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Executive Summary  

Study Purpose and Approach  

This study evaluates scenarios that achieve carbon neutrality in California by 2045. These scenarios are 

designed to align with /ŀƭƛŦƻǊƴƛŀΩǎ 9ȄŜŎǳǘƛǾŜ hǊŘŜǊ B-55-18, which Ŏŀƭƭǎ ƻƴ ǘƘŜ ǎǘŀǘŜ ǘƻΣ άachieve carbon 

neutrality as soon as possible, and no later than 2045, and to achieve and maintain net negative emissions 

ǘƘŜǊŜŀŦǘŜǊΦέ Specifically, the scenarios evaluated here achieve at least an 80% reduction in greenhouse 

gases from 1990 levels by 2045.  As stated in the Executive Order, this level of greenhouse gas reduction 

should be considered the minimum level of reductions needed in the state. More rapid carbon reductions 

that achieve carbon neutrality prior to 2045 may be considered in future analyses by the California Air 

Resources Board.  

Carbon neutrality means that all greenhouse gas (GHG) emissions emitted into the atmosphere are 

balanced in equal measure by GHGs that are removed from the atmosphere, either through carbon sinks 

or carbon capture and storage. This work specifically focuses on pathways to reduce carbon dioxide 

emissions from energy use in buildings, transportation, and industry, as well as from other non-

combustion and high global warming potential GHGs, including methane, nitrous oxide, and refrigerant 

gases: hydrofluorocarbons (HFCs), perfluorocarbons, sulfur hexafluoride, and nitrogen trifluoride. 

Natural and working lands will also play a pivotal role in addressing climate change. Natural and working 

lands sequester carbon dioxide in forests, soils, and oceans; these carbon sinks can be enhanced through 

land and ecosystem management practices. Likewise, natural and working lands can also represent a 

source of greenhouse gas emissions, due to land use changes such as deforestation and wildfires.  This 
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study does not evaluate the role of natural and working lands as either a net source or a net sink for 

greenhouse gas emissions in California. The California Air Resources Board and other agencies are 

continuing to research and collect data on ǘƘŜ ǎǘŀǘŜΩǎ historic and current carbon flux from natural and 

working lands to help inform a more complete view of the path to carbon neutrality in the state.  Future 

ǳǇŘŀǘŜǎ ƻŦ /ŀƭƛŦƻǊƴƛŀΩǎ /ƭƛƳŀǘŜ /ƘŀƴƎŜ Scoping Plan will include emissions targets for this sector, 

considering the role of natural and working lands as an emissions source and as a potential sink alongside 

the transportation, energy, and industrial sectors. 

The purpose of this study is to help to inform considerations for the California Air Resources Board initial 

development of the 2022 Scoping Plan update. More ambitious carbon reduction scenarios, that achieve 

carbon neutrality prior to 2045, may be considered as part of future analyses by the State. These scenarios 

build on 9ƴŜǊƎȅ ŀƴŘ 9ƴǾƛǊƻƴƳŜƴǘŀƭ 9ŎƻƴƻƳƛŎǎΩ ό9оΩǎ) prior research into deep decarbonization strategies 

to achieve a 40% reduction in GHG emissions by 2030, and an 80% reduction by 2050 όάулȄрлέύ, relative 

to 1990 levels, as well as a literature review of deep decarbonization studies, including emerging research 

from European studies. This report has benefited from feedback from CARB staff and informal stakeholder 

comments, in response to a public workshop help by the CARB on August 19th, 2020. 

Key study questions include:  

é What are the available energy and non-combustion GHG reduction strategies to help achieve 

carbon neutrality by 2045?  

é How should California consider the tradeoffs between achieving additional energy-sector 

greenhouse gas reductions versus relying on carbon dioxide removal?   

é How do 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 to be indispensable in working towards carbon 

neutrality?  
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Scenarios  

The authors evaluate three scenarios that achieve net zero emissions by 2045, excluding natural and 

working lands, using the California PATHWAYS model, each with ambitious reductions in fossil fuel-related 

GHGs and direct emissions of non-energy, non-combustion greenhouse gases.  All scenarios include high 

levels 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 in non-energy, non-

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

ŀƴ ул҈ ǊŜŘǳŎǘƛƻƴ ƛƴ ƎǊƻǎǎ DID ŜƳƛǎǎƛƻƴǎ όǳƴŘŜǊ !. онύ ōȅ нлпр όάулȄпрέύΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ƴŜǿ ŀƴŘ 

ambitious actions and technology deployments to reduce emissions in California. !ǎ ǎǘŀǘŜŘ ƛƴ /ŀƭƛŦƻǊƴƛŀΩǎ 

Executive Order D-55-18, achieving carbon neutrality by 2045 should be considered the minimum level of 

greenhouse gas reductions needed in the state, and more rapid progress towards carbon neutrality prior 

to 2045 may be considered in future scenario analyses.  

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 dioxide removal (CDR) 

to achieve carbon neutrality by 2045.1  

é The High CDR scenario achieves an 80% reduction in gross greenhouse gas emissions by 2045, 

and of the scenarios evaluated, relies most heavily on carbon dioxide removal strategies to 

achieve carbon neutrality by 2045.   

é The Zero Carbon Energy scenario achieves zero-fossil fuel emissions by 2045, with some 

remaining gross emissions from non-combustion and high GWP gases by 2045. CDR strategies are 

minimized in this scenario.   

 
1 Carbon dioxide removal is a term that encompasses many forms of GHG removal from the atmosphere, whether through natural and working lands 
carbon sequestration (not evaluated here), or through negative emissions technologies that actively pull carbon dioxide out of the atmosphere, such 
as direct air capture or biomass energy with carbon capture and sequestration. 
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é The Balanced scenario represents a middle point between the prior two scenarios in terms of 

energy-related GHG reductions. This scenario includes less CDR than the High CDR scenario, and 

more CDR than the Zero Carbon Energy scenario.  

Scenario Results  

The scenarios are ranked based on their performance across key metrics, including health-related air 

quality impacts (approximated based on combustion of fuels), climate risk, and technology adoption and 

implementation risk. Carbon abatement cost ranges for the advanced mitigation measures and carbon 

dioxide removal required for each scenario to go beyond 80x50 and achieve carbon neutrality are also 

evaluated but the relative cost impact of each scenario is deemed uncertain. 

é The High CDR scenario achieves approximately an 80% reduction in direct GHG emissions by 2045, 

with approximately 80 million metric tons (MMT) of CO2e removed from the atmosphere using a 

combination of CDR strategies. This scenario represents the highest risk scenario, from a climate 

mitigation perspective, because it has the highest remaining direct GHG emissions, and relies on 

relatively untested CDR strategies which are not widely commercialized. The scenario also has the 

highest remaining quantity of fuel combustion, which means the air quality impacts, though far 

improved relative to today, will likely be highest among the three carbon neutral scenarios 

evaluated. Both the climate risks and the technology adoption and implementation risks of relying 

so significantly on CDR are high. Continuing to emit such a large share of gross emissions into the 

atmosphere through 2045 could result in an overshoot of emissions, with a risk of missing the 

ǎǘŀǘŜΩǎ ŎƭƛƳŀǘŜ Ǝƻŀƭǎ if CDR options are not implemented early on. Furthermore, many CDR 

options rely on a significant amount of land and energy resources, rendering the implementation 

of CDR at scale uncertain. The cost of CDR strategies vary widely, depending on which strategies 

are deployed. In general, land-based carbon sequestration strategies are estimated to be lower 

cost than negative emissions technologies (NETs) like bioenergy with carbon dioxide capture and 

storage (BECCS) or direct air capture of carbon dioxide paired with storage (άDAC with CCSέ or 

άDACCSέ), but the land-based CDR solutions in California are likely to be limited. Given the wide 
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range of uncertainties around the costs of CDRs, we cannot conclusively estimate whether the 

High CDR scenario is lower or higher cost than the other scenarios.   

é The Zero Carbon Energy scenario represents the other bookend strategy to achieve carbon 

neutrality in California, whereby all fossil fuel emissions are avoided or mitigated through a 

combination of advanced (and ambitious) mitigation measures. These measures include more 

rapid and more complete deployment of electrification strategies in buildings, transportation and 

some industrial processes, as well as deployment of more speculative technologies such as 

electric aviation and hydrogen fuel-cell trains.  Hydrogen and synthetic natural gas are deployed 

in industry and in the natural gas pipeline to fully displace or mitigate all remaining fossil fuel 

emissions in this scenario by 2045.  The remaining gross GHG emissions, approximately 33 MMT 

CO2e by 2045, represent a 92% reduction in gross emissions relative to 1990 levels. These 

remaining emissions are from non-energy, non-combustion GHG emissions, including methane 

from agriculture and waste, that appear to be diffiŎǳƭǘ ǘƻ Ŧǳƭƭȅ ƳƛǘƛƎŀǘŜ ǳǎƛƴƎ ǘƻŘŀȅΩǎ ǘŜŎƘƴƻƭƻƎȅ 

solutions. These remaining direct emissions sources are mitigated with CDR strategies in this 

scenario. As a result of the rapid deployment of emission reduction strategies and the more 

limited reliance on CDR, the zero-carbon energy scenario has the lowest climate risk, achieving 

deeper carbon reductions in 2030 (45% below 1990 levels versus 40% reductions in the other 

scenarios). ²ƘƛƭŜ ǘƘƛǎ ǎŎŜƴŀǊƛƻΩǎ limited reliance on CDR helps to reduce the technology adoption 

and implementation risk along one dimension, the scenario also relies on early deployment of 

advanced mitigation measures and technologies, some of which are not commercially available 

today. All of the technologies deployed in this scenario have been demonstrated at a minimum in 

a lab setting but would require further RD&D to bring to commercial scale. In addition, the 

scenario relies on fully decarbonizing transportation sector emissions and eliminating all fuel 

combustion in buildings. Eliminating all transport emissions may be challenging as some of these 

vehicles may not fall directly under the regulatory authority of state agencies, including interstate 

trucking, shipping, trains, and aviation. Likewise, eliminating fossil fuel combustion in buildings by 

2045 would be particularly challenging as it would require early and rapid deployment of electric 

end uses in buildings, as well as a plan for how to safely reduce, and eventually eliminate, gas 

throughput across the substantial retail gas infrastructure in the State. The cost of the scenario, 

may in fact be comparable to the other scenarios because, while it relies on the least amount of 
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CDR and more rapid deployment of lower cost measures, such as zero-emissions trucks, it also 

relies on higher cost measures, including synthetic natural gas and industrial uses of hydrogen 

and electrification.  The balance of these lower-cost and higher cost strategies means that the 

total costs could be within a similar range of the other scenarios. Overall, there are many cost 

uncertainties in all of these emerging technologies, making it difficult to conclude whether the 

zero-carbon energy scenario is lower or higher cost than the other scenarios evaluated here.  

é The Balanced scenario represents a blend of measures implemented in the other two scenarios. 

While it still relies on rapid deployment of electrification and other carbon mitigation strategies, 

the deployment of electrification technologies is not as rapid as in the zero-carbon energy 

scenario.  Further, the balanced scenario includes less reliance on some of the more speculative 

measures such as electric aviation and fuel-cell trains. This scenario does not include some of the 

most expensive carbon mitigation measures, such as synthetic natural gas in the pipeline.  This 

scenario includes approximately 56 MMT of CO2e from CDR strategies in 2045, which is less than 

the High CDR scenario and more than the zero-carbon energy scenario.    

Figure 1 ōŜƭƻǿ ƛƭƭǳǎǘǊŀǘŜǎ /ŀƭƛŦƻǊƴƛŀΩǎ ŜǎǘƛƳŀǘŜŘ Ǝreenhouse gas emissions by sector in 2020, and that for 

each of the three scenarios in 2045 as well as the relative amount of carbon dioxide removal needed to 

negate remaining GHG emissions. Statewide greenhouse gas emissions in 1990 were 431 MMT CO2e. The 

High CDR scenario achieves an 80% reduction in gross GHG emissions by 2045, while the Balanced scenario 

achieves an 87% reduction, and the Zero Carbon Energy scenario achieves a 92% reduction in gross GHG 

emissions by 2045, relative to 1990 levels.   

In the Zero Carbon Energy scenario, energy-related emissions from industrial, transportation, and 

residential and commercial building sources are eliminated by 2045.  The remaining emissions in this 

scenario are from non-combustion GHGs including methane and other high GWP gases, as well as non-

combustion GHG emissions from the recycling and waste and agriculture sectors.    
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Figure 1. Greenhouse gas emissions by sector in 2020 and 2045, by scenario, including total CDR 
required to achieve carbon neutrality in 2045 (excluding potential sources from NWL) 

 

Figure 2 summarizes the relative differences between the three scenarios on the basis of estimated 

potential health impacts from criteria pollutants (approximated based on the total fuel combustion in 

2045 in each scenario), climate change mitigation risk (based on cumulative, gross emission reductions 

between 2020 and 2045), and the potential for technology adoption and implementation risks. Scenarios 

with higher fuel combustion are likely to be associated with worse air quality and health impacts, although 

a more detailed analysis of the air quality impacts of each scenario may be warranted.  Scenarios with 

lower total and cumulative greenhouse gas emissions are associated with lower climate change mitigation 

risk. Technology and adoption risk are estimated based on the degree of reliance on non-commercialized 

or technologically challenging mitigation options, such as direct air capture or accelerated electrification 

in buildings and transportation.  
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Figure 2. Carbon neutral scenario comparison across key metrics  

 

This summary figure illustrates that among the three scenarios evaluated here, the High CDR scenario 

faces the highest risks in terms of remaining health impacts, climate change mitigation risk and 

technological feasibility. The Balanced scenario performs the best on the basis of technological feasibility 

and implementation risk, while the Zero Carbon Energy scenario performs the best on the basis of reduced 

health impacts and reduced climate risk.  

Key Findings  

LEAST-REGRETS OPTIONS  

Achieving carbon neutrality by 2045 requires ambitious near-term actions around deployment of energy 

efficiency, transportation and building electrification, zero-carbon electricity, and reductions in non-

energy, non-combustion greenhouse gas emissions. These least-regrets strategies are common across all 

deep decarbonization strategies.  
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In addition, achieving carbon neutrality will require scaling up research, development and deployment 

(RD&D) efforts around CDR strategies, such as land-based carbon sequestration and direct air capture of 

CO2.   

Achieving the zero-carbon energy scenario requires rapid deployment of electrification in vehicles and 

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

of equipment is to be minimized. Likewise, very low carbon, if not zero-carbon electricity will be needed 

by 2045 in order 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 historical 

levels of wind and solar adoption. An inter-agency research process is underway to evaluate in more detail 

ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ǎŜŎǘƻǊ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ǎǘǊŀǘŜƎƛŜǎ ŀƴŘ ƛƳǇƭƛŎŀǘƛƻƴǎ ƻŦ ŀŎƘƛŜǾƛƴƎ ǘƘŜ ǎǘŀǘŜΩǎ {. млл Ǝƻŀƭ ƻŦ 

meeting 100% of retail sales electricity with zero-carbon electricity.   

All carbon neutral scenarios achieve dramatic reductions in fossil fuel combustion and fossil fuel 

emissions, which will result in global climate change benefits, as well as the potential for improvements 

in local air quality and associated health impacts.  Scenarios with lower fossil fuel combustion will achieve 

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

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

analysis, properly valuing the local air quality and health benefits associated with reducing fuel 

ŎƻƳōǳǎǘƛƻƴ ƛǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƛƴ ŘŜǎƛƎƴƛƴƎ /ŀƭƛŦƻǊƴƛŀΩǎ ŎŀǊōƻƴ-neutral future.  

CHALLENGES, RISKS, AND OPPORTUNITIES 

By any measure, in any scenario, achieving carbon neutrality by 2045 will require a wholesale 

transformation of CaƭƛŦƻǊƴƛŀΩǎ ŜƴŜǊƎȅ ŜŎƻƴƻƳȅΦ  There are numerous technology, policy, and consumer 

adoption implementation challenges which will need to be overcome across every sector. However, these 

challenges and risks must be considered within the context of the risk which climate change presents to 

our collective health and wellbeing. Reducing greenhouse gas emissions presents an opportunity to not 
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only mitigate the worst impacts of climate change, but also to improve local air quality and health 

outcomes, and to consider new energy solutions that contribute to a higher quality of life and improved 

energy and public health equity across the state. Furthermore, while evaluating scenarios that achieve 

carbon neutrality prior to 2045 was not considered within the scope of ǘƘƛǎ ǎǘǳŘȅΣ ǘƘŜ ǎǘŀǘŜΩǎ 9h .-55-18 

calls for carbon neutrality as early as possible. A more rapid transition to carbon neutrality would equate 

to even more rapid transformations than considered here. 

All scenarios presented here rely to different degrees on carbon dioxide removal strategies, meaning that 

RD&D around these options represents a least-regret option.  However, it is risky to rely too heavily on 

CDR strategies as the primary pathway to carbon neutrality.  Some CDR strategies carry the risk that they 

may not permanently sequester carbon, such as wildfire risks associated with forest management, while 

other CDR strategies, such as direct air capture, rely on continuous energy inputs and maintenance in 

order to pull carbon dioxide out of the atmosphere. A higher reliance on CDR strategies may mean that 

achieving carbon neutrality, and net negative emissions post 2045, presents a higher climate risk than 

scenarios with greater reductions in gross emissions.  

The range of emissions quantities evaluated here, and removed with CDR by 2045, is between 33 and 80 

MMT CO2 a year. The total amount of CDR would need to increase over time in order to achieve net 

negative emissions by mid-century and beyond.  For context, the total estimated increase in carbon stock 

ƛƴ /ŀƭƛŦƻǊƴƛŀΩǎ croplands and urban forests, across the time period from 2012 ς 2014, is the equivalent of 

sequestering an average of 19 MMT of CO2e per year.2 Likewise, the total carbon stock decrease in 

/ŀƭƛŦƻǊƴƛŀΩǎ forests and other natural and working lands between 2001 and 2010 averaged to an 

equivalent of 63 MMT CO2e per year during that period.3 To contextualize the 2045 CDR numbers using 

 
2 /ŀƭƛŦƻǊƴƛŀ !ƛǊ wŜǎƻǳǊŎŜǎ .ƻŀǊŘΣ нлмуΦ ά!ƴ LƴǾŜƴǘƻǊȅ ƻŦ 9ŎƻǎȅǎǘŜƳ /ŀǊōƻƴ ƛƴ /ŀƭƛŦƻǊƴƛŀΩǎ bŀǘǳǊŀƭ ϧ ²ƻǊƪƛƴƎ [ŀƴŘǎΥ нлму 9Řƛǘƛƻƴέ tŀƎŜ у 
https://ww3.arb.ca.gov/cc/inventory/pubs/nwl_inventory.pdf  
3 Ibid 

https://ww3.arb.ca.gov/cc/inventory/pubs/nwl_inventory.pdf
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an example from ǘƘŜ ŜƴŜǊƎȅ ǎŜŎǘƻǊΣ ǘƻǘŀƭ DID ŜƳƛǎǎƛƻƴǎ ŦǊƻƳ /ŀƭƛŦƻǊƴƛŀΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ǎector in 2017 were 

a similar order of magnitude, at 62 MMT CO2e.   

Setting in motion the steps necessary to achieve deeper reductions in gross GHG emissions in the 2045 

timeline, along the lines of the Zero Carbon Energy scenario, or even earlier, would also necessitate faster 

and deeper GHG reductions in the 2030 timeframe.  Early actions taken now to reduce emissions from 

transportation, vehicles, and buildings, will not only help ensure that the state is on track to meet its 

ambitious 2030 climate goals, but will also reduce the risk of missing the carbon neutrality target.   

UNCERTAINTIES 

Many key uncertainties remain around the achievement of carbon neutrality in California.  One of these 

uncertainties is the optimal use and deployment of zero-carbon fuels in hard-to-electrify sectors, including 

certain high temperature industrial processes, heavy-duty long-haul trucking, aviation, trains, and 

shipping.  These fuel uses may be met with a combination of fossil fuels, hydrogen, synthetic zero-carbon 

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, the cost of renewable hydrogen production is also falling, making 

hydrogen a more attractive solution than biofuels for some applications.  The market for sustainable 

biofuels remains nascent, making it uncertain how much sustainable biomass supply will be available, and 

what the best uses for these biomass resources will be through mid-century.4  

 
4 The Appendix includes more information about how the biomass supply assumptions applied in this study compare to other recent studies. Although 
there is some uncertainty around the total quantity of sustainable bƛƻƳŀǎǎ ǎǳǇǇƭȅΣ ǘƘƛǎ ǎǘǳŘȅΩǎ ŜǎǘƛƳŀǘŜǎ Ŧŀƭƭ within the range of other recent studies 
on this topic. The study results would not be significantly altered if these other biomass supply assumptions were applied. 
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Introduction 

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

Scientists across the world agree that limiting global warming to 1.5 degrees Celsius (°C) or less is critical 

to averting the worst impacts of climate change.  Limiting global warming to 1.5°C, with high confidence, 

will require, globally, about a 45% reduction in CO2 emissions from 2010 levels by 2030 (which is 

proportionate to the scale of /ŀƭƛŦƻǊƴƛŀΩǎ Ǝƻŀƭ ƻŦ ŀ пл҈ ǊŜŘǳŎǘƛƻƴ ŦǊƻƳ мф90 levels by 2030), and reaching 

net zero emissions by mid-century (IPCC, 2018).    

The Intergovernmental Panel on Climate Change (IPCC) reports summarize the current state of our 

scientific understanding of climate change, and the impacts and implications of climate change across the 

world. /ŀƭƛŦƻǊƴƛŀΩǎ Fourth Climate Change Assessment compiles the most recent and rigorous research on 

the impacts of climate change to the state, as well as the benefits of reducing greenhouse gas emissions. 

Both of these resources clearly indicate that, as a society, we must both lower our greenhouse gas 

emissions, and deploy carbon dioxide removal strategies including improved carbon sinks in forests, soils 

and oceans, in order to reduce global temperature increases, and to mitigate the risks of climate-change 

induced natural disasters such as wildfires, hurricanes, droughts, and flooding.  

This research in California, and across the globe, confirms that the impacts of climate change will be felt 

disproportionately by lower income and vulnerable groups. Lower greenhouse gas emissions thus 

translate directly to better health, equity, and economic outcomes for Californians and the world.  

Reducing greenhouse gas emissions is an important form of promoting a more just and equitable future 

(Kalansky, 2018).   
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1.2 Motivating Questions and Report Organization  

This study seeks to provide insights into what a carbon neutral future for California may look like, from a 

technology deployment perspective with a focus on strategies to reduce gross emissions from the energy 

sector. It was outside of the scope of this study to evaluate scenarios that achieve carbon neutrality prior 

to 2045; scenarios that achieve more rapid progress towards this goal remains an interesting area for 

future research. This study is designed as one piece of the puzzle to help inform the California Air 

wŜǎƻǳǊŎŜǎ .ƻŀǊŘΩǎ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ нлн2 climate change scoping plan. Emissions sources and sinks 

from natural and working lands, while an important part of achieving carbon neutrality, are outside the 

scope of this paper. Likewise, additional considerations around social and environmental justice and 

equity will be considered in the development of the next Scoping Plan. The motivating research questions 

for this work are narrower, and include:  

é What are the available energy and non-combustion GHG reduction strategies to help achieve 

carbon neutrality by 2045?  

é How should California consider the tradeoffs between achieving additional energy-sector 

greenhouse gas reductions versus relying on carbon dioxide removal?   

é How do 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 to be indispensable in working towards carbon 

neutrality?  

The next sections describe CaliforniaΩǎ climate goals, as well as the current state of carbon neutral climate 

goals and research in other jurisdictions, with a focus on European research into deep decarbonization 

futures.  Chapter 2 describes the modelling approach, the scenarios evaluated, the GHG reduction 

strategies available within each sector and a summary of key results from each scenario, with a focus on 
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2045 results.  Chapter 3 discusses the implications and overall findings of the study results. Chapter 4 

concludes and highlights next steps for further investigation and research.  

1.3 /ŀƭƛŦƻǊƴƛŀΩǎ /ŀǊōƻƴ bŜǳǘǊŀƭ 9ȄŜŎǳǘƛǾŜ hǊŘŜǊ and Supporting 
Policies  

Nearly every country has agreed, as part of the 2016 Paris Agreement of the United National Framework 

Convention on Climate Change (UNFCCC), to significantly reduce and limit the impacts of climate change. 

The common goal is to limit global warming to no more than 2°C, while working towards a goal of 1.5°C 

or less. While the United States is currently withdrawing from the global Paris Agreement (expected to be 

effective in November 2020), California, and many other U.S. states, counties, and cities, remain 

committed to these climate goals as climate change will have unique and acute impacts at each of these 

levels.   

Consistent with the IPCC Special report, in 2018, Governor Brown signed Executive Order B-55-18 which 

calls for California to achieve carbon neutrality as soon as possible, and no later than 2045.  The state is 

to maintain net negative emissions after 2045, meaning that GHG sinks must exceed GHG sources. The 

Executive Order explains that the carbon neutrality goal is layered on top of ǘƘŜ ǎǘŀǘŜΩǎ ŜȄƛǎǘƛƴƎ 

commitments to reduce greenhouse gas emissions 40% below 1990 levels by 2030 (as codified in SB 32), 

and 80% below 1990 levels by 2050.  

The carbon neutrality Executive Order describes other characteristics of the goal, including improving air 

quality, climate adaptation and biodiversity, and supporting the health and economic resiliency of urban 

and rural communities, including low-income and disadvantaged communities. The carbon neutral 

climate goal will also include carbon sequestration targets from natural and working lands, which are still 

under development. These will be the focus of a separate CARB report and not part of the scope of this 

analysis. The Order leaves open the question on how far the state will go in decreasing gross GHG 
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emissions beyond 80% by 2050 from 1990 levels compared to Ƙƻǿ ƳǳŎƘ ƻŦ ǘƘŜ {ǘŀǘŜΩǎ ƎǊƻǎǎ ŜƳƛǎǎƛƻƴǎ 

can be mitigated by carbon dioxide removal options.  

California has enacted a suite of carbon mitigation policies designed to move the state towards achieving 

these climate goals, with the focus to date ƻƴ ƳŜŜǘƛƴƎ ǘƘŜ ǎǘŀǘŜΩǎ нлол climate goal.  These policies include 

cap-and-trade, the low carbon fuel standard, a requirement for 60% of retail electricity sales to be met by 

renewables in 2030 followed by zero-carbon retail and state electricity sales by 2045 (SB 100), a doubling 

in energy efficiency (SB 350), the advanced clean truck standard, as well as reductions in short-lived 

climate pollutants like methane and HFCs, among many others.  

While California is making progress towards reducing greenhouse gas emissions, the pathway to carbon 

neutrality by 2045 is still under consideration, and many technological, legal, and other research questions 

remain outstanding about how California will achieve this ambitious goal.  This report represents one 

piece of the puzzle in understanding the clean energy technology deployment pathways that could help 

inform ǘƘŜ ǎǘŀǘŜΩǎ ōǊƻŀŘŜǊ ƭƻƻƪ ŀǘ ŎŀǊōƻƴ ƴŜǳǘǊŀƭƛǘȅΣ ƛƴŎƭǳŘing natural and working lands and other 

considerations, which will be reflected in the 2022 Scoping Plan. 

1.4 Strategies and Findings Across Carbon Neutral Studies  

After reviewing a number of carbon neutrality studies, most of which have been published in Europe to 

date, we can identify several commonalities across all of these studies which are useful to informing a 

study of how California may achieve carbon neutrality.  Across all studies and jurisdictions, there is a 

strong reliance on: 1) energy efficiency, 2) electrification, 2) low-carbon fuels, including low-carbon 

electricity and some reliance on low-carbon liquid and gaseous fuels, such as hydrogen, for hard-to-

electrify sectors, and 4) carbon dioxide removal (CDR), including carbon sinks in natural and working lands 

and negative emissions technologies (NETs). All of these studies highlight the importance of maximizing 

available land sinks and, as a necessity, generally have some reliance on negative emissions technologies.  
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Nearly all studies and jurisdictions agree that there is no silver bullet solution towards deep 

decarbonization. A mix of all options and available technologies is necessary to meet carbon neutrality, 

with a common goal among European studies of achieving at least a 90% reduction in economy-wide gross 

emissions by 2050. While some pathways have a strong reliance on technology and innovation to fill this 

mix, others lean towards societal disruptions and consumer behavioral changes (Tsiropoulos, Nijs, 

Tarvydas, & Ruiz, 2020).  

Key areas of uncertainty and differences between these studies include: 1) types and level of zero-carbon 

fuel use (e.g. hydrogen vs. biofuels vs. carbon capture and sequestration (CCS)), 2) the level of 

electrification across sectors and the absolute growth of the power sector, 3) the emphasis on behavior 

change and disruptive societal/economic changes, and 4) the reliance on different forms of negative 

emissions technologies.  

All global or national deep decarbonization pathways that limit global warming to 1.5°C use CDR 

technologies to some extent to neutralize emissions from sources for which mitigation is challenging, and 

to achieve net negative emissions after mid-century (Rogelj, et al., 2018). However, as IPCC notes, the 

reliance on such technologies is risky as most CDR deployment options are unproven. 

Decarbonization studies are often paired with some form of carbon price, either in the form of a carbon 

tax or cap-and-trade system, or as a societal shadow price (Lempert, et al., 2019). According to the IPCC 

Special Report, policies reflecting a high price on carbon emissions coupled with complementary policy 

instruments will minimize overall decarbonization costs (Rogelj, et al., 2018) 

1.4.1 EUROPEAN DEEP DECARBONIZATION STUDIES  

The European Union countries and the United Kingdom (UK) have become national-level leaders in deep 

decarbonization in particular in their development of policies and plans for decarbonization options across 

the economy. A few European decarbonization studies and plans are highlighted throughout this study to 
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provide broadeǊ ŎƻƴǘŜȄǘ ŦƻǊ ŎƻƳǇŀǊƛƴƎ ǿƛǘƘ ǘƘƛǎ ǿƻǊƪΩǎ sub-national California-based decarbonization 

measures across all sectors and emissions sources.   

European deep decarbonization studies have reached a consensus on the level of fossil phase-out: all 

scenarios phase down the use of coal by 70% by 2030 (almost 100% for electricity generation) and phase 

out coal 100% by 2050, with a decline in oil and natural gas use of at least 75% by 2050. In each of the 

studies reviewed here, the use of natural gas in Europe declines sharply towards 2050, but natural gas still 

has a significant role to play towards 2030 (the majority of the fossil natural gas phase-out thus takes 

place between 2030-2050). Countries with a strong reliance on natural gas infrastructure, such as the UK 

and the Netherlands, focus on hybrid electrification with some continued use of fossil and renewable 

natural gas options (using a mix of natural gas, biomethane and blended hydrogen) towards 2030 to 

ensure that peak heat demands in cold winter-time periods are met at least cost, using a mix of electricity 

and gas pipeline infrastructure, as well the potential for a new dedicated hydrogen pipeline backbone. A 

recent report from eleven gas infrastructure companies in Europe presents a vision for a dedicated 

hydrogen pipeline that would initially serve clustered industrial facilities in Northern Europe, and which 

could expand to provide green hydrogen to a broader range of industrial, transport and some building 

heating loads by 2040 (Wang, van der Leun, Peters, & Buseman, 2020).   

A review of 16 European scenarios by the European Commission that reach economy-wide emission 

reductions by at least 90% in 2050 analyzes the differentiation in the final energy mix among 2050 

scenarios. All European scenarios forecast a significant reduction in final energy consumption due to a 

combination of energy efficiency and electrification, though the range of reductions differs by 30-60%. 

Moreover, all scenarios generally rely on around 10-15% of (partly imported) biomass in the final energy 

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

A commonality across jurisdictions is the uncertainty on the deployment and application of hydrogen. 

Many jurisdictions recognize a role for hydrogen in deep decarbonization pathways in the long term, but 
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the technologies used to deploy hydrogen and the sectors in which it adds most value are uncertain. 

Recently announced plans by the European Union and Germany place strong emphasis on the future 

deployment of green hydrogen and its application mostly for industrial and transportation purposes. In 

existing scenario studies however, the level of hydrogen consumption is one important factor in explaining 

the variance across electricity production.  

Nearly all existing European scenarios still rely on fossil fuels (mostly natural gas) with CCS and/or 

hydrogen by 2050 to provide flexibility in the electricity sector and for high-temperature applications in 

industry. In particular, these studies find that CCS plays a key role in heavy industrial sectors (cement, iron 

and steel) and for some flexible electricity production. In the context of these European deep 

decarbonization scenarios, CCS technologies store between 0.1 and 0.45 GtCO2/year underground 

towards 2050, most of which is in offshore fields (Tsiropoulos, Nijs, Tarvydas, & Ruiz, 2020). This does not 

include the amount of CO2 storage that might be needed for negative emissions technologies such as 

direct air capture and bioenergy with CCS.  
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2 Modeling Approach, Scenario Design 
and Greenhouse Gas Reduction 
Strategies 

2.1 About the California PATHWAYS Model  

¢Ƙƛǎ ǎǘǳŘȅ ōǳƛƭŘǎ ƻƴ ǇǊƛƻǊ ǊŜǎŜŀǊŎƘ ƛƴǘƻ ǎŎŜƴŀǊƛƻǎ ǘƘŀǘ ŀŎƘƛŜǾŜ /ŀƭƛŦƻǊƴƛŀΩǎ нлол ŀƴŘ нлрл όулȄрлύ ŎƭƛƳŀǘŜ 

ƎƻŀƭǎΣ ǳǎƛƴƎ 9оΩǎ /ŀƭƛŦƻǊƴƛŀ t!¢I²!¸{ ƳƻŘŜƭ (Williams, et al., 2012); (CARB, 2017); (Mahone, 2018); (Aas, 

2020)).  The California PATHWAYS model is a άǘŜŎƘƴƻ-ŜŎƻƴƻƳƛŎέ scenario-based model representing 

energy consumption and greenhouse gas emissions in California through 2050. Energy consumption in 

the residential, commercial and transportation sectors are represented at the end use level, including for 

lighting, space heating, water heating, cooking, and different vehicle types, among other end uses. Energy 

consumption in the industrial, oil and gas, petroleum and agriculture sectors are represented at the fuel-

use level. Non-energy, non-combustion greenhouse gas emissions are also represented, based on GHG 

accounting protocols from the California greenhouse gas emissions inventory. As previously discussed, 

this study does not include GHG emission sources or sinks from natural and working lands in California, 

which are being separately evaluated by state agencies.   

As a technology-based, economy-wide, greenhouse gas emissions accounting model, the scenarios 

developed in the tool reflect key interactions between sectors.  For example, electrification in buildings 

and transportation results in higher electricity demands and greater generation capacity needs, reflected 

in the electricity sector.  Renewable fuel demands, including for hydrogen, synthetic gas and biofuels, are 

represented in a fuels supply module, which accounts for the resource potential and cost of available 

biomass feedstocks.   
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The scenarios developed here are tailored to reflect different worldviews and assumptions about the 

future pace of technology and policy deployment.  Apart from the biofuels supply module, which includes 

a least-cost optimization selection process, the scenarios do not reflect an economy-wide, least-cost 

optimization. The authors, rather than the model, άǇƛŎƪέ ǘƘŜ ǇŀŎŜ of technology deployment and the 

technology mix for each scenario, constrained by the goal of aŎƘƛŜǾƛƴƎ ǘƘŜ ǎǘŀǘŜΩǎ нлол ŀƴŘ нлпр ŎŀǊōƻƴ 

neutrality climate goal using a stock-roll over model to reflect a realistic turn-over timeline for end use 

equipment.  For more information about the California PATHWAYS model, see the CARB 2017 Scoping 

Plan modeling information for PATHWAYS (CARB, 2017) and the model description and appendices in 

Mahone, 2018.   

2.2 Greenhouse Gas Emissions Accounting and Boundary Conditions 

The California Air Resources Board 2019 Greenhouse Gas Emission Inventory is used as the basis for GHG 

accounting in this analysis, and for drawing the boundaries around which sources of emissions are 

counted in these scenarios.  ¢ƘŜ DID ƛƴǾŜƴǘƻǊȅ ƛǎ ǳǎŜŘ ōŜŎŀǳǎŜ ƛǘ ƛǎ ǘƘŜ ōŀǎƛǎ ŦƻǊ ǘƘŜ ǎǘŀǘŜΩǎ 2030 climate 

change law, SB 32, which sets ǘƘŜ ǎǘŀǘŜΩs 2030 target of 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 this analysis.  

The inventory, and the PATHWAYS model GHG accounting, are both designed to align with guidance from 

the Lt//Ωǎ CƻǳǊǘƘ !ǎǎŜǎǎƳŜƴǘ ǊŜǇƻǊǘΣ ŀǇǇƭȅƛƴƎ млл-year global warming potential factors when comparing 

emissions from carbon dioxide to other global warming gases, including methane, nitrous oxide and other 

fluorinated gases such as hydrofluorocarbons (HFCs). /ŀƭƛŦƻǊƴƛŀΩǎ ŜƳƛǎǎƛƻƴǎ ŀŎŎƻǳƴǘƛƴƎ ŀǇǇǊƻŀŎƘ includes 

an estimate of in-state anthropogenic greenhouse gases, as well as emissions from imported electricity. 

Emissions from in-state aviation and shipping within 24 nautical miles of the ǎǘŀǘŜΩǎ coastline are included, 

but emissions from interstate ŀƴŘ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ŀǾƛŀǘƛƻƴ ŀƴŘ ǎƘƛǇǇƛƴƎ ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ ǎǘŀǘŜΩǎ Ŏƻŀǎǘŀƭ 
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boundaries are excluded. Biofuels are treated as zero-carbon fuels in this accounting approach, following 

IPCC GHG inventory guidance.  

¢ƘŜ ǇƻǘŜƴǘƛŀƭ ŦƻǊ /ŀƭƛŦƻǊƴƛŀΩǎ ƴŀǘǳǊŀƭ ŀƴŘ ǿƻǊƪƛƴg lands to serve as an emissions sink in the future remains 

an on-going area of research in the state. Greenhouse gas emissions and carbon sinks from natural and 

working lands are not currently included in the CARB AB 32 Annual GHG inventory or in the PATHWAYS 

model. Land-based and natural ecosystem carbon sinks are likely to play an important role in meeting the 

stateΩǎ ƭƻƴƎ-term climate goals, as is controlling emissions from wildfires and other lands.  Given the 

ongoing research into this topic, the scenarios developed here do not explicitly include land-based 

emissions, either sources or sinks, in the 1990 GHG baseline or in the emissions reduction scenarios.  

Rather, the total amount of CDR needed in each scenario to achieve carbon neutrality by 2045 is specified.  

The CDR in each scenario could come from a range of solutions, including carbon sinks from natural and 

working lands, or from NETs such as direct air capture.  

2.3 Carbon Neutral Scenarios 

In this report, we evaluate three different scenarios that achieve carbon neutrality by 2045 (excluding 

sources from NWL), distinguished by their degree of reductions from fossil fuel-based greenhouse gas 

emissions versus CDR strategies, including land-based carbon sinks and NETs.  All of the scenarios achieve 

at least a 40% reduction in GHG emissions by 2030 and an 80% reduction in GHGs by 2045, relative to 

1990 levels, without any reliance on CDR. The three scenarios are evaluated based on the potential costs, 

fuel combustion (used as a proxy for air quality-related health impacts), climate change mitigation risk 

and technology and implementation risk and feasibility of each scenario. ! άǊŜŦŜǊŜƴŎŜέ ƻǊ 

άŎƻǳƴǘŜǊŦŀŎǘǳŀƭέ ǎŎŜƴŀǊƛƻ ƛǎ ƴƻǘ ŜǾŀƭǳŀǘŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅ ōǳǘ ǿƛƭƭ ōŜ ŀƴ ƛƳǇƻǊǘŀƴǘ ŦƻŎǳǎ ƻŦ /!w.Ωǎ ƴŜȄǘ 

Scoping Plan. 
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é The άIƛƎƘ Carbon Dioxide Removalέ ǎŎŜƴŀǊƛƻ includes a broad range of deep decarbonization 

strategies, which are similar tƻ 9оΩǎ ǇǊƛƻǊ άƘƛƎƘ ŜƭŜŎǘǊƛŦƛŎŀǘƛƻƴέ ǎŎŜƴŀǊƛƻΣ including energy 

efficiency, electrification, low-carbon fuels, zero-carbon electricity, and reductions in non-energy 

GHG emissions. In addition, off-road transportation electrification is accelerated, and industrial 

carbon capture and sequestration (CCS) is assumed, in order to achieve just over 80% reductions 

in direct GHG emissions by 2045. In this scenario, 80 million metric tons (MMT) of CO2e from 

fossil fuel combustion and non-energy GHGs in 2045 remain. These gross emissions net to zero 

by applying 80 MMT of carbon dioxide removal strategies, including sinks from natural and 

working lands and negative emissions technologies like direct air capture.   

é The άZero-Carbon EƴŜǊƎȅέ scenario includes a similar set of decarbonization strategies as the 

High CDR scenario, but these strategies are deployed earlier and more deeply. As a result, 2030 

GHG emissions are lower in this scenario, achieving a 45% reduction in GHGs by 2030, relative to 

1990 levels. In addition, emerging emission reduction technologies, including synthetic natural 

gas in the gas pipeline, electric aviation, and fuel-cell trains in off-road transportation are applied, 

in order to eliminate all fossil fuel emissions by 2045.  In the zero-carbon energy scenario there 

are zero fossil fuel emissions by 2045. The remaining 33 MMT of CO2e in 2045 in this scenario 

come from non-energy sources of GHGs, including methane from agriculture. These gross 

emissions are mitigated using CDR strategies to achieve carbon neutrality. 

é ¢ƘŜ άBalancedέ scenario represents a balance between the measures in the High CDR scenario 

and the zero-carbon energy scenario, which each represent a bookend approach towards 

achieving carbon neutrality.  The balanced scenario includes less reliance on CDR strategies, 

compared to the High CDR scenario, but also has less reliance on the more speculative emission 

reductions technologies included in the Zero-Carbon Energy scenario, like electric aviation and 

hydrogen fuel-cell trains.  In addition, the pace of electrification is somewhat slower in the 

balanced scenario compared to the zero-carbon energy scenario.  This scenario results in 56 MMT 

of CO2e in 2045, about half of which is from fossil fuel emissions and half 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 summarized in Table 1 

below. More details about the sector-by-sector assumptions in each scenario are described in Section 2 

below, including a discussion of the carbon mitigation strategies evaluated in each sector.   
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Table 1. Summary of emission reduction strategies by scenario (measures that are the same across all 
scenarios are shown in grey font)5  

 

Figure 3 below illustrates the gross greenhouse gas emissions in 2020 and 2045 for each of the three 

scenarios, and the magnitude of carbon dioxide removal that would be needed to achieve carbon 

 
5 Percentage hydrogen blend is given as a % of energy input. Prior E3 studies (Mahone, 2018) have evaluated up to 7% hydrogen blends as a percentage 
of energy input in some scenarios. An additional 2% increase in hydrogen blended into the gas pipeline should be technically feasible, but would not 
have a substantial impact on the scenario results presented here. 
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neutrality in each scenario. Figure 4 illustrates the trajectory of gross greenhouse gas emissions in each 

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

Figure 3. Greenhouse gas emissions sources and sinks by sector in 2020 and 2045, by scenario 
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Figure 4. California statewide gross greenhouse gas emissions by scenario (2020 ς 2045), excluding the 
impacts of carbon dioxide removal (CDR) strategies 

 

 

2.4 GHG Reduction Strategies by Sector  

The following section dives into the specific measures adopted, results across each sector, and gross 

emissions sources for all three scenarios. These sectors include:  

é Low Carbon Fuels  

é Buildings  

é Transportation 

é Industry and Agriculture 

é Electricity  
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é High GWP Resources 

é Carbon Dioxide Removal 

 Each of these subsections includes ŀƴ ƛƴƛǘƛŀƭ ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ǎŜŎǘƻǊΩǎ ŘŜŎŀǊōƻƴƛȊŀǘƛƻƴ ŎƘŀƭƭŜƴƎŜǎ ŀǎ 

discussed in the broader global literature, often using European studies as examples, followed by a deeper 

dive into the California context of decarbonization measures and policies for that sector and finally 

providing a specific breakdown of the measures applied in each scenario for that sector or group of 

emissions.  

2.4.1 LOW-CARBON LIQUID AND GASEOUS FUELS  

Most decarbonization pathways show a significant reliance on low-carbon (or zero carbon) liquid and/or 

gaseous fuels across all sectors of the economy (buildings, industry, transportation, and electricity) in 

order to meet climate goals, and in particular when targeting net zero emissions. The low carbon liquid 

and gaseous fuels most often referred to in these studies include, but are not limited to, hydrogen, 

synthetic fuels, and biofuels (including biomethane). These fuels can satisfy the same energy services as 

their fossil counterparts but are instead produced from renewable resources, or require carbon capture 

and sequestration. The renewable resources used to produce such low carbon fuels typically fall in two 

categories: biomass or electricity from renewable energy resources (direct use of low-carbon and zero-

carbon electricity is discussed in a subsequent section).  

Biomass can be used to produce biomethane, biofuels or hydrogen. Thermochemical conversion 

processes such as gasification or pyrolysis are usually assumed 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 the case of biofuel production some further processing is required to produce specific 

hydrocarbons such as renewable diesel or renewable jet kerosene (Bui, Fajardy, Zhang, & Mac Dowell, 

2020). Biological processes, such as anaerobic digestion, are also considered promising in converting 
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biomass to biomethane. These conversion processes, however, are limited by the availability of digestible 

biomass feedstocks.    

Liquid and gaseous fuels produced via electricity powered by renewables are mainly discussed as being 

ƘȅŘǊƻƎŜƴ ŀƴŘ ǎȅƴǘƘŜǘƛŎ ŦǳŜƭǎ όƛƴ ǘƘŜ 9¦ ǎǘǳŘƛŜǎ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŜ-ŦǳŜƭǎέύΦ aƻǎǘ ƻŦ ǘƘŜ ƘȅŘǊƻƎŜƴ 

produced today (about 97%) comes from fossil fuels typically using a process called steam methane 

reforming (IEA 2019) and is ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƎǊŜȅ ƘȅŘǊƻƎŜƴέΦ ! ƭƻǿ ŎŀǊōƻƴ ǾŜǊǎƛƻƴ ƻŦ ǘƘƛǎ ǇǊƻŎŜǎǎ ŜȄƛǎǘǎΣ 

combining steam methane reforming with CCS to capture the carbon dioxide from the natural gas 

reforming process, referred to aǎ άōƭǳŜ ƘȅŘǊƻƎŜƴέΦ 5ŜŎŀǊōƻƴƛȊŀǘƛƻƴ ǎǘǳŘƛŜǎ and regional investment plans 

for the EU and Germany, ƘƻǿŜǾŜǊΣ ŀǊŜ ŦƻŎǳǎƛƴƎ ƛƴŎǊŜŀǎƛƴƎƭȅ ƻƴ άƎǊŜŜƴ ƘȅŘǊƻƎŜƴέΥ ƘȅŘǊƻƎŜƴ ǇǊƻŘǳŎŜŘ Ǿƛŀ 

electrolysis and powered by renewable energy (European Commission, 2020) (Federal 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 in wind and solar generation 

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

Oxide Electrolysis Cells (UCI 2018ύΦ ¢ƻŘŀȅ ǘƘŜ Ŏƻǎǘ ƻŦ άƎǊŜŜƴ ƘȅŘǊƻƎŜƴέ ƛǎ ǘǿƻ ǘƻ ǎŜǾŜƴ ǘƛƳŜǎ ƎǊŜŀǘŜǊ ǘƘŀƴ 

the cost of άƎǊŜȅ ƘȅŘǊƻƎŜƴέΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ ǊŜǎƻǳrce available, but the cost is 

expected to decline substantially (IEA, 2019); (Schmidt, et al., 2017).  

There is an increasing consensus around the pƻǘŜƴǘƛŀƭ ŦƻǊ άƻŦŦ-ƎǊƛŘέ ǊŜƴŜǿŀōƭŜǎ ǘƻ ǇƻǿŜǊ ŜƭŜŎǘrolysis 

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 production (Philibert, 

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

easily leak from pipelines and valves. Hence, well-designed gas storage and compression are critical in 

being able to handle and transport hydrogen from its production site to its end user. These hydrogen-

specific infrastructure requirements add to the cost of delivering hydrogen and sometimes serve as an 

argument for promoting synthetic fuel use instead, which can be transported with existing 

infrastructure. Synthetic 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 hydrogen but come at a considerable cost premium over hydrogen fuels.   

Synthetic fuels are typically produced via two types of processes: the Fischer-Tropsch process or 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 of acquiring the hydrogen and the carbon dioxide remain 

high. To minimize net GHG emissions on a lifecycle basis, carbon dioxide is typically assumed to be 

obtained either via biomass waste processing or via direct air capture. The cost of synthetic fuels is likely 

to remain high, at about double that of hydrogen (Aas, 2020).  

Measures to incentivize the development of the hydrogen and synthetic fuels and benefits from 

economies of scale could help reduce the cost of production.  

2.4.1.1 The California Context  

In California, measures such as the Cap-and-Trade program and the Low Carbon Fuel Standard help to 

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

as the ZEV Memorandum of Understanding όά½9± ah¦έύ ƻƴ ǇŀǎǎŜƴƎŜǊ ǾŜƘƛŎƭŜǎ ŀƴŘ /ŀƭƛŦƻǊƴƛŀΩǎ ƭŀǘŜǎǘ 

Advanced Clean Trucks regulation also further spur the development of low carbon fuels such as 

hydrogen.  

The ability to produce biogas, biofuels and hydrogen from biomass waste is limited by the availability of 

waste biomass available to California. In this study we assume that California has access to its population 

weighted share of national waste biomass production, based on estimates from the US Department of 

Energy biomass potential study, known as the Billion Ton Study (U.S. Department of Energy, 2016), 

amounting to 40 million bone dry tons (BDT) in 2045. The amount of biomass available for conversion to 

fuels will be subject to its use in other parts of the economy and can vary year on year based on changes 

in forest management and agricultural practices (i.e. agricultural residues). This study does not assume 
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that purpose-grown biomass (such as switchgrass) or biomass from petrochemical waste is used for 

biofuel production.  

Furthermore, large amounts of solar and wind in California and in neighboring regions can provide an 

excellent source of renewable energy for electrolysis to produce hydrogen. The West is also endowed 

with salt caverns and geological storage that can serve to store hydrogen in interim periods when 

renewable energy production and demand are not temporally aligned. This can be done at a very low cost 

compared to above-ground compression tanks (Mahone, Mettetal, & Stevens, 2020). Earlier studies have 

also investigated the potential for synthetic natural gas production in the region and using it to serve gas 

demand in local distribution networks (Aas, 2020). 

2.4.1.2 Scenario Comparison 

Figure 5 shows how low-carbon fuels are used in each of the scenarios in this study. All scenarios are 

assumed to have the same amount of biomass availability, and all scenarios use the total amount of 

biomass available. However, the allocation of biomass to fuel production pathways differs somewhat by 

scenario. In the High CDR scenario, biomass is allocated more or less evenly to produce renewable 

gasoline, renewable diesel, and biomethane. In the Balanced scenario, biomass is allocated mainly to 

produce renewable jet fuel and renewable diesel, as well as to biomethane in electricity to provide the 

~5% of electricity demand that is met with biomethane. In the Zero Carbon Energy scenario, biomass is 

allocated to renewable gasoline, renewable diesel, and renewable jet fuel, as well as to biomethane for 

electricity, as in the Balanced scenario.  

The use of biomethane to decarbonize the electricity sector is one option among several, and there is still 

uncertainty around what technologies will ultimately provide the best form of firm, zero-carbon capacity 

to the grid.  This need for firm capacity could also be served, in part or in full, by other zero carbon fuels 

such as hydrogen and synthetic natural gas, or via other, emerging long-duration energy storage 

technologies. If 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 available to help 

decarbonize other sectors. 

It is also important to note that there is significant uncertainty regarding the potential for a biofuels 

production and distribution industry to be sustained for sectors that are rapidly electrifying - meaning the 

demand for biofuels could eventually reach zero over time. This situation of declining demands for liquid 

fuels, leading to an uncertain long-term investment environment, exists for renewable gasoline and some 

renewable diesel in the Zero Carbon Energy scenario. In the other two scenarios, demand for biofuels 

would be more or less sustained over time. 

Figure 5: Low-carbon fuel demand in 2045 by scenario in EJ 

 

2.4.2 BUILDINGS 

Increased reliance on energy efficiency and electricity in buildings for heating and water heating is 

common across all jurisdictions and scenarios in the literature that we reviewed. European scenarios for 

2050 show that the building sector could consume 20-55% less energy than it does today, partly by 

renovations of the building stock (Tsiropoulos, Nijs, Tarvydas, & Ruiz, 2020). For instance, the World 
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9ƴŜǊƎȅ hǳǘƭƻƻƪΩǎ ά{ǳǎǘŀƛƴŀōƭŜ 5ŜǾŜƭƻǇƳŜƴǘέ ǎŎŜƴŀǊƛƻ ŦǊƻƳ ǘƘŜ International Energy Agency assumes a 

4% annual renovation rate post-2025 and scenarios by the European Climate Foundation assume 96% of 

the EU building stock are renovated by 2050 (European Climate Foundation, 2018) (International Energy 

Agency, 2019). With a relatively old building stock, the Buildings Performance Institute Europe calculates 

that over 97% of the European building stock must be upgraded to achieve 2050 decarbonization 

(Buildings Performance Institute Europe, 2017). The World Green Building Council recommends increasing 

renovation rates in industrialized countries to an average of 2% of existing stock per year by 2025, and 3% 

by 2040 (GlobalABC & International Energy Agency, 2019). 

In 2050, the use of natural gas in the European building stock is almost completely eliminated in deep 

decarbonization scenarios. The building sector increases its reliance on electricity across all jurisdictions 

and scenarios. In European studies, 37% to 62% of final energy demand is based on direct electricity 

consumption by 2050. Areas of difference across jurisdictions include the degree to which electrification 

is relied on to meet winter heating needs. Colder climates assume partial electrification and greater 

reliance on zero-carbon fuels.  

Most jurisdictions and scenarios agree that there is not sufficient biomethane/biofuels to replace natural 

gas use in buildings. Some natural gas heavy jurisdictions, such as the Netherlands, rely partly on the 

deployment of hybrid electrification (installing small electric heat pumps combined with high efficiency 

boilers) in which the winter peak is supplied by biomethane (The Oxford Institute for Energy Studies, 

2019), although green hydrogen could also meet these winter peak demands. Unlike in the U.S., European 

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 heating needs through district heating, growing 2.5 

times higher than today (Tsiropoulos, 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 sector. In the U.S., energy intensity in residential buildings 
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decreased 19% from 2007 to 2017 as a result of efficiency standards for equipment and appliances and 

stronger building codes (Leung, 2018). Across the world, 73 countries have mandatory or voluntary 

building codes in place or are developing them (GlobalABC & International Energy Agency, 2019). 

Most European studies consider the use of hydrogen in buildings, but only very few assume relatively high 

volumes (higher than 10% of final energy demand) (Tsiropoulos, Nijs, Tarvydas, & Ruiz, 2020). The 

Hydrogen Council states that the use of hydrogen in buildings is most attractive in countries generally with 

cold winters that already have extensive natural gas infrastructure in place, such as the UK, Canada and 

countries in continental Europe (Hydrogen Council, 2017). In their view, hydrogen could meet up to 18% 

of heat-related energy demand, by either blending with natural gas, methanization or in pure form. 

The IPCC notes that while the technology solutions to realize building decarbonization exist today, barriers 

such as split incentives6, lack of awareness, and low access to finance, hinder the market uptake of cost-

effective opportunities in the sector (Lucon, et al., 2014). Moreover, behavior, lifestyle, and culture have 

ŀ ƳŀƧƻǊ ŜŦŦŜŎǘ ƻƴ ōǳƛƭŘƛƴƎǎΩ ŜƴŜǊƎȅ ǳǎŜΣ ŦǳǊǘƘŜǊ ŎƻƳǇƭƛŎŀǘƛƴƎ ǘƘŜ ōǳƛƭŘƛƴƎ ǎǘƻŎƪ ǘǊŀƴǎƛǘƛƻƴΦ 

2.4.2.1 The California Context 

Buildings in California are characterized by a high reliance on natural gas for space heating and water 

heating. Moreover, buildings in California have a relatively high share of space cooling demand compared 

to heating demands. The relatively mild winter climate makes building electrification more economically 

attractive and universally applicable than in colder climates. The absence of a significant winter peak 

suggests a heavier reliance on electrification in buildings may be feasible compared to jurisdictions with 

colder climates. 

 
6 ά{Ǉƭƛǘ ƛƴŎŜƴǘƛǾŜǎέ ǊŜŦŜǊǎ ǘƻ ǎƛǘǳŀǘƛƻƴǎ ǿƘŜǊŜ ǘƘŜ ǇŀǊǘȅ ǇŀȅƛƴƎ ŦƻǊ ŜƴŜǊƎȅ όŜΦƎΦ ŀ ǘŜƴŀƴǘ ƻŦ ŀ ǊŜƴǘŀƭ ǇǊƻǇŜǊǘȅύ ƛǎ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŜ ǇŀǊǘȅ Ǉŀȅing for 
appliances that use energy (e.g. the landlord of a rental property). In these situations, the building owner has no incentive to pay more for an energy 
efficient appliance that would save money for the tenant over time.  
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The relatively new building stock in California, compared to Europe and the Eastern U.S., puts less 

emphasis on building renovations compared to jurisdictions where old, poorly insulated homes are the 

norm. In addition, these conditions make hybrid or district heating solutions, that are often considered 

for hard-to-renovate homes, less relevant. The California residential building stock is dominated by low 

and mid-rise buildings, facilitating the use of air source heat pump installations.  

2.4.2.2 Scenario Comparison  

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

ŀǎ ƳŜŀǎǳǊŜŘ ōȅ ŀ άŎƻƳōƛƴŜŘέ ŘƻǳōƭƛƴƎ ƳŜǘǊƛŎ ǿƘŜǊŜ Ǝŀǎ ŀƴŘ ŜƭŜŎǘǊƛŎ 99 ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ƛƴ ŀƎƎǊŜƎŀǘŜ. 

Electric EE savings come from a shift to selling only LED light bulbs by 2030 and increased efficiency for 

refrigerators, HVAC, and other plug load appliances, while gas EE savings come from more efficient 

furnaces, ovens/cooktops, and water heaters. Building envelope improvements contribute to EE savings 

for both fuels, with 24% of the building stock assumed to either be retrofit or constructed with a high 

efficiency shell by 2030 (this increases to 52% by 2045). Finally, energy savings resulting from fuel 

substitution are also responsible for a portion of meeting this goal. All scenarios achieve 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 all-electric end uses in buildings (for heating and HVAC, water heating, 

cooking and clothes drying), with the date of 100% sales share varying by scenario, as detailed below in 

Table 2. This transition towards building electrification involves substituting gas end uses for high 

efficiency electric end uses, such as heat pumps, at the end of their useful life (this is ƪƴƻǿƴ ŀǎ άǊŜǇƭŀŎŜ 

ƻƴ ōǳǊƴƻǳǘέύ as well as in newly constructed buildings. No early retirement of gas appliances is assumed 

in the High CDR and Balanced scenarios, while the Zero Carbon Energy scenario assumes early retirement 

of all remaining gas appliances in 2045. The transition to all-electric HVAC also has the potential to provide 

cooling for households that do not currently have air conditioning (since heat pumps provide both heat 

and cooling), which could help Californians cope with increasing temperatures due to climate change. 
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Table 2. Building sector assumptions which differ by scenario  

Scenario  Sources of differences among scenario assumptions 

High CDR  
100% sales of electric appliances by 2040, 5% hydrogen in the gas pipeline by 
2045, 12% biomethane in the pipeline by 20457 

Balanced  
100% sales of electric appliances by 2035, 5% hydrogen in the gas pipeline by 
20457 

Zero-Carbon Energy  
100% sales of electric appliances by 2030, with a complete retirement of the 
low-pressure gas distribution system in 2045.  

 

Figure 6 shows how energy demand is met for buildings across the three scenarios in 2045, as well as a 

comparison to 2020 for reference. Note that ǘƘŜ άŜƭŜŎǘǊƛŎƛǘȅέ ōŀǊ ƛǎ ƻƴƭȅ ǎƘƻǿƛƴƎ ŘŜƳŀƴŘ ŦƻǊ ŜƭŜŎǘricity and 

does not reflect the difference in electricity emissions between scenarios (the High CDR scenario assumes 

95% zero carbon electricity, whereas the other two scenarios assume 100% zero carbon electricity by 2045). 

The reduction in final energy demand in all scenarios in 2045 occurs primarily due to fuel substitution, since 

heat pumps are, on average, 3-4 times more efficient than their gas counterparts. The high building 

efficiency assumptions also contribute to the reduction in final energy demand.   

 
7 Blending up to 7% hydrogen by energy into existing natural gas pipelines is generally considered to be possible without significant upgrades to 
existing gas distribution pipelines (Melaina, 2013). Increasing the hydrogen blend from 5% to 7% in the High CDR and Balanced scenarios would not 
significantly change the study results but should be considered as an update in future scenario analysis.   
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Figure 6. Final energy demand in buildings in 2020, and in 2045 across the three scenarios 

 

Figure 7 shows the emissions resulting from energy consumption in buildings across the three scenarios, 

as well as in 2020 for reference. Non-energy emissions such as those from HFCs are not shown here, but 

rather discussed separately in the non-energy emissions section below. 
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Figure 7: Energy emissions from buildings in 2020, and in 2045 across the three scenarios 

 

2.4.3 TRANSPORTATION 

Most deep decarbonization studies align on the deployment of battery-electric vehicles for passenger 

transport and show varying amounts of reliance on hydrogen fuel cell vehicles for some medium and 

heavy-duty road transport. Overall, deep decarbonization pathways see an important role for 

electrification, hydrogen, biofuels, and synthetic fuels across all parts of transportation, but the mix 

between these energy carriers is still highly uncertain.  

The ¦YΩǎ /ƻƳƳƛǘǘŜŜ ƻƴ /ƭƛƳŀǘŜ /ƘŀƴƎŜ άNet Zero ¦Yέ study (CCC, 2019), for example, highlights the need 

for all passenger vehicles to be electric by 2050 and the majority of heavy-duty vehicle transportation to 

be either electric or fueled by hydrogen by 2050. {ƛƳƛƭŀǊƭȅΣ ǘƘŜ 9¦Ωǎ bŜǘ ½ŜǊƻ ǎǘǳŘȅ aggregating results 

from 14 decarbonization focused scenarios, show that by 2050, 65% - 90% of the total vehicle stock should 

be zero-emissions vehicles comprised of a combination of mostly battery electric vehicles and hydrogen 
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fuel cell vehicles as well as e-fuels or synthetic fuels and biofuels. TƘŜ ¦YΩǎ bŜǘ ½ŜǊƻ ǎǘǳŘȅ assumes some 

aircraft to be hybrid-electric by 2040.  

A commonality amongst most decarbonization studies is the focus on decreasing energy consumption 

across all transportation modes. This is projected to take place as a result of adopting carbon fuel 

standards with the deployment of more efficient fuels (e.g. electricity) and engines or fuel cells, as well as 

smart growth. Some amount of behavior change and commuting options made available via shared 

economy solutions also play a key role in reducing energy consumption and are particularly important in 

cities (Carbon Neutral Cities Alliance, 2018). Such measures are expected to significantly reduce total 

vehicle miles travelled (VMT). Lƴ ǘƘŜ 9¦Ωǎ ά¢ƻǿŀǊŘǎ bŜǘ ½ŜǊƻέ ǎǘǳŘȅΣ ŀƭƭ ǎŎŜƴŀǊƛƻǎ ŜǾŀƭǳŀǘŜŘ decrease final 

energy consumption by at least 50% from 2017 levels (Tsiropoulos, Nijs, Tarvydas, & Ruiz, 2020). And in 

the most extreme scenarios, a decline of up to 80% in final energy consumption (excluding international 

aviation and maritime bunker fuels). Driving this decline in energy consumption is the switch from ICEs to 

electric or hydrogen fuel cell vehicles, which results in very significant energy efficiency gain and 

ŀƎƎǊŜǎǎƛǾŜ ŀǎǎǳƳǇǘƛƻƴǎ ƻƴ ±a¢ ǊŜŘǳŎǘƛƻƴ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ άǎƳŀǊǘέ growth. 

2.4.3.1 The California Context  

The transportation sector is the largest source of emissions in California, with GHG emissions increasing 

every year between 2013 and 2017. This corresponds with an increase in annual average VMT/capita over 

the same period, although annual emissions rose at a slightly slower rate due to the decreasing carbon 

intensity of transportation fuels in the state and the growing market share for hybrid and battery-electric 

vehicles. While VMT has dropped sharply in the wake of the COVID-19 pandemic, it remains too early to 

predict how quickly VMT will return to pre-pandemic levels, if at all. 

California has enacted multiple policies to support transportation decarbonization. As of mid-2020, the 

state has in place regulations requiring manufacturers to sell an increasing number of zero-emission 

passenger vehicles, medium and heavy-Řǳǘȅ ǘǊǳŎƪǎΣ ŀƴŘ ōǳǎŜǎ ǘƘǊƻǳƎƘ /!w.Ωǎ !ŘǾŀƴŎŜŘ /ƭŜŀƴ /ŀǊǎΣ 
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Advanced Clean Trucks, and Innovative Clean Transit programs. The existing regulations would see ZEVs 

reach 22% of passenger car sales by 2025, 40% - 75% of medium and heavy-duty truck sales by 2035 

(depending on vehicle class), and 100% of sales for transit buses by 2029. In September 2020, the 

Governor issued Executive Order N-79-20 calling for all light duty vehicles sold in California to be zero-

emission vehicles by 2035, and all medium- and heavy-duty trucks and buses to transition to zero-emission 

by 2045.  

/!w.Ωǎ [ƻǿ-Emission Vehicle (LEV) III regulation and Low-Carbon Fuel Standard (LCFS) program are both 

designed to reduce emissions from conventional internal combustion engine vehicles in addition to 

stimulating ZEV adoption. The LEV III regulation includes increasingly stringent greenhouse gas emission 

standards for passenger vehicles through the 2025 model year, while the LCFS program uses a credit 

system to financially incentivize a shift to less carbon intense transportation fuels like biofuels, 

compressed natural gas (CNG), electricity, and hydrogen. 

Federal preemption rules for California provide the state the unique ability to regulate tailpipe emissions, 

but emissions from international shipping and interstate trucking are harder to regulate.  A significant 

fraction of energy consumption associated with interstate and international aviation and shipping are not 

included in the ǎǘŀǘŜΩǎ ŜƳƛǎǎƛƻƴ ƛƴǾŜƴǘƻǊȅ ŀƴŘ ǘƘǳǎ ŀǊŜ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘ ƘŜǊŜ ς but will need to be mitigated 

to achieve national and global emissions reductions.   

2.4.3.2 Scenario Comparison  

Across all scenarios, we assume an increase in fuel economy standards for internal combustion engine 

vehicles (from 45 MPG in 2020 to ~70 MPG in 2045 for passenger vehicles) and a 17% reduction in per 

capita LDV VMT relative to 2020 by 2045. For off-road transportation, we assume that shore power is used 

for 80% of hoteling ships by 2030 and that 70% of harbor craft are electrified by 2045. The use of CNG 

trucks is phased out by 2045 in the Balanced scenario and the Zero Carbon Energy scenario. While a small 

amount of HDV diesel truck sales remain in 2045 in the High CDR and Balanced scenarios, these are meant 
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to represent out-of-state trucks that drive into California to make deliveries and refuel while in the state, 

since ǘƘŜ ŜƳƛǎǎƛƻƴǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘƛǎ ŦǳŜƭ ŀǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ǎǘŀǘŜΩǎ ƎǊŜŜƴƘƻuse gas inventory. In the 

Zero Carbon Energy scenario, there is an optimistic assumption that the ZEV transition in HDVs has 

reached a point in surrounding jurisdictions that diesel sales in California are eliminated. For in-state 

trucks, the Balanced scenario assumes a complete transition to hydrogen fuel cell and electric sales by 

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

Table 3. Transportation sector mitigation measures by scenario  

Scenario  Assumptions 

High CDR 
100% BEV sales for LDV by 2035 

100% BEV sales for MDV by 2040 

45%/48% BEV/CNG sales for HDV by 2040, 7% diesel sales (interstate long-haul) 

50% rail electrification, no aviation electrification 

Balanced  
100% BEV sales for LDV by 2035 

100% BEV sales for MDV by 2035 

45%/48% BEV/HFCV sales for HDV by 2035, 7% diesel sales (interstate long-haul) 

75% rail electrification, no aviation electrification 

Zero-
Carbon 
Energy  

100% BEV sales for LDV by 2030 

100% BEV sales for MDV by 2030 

50%/50% BEV/HFCV sales for HDV by 2030 

75%/25% rail electrification/hydrogen, 50% of in-state aviation electrified 

Figure 8 shows how energy demand is met across the three scenarios in 2045, as well as how demand is 

met today for reference. The significant decrease in energy demand by 2045 occurs because electric 

vehicles are about 3 times more efficient than internal combustion engine vehicles, in terms of source 

energy, and, to a lesser extent, due to assumed reductions in VMT.  
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Figure 8: Final energy demand in transportation in 2020, and in 2045 across the three scenarios 

 

Figure 9 shows the emissions resulting from energy consumption in transportation, both in 2020 and in 

2045 across the three scenarios. Note that emissions associated with electricity consumption are 

included here, whereas in the CARB AB 32 Annual GHG inventory they are accounted for separately. 

Also note that the Zero Carbon Energy scenario achieves a carbon-neutral 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 post-2045 as the stock share of electric vehicles catches up with the sales share. 

However, both of these scenarios (and in particular the High CDR scenario) include a small amount of 

ongoing demand for liquid and gaseous fuels, as they do not fully reach 100% electric vehicles. 
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Figure 9: Energy emissions from transportation in 2020, and in 2045 across the three scenarios 

 

Figure 10, Figure 11, and Figure 12 show the stocks of LDVs, MDVs, and HDVs over time, respectively, for 

the Balanced Scenario. This scenario represents a widespread transition to zero-emission vehicles for 

the transportation sector, across all vehicle types. The other two scenarios assume a slightly different 

pace of transition, as detailed in the table above, but the story remains similar for these other two 

scenarios. 



 

 
 

P a g e |  43  |  

 Modeling Approach, Scenario Design and Greenhouse Gas Reduction Strategies 

© 2020 Energy and Environmental Economics, Inc.   

Figure 10: Light Duty Vehicle Stocks in the Balanced Scenario 

 

Figure 11: Medium Duty Vehicle Stocks in the Balanced Scenario 

 






































































































