainable Development (United Nations, 2015b) that aims to implement 17 Sustainable Development Goals (SDGs) by 2030, including efforts to advance affordable and clean energy access and to protect natural lands and biodiversity (Fuso-Nerini et al., 2017). Implementing PCA and SDG goals presents a complex challenge that requires policymakers to think systematically about the potential unintended negative environmental consequences (Fuso-Nerini et al., 2017; Smith et al., 2019).

Renewable energy requires significant land areas, in some cases several fold greater than conventional energy sources (Kiesecker and Naugle, 2017). Historically, renewable energy development has occurred in areas with the highest resource potential (Kiesecker et al., 2011; Oakleaf et al., 2019) and has impacted natural lands (e.g., wind development in the U.S. Great Plains, Fargione et al., 2012). Clearing natural land for energy development removes and fragments habitat resulting in species declines, and removes aboveground carbon storage resulting in increased emissions (e.g., Diffendorfer and Compton, 2014; Allred et al., 2015; Moreira, 2019). If renewable energy proceeds in this manner it could counteract its expected benefits. The potential for land use conflicts is high, given that a 9-fold increase in renewable energy generation (9,017 TWh) is needed to meet PCA goals (Figure 1C, Baruch-Mordo et al., 2019). Others have assessed impacts associated with renewable energy development for individual countries (McDonald et al., 2009; Arent et al., 2014) or globally for biodiversity impacts (Santangeli et al., 2016). Yet to date, no global assessments have evaluated how the projected increase in renewable energy under PCA goals will affect both biodiversity and terrestrial carbon storage, or grounded such analyses in country level policy commitments. To address this gap, we present a spatially explicit forecast of wind and solar energy expansion under the PCA, and explore the biodiversity and carbon storage consequences of maximizing exploitation of solar and wind energy resources to meet PCA goals. We used estimates of energy production needed to meet PCA emission reduction targets for 109 countries (representing 83% of global terrestrial lands, and 92% of global GHG emissions) whose NDC emissions goals could be attributed to electricity and heat generation from fossil fuels (World Bank, 2017; Baruch-Mordo et al., 2019). We calculated the area needed to meet NDC energy targets within each country and estimated the natural land that would be cleared if development focuses solely on maximizing resource potential. We then spatially assessed impacts of land clearing on biodiversity (km2 loss of Key Biodiversity Areas and number of threatened and endangered species potentially impacted) and carbon storage (tons of stored carbon expressed also as emission loss). Because emissions from land clearing can create a carbon deficit in meeting PCA goals, and because it is essential to meet peak carbon emissions in the next 2–3 years (Figueres et al., 2017), we calculated the number of years required to repay such losses if renewables are sited without considering land-based carbon values.
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FIGURE 1. Per country losses of natural areas under a development scenario in which wind and solar renewable energy is sited where resources are the highest. Results are shown for (A) the total km2 of natural lands losses by 10% quantile breaks, and (B) the % that the lost km2 represent out of total natural area in the country. Only countries with NDC energy targets (n = 109) were included in the analyses (colored countries), and gray color represent countries for which the siting scenario resulted in no loss of natural areas. (C) Wind turbine and solar panel inserts are drawn to a relative scale to represent the amount of wind and solar renewable energy that were produced in 2015 (International Energy Agency Statistics website https://www.iea.org/classicstats/statisticssearch/) and the amount that will be required for the NDC energy targets.




METHODS


Technical Potential Maps

We used technical potential maps estimates derived by Baruch-Mordo et al. (2019), where for TWh needed to offset electricity and heat generation from fossil fuel into renewable energy in order to meet the GHG emission reductions established by the NDCs (see details in Supplementary Text). Each 1 km resolution pixel represented the maximum TWh potential across on-shore wind, concentrated solar power (CSP), and utility-scaled and rooftop photovoltaic (PV) renewable energy sectors. We focused on wind and solar sectors because they have already penetrated the market and are projected to consist of 80% of global capacity growth in the next 5 years (International Energy Agency, 2017). Potential was derived based on suitability maps accounting for resources available at the focal site (e.g., wind speed at 80 m height, direct normal irradiance (DNI) for CSP), biophysical constraints (e.g., elevation, slope, minimum patch size) and land-use constraints (e.g., protected areas, areas with high multi-use competition). Specifically, wind was located at wind speeds ≥5 m/s and where a contiguous suitable patch size >15 km2 to account for total wind farm size, and was excluded from areas with elevation >2,000 m, slope >30%, or with urban landcover type; CSP was located where DNI ≥ 2100 kWh·m−2·y−1 and where a contiguous patch size ≥2 km2, and along with utility-scale PV (which had no GHI, or patch size restrictions) was excluded from areas with slope >5%, where landcover type was classified as urban, or where amount of agricultural lands in the vicinity (3 × 3 cell neighborhood) was >20%; see full descriptions of sector-specific derivation of technical potential in Supplementary text of Baruch-Mordo et al. (2019).

Suitability maps were multiplied by a constant sector-specific power density (TWh/km2) derived from empirical and review studies (see SI in Baruch-Mordo et al., 2019), a spatially-explicit sector-specific capacity factor map which represents the actual over rated power output, and a 8,760 h/y conversion factor. While we acknowledge that a given 1 km2 cell can accommodated more than one sector, we wished to remain conservative in our estimates of technical potential; to avoid overestimating, only the maximum TWh across all sectors was attributed to the final map in which >34 million km2 had technical potential >0 with a median across all suitable 1 km cells of 0.0505 TWh (range: <0.0001–0.0832 TWh).

The technical potential maps included sector-specific biophysical constraints (e.g., resource value, slope, minimum patch size, etc.), excluded areas unavailable for development (e.g., protected areas, areas with high multi-use competition, etc.), and avoided double counting by selecting one renewable energy sector for each 1 km2 cell based on the max TWh potential across all sectors (see Baruch-Mordo et al., 2019; SI-section 1 for details).



PCA Energy Targets

We used PCA energy targets derived by Baruch-Mordo et al. (2019) for which the % reduction from reference emissions (or emission intensities) was translated to total MtCO2 reductions, or 17.7 GtCO2 across 151 countries (see Supplementary Data 2 in Baruch-Mordo et al., 2019; Figure 3 insert). The total emission reductions were multiplied by the fraction of CO2 emissions attributed to electricity and heat production, which can be more easily converted to renewable energy compared, for example, to emissions from transportation. Using the emissions reductions attributed to electricity and heat production (6.0 GtCO2 for the 109 countries included in this study; Figure 3 insert), the remaining emission reduction targets were multiplied by the inverse IPCC life cycle emission factors (lce; kWh/gCO2eq); lce provide sector-specific emissions per unit of energy produced while accounting for the total emissions associated with the life of a power plant, e.g., component production, plant construction, and operations (Krey et al., 2014). We converted lce to TWh/MtCO2 and multiplied it by the proportion of emissions attributed to fossil fuels (coal, oil, and gas), which we extracted using 2014 International Energy Agency' production statistics. Summing across fossil fuel sectors, the resulting TWh represented the renewable energy targets to reduce emissions that are attributed to fossil fuel electricity and heat generation, or 34% of the total Paris Climate Agreement emission reduction commitments.



Renewable Energy Siting

Given the focus on terrestrial impacts, we excluded allocation to marine-based renewable energy sectors. We also excluded hydropower because of its high potential to negatively impact freshwater systems and geothermal power because of its low global potential (Gibson et al., 2017). Using lifecycle conversion factors, the derivation of NDC energy targets was specific to the energy portfolio of each country using most recent International Energy Agency energy production data (see details in Baruch-Mordo et al., 2019 section Biodiversity Losses). To spatially allocate renewable energy, we used global renewable energy technical potential maps at a 1-km resolution, for land-based, utility-scale wind, concentrated solar power (CSP), and photovoltaic (PV), and for urban rooftop PV (Baruch-Mordo et al., 2019). We focused on wind and solar sectors because they have already penetrated the market and are projected to consist of 80% of global capacity growth in the next 5 years (International Energy Agency, 2017). Given the focus on terrestrial impacts, we excluded allocation to marine-based renewable energy sectors. We also excluded hydropower because of its high potential to negatively impact freshwater systems and geothermal power because of its low global potential (Gibson et al., 2017).

The technical potential maps included sector-specific biophysical constraints (e.g., resource value, slope, minimum patch size, etc.), excluded areas unavailable for development (e.g., protected areas, areas with high multi-use competition, etc.), and avoided double counting by selecting one renewable energy sector for each 1 km2 cell based on the max TWh potential across all sectors (see Baruch-Mordo et al., 2019 SI-section 1 for details). Assuming development would seek to maximize production, we allocated cells to meet PCA energy targets (hereafter also impacted cells) by (1) ranking cells within each country from highest to lowest based on their max TWh technical potential, and (2) starting from the top ranked cell, allocating renewable energy development by the ranked order until the total energy potential matched or just surpassed the country's PCA energy target. If at the stopping point, more than one cell had similar TWh potential and rank, we randomly allocated the last cell(s) to meet targets. All spatial analyses were conducted in program R v.3.4.3 (R Core Team, 2017).



Biodiversity Losses

Once we allocated cells to meet PCA energy targets, we quantified the amount of overlap between impacted cells and natural lands to estimate potential natural lands loss. We defined natural lands following Oakleaf et al. (2015) as any 1 km2 cell without nighttime lights, croplands, or roads. We then summed the amount of natural lands lost and the percentage they represent from the remaining natural lands for each country (Figure S1). We acknowledge that by focusing on potential biodiversity (and carbon) impacts only on natural lands, we likely underestimate the losses of biodiversity (and carbon) associated with converted lands (e.g., croplands, urban areas) (e.g., Johnson et al., 2014; Baccini et al., 2017). However, these assets can be temporary (e.g., carbon stored in croplands) or relatively lower in value (e.g., biodiversity in urban areas), hence we chose a more conservative approach to estimating losses.

In addition to the loss to natural lands, we quantified the potential loss of Key Biodiversity Areas (KBA) (Eken et al., 2004; Langhammer et al., 2007) that are intended to support the strategic expansion of protected-area networks to achieve the Convention on Biological Diversity's “Aichi Biodiversity Targets” (Butchart et al., 2012). Impacts to these areas could undermine a countries' ability to maintain effective protection of biodiversity. We used KBA spatial polygon data (UNEP-WCMC and IUCN, 2017) and restricted our analyses only to terrestrial KBAs with confirmed status (n = 14,755). For each country we calculated the total ha of KBAs that would be converted as the median % area impacted across all KBA that were impacted within the country.

In addition to habitat loss, we calculated the number of threatened and endangered species that might be affected if development were sited to maximize production. For the 109 countries included in the analyses, we queried a list of species classified as vulnerable, near-threatened, endangered, and critically endangered using rredlist v. 0.4.1.9420 package in R (Chamberlain, 2019). We then obtained digital distribution maps for mammals, birds, reptiles, and amphibians from the IUCN Red List Data (International Union for Conservation of Nature, 2019) and examined their overlay of impacted cells using point-in-polygon procedures, where we evaluated the overlap between the centroid of each impacted cell and the polygon distribution of each species. If at least one impacted cell overlapped with the species distribution map we considered the species as being potentially impacted, and to ensure impacted species were counted only once per country we tallied across country and taxa the number of impacted threatened and endangered species' ranges.



Carbon Stock and Emission Losses

While we considered losses to natural areas and KBAs to occur within all areas of the cells selected for development, we considered only the direct development footprint, i.e., the amount of land cleared due to wind turbines or solar power plant placement, when calculating carbon losses. If the sited development was wind, which has a more dispersed configuration (Denholm and Margolis, 2008), we adjusted cell conversion to 10% (see Supplementary Text for derivation of estimate). If the sited development was utility-scale solar, which has a highly clustered configuration and a median plant size of 0.9 km2 for PV and 1.6 km2 for CSP (based on data from Ong et al., 2013), we assumed the entire cell to be converted. We assumed no natural land loss for rooftop PV, as it was always located on urban area rooftops.

We estimated the total metric ton (t) of carbon (C) loss using a global aboveground vegetation biomass map updated from Baccini et al. (2012), which we resampled from 15 arcsecond to 1 km resolution and converted from tC/ha to tC/km2. For natural lands impacted by our renewable energy footprint, we summed the amount of tC loss, where for cells in which wind power plants were sited, we adjusted carbon loss to 10% of the cell's tC (see details in Supplementary Text). We then calculated MtCO2 loss by converting tC to MtC, and multiplying the result by a factor of 3.67 CO2/C (United States Environmental Protection Agency, 2016). We summarized for each country the total tC and MtCO2 emissions losses resulting from the footprint needed to meet PCA energy targets.

We also calculated the years (yri) it would take to compensate for carbon losses using:
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where emi is the emission losses in MtCO2/km2 for impacted cell i, Δlces is the average difference between the inverse IPCC life cycle emission factors (MWh/MtCO2; Schlömer et al., 2014) of fossil fuel sectors and the renewable energy sector s that was sited in focal cell i (details below), pds is the sector-specific power density in MW/km2, cfs is the sector-specific unitless capacity factor, or the observed output over rated capacity, and 8,760 is a conversion factor from hours to years. Because each renewable energy sector s has three differences—one for each of the three fossil fuel sectors of oil, coal, and gas—we calculated for each renewable sector s its average difference in lces (Δlces) across the three fossil fuel sectors (calculations in Supplementary Text, where we also detail conversion of the reported gCO2/kWh to MtCO2/MWh for Δlces). For each of the countries' impacted cells, we summarized the median value of years to recover emissions loss (Figure S2).




RESULTS AND DISCUSSION

To achieve the 2°C target of the Paris Climate Accord, fossil fuels need to be phased out and replaced by low-carbon sources of energy. This transition will require the nearly complete decarbonization of the energy sector by 2050, and an accelerated shift toward electricity as a final energy carrier (Jacobson et al., 2017), while increasing terrestrial carbon storage (Griscom et al., 2019). Shifting energy production from fossil fuels to renewable energy will require a larger spatial footprint to support production resulting in land-use tradeoffs (Smil, 2015; Tallis et al., 2018). Our results suggest that development that is sited based solely on maximizing renewable energy production has the potential to convert >11 million ha of natural lands, with over 73% of that loss occurring in the top 10 GHG emitting countries (Table 1, Figure 1). For some countries, this loss represents a large component of their remaining natural lands (e.g., Denmark 16.6%, Czech Republic 8.8%, Germany 8.85%, UK 8.2%; Figure 1, Table S1). Over 3.1 million ha could result in habitat loss or fragmentation in KBAs intended to support the strategic expansion of protected-area networks. The median KBA area impacted across all countries was 2.5%; Israel (54.6%) had more than half of its KBAs' area reduced while Spain (25.4%) more than a quarter (Table S1). Failure to recognize these potential impacts could ultimately slow adherence to the PCA commitments and jeopardize the financial investments needed to fuel the renewable energy transition.


Table 1. Key results for the top 10 greenhouse gas emitting countries and the global summaries.
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The increase in renewable energy production to meet PCA commitments may be compatible with biodiversity and other conservation goals when properly sited. However, we found that the ranges of 1,574 threatened and endangered species could be impacted if renewable energy is sited without consideration of current land cover (Table S1, Figure 2). All threatened and endangered species terrestrial vertebrates groups could experience some impacts ranging from a low of 158 amphibian species to a high of 782 bird species (Table 1). Not surprising, the highest numbers of species ranges that intersect potential renewable energy development are in the tropical countries of Indonesia (282), Malaysia (273), and Thailand (253) (Table S1). Impacts can be reduced by constraining new renewable energy to already cleared or degraded lands which would reduce the potential conversion of habitats important for biodiversity. A recent analysis suggests >6 million km2 of already converted lands are suitable for renewable energy development and can produce 17 times the PCA energy targets (Baruch-Mordo et al., 2019). Therefore, there is ample opportunity to meet the PCA energy targets in areas already disturbed by humans, which generally have lower value for biodiversity (Keith et al., 2013). These converted areas also represent lower quality habitats for biodiversity (Gibson et al., 2011) and for long-term carbon storage (Pütz et al., 2014; Houghton and Nassikas, 2017). Yet, we acknowledge that converted or degraded lands, such as rangelands, can harbor biodiversity and carbon storage value, and therefore additional spatial planning of renewables siting should also occur within human-dominated lands.
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FIGURE 2. Per country potential losses of threatened and endangered species under a development scenario in which wind and solar renewable energy is sited where resources are the highest. Results represent the number of IUCN ranges that overlapped cells selected for renewable energy siting and are shown for (A) mammals, (B) birds, (C) reptiles, (D) amphibians, and (E) total across the four taxa. Only countries with NDC energy targets (n = 109) were included in the analyses (colored countries) and all maps were classified into five categories using natural breaks.


The push to develop renewable energy is driven by the reality that modern energy systems represent the largest portion of global emissions and in turn represent a critical pathway needed to reduce CO2 emissions (Davis et al., 2010). However, the climate change mitigation benefits from renewable energy will be reduced if development cannot avoid impacts to remaining habitat and subsequent CO2 emissions (Kiesecker and Naugle, 2017). Soils and plant biomass are the two largest biologically active stores of terrestrial carbon, together containing ~2.7 times more carbon than the atmosphere (Schlesinger, 1997). Converting native habitats for energy development releases CO2 as a result of vegetation clearing and the decomposition of organic carbon stored in plant biomass and soils, thus creating a carbon deficit from land conversion (Fargione et al., 2008). Our results indicate that the land-use footprint of maximizing renewable energy production could result in ~415 million tons of additional natural land carbon stock loss (Table 1) or ~1.5 GtCO2 emissions loss, which represents ~8.6% of the total global NDC goal (Figure 3, inset). As expected, tropical countries, e.g., Indonesia and Malaysia, may lose less km2 of natural lands relative to other countries, but those losses translate into the large amounts of MtCO2 (Figure 3). For five countries (Belarus, Gabon, Indonesia, Malaysia, and Republic of Congo), emissions from poorly sited renewable energy development could exceed their total NDC emission reduction target (Table S1). Over time, renewable energy that converts land can repay this carbon deficit. Our results indicate that the median time to recover carbon loss from renewable energy is a relatively short timeframe, but this varies spatially and in places could be over 20 years (Figure 4). For the majority of countries, carbon deficits were small but for 22 countries, including the top 10 emitter Japan (median 11.47 years), 12 of the EU28 countries (ranging from 1.2 years for Germany to 12.3 years for Czech Republic), and six tropical countries (ranging from 1.3 years in Jamaica to 4.2 years in the Republic of Congo), it would require ≥1 year (median of impacted cells) for renewable energy to be in operation to make up for the carbon loss from land clearing (Figure 4, Table S1). Development that proceeds in this manner will need to make up losses through additional actions. Given the short time frame between the establishment of the NDC targets and implementation of the actions needed to reduce emissions, delaying the timing of peak emissions also shortens the time for the economic transformations that are necessary for the shift to renewable energy (Figueres et al., 2017).
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FIGURE 3. Per country km2 of natural lands losses and the resulting greenhouse gas emission losses (MtCO2) from carbon storage removals under a renewable energy siting scenario in which developments are placed where wind and solar resources are the highest. NDC TWh targets (x-axis and middle square insert) are the estimated renewable energy offsets that account for the proportion of NDC emissions reductions related to electricity and heat generation from fossil fuels. Percent NDC TWh targets on converted lands (y-axis) represent the percent ratio of TWh available from wind and solar energy on converted lands to NDC TWh targets (Baruch-Mordo et al., 2019), where the dotted line at 100% represents a 1:1 ratio. Bubble size represents the km2 loss of natural lands, and gray (low) to blue (high) color gradation represents the MtCO2 loss from above ground carbon stock removal that result from clearing of natural lands for renewable energy development. Data are based on Table S1, and only countries for which natural lands loss was >0 km2 are plotted (n = 96; omitting BEL, BEN, CHE, CYP, ETH, LUX, MKD, MLT, MUS, NOR, SGP, SWE, TGO, ZMB). The top 10 emitter countries are labeled, and EU28 countries are plotted collectively and individually. Power plant image inserts represent the global summaries for quantifiable NDC emission reduction commitments (100% for n = 151 countries based on Baruch-Mordo et al., 2019), emissions accounted for with the NDC energy targets (34% for n = 109 countries), and total MtCO2 losses under the unconstrained siting scenario (8%).
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FIGURE 4. Years to recover carbon loss for the top 10 greenhouse gas emitter countries plotted on a timeline with base year of the Paris Climate Agreement signing (2015). Losses are calculated when wind and solar renewable energy development are sited where the wind and solar resources are the highest (i.e., impacted cells). Black dotted line represent the median years to recover across all impacted natural land cells, while bars' lows and highs, respectively, represent the minimum and maximum years to recover carbon loss across all impacted cells.


Failure to safeguard global climate could result in devastating impacts: extreme weather events such as flooding and deadly storms, the spread of disease, sea level rise, increased food insecurity, and other disasters (Challinor et al., 2017). These impacts can cost businesses, governments, and taxpayers hundreds of billions of dollars through rising health care costs, destruction of property, and increased food prices. The social cost of carbon (SCC) is a measure of the economic harm from those impacts, expressed as the dollar value of the total damages from emitting one ton of carbon dioxide into the atmosphere (Nordhaus, 2017). Our results suggest that siting renewable energy on natural lands could potentially result in the loss of ~1.5 GtCO2 of GHG, which could currently cost $47.5 billion USD, and as much as $155.9 billion USD by 2050 (based on base parameter SSC estimates in 2010 international USD; Table 1 in Nordhaus 2017). Avoiding land based emissions during siting could reduce SCC costs and diminish investor risk.

Our renewable energy scenario forecasts a significant amount of impact yet we recognize that environmental impacts by infrastructure development can be avoided or reduced through careful decisions about location and full implementation of mitigation measures (McKenney and Kiesecker, 2010). But to date, these approaches advance with “band aid” actions to environmental destruction and reactive and insufficient impact mitigation (Kiesecker et al., 2010; Clare et al., 2011). Ultimately impact mitigation will occur thru the lens of country level environmental licensing polices which are highly variable (Villarroya et al., 2014). Furthermore, some countries have environmental policies that may facilitate impacts from renewable energy. For example, in India wind or solar power development is not required to undergo an environmental impact assessment (EIA) process (i.e., Mohan, 2017). Renewable development is categorized as “green” by state control boards which mean these projects, irrespective of their size, capacity or location, do not require EIA assessments. Highlighting countries where unrestricted development could have significant impacts could serve as a mechanism to promote stronger policy development.

While providing a starting point for renewable energy siting our scenarios are not intended to prescribe exactly where renewable energy infrastructure will be located, but instead to highlight that there are many options to site wind and solar development in a manner that will avoid land-use conflicts (Baruch-Mordo et al., 2019). Our analyses omit several important considerations that should be included in more detail before siting. For example, site-specific characteristics that can't be captured with global data or landowner preferences may limit the ability to develop specific parcels of converted land. Care should be given to proactively incorporate land ownership, in particular land claims of marginalized populations such as indigenous groups (Heiner et al., 2019).

Given the global extent of our analysis, we undertook a somewhat simplified approach to estimating renewable energy impacts on natural land, and our assessment has several sources of uncertainty in quantifying impacts associated with PCA renewable energy targets (see Baruch-Mordo et al., 2019 for a detailed discussion). First we may have under-estimated impacts to areas important for biodiversity given that our binary definition of converted and unconverted lands may exclude areas with human activities (e.g., livestock grazing, logging, recreation) that still support biodiversity and carbon storage. We may have also underestimated the number of species impacted, because on average only 39% of the species listed with red list status had spatial data available, thus, our analyses excludes some taxa, in particular plants and invertebrates. We also recognize that a 1 km2 impact on a threatened or endangered species range may represent a very small portion of the species' range in some cases (e.g., Polar bear, Ursus maritimus), but in others, it may exceed a species' known range (e.g., Kandyan dwarf toad, Adenomus kandianus), or be located in a critical area (e.g., breeding areas). Given we should avoid any negative impact to any threatened or endangered species, we proceeded with the overlap analyses recognizing these results represent only the number of species that can be potentially impacted, and that additional analyses are warranted to estimate the extent of such impacts. In addition by using a scenario that focuses solely on decarbonizing energy generation from electricity and heat sources (Baruch-Mordo et al., 2019), we accounted for only about a third of the quantifiable NDC emission reduction targets, potentially underestimating energy needs and in turn the footprint needed to meet those goals. Conversely, the development scenario we adapted (Baruch-Mordo et al., 2019) excluded concurrent development (e.g., siting both wind and solar in a given cell), potentially increasing the land base needed and perhaps increasing the estimated potential conversion of natural lands and biodiversity and carbon losses. Lastly given the global surplus in wind and solar energy, it is conceivable that countries that have limited resources or have limited flexibility in how they meet their renewable goals, could import electricity from countries where there is a surplus of low conflict renewable energy. Many countries have a significant surplus of renewable energy potential on converted lands where additional development would not likely cause significant loss of natural lands (Baruch-Mordo et al., 2019); energy development and cross-boundary transmissions may alleviate some impacts to biodiversity or carbon assets, if feasible given transmission and political constraints.



CONCLUSIONS

While our analysis likely presents a “worst case scenario” of renewable energy impacts, the flexibility to site development with proactive planning (i.e., Kiesecker et al., 2011; Fargione et al., 2012) on lands with lower conservation values. We can ensure that goals to rapidly expand renewable energy can occur without creating conflicts that might jeopardize investment. Steering renewable development to already converted or disturbed lands represents the first step in a series of hierarchical filters that could reduce future impacts (Kiesecker et al., 2011). Harnessing the power of landscape planning will allow stakeholders to simultaneously examine impacts to lands important for climate mitigation and biodiversity conservation while identifying renewable energy “go zones,” thus ultimately minimizing investment risks (Kiesecker and Naugle, 2017). We see two major applications for the results of our analysis to guide future research. First, our assessment will help decision makers see the extent and nature of future potential impacts resulting from renewable energy creating the impetus for planning needed to advance renewable energy. Land-based renewable energy (i.e., wind and solar) requires a considerable amount of space, as its electricity output per unit of area is low when compared with fossil-fuel-powered generation (McDonald et al., 2009). This can lead to the challenge known as “energy sprawl” (Kiesecker and Naugle, 2017). As our analysis has demonstrated if these energy installations are not sited carefully, they can negatively impact wildlife, habitats, and critical ecosystem services—and even generate GHG emissions that reduce their climate benefits. The challenge from a planning perspective is to design landscapes that embrace growing energy demand while minimizing repercussions to nature and people. Society however remains largely uninformed about the consequences of energy sprawl and the urgent need for planning (Kiesecker and Naugle, 2017). Second, our analysis can be used to guide a spatial prioritization of countries to identify places where conservation assets are most at risk from renewable energy infrastructure expansion and where more detail assessments that balance multiple objectives are needed. Planning of this nature will need to involve partners and data that don't typically get integrated—bringing together environmental and power grid experts. Given this challenge it will be necessary to carefully identify where this planning will be most useful. Obviously top emitting countries will have the greatest need for renewable energy and in turn the greatest potential for land use conflicts. However, top emitting countries vary greatly in terms of potential impacts to natural lands, carbon emissions and at risk species and our analysis may be useful in ensuring policy goals focus on the currencies most at risk i.e., avoiding carbon loss in Indonesia (Table 1).

Failure to recognize potential impacts could ultimately slow adherence to the PCA commitments and jeopardize the financial investments needed to fuel the renewable energy transition. Energy projects are generally considered high risk by investors, and the main finance challenge is how to de-risk them politically, socially, and environmentally. An ~$28 trillion USD financing gap for energy infrastructure exists through 2030 (Bielenberg et al., 2016), which can only be closed with access to the capital held by large institutional investors such as pension, insurance, and sovereign wealth funds (Bhattacharya et al., 2015). To attract these larger investors, a proactive identification of renewable energy “no regret” areas can promote pools of low-risk projects attractive to affordable capital (Kiesecker and Naugle, 2017). Our results can guide policymakers to think systematically about where energy-conservation tradeoffs are likely, and how to reduce the associated impacts to biodiversity and carbon storage. We argue for policies and financial incentives that will promote development on converted lands, serving as a mechanism that can de-risk investment in renewable energy to facilitate its proliferation.



DATA AVAILABILITY STATEMENT

Additional Supporting Information may be found in the online version of this article at the publisher's web site. Data are available from www.nature.org/paris2practice or by request from corresponding authors.



AUTHOR CONTRIBUTIONS

JK conceived the study. SB-M and JK designed the study. SB-M collected and analyzed the data, and produced figures and tables. CK, JO, AB, and BG assisted in data collection and provided input on the analysis approach. JK and SB-M interpreted results and wrote the paper with contributions from CK, JO, and BG.



FUNDING

We thank Enterprise Foundation, MacArthur Foundation, The Nature Conservancy, Roy Vagelos, and Anne Ray Charitable Trust for funding support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fenvs.2019.00151/full#supplementary-material

Supplementary text includes: Procedures to calculate wind development footprint; and Differences in IPCC life cycle emission factors.
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