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The scale and pace of energy infrastructure development required to achieve net-
zero greenhouse gas (GHG) emissions are unprecedented, yet our understanding of
how to minimize its potential impacts on land and ocean use and natural resources
is inadequate. Using high-resolution energy and land-use modeling, we developed
spatially explicit scenarios for reaching an economy-wide net-zero GHG target in the
western United States by 2050. We found that among net-zero policy cases that vary
the rate of transportation and building electrification and use of fossil fuels, nuclear
generation, and biomass, the “High Electrification” case, which utilizes electricity
generation the most efficiently, had the lowest total land and ocean area requirements
(84,000 to 105,000 km? vs. 88,100 to 158,000 km? across all other cases). Different
levels of land and ocean use protections were applied to determine their effect on siting,
environmental and social impacts, and energy costs. Meeting the net-zero target with
stronger land and ocean use protections did not significantly alter the share of different
energy generation technologies and only increased system costs by 3%, but decreased
additional interstate transmission capacity by 20%. Yet, failure to avoid development
in areas with high conservation value is likely to result in substantial habitat loss.

carbon neutrality | renewables | biodiversity | land use | siting

A growing number of countries and subnational governments have adopted policies that
aim to reach net-zero greenhouse gas emissions by mid-century in order to avoid serious
consequences of climate change (1). A number of states in the United States have adopted
an economy-wide target of net-zero emissions by mid-century, while more than a dozen
have 100% clean electricity goals (2). Achieving any of these goals hinges on the rapid
decarbonization of the energy system, with electric sector decarbonization leading the
way (3, 4). The most recent roadmaps for reaching net zero in the United States find
that the projected pace of wind and solar power plant development frequently reaches
3 to 4 times the current build rate with total wind and solar capacity reaching 10 to 30
times and biomass use reaching 2 to 5 times their current levels by mid-century (5).

The area of land and ocean that would be required over the next 30 y by this level
of low-carbon energy infrastructure expansion is large (5). The potential ecological and
social impacts of this development on landscapes, seascapes, and communities all across
the United States could be significant, depending on the type, scale, and location of the
power plants, transmission lines, and bioenergy resources involved (6). The unintended
consequences of large-scale solar and wind development (7, 8) have already spurred
“green vs. green” conflicts (9) between clean energy advocates and conservationists over
the siting of renewable energy facilities in sensitive landscapes or seascapes (10).

Previous studies have found that environmental and/or social siting constraints on
the development of wind and solar power have the potential to significantly affect costs
and optimal technology mix (6, 11, 12). Recent advances in power sector modeling have
improved the representation of siting constraints and the spatial specificity of model
outputs (12). However, most prior studies focused on energy, and siting constraints have
examined a limited geographic area, one or two generation technologies in isolation, no
spatially explicit treatment of transmission infrastructure needs, and/or the requirements
of a clean electricity target only, rather than an economy-wide net-zero target (6, 12, 13).
The Net Zero America study (14) developed economy-wide net-zero pathways with
a full suite of technologies, along with illustrative maps of infrastructure development
but did not examine the potential habitat loss of siting this infrastructure or the effects
that avoiding infrastructure development in ecologically and culturally sensitive locations
could have on energy system technologies and costs.

In this study, we examine the potential habitat loss and land/ocean use impacts of
developing the complete set of onshore wind, offshore wind, large-scale solar, distributed
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solar, transmission, and bioenergy resources needed to reach
economy-wide net-zero greenhouse gas (GHG) emissions by
2050 for the 11 western US states (i.e., Arizona, California,
Colorado, Idaho, Montana, Nevada, New Mexico, Oregon,
Utah, Washington, and Wyoming). The modeled scenarios
achieve economy-wide net-zero emissions for the whole United
States by 2050, but we explore the specific implications of
achieving this target in the western United States by representing
the energy system, including supply, demand, and transmission
infrastructure, and their land and ocean use impacts, in much
greater detail and realism for the western region (S7 Appendix,
Energy Modeling Methods). We also examine how much and
where this infrastructure might be located in order to best
protect ecosystems and avoid potential siting conflicts that could
undermine decarbonization goals. We combined high-resolution
energy and geospatial modeling with detailed land use and
conservation data to develop spatially explicit representations
of different net-zero energy system portfolios using a variety
of assumptions about energy policy and environmental (i.e.,
land/ocean use) protections. This study advances prior work
along several key dimensions: a) sectoral scope (economy-wide);
b) emissions target (net zero); ¢) technology coverage (all major
technologies, including offshore wind, biomass, and direct air
capture); d) transmission infrastructure (realistic, spatially explicit
modeling of inter and intra-state power lines and spur-lines); ¢)
geographic scope (region-wide emissions target); f) land/ocean
use siting criteria (highly detailed, state-specific datasets); and g)
social metrics (multiple socioeconomic indicators).

The objective of this study was to identify ways to minimize
the negative land and ocean use impacts of renewable energy
development needed to achieve net-zero emissions. To achieve
this objective analytically, we asked the following questions:
1) What are the land and ocean area requirements across a
range of net-zero and siting scenarios? 2) How does protecting
land and ocean areas with high conservation value affect the
cost and technology choices of reaching net zero? 3) What are
the ecological and landscape impacts of protecting areas with
high conservation value and how do the demographics of host
communities vary across scenarios?

To answer these questions, we first develop and apply siting
constraints based on detailed environmental and land-use data to
identify the locations available for energy development. Using the
resulting candidate project areas, we model the routes and costs
of power lines using techno-economic and environmental (i.e.,
land/ocean use) criteria. We then provide these as inputs to RIO,
a high-resolution capacity expansion model of the energy supply
system, which determines the cost-optimal energy portfolio (5)
for each scenario. We spatially downscaled the onshore wind,
offshore wind, solar, and transmission requirements for each
portfolio using an empirical approach that relies on historical
siting trends. Finally, to perform a “strategic environmental
assessment,” we quantified the area of agricultural lands, natural
lands, ecologically sensitive lands (e.g., critical habitat for certain
focal species) and intact landscapes affected by development in
each scenario. We did not assess air, water, pollution, soil, or
other highly local environmental impacts. For social impacts,
we evaluated the average income, percent living below poverty,
percent unemployed, and total population living within a certain
vicinity of an infrastructure project for each scenario.

We examined a wide range of scenarios, combining three
energy cases that reach net-zero economy-wide with three levels
of environmental protection. The main energy cases include a
high rate of electrification (High Electrification), a slow rate
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of electrification (Slow Electrification), and no fossil fuel or
additional nuclear power by 2050 (Renewables Only) (Table 1).
Sensitivities that modified other parameters including the build
rate for wind and solar, the extent of regional energy trade,
and the extent of biomass use are reported in (87 Appendix,
Table S10). Siting Levels 1, 2, and 3 (SLI, SL2, and SL3,
respectively) represent increasing levels of land and ocean use
protection from the development of onshore wind, offshore wind,
large-scale solar, power lines, and biomass (S/ Appendix, Tables
S10, S17-S20 and Figs. S1 and S2). In recognition of Tribal
sovereignty, this analysis did not include renewable resources
within Tribal lands as candidates for development (15). For
comparison purposes, we also modeled a reference scenario with
no carbon constraints and no land/ocean use protections that
emits 1008 MT(C)/y in 2050 (SI Appendix, Fig. S15) and an
Electricity Only case that achieves net zero in the power sector

only (Table 1).

Results

Effect of Energy System Choices and Siting Constraints on Land
and Ocean Area Requirements. Wind, solar, and biomass—the
lowest-cost forms of carbon-neutral primary energy in a net-zero
system—are land-intensive (16). As a result, the area of land
and ocean required to supply primary energy in a renewables-
based system is sizable (Fig. 1). The need to decarbonize electric-
ity generation while simultaneously electrifying transportation,
buildings, and industry drove the growth in renewable and
transmission capacity requirements. Our results show that by
2050, in comparison to the reference case system that was
not carbon constrained, the total electricity-generating capacity
requirement of a high-renewables, net-zero energy system was
3 to 4.5 times greater, transmission capacity was 47% to 65%
greater, and biomass consumption was up to 2.5 times greater
(Fig. 2, SI Appendix, Table S21). These capacity increases resulted
in land and ocean area requirements 5 to 11 times greater than
in the reference case (Fig. 1).

The unprecedented scale and pace of this energy development
has major land and ocean use implications. By 2050, onshore
wind, offshore wind, large-scale solar, transmission lines, spur-
lines, and purpose-grown herbaceous and woody biomass re-
sources constituted most of the additional area requirements for
energy supply in the western United States (Fig. 1). The total
area requirements for these technologies ranged from 55,000
to 158,000 km? across the economy-wide net-zero scenarios or
roughly one-fourth to one-half the area of the state of New
Mexico (Fig. 1).

The net-zero scenario with the lowest total land use require-
ment is High Electrification under Siting Level 3, which protects
lands and waters with high conservation value (Fig. 1). Across all
levels of environmental protection, the High Electrification case
was consistently less land intensive than the Slow Electrification
and Renewables Only cases. This is largely because the Slow
Electrification case, which reduces the rate of electrification,
actually resulted in slightly higher renewable capacity and
generation requirements by 2050 in order to meet higher
demand for biogenic carbon used in electrically produced fuels
arising from slower transportation electrification (Fig. 2 and
SI Appendix, Table S21). The Renewables Only case, which
completely eliminated nuclear generation and fossil fuel use,
was able to avoid the additional energy associated with carbon
capture and geological sequestration. Nonetheless, it had the
highest renewable capacity requirements in part because the
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Table 1.

Name

Description of energy cases and environmental siting levels

Description

ENERGY
Economy-wide cases

High electrification

Demand: High energy efficiency, 100% sales of electric building technologies by
2040, 100% ZEV sales by 2040, fuel switching for some process heat and other fuel

use, direct reduced iron-making (DRI), which uses hydrogen and electricity instead
of coal, in iron and steel, carbon capture on cement (5). Supply: All generation
technologies allowed; Carbon target: Net-zero economy-wide emissions by 2050

Renewables only

Demand: Same as high electrification. Supply: No fossil fuel usage or nuclear

generation by 2050. Carbon target: Net-zero economy-wide emissions by 2050

Slow electrification

Demand: High energy efficiency, 100% sales of electric building technologies by

2060, 100% ZEV sales by 2060, 20-y delay in fuel switching for process heat, other
fuel use, and DRI in iron and steel, carbon capture on cement. Supply: All generation
technologies allowed. Carbon target: Net-zero economy-wide emissions by 2050

ENERGY
Comparison cases

Electricity only

Demand: Reference case electricity demand (demand for fuels is outside of system
boundaries). Supply: Electricity system only. Carbon target: Net-zero emissions

constraint in only the electricity sector by 2050, which by itself does not meet an
economy-wide net-zero goal but reflects the vast majority of the most ambitious
targets adopted by Western states

Reference

Demand: Existing energy efficiency, low electrification of buildings, 10% EV

adoption, no industry electrification. Supply: All generation technologies allowed.

Carbon target: None

ENVIRONMENTAL
Siting levels

Siting level 1 (SL1)

Wind and solar: Exclude legally protected areas (Category 1, eg., national parks,
wilderness areas, wildlife refuges, conservation easements). Biomass: all feedstocks

included; exclude potential supply from conservation reserve program land

Siting level 2 (SL2)

Wind and solar: Exclude administratively protected areas (Category 2; e.g., critical

habitat for threatened and endangered species, wetlands, areas of critical
environmental concern) and Category 1. Biomass: No net expansion of land for
purpose-grown herbaceous biomass crops. Land for purpose-grown biomass is
restricted to land that is currently used to grow bioenergy feedstocks. Specifically,
land available for herbaceous biomass crops (miscanthus and switchgrass) is
limited to the share of land currently cultivated for corn that is eventually consumed
as corn ethanol, which is phased out in all net-zero scenarios by 2050 (14)

Siting level 3 (SL3)

Wind and solar: Exclude areas with high conservation value (Category 3; e.g.,

priority and crucial habitat, intact grasslands, prime farmlands), category 2 and
category 3. Biomass: Same as siting level 2

total elimination of fossil fuels meant more synthetic renewable
fuel production (Fig. 2 and SI Appendix, Table S21). Since
area requirements scale with generation capacity and biomass
demand, net-zero scenarios that use more energy have greater
land and ocean area needs. For a more thorough explanation and
discussion of energy portfolio dynamics and results, S/ Appendix,
g 35.

The reduction in the relative area requirements for High
Electrification compared to other economy-wide cases was largest
under the least protective siting constraints, SL1 (33% relative to
Slow Electrification and 27% relative to Renewables Only) but
was less under the most protective Siting Level 3, particularly
for Slow Electrification (only a 5% reduction). Two factors
explain this. First, there is high demand for and unconstrained
availability of herbaceous and woody biomass under SL1. Second,
the area occupied by onshore wind, which had the largest area
requirement of all technologies, was significantly lower in SL3,
while higher-density solar PV and offshore wind projects increase.
Note that wind area requirements include spacing between
turbines as this better represents the extent of possible avian
impacts and siting challenges.

Direct electricity supply and use are matched within the 11
western states, but both fossil and renewable (e.g., biogenic) fuels
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are allowed to be imported from and exported to other states,
as is the current norm with petroleum and natural gas. As such,
land and ocean use requirements reported in Fig. 1 may include
those outside of the western United States.

Effects of Siting Constraints on a Net-Zero Energy System.
We found that avoiding development in high conservation-
value locations when siting renewable energy and transmission,
along with limiting land requirements for biomass, had relatively
small impacts on energy supply portfolios and modest impacts
on costs. They did not significantly alter the main types of
energy resources used—solar and wind generation remained
the dominant, lowest-cost primary energy supply in all Siting
Levels.

Onshore wind vs. solar. Increasing ecosystem protections shifted
resource development from onshore wind to solar PV, often
with battery storage (Fig. 3 and SI Appendix, Table S21).
Onshore wind generation was the most sensitive to increasing
levels of land-use protections mainly because there are fewer
areas economically suitable for wind development, and wind
has much lower total land use efficiency than solar (6). In the
High Electrification case, as siting constraints increased from SL1
to SL3, wind generation decreased by 26% and solar increased

https://doi.org/10.1073/pnas.2204098120
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Fig. 1. Land and ocean area for renewable resource and additional biomass resources required in 2050 for each scenario. Gray bars indicate the total area
summed across the grouped bars for each scenario. Onshore and offshore wind plant area shown represents the total area, which includes spacing between
turbines. The land requirements for hydropower, natural gas, coal, and nuclear are not included because their capacities either remained constant or declined
over time. Direct air capture (DAC) and geothermal plants are also not included because their land requirements were minuscule compared to wind, solar,
transmission, and biomass. However, all renewable generation used to power DAC is reflected in the area requirements (17, 18).

by 25%. The differences were greatest in the scenarios that
required the highest levels of renewable generation (e.g., wind
decreased 37% and solar increased 52% in the Renewables
Only case; ST Appendix, Table S21). The differences were more
pronounced—and in some cases even moved opposite to the
overall regional trend—for some individual states, as a function
of changing relative costs among states when some resources were
eliminated (Fig. 3). While total onshore wind capacity decreased
from 180 GW to 129 GW in the High Electrification case with
more protections, it nonetheless increased in Montana, while
declining precipitously in Wyoming, Nevada, and New Mexico
(Fig. 3). The specific locations of future power plants and their
associated impacts may vary significantly as a result of protections
(Fig. 3 and ST Appendix, Fig. $23).

Transmission. Increased ecosystem protections reduced addi-
tional transmission capacity due to the redistribution of new
energy infrastructure away from the interior and toward the
coast and closer to the majority of customer load (Fig. 3). New
transmission capacity was 20% lower in SL3 relative to SLI1
(Fig. 3 and SI Appendix, Fig. S22 and Table S21). Nonetheless,
new transmission and upgrades were required in all net-zero
scenarios. In the core cases, transmission capacity would need
to increase 30% to 70% above today’s level (SI Appendix, Fig.
S22). New transmission lines predominantly high-voltage direct
current (HVDC), lines comprised nearly half of the interstate
capacity additions by 2050 across most scenarios. Importantly,
the remaining half consisted of colocated high-voltage alternating
current (HVAC), involving additional transmission towers along
existing rights-of-way, and reconductored lines, which upgrades
conductor wires from 230 kV to 500 kV on existing transmission
towers (approximately 40% and 10%, respectively, or 15 GW
total, in High Electrification SL3; SI Appendix, Fig. S22)—both
significantly reduce land disturbance.
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Distributed solar. Large land requirements were reduced, but not
eliminated, by increasing rooftop PV and urban infill PV. For
example, the 82-GW increase in solar capacity resulting from
maximizing siting protections (SL3) in the High Electrification
scenarios could be fully met by distributed solar if it could reach
the relatively ambitious level of 35% of its technical potential
(80.5 GW for new rooftop and 73.5 GW for new urban infill).
However, distributed solar alone is insufficient to meet economy-
wide solar needs, which reached as high as 414 GW in the High
Electrification SL3 scenario (SI Appendix, Table S21).

Offshore wind. While distributed and large-scale solar PV tech-
nologies are nearly interchangeable after adjusting for efficiencies,
wind and solar resources tend to be more complementary than
interchangeable (5, 6, 19) and wind has a high value in a solar-
dominated power system. Despite this, across scenarios, offshore
wind capacity was a relatively small part (7 to 27 GW) of the
capacity mix (Fig. 2 and ST Appendix, Table S21). Compared
to the East coast, where studies have found offshore wind to
play a major role in any low-carbon generation mix (20), the
West coast has higher costs due to greater ocean depth, longer
transmission distances, and the relative abundance of competing
onshore resources. The largest build-out of offshore wind capacity
(27 GW) was in the Renewables Only cases under SL3, in which
onshore wind availability was insufficient (SI Appendix, Table
S21). Environmental siting exclusions did not appear to limit the
selection of offshore wind in any scenario.

Biomass. Biomass is the most land-intensive form of energy
production (16, 21). Even in the absence of land-use constraints
(SL1), biomass demand was limited by its challenging economics.
In the High Electrification case, biomass requirements in the
western states were nearly identical across Siting Levels 3.2
exajoules (E]) in SL1 and 3.3 EJ in SL2; S/ Appendix, Table S21
and Fig. §20, though where the purpose-grown biomass would
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Electricity demand (Load) (A), generation (B), and installed capacity (C) across the western United States for scenarios that achieve different

decarbonization targets (reference, electricity only, and economy-wide net-zero cases) or with different decarbonization pathways (High Electrification, Slow
Electrification, and Renewables Only). The reference case uses Siting Level 1 (SL1) protections, while all other scenarios have Siting Level 3 (SL3) protections.
Values for onshore wind and all solar generation and capacity (large-scale, urban infill, and rooftop) are labeled.

be sourced changes (Fig. 1.D). Limits to biomass availability had a
larger impact in the Slow Electrification and Renewable Only sce-
narios, with Slow Electrification SL1 having the highest biomass
consumption (5 EJ), declining to 3.2 EJ in SL3 (87 Appendix,
Table S21). Since there are no limits on interstate transport
or trade of biomass for synthetic fuel production, a significant
fraction of purpose-grown—nonwaste and nonresidue—biomass
(primarily miscanthus and switchgrass) would be sourced from
midwestern states responsible for growing most of the corn for
corn ethanol and southern states where woody biomass is most
cost-effectively produced (Fig. 1D and Table 1). In a sensitivity
analysis in which we further limited biomass supply to only wastes
and residues (Limited Biomass case), there was a substantial

PNAS 2023 Vol. 120 No. 4 2204098120

reduction in biomass consumption (from 3.3 to 2.0 EJ). This
reduction was in part compensated by greater wind and solar
generation used for synthetic fuel production, but also by higher
fossil fuel use in transportation offset by higher DAC (45 Mtly)
(ST Appendix, Table S21 and Figs. S17 and S20).

System costs. The relatively limited effects of siting constraints
on the technology mix also extended to energy costs, with SL3
protections resulting in only a modest increase in net costs (57
Appendix, Table S21 and Fig. 4). Higher spending on solar,
storage, and clean fuels under more stringent land use protections
were partially offset by savings from lower installed onshore wind
and transmission capacity. In the High Electrification case, the
additional energy system cost for achieving the highest level

https://doi.org/10.1073/pnas.2204098120
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Fig. 3. Additional build-out by 2050 of large-scale solar plants (A), wind plants (B), transmission and spur lines (C), and the western United States share of
purpose-grown biomass area requirements (D) under different levels of environmental protection and supply constraints for the High Electrification case (Siting
Level 1 in the left column through Siting Level 3 in the right column). The total capacity for each infrastructure type in gigawatts (GW) is indicated by the bars
in the lower left corner of each map. Total solar capacity bars include large-scale, urban infill, and rooftop solar, whereas the map shows the location of only
additional large-scale solar plants. Biomass maps indicate the area in each state required to supply the western US states’ share of purpose-grown biomass.
Siting Levels 2 and 3 restrict purpose-grown herbaceous biomass cultivation to land dedicated to growing corn for corn ethanol. These modifications preclude

downscaling biomass demand beyond the state level.
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of protection (SL3) was $7.8B USD per year by 2050, a 3%
increase over SL1. Costs increased further in order to achieve
additional policy objectives (e.g., 14% for Renewables Only) or
due to additional constraints on resource availability explored in
sensitivity analyses (e.g., 3.8% for Limited Biomass; ST Appendix,
Table S21 and Fig. 4).

Environmental and Social Impacts of Renewable Energy Devel-
opment.

Ecological impacts. We found that land and ocean use protections
avoided renewable energy development on lands and waters
with high conservation value, while still providing more than
adequate wind and solar energy to meet net-zero targets. Without
such protections, between 60% and 70% (up to 42,000 km?)
of onshore wind and solar development occurred in High
Conservation Value areas in the High Electrification case (Fig.
5A). Of the ecological categories examined, intact landscapes and
wildlife corridors benefited the most from siting protections for
onshore wind; in SL3 scenarios, development was reduced by
60 to 70% in these areas (Fig. 54 and SI Appendix, Fig. S27).
Despite relatively large landscape-level impacts across all Siting
Levels, the impacts on habitats of sensitive and significant focal
taxa such as Sage Grouse and big game were relatively small,
with energy development affecting less than 3% of total Sage
Grouse habitat in SL1 and SL2 (Fig. 54); however, impacts to
Sage Grouse habitat in individual states were more significant
(Fig. 5C).

Land use impacts. A significant share of new solar, wind, and
transmission development occurred on agricultural lands across
all policy scenarios (Fig. 54 and SI Appendix, Fig. S27). Across
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SITING
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all core cases, increasing ecosystem protections doubled the total
share of wind and solar development on agricultural lands, while
more than halving the capacity sited on natural lands (shrublands,
forest, and grasslands) (Fig. 54 and SI Appendix, Fig. S27). For
solar, 40 to 50% of capacity was sited on agricultural lands across
siting levels, but the types of agricultural land changed (Fig. 54).
With only SL1 or SL2 protections, a large share of the solar was
sited on prime farmland (80 to 90%; SI Appendix, Fig. S24), but
when prime farmland was excluded from development in SL3,
solar development shifted to other, nonprime agricultural lands.
For onshore wind, agricultural land’s share increased from 15 to
30% of total onshore wind area as more siting protections were
applied. A similar shift from natural to agricultural lands was
observed for transmission (Fig. 54).

Impacts were not uniformly distributed across the western
states. For example, in the High Electrification case, under
SL1 and SL2, nearly 90% of the total solar power plant area
in California occurred on High Conservation Value lands,
compared to 50% in Arizona (Fig. 5B). For onshore wind,
the vast majority of Sage Grouse habitat and big game range
impacts were concentrated in Montana and Wyoming, with
Sage Grouse habitat areas accounting for about 20% of all
wind development in Wyoming under SL1 and SL2 (Fig. 5C).
For transmission, the largest build-outs and associated impacts
occurred in Washington, Utah, and Idaho (Fig. 3). Impacts also
do not follow a linear trend across Siting Levels for some states.
For example, the amount of solar development on natural lands in
Arizona increases under SL3 because of a reduction in solar power
plants located on agricultural lands in scenarios that protect prime

farmland (Fig. 5B).
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Fig. 4. Net annual levelized supply-side cost in 2050 for scenarios is shown relative to the High Electrification Siting Level 1 scenario. Bars above the x-axis
represent an increase in costs, while bars below represent a decrease in relative cost. Labeled points provide the net cost. The secondary y-axis shows the
percentage cost increases compared with the High Electrification SL1 scenario, which costs 260 billion USD.
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Fig.5. Land use, land cover, and select ecological impacts of solar and onshore wind project areas (generation) and transmission lines selected for each Siting
Level under the High Electrification case (A). Impacts of selected solar and onshore wind project areas for the same metrics are reported by state (B and C). The
length of the lines connecting points for each metric indicates the difference between Siting Levels or the degree of impact of land use protections. Natural
lands comprise grasslands, shrubland, and conifer land cover classes.

Potential social implications. Siting constraints can alter which
communities host large-scale renewable energy infrastructure
and receive the associated benefits and impacts. The presence

of renewable energy in a community is typically viewed favorably
by some members of the community (due to the economic
and climate benefits) and unfavorably by other members of the
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Fig. 6. Human population found within a certain distance from all selected wind plants, solar plants, spur lines, and transmission lines for each Siting Level in
the High Electrification case. Population counts were estimated for the buffered distances indicated by the points. Visual impact studies have identified 16 km
as the limit of visual preeminence for wind plants, 1.6 km for 230-kV lines, and 2-3 km for 500-kV transmission towers. The population of the city of Los Angeles
and a fraction of the population of the western United States are provided for reference.

community due to cultural, environmental, aesthetic, noise, or
other concerns (22). We evaluated each scenario using a suite
of social vulnerability metrics. We found that changing Siting
Levels had minor effects on average income, percent living below
the poverty line, percent unemployed, and population density
of communities hosting wind and solar projects (S Appendix,
Fig. S28). However, these social metrics did differ between
technologies (SI Appendix, Fig. S28). Wind projects tended
to be sited in more affluent and less densely populated areas
compared to solar projects (S Appendix, Fig. S28). This is likely
a result of solar projects being located relatively closer to loads
and substations in more urban areas, which are not only denser,
but also have a greater range of socioeconomic statuses.

We evaluated the changes in population density and popula-
tion count at various distances from selected wind and solar farms
as a function of siting constraints. Though counterintuitive, we
found that the population density at any given distance within
16 km from new wind or solar energy infrastructure generally
decreased with increasing ecosystem and land use protections
(SI Appendix, Fig. S29). This may be due to shifting more
development into rural areas, which have lower population
density. This, combined with lower wind capacity, resulted in
fewer people being in close proximity to renewable infrastructure
(Fig. 6). In total, 9.5 to 12.5 million people in the western United
States (roughly 12 to 15% of the current western population)
could be living within 16 km of a wind plant, 3 km of a solar
plant, 3 km of a new transmission line or expanded/upgraded
corridor, or 1.6 km of a spur line (Fig. 6), distances within which
high visual impacts have been reported (23-26).

Discussion and Conclusions

We find that the scale, pace, and land use requirements of
the energy infrastructure build-out required to achieve net-zero
economy-wide emissions are unprecedented. Yet, if this transition
is adequately planned, it is technically feasible, affordable, and
environmentally sustainable. The energy policies adopted to

PNAS 2023 Vol. 120 No. 4 2204098120

meet net-zero goals can strongly influence, directly or indirectly,
where generation, transmission, and bioenergy production will be
located and how much land and ocean area will be required for i,
by virtue of how they shape electricity and fuel supply, demand,
and delivery. We find a factor of three difference between the most
and least area-intensive net-zero scenarios. To avoid unintended
environmental consequences, it is important to consider how the
adoption of different energy technologies impacts overall land
and ocean use.

Energy Pathway Decisions Will Strongly Affect Renewable and
Transmission Land Use. Policies that lead to rapidly electrifying
vehicles, buildings, and industry result in more efficient use of
primary energy resources, reducing the capacity requirements for
solar and wind, the demand for biofuels, and consequently the
area of land/ocean required. On the other hand, policies that
eliminate all fossil fuel use by 2050 are technically feasible, but
the last increment of fossil fuels to be eliminated comes at a
high cost in increased demand for electricity, biomass, and land.
Policies that retain, rather than retire, gas thermal generating
capacity, allowing it to be available for infrequent use when
needed for reliability, will help to reduce costs, land requirements
for infrastructure siting, and the need for biomass.

The scale of bioenergy use differed widely across policy cases
(81 Appendix, Table S21), generally increasing when other energy
supplies are limited. At the same time, we found that net-
zero scenarios are feasible without expanding the land area used
for purpose-grown biomass. In the Limited Biomass sensitivity,
energy crops’ land area shrinks relative to today. While this avoids
about 22,000 km? of land use, by 2050, the Limited Biomass
sensitivity uses 11% of the petroleum required in the reference
scenario compared to only 4% of the reference scenario for High
Electrification SL3. Limited Biomass is also associated with a
4% point increase in costs compared to the High Electrification
case. While there are no precedents for policy levers or market
incentives to achieve biomass-limited outcomes in the United

https://doi.org/10.1073/pnas.2204098120
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States, results indicate that the availability of sustainable sources
of biomass beyond wastes and residues may prove important for
limiting fossil fuel use and additional costs.

Siting Constraints Effectively Protect Areas with High Conser-
vation Value at Low Cost, While Reducing the Number of People
Impacted by Development. We found that without new siting
constraints, a net-zero energy system could significantly impact
areas with high conservation value (e.g., intact lands, wildlife
corridors). Conversely, we found that these impacts can be
dramatically reduced through land/ocean use protections and
restricting cultivation of purpose-grown biomass to areas cur-
rently under bioenergy crop production. Ecosystem protections
can be achieved at a relatively low cost premium, about a 3%
increase in energy system net cost in 2050 (i.e., when increasing
protections from SL1 to SL3). Even 3% may be an overestimate
because it does not reflect the possible higher mitigation (27, 28)
or permitting costs of projects in areas with higher ecological
value, which are also more likely to be canceled (29). We found
that increasing siting protections actually reduces transmission re-
quirements. With greater granularity and realism in representing
the transmission system compared to previous studies (13, 30),
we found about half of new transmission capacity can be met
by upgrading existing lines or expanding existing right-of-ways,
which significantly limits land impacts and siting hurdles.

The support of farmers and rural communities will be essential
for protecting habitat because implementing more ecosystem
protections shifts development from natural to agricultural lands.
This comes with its own challenges, but we have shown that it
is possible to avoid the use of prime farmland. Additionally,
agrivoltaics (siting solar panels alongside crops) can increase
the land use efficiency per unit area of both solar energy and
food production (31, 32). Solar development on marginal or
fallowed lands can provide farmers with alternative income
sources (33). Involving stakeholders early in energy planning
and siting processes can help ensure that communities benefit
from projects colocated on working lands or within fishing areas
(10, 34).

Siting choices involve many real-world social tradeoffs. On
the one hand, new infrastructure can create some local economic
opportunities (e.g., tax revenue). On the other, it also alters the
viewshed, potentially precludes other beneficial land uses, and
could reduce property values (35). The acceptable balance of
benefits and costs for any project will be largely determined
by local stakeholders. We found that roughly 12% of the
current population in the western states may be affected at
least visually by a net-zero build-out by midcentury assuming
High Electrification—and more in other cases. While Tribal
lands were not included in the renewable resource assessment
out of respect for Tribal sovereignty, energy development may
occur in neighboring lands and waters, with possible viewshed,
socioeconomic, or cultural impacts. It is critical to include Tribal
participation early in low-carbon transition planning to ensure
community benefits and the protection of cultural landscapes.

Conclusion. Given the doubling and tripling of build rates
for low-carbon infrastructure required by mid-century, current
capabilities in policy, planning, and stakeholder engagement in
support of environmentally and socially responsible infrastruc-
ture siting may be insufficient. A sense of urgency stems from
the need for a rapid ramp-up in the rate of solar and wind
development, in contrast with a well-documented reduction in
the capacity and increase in the costs to build large infrastructure
projects in the United States (36).

https://doi.org/10.1073/pnas.2204098120

Generating spatially explicit scenarios, like those demonstrated
in this study, can help minimize siting conflicts in order to meet
climate targets. A key feature of the approach is high spatial
detail, which enables local stakeholders, land use planners, and
conservation organizations to concretely envision and participate
effectively in the planning process. It recognizes that successfully
building a net-zero energy system rests on place-based decisions.
While some region-wide assumptions made in this study limit
its direct application in planning and policy (e.g., states are
likely to adopt different environmental permitting standards),
our spatially explicit planning framework is flexible enough to
be implemented at multiple jurisdictional scales and should
be replicated in inclusive stakeholder processes that ground
assumptions in local realities.

Materials and Methods

Methods Overview. The methodology contains six key stages, summarized in
Fig. 7 and described briefly below. Please refer to S/ Appendix for more detailed
descriptions, figures, and tables supporting the assumptions and steps used in
each stage of the analysis.

In stage 1, we developed siting constraints on energy infrastructure
development that represent increasing levels of ecosystem protection, starting
with land and waters that are already protected (Siting Level 1) and expanding
protections to areas requiring administrative review for development (Siting
Level 2) and finally to areas with high conservation value (Siting Level 3;
representing ecological, agricultural, cultural, and other natural resource values;
Sl Appendix, Fig. 52 and Tables $17-520).

Stage 2 involved spatially explicit resource assessments for onshore wind,
offshore wind, utility-scale ground-mounted solar PV, distributed urban-infill PV,
and constraining the biomass supply curve. We combined environmental Siting
Levels (stage 1) with socioeconomic and technical spatial datasets (S/ Appendix,
Tables S2 and S3), to identify suitable sites for development of each technology
and develop asupply curve. Foroffshore wind and solar PV, gridded data on wind
distributions and solar radiation were used to simulate capacity factors. We then
applied the Optimal Renewable Energy Build-out (ORB) framework (37) and
the MapRE (Multicriteria Analysis and Planning for Renewable Energy) Zoning
Tools (38) to create maps of suitable areas and subdivide them into utility-scale
candidate project areas (CPAs). Urban-infill PV potential assessment used a
different set of techno-economic exclusions (e.g., imperviousness, urban areas;
SI Appendix, Fig. S4). Different levels of purpose-grown biomass feedstocks
(14, 39) were removed in the higher Siting Levels (S/ Appendix, Tables S1 and
$10) and for the Limited Biomass case.

In stage 3, we spatially modeled transmission lines and spur lines (i.e.,
gen-ties). This involved developing cost and line routing surfaces using the
environmental data from stage 1 and techno-economic data representing siting
criteria such as slope, terrain, and wildfire risk. Multipliers based on these data
were used to represent the relative difficulty and cost of power line siting over
diverse terrains (S/ Appendix, Table S7). For interstate transmission, substation
start- and end-points in each state (S/ Appendix, Fig. S6) were used in least-cost
path analysis to generate routes (S/ Appendix, Figs. S8 and S11). We updated
the initial corridor transmission capacities, identified congestion levels, and
determined the feasibility of upgrades, reconductoring, and new HVDC and
HVAC lines (S/ Appendix, Table S4). We used the cost surface and substation
requirements to estimate costs of each transmission supply option and spur
line.

For stage 4, we used the outputs of stages 2 and 3 to develop energy
portfolios using the EnergyPATHWAYS (EP) and RIO models (5). EP is a detailed
stock-rolloveraccounting model thattracks infrastructure stocks, energy demand
by type, and cost every year for all energy-consuming technologies, as new
stocks replace old stocks over time (for example, battery electric vehicles
replacing internal combustion engine vehicles). Time-varying electricity and
fuel demand outputs from EP were then input into RIO, a linear programming
model that combines capacity expansion with sequential hourly operations

pnas.org
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Fig. 7. Methodological framework.

over a sampling of representative days to find the lowest-cost solution for
decarbonized energy supply. The energy system modeling included multiple
scenarios that reached net-zero greenhouse gas emissions economy-wide
in the 11 western states and two scenarios that reached net zero in the
electricity sector only. S/ Appendix, Table S10 for descriptions of all cases and
scenarios. While all energy sector emissions have been accounted for in RIO
and the Land Use and Carbon Scenario Simulator (LUCAS) model (40) was
used to estimate the net emissions from the land sector, we did not account
for potential net emissions from land use and land cover change resulting
from the production of purpose-grown biomass (which is only possible under
Siting Level 1) due to the low spatial resolution of the biomass supply curve
used (39).

In stage 5, we downscaled the quantities of onshore wind, offshore wind,
solar PV, and transmission in each RIO portfolio (outputs of stage 4). Biomass

PNAS 2023 Vol. 120 No.4 e2204098120

demand was disaggregated into specific feedstocks in order to estimate land
use requirements for purpose-grown biomass (S/ Appendix, Table $14). Onshore
wind and solar were downscaled using an empirical, random forest approach
implemented in R. This approach brought more factors into the downscaling
than levelized cost alone, by extrapolating historic siting trends using multiple
possible siting criteria (e.g., distance to nearest substation, capacity factor,
environmental sensitivity; S/ Appendix, Table $11). Offshore wind sites were
selected based on total levelized cost since there are no existing offshore wind
farms along the western US coastline for empirical analysis. For downscaling
transmission, a load-carrying capacity threshold was applied to determine
whether a line should be built (S/ Appendix, Table S12).

Finally, in stage 6, we assessed the potential environmental and social
impacts of each downscaled portfolio (results of stage 5). We estimated the area
of each land cover type or ecological metric impacted by wind, solar, or power
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line development (S/ Appendix, Table S16). For social metrics, we calculated the
area-weighted average median income, percent living below poverty, percent
unemployed, and population density for each infrastructure type. Finally, we
estimated the human population residing within several buffered distances of
each infrastructure type.

Data, Materials, and Software Availability. Generated key inputs (environ-
mental exclusion categories) and outputs (e.g., renewable resource areas) are
available for download on Zenodo (DOI: 10.5281/zenodo.7460026). Historical
Ventyx spatial data on the U.S. transmission network used in the regression-
based downscaling stage of the analysis are part of a proprietary subscription-
based dataset, called the Velocity Suite, that was purchased under a non-
disclosure agreement. This dataset is available for anyone to purchase using
the following link: https://new.abb.com/enterprise-software/energy-portfolio-
management/market-intelligence-services/velocity-suite. The selected project
area results associated with a given scenario identify possible locations for new
energy generation based on the criteria selected by the authors and using
regression methods. This study is based on scenario analysis and is not a siting
study capable of making prescriptions or predictions of which areas will or should
be developed. However, many of these lands are privately-owned so the data
could easily be mis-interpreted by users or landowners as identifying lands
which are targeted or sanctioned for renewable energy development by the
organizations involved in the study. These data are not publicly available due
to the risk of mis-interpretation and the legal and ethical risks associated with
a possible change in market value associated with this identification. However,

1. J.Rogelj et al., Mitigation Pathways Compatible with 1.5°Cin the Context of Sustainable
Development (chapter 2). Global Warming of 1.5°C. An IPCC Special Report on the impacts of
global warming of 1.5°C above pre-industrial levels and related global greenhouse gas emission
pathways, in the context of strengthening the global response to the threat of climate change,
sustainable development, and efforts to eradicate poverty p. 82 (2018). 00011.

2. Clean Energy States Alliance, Table of 100% Clean Energy States (2022).

3. J.H.Williams et al., The technology path to deep greenhouse gas emissions cuts by 2050: The
pivotal role of electricity. Science 335, 53-59 (2012).

4. Intergovernmental Panel on Climate Change, Chapter 6: Assessing Transformation Pathways:
Climate Change 2074 Mitigation of Climate Change: Working Group Il Contribution to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change (Cambridge University Press,
Cambridge, 2014), p. 00150.

5. J.H.Williams et al., Carbon-neutral pathways for the United States. AGU Adv. 2, e2020AvV000284
(2021).

6. G.C.Wuetal, Low-impact land use pathways to deep decarbonization of electricity. Environ. Res.
Lett. 15,074044 (2020).

7. R.Herandez et al., Environmental impacts of utility-scale solar energy. Renew. Sustain. Energy Rev.
29,766-779(2014).

8. J.E.Lovich, J. R. Ennen, Assessing the state of knowledge of utility-scale wind energy development
and operation on non-volant terrestrial and marine wildlife. Appl. Energy 103, 52-60 (2013).

9. D.Mulvaney, Identifying the roots of Green Civil War over utility-scale solar energy projects on
public lands across the American Southwest. J. Land Use Sci. 12, 493-515(2017).

10. H.Farr, B. Ruttenberg, R. K. Walter, Y. H. Wang, C. White, Potential environmental effects of
deepwater floating offshore wind energy facilities. Ocean Coastal Manag. 207, 105611 (2021).

11. S.Tegen etal., An initial evaluation of siting considerations on current and future wind deployment
(Tech. rep. NREL/TP-5000-61750, 1279497, National Renewable Energy Laboratory, 2016).

12. T.Mai, A. Lopez, M. Mowers, E. Lantz, Interactions of wind energy project siting, wind resource
potential, and the evolution of the U.S. power system. Energy 223, 119998 (2021).

13. D.Lewetal, Transmission planning for 100% clean electricity: Enabling clean, affordable, and
reliable electricity. IEEE Power Energy Mag. 19, 56-66 (2021).

14. E.Larson etal., Net-Zero America: Potential pathways, infrastructure, and impacts, final report
summary. Princeton Univ. (2021).

15. E.Brand et al., Voices of the west: Findings from interviews with regarding energy on tribal lands
(Tech. rep., The Nature Conservancy, 2022).

16. V. Fthenakis, H. C. Kim, Land use and electricity generation: A life-cycle analysis. Renew. Sustain.
Energy Rev. 13, 1465-1474(2009).

17. N.McQueen et al., Cost analysis of direct air capture and sequestration coupled to low-carbon
thermal energy in the United States. Environ. Sci. Technol. 54, 7542-7551 (2020).

18. N.McQueen, M. J. Desmond, R. H. Socolow, P. Psarras, J. Wilcox, Natural gas vs. electricity for
solvent-based direct air capture. Front. Clim. 2, 38 (2021).

19. R.Deshmukh, A. Phadke, D. S. Callaway, Least-cost targets and avoided fossil fuel capacity in India’s
pursuit of renewable energy. Proc. Natl. Acad. Sci. U.S.A. 118(2021).

20. R.A.Jonesetal, Energy pathways to deep decarbonization: A technical report of the Massachusetts
2050 decarbonization roadmap study (Tech. rep., Evolved Energy Research, 2020).

12 of 12 https://doi.org/10.1073/pnas.2204098120

the code used to generate these selected project areas, i.e., the site selection
methods and process are publicly available on Zenodo (linked with data).

ACKNOWLEDGMENTS. This study was funded by the Spitzer Foundation.
G.C.W. was funded by the David H. Smith Conservation Research Fellowship
administered by the Society for Conservation Biology with funds from the Cedar
Tree Foundation. We wish to thank the following staff members at The Nature
Conservancy for their contributions and feedback: Nicole Hill, Nels Johnson,
Gita Bodner, Robert Findling, Courtney Larson, Brian Martin, Louis Provencher,
Drew Rayburn, Jamie Robertson, Marcos Robles, Nathan Welch, Tomer Hasson,
Patrick Graham, Jessie Rountree, and Laura Crane. We wish to thank Benjamin
Sleeter (USGS) for providing LUCAS land carbon model results for informing the
land sink assumptions, Annie Dore for graphic design support, Margaret Torn for
reviewing early drafts of the manuscript, Michael Rossol and Nick Grue (NREL)
for providing onshore wind capacity factor data. The perspectives expressed in
this study are those of the authors and do not necessarily reflect the positions of
The Nature Conservancy or the funding entities.

Author affiliations: 2Environmental Studies, University of California Santa Barbara, Santa
Barbara, CA 93106; PEvolved Energy Research, Denver, CO 80211; “Energy & Resources
Group, University of California, Berkeley, CA 94720; YMontara Mountain Energy, Pacifica,
CA 94044; ®Energy Systems Management, University of San Francisco, San Francisco, CA
94117; fschool of Chemical Engineering, University of Queensland, Brisbane QLD 4072,
Australia; 8The Nature Conservancy, Sacramento, CA 95811; "The Nature Conservancy,
Minneapolis, MN 55415; 'JASenergies, San Francisco, CA 94117; and JThe Nature Conser-
vancy, Portland, OR 97214

N

1. R.1.McDonald, J. Fargione, J. Kiesecker, W. M. Miller, J. Powell, Energy sprawl or energy efficiency:
Climate policy impacts on natural habitat for the United States of America. PLoS One 4, 6802
(2009).

22. J.Rand, B. Hoen, Thirty years of North American wind energy acceptance research: What have we

learned? Energy Res. Soc. Sci. 29, 135-148 (2017).

23. R.G.Sullivan, J. M. Abplanalp, Utility-scale solar energy facility visual impact characterization and
mitigation study (Tech. rep., Argonne National Laboratory, 2013).

24. R.G.Sullivan et al., Electric transmission visibility and visual contrast threshold distances in western
landscapes (Tech. rep., Argonne National Laboratory, 2015).

25. R.G.Sullivan et al., Wind turbine visibility and visual impact threshold distances in western
landscapes (Tech. rep., Argonne National Laboratory, 2015).

26. R.G.Sullivan et al., Visual impacts of utility-scale solar energy facilities on southwestern desert
landscapes (Tech. rep., Argonne National Laboratory, 2016).

27. S. L Dashiell, M. Buckley, D. Mulvaney, Green light study: Economic and conservation benefits of
low-impact solar siting in California (Tech. rep., The Nature Conservancy, 2019).

28. SWCA, environmental mitigation costs study - final report for the wester electricity coordination
council (Tech. rep., Western Electricity Coordination Council, 2013).

29. H.Buechi, A. Irvin, D. Roney, M. Sleckman, C. Sparks, Where the wind goes: Motivating low
ecological risk wind development (Tech. rep., Bren School of Environmental Science and
Management, 2019).

30. P.R.Brown, A. Botterud, The value of inter-regional coordination and transmission in decarbonizing
the US electricity system. Joule 5, 115-134(2021).

31, G. A Barron-Gafford et al., Agrivoltaics provide mutual benefits across the food-energy-water nexus
in drylands. Nat. Sustain. 2, 848-855 (2019).

32. H.Dinesh, J. M. Pearce, The potential of agrivoltaic systems. Renew. Sustain. Energy Rev. 54,
299-308(2016).

33. B.P.Bryantetal, Shaping land use change and ecosystem restoration in a water-stressed
agricultural landscape to achieve multiple benefits. Front. Sustain. Food Sys. 4, 138 (2020).

34. C.White, B.S. Halpern, C. V. Kappel, Ecosystem service tradeoff analysis reveals the value of
marine spatial planning for multiple ocean uses. Proc. Natl. Acad. Sci. U.S.A. 109, 4696-4701
(2012).

35. S. Jarvis, The economic costs of NIMBYism: Evidence from renewable energy projects. Working
paper (2021).

36. L. Brooks, Z. D. Liscow, Infrastructure costs (2021).

37. G.C.Wuetal., Integrating land conservation and renewable energy goals in California: A study
of costs and impacts using the optimal renewable energy build-out (ORB) model (Tech. rep., The
Nature Conservancy, 2015).

38. G.C.Wuetal, Strategic siting and regional grid interconnections key to low-carbon futures in
African countries. Proc. Natl. Acad. Sci. U.S.A. 114, E3004-E3012 (2017).

39. M. H. Langholtz, B. J. Stokes, L. M. Eaton, Billion-Ton report: Advancing domestic resources for a
thriving bioeconomy. US (2016).

40. B. M. Sleeter etal., An integrated approach to modeling changes in land use, land cover, and

disturbance and their impact on ecosystem carbon dynamics: A case study in the Sierra Nevada

Mountains of California. AIMS Environ. Sci. 2, 577-606 (2015).

pnas.org


https://www.pnas.org/lookup/doi/10.1073/pnas.2204098120#supplementary-materials
https://doi.org/10.5281/zenodo.7460026
https://new.abb.com/enterprise-software/energy-portfolio-management/market-intelligence-services/velocity-suite
https://new.abb.com/enterprise-software/energy-portfolio-management/market-intelligence-services/velocity-suite

