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PREFACE

The California Energy Commission’s Energy Research and Development Division supports
energy research and development programs to spur innovation in energy efficiency, renewable
energy and advanced clean generation, energy-related environmental protection, energy
transmission and distribution and transportation.

In 2012, the Electric Program Investment Charge (EPIC) was established by the California Public
Utilities Commission to fund public investments in research to create and advance new energy
solutions, foster regional innovation and bring ideas from the lab to the marketplace. The
California Energy Commission and the state’s three largest investor-owned utilities - Pacific Gas
and Electric Company, San Diego Gas & Electric Company and Southern California Edison
Company - were selected to administer the EPIC funds and advance novel technologies, tools,
and strategies that provide benefits to their electric ratepayers.

The Energy Commission is committed to ensuring public participation in its research and
development programs that promote greater reliability, lower costs, and increase safety for the
California electric ratepayer and include:

Providing societal benefits.
Reducing greenhouse gas emission in the electricity sector at the lowest possible cost.

Supporting California’s loading order to meet energy needs first with energy efficiency
and demand response, next with renewable energy (distributed generation and utility
scale), and finally with clean, conventional electricity supply.

Supporting low-emission vehicles and transportation.
Providing economic development.
Using ratepayer funds efficiently.

Deep Decarbonization in a High Renewables Future: Updated Results from the California
PATHWAYS Model is the final report for the Long-Term Energy Scenarios project (Contract
Number EPC-14-069) conducted by Energy and Environmental Economics, Inc. (E3). The
information from this project contributes to Energy Research and Development Division’s EPIC
Program.

For more information about the Energy Research and Development Division, please visit the
Energy Commission’s website at www.energy.ca.gov/research/ or contact the Energy
Commission at 916-327-1551.
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ABSTRACT

This project evaluates long-term energy scenarios in California through 2050 using the
California PATHWAYS model. These scenarios investigate options and costs to achieve a 40
percent reduction in greenhouse gas emissions by 2030 and an 80 percent reduction in
greenhouse gas emissions by 2050, relative to 1990 levels.

Ten mitigation scenarios are evaluated, each designed to achieve the state’s greenhouse gas
reduction goals subject to a changing California climate. All mitigation scenarios are
characterized by high levels of energy efficiency and conservation, renewable electricity
generation, and transportation electrification.

The mitigation scenarios differ in their assumptions about biofuels and building electrification,
among other variations. The High Electrification scenario is found to be one of the lower-cost
and lower-risk mitigation scenarios, subject to uncertainties in building retrofit costs as well as
implementation challenges.

This research highlights the pivotal role of the consumer in meeting the state’s climate goals.
To achieve high levels of adoption of electric vehicles, energy efficiency and electrification in
buildings, near-term action is necessary to avoid costly replacement of long-lived equipment in
10-15 years. Furthermore, market transformation is essential to reduce the capital cost of
electric vehicles and heat pumps.

Keywords: 2050 pathways, greenhouse gas emissions, climate change, California long-term
energy scenarios, electrification, energy efficiency, low-carbon biofuels, low-carbon electricity

Please use the following citation for this report:

Mahone, Amber, Zachary Subin, Jenya Kahn-Lang, Douglas Allen, Vivian Li, Gerrit De Moor,
Nancy Ryan, Snuller Price. 2018. Deep Decarbonization in a High Renewables Future:
Updated Results from the California PATHWAYS Model. California Energy Commission.
Publication Number: CEC-500-2018-012




TABLE OF CONTENTS

ACKNOWLEDGEMENTS .....ccovimimimmimsnesssisssisussssssossssssssssssssssssssssssresssssasssasssssssssssssssssssssssssasassssssesssass i

PREFACE ii

ABSTRACT iii
TABLE OF CONTENTS iv
LIST OF FIGURES vi

LIST OF TABLES vii
EXECUTIVE SUMMARY 1

INETOAUCTION. ...ttt ettt aes st aesaneseass e et eassesenssenssesersnsrenssnssenssessansensserens |
PTOJECT PUTPOSE ...ttt s et ressa e e se s s seseseesasssassssnssssesassanssesassanssessnsssnsssssensassens |
PTOJECT PIOCESS .ttt st ess s sesse e sess st e eene e st s sas stasssba st e s enasaessssasaenasnastansnnensensnnsnsansanesmensns |
PTOJECT RESULLS ..ttt cs et es st e ne s b et aeasatsa b e s sneses e s saensss et sas et esssnsesessnssessnnnnnns
Benefits of this Research to CalifOrnia........cocorciiiniiniisieceiei s
CHAPTER 1: Meeting California’s Long-term Climate Goals

3 v W

~

Pillars of Decarboniz ation .. o i i o e Sy s S b S swvevawiviatssnmsvassn
Scenario Desighi PRIIOSOPRY . cunisansmiinmmmnmainsnaswisinnnnimswimamasaiammmad
Continued Economic and Population GroOWth.........cc..coveeievecriereseisssessessssssesssssssessssssssssesssessses 10
Limited Reliance on Advanced, Sustainable Biofuels...........cccoooeiiiciicncnincrsscecneen: 10
o 1 T al] 1 TR A VN
GHG:Mitigation - Strategies Tested i 11
Stenarios EVAITATEH wocu e st i s i i s bl s s tsssasniinmissaisasin. T2
Reference: SCOMATION  cuzuerussiouim iyt s s s s e s  d ssveas sovmsisvivies. 13
SB B50 SCOMATIO oo ruucmumasssssismiii sy soisessss s b S e AT e s S st sevwinvsisis 119
High Electrification SCONArio. o imnmamnmmimminiminsisisimmsiism i immiiaiisis 10
Alternative Mitigation Scenarios and SensSitivities...........cooccvcicuevicveciciciceecececeeeereeeeeereseeeene 10
The Role of Carbon Pricing and Cap and Trade ... veveveesesaeseenes 17

REDORL OF T A Z At ON oo s s i b e i vy i it mswvavivssissniunrioniss 21
CHAPTER 2: Methods 22

The California PATHWAYS MOGE] ......cuveeeeereereeesesrecesssesesssessessesssssssesssssssssssssssssssssssssssssssssssessesssnenns 2.0

iv




Cost Accounting Methodology and Technology Improvements Over Time........ccccccceveveveneeen. 23
Uncertainty and Complexity in SCenario ANAlYSiS .......ccvcviiienieriennernecieressssssssssnssessssasseseness 24
California PATHWAYS Model ENhancements...........coccnuniecucensmsensassssisssscnsissssasessesssnsnssesssssnsness 24
Integrating Climate Change Impacts on ENergy SYSteM .......cocuciecueeeeeeeeeeeeceeseeeneeenssencasseneseeens 20
California RESOLVE Model for Electricity Sector ANalysiS.......cccecceecnreeeererecenseeecscncsssessensseseneses 20
CHAPTER 3: Reference, SB 350 and High Electrification Scenario Results 28

Greenhouse Gas EMUSSIONS ... ettt st s st ssse et s eee s enssssesseansesesssssessssssenssars 2O
Energy Demand ReSUILS ..ottt e ne e sne s s s ens s enansennemsnsenannens 30
Decarbonization Strategies DY SECTOT ...ttt eneeeesessenesneseesesnemsensenesnesensenne 3 ]
AN S P OTTATION ...ttt cbe et e e s e e s s s e sneesaaesaaesaseens e snsesasssnserasensnsesnserasesassrsssrnesrnnsrasesnenranes b
INAUSITY and AGTICUITUIC ......coveveeiiteeciercte et ese b st es e ssas e b esssass s s sasssesesssnsanssesmsnssssennse 37
BIOTUELS ...ttt et sse e e se et e nnensnensnnnaenssnssensrenerseananses B
NON-Combustion EMISSIONS ......c.ceueoieirieeriee e seciereesassesasasssassssssssssesssassesssssassessassesessenssenssss 40

Climate Change Impacts on the ENergy SYSTOM ... icciiiceeeeececsesesssessssssesssssssessesssssssssessessenes 3 1
CHAPTER 4: Cost and Risk Analysis 54

Economy-wide High Electrification Scenario COSES .......cciciciciiieieciecicie e ceese e e veevesaeeereenes 34
Incremental Carbon Abatement Costs in the High Electrification Scenario .......c.cccccceecieieeeeeen. 55
GHG Mitigation Risk and GHG Mitigation Cost in Alternative Mitigation Scenarios................... 58
Discussion of Alternative Mitigation Scenario Costs and Uncertainties..........cocceeeevereerresrerenn. 61
CHAPTER 5: Conclusions 64
GLOSSARY 69

REFERENCES 71

APPENDIX A: Mitigation Scenario Assumptions and Abatement Curve Assumptions........A-1
APPENDIX B: PATHWAYS Model Input Assumptions B-1

T e T - |
Energy Demand Equipment Financing ASSUMPUONS .......c.coveveeveeveeiereeecreraereereeesessersessesesseesensens B 1
Residential Buildings and Commercial Buildings ..........cccoveoveiieicicccineceieeceeeeeeessecreaeveeseenes B2
BN p 10 1] LA L 37 ORI RSO SR SRS SRTTTCRURRRTORDRSTRUONPPUSOERTRR  .. :

Industrial, Refining, and Oil and Gas........cccccveeeicicicciecieierieeeererie e ree e e eseesesaeseesaesessessessens B 1 1




Agriculture and TCU (Transportation, Communication, and Utilities) ........cccceceevevvecvccreeeen. B-13
e ey T e e L LU U UPID SRS | ||
FOSSIL FUELS .ottt st en s ese st st s s seas bt sesssnsssnssanssssssssssenssenessssssssasaness B L 7
PIDEIIE GAS vovvrreerereerensensereresseesesessessessesesssssssessssassasssssassssssssssssssasnsssasssssssssasnssssssssssssssnssnssassesnsnssnssssnse B 1
Biomass and BIOfUELS .......ccveveeeiriereiereseecserie st e e esasesssesseassessesessnssesssessessessensseasseness B- 1 8
Non-Combustion GreenhouSe GASES .......ccoceeeeieureerrrienscreseessesssassesssesessesssssasssssessenssesssesssssesssesessses B 19
Data Sources and ASSUIMPLIOTIS .....coieireeirerricseerieereeireesissssesssssssessesessssssssssessesssssssssssersssrssssesssesssesss B30
Appendix C: PATHWAYS Biofuels Module Methodology C-1

LIST OF FIGURES

Page

Figure 1: California Greenhouse Gas Emissions Goals 7

Figure 2: Pillars of Decarbonization 8

Figure 3: Progress is Required Under the Four Pillars 9

Figure 4: Flow Diagram of California PATHWAYS Model...... 23

Figure 5: California Greenhouse Gas Emissions by Scenario...... 29

Figure 6: California Greenhouse Gas Emissions by Sector in the High Electrification Scenario
30

Figure 7: Final Energy Demand by Fuel Type in the High Electrification Scenario.................. 31

Figure 8: Percent of New Sales by Technology Type for Residential Space Heating and Water
Heating in the High Electrification Case (2015-2050) 32

Figure 9: Estimated Cost and Available Biomethane Supply to California in 2050 Compared
with Non-Electric Natural Gas Demand 34

Figure 10: Percent of New Sales of Light Duty Vehicles by Technology Type in the High
Electrification Scenario 36

Figure 11: Percent of New Sales of Medium- and Heavy-Duty Vehicles by Technology Type
in the High Electrification Scenario 36

Figure 12: Refining Sector Energy Consumption and Petroleum Product Consumption in the
High Electrification Scenario...... 38




Figure 13: Electricity Demand by Sector in the High Electrification Scenario 39

Figure 14: Electricity Generation by Fuel Type in the High Electrification Scenario........cvueun. 40
Figure 15: 2050 Marginal Electricity Sector GHG Abatement Cost 40
Figure 16: 2050 Capacity Additions and Cost Impacts of Electricity Sector Sensitivity Analysis
41
Figure 17: Assumed Biomass Use in California in 2050 in Three Mitigation Scenarios........... 34
Figure 18: Assumed Feedstock Use in California in the High Electrification Scenario............ 45
Figure 19: Estimated Biomass Primary Energy Use in 2050 46
Figure 20: 2050 Biofuel Supply Curves...... 48
Figure 21: Non-combustion Emissions in 2030 and 2050 in the Reference and High
Electrification Scenario 50
Figure 22: Changes in Building Electricity Demand Due to GHG Mitigation and Climate
Change 53
Figure 23: Total 2030 Net Cost of the High Electrification Scenario Relative to Reference
Scenario, Excluding Climate Benefits (2016$, Billions) 54
Figure 24: 2030 and 2050 Annual Net Present Value of the High Electrification Case,
Including Climate Benefits (2016$, Billions) 55
Figure 25. 2030 Incremental Carbon Abatement Cost Curve (Total Resource Cost per Ton of
GHG Reduction Measures, Net of Fuel Savings), in the High Electrification Scenario........... 56
Figure 26: 2050 Incremental Carbon Abatement Cost Curve (Total Resource Cost per Ton of
GHG Reduction Measures, Net of Fuel Savings), in the High Electrification Scenario........... 57
Figure 27: Incremental Cost of All Mitigation Scenarios Relative to Reference .......ccoceveveeneee 59

Figure 28: Cost Savings Associated with Each GHG Mitigation Strategy (2016$, Billions).....61

LIST OF TABLES

Page
Table 1: Priority GHG Reduction Strategies 4
Table 2: Key Assumptions in the Reference Scenario 14
Table 3: Key Policies and Assumptions in the SB 350 Scenario 15
Table 4: Key 2030 Metrics for the High Electrification Scenario w18
Table 5: Key 2050 Metrics for the High Electrification Scenario 19

vii




Table 6: Alternative Mitigation Scenarios, Change in Measures Compared to the High
Electrification Scenario

20
Table 7: Summary of Estimated Biomass Resources in California 43
Table 8: Priority GHG Reduction StrateBies ... cuaunwssmmsaseissviosuevssssissnssssssssussesnmssensneisssrossss 65

viii




EXECUTIVE SUMMARY

Introduction

This project evaluates long-term energy scenarios through 2050 using a techno-economic
model known as the California PATHWAYS model. These scenarios investigate options and
costs for California in a changing climate to achieve a mandated 40 percent reduction in

greenhouse gas (GHGs) emissions by 2030, and an 80 percent reduction in GHGs by 2050,
relative to 1990 levels.

In 2017, California extended the state’s Cap-and-Trade Program through 2030 (Assembly Bill
398, Garcia. Chapter 135. Statutes of 2017). The carbon price resulting from the Cap-and-Trade
Program will help improve the economics of low-carbon alternatives, yet it is not clear whether
the carbon price on its own will be sufficient to close the gap between emissions reductions
achieved through current policies and the 2030 GHG target. The scenarios investigated in this
research suggest that additional upfront cost incentives or subsidies, technological
breakthroughs, and business and policy innovations may be required. While this research does
not specifically address the role of cap and trade in meeting the state’s climate goals, it
highlights the physical transformations of the state’s energy economy that is necessary and the
challenges in accomplishing that transformation for new equipment sales, megawatts of
renewable energy procured, and the production of zero-carbon fuels.

Project Purpose

This project advances the understanding of what is required for technology deployment and
other GHG mitigation strategies if California is to meet its long-term climate goals. This
research provides researchers and policy makers with information about key choices that could
lower the costs of meeting the state’s GHG reduction goals. Moreover, this analysis incorporates
and evaluates the implications of the expected impacts of climate change on the electricity
system through 2050 to inform California’s Fourth Climate Change Assessment.

This research addresses the key questions:

« What are the priority, near-term strategies in the areas of scaling-up deployment, market
transformation and reach technologies needed to achieve California’s 2030 and 2050
GHG reduction goals?

« What are the risks to, and potential cost implications of, meeting the state’s GHG goals
if key mitigation strategies are not as successful as hoped?

Project Process

Long-term energy scenarios through 2050 are analyzed using the California PATHWAYS model,
an economy wide, technology-specific scenario tool developed by Energy and Environmental
Economics (E3) from 2009 through the present. The PATHWAYS scenarios leverage prior
research and analysis from other state energy agencies and from E3, building upon and
expanding E3’s prior work.

These scenarios use the latest research from the University of California Irvine (EPC-14-074)
with results providing the expected impacts of climate change on the electricity sector through



2050. These results specifically show a lower average availability of hydroelectric generation
available to California and higher average temperatures, which result in lower heating demands
in buildings and higher air-conditioning demands.

In addition, researchers use a least-cost capacity expansion dispatch model, E3’s Renewable
Energy Solutions Model (RESOLVE), to test the impact of the PATHWAYS scenarios on the
California electricity grid. The RESOLVE model evaluates least-cost capacity expansion options
for the California electricity sector and generation dispatch solutions through 2050 using the
PATHWAYS scenario results of an electricity sector greenhouse gas constraint and a set of
electricity demands. The modeled geography represents the entire state (with simplified
assumptions in the rest of the Western Interconnection) through 2050.

Key changes to these scenarios, relative to E3’s prior work, include updated technology and fuel
cost assumptions, with lower cost trajectories for renewable electricity, energy storage and
electric vehicles, and updated cost assumptions for alternative fuel trucking technologies. The
analysis also includes a lower base case assumption about the consumer cost of capital. In
addition, most scenarios consider a biofuels-constrained future, whereby only biomass waste
and residues are available to produce biofuels from within the United States. Purpose-grown
crops are excluded from these scenarios because of the potential emissions from indirect land-
use change. In these scenarios, biofuel production efficiencies and costs do not change over
time, resulting in relatively limited and high-cost biofuels.

Scenarios Evaluated

Three types of California long-term energy scenarios are developed, including:

¢ A “Reference” or business-as-usual scenario, reflecting policies prior to the passage of
Senate Bill (SB) 350 (33 percent Renewables Portfolio Standard from 2030 through 2050
and historical levels of energy efficiency savings)

e A “Senate Bill 350" scenario, which reflects the impact of SB 350 (De Le6n, Chapter 547,
Statutes 2015, which requires a 50 percent Renewables Portfolio Standard by 2030 and a
doubling of energy efficiency savings relative to historical goals), as well as other
policies that were in place as of 2016, including vehicle electrification and reductions in
short-lived climate pollutants by 2030

e “Mitigation” scenarios are evaluated which meet the state’s 2030 and 2050 GHG goals
using different combinations of greenhouse gas reduction strategies. The “High
Electrification” scenario is one of the ten mitigation scenarios evaluated, which meets
the state’s climate goals using a plausible combination of greenhouse mitigation
technologies.

Scenarios test the impact of over- or underperformance on key technology deployment
trajectories to assess potential cost risks, and to identify priority areas for near-term action for
deployment, market transformation, and “reach” technologies that may be required to meet the
2050 greenhouse gas target. A reach technology is a technology not widely commercialized
today but has been demonstrated outside of laboratory conditions and has the potential to
mitigate emissions from sectors that are currently difficult to address. Ten mitigation scenarios
are developed in total to help identify which strategies are most critical to meeting the state’s




2030 and 2050 greenhouse gas goals. These scenarios are used to identify key technology risks
and to evaluate the robustness of the state’s climate mitigation strategies if one strategy does
not deliver greenhouse gas reductions as expected.

The report focuses on the High Electrification scenario, which is one of the lower-cost, lower-
risk mitigation scenarios. This scenario includes high levels of energy efficiency and
conservation, renewable electricity, and electrification of buildings and transportation, with
reliance on biomethane in the pipeline to serve mainly industrial end uses. The High
Electrification scenario assumes a transition of the state’s buildings from using natural gas to
low-carbon electricity for heating demands. This transition presents a suite of implementation
challenges including uncertain feasibility and costs of retrofitting the state’s existing building
stock, equity and distributional cost impacts, as well as consumer acceptance.

Project Results

Achieving California’s climate goals will fundamentally transform the state’s energy economy,
requiring high levels of energy efficiency and conservation, electrification of vehicles, zero-
carbon fuels and reductions in non-combustion greenhouse gases. Meeting the state’s 2030
climate goals requires scaling up and using technologies already in the market such as energy
efficiency and renewables, while pursing aggressive market transformation of new technologies
that have not yet been utilized at scale in California (for example, zero-emission vehicles and
electric heat pumps). In addition, at least one “reach” technology that has not been
commercially proven will likely be necessary to help meet the 2050 greenhouse gas goal, and to
mitigate the risk of other greenhouse gas reduction solutions falling short.

To achieve high levels of consumer adoption of zero-carbon technologies, particularly of
electric vehicles and energy efficiency and electric heat in buildings, market transformation is
needed to bring down the capital cost and to increase the range of options available. Market
transformation can be facilitated by:

1. Higher carbon prices, such as those created by the state’s cap and trade and low-carbon
fuel standard programs, which reduce the cost differential between low-carbon fuels
and fossil fuels.

2. Codes and standards, regulations and direct incentives, to reduce the upfront cost to
the customer.

3. Business and policy innovations, to make zero-carbon technology options the cheaper,
preferred solution compared to the fossil fueled alternative.

Table 1 summarizes the key strategies identified through this research that should be
prioritized for scaled-up use, market transformation, and as “reach” technologies that may be
crucial to meet the 2050 greenhouse gas target.



Table 1: Priority GHG Reduction Strategies

Scale Up & Deploy

2030 Indicative Metrics

Key Challenges

Energy efficiency in
buildings & industry

Deployment of LED lighting, higher efficiency
plug loads, improved shell in existing
buildings, continued improvements and
enforcement of building codes, industrial EE

Consumer decisions and
market failures

Renewable electricity

70 — 80% zero-carbon electricity with
renewable integration solutions: flexible
loads, market-based curtailment, cost-
effective grid storage -

Implementation of
integration solutions

Reduced vehicle miles traveled through
increased use of public transit, walking,

Consumer decisions and

Smart growth biking, telepresence, and denser, mixed-use legacy development
i i patterns
community design
Market :
Transformation 2030 Indicative Metrics Key Challenges

Zero-emission light-
duty vehicles (ZEV)

At least 6 million ZEVs, >60% of new sales
are ZEVs, drivers have access to day-time
charging stations and time-of-use charging

Consumer decisions and
cost

Advanced building
efficiency/electrification

50% of new water heater and HVAC sales
are high-efficiency heat pumps

Consumer decisions,
equity of cost impacts, cost
and retrofits of existing
buildings

Fluorinated (F)-gas
replacement

Replace F-gases with lower global warming
potential (GWP) refrigerants

Standards needed to
require alternatives

Methane capture

Methane capture from manure, fugitive and
process emissions, landfills, and
wastewater

Small and diffuse point
sources

Reach Technologies

2030 Indicative Metrics

Key Challenges

Advanced sustainable
biofuels

Demonstrated use of sustainable, carbon-
neutral biomass feedstocks to produce
commercial-scale biofuels

Cost and sustainability
challenges

Zero-emissions heavy-
duty trucks

Commercial deployment of battery-electric
and/or hydrogen trucks

Cost

Industrial electrification

Cost-competitive electrification of industrial
end-uses, including boilers, machine drives,
and process heating

Cost & technical
implementation challenges

Electrolysis hydrogen
production

Improved cost and efficiency at commercial
scale. Business model for flexible hydrogen
production.

Cost

Source: E3




High Electrification Scenario Direct Costs Compared to the Reference Scenario

The net cost of transforming the state’s energy economy to a low-carbon system is relatively
small. Fuel savings from reduced consumption of gasoline, diesel and natural gas help offset
the higher capital costs associated with low-carbon technologies. The estimated 2030 total
direct cost, (excluding health and climate benefits), to meet the state’s climate goals range from
a savings of $2 billion per year to net costs of $17 billion per year, with a base case result of $9
billion per year in 2030. This amount is less than the recovery costs associated with one large
natural disaster, such as the recent 2017 wildfires in Northern California. Put differently, the
estimated 2030 cost of reducing statewide greenhouse gas emissions by 40 percent is likely to
range from a savings of 0.1 percent to costs of 0.5 percent of California’s gross state product,
and the societal benefits of the GHG reductions achieved are likely to outweigh these costs. For
example, in other studies, the estimated health benefits associated with reducing GHG
emissions, and thus improving air quality, have been estimated to exceed these direct costs.

The upfront capital cost investment, however, is still significant, and is spread across both
businesses and households - some of which have better access to low-cost capital than others.
Long-term fuel savings, or even lifecycle cost savings, may not convince businesses and
households to make the switch to new technologies with which they have little experience. A
key challenge is convincing millions of households and businesses to adopt these technologies
and become the drivers of change to a low-carbon economy.

Finally, this study aggregates statewide costs and benefits, explicitly excluding the effect of
state incentives and in-state transfers, such as Cap-and-Trade, the Low Carbon Fuel Standard,
and utility energy efficiency programs. Costs borne by individual households will differ from
the average and will depend on policy implementation. Further research could investigate the
cost implications of specific state policies on individuals and businesses.

Uncertainty in Scenario Analysis

While these models produce numerically precise results, the long-term greenhouse gas
reduction scenarios resulting from the modeling are neither predictions nor forecasts of the
future. Several key assumptions, however, could change this study's findings about the High
Electrification scenario as one of the lower-cost, lower-risk decarbonization pathways. First,
biofuels could be available at lower cost than modeled here, particularly if sustainability
concerns with purpose-grown crops are addressed, or if other jurisdictions continue to lag
California in decarbonizing their economies and so do not rely on advanced biofuels, resulting
in more of the global biofuel supply being available to California. Second, high costs associated
with retrofitting existing buildings for electric heating could significantly increase the cost of
the High Electrification scenario. This scenario assumes that building electrification could
proceed in California without requiring costly early retirement of end-use equipment, and
without creating cost equity impacts for natural gas customers which must be mitigated. These
assumptions deserve further research and inquiry.

Benefits of this Research to California

This research has evaluated options for meeting the state’s economywide climate goals,
including assessing the potential effects on and implications for the electricity sector. This




research provides decision-makers and researchers with information about the cost
implications and emissions tradeoffs between different greenhouse gas mitigation strategies
focusing on 2030 versus those focusing on 2050, and it highlights the pivotal role of the
consumer to help meet the state’s climate goals.

Furthermore, this research has helped fund the development of widely used energy and
electricity sector planning tools, including the California PATHWAYS model and the electricity
sector capacity expansion and dispatch RESOLVE model. These energy and electricity planning
tools have been, and continued to be, used by many California state agencies to provide unique
insights into how the electricity system may evolve during the next 15 to 30 years to achieve
state goals.

The benefits of this project and research will continue to expand as future projects build on
this work and through ongoing research and policy discussions within and outside California
on how to achieve deep reductions in greenhouse gas emissions.




CHAPTER 1:
Meeting California’s Long-term Climate Goals

Introduction

Climate change presents devastating risks to human health and welfare, the global economy
and ecosystems world-wide (IPCC, 2014). The impacts of climate change are already being
observed globally, and in California specifically, with increased temperatures, higher incidence
of wildfires, and changes to snowfall, snowmelt and precipitation patterns (CEC 2012, and
Kadir et al, 2013).

California is aiming to reduce its greenhouse gas emissions (GHG) while creating an energy
system that is resilient to climate risks, spurring innovation and a low-carbon transition
nationally and internationally. California’s climate goals are among the most ambitious in the
country. California’s Assembly Bill 32 (Nufiez, Chapter 488, Statutes of 2006) requires reducing
statewide GHG emissions to 1990 levels by 2020, while Senate Bill 32 (Pavley, Chapter 249,
Statutes of 2016) requires reducing statewide emissions to 40% below 1990 levels by 2030. The
state’s long-term climate commitment, laid out in Executive Order S-3-05, calls for an 80%
reduction in GHGs below 1990 levels by 2050 (Figure 1). While ambitious, these goals represent
the minimum level of carbon abatement scientists believe is necessary globally to stave off the
effects of catastrophic climate change (IPCC, 2014).

Figure 1: California Greenhouse Gas Emissions Goals
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Pillars of Decarbonization

This work, and other related analyses, has shown that with aggressive technology deployment
and adoption it is possible for California to achieve its long-term carbon reduction goals
(Williams et al, 2012; Wei et al, 2012 and 2014; CCST, 2011; E3, 2016). In fact, the broad
strategies necessary to mitigate the worst impacts of climate change are well understood, and
similar mitigation strategies are seen in research efforts, regions and geographies (for example
DDPP, 2015 and United States White House Mid-Century Strategy for Deep Decarbonization,
2016). These critical decarbonization strategies are illustrated in Figure 2 and include energy




efficiency and conservation, electrification, low-carbon fuels (including electricity), and reducing
non-combustion GHG emissions.

Figure 2: Pillars of Decarbonization
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Source: E3

Energy efficiency and conservation are essential in all sectors of the economy: industry,
buildings and transportation. Electrification is necessary to reduce the state’s reliance on fossil
fuels, primarily in transportation, but also potentially in buildings and industry, if other
decarbonization strategies such as biofuels are in limited supply, or if other mitigation
strategies do not deliver as much GHG reductions as hoped. Furthermore, vehicles, buildings
and industries must be powered with low-carbon fuels. The largest source of low-carbon fuel in
a decarbonized future is likely to be renewable electricity, particularly in California where
renewable resources are plentiful. Low carbon fuels can also be produced with nuclear power,
fossil electricity generation with carbon capture and sequestration, biofuels, or using low-
carbon electricity to produce fuel, such as electrolysis to make hydrogen (this pathway is called
power-to-gas). Finally, non-combustion greenhouse gas emissions must be reduced, including
soil and forest carbon emissions and those from fluorinated (F)-gases, methane leakage, cement
manufacturing and biogenic (produced by living organisms) sources.

There is limited substitutability among these pillars (Figure 3); all mitigation scenarios rely
upon switching most end use energy consumption to low-carbon fuel sources. If one source of
low-carbon fuel, such as biofuels, is limited, then increasing use of decarbonized electricity and
hydrogen is required.




Figure 3: Progress is Required Under the Four Pillars
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Scenario Design Philosophy

This analysis does not evaluate the possibility of new nuclear power or generation with carbon
capture and storage, with or without using biomass, in California. These options are explored in
more detail elsewhere (for example Rhodes, 2015; Sanchez, 2015; Long, 2014). Instead, these
scenarios focus on the limits and implications of a high renewable electricity future, which is
the dominant strategy for low-carbon electricity in California today.

Furthermore, this analysis assumes that California’s natural and working lands emit net-zero
GHG emissions, which would require significant improvements over historical experience,
which has seen net positive emissions from natural and working lands, largely due to wildfires.
This assumption, that in the future California will be able to mitigate existing land-use
emissions, is consistent with California’s policy goal to turn the state’s natural and working
lands into a carbon sink, achieving at least net-zero GHG emissions, if not net negative GHG
emissions (CARB, 2017a). In this framework, sources and sinks from natural and working land
are not explicitly modeled, in large part because emissions from these sources and sinks are
not currently included in the state’s GHG emission inventory. New methods are being developed
for California creating improved retrospective and current estimates of GHG emissions from
natural and working lands. This on-going research may enable a better representation of
emissions from natural and working lands in this kind of scenario analysis in the future
(Battles, 2013; Gonzalez, 2015; Saah, 2016).




Continued Economic and Population Growth

These evaluated scenarios assume the current population and economic growth trends
continue through 2050.1 While these scenarios evaluate the impact of limited changes to
current energy consumption behaviors, such as the impact of smart growth policies and some
building energy savings from behavioral conservation, these changes are relatively minor
compared to what could be possible with major societal behavioral changes. For example, the
scenarios do not consider a major shift towards vegetarianism or widespread abandonment of
private vehicles to meet personal transportation needs.

Limited Reliance on Advanced, Sustainable Biofuels

Biofuels, (such as ethanol, biodiesel, wood, renewable diesel, renewable gasoline and
biomethane) represent a source of low-carbon energy to California. Even though the CO,
emissions from burning these biogenic fuels would have occurred anyway as the biomass
decayed, these fuels are considered net carbon neutral in the state’s greenhouse gas emission
inventory, which is based on the 2006 IPCC guidelines. As such, this study treats biofuels as net
carbon neutral fuels.

This study limits the supply of available biofuels in three important ways. First, most scenarios
exclude using purpose-grown crops or “energy crops” from the biofuel resource supply (the
exception is the “high biomass” scenario). The excluded energy crops include conventional food
crops such as corn and sugar cane, as well as plantation forestry and high-yielding perennial
grasses like miscanthus. This study’s primary data source for the biomass supply curves, the
U.S. DOE Billion Ton Update Study, includes purpose grown feedstocks that are estimated to
avoid indirect land-use change. However, other credible studies find that the risk of a net
increase in emissions from natural and working lands is large and poorly quantified (Plevin et
al, 2010; Melillo et al, 2009; Searchinger, 2008). As a result, most scenarios apply this more
restrictive biomass screen to avoid the risk that the cultivation of biomass for biofuels could
result in increased GHG emissions from natural or working lands.

Second, most scenarios assume that California has access to its in-state supply of waste
biomass feedstocks, and up to its population-weighted share of the United States supply of
sustainable biomass, based on Jaffe et al, 2017 and U.S. DOE, 2011 (with the exception of an in-
state only biomass scenario). This means that most scenarios limit total biomass resources to
equate to approximately 12% of the U.S. supply of waste feedstocks. None of the scenarios
assume that California imports biomass or biofuels from outside the U.S. or that California uses
more than its population-weighted share of the U.S. biomass supply. This assumption is based
on the scenario design philosophy that as California continues to decarbonize its energy
economy, the rest of the U.S. and the world will also do so, claiming access to their own
supplies of biomass and biofuels. By applying these assumptions of limited biomass, the

1 Population growth forecasts are based on the California Department of Finance projections
from 2014. Economic growth trends are implicitly included in PATHWAYS via benchmarking to
the California Energy Commission baseline forecast (CEC, 2016).
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scenarios create decarbonization strategies for California that could be replicated in other
biomass-constrained parts of the world seeking to follow a similar decarbonization trajectory.

Finally, the scenarios do not assume breakthroughs in the cost or conversion efficiency
performance of biofuels technology over time. This leads to relatively conservative forecasts of
future costs of biofuels in all scenarios.

Research Questions

While the broad pillars of decarbonization are generally well-understood, it is less well-
understood what the biggest deployment and technology risks are in achieving these long-term
plans, and how an understanding of those risks might shape polices and the research agenda
today. This research addresses that gap by asking the following research questions:

e What are priority, near-term areas for California to achieve 2030 and 2050 greenhouse
gas reduction goals? This question is evaluated for priorities in scaling-up deployment,
market transformation and “reach” technologies.

¢« What are the risks and potential cost implications of meeting the state’s GHG goals if
key mitigation strategies are not as successful as hoped?

Through a better understanding of the cost, climate, technology adoption, and technology
development risks, California, and other jurisdictions that are also seeking to reduce GHG
emissions, can develop new policies or focused research and development efforts to help

mitigate these risks.

GHG Mitigation Strategies Tested

To guide the analysis, the study team synthesized key greenhouse gas mitigation strategies to
be modeled in PATHWAYS, testing their importance and associated risks. These strategies
include deploying new technologies and socially-coordinated actions such as smart growth to
reduce vehicle miles traveled. These strategies range from those with which the state has
extensive experience (for example, building energy efficiency) to nascent technologies that have
not been commercially developed (for example renewable hydrogen). However, the study team
excluded strategies that would require dramatic fundamental innovation before they could be
deployed, such as nuclear fusion, as well as uncertain events that could affect energy demand
and GHG emissions but are outside the control of California decision-makers, such as an
earthquake or a national or global economic shock.

The GHG mitigation strategies tested using the long-term energy scenarios include:

1. Building energy efficiency (EE), including conventional EE such as LED lightbulb
substitution and advanced EE including building retrofits and electrification.

2. Renewable electricity, including solar, wind, geothermal, and small hydropower.
Renewable integration solutions such as flexible building and vehicle loads, renewable
diversity including out-of-state renewables, energy storage, and flexible hydrogen
electrolysis are tested as well.
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Smart growth that reduces light-duty vehicle miles traveled and increases the share of
higher-density new construction buildings, shifting towards more multi-family homes.

Mitigation of non-combustion emissions, including methane, CO, from cement
production and many F-gases. Mitigation of black carbon was not evaluated.

Zero-emission light-duty vehicles, including plug-in hybrid (PHEVs), battery-electric
vehicles (BEVs) and hydrogen fuel-cell electric vehicles (FCEVs).

Heat pumps for buildings to replace natural gas heating in both HVAC and water
heating, as well as electrification of other building end uses, including cooking and
clothes drying.

Biofuels to replace liquid and gaseous fossil fuels. The focus is on advanced,
sustainable biofuels, excluding corn and sugarcane ethanol.

Industrial energy efficiency and electrification.

Solutions for trucking and freight including alternative-fuel trucks such as hybrid-
electric or compressed natural gas (CNG), along with zero-emission trucks including
battery-electric vehicles (BEVs) and fuel cell-electric vehicles (FCEVSs).

Hydrogen as an energy carrier, modeled here as hydrogen produced from centralized,
grid-connected proton-exchange membrane (PEM) electrolysis for use in vehicles and, in
small volumes, as a natural gas replacement in the pipeline.

. Production of climate-neutral fuels, modeled here as synthetic methane produced via

the reaction of CO, captured from the atmosphere or seawater with renewably-produced
hydrogen. As an emerging technology, this option is only evaluated in one of the ten
scenarios.

Each of these greenhouse gas mitigation strategies are tested in different combinations with
different timing and levels of deployment in the scenarios and sensitivities, as discussed below.

Scenarios Evaluated

Three types of California long-term energy scenarios are developed, including:

A “Reference” or business-as-usual scenario, reflecting policies before the passage of
Senate Bill (SB) 350, specifically the 33 percent Renewable Portfolio Standard from 2030
through 2050 and historical levels of energy efficiency savings.

An “SB 350" scenario, which reflects the impact of SB 350 (a 50 percent renewable
portfolio standard by 2030 and a doubling of energy efficiency savings relative to
historical goals) as well as other current policies as of 2016, including reductions in
short-lived climate pollutants by 2030.

“Mitigation” scenarios are evaluated which meet the state's 2030 and 2050 GHG goals
using different combinations of GHG reduction strategies. The “High Electrification”
scenario is one of the 10 mitigation scenarios evaluated, which meets the state’s climate
goals using a plausible low-cost, low-risk combination of GHG mitigation technologies.
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Ten mitigation scenarios are developed to help identify which strategies are most critical to
meeting the state’'s 2030 and 2050 GHG goals. These scenarios also isolate the estimated cost
and GHG implications of key uncertainties and are used to evaluate the robustness of the
state’s climate mitigation strategies if one strategy does not deliver GHG reductions as
expected.

Reference Scenario

The Reference scenario reflects a California GHG emissions trajectory based on energy policies
that were in place prior to 2015, including the 33% Renewables Portfolio Standard (RPS). The
Reference scenario excludes the impacts of SB 350, and other recent climate policies and
initiatives such as the short-lived climate pollutant strategy required by Senate Bill 1383 (Lara,
Chapter 395, Statutes of 2016). Key assumptions in the Reference scenario are summarized in
Table 2.
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Table 2: Key Assumptions in the Reference Scenario

::::;:3:6 Sector & Strategy | Reference Scenario assumptions
Approximately 26,000 GWh of electric efficiency, and 940
Building electric & | million therms of natural gas efficiency in buildings, relative to
natural gas baseline load growth projections (approximately equal to the
efficiency 2016 CEC IEPR additional achievable energy efficiency
(AAEE) mid-scenario)
Efficiency
Transportation Federal vehicle efficiency standards (new gasoline auto
smart growth and averages 40 mpg in 2030). Implementation of SB 375 (2%
fuel economy reduction in vehicle miles traveled (VMT) relative to 2015)

Industrial efficiency

CEC IEPR 2016 AAEE mid-scenario

Electrification

Building
electrification

None

Zero-emission
light-duty vehicles

Mobile Source Strategy from the Vision Model Current Control
Program scenario: 3 million light-duty vehicle (LDV) zero-
emission vehicles (ZEVs) by 2030, 5 million LDV ZEVs by 2050

Zero-emission and
alternative fueled
trucks

Mobile Source Strategy from the Vision Model Current Control
Program scenario: 20,000 alternative-fueled trucks by 2030

Zero-carbon

Current RPS procurement achieves ~35% RPS by 2020,
declining to 33% RPS with retirements post-2030. Includes

electricity current deployment of pumped storage and the energy storage
Low carbon mandate (1.3 GW by 2020). No additional storage after 2020.
fuels
10% carbon-intensity reduction Low Carbon Fuel Standard
Advanced biofuels | including corn ethanol (1.2 billion GGE advanced biofuels in
2030 and 0.7 billion GGE corn ethanol in 2030)
Non- Reducti i
c§:1bustion mZt::r:Zr;Sn: No mitigation: methane emissions constant after 2015,
) fluorinated gases increase by 56% in 2030 and 72% in 2050
GHGs fluorinated gases
Source: E3
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SB 350 Scenario

The SB 350 scenario includes all of the assumptions in the Reference scenario, but adds in the
estimated impacts of SB 350, the California Air Resources Board (ARB) Mobile Source Strategy
Cleaner Technologies and Fuels scenario and the Short-Lived Climate Pollutant Plan. These
impacts include a 50 percent RPS in 2030, a doubling of energy efficiency savings relative to the
“additional achievable energy efficiency” in the California Energy Commission’s 2016 Integrated
Energy Policy Report by 2026, higher adoption rates of ZEVs and reductions in non-combustion
GHG emissions.

Table 3: Key Policies and Assumptions in the SB 350 Scenario
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Pillar of GHG

Sector & Strat SB 350 Scenario, 2030 assumptions
Reductions i i
Approximately 46,000 GWh of electric energy efficiency
Buildirig eledtiic & .and 1..3.00 million.therms of r?atural gas energy rj,*ffic.iency
retursl asssfickie in buildings, relative to baseline load growth projections
Hralg y (reflecting targets under California SB 350, statutes of
2015)
Efficiency

Transportation smart
growth and fuel
economy

New gasoline auto averages 45 mpg, implementation of
SB 375 (2% reduction in VMT relative to 2015)

Industrial efficiency

Approximate doubling of efficiency in Reference scenario

Electrification

Building electrification

None

Zero-emission
light-duty vehicles

Mobile Source Strategy: Cleaner Technologies and Fuels
scenario (4 million LDV ZEVs by 2030, 24 million by
2050)

Zero-emission and
alternative fueled
trucks

Mobile Source Strategy: Cleaner Technologies and Fuels
scenario (140,000 alternative-fueled trucks)

Zero-carbon electricity

50% RPS by 2030, Same energy storage as Reference,
10% of some building end uses and 50% of LDV EV

Low carbon charging is flexible
fuels
: Same biofuel blend proportions as Reference, less total
Advanced biofuel

vane lotuets biofuels than Reference due to higher adoption of ZEVs
Non- Reductions in 34% reduction in methane emissions relative to 2015,
combustion methane and 43% reduction in F-gases relative to 2015, 19% reduction
GHGs F-gases in other non-combustion GHGs relative to 2015.
Source: E3

High Electrification Scenario

The High Electrification Scenario includes all of the assumptions in the Reference and SB 350

scenarios, however, in many sectors includes more aggressive adoption and deployment of GHG

mitigation strategies to achieve the 2030 and 2050 GHG goals. These assumptions are
summarized in Tables 4-6.

Alternative Mitigation Scenarios and Sensitivities
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In addition to the High Electrification scenario, nine Alternative Mitigation scenarios are tested
which meet the state’s 2030 and 2050 GHG goals in PATHWAYS using different combinations of
mitigation technologies from the High Electrification scenario. These Alternative Mitigation
scenarios fall broadly into two categories: (1) reduced reliance on a key mitigation technology
choice within the state, with compensating GHG mitigation strategies used to meet the 2030
and 2050 climate goals; and (2) increased reliance on a key mitigation technology choice within
the state, with lower GHG mitigation in other sectors, to meet the 2030 and 2050 climate goals.
The costs of these alternative scenarios are then evaluated and compared to the High
Electrification scenario.

All of the scenarios include relatively high levels of electrification; some of the scenarios result
in higher electric loads than the “High Electrification” scenario. The distinguishing feature of
the “High Electrification” scenario is that nearly a full suite of GHG mitigation options is used,
including electric heat pumps in buildings. Each of the Alternative Mitigation scenarios is
described in Table 6.

In addition to these alternative technology scenarios, one additional scenario is tested. The “No
Climate Change" scenario tests the impacts of not including the climate change impacts on
hydroelectric availability and building energy demand in the scenario. All other scenarios
include the effects of climate change.

Cost sensitivities also probe uncertainties in economy-wide mitigation costs by changing key
cost inputs without changing energy or emissions assumptions. Cost sensitivities are not
comprehensive but rather emphasize a few key cost inputs whose effects may bracket the
overall cost uncertainty, including fossil fuel prices and demand-technology capital financing
rate.

The Role of Carbon Pricing and Cap and Trade

These scenarios do not attempt to directly model or predict the effect the state’s Cap-and-Trade
program (Assembly Bill 398, Garcia, Chapter 135, Statutes of 2017) will have on consumer
behavior or on business decisions through 2030 or beyond.

The cap and trade law requires the ARB to set a carbon price ceiling, price containment points,
and define other details of the cap and trade program. The impacts of cap and trade will
depend on the resulting carbon price, and the carbon price will depend on how far other
complementary policies reduce greenhouse gas emissions, and the costs of alternative GHG
mitigation options, including offsets and carbon permits from other linked jurisdictions, such
as Quebec, Canada or Ontario, Canada.




Table 4: Key 2030 Metrics for the High Electrification Scenario

Pillar of GHG
Sector & Strat High Electrification Scenario, 2030 assumptions
Reductions o ¢ p
10% reduction in total building energy demand relative
. . to 2015. Same level of non-fuel substitution energy
Building electric & . i -
s efficiency as the SB 350 Scenario in non-heating sub-
natural gas efficiency s e ; ;
sectors. Additional efficiency is achieved through
electrification of space heating and water heating.
N line ICE light-duty aut 45 12%
Efficiency Transportation smart i g.a so‘|n§ < u. e ?s st m;.)g, °
—— reduction in light-duty vehicle miles traveled relative to
gconom 2015, 5-6% reduction in shipping, harbor-craft & aviation
y energy demand relative to Reference
20% reduction in total industrial, non-petroleum sector
Industrial efficiency energy demand relative to 2015, additional 14%
reduction in refinery output relative to 2015
. N 50% new sales of water heaters and HVAC are electric
Building electrification
heat pumps
A 6 million ZEVs (20% of total): 1.5 million BEVSs, 3.6
Zero-emission - s
o : : million PHEVs, 0.8 million FCEVs, >60% of new sales
Electrification | light-duty vehicles
are ZEVs
Zero-emission and 10% of trucks are hybrid & alternative fuel (4% are BEVs
alternative fueled or FCEVs), 32% electrification of buses, 20% of rail, and
trucks 27% of ports; 26% electric or hybrid harbor craft
74% zero-carbon electricity, including large hydro and
Farnsoarban sl nuclear (70% RPS), Storage Mandate + 6 GW additional
- ICI
4 storage, 20% of key building end uses and 50% of LDV
EV charging is flexible
Low carbon
fuels 2.8 billion gallons of gasoline-equivalent (10% of
gasoline, diesel, jet fuel and other non-electric energy
Advanced biofuels demand); 49 million Bone Dry Tons of biomass: 57% of
population-weighted share excluding purpose-grown
crops
Non- Reductions in 34% reduction in methane emissions relative to 2015,
combustion methane and 43% reduction in F-gases relative to 2015, 19%
GHGs F-gases reduction in other non-combustion CO2 & N20
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Source: E3

Table 5: Key 2050 Metrics for the High Electrification Scenario

Pillar of GHG

natural gas efficiency

Reductions Sector & Strategy High Electrification Scenario, 2050 assumptions
G ! 34% reduction in total (natural gas and electric) building
Efficiency Building electric & energy demand, relative to 2015. Savings are achieved

via conventional efficiency and building electrification.

Transportation smart
growth and fuel
economy

24% reduction in per capita light-duty vehicle miles
traveled relative to 2015, plus shipping, harbor-craft &
aviation energy demand 2030 measures

Industrial efficiency

20% reduction in total industrial, non-petroleum sector
energy demand relative to 2015, 90% reduction in
refinery and oil & gas extraction energy demand

Electrification

Building electrification

100% new sales of water heaters and HVAC are
electric heat pumps; 91% of building energy is electric
(no building electrification is possible, but requires
higher biofuels or power-to-gas), Moderate
electrification of agriculture HVAC

Zero-emission light-
duty vehicles

35 million ZEVs (96% of total): 19 million BEVs, 11
million PHEVS, 5 million FCEVs, 100% of new sales
are ZEVs

Zero-emission and
alternative fueled
trucks

47% of trucks are BEVs or FCEVs (31% of trucks are
hybrid & CNG); 88% electrification of buses, 75% of
rail, 80% of ports; 77% of harbor craft electric or hybrid

95% zero-carbon electricity (including large hydro), 84
GW of utility scale solar, 29 GW of rooftop solar, 52

Low carbon . GW out-of-state wind, 26 GW incremental storage

fuels Zero-carbon electricity | 5p5e storage mandate, 80% of key building end-uses
is flexible and 90% flexible EV charging; H, production
is flexible
4.3 billion gallons of gasoline-equivalent (46% of
gasoline, diesel, jet fuel and other non-electric energy

Advanced biofuels demand); 64 million Bone Dry Tons of biomass: 66% of

population-weighted share excluding purpose-grown
crops

Non- Reductions in 42% reduction in methane emissions relative to 2015

combustion ?e::saé‘;'an Sdiiiar 83% reduction in F-gases relative to 2015

GHGs nr-)gn-combustion GHGs 42% reduction in other non-combustion CO, & N,O

Source: E3
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