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ExecutiveSummary

Study Purposeand Approach

This study ealuates scenarios thatichievecarbon neutralityin California by 2045Thesescenarios are

designed to align with | £ A F2 NI/ A | Q aB-5918 Svhided A 5 a h AR Séckide cabdn 1S G2 =
neutrality as soon as possible, and no later than 2848 to achieve and maintain net negative emissions

0 K S NB Ispedifisaypth scenarios evaluated here achieve at least an 80% reduction in greenhouse
gasedrom 1990 levels by 2045Asstated in the Executive Order, this level of greenhouse gas reduction

should be considered thminimumlevel of reductions needed in the state oké rapidcarbon reductions

that achieve carbon neutrality prior to 204Bay be considered in future analyses by the California Air

Resources Board.

Carbon neutrality means thadll greenhouse ga$GHG)emissions emitted into the atmosphere are
balancedm equal measure b§HGghat are removed from the atmosphere, either through carlsimks
or carbon capture and storag&his workspecificallyfocuses onpathways to reducecarbon dioxide
emissions from energy use in buildings, transportation, and ingusis well as from othenon-
combustion and high global warming potential GHiBsluding methanenitrous oxide and refrigerant

gaseshydrofluorocarbongHFCs)perfluorocarbons, sulfur hexafluoride, and nitrogen trifluoride

Natural and working landsill also play a pivotal te inaddressing climate changNatural and worlag
landssequester carbon dioxida forests, soilsandoceansthese carborsinkscan beenhancedhrough
land and ecosystemmanagement practiced_ikewise, atural and workingdnds canalsorepresent a

sourceof greenhouse gas emissions, due to land use changes such as deforestatioildfires. This
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_ Achieving Carbon Neutrality in California

study does not evaluate the role of natural and working lands as eitht aource or anet sink for
greenhouse gas emissioria California The California Air Resources Board and other agenaies
continuing to researctand collectdata oni K S dhistoric 8n@ &urrent carbon fluikom natural and
working lands tdhelp informa more complete view of thpath to carbon neutlity in the state. Future
dzLJRF 6 Sa 2F /I f AT 29¢apikgd Rawill influkleramisstons /taigety @BrSthis sector,
consideingthe role of natural and working lands as an emissions source and as a potential sink alongside

the transportation, @eergy, and industrial sectors.

The purpose of this study is to helpinform considerations for the California Air Resources Boatidl
development of the 202 Scoping Plan updat&lore ambitious carbon reduction scenarios, that achieve
carbon neutrally prior to 2045, may be considered as part of future analypyehe StateThese scenari
buldon9 Yy SNH& | YR 9y @A NP ¢)firnfdseaich iictidep devakbGriz@iondstrategies
to achieve a 40% reduction in GHG emisstmng2030, and aB0% reduction by 20560 & y n Felative 0

to 1990 levelsas well as a literature review deep decarbonization studies, including emerging research
from European studied his report has benefited from feedback from CARB staff and informal stakeholder

comments, in response to a public workshop help by the CARB on Audysar®.
Key studyguestions include:

é What are the availablenergy and norcombustion GHG reductiostrategies tohelp achieve
carbon neutrality by 2045?

é How should California comkdr the tradeoffs between achieving additionahergysector
greenhouse gaseductionsversus relying on carbon dioxide removal?

é How do different mitigation strategies compare on the basis of fuel combustion (implying air
quality and health impacts), oliate change mitigation risk, and technology adoption and
implementation risk?

é What ae least regrets strategies that are likely to be indispensable in working towards carbon
neutrality?

Page| 2]



Scenaric

The authors evaluate three scenarios that achieve neb amissions by 2045, excluding natural and

working lands, using the California PATHWAYS model, each with ambitious reductions in fostita|

GHGs and direct emissions of remergy, norcombustion greenhouse gases. All scenarios include high

levds of energy efficiency across all sectors, high levels of renewable electricity generation, high levels of
electrification in the transportation and buildings sector, and deep reductions ineneng/, non

combustion greenhouse gas emissions like methameé HFCs. As a result, all scenarios achieve at least

Fy ymx: NBRdAzOGA2Yy Ay 3INRPaa DID SYAaarzya odzyRSNJI !
ambitious actions and technology deployments to red@missions in Californie.a adF G SR Ay [ | f
Eecutive Order E55-18, achieving carbon neutrality by 2045 should be considereartimmumlevel of

greenhouse gaseductions needed in the state, and more rapid progress towards carbotality prior

to 2045 may be considered in future scenario anadyse

The scenarios differ in their level of adoption of advanced mitigation measures that result in over 80%
reduction in GHG emissions by 2045 and their degree of their reliance on carbon dioxideal¢@DR)

to achieve carbon neutrality by 2045.

é The Hgh CDR scenariachievesan 80%reduction in gross greenhouse gas emission2045
and of the scenarios evaluated, relies most heavily on carbon dioxide removal strategies to
achieve carbon neutray by 2045.

é The Zero Carbon Energy scenarioachieves ero-fossil fuel emissions by 204%ith some
remaining gross emissions from roombustion and high GWP gases by 2@BRstrategies are
minimized in this scenario.

1 Carbon dioxide removal is a term that encompasses many forms of GHG removal from teptereowhether through natural and working lands
carbon sequestration (not evaluated here), or through negative emissions technologies that actively pull carderodioaf the atmosphere, such
as direct air capture or biomass energy with carbon capamd sequestration.

© 2020 Erergy and Environmental Economics, Inc. Page| 3|



_ Achieving Carbon Neutrality in California

¢ TheBalanced scenarigepresents a middle point between the prior two scenaringerms of
energyrelated GHGreductions This scenario includes less CDR than the High CDR scenario, and
more CDR than th&ero CarbonEnergy scenario.

Scenario Results

The scenarios are ranked based on their performance across key metrics, includingrélesdth air
guality impacts (approximated based on combustion of fuels), climateaigktechnology adoption and
implementaion risk. Carbon abatement cost ranges for the advanced mitigation measures and carbon
dioxide removal required for each scenariogo beyond 80x50 and achieve carbon neutrality are also

evaluated but the relative cost impact of each scenario is deenmeértain.

é TheHigh CDR scenaraxhieves approximately an 80% reduction in direct GHG emissions by 2045,
with approximately80 million metric tons(MMT) of CO2aemoved from the atmospherasing a
combination of CDR strategi€khis scenario represents theghest risk scenario, from a climate
mitigation perspective, becausehasthe highest remaining direct GHG emissipaisd relieson
relatively untested CDR strategies which are not widely commercialibedscenario also has the
highest remainingjuantity of fuel combustionwhich means the air quality impagthoughfar
improved relative to today, willikely be highest among thehree carbon neutral scenarios
evaluated Both the climaterisksandthe technology adoption ananplementationrisksof relying
so sigiificantly onCDR are higl€ontinuing to emisuch a largshareof gross emissionato the
atmosphere through 2048ould resultin an overshoobf emissions, with a risk of missing the
adl dSqQa Oif GDRIlofitiéns & nof iplemted early on. Furthermoremany CDR
options rely on a significant amount of land and energy resoureesleringthe implementation
of CDR at scalegncertain Thecost of CDR strategies vary widely, depending on which strategies
are deployed. In generdnd-based carbon sequestration strategies are estimated to be lower
cost than negative emissions technologies (NETsbidenergy wih carbon dioxide capture and
storage (BECCS) direct air capture of carbon dioxideaired withstorage(6DAC with CEDr
O0DACCS, but the landbasedCDRsolutionsin Californiaare likely to be limitedGven the wide
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range of uncertainties arounthe costs of CDRsye cannot conclusivelgstimate whether the
High CDR scenario is lowerhighercost than theother scenarios

é The Zero Carbon Energy scenariorepresentsthe other bookend strategy to achieve carbon
neutrality in Californiawhereby all éssil fuel emissions aravoided or mitigated through a
combination ofadvanced(and ambitious)mitigation meaures Thesemeasuresinclude more
rapid and more complete deployment of electrification strategiebuildings, transportation and
some industrial processesas well adeployment of more speculativeechnologies such as
electricaviation and hydrogen fuadell trains Hydrogenand synthetic natural gas are deployed
in industry and in the natural gas pipeline to futlisplace or mitigat all remainingfossil fuel
emissiongn this scenario by 2045The remaininggrossGHG emisens approximately33 MMT
CQe by 2045 represent a92% reduction in gross emissiomslative to 1990 levelsThese
remaining emissionare from nonenergy, horcombustion GHG emissignisicludingmethane
from agriculture and wastahat appear to be diffddzft & G2 Fdzf t & YAGAIIGS dz&
solutions. These remaininglirect emissions sources are mitigated wWitlDR strategiem this
scenario As a resli of the rapid deployment ofemissionreduction strategiesand the more
limited reliance on CORhe zeracarbon energy scenario has the lowest climate,rathieving
deeper carbon reductions in 2030 (45% below 1990 levels versus 40% reductions ihghe ot
scenarios)? KA f S (i K Alitnited réliSng¢d oN& REP& to educe thetechnology adoption
and implementation rislalongone dimensionthe scenarioalsorelies on early deployment of
advanced mitigation masuresand technologiessome of whickare not commercially aviable
today. All of the technologiedeployed i this scenario have been demonstrated at a minimum in
a lab setting but would require further RD&D Iwing to commercial scaldn addition, the
scenario relies orfully decarbonizig transportation sector emissiorand eliminating all fuel
combustion irbuildings Eliminating all transport emissionsaybe challenging as some of these
vehiclesmaynot fall directly underthe regulatory authority of state agencies, including interstat
trucking,shipping trains, and aviationLikewise, eliminating fossil fuel combustion in buildibgs
2045 would beparticularly challenging as it woutdquire early and rapid deployment of ekeic
end usesn buildings as well as plan forhow to safely reduce and eventuallyeliminate, gas
throughputacrossthe substantialretail gasinfrastructurein the State.The cost of the scenarjo
may in fact be comparable to the other scenaiescaise whileit relies onthe least amount of
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_ Achieving Carbon Neutrality in California

CDR andanore rgid deployment of lower cost measures, such as zsrissions truckst also
relies onhigher cost measures, including synthetic natural gasiaddstrialuses of hydrogen
and electrification. fie balance of these lowerost and higher cost strategieseans thatthe
total costscould be withina similarrange of the other scenario®veral] there are many cost
uncertainties in all of these emerging technologies, makirdifficult to conclude whether the
zero-carbon energy scenario is lower or highestthan the other scenarios evaluated here.

é The Blancedscenariorepresents alend of measures implemented the other two scenarios.
While it still relies omapid depoyment of electrification and other carbon mitigation strategies,
the deployment 6 electrification technologies is not as rapid as in the zmadbon energy
scenario. Further, the balanced scendrioludes less reliance @ome of the more speculative
measures such as electric aviatiamd fuel-cell trains This scenaridoes not intude some of the
most expensivearbon mitigationmeasures, such ag/nthetic natural gas in the pipelinélhis
scenariancludesapproximately 5 MMT of CQe from CDRstrategies in 2045, which is less than
the High CDR scenario and more than the zenbon energy scenario.

Figurelo St 26 A f f dza ( NI G S &reenhbubelg@sEMiysibris Dyssedt®ZDZ0andthdl 6rR 3
each of the three scenarios in 2045 as well as the relative amouwdrbbn dioxide removaleededto
negate remainingsHGemissionsStatewide greenhouse gas emissions in 1990 were 431 MM4. T

High CDR scenario achieves an 80% reductigrogsGHGemissiondy 2045, while thd&alancel scenario
achieves a7% reduction, and the Zef@arbon Energy scenario achieves@% reduction in gross GHG

emissions by 2045, relative to 1990 levels.

In the Zero Carbon Energy scenariognergyrelated emissions fromindustrial transportation, and
residential and commercial buildirgpurcesare eliminaed by 2045. The remaining emissions in this
scenario are frormmon-combustion GHGicludingmethane and other high GWP gasas,well ason-

combustion GH@missions fronthe recycling and waste arafriculture sectas.
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Figurel. Greenhouse gas emissions by sector in 2020 and 2045, by scemacladingtotal CDR
required to achieve carbon neutrality in 2045 (excluding potential sources from NWL)
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Figure2 summarizes thaelative differences between the theescenarios on the basis of estimated
potential health impactsfrom criteria pollutants(approximatedbased on the total fuel combustion in
2045 in each scenariojlimate change mitigatiorrisk (based ortumulative gross emission reductions
between 2020and 2045)andthe potential fortechnology adoption and implementation rslScenarios
with higher ftiel combustiorare likely to be associated with wora& quality and healtimpacts although

a more detailed analysis of the air quality impasfseachscenario may be warrantedScenarios with
lower total and cumulative greenhouse gas emissions are associatedwith tlimate change mitigation
risk. Technology and adoption riske estimated based on thdegreeof reliance omon-commercialized

or technologically challenging mitigation optiqrssich aglirect air captureor accelerated electrification

in buildingsand transportation

© 2020 Erergy and Environmental Economics, Inc. Page| 7|



_ Achieving Carbon Neutrality in California

Figure2. Carbon neutral scenario comparison across key metrics

High CDR Balanced Zero Carbon Energy

Scenario Scenario Scenario
Fuel combustion (implying .
potential health impacts) s Key'

Climate change mitigation
risk

ﬁ Lowest

Technology adoption and
implementation risk

This summary figure illusttes that among the three scenarios evaluated here, the High CDR scenario
faces the highest risks in terms of remaig health impacts climate change mitigationrisk and
technological feasibilityThe Balanced scenario performs the best on the basisabiitological feasibility
andimplemertation risk while the Zero Carbon Energy scenario performs the best on the éasiduced

health impacts and reduced climate risk.

KeyFindings

LEASTREGRETS OPTIONS

Achieving carbon neutrality by 2045 requisambitious nearterm actionsarounddeployment of energy
efficiency, transportation and buildingelectrification, zero-carbon electricity and reductions in non
energy, norcombustion greenhouse gas emissionkese leastegrets strategies are common acragb

deep decarbonization strategies
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In addition, achieving carlboneutrality will requirescaling up researclidevelopmentand deployment
(RD&DX¥fforts aroundCDR strategies, such as ldvased carbon sequestration and direct air capture of
CaQ.

Achieving the zerecarbon energy scenario requires rapid deploymenelgfctrification in vehicles and

buildings achieving 100% electric or zearbon energy sales shares by 2030, if expensive early retirement

of equipment is to be minimized. Likewise, verw lcarbon, if not zerecarbon electricity will be needed

by 2045 inorder to support these high levels of electrification. This will require rapid adoption of
renewable generation and renewable integration solutions, at a pace which exceeds recent #listoric
levels of wind and solar adoption. An integency research poess is underway to evaluate in more detail

GKS St SOGNROAGE &aSOG2NJ AYLX SYSyidlidAzy &adN)XG§S3IAasSa

meeting 100% of retail sales electricityth zerocarbon electricity.

All carbon neutralscenarios ackve dramatic reductions in fossil fuel combustion and fossil fuel
emissions, which will result iglobalclimate change benefits, as well as the potentialifoprovements

in local air quaty and associated health impacts. Scenarios with lower fossitéumebustionwill achieve

greater improvements irstatewide air quality and likely, local health impacts.However, local health

benefits in any specific community will be location and sewpecific Although outside the scope of this

analysis, propeyl valuing thelocal air qualityand health benefits associated witteducing fuel
O2Y06dzaAGA2Y A& |y AYLRNIFYy(d O2yasuSwmiei A2y Ay RSaA3d

CHALLENGHYSKSAND OPPORTUNITIES

By any measure, in any scenario, achieving carbon neutrality by 2045 will require a wholesale
transformation of CA A T2 N A | Q& SThe Wl Bum&ddg&chioldgy dpolicyand consumer
adoptionimplementationchallengesvhich will need to be overcomacross every sectoHowever, these
challenges and risks must bensidered within thecontext of theriskwhich climate changeresentsto

our collectivehealth and wellbeing. Reducing greenhouse gas emissions preseogartunty to not

© 2020 Erergy and Environmental Economics, Inc. Page| 9|



_ Achieving Carbon Neutrality in California

only mitigate the worst impacts ofclimate change, but also tomprove local air qualityand health
outcomes,andto conside newenergysolutionsthat contribute to a higher quality of life arichproved

energyand public healtrequity across thestate. Furthermore, while evaluating scenarios that achieve

carbon neutrality prior to 2045 was nebnsideredwithin the scope ofif KA & & (G dzR& Z-5518S A G
calls for carbon neutrality as early as possible. A more rapid transition to carboraligutrould equate

to even more rapid transformations than considered here.

All scenariopresented hereely to different degreesmcarbon dioxide removal strategies, meaning that
RD&D around these options represents a laagjret option. Howeverit isrisky to rely too heavily on
CDR strategiess the primary pathway to carbon neutralittome CDR strategiearry the risk thathey
may not permanently sequester carbosuch as wildfire risks associated with fonesthagementwhile
other CDR stratdgs, such as direct air capture, rely on continuous energy inputs and maintefrance
order to pull carbon dioxide out of the atmosgte. A higher reliance on CDR strategies may mean that
achievingcarbon neutrality, andhet negative emissions post 204@resents a higher climate risk than

scenarios with greater reductions in gross emissions.

The rangef emissiors quantiies evaluatedere, andremovedwith CDRby 2045 is between33 and &
MMT CQ a year The total amount of CDRould need to increase ovdime in order to achieveet
negative emissiongy mid-centuryand beyond For contextthe total estimatedincrease ircarbon stock
Ay | | f ckoplantidaidluan forestacrossthe time period from 2012, 2014,is the equivalent of
sequesteringan average ofl9 MMT of CQe per year? Likewise, lhe total carbon stocldecreasein
/I £ AT PbiddfsAahd@ther natural and working lands betweeP001 and 2010 averaged to an
equivalent of63 MMT C@e per yearduringthat period3 To contextualize th€045CDR numbers using

2/ FEAF2NYAL AN wS&a2dz2NOSa . 2 NRZ Hamyd a!y Ly@Syiliz2NEe 20 392neaidisSyYy /I N
https:/iww3.arb.ca.gov/cc/inventory/pubs/nwl_inventory.pdf
3 Ibid
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7

anexample fromi KS Sy SNH& aSOG2NE (G20Ff DI Dect&ARGIwEIe Y & T NP
a similar order of magnitude, & MMT Cee.

Settingin motion the steps necessary &xhievedeeper reductions in gross GH@Gissions irthe 2045
timeline,along the lines of th&ero CarbonEnergy scenariogr even earlierwould alsonecessitatdaster
and deeper GHG reductioiirs the 2030 timeframe Early actions taken now to reduce emissions from
transportation, vehiclesand buildings, will not onlyelp ensure that the state is on track to meet its

ambitious 2030 climategyoals butwill also reduce the risk of missing the carbon neutrality target

UNCERTAINTIES

Many key uncertainties remain around tlehievement of cdron neutrality in California One of these
uncertainties is theptimal use andleployment of zerecarbon fuels in hardo-electrify sectors, including
certain high temperature industrial processes, heawy longhaul trucking, aviation, trainsand
shipping. These fuel uses may be met with a combination of fossil fuels, hydygehetic zerecarbon

fuels or biofuels. It is still uncertain how the relative costs of these technologies will evolve over time.
As the cost of wind and solar decline, thast of renewable hydrogen production is also falling, making
hydrogen a more datactive solution than biofuels for some applications. The market for sustainable
biofuels remains nascent, making it uncertain how much sustainable biomass supply wililhel@vand

what the best uses for these biomass resources will be throughkcaritlry

4The Appendix includes more information about how the biomass supply assumptions applied in this study compare to otrettdéesnlthough
there is some uncertainty around the total quantity of sustainalllesbY | & & & dzLJLJ & X (i Kuithin tha ianipRaE aihar reBentistucies G Sa T £ f
on this topic. The study results would not be significantly altered if these other biomass supply assumptions were applied.
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_ Achieving Carbon Neutrality in California

Introduction

1.1 What Climate Science Tells Us About the Urgency of Reducing
Greenhouse Gases

Sciertists across the world agrethat limiting global warmingo 1.5 degresCelsiug°C)or lessis critical

to avertingthe worstimpacts of climate change.imiting global warming to 1.5°C, with high confidence,

will require globally,about a 45% reduction in G@missions from 2010 levels by 2030 (which is
proportionatetothescaleof | f A F2 Ny Al Q& 32 f 9IDEvels byr2080), aNiBeRatidyi A 2 v
net zero emissions by micentury(IPCC, 2018)

The Intergovernmental Panel on Climate Change (IPCC) seportmarize the current ate of our
scientific understanding of climate changadthe impacts and implications of climate change across the
world./ | £ A TRUY QlindkedChange Assessmeainpies themost recent and rigorous research on
the impacts of climate change the state, as well as the benefits of reducing greenhogas emissions
Both of these resourceslearly indicatethat, as a society, we mudtoth lower our greenhouse gas
emissionsanddeploycarbondioxide removal strategigscludingimprovedcarbonsinksin forests, soils
and oceansin order toreduceglobd temperatureincreasesandto mitigate the risls of climatechange

inducednatural disastersuch aswildfires, hurricanes, droughtand flooding

This research in California, and across the globafirms that theimpacts of climate change will be felt
disproportionately by lower income and vulnerable groupswer greenhouse gas emissiotigis
translate directly to better health, equity, and economic outcomes for Californians and the world.
Reducing greenhouse gaemissions is an important form of promoting a more just and equitable future
(Kalansky, 2018)
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1.2 Motivating Questionsand Report Organization

This study seeks to provide insights into what a carbon nefittate for Califonia may look like, from a
technology deployment perspectiweith a focus orstrategies to reducgross emissions from the energy
sector.It was outside of the scope of this study to evalus¢enarios that achieve cash neutrality prior

to 2045 scenarioghat achievemore rapid progress towards this goal remains an interesting area for
future research Thisstudy is designed as one piece of the puzrléhelp inform the California Air
wSaz2dz2NDOSa . 2F NRQaA Rl thadd¥®@pyng pla@dmissioksSsourcestand sinks
from natural and working largl while an important part of achieving carbon neutrality, are outside the
scope of this pape Likewise, additional considerations arousdcial and environmental justice and
equity will be considered in the development of the next Scoping Rlaa.motivating research questions

for this workare narrower, andinclude:

é What are the availablenergy and norcombustion GHG reductiostrategies tohelp achieve
carbon neutrality by @45?

é How should California consider the tradeoffs between achieving additional eseryr
greenhouse gas reductions versus relying on carbon dioxide removal?

¢ Howdo different mitigation strategies compare on the basis of fuel combustion (implying air
quality and health impacts), climate change mitigation risk, and technology adoption and
implementation risk?

é What are least regrets strategies that are likely toibdispensable in working towards carbon
neutrality?

The next sections describe Calif@Q éimate goals, as well as the current state of carbon neutral climate
goals and research in other jurisdictions, with a focus on European research into deepomézation
futures. Chapter2 describes themodelling approach, the scenarios evaluateéde GHGreduction

strategies available within each sectomda summaryof key resultfrom each scenario, with a focus on

© 2020 Erergy and Environmental Economics, Inc. Page| 13|



_ Achieving Carbon Neutrality in California

2045 results. Chapter3 discusses the imighations and overall findings of the study resul@hapter4

concludes and highlightsert steps for further investigation and research.

~

13/ T AF2NY AL Qa [/ I ND 2 ¢ind Buppading: £ 9 ESO
Policies

Nearly every country has agreeas part of the 2016 Paris Agreement of the United National Framework
Convention on Climate Change (URKES, tasignificantlyreduce and limit the impacts of climate change
The commorgoalisto limit global warming to no more than 2°C, while working todsaa goabf 1.5°C

or lessWhile the United States @urrentlywithdrawing from the global Paris Agnment (expected to be
effective in November 2020),California and many other U.S. stategounties, and cities remain
committedto theseclimategoalsas climate change will have unique and acute impacts at each of these

levels.

Consistent with the IRC Special report, iB018, Governor Brown signed Executive OB&5-18 which
calls for California tachieve carbon neutrality as soon as possiblel ram later than 2045. The state is
to maintainnet negative emissions after 204Beaning that GHG sisknust exceed GHG sourcéée
Executive Ordeexplainsthat the carbon neutrality goal itayered on top ofi KS &G 45Q&a SE.
commitmentsto reduce greenhouse gas emissions 40% below 1990 levels by 2030 (as codifidd)in SB

and80% below 1990 levelsy 2050

The carbon neutraity Executive Order describes other characteristichefgoal, includingmproving air
guality, climate adaptation and biodiversitand supporting the health and economiesiliency of urban
and rural communities, includingpw-income and disadvantaged communitieBhe carbon neutral
climategoalwill alsoincludecarbonsequestraion targetsfrom natural and working landsvhich are still
under developmentThese will beéhe focus of a separate CARB report and not part efshope of this

analysis.The Order leaves open the questionnohow far the state will go in decreasiggos GHG
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emissions beyond 80% by 2050 from 1990 legetsparedtoK 2 ¢ Y dzOK 2F GKS {GlF G4SQa

can be mitigated by carbon dioxide removations.

California has enacted a suite of carbon mitigation polidesigned to move the stat®wardsachieving
these climate goals, witthe focustodate2 y Y SS G A y 3  (chrfate godl. TheSepaliciexiude n
capandtrade, the low carbontiel standarda requirement foit60%0f retail electricitysales to benet by
renewables in 203@llowed byzero-carbonretail and stateelectricitysalesby 2045 EB 10) a doubling
in energy efficiencySB 350 the advanced clean truck standam@s wel asreductions inshortlived

climate pollutants likenethane and HEs,amongmany others

While California is making progress towards reducing greenhouse gas emifisgopathway to carbon

neutrality by 2045 is still undeonsideration and manyechnologcal, lega) andotherresearch questions

remain outstandingabout how California will achieve this ambitious godlhis report represents one

piece of the puzzle innderstandinghe cleanenergytechnologydeployment pathwayshat could help

inffom KS &GFGSQ& oNRBIF RSNJ f 2ifglnatdraliandwoibglahds rfitledd NI A G &

consideratiors, which will be reflected in the 2022 Scoping Plan

1.4 Strategies andAindingsAcrossCarbon Neutral Sudies

After reviewing a number of carbon neutiy studies, most of which have been published indperto
date, we can identify severabmmonalities across afif these studies which are useful to informing a
study of how California may achieve carbon neutralidcross alktudies and jurisdictios) there is a
strong reliance onl) energy efficiency 2) electrification, 2)low-carbon fuels including low-carbon
electricity and somereliance onlow-carbonliquid and gaseoufuels such as hydrogerfor hardto-
electrify sectors, and 4arbondioxide removal (CDR), includingrbonsinksin natural and working lands
andnegative emissions technologidsET% All of these studies highlight the importancenéximiing

available land sirdand, asa necessitygenerally have some reliance negativeemissions technologies
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Nearly all studies and jurisdictionagree that there is no silver bullet solution towards deep
decarbonizationA mix of all options and available technologies is necessanyeet carbon neutrality
with a common goal amongurgean studies of achieviraj leasta 90% reduction irconomywide gross
emissiondy 2050.While some pathways have a strong reliance on technology and innovatidhtiis
mix, otherslean towardssocietal disruptions andonsumerbehavioral changegTsiropoulos, Nijs,

Tarvydas, & Ruiz, 2020)

Key areas of uncertainty and differendetween these studiemclude: 1) typesind levelof zerocarbon
fuel use (e.g. hydrogen vs. biofuels .vearbon captureand sequestration @C3), 2) the level of
electrification across sectoendthe absolute growth othe power sector, 3) the emphasis on behavior
changeand disruptivesocietaleconomic changes and 4) the reliance on different forms of negative

emissiongechnologies

All global or nationaldeep decarbonizatiorpathwaysthat limit global warming to 1.8C use CDR
technologiedo some extent to neutralizemissions from sources for which mitigatierchallengingand
to achievenet negativeemissionsafter mid-century (Rogelj, et al., 2018However,as IPCC notethe

reliance on such technologies is risksymost CDR deploymenttagms areunproven.

Decarbonization studieare often paired wittsome form of carbn price either in the form ofa arbon
tax or capandtrade system, or as a societal shadow piicempert, et al., 2019)According tahe IPCC
Special Reporpolicies reflecting a high price aarbonemissionscoupledwith complementary policy

instrumentswill minimize overall decarbonization cogi®ogelj, et al., 2018)

1.4.1 EUROPEAN DEEP DECARBONIZATION STUDIES

The European Uniocountriesand the Uhited Kingdom (UK)avebecomenationaHevelleadesin deep
decarbonization in pdicular in their development of policies and plans decarbonizatioroptions across

the economyA few European decarbonization studies and pkame highlightedhroughoutthis study to
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measures across all sectors and emissions sources.

European deep decarbonization studiesve reacted aconsensus on the level édssil phaseout: all
scenarios phasdownthe use of cobby 70%by 2030 @lmost 100% foelectricity generation) anghase
out coal100%by 2050 with a decline inoil and natural gas usef at least 75%by 2050.In each of the
studies reviewed herehe use of atural gas ircuropedeclines sharply towards 2050, maturalgasstill
has asignificant role to play towards 203@he majority of thefossil naturalgas phaseut thus takes
place between 203@050. Countries with a strong reliance oaturalgas infrastructure, such dse UK
and the Netherlands focus onhybrid electrificationwith some continued use dbssil and renewable
natural gasoptions (using a mix ohatural gasbiomethaneand blended hydrogen}owards 2030 to
ensure that peak heat demands in cold wintene periods are meat least costusing a mix of electricity
and gas pipeline infrastructureas wellthe potential fora new dedicated hydrogen pipeline backbore
recent report from eleven gas infrastructure companies in Eurppsents a vision for dedicated
hydrogen pipelinghat wouldinitially serve clusterg industrial facilities ilNorthern Europe, and which
could expand to providgreen hydrogen to a broader range of industrial, transport and some building

heating loaddy 2040(Wang, van der Leun, Peters, & Buseman, 2020)

A review of B European scenarioby the European Commissidhat reach economywide emission
reductions by at least 90% in 20BMalyzesthe differentiation in thefinal energy mixamong 2050
scenarios All European scenariderecast a significant reductn in final energy consumptiodue to a
combination of energy efficiency andeetrification though the range ofeductionsdiffers by 3660%
Moreover,all scenariogienerallyrely onaround 1015%of (partly imported)biomass in the final energy

mix (Tsiropoulos, Nijs, Tarvydas, & Ruiz, 2020)

A commonality across jurisdictions is thacertainty on thedeployment andapplication of hydrogen.

Many jurisdictions recognize a role for hydrogen in deep decarbonization pathwtyeslong term but
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the technologies used to depy hydrogenand the setors in whichit adds most value are uncertain.
Recently announced plans by the European Union and Gerplancg strong emphasis on théuture
deployment of green hydrogen and its ajgpition mostly forindustrial and transportatiompurposes.in
existingscenario studies howevehelevel of hydrogemonsumption is on@nportant factor in explaining

the variance across electricity production

Nearly all existing Europeanscenarios sli rely on fossil fuel{mostly natural gasyith CCSand/or
hydrogenby 2050to provide flexibility in the electricity sect@nd for hightemperature applications in
industry.In particularthese studies find thaCCS plays a key rolen@avyindustrid sectors (cemeniyon
and stee) and for some flexible electricity productionIn the context of theseEuropeandeep
decarbonizationscenarios CCS technologies store between 0.1 and 0.45 Gi@@2underground
towards 2050 most of whichisin offshorefields(Tsiropoulos, Nijs, Tarvydas, & Ruiz, 202Bi)s does not
include the amount of Cstorage that might be needefbr negative emissions technologies such as

direct air capture and bioenergy with CCS.
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2 Modeling ApproachScenario Design
and Greenhouse Gdgeduction
Strategies

2.1 About the California PATHWAYodel

CKA& alGdzRe o0dzAf RA 2y LINA2NJI NBaSkNODK Ayid2 ao0OSyl NR2
321t &4 dzaAy3a 9o0Qa /(Wilian3, 2tk 2012JCARBE20TMahdne, TR T (A,

2020). The California PATHWAYS madel & (i S GKQ/22y 2 stendiébasedmodel represating

energy cosumptionand greenhouse gas emissgin California through 205@&nergy consumptiom

the residential, commercial and transportation sectors are represented aéttieuse level, including for

lighting, space heating, water heating, cauiand differert vehicle typesamong other end useknergy
consumption in the industrial, oil and gas, petroleum and agriculture sectors are represented at the fuel

use level. Norenergy, norcombustion greenhouse gas emissions are also representeddlmas GHG

accounting protocols from the California grd@use gas emissions invento#s previously discussed,

this study does not includ&HGemissionsourcesor sinks from natural and working lands in California,

which are being separately evaluateddigite agencies.

As atechnologybased, economyvide, greenhouse gas emissions accounting model, the scenarios
developed in the tooteflect keyinteractions between sectors. For example, electrification in buildings
and transportation resutin higherelectricity demandsnd greatergeneration capacity ness, reflected

in the electricity sectorRenewable fuel demands, including for hydrogsynthetic gaand biofuels, are
represented in a fuels supply module, which accounts for the resource potemihtost of available

biomasdeedstocks.
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The scenaos developed here artilored to reflect differentworldviewsand assumptions about the

future pace of technology and policy deploymentpart from the biofuels supply modulehichincludes

a leastcost optimization selection procesthe scenarios dmot reflect an economywide, leastcost

optimization Theauthors, rather than themodel, & LJA O ¢ di t€cBnolbdy Gefloymenand the

technology mixor eachscenarioconstrained by the goal ofaK A S@Ay 3 GKS adFiSQa Hno
neutrality cimate goal using a stoabll over model to reflect a realistic turover timeline for end use

equipment. For more information about the California PATHWAYS model, see the CARB 2017 Scoping
Planmodelng information for PATHWAYECARB, 2014nd the model description and appendicés

Mahone, 2018.

2.2 GreenhousdGasEmissions Accounting and Boundary Conditions

The California Air Resources Boa@d 9Greenhouse Gas Emissionwéntory is used @ithe bass for GHG
accountingin this analysisand for drawing the boundaries around which sources of emissions are
counted in these scenariog KS DI D Ay @Sy(i2NER Aa dzaSR 2CImaw S A G A
change law,SB 32,which setsii K S  £2030 taf€tof 40% GHG reduction relative to 1990 levels
Emissions from natural and working lands will be included in the updated 2022 Scoping Plan evaluation

of carbon neutrality by 2045 but are not part of the scope of dmalysis.

The inventoryand the PATHWAYS model GHG accounting, aradlestgned to align with guidance from

theLt / / Qa4 C2dzNI K ! a3&S &-§edr§lgbal witiBingddthtial fakctard \dhen oyhgaring n n
emissions from carbon dioxide to othdobal warming gases, includj methanenitrous oxide and other

fluorinated gases such agdrofluorocarbongHFCsY I t A T2 Ny A Q&4 SYA 4 aikcladgss | 002 d
an estimate ofin-state anthropogenic greenhouse gases, as well as emissions fromtéupdectricity.
Emissionsrbmin-stateaviationand shipping withi24 nauticalmiles of thei @ | ¢o&sflirie are included,

but emissions from imrstate | YR AYGSNYFGA2y It | GAFLGA2Y YR aKALI
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boundaries are exclude@iofuels are treated as zercarbonfuelsin this accounting approagciollowing

IPCC GHG inventory guidance.

CKS LRAGSYGArft T2N / lgiahd® @ deiveds &h@emissions sirkdn the flityfeRemaiasNg A y
an ongoing area of research in the #aGreenhouse gasmissions and carbon sinks from natural and

working lands are noturrentlyincluded in theCARBAB 32 AnnuaGHGinventoryor in the PATMWAYS

model Landbasedand natural ecosystemarbon sinks arékely to play an important role in eeting the

stateQ & -ferth\€linate goalsas iscontrolling emissions from wildfires and othlends Given the

ongoing research into this topic, the segios developed her@o not explicitly include lanBased

emissions, either sources or sinks,the 1990GHGbaseline or inthe emissions reduction scenarios.

Rather the total amount ofCDR needed in each scenario to achieve carbon neutbgl@p45sspecified.

The CDR in each scenario could come from a range of solutions, indadiog sinkgrom natural and

working lands, or fronfNETsuch aglirect air capture.

2.3 Carbon Neutral Scenarios

In thisreport, we evaluate three differergcenarios that achieve carbon neutrality by 2qé%cluding

sources from NWI| distinguishedy their degreeof reductionsfrom fossil fuelbasedgreenhousegas

emissions versu§DRstrategiesjncluding laneébasedcarbonsinks andNETs All of the scendos achieve

at least a 40% reduction in GHG emissions by 2030 and an 80% reduction in GH&S kslative to

1990 levels, without any reliance on CDORe three scenaricare evaluated based dhe potential costs,

fuel combustion (used as a proxy far quality-related health impact$, climate change mitigation risk

and technology and implementation risk and feasibility of each scenario ! GNBEFSNBYy OS¢
GO2dzy  SNF I OGdzr £ ¢ aOSylINAR2 A& y20 S@lftdad SR Ay (KA
Scoping Plan.
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é Thed | AGhfon Dioxide Removal & O Snfludsigh Broad range of deep decarbonization
strategies which are similar2 90 Q& LINA 2NJ da KA IK indutligGeaexghk FA OF (0 A
efficiency, electrification, lovearbon fuels, zer@arbon electricityand reductions in nonergy
GHG emissiongn addition,off-road transportation electrificatin is acceleratedand indusrial
carbon capture and sequestration (C&&ssumedijn order to achievgust over80% reductios
in direct GHG emissions by 4% In this scenario80 million metric tons (MMT) of COZeom
fossil fuel combustion andon-energy GHG# 2045remain. Tkese grosgmissionset to zero
by applying 8 MMT of carbon dioxide removal strategies, including sinks from natural and
working lands andiegative emissions technologies like direct air capture.

é ThedZero-Carbon B/ S NHc@naio includes a similar set of decarbonization strategies as the
High CDR scenaribyt these strategies are deployed earlier amadre deeply As a result, 2030
GHG emissions are lower in this scenario, achiewi?h@b6 reduction irGHGs by 2030, relative to
1990 levels.In addition,emerging emission reductiorechnologies,ncluding synthetic natural
gas in thegaspipeline,electric aviationand fuetcell trainsin off-road transportatiorare applied
in order to eliminate alfossil fuel emissionby 2045 In the zerecarbon energy scenario there
are zero fossil fuel emissions by 20dHheremaining33 MMT of CO2én 2045 in this scenario
come from norenergy sources of GHGs, including methane from agricultileese gross
emissions are mitigatedsing CR strategie$o achieve carbon neutrality

é ¢ K Balaficed scenariorepresents abalance between the measures in the High CDR scenario
and the zerecarbon energy scenario, hich each represent dookend approach towards
achiewng carbon neutrality. The bahdnced scenaridancludes less reliance on CDR strategies,
compared to the High CDR scenaliat also hadess reliance othe more speculative emission
reductions technologiemcluded in the Zerd&Carbon Energy scenarilike electric aviation and
hydrogenfuel-cell trains. In addition, the pace of electrification is somewhat slower in the
balanced scenaricompared to the zer@arbon energy scenario. This scenario resul®MMT
of CQe in 2045, about half of which is from fossil feahissions and h# of which is from non
energy GHG emissions, which must be reduced with CDR strategies.
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A summary of the key emission reduction strategies applied in each scenario are summaifiabtein
below. More details about the sectdny-sector assumptions in each scenario are describegbation 2

below, including a discussion of the carbon mitigation strategies evaluated in each sector.
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Tablel. Summary of emission reduction stratégs by scenariorieasures tlat are the same across all
scenarios are shown in grefgnt)®

Sector High CDR Scenario Balanced Scenario Zero Carbon Energy Scenario
0.4 EJ of advanced biofuels for:
0.4 EJ of advanced biofuels for: on & off-road ground transportation
on & off-road ground transportation renewable aviation fuel
0.4 Exajoules (EJ) of ad d biofuels for: renewable aviation fuel biomethane for electricity generation
Low-Carbon on &'off-road ground transpo‘rtation biomethane for electricity generation 0.3 EJ pf hydrogen for:
Fuels pipeline gas demand (12% biomethane) 0.3 EJ of hydrogen for: pipeline gas demand (5% H. blend)
0.1 EJ of hydrogen for: pipeline gas demand (5% H, blend) direct H, combustion in industry (100% H.
pipeline gas demand (5% H, blend) direct H, combustion in industry (100% H. blend)
blend) HDV fuel cell transportation
HDV fuel cell transportation 0.04 EJ of synthetic natural gas for:
industry gas demand (10% blend)
100% sales of electric appliances by 2040 100% sales of electric appliances by 2035 1\?:)% sale: of electgc pr liances by 2030
High energy efficiency: High energy efficiency: £.085 enc ises Te re. Y 2045
o 5 A 5 High energy efficiency:
Buildings SB 350 doubling of AAEE is met by 2030 + SB 350 doubling of AAEE is met by 2030 SB 350 doubling of AAEE is met by 2030
* 46 TWh of electric EE in 2030 relative to 2015 * 46 TWh of electric EE in 2030 relative to 2015 46 Ww of elecmgc EE in 2030 re/a[l\{e Io\ 2015
67 TWh of electric EE in 2045 relative to 2015 67 TWh of electric EE in 2045 relative to 2015 67 TWh of electric EE in 2045 relative to 201‘5
100% BEV sales for LDV by 2035 100% BEV sales for LDV by 2035 100% BEV sales for LDV by 2030
100% BEV sales for MDV by 2040 100% BEV sales for MDV by 2035 100% BEV sales for MDV by 2030
Transportation  45%/48% BEV/CNG sales for HDV by 2035 45%I/48% BEV/HFCV sales of HDV by 2035 50%/50% BEV/HFCV sales for HDV by 2035
50% rail electrification 75% rail electrification 75%I25% rail electrification/hydrogen
No aviation electrification No aviation electrification 50% of in-state aviation electrified
No incremental industry electrification 44% of energy demand met with electricity 53% of energy demand met with electricity
No direct hydrogen combustion 16% of energy demand met with hydrogen 19% of energy demand met with hydrogen
Industry & 17 MMT CCS for cement, glass, oil & gas 18 MMT CCS for cement, glass, oil & gas 14 MMT CCS for cement and glass
Agriculture ~80% reduction in ag. energy emissions ~90% reduction in ag. energy emissions 100% reduction in ag. energy emissions
90% reduction in energy demand from oil & gas  90% reduction in energy demand from oil & gas  100% reduction in energy demand from oil &
extraction and petroleum refining extraction and petroleum refining gas extraction and petroleum refining
: 9 e = . st Remaining dispatchable gas capacity is
Remaining dispatchable gas capacity is fueled Remaining dispatchable gas capacity is fueled .
Electricity with natural gas with biomethane (modeled) or hydrogen :‘ue‘:led with blomethane (modeled) or
95% zero carbon generation 100% zero carbon generation 130;"99" !
b zero carbon generation
e 5 : Same as other scenarios, but with 100%
High GWP & Emissions reductions relative to 2020: reduction in gas distribution pipeline fugitive

Non-Combustion

Carbon Dioxide
Removal

23% for landfill & wastewater methane; 72% for pipeline fugitive methane;
41% for agricultural methane/N,O; 75% for HFCs/refrigerants

80 million metric tonslyear of carbon dioxide
removal needed in 2045

56 million metric tons/year of carbon dioxide
removal needed in 2045

methane due to gas distribution grid
retirement

33 million metric tons/year of carbon
dioxide removal needed in 2045

Figure3 below illustrates thegross greenhousgasemissions in 2020 and 2045 for each of the three

scenarios, and thenagnitude of carbo dioxide removal that would be needed to achieve carbon

5Percentage hydrogen blend is given as a %hefgy input Prior E3 studie@viahone, 2018have evaluated up to 7% hydrogen blends as a percentage
of energy inputn some scenariog\n additional 2% increase in hydrogen blended into the gas pip&ioeld be technicallfeasble, but would not
have a substantial impact on the scena®sults presented here.
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neutrality in each scenaridrigure4 illustrates the trajectory of gross greenhouse gas emissions in each

scenario, between 2020 and 2045, prior to the application of Ciakegtes.

Figure3. Greenhouse gas emissiossurcesand sinksy sectorin 2020 and 2045, ypscenario

400 I High GWP and Non-Combustion
. Electricity

300 Industry and Agriculture
_ H Transportation
= B Buildings
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£ 100 80 MMT B:E'jahfn‘fﬁd Zeg’ng%?o”
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Figure4. California statewidegrossgreenhouse gas emissions by scena@®20¢ 2045) excludingthe
impacts of carbon dioxide removal (CDR) strategies
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2.4 GHGReductionStrategiesby Sector

The following sectiordives into the specific measures adoptadsultsacross each sectpand gross

emissions sourceor all threescenari®. Thesesectorsindude:

¢ LowCarbonFuels

¢ Buildings

¢ Transportation

¢ Industry and Agriculture

¢ Electricity
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é High GWHResources

¢ Carbon bxide Removal

Each of these subsectioniscludes Yy AYAGALFf 2@0SNWASS 2F GKS &aS0G2N
discussed in the broadgloballiterature, often using European studies as exarsgi@lowed bya deeger

dive into the Californiacontext of decarbonizatio measures and policies for that sector and finally

providing a specific breakdowof the measures applied in each scepafor that sector or group of

emissions.

241 LOWCARBONIQUID AND GASEOBESELS

Most decarbonization pathways showsggnificant reliance on lowarbon (or zero carboriquid and/or
gaseouduels across all sectors of the economy (buildings, industryspramation, and electricity) in
order to meet climate goaJsand in particular when targeting net zero emissionse Tdw carborliquid

and gaseousuels most often referred to in these studies include, but are not limited to, hydrogen,
synthetic fuelsand biofuels (including biomethane). These fueds satisfy the same energy services as
their fossil counterparts but are instead producidm renewable resourcesor require carbon capture
and sequestrationThe renewable resources used to produce sughdarbon fuels typically fall in two
categories: biomass or electricity from renewaklgergy resourcegdirect use of lowcarbon and zero

carbon electricity is discussed in a subsequent section)

Biomass can be used to produddomethane biofuels or hydogen. Thermochemical conversion
processes such as gasification or pyrolysis are lysasgumed in producing such fuels. The process itself
however does require a significant source of energy and heat to process the biomass and conduct
gasification. In te case of biofuel production some further processing is required to produce specific
hydrocarbons such agnewable diesebr renewable jet kerosenéBui, Fajardy, Zhang, & Mac Dowell,

2020) Biological processesuch as anaebic digestion are also considered promising in converting
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biomass to bimethane These conversioprocesseshowever, are limited by the availability digestible

biomas feedstocks

Ligquid and gaseousiéls produced via electricity powered by renddes are mainly discussed as being
KERNRIASY YR a8yUGKSGAO FdzSta &35t @Kd P9a2aiddRAFSEK
produced today (about 97%) comes from fossil fuels typically using &gwamlled steam methane

reforming (IEA 2019)raisNSF SNNBR (2 +ta G3INBe& KeRNRISys¢od | 24
combining steam methane reforming with CCS to capture the carbon dioxide from the natural gas
reforming process, referredtaia a0 f dz§ K& RNER 3 Sy ¢ dandreyioralibestyichtipland A 2 y & (
forthe EUandGermant 2 6 SOSNE | NB F20dzaAy3d AyONBlFaAy3dte 2y a
electrolysisand powered by renewable energfEuropean Commission, 202@ederal Government of

Germany, 2020)Combined with a push to move away from fossil fuels, the appeal of water electrolysis
powered by renewables to produce hydrogen is driven by decreasing costs immdrgblar generation

and a projected increase aommercialization of electrolyzers such as Alkaline Electrolysis Cells and Solid

Oxide Electrolysis Celld¢12018 & ¢ 2RI & GKS O2ai 2F a3INBSYy KeRNR3ISyYy
the cost ofd AINB&NKISY X RSLISYRAY 3 2V rcal di8lablblByf Be tostisS Sy S|
expected to decline substantialjEA, 2019XSchmidt, et al., 2017)

There is an increasing consensus around ®dipS y (i A -3 NJIFRENI N2V s | o folgsis (12 L2 g S
energy needs to avoid additional transmission and grid infrastructure. In Europe, limited land availability

is also driving a trend towards offshore wind powering electrolysis for hydrogen prodyPtdiibert,

2018) Hydrogen is a high energy density fuel by weight but low energy density fuel by volume and can

easily leakkrom pipelines and valve$iencewell-designedyas storage and compression are critical in

being alte to handle and transport hydrogen from its prarlion site to its end user. Thebgdrogen
specifidnfrastructure requirementsdd to the cost of delivering hydrogen asdmetimesserve as an

argument for promoting synthetic fuel use insteadhich carbe transported with existing

infrastructure Synhetic fuels have the advantage of being able to directly displace fossil fuel use
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without the burner tip conversion, pipeline and turbine upgrades required with displacing fossil fuels

with hydrogenbut cone at a considerable cost premium over hydrogeel$u

Synthetic fuelsare typicallyproducedvia two types of processeshe FischefTropsch processr the
Sabatier process. Each of these require a hydrogen and a carbon dioxide input stream. While these
processes are well known and proven, the cost@juiring the hydrogen and the carbon dioxide remain
high. To minimizenet GHGemissionson a lifecycle basj carbon dioxide is typically assumed to be
obtained either via biomass waste processing or via direct air captinecostof synthetic fueldslikely

to remain highat about double that of hydrogefAas, 2020)

Measuresto incentivize the development ofhe hydrogen and synthetic fuelsand benefis from

economies of scale could help reduce the cost of production.

2.4.1.1 The CaliforniaContext

In California, measures such as the @ap-Trade program and the oCarbon Fuel Stalard help to

incentivize the development and deployment of low carbon fuels. Measures specific to each sector such

as the ZEWlemorandum of Undersindingo & %9 + 2ayh ! IEI0&a A Sy I SN GSKAOf S& | YR
AdvancedClean Trucksegulation also furtrer spur the development oflow carbon fuelssuch as

hydrogen

The ability to produce biogas, biofuels and hydrogen from biomass waste is limited hyailability of
waste biomassawvailableto California. In this study we assume that Californiadwess tats population
weighted share of national waste biomass productibased onestimates fromthe US Department of
Energybiomass potential stug, known as theBillion Ton StudyfU.S. Department of Energy, 20,16)
amounting to 40 million bone dry tons (BDT) in 208Be amount of biomass available for conversion to
fuels will be subject to its use in other parts of #tsgonomy and can vary year on year based on changes

in forest management and agricultural practidgg. agricultural residues). This study does astume

© 2020 Erergy and Environmental Economics, Inc. Page| 29]



_ Achieving Carbon Neutrality in California

that purposegrown biomasgqsuch as switchgras®y biomass from petrochemical waste used for

biofuel production

Furthermore, largeamounts ofsolar and wind in California and in neighboringioms can provide an
excellent source ofenewableenergy for electrolysis to produce hydrogerhe West is also endowed
with salt caverns and geological sége that can serve to store hydrogen in interim periadsen
renewable energy production and denthare not temporally alignedThis can be done at a very low cost
compared toaboveground compression tanK#lahone, Mettetal, & Stevens, 202®arlier studies have
also investigated the potential for synthetic natural gasdurction in the region and using it to serve gas

demand in local distribution networkg\as, 2020)

2.4.1.2 ScenaricComparison

Figure5 shows howlow-carbon fuels are used in each of the scenarios in this sttlyscenarios are
assumed to have the same amount of biomass availability, and all scenaridtkeusgal amount of
biomass availablddowever, the alloddon of biomass to fugbroduction pathwaydliffers somewhatby
scenario In the High CDRcenario, biomass iallocated more or less evenly to produce renewable
gasoline, renewable diesel, and biomethatethe Balancedscenario, biomass is allocated migi to
produce renewablget fuel and renewable diesel, as well as to biomethane in electricity to provide the
~5% of electricity demand that is met with biomethane.the Zero Carbon Energy scenario, bioniass
allocated torenewable gasoline, renewabtiesel, and renewable jduel, as well as to biometharfer

electricity, as in the Balanced scenario.

Theuse of biomethane to decarbonize the electricity sectarie option among several, aridere is still
uncertaintyaround whattechnologieswill ultimately provide thebeg form of firm, zerccarbon capacity
to the grid. Thisneed for firm capacitgould also be served, in part or in full, by other zero carbon fuels
such as hydrogen and synthetic natural gas via other, emerginglong-duration enegy storage

technologies|f these alternative technologies were available to help decarbonize the electricity sector,
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the biomass allocated to biomethane production in these scenarios could be made avadatédp

decarbonize other sectors

It is alsoimportant to note that there is significant uncertaintggarding the potential foa biofuels
production and distribution industry to be sustaintat sectorsthat are rapidly electrifying meaningthe
demand for biofuelsould eventually reach zero ovéme. Thissituation of declining demands for liquid
fuels leading to a uncertainlong-term investmentenvironment,existsfor renewable gasolinand some
renewable diesel in the Zero Carbon Energy scenbrithe other two scenariogjemand for biofués

would bemore or less sustained over time.

Figure5: Lowcarbon fuel demand in 2045 by scenaiioEJ
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2.4.2 BUILDINGS

Increased reliance oenergy efficiency anelectricity in buildings for heating and water heating is
common acrosall jurisdictions andscenariosn the literature that we reviewedEuropean scenarios for
2050 show that the building sectocould consume 2665%less energy than it does todapartly by
renovations of the building stocKTsiropoulos, Nijs, Tarvydas, & Ruiz, 2020y instance, he World
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4% annual renovatiorate post2025andscenarios by the Europediimate Foundatioassumed6% of

the EU building stocrerenovated by 205QEuropean Climate Foundation, 201Bjternational Energy

Agency, 2019)With a relatively old building stockhe Buildings Performance InstituEuropecalculates

that over 97% of the European building stock must be upgramedchieve 2050 decarbonization

(Buildings Performance Institute Europe, 20THe World Green Building Council recommendsdasng
renovationrates in industriaked countries to an average of 2% of existing sfmakyear by 2025, and 3%

by 2040(GlobalABC & International Energy Agency, 2019)

In 2050, the use of natural gas in the European building stock is aboogiletely eliminatedn deep
decarbonization scenario$he building sector increases its reliance on electricity across all jurisdictions
and scenarios. In European studies%@37 62% of final energy demand is based on direct electricity
consumptionby 205Q Areas of difference across jurisdictions include the degree to which electrification
is relied on to meet winter heating needs. Colder climates asspargal electrificaton and greater

reliance on zeraarbon fuels.

Mostjurisdictions and scenarsagreethat there is not sufficient biomethane/biofuels to replace natural

gas use in buildingSome natural gas heavjurisdictions such as the Netherlandeely partly on the
deployment of hybricelectrification (installingsmall electric heat pungcombined with high efficiency
boilers) in which thewinter peak is supplied by biometharf@he Oxford Institute for Energy Studies,
2019) althoughgreenhydrogen could also meet thesénter peak demanddJnlikein theU.S, Euopean
scenarios see an additional role for district heating networks in building heat supply. Across European
studies, the building sector covers up to 30% of its heatiegda through district heating, growing 2.5
times higher than todayTsiropoulos, Nijs, Tarvydas, & Ruiz, 2020)

Building energy codes play an important role in setting standards for building construction that will reduce

the long-term energy demands of the buildings sectorthe U.S.energy intensity imesidential buildings
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decreasedl9%from 2007 to 2017 as a result efficiency standards for equipment and applianecesl
stronger building codeglLeung, 2018)Across the world, 73 countries haveandatory @ voluntary

buildingcodes in place or are developing thé@lobalABC & International Energy Agency, 2019)

Most European studies consider the use of hydrogen in buildingsriytery fewassume relatively high
volumes (higher than 10% of finehergy demand)Tsiropoulos, Nijs, Tarvydas, & Ruiz, 2020
Hydrogen Council statélsat the use of hydrogen in buildings is most attractive in countyezserally with
cold wintersthat already have extensive natural gafrastructure in placesuch as the UK, Canaalad
countries in continental Europ@iydrogen Council, 2017 theirview, hydrogen could meet up to 18%

of heatrelatedenergy demandby either blending with natural gas, methization or in pure form.

ThelPCC notes that while the technology solutions to realize building decarbonizatsbtoelay, barriers
such as split incentivéslack of awarenessindlow access to finangéiinder the market uptake of cost
effective oppatunities in the sectoLucon, et al., 2014Moreover, behaviotifestyle, and culture have
' YF22N) STFFSOU 2y o0daAfRAYy3IaQ SySNHeE& dzaAST FdzNI KSNJ

2.4.2.1 The California Context

Buildingsin Caifornia are characterized by a high reliance on natural gas for space heating and water
heating Moreover, buildingsn Californighave a relatively high share of space cooling denmpared

to heating demandsThe elatively mildwinter climate makes bilding electrification more economically
attractive and universally applicabldhan in colder climatesThe absence of aignificantwinter peak
suggess a heavier reliance on electrificatian buildings may be feasiblmpared tojurisdictions with

colder climates.

6 { LI A G éA YNBSHIANEOSHE2 aAlddd GA2ya 6KSNB GKS LINILE LIFeAy3d F2NingrSNBe o So3
appliances that use energy (e.g. the landlord of a rental property). In thiesgisns, the building owner has no incergito pay more for an energy
efficient appliance that would save money for the tenant over time.
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The elatively new building stockn California compared to Europe and the Eastern Upits less
emphasis on building renovatiom®mpared tojurisdictions whereold, poorly insulated homes are the
norm. In addition,these conditionsnakehybrid or district heating solutions, that are often considered
for hardto-renovate homesless relevantThe Californiaesidential building stock is dominated by low

and midrise buildingsfacilitating the use o&ir sourceheat pump installations.

2.4.2.2 Senario Comparison

In all scenarios, the SB 350 goal of doubling Additional Achievable Energy Efficiency (AAEE) by 2030 is met

Fda YSIFadaNBR o6& | aO2Y0AYSRé R2dzfAy3d YSGNRO ¢ KSNE
Electric EBavingscomefrom a shift to selling only LED light bulbs by 2@8@l increasedefficiencyfor

refrigerators, HVAC and other plug load appliansewhile gas EEsavingscome frommore efficient

furnaces, ovens/cooktopsind water heatersBuilding envelope improvements cailiute to EE savings

for both fuels, with24% of the building stock assumed to either be retrofitconstructed with a high

efficiency shell by 2030 (this increases to 52% by R®iBally,energy savings resulting frorfuel
substitutionarealsoresponsble for a portion of meeting this goall scenariosichieve 46 TWh of electric

energy efficiency in buildings in 2030 relative to a 2015 baseline, and 67 TWh in 2045.

All scenarios involve a transition to-alectricend usesn buildinggfor heatingandHVAC, water heating,
cookingand clothes dryng), with the date of 100% sales share varying by scenasaletailed below in

Table 2. This transition towards building electrification involvesubstituting gas end usesfor high
efficiencyelectricend usessuch as heat pungpat the end of their useful lif¢thisis] y2 6y | & & NB LI
2y 0 dzNd¥ @ellzisa newly constructed buildingsNo early retirement of gas appliancissassumed

in the High CDR and Balanced scenavibdle the Zero Carboinergy scenario assumes early retirement

of all remaining gas appliances in 204%e transition to atelectricHVAGlsohas the potential to provide

cooling for households that do not currently haaie conditioning(since heat pumg provide both heat

and cooling), whickouldhelp Californians cope with increasing temperatudeg to climate change
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Table2. Building sectomssumptions which differ by scenario

Scenario Sources oflifferences amongcenarioassumptions

100%sales of electric appliances B940 5% hydrogen in the gas pipeline by
2045 12% biomethane in th@ipeline by 2045

HighCDR

100% sales of electric appliances2®35 5% hydrogetin the gas pipeline by

Balanced 2045

100% sales of electric appliances2®80, with a complete retirement of the

AR ACEDe (12K low-pressure gas distribution system2045

Figure6 showshow energy demand is met for buildings across the three scenarios in 2045, as\aell
comparison to 2020 for referenchlote thatil KS & St SOGNA OA G @ ¢é o0 Nidtgan®®2 yf & &K
does not reflect the difference in electricity emissions between scenarioHtte CDR scenarassumes

95% zero carbon electricity, wherethe other two scenarios assume 100% zero carbon electhgi®045.

The reduction in final energy dendin allscenarios in 2045 occurs primaidye tofuel substitution, since

heat pumps argon average3-4 times more efficient than theirgas counteparts. The highbuilding

efficiency assumptions also contribute to the reduction in final energy deman

7 Blending p to 7% hydrogen by enerdgto existing natural gas pipelinés generallyconsideredto be possible whout significant upgrades to
existing gaglistribution pipelinegMelaina, 2013)Increasing the hydrogen blerficbm 5%to 7%in the High CDR andiBnced scenarios would not
significantly change the study resulist should be considered as an update in future scenario analysis.
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Figure6. Final energy demand in buildings 2020, and in 2045 across the three scenarios
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Figure7 shows the emission®sulting from energy consumption in buildingsross the three scenarios,
as well as in 2020 for reference. Nenergy emissionsuch as those from HF@e notshownhere, but

rather discussed separately in the n@mergy emissios section below.
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Figure7: Energy emissions from buildings 2020, and in 2045 across the three scenarios
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2.4.3 TRANSPORTATION

Most deep decarbonizatiostudiesalign on thedeployment of batteryelectric vehicles for passenger
transport and show varying amounts ofeliance onhydrogen fel cellvehiclesfor some medium and
heavyduty road transport Overall, deep decarbonization pathways see an important role for
electrification, hydrogen biofuels and synthetic fuelsacrossall pars of transportation but the mix

betweentheseenergycarriers is still highly uncertain.

Thel YQ& / 2YYAUGSS Mefzerolf Wsividy(@SC, 20kHoneshBple highlighsthe need

for all passenger vehicles to leéectric by 205@nd the majority of heawduty vehicle transportation to

be either electric or fueled by hydrogen by 2050A YA £ | NI & = ( K S aggregatifig résd@ts S NP
from 14 decarbonization focusestcenari®, show that by 205065%- 90% of tke total vehicle stock should

be zereemissions vehiclesomprised of a combination of mostly battery electric vehicles aydfdgen
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fuel cell vehicles as well afuels or synthetic fuels and biofuelK S ! Y Q& b SafsurteSdkie &  dzR @

aircraftto be hybrid-electricby 2040.

A commonality amongt most decarbonization studies tke focus on decreasing energy consumption
aaoss alltransportation modes Thisis projected totake place as a resutif adopting carbon fuel
standards withithe deployment oimore efficientfuels (e.g. electricifyand enginesr fuel cellsas well as
smart growth me amount of behavior changand commuting options made available via shared
economy solutionsilso play a key role in reducing energy consumption angargcuarly important in
cities (Carbon Neutral Cities Alliance, 2018)ch measures are expected to significantiygluce total
vehicle miles travelled (VMT).yY G KS 9! Q& d¢26F NRa bSi{ ee&daRedial aidzRe X
energy consumption by at leaS0% from 2017 leveld@siropoulos, Nijs, Tarvydas, & Ruiz, 2020Y in
the most extreme scenarios, a dee of up to 80% in final energy consumpti@xcluding international
aviation and métime bunker fuels)Driving this decline in energy consumption is ghdtch from ICEs to
eledric or hydrogen fuel cell vehiclesvhich results in very significant energy efficiency gain and

F3aANBaaAPdS | aadzyLliazya 2y grawth. NEBRdzOGA2Y & | NBadz

2.4.3.1 The California Context

The transportation sectois the largest source oémissions in Califoraj with GHGemissions increasing
every year between 2013 and 20TThis correspondwith an increase iannualaverage VMT/capita over
the same periodalthoughannual emissions rose at a slightly slower rate due to the decreasibgrcar
intensity of transportation fuelin the stateand the growing market share for hybigehd batteryelectric
vehicles While VMThasdropped sharply in the wake of tHaBOVID19 pandemic, itremains too early to

predicthow quickly VMT will return to prpandemic levels, if at all.

California hagnacted muiiple policies tosupport transportation decarbonizatiols of mid2020, the
state has in place regulatiomgquiring manufacturers tcsell a increasing number aferoemission

passenger vehiclesnedium and heawR dzi @ (G NJXzO1 &> FyR 0dzaSa GKNRdAzAK /
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Advanced Clean Trucks, and Innovative Clean Transit progfam®xisting regulations would seEV/s
reach22% of passenger car sales 2125,40%- 75% of medium and heaxuty truck sales by 2035
(depending on vehicle class), and 100%safies for transit buses by 202 September 2020, the
Governor issug Executive OrdeN-79-20 calling for allight duty vehicles solih Californiato be zere
emission vehicles by 203andall medium and heavyduty trucks and bses tdransition to zereemission
by 2045

/1 w. Q-Emigsi@ndvehie (LEV) Ill regulation and L&varbon Fuel Standard (LCFS) pnogage both
designed to reduce emissions frooonventonal internal combustiorengine vehicles in addition to
stimulating ZEV adoptiohe LEV Il regulationcludes increasingly stringegteenhouse gas emission
standardsfor passenger vehiclethrough the 2025 model year, while theCF$rogramuses a adit
system to financially incentivize a shift to less carbon intensdransportation fuels like biofuels,

compressed natural ga€NG, electricity, and hydrogen.

Federal preemptiomules for Californigrovidethe state theuniqueability toregulate tailpipe emissions,

but emissions froninternational shippingand interstate trucking are harder to regulaté\ dgnificant

fraction of energy consumption associated wiitkerstate and internationahviation and shipping are not
includedinthéa G+ 1 SQa& SYAaaArzy Ay@Syd2 NButwllyided td e drigatedNBE vy 2 (

to achieve national and global emissions reductions.

2.4.3.2 ScenaridComparison

Across all scenariosje assumean increase iriuel economy standard$or internal combistion engine
vehicles(from 45 MPG in 2020 to ~70 MPG in 2045dassenger vehiclesinda 17% reduction in per
capita LDV VMT relative to 2089 2045 For offroad transportation, we assume thahore power is used
for 80% ofhoteling shipsby 2030 andhat 70%of harbor craftare electrified by 2045 The ug of CNG
trucksisphasedout by 2045n the Balancedscenaricandthe ZeroCarbon Energgcenario While asmall

amount ofHDVdieseltruck sales remaim 2045in the High CDR arBalanced scenaripghese are meant
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to represent outof-state trucks that drive into California to make deliveries and refuel while in the,state

sinceh KS SYAaaAizya | aa20AF0SR ¢6A 0K (skgasnvefitdns nthé NE Ay C
Zao Carbon Energy scenarithere is an optimistic assumption that the ZEV transition in HBaAss

reached a point in surrounding jurisdictions thdiesel sales in Californare elminated For instate

trucks, theBalancedscenarioassimes a complete transition tdiydrogen fuel celand electricsalesby

2035, while in the Zero Carbon Energy scenario, this transiticcturs by 2030.

Table3. Transportation sectomitigation measuresy scenario

Scenario Assumpiions

100%BEYV salefor LDV by 2035
100%BEVsalesfor MDVby 2048
45%/48%BEV/ICNG sales for HDY 2010, 7% diesetales(interstate long-haul)

50% rail electrification, no aviation eledication

HighCDR

100%BEV salefor LDV by 2035
100%BEVsales for MDV by 2035
45% 48% BEV/HFCV sales for HDV byb20% diesetales(interstate long-haul)

Balanced

75% rail electrification, no aviation electrification

. 100%BE\Vsales for LDV by 2030

ero

Carbon 100%BEV sales for MDV by 203

Energy | 509/50% BEWFC\sales for HDV by 2030

75%25% rail electrification/hydrogerb0% of irstate aviation electrified

Figure8 showshow energy demand is met across the three scenarios in 2045, as viethademand is
met today br reference. The significant decrease in energy demand by 2045 occurs because electric
vehicles are about 3mes more efficient thaninternal combustion engingehicles in terms of source

energy and to a lesser extent, due to assumed reductions in VMT
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Figure8: Final energy demand itransportationin 2020, andn 2045 across the three scenarios
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Figure9 shows theemissions resulting from energy consumption in transportatiooth in 2020 and in
2045 across the three scenas.Note thatemissions associated with electricity consumption are
included herewhereas in the€CARBAB 32 AnnuaBHG inventory they are accounted for separately.
Also note that the Zero Carbon Energy scenario achieves a eadutral transportation sector because

biofuels are assumed to fulfill remaining fossil fuel demands.

The remaining emissions from transportation in the High CDR and Balanced scenarios can be expected
to decrease over time pos2045 aghe stock share of ektric \ehicles catches up with the sales share
However both of these scenario@nd in particular the High CDR scenairng)ude a small amount of

ongoing demand for liquiednd gaseoufuels as they do not fully reach 100% electric vehicles.
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Figure9: Energy emissions from transportation 2020, and in 2045 across the three scenarios
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FigurelO, Figurell, andFigurel2show the stocks dfDVs, MDVs, dHDVs over time, respeaeely, for
the Balanced Scenaridhis scenario repisents a widespread transition to zeemission vehicles for
the transportation sector, across all vehicle types. The other two scenarios assume a slightly different

pace of trangtion, as detailed in the table aboyéut the story remains simildior these other two

scenarios
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FigurelO: Light Duty Vehicle Stocks irthe Balanced Scenario
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Figurel1l: Medium Duty VehicleStocks inthe Balanced Scenario
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