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Table S1 Operational-phaselife-cycle land-use factorsbasedon 30year plant lifetime.

Land-use Land use
Land- Factors (by Factors (by
use generation capacity in
Technology Design metric  in m>GWh?1) MW km™3) Reference and notes
Renewable
Concentrating
Solar Power  Generic  Direct 364 31.7 Ongetal(2012*
(Csh
CsP Generic  Total 431 258 ong et al. 2012
(Pli\\(;;ovoltam Generic Direct 432 34.3 Ongetal. 2012
PV Generic  Total 472 BT ongetal. (P12
wind Generic Direct 26 353 Ongetal. (212
Wwind Generic  Total 3237 2.8 Ongetal. (P12
. California . Californiaspecific wind farm;
Wind Generic Total L NotAvailable Fthenakis and Kim (2009)
California Denholm et al. (2008) author
Wwind . Direct NA 460 calculated usingalues in
Generic :
appendix
I Denholm et al. (2009ruthor
Wind Callfor_ma Total NA - calculated usingalues
Generic .
appendix
Wind (Nsatlon_al Total NA  3.0(+-1.7) Denholm et al. (2009)
eneric
Direct Fthenakis and Kim (2009)
Hydropower  Reservoir (NS 2350 NA using Lake Powel reservoir
(50-yr plant lifetime
. Boreal Direct Jordaan (20106¥or Alberta,
Biomass forest (NS) AUy NA Canada
Geothermal  Generic  Direct 17.5 247 Ongetal. (201
Geothermal ~ Generic  Total 175 [ 968 Ong et al. (201p
Non-renewable
U.S. Direct
Coal Generic (NS) 410 NA Fthenakis and Kim (2009)
With Direct 497 NA Fthenakis and Kim (2009nd
Coal CCs (NS) Rochelle (2009)
Nuclear Generic E)I\'lrse)‘:t 120 NA  Fthenakis and Kim (2009)
Natural gas
combined Generic Direct 262 NA Fthenakis and Kim (2009)
cycle (NS)
(NGCQ
Natural gas Alberta, Direct 100- 400 NA Jordaan (2010) for Alberta,
Canada Canada
NGCC Generic E,\'lrse)"t 120 NA NETL (2014§



With Direct

NGCC ccs (NS 460 NA NETL (2014%
Fthenakis and Kim (2009) and
280 applyingRochell® £009)
With Direct parasitic load of 25%. This does
NGCC CCs (NS) NA not include land needed in the
sequestration phase of NGEC
CCs.
Yellow cellsindicate values used to compute land use demand results in Figui Blue cells indicate values
used to stimate total potential (Figu@ andmodel buildout(Figure 4)AiDi r ect 6 | and use is | anc
transformed by ener gy de vadaofpmeatinetprojeciiof ppwveaplant. | and use i s

a California-specific values were adopted for bédhd use demand estimates (lars® factors by generation) and

modding of build-out (landuse factors by capacity).

NS indicates that dAtotalo vs. Adirecto |l and use metric
strongly suggests fidirecto | and use.

¢ CoalCCS and NGCECCS land use values were estimated using estimates of the average lowest achievable

parasitic power load consumption (25%) due to CO2 extraction using amine scrubbing technology. This correction

factor accounting for efficiency losses@ES power plants was applied to the extraction and waste stages of

relevant technologies.



Table S2.GIS exclusion criteriaand buffer distancesto assess suitable sites.

Criteria Solar PV Solar CSP Wind Geothermal NG-CCS or Nuclear
Coal-CCS
PHYSICAL, TECHNICAL, SOCIO -ECONOMIC
Global
Horlzoptal Direct Normal NREL Wind USGS IN¥ Natural
Raw renewable Insolation Insolation geothermal .
. power class GasPlays IN:  N/A
resource (GHI) <5.8 (DNI)<6.75 <3 , class <9
5 1 (max: 7) ) Coal reserves
kWh m2dayt kWh nt* day (Max: 10)
Slope > 3% > 3% > 20% > 15% >12% >12%
Elevation (DEM) >1500 m > 1500 m > 1500 m > 1500 m > 1500 m > 1500 m
Contiguous area <1 kn? <5 kn? < 8 kn? <1 kn? <1 kn? <1 kn?
V\r’i?/frrsbc’d'es and - pys EX EX EX EX EX
Census urban zones EX: 0.5 km EX: 0.5 km EX: 1 km EX: 1 km EX: 0.5 km EX: 0.5 km
Population density > 100 >100 >100 >100 >50
(people krr?)
Surface mines EX: 1 km EX: 1 km EX: 1 km EX: 1 km EX: 1 km EX: 8 km
(hazardous facility)
Airports (hazardous EX: 1 km EX: 1 km EX: 1 km EX: 1 km EX: 1 km EX: 16 km
facility)
Roads EX EX EX EX EX EX: 1km
Rails EX EX EX EX EX EX: 1km
Military
Installations EX: 0.5 km EX: 0.5 km EX:05km EX:0.5km EX: 0.5 km .
- EX: 8 km
(hazardous facility)
NATURAL DISASTERS
Landslide risk areas:
Ahigh, su
high, or combehi EX EX EX EX EX EX
classific
Flood Risk Zones:
A, AE, AH, AO, EX EX EX EX EX EX
Open water, V
. . E X: 165 k
Fault lines: mi line)
"ACODE"= 1 OR (510 mi)
"SLIPRATE"="1- I N I N I N I N EX: 10 .
. km @2DO0 mi
> OR 160 km (
"SLIPRATE"=">5' )
mi )
AGRI CULTURAL
Herbaceou gy E X Y E X E X EX: 1 kn
agricul tu
Prime agr
l and (jusEX E X I N E X E X EX: 1 kn
Californi
ENVI RONMENTAL
Al Layer EX: .EEX: 0.5 EX: 0. EX: O0.EfEEX: O0.EEX: 1 kn
AGreater than or less thaalues indicate thresholds for exclusion.
A1 N0 indicates inclusion of criteri and width
SREXO0O indicates exclusion and width of buffer i

f

of



Table S3. Data sources

Dataset Source Data ty_pe/
resolution
PHYSICAL, TECHNICAL, SOCIO -ECONOMIC
Insolation (GHI and DNI) Naqonal Renewable Energy Lab: Solar Maps Feature/10km
http://www.nrel.gov/gis/data_solar.html
National Renewable Energy Lab: 50 m hub height (extrapolated to Feature

Wind speed class
Geothermal: USGS Geothermal

FavorabilityMap Derived From

Logistic Regression Models anc

Identified Moderate and High
Temperature Geothermal
Systems of the Western US

Elevation (DEM) and slope

Contiguous area
Water bodies andwérs

Census urban zones

Population density (people/Kn

Surface mines (hazardous

facility)

Airports (hazardous facility)

Roads

Railway network

Military Installations (hazardous

facility)

Coal reserves

Ground water (aquifers)

Natural Gas Plays

Deep saline aquifers and other

geologic carbon storage

Transmission lines and corridor:

for use in present analysis) http://www.nrel.gov/gis/data_wind.html
http://certmapper.cr.usgs.gov/geoportal/rest/find/document?search
=Geothermal&max=500&f=html&style=http://certmapper.cr.usge/g
geoportal/catalog/skins/themes/erp/previewlittle.css

U.S. Geological Survey: EarthExplorer:
http://earthexplorer.usgs.qgov/
SRTM dataset

Lopezet al. (2012), RETE, WGA®

Solar Energy Development Programmatic EIS (Solar PEIS):
http://solareis.anl.gov/maps/gis/index.cfm

U.S. Tiger dataset:
http://www.census.gov/cgibin/geo/shapefiles2011/main

Landscan

http://web.ornl.gov/sci/landscan/

U.S. Geological Survey: Active mines and mineral plants in the U.<£
http://mrdata.usgs.gov/mineplant/

National Transportation Atlas Database:
http://lwww.rita.dot.gov/bts/sites/rita.dot.gov.bts/files/publications/ne
nal_transportation_atlas_database/2013/points.html

Solar PEIS and National Transportation Database: Natitigaway
Planning Network.

U.S. Tiger dataset for roads by county:
http://www.census.gov/geo/mapsata/data/tigeline.html

National Transportation Atlas Database:
http://www.rita.dot.gov/bts/sites/rita.dot.gov.bts/files/publications/ne
nal_transportation_atlas_database/2013/polyline.html

US-PAD (see below for environmental datasets)

USGSEnergy Resources Program: Energy Data Finder:
http://energy.usgs.gov/Coal/
AssessmentsandData/CoalAssessments.aspx

USGS aquifer database:
http://nationaldts.gov/atlasftp.html#aquifrp

Energy Information Association (EIA):
http://www.eia.gov/pub/oil_gas/natural_gas/analysis_publications/r
s/maps.htm

National CarborSequestration Database and Geographic

- California Energy Commission

- planned corridors: West Wide Energy Corridor Environmental Img
Statement, section 368

corridors: http://corridoreis.anl.gov/eis/fmap/giskmxdcfm

Feature

Raster/d90m

Numerical
values
Polygon
Polygon
Raster/1km
Point

Point

Polyline

Polyline

Polygon

Polygon

polygon

Polygon

Polygon

Polyline

Bureau of Land Management . Ge c Polygon
Land ownership and State managed | ands in Cal
<http://www.blm.gov/ca/gis/>
NATURAL DISASTERS
Landslide risk Polygon

suspectedhigh, or combehi
classification
Flood Risk Zones: A, AE, AH,

AO, Open water, V

USGS: National Atlas: Landslide incidence and susceptibility
http://www.nationalatlas.gov/atlasftp.html#lsoverp

Federal Emergency Management Agency (FEMA): Map Service
Center

Polygon


http://earthexplorer.usgs.gov/
http://mrdata.usgs.gov/mineplant/
http://nationalatlas.gov/atlasftp.html#aquifrp

https://msc.fema.gov/webapp/wcs/stores/serviet/FemaWelcomeVie
oreld=10001&catalogld=10001&langle

.'.:SatjllélFI{n:-ls-EﬁE.(lj_gEo_RlOR U.S. GeéolSogiveyg: National AtlaspOIyII ne
" v e http://www. national atl as. gov/ a
SLIPRATE"= '>5
AGRI CULTURAL
Herbaceous agr National Gap Analysis Program Raster/ 2
http://gapanalysis.usgs.gov/gaplandcover/data/download/
Prime agricult Willigmson acfi Farmland Mapping and Pol ygon
farml and (stat Monitoring Program (FMMP) in CA:
i mportance) in http://www.conservation.ca.gov/dirp/
fmmp/products/Pages/DownloadGlSdata.aspx
ENVI RONMENTAL
U.S. Protect ed Protected Areas of the U.S. Database, Version v3.1: Pol ygon
(UBAD) v3.1 http://gapanalysis.usgs.gov/padus/data/download/
Wetl ands US Fish and Wildlife Service: National Wetlands Inventory. Pol ygon
http://www.fws.gov/wetlands/Data/Staownloads.html
Solar PEIS dataset alUBFS Inventoried Roadless Areas for Pol ygon
BLM Roadl ess A contiguous US (Data Basin Dataset):
http://www arcgis.com/home/item.html?id=2dd4cfcf14e34bc8bd9od:
7e13b1091
BLM Critical H Pol ygon
Endangered and Solar PEI S
species
| mportant Bird Audubon Society Pol ygon
Ei/gihél)Of Wa y ('Solar PEI S Pol ygon
Vi sMahagement ¢Solar PEI S Pol ygon
POWER PLANT LOCATI ONS
California Energy Commission (CECBA form 860: Geogr ap
PV plants http://www.eia.gov/electricity/data/eia860/ coordine
CSplants CEC;EIA Geograph
Wind far ms CEG EIA Sﬁg?g?ﬁz
Geother mal CEC;EIA; Geothermal Power Plant$SA: Geograph
http://gecenergy.org/plants.aspx coordinse



http://www.eia.gov/electricity/data/eia860/
http://geo-energy.org/plants.aspx

TableS4Compari son of environment al classifications i
classificationsLandtheepseaernat cbk t sxiarfditheayuivalent | e g al
of Category 4 in the present study, or avoid (Av) with sensitivity Soameesponding to Categories 3.5,

3, 2, 1 in the present study; see Tabile main paper). Brackets the first columrindicate the studies in

which the land area type was applied as an exclusion or avoidance layer.

LAND AREA TYPE RETI WREZ YXFE;:IZ; The prtesckeynt Data Sc

PROTECTED AREAS

Nati onal par k s

preserves, his g E x 4 E x PAJS

hi storical sit

studi es]

Natlo_nal RecreaEX E x 3 E x PARS

studi es]

Nati onal Wi | dI i

FWS) & state (

and Species Mg E x E x 4 E x PARJS

PARJS) [ al stu

Designated Fede

Areas and Wil d Ex E x 4 E x PARIS ai
Sol ar F

Areas [all stu

Recommdrdled al V

Areas and Wil d - E x 4 E x PARS

Areas [ WREZ]
USFS I nventorie
(add separW@S)el| Ex E x 3 E x Sol ar F
studi es]

BLM National Co
(under HANation
conservatiBADSs

%
US) (just KingEx - - E x PARJS
Rock High Rock
Forest Reserve
PARJS;
Geot her
http://www.blm
BLM National Co _ i 3 Av3; Ex for %gt
(all ot her s) as SpECIflec_g—ng_hermaI/eother
mal_nationwide
/Documents/Gl
S_Data.html
(National Par k) E x E x 3 E x PARS
Mo nument
(BLM) National E x E x 3 E x PARS
Nati onal histor Ex - 3 E x PARJS
National wild, g, E x 3 E x PADJS
recreational r
State Parks (CA
WY ) E x E x 3 E x
Av3 .i5f GAP st
State Parks (al Av 3 or 23 oAtvheerADJS
Callfornla_Stat E x E x 4 E x PARS
[ all studi es]
State forest (C- E x 3 E x PARS
Av3. 5 i f GAP
State forest (o Av 3 or 23 oAtvheerAD‘]S
DFG (now call ed .
Fish and Wildl Ex - 3 (adde EX:;8AYOr mnor,,pq
. wildlife are
and cologlcal
Existing conser . E x 3 E x PADJS
mitigation ban


http://www.blm.gov/wo/st/en/prog/energy/geothermal/geothermal_nationwide/Documents/GIS_Data.html
http://www.blm.gov/wo/st/en/prog/energy/geothermal/geothermal_nationwide/Documents/GIS_Data.html
http://www.blm.gov/wo/st/en/prog/energy/geothermal/geothermal_nationwide/Documents/GIS_Data.html
http://www.blm.gov/wo/st/en/prog/energy/geothermal/geothermal_nationwide/Documents/GIS_Data.html
http://www.blm.gov/wo/st/en/prog/energy/geothermal/geothermal_nationwide/Documents/GIS_Data.html
http://www.blm.gov/wo/st/en/prog/energy/geothermal/geothermal_nationwide/Documents/GIS_Data.html
http://www.blm.gov/wo/st/en/prog/energy/geothermal/geothermal_nationwide/Documents/GIS_Data.html

conservation e
[ all studi es]
Existing conser
mitigation ban
conservation e
ot her states)
Existing Conser
Mitigation Ban
Moved to @atc?2u
from devel opme
Conservation P
Moved to Cat 2:
from devel opme
Community Cons

[ RETI ]

Wil dlands Conse
[ RETI ]

(State and nati
studi es]

Area of Critica
Concern [ all S
BLM | andscape ¢
sysiMomiVi | der ne
[ WREZ] OR Nati
Conservation A
(same | and are
BLM Vi sual Reso
Management cl a

[ WREZ]

BLM ROW avoidan
WE CC]

BLM Spreecdradat i ol
management ar e
WE CC]

BLM no surface
restriction ar
WE CC]

BLM designated
Research Natur
Act Tracts [ WR

BLM Wildlife Ma
[ WREZ & WECC]
Desert Wil dl
Areas ( DWMA)
Ground Squirr
Conservation

BLM | and manag
characteristi
WE CC]

USFS Research
[ WREZ & WECC]

USFS Speci al in
[ WRE 2WEEC C ]

USFS congressio

f

a
e
A
e
c

N

Av

Av
(wesi
Mo j a

Exl ega
protec
Avnot

|l egal l
protec
E x

® ® >
o

E x

Ex:
geot he
Av : Wi
sol ar
Ex (ex
as SsSpe
for wi
geot he
) . Av

Av

Av

Av
Av

w

3(see Ni
conseryv
area)

Av3. 5 i f GAP
or 23, oAtvher w
E x
Unable to |c
Unable to |Ic
E x
E x
Av3. 5 i f GAP
or 23, oAtvher w
E x
Av3
Av3
Av3
Av3
Av3 . 5 isft aGAuPs
or 23, oAtvher w
Avw3 .5 i f GAP
or 23, oAtvher w
Unable to | c
Av3
Av3
Unable to | c

PARS

PAIS

USGS

Sol ar F
PARS

PARS

Sol ar- F
Vi sual
managen
area by
buffer
EPA cl a
area

Sol ar F

Sol ar F

Sol ar F

PARS

So IPaErl S
(does r
consi de
tail ed
l'izar d)
Uus

PARS

PARS



[ WREZ]
State wildlife
NV, OR, WA , wYy

State wildlife

E x 3 E x PARS

Av3. 5 i f GAP
Av 3 or 23, oAtvherWPABUS

NATURAL RESOURC
FACTORS

. FWS cri
USFWS Designate Av3.5 if GAP habitat
for federally —Av . 8 or 23 oAvherw http://
and threatened ’ p-
s.gov/c
Lands pwithaped
funds and dona Av - - Unable to |c
government [ RE
Land in wildern Av - - Unable to |c
Areas which <con Sol ar F
species that a - - 2 Awv3 PARJS (1
[ WECC] exact n
Areas with irre
cultural resou ) s Unable to Ic
Habitat areas f FWS cri
l'isted wildlif _ ) 3 Av3 .5 i f GAP habitat
by State, Prov or 23, oAvherwhttp://
Agencies [ WECC s.gov/c
A:ng;g?tnaff(:'bie:é/_ ) 3 Av3 for‘ ®i nd Audgbor
[ WECC] ot her wi se Soci ety
Audubon Society .
| mpoibt andt ar eas - - 2 (3 foﬁ\tﬁhefrovxri s—\z’telndgggiul;?r
[ WECC] y
State Mapped Cr
winter range/ s - - 3 Av3 PARS
[ WECC]
State wildlife - - 3 Unable to |c
Mar Pnetected Ar - - E x PARS
LAND USE
Agricultural La - - 2 Ex (f-wrndjgn GAP ana
for wind (cropl ¢
Wi lliamson Act ’(A\rllon ) 3 Ex (f-eornd-BnAW I 1lian
(not in PAD) : \ for wind Acdat a
wi nd’
Wi lliamson Act —Av Ex (f-wrndBnAW I1ian
and | ocal i mpo (non - - .
. . for wind Act dat
farmland wi nd ]
Native Ameri can
Al l ot ment [WECEX ) 2 E X PARS
Ot her publicsha
trust land) [ W~ ) 2 1 PARJS
Recreati on Mgmt
statuses 3, 4 2 PARJS
Hi storic/ Cul tur
statuses 3, 4 2 PARS
BLM resource ma 1
with Gap statu
Ot her water dis - - 2 A w2 PARJS
Privapeohionh | an - - 2 Avd. 5 11 GAP PARJS

or 23, oAtvher w

2However, Native American lands may become available for commercial energy development due to the ITEDS Indian Tribal Energy
Development and SdMetermination Acthttp://www.nativelegalupdate.com/2009/02/articles/trilgalergydevelopmentearning
therulesfor-producingthe-power/
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Figure S1.Generation (A) and nameplate capacity (B) mix of each 2050 scenario in the California low
carbon titures studyghosen for this papefigures 1A and 1B are reproduced Figures S20 and S22,

respectively, in supplementary materials of Williams et al. (812
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Figure S2 Process flow diagram of methodsind use demand estimate resats shown in Figure 1,

resource potential and quality results are show in FiguiigeZstability maps are shown in Figure, S4
build-outs maps are shown in Figure 3, overlapping area values are shown in Figure 4, and additional land
requirements arebalated in Table 2. Generation and capacity dasel factors are found in Table S1,

Figure S1 shows the 2050 generation by technology, Figure S3B shows the transmission cost surface
map, and Figure S3A shows the mapped environmental constraint scores.
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. o,
Environmental exclusion
categories

[l category 4 — Current and Planned Transmission
I category 35 W
I category 3 ]2

Category 2 . 3

-
Figure S3 Environmental scoring for generation (A) and transmission siting (B) Environmental
(ecologicalcultural historical) areas were compiled from the USGS R&®database and various BLM
sources. Each protected parcel was assigned an envrionswn&ihdicatingsuitability of land for
generationA) and transmissiorB( infrastructureThe latterisalsoken as a fAtransmi ssi o
s u r f Bhese layers were used as criteria for determining suitable sites for power plants and additional
transmission requirementdighervalues indicate grater environmental impacnd risls.



Figure $A4. Site suitalllity maps for solar £) and wind, geothermaBj technologies in WECC undéne
Least Stringenénvironmentakcenario



