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I N
Abstract

In this work, a new modeling tool called DECAL is developed and used to evaluate what it will take to
reach California's new climate goal of net-zero emissions by 2045. DECAL is a scenario-based model
that projects emissions, society-wide costs, and resource consumption in response to user-defined inputs.
DECAL was built with the requisite level of detail needed to model true net-zero pathways. DECAL was
first used to replicate the California Air Resources Board's (CARB's) 2022 Scoping Plan scenarios, both to
demonstrate efficacy of the new tool, and so that additional net-zero pathways could be compared to CARB's
plan. We find that the state can get nearly halfway to its net-zero target with technologies that are already
commercially available, but the scale of infrastructure buildout and rate of sales turnover that will be needed
still presents an enormous challenge. Furthermore, several technologies that are currently at pilot or research
scale will need to be developed and widely deployed, including zero-emission heavy-duty vehicles, carbon
capture & sequestration for industrial applications, clean industrial heating, low global warming potential
refrigerants, and direct air capture. This work also emphasizes other practical considerations, such as lag-
time for turning over the existing stock of vehicles and building appliances, as well as bioenergy feedstock
constraints. The analyses demonstrate the unforgiving nature of reaching net-zero emissions, which will
require all emission sources in the economy to be accounted for, including hard-to-abate sectors such as
Industry, Agriculture, and Non-Energy. For these reasons, it is likely the state will need significant carbon
dioxide removal (e.g., direct air capture, bioenergy with carbon capture) to meet its net-zero goal by 2045.

Introduction

California is the largest state in the United States by population and is poised to become the fourth largest
economy in the world, after only the United States, China, and Japan (Winkler 2022). California has long
been a leader in climate, which has inspired policies across the US and globally. The California Global
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Warming Solutions Act of 2006, also known as Assembly Bill (AB) 32, was the first program in the country
to require a reduction of greenhouse gas (GHG) emissions and take a comprehensive, long-term approach to
doing so (CARB 2018). Since the passing of AB 32, several other policies have been put in place to support
California's ambition for climate action, most notably, Executive Order B-55-18, which calls for the state
to achieve carbon neutrality economy-wide by 2045 (Brown 2018). The California Air Resources Board
(CARB) recently published its 2022 Scoping Plan, a detailed sector-by-sector roadmap for reaching net-zero
emissions by 2045 based on a technologically feasible, cost-effective, and equity-focused path. The plan
ultimately achieves California's new carbon neutrality goal, while aligning with other statutes, Executive
Orders, and direction from the Board and Governor (CARB 2022a). California's historical emissions (by
sector) as well as near and long term GHG reduction goals are shown in Fig. 1. In this paper, we explore
additional pathways for California to reduce its emissions from just over 400 Mt/yr CO,e to net-zero in
under 25 years.
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Figure 1—California's historical emissions by sector, as well as its GHG emission targets. Adapted from (CARB 2022b).

To carry out this work we developed a new modeling tool called DECAL. Other pathways modeling
tools for California have focused on California's previous goal of 80% below 1990 levels of emissions by
2050 (Morrison, Yeh and Eggert 2015). Given that net-zero portends to be uniquely challenging compared
to the previous goal, DECAL was built to explore the next frontier of decarbonization, which will require
even more aggressive use of previously reported strategies (renewables & storage, energy efficiency,
electrification, carbon capture & sequestration (CCS), bioenergy, etc.), as well as entirely new technology/
policy solutions.

In the remainder of the paper, we first introduce DECAL — the main text covers the fundamentals of
the model, with additional details offered in appendices and supplementary materials. Next, we compare
results from the PATHWAY'S/ RESOLVE model (used in development of the Scoping Plan) and DECAL to
show how they perform under similar assumptions. Two analyses are then presented which help quantify
the emission reduction potential of various technologies, including projecting a range of possible direct air
capture (DAC) rates that may be needed. Finally, we highlight key technologies that will be needed to meet
California's net-zero by 2045 goal, as well as associated deployment challenges.

About DECAL

DECAL! is a scenario-based tool that can be used to project emissions, society-wide costs, and resource
consumption according to user-defined inputs (called levers). DECAL is not an equilibrium model® —i.e., it
does not endogenously project economic activity (sales, imports/exports, etc.) based on market conditions.
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Rather, it is a what-if model that simply calculates the consequences of projections imposed on it. To this end,
DECAL is designed around the concept of scenario analysis or storylines of how an energy system might
evolve over time. Using DECAL, analysts can create and then evaluate alternative scenarios by comparing
their energy requirements, their social costs/benefits, and their environmental impacts (SEI 2022).

DECAL's system boundary — considered when calculating energy usage, emissions, and costs — is the
geographic region of California®. Every emitting sector of the California economy is included. DECAL
is initially divided into five Demand and Non-Energy sectors — Residential, Commercial, Industry,
Transportation, and Agriculture — and several Transformation sectors — Upstream Oil & Gas Production,
Refining, Hydrogen Production, Electricity Production, Renewable Diesel Refining, Biodiesel Production,
Ethanol Production, and Renewable Natural Gas (RNG) Production. DECAL uses primarily bottom-up
data, meaning that energy usage, emissions, and cost are mostly calculated at the device/process level.

DECAL fundamentally performs a Total Resource Cost Test — this means that DECAL measures
marginal* costs from the perspective of society. The cost of a given scenario thus includes the price of
marginal equipment/processes that are installed, marginal imports and exports of fuels, federal incentives
(cash flowing into the state), and cap-based in-state incentives®. Importantly, DECAL does not perform an
economic cost test from the perspective of the end-user. The distinction is particularly evident in defining
electricity prices — here, the state pays for marginal generators and transmission & distribution (T&D),
whereas end-users may pay additional costs due to existing legacy contracts, various state programs, and
more. Other externalities may also be ignored at the state-level, for example, charging time for battery
electric heavy-duty vehicles (HDVs). Overall, DECAL calculates society-wide costs, which can be a helpful
screening tool, after which additional economic analyses should be done to gauge the economic feasibility
of a project from the perspective of an individual or business.

Scenarios in DECAL are driven by a series of user-defined, exogenous levers. Levers essentially represent
technology and policy decisions and are typically defined in normalized terms (from zero to one). DECAL
has a total of 893 levers, which allow for detailed control of the model's progression. Below is a summary
of the types of levers that are available in DECAL.

e Sales rates: used in Transport and Building sectors (which are modeled using stock & flow), sales
rates specify the fraction of sales that are clean over time (e.g., fraction of sales that are battery
electric vehicles).

e Adoption rates: used in Industry, Transformation, and Non-Energy sectors, adoption rates operate
on an outright emissions basis — they essentially specify the fraction of stock that is clean over time
(e.g., fraction of plants that have CCS).

e Technology choice: where a choice exists, these levers control the mix of technologies that are
deployed (e.g., battery electric versus fuel cell vehicles).

¢ Biofuels: blend percentage of RNG and renewable diesel over time.

e Clean generation constraint: an emissions constraint on the electricity system.

e Economic assumptions: incentive prices over time and program end-dates, fuel prices over time,
and learning rates. These are primarily used in economic sensitivity analyses.

Note that due to DECAL's modeling and lever structure, there are lag effects that apply in the Buildings
and Transport sectors that are not present in other sectors. These lag effects were intentionally implemented
to reflect current policy approaches, in which goal-setting in the Buildings and Transport sectors has
traditionally operated on a sales basis — for example, 100% clean vehicle sales by 2035 (CEC 2022) —
whereas goal-setting in other sectors has traditionally operated on an outright emissions basis — for example,
100% clean electricity by 2045 (Leon 2018).
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Comparison of CARB and DECAL

Emissions Comparisons

The purpose of this section is to demonstrate the efficacy of DECAL by comparing its output to CARB's
studies. The aim is to provide confidence in the DECAL model, and to transparently disclose differences
where applicable. DECAL was first compared to CARB's 2019 GHG Inventory (CARB 2019) as well as
2019 emissions reported in the Scoping Plan — as shown in Fig. 2, DECAL's 2019 emissions compare well.
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Figure 2—2019 emissions comparison (Mt/yr CO2e) between DECAL,
CARB's GHG Inventory (CARB 2019), and the Scoping Plan (CARB 2022a).

The Scoping Plan (CARB 2022a) details a Reference Case and a Proposed Scenario. The Reference
Case reflects current trends and expected performance of policies identified in the 2017 Scoping Plan
— some of which are performing better than expected (such as the Renewable Portfolio Standard (RPS)
and the Low Carbon Fuel Standard (LCFS)) and others that may not meet expectations (such as vehicle
miles traveled (VMT) reductions and methane capture). The Proposed Scenario achieves carbon neutrality
by 2045, deploying a broad portfolio of existing and emerging fossil fuel alternatives and low emissions
technologies (CARB 2022a). To build confidence in outputs from DECAL, levers were set to match CARB's
Reference Case and Proposed Scenario as closely as possible, and results were compared.

Emissions projections for the two scenarios and both studies are shown in Fig. 3. The figure also contains
an additional scenario called the Today-Baseline, which represents DECAL's projection of the future given
no changes from today but allowing for economic growth*. The Today-Baseline will be used in a later
section to analyze abatement contributions to CARB's scenarios. Interestingly, DECAL reduces emissions
at a slightly slower pace compared to the Scoping Plan. One possible explanation is that the CARB Scoping
Plan seemingly accounts for decreased energy demand and emissions due to the COVID-19 pandemic (note
a dip in emissions in 2020 in the dashed lines), whereas DECAL does not. For the most part, the models
seem to run parallel to each other after this initial discrepancy. Additional sector-by-sector comparisons
in 2045 and possible explanations for differences are also provided below, first for the Reference case in
Fig. 4 and Table 1, and then for the Proposed scenario in Fig. 5 and Table 2. Overall, given the number of
assumptions, data inputs, and variables at play, we consider the agreement to be reasonable.
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Figure 3—Emissions (Mt CO,e) over time, CARB Reference Case and Proposed
Scenario (CARB 2022a) versus DECAL under a similar set of assumptions.
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Figure 4—2045 Emissions (Mt/yr CO,e), CARB Reference Case (CARB
2022a) compared to DECAL run with a similar set of assumptions.
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Figure 5—2045 Emissions, CARB Proposed Scenario (CARB 2022a) and DECAL run with a similar set of assumptions.

Table 1—Explanations of differences between CARB Reference Case and DECAL
run with a similar set of assumptions. Totals may not match exactly due to rounding.

CARB 2045 DECAL 2045
SECTOR EMISSIONS EMISSIONS A COMMENTS
(Mt/yr CO,e) (Mt/yr CO,e)

Transportation 91.7 91.7 0.0

Industry 72.0 81.7 9.7 DECAL starts 6 Mt/yr higher than the Scoping Plan to align with CARB's
GHG inventory.
DECAL's refineries are unable to change their diesel:gasoline production ratio.
As a result, refineries are unable to reduce their output much in this scenario,
which has high diesel demand relative to gasoline demand.

High Global 10.8 8.7 -2.1

Warming

Potential

(GWP)

Electricity 30.6 23.1 =75 Iteration on DECAL's clean generation constraint was done in an attempt to

Production match CARB's Scoping Plan as closely as possible.

DAC 0.0 0.0 0.0

Buildings 27.1 39.2 12.1 DECAL starts 7 Mt/yr higher than the Scoping Plan to align with CARB's
GHG inventory.

Agriculture 272 314 4.2 DECAL does not assume any changes to livestock populations or manure
management practices.

Total 259.4 275.9 16.5
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Table 2—Explanations of differences between CARB Proposed Scenario and DECAL
run with a similar set of assumptions. Totals may not match exactly due to rounding.

CARB 2045 DECAL 2045
SECTOR EMISSIONS EMISSIONS A COMMENTS
(Mt/yr CO,e) (Mt/yr CO,e)
Transportation 7.9 11.3 3.4 DECAL likely assumes slower transportation stock & flow transition
dynamics than the Scoping Plan.
Industry 10.4 223 11.9 6 Mt/yr: DECAL starts higher than the Scoping Plan to align with CARB's
GHG inventory.
3-4 Mt/yr: DECAL assumes that only certain refinery units are eligible for
CCS.
3-4 Mt/yr: DECAL's steam methane reformers (SMRs) continue to run to meet
new hydrogen demand in Industry and HDV sectors; some emissions thus
remain due to inefficiencies in SMR carbon capture.
High GWP 9.0 9.8 0.8
Electricity 8.7 8.0 -0.7
Production
DAC —65.9 —66.6 -0.7
Buildings 44 4.0 -0.4
Agriculture 15.3 15.5 0.2
Total -10.2 43 14.5

Finally, CARB provides a breakdown of 2045 carbon mitigation by intervention (CARB 2022a). The
carbon contribution is calculated by reverting groups of levers at a time from their settings in the Proposed
Scenario to their settings in the Reference case. Results are shown in Fig. 6, with outputs being similar
across DECAL and the Scoping Plan.
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Figure 6—2045 annual carbon mitigation contribution (Mt/yr CO,e) by intervention, CARB
Proposed Scenario versus DECAL run with a similar set of assumptions; categories compared
in this plot are consistent with those in Table 3-5 from the Scoping Plan (CARB 2022a).
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Table 3—Summary of measures shown in Fig. 8 and Table 4.

NAME

AVALIABILITY
ASSIGNMENT

MEASURES INCLUDED IN DECAL VERSION CARB PROPOSED

Decarbonize LDVs
(Light-Duty Vehicles)

Available at scale

100% LDV ZEV sales by 2035.

~30% reduction in VMTs by 2045.

~50% improvement to fuel efficiency by 2045.
100% renewable diesel blend fraction by 2045.

Renewables & Storage

Auvailable at scale

97% clean generation by 2045.

Residential Fuel Switch

Available at scale

100% electric appliance sales by 2035.
~30% RNG blend fraction by 2045.

Commercial Fuel Switch

Available at scale

100% electric appliance sales by 2045.
100% renewable diesel blend fraction by 2045.
~30% RNG blend fraction by 2045.

Reduce Crude Production

Available at scale

Reduce in-state crude production by 95% by 2045.

Reduce Refining

Available at scale

Reduce refining operations naturally as zero-emission LDVs and HDVs are deployed.

Anaerobic Digestion

Available at scale

By 2030, deploy 100% of in-state potential for anaerobic digestion.

NGCCS (Natural Gas

Pilot scale

DECAL's optimization model decides which plants to deploy to meet the clean generation

Power Plants With CCS) constraint outlined above, with this measure representing the portion of emissions reduced
due to NGCCS power plants.
Decarbonize HDVs Pilot scale 100% HDV ZEV sales by 2045.

(Heavy-Duty Vehicles)

100% renewable diesel blend fraction by 2045.

Industrial Fuel Switch

Pilot scale

100% of petrochemical & mineral plants are fuel-switched by 2045 (half electric
resistance, half hydrogen).
75% of food plants are electrified by 2045 (half electric resistance, half heat pumps).

50% of other plants are electrified by 2045.
~30% RNG blend fraction by 2045.

Industrial CCS Pilot scale CCS retrofits at 100% of cement plants by 2040.
65% adoption of CCS at certain refinery units (Catalytic cracker, SMR, combined heat &
power (CHP)) by 2027.
CCS retrofits at 100% of SMRs by 2027.
Note: a 90% capture rate is assumed for CCS.
Gasification CCS Pilot scale New hydrogen capacity consists of 35% Gasification with CCS.
(BECCS)

Electrolysis

Pilot scale

New hydrogen capacity consists of 65% Electrolysis.

Agricultural Fuel Switch

Pilot scale

100% electrification by 2045.
100% renewable diesel blend fraction by 2045.

Low GWP Refrigerants | R&D Refrigerant GWPs are reduced by ~ 85% by ~2050.
Decarbonize Trains/ R&D Aviation is 100% fuel-switched by 2045 (80% sustainable aviation fuel, 10% electricity,
Planes/Boats 10% hydrogen).
Rail is 50% fuel-switched by 2045 (65% hydrogen, 35% electricity).
Ships are 25% fuel-switched to hydrogen by 2045.
100% renewable diesel blend fraction by 2045.
Enteric Fermentation R&D 50% deployment of seaweed feed augment by 2045, though the feed only reduces emission
rates by 30%.
DAC R&D ~66 Mt/yr of capture by 2045 (50% low temperature solid sorbent, 50% high temperature

aqueous solution)
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Table 4—2045 abated emissions (Mt/yr CO,e) by measure in the DECAL Version CARB Proposed Scenario. Impact is
shown on an absolute (Mt/yr CO,e) and normalized (%) basis, normalized to bottom-up totals. The bottom-up total is
simply the sum of the individual abatements, whereas the top-down total is the difference in emissions in 2045 between
the DECAL Version CARB Proposed Scenario and the Today-Baseline. The bottom-up total and top-down total are
about 20% different due to interactions between measures/sectors - e.g., decarbonizing a future grid that supplies more
electricity to other sectors (Transportation, Buildings, etc.) results in more abatement than decarbonizing the grid today.

MEASURE AVALIABILITY “EMISSIONS "
(Mt/yr CO,e)
Decarbonize LDVs Available at Scale 83 17%
NGCCS Pilot Scale 54 11%
Decarbonize HDVs Pilot Scale 51 11%
Renewables & Storage Available at Scale 42 9%
Residential Fuel Switch Available at Scale 27 6%
Industrial Fuel Switch Pilot Scale 26 5%
Low GWP Refrigerants R&D 25 5%
Industrial CCS Pilot Scale 18 4%
Trains/Planes/Boats R&D 17 4%
Commercial Fuel Switch Available at Scale 13 3%
Reduce Crude Production Available at Scale 13 3%
Anaerobic Digestion Available at Scale 12 3%
Gasification CCS (BECCS) Pilot Scale 12 3%
Reduce Refining Available at Scale 9 2%
Electrolysis Pilot Scale 7 2%
Agricultural Fuel Switch Pilot Scale 2 1%
Enteric Fermentation R&D 2 0%
DAC R&D 66 14%
Bottom-up Total N/A 479 100%
Top-Down Total N/A 399 N/A

Table 5—Changes made to DECAL Version CARB Proposed Scenario to develop the Minimal DAC scenario.

DECAL VERSION CARB
PROPOSED SCENARIO MINIMAL DAC SCENARIO
Electricity e 97% clean generation by 2045. e 99% clean generation by 2045.
e 90% CCS capture rate. e 98% CCS capture rate.
e RNG is not used in the Electricity sector. o The Electricity sector reaches the same
RNG blend as the rest of the economy,
30% by 2045.
Transportation e 100% LDV ZEV sales by 2035. e 100% LDV ZEV sales by 2030.
e 100% HDV ZEV sales between e 100% HDV ZEV sales by 2030-2035.
2035-2040.

e 100% | 80% | 55% reduction in emissions

o 100% | 50% | 25% reduction in emissions from planes | trains | boats

from planes | trains | boats.

Buildings o 100% electric appliance sales by 2035 | e 100% electric appliance sales by 2030.
2045 Residential | Commercial.

Industry e 90% CCS capture rate. e 98% CCS capture rate.
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DECAL VERSION CARB
PROPOSED SCENARIO

MINIMAL DAC SCENARIO

65% adoption of CCS at certain refinery
units.
50% fuel-switch of "Industry Other."

0% adoption of landfill capture amongst
remaining leaks.

0% deployment of fugitive sealants
(natural gas pipeline, tanks)

0% deployment of waste mitigation
strategies.

95% adoption of CCS at certain refinery
units
80% fuel-switch of "Industry Other".

30% adoption of landfill capture amongst
remaining leaks.
30% deployment of fugitive sealants.

30% deployment of waste mitigation
strategies.

Hydrogen Production

RNG is not used to make hydrogen.

New hydrogen production consists of
35% QGasification with CCS and 65%
Electrolysis.

Hydrogen SMRs reach the same RNG
blend as the rest of the economy, 30% by
2045.

New hydrogen production consists of
65% Gasification with CCS and 35%
Electrolysis.

Agriculture

Enteric fermentation: 50% adoption of
seaweed feed augments by 2045, 30%
emissions reduction factor.

0% deployment of low emitting fertilizers.

Enteric fermentation: 80% adoption of
seaweed feed augments by 2045, 60%
emissions reduction factor.

30% deployment of low emitting
fertilizers.

Refrigerants Approximately 85% reduction in GWP by Approximately 85% reduction in GWP by
2050. 2045.
DAC 66.6 Mt/yr DAC in 2045. 15.3 Mt/yr of DAC in 2045.

Cost Comparisons

A comparison of abatement costs between CARB's Scoping Plan and DECAL was attempted, with results
shown in Fig. 7. In general, it is difficult to compare costs between models because 1) technology cost
projections are highly uncertain, 2) it is unclear in some cases what is and isn't included in a reported
cost metric (e.g., federal incentives, in-state incentives, resource savings, learning, etc.), and 3) there is
uncertainty in defining the Reference scenario and associated costs. The categories along the vertical axes
are consistent with those used by CARB (CARB 2022a). For four out of the seven categories, costs are
similar. There are large differences in cost estimates for clean electricity generation, DAC, and reduction of
non-combustion GHGs. We speculate that the difference in electricity costs per tonne is partially because
CARB does not include GHG reductions from electricity imports in their abatement cost calculation, which
decreases the denominator (tonnes abated) and thus increases their reported abatement cost (CARB 2022a).
In addition, CARB utilizes quite a bit of hydrogen-fueled power plants (a relatively expensive baseload
power source) in its capacity dispatch (CARB 2022a), which could add to their clean electric generation
costs. As for DAC, costs in DECAL may be lower due to optimistic DAC learning rates (see Appendix C),
or due to using different assumptions regarding incentives ($269/t includes 45Q and LCFS incentives— see
Appendix C). The cost of reducing non-combustion emissions is negative in DECAL because anaerobic
digesters reduce imports of expensive RNG. Interestingly in both studies, the incremental costs of new
vehicles are generally offset by efficiency gains (CARB 2022a).
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Figure 7—Abatement costs ($/t) by intervention, CARB Proposed Scenario versus DECAL run with a similar set of
assumptions; categories compared in this plot are consistent with those in Table 3-11 from the Scoping Plan (CARB 2022a).

Key Technologies and Policies Needed in CARB's Scoping Plan

Methods

Scenarios were run to further examine the role of various policies and technologies in CARB's Scoping
Plan. The analyses shown are similar to those reported in Fig. 6 — in that groups of levers are reverted
from their settings in the Proposed Scenario to some baseline settings (as done in the Scoping Plan),
except abatement contributions are compared to the Today-Baseline. In addition, technology and policy
measures are broken down into further subcategories (18 in total) to provide a more granular view of
their contributions to emissions abatement. Finally, to explore the degree to which innovation is needed to
reach net-zero, technologies are placed into three groups — Available at Scale, Pilot Scale, and Research
& Development (R&D).

Table 3 summarizes the measures included in this analysis as well as availability assignments.

Results and Discussion

The contributions of 18 different measures to the net-zero pathway are provided in Fig. 8 and Table 4, ranked
from high to low according to their abatement impact. Overall, the results indicate that 68% of emissions
abatement is achieved with eight measures — Decarbonize LDVs, NGCCS, Decarbonize HDV's, Renewables
& Storage, Residential Fuel Switch, Industrial Fuel Switch, Low GWP Refrigerants, and Industrial CCS.
Three of these eight measures — alone accounting for 32% of total abatement — utilize technologies that are
already available today. The other five measures should be considered high impact target areas for research
and development. In total, 42% of emissions abated in the DECAL Version CARB Proposed scenario
are mitigated with technologies that are already available at scale today. An additional 36% are mitigated
with technologies that are currently available at pilot scale, and 23% are mitigated with technologies that
are in research stage, including 14% that is mitigated with DAC. Overall, much progress can be made
with existing technologies, but reaching net-zero will inevitably require innovation across all sectors. Each
measure shown in Fig. 8 and Table 4 represents tremendous deployment of capital and resources within the
state — below, we discuss some important considerations in making the modeled measures a reality.
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Figure 8—2045 abated emissions (Mt/yr CO,e) by measure in the DECAL Version
CARB Proposed Scenario. Interventions are color-coded by availability assignments.

M Available at Scale

Stock & Flow Lag. Measures deployed in the LDV, HDV, Residential, and Commercial sub-sectors —
collectively responsible for about half of emissions today — operate on a sales basis, meaning levers control
the fraction of vehicle/appliance sales that are clean over time. Sales-based measures are typical when
regulating technologies sold to mass consumers. For example, the Advanced Clean Cars II Regulation
requires all passenger car and light-duty truck sales to be zero-emission by 2035 (CARB 2022b), and the
Advanced Clean Truck Program requires all new medium and heavy-duty vehicle sales to be zero-emission
by 2045 (CARB 2023a). An equivalent policy for the Residential and Commercial sectors is presently
lacking, though CARB is currently in the process of defining zero-emission standards for sales of new gas
heaters, with a likely implementation date of 2030 (CARB 2023b).

That measures in these sectors operate on a sales basis is paramount, because achieving 100% clean sales
does not mean 100% of existing stock is removed — the state must still wait for natural turnover in the
economy. Retirement in the Transport sector can take as long as 20-30 years for LDV and as long as 40-50
years for HDVs (survival distributions are "long tailed"). Retirement in the Buildings sector typically occurs
within 13-22 years, depending on the appliance. Even with aggressive assumptions outlined in Table 3,
emissions still remain by 2045 in the Transport and Buildings sector due to stock & flow lag effects. Overall,
if net-zero by 2045 is a binding constraint, and if forced retirements are not applied, leftover emissions
due to stock & flow lag will need to be addressed with resource-constrained biofuels (RNG, renewable
diesel) and/or carbon dioxide removal (CDR). For this reason, it is critical that California 1) meets if not
exceeds its Transportation sales goals, and 2) establishes similar state-wide sales goals for the Buildings
sector (especially for space and water heaters).

Capacity Expansion. While renewables and battery storage are broadly available today, the scale and
pace of infrastructure build-out that will be needed is unprecedented. The DECAL Version CARB Proposed
scenario utilizes 636 TWh/yr of electricity in 2045, a 2.2 fold increase compared to 2019. To satisfy
demand, DECAL's electric power optimization model adds 225 GW of electric capacity by 2045¢. To put
this undertaking into perspective, there are currently 80 GW of generation capacity in the state, and only
30 GW have been added in the last 20 years (CARB 2022c). These results also do not explicitly consider
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T&D expansion, which may present an even greater challenge for the state. While California largely has
the technologies it needs to meet the challenge, the state must become proficient at rapidly permitting and
building electricity infrastructure.

Note in Fig. 8 that NGCCS is responsible for more CO, abatement in the Electricity sector than
renewables & storage. However, DECAL installs far more renewable & storage capacity, adding 124 GW
of solar, 12 GW of wind, and 54 GW of battery storage compared to 34 GW of NGCCS. NGCCS can
mitigate more CO, with less capacity because it is a capable of running flexibly and at high capacity factors.
To further explore the impact of NGCCS in DECAL's grid, a sensitivity analysis was run in which use
of NGCCS plants was not allowed. In this "No NGCCS" scenario, DECAL builds 396 GW of electric
capacity (208|12|171 GW of solar|wind|storage), about 75% more capacity than is required with NGCCS
plants. These results suggest that a small amount of clean baseload power can significantly reduce capacity
expansion requirements. In the absence of baseload power, renewables must be overbuilt because they are
intermittent resources that cannot satisfy demand reliably throughout the day/year without large amounts
of storage. This idea is consistent with prior findings (Baik, et al. 2022).

Carbon Capture & Sequestration. CCS plays an important role in the DECAL Version CARB Proposed
scenario. By 2045, 84 Mt/yr CO, are captured via CCS between Refining (2 Mt/yr), Cement (7 Mt/yr),
Hydrogen (20 Mt/yr), and Electricity (54 Mt/yr) subsectors’. In Cement and Refining subsectors, CCS is the
only modeled decarbonization option (minus reducing production). While technological advancements may
be made in the future — for example, high-grade industrial heating, electrochemical cement production, etc.
—it is likely that CCS is the only solution for these hard-to-abate subsectors in the near/middle term (Davis,
et al. 2018). In the Electricity sector, NGCCS can serve as a baseload power source, reducing build-out
requirements and cost (as discussed above). Utilizing CCS in Electricity or Hydrogen sectors while utilizing
bio-feedstocks (RNG, waste) can also serve as an alternative negative emissions source (called bioenergy
with CCS or BECCS) — about 8 Mt/yr of BECCS is used in the DECAL Version CARB Proposed scenario.
Overall, CCS will likely be an important strategy to reach net-zero emissions, especially with 45Q credit
prices recently increasing to $85/t, though challenges remain in permitting and in scaling carbon capture,
transport, and storage technologies.

Bioenergy Feedstock Constraints. RNG and renewable diesel can be made from waste or crops and are
chemically identical to their fossil counterparts. As such, RNG and renewable diesel are plug-and-play
alternatives that can be used to address hard-to-abate emissions (such as from Industry, HDVs, and stock &
flow lag). Global feedstock supply for these fuels is limited. For instance, NREL estimates that the annual
US potential for RNG is ~455 PJ/yr (NREL 2013); by comparison, the DECAL Version CARB Proposed
scenario utilizes 75 PJ/yr of RNG by 20452 Similarly, it is estimated that 285 PJ/yr of renewable diesel are
currently demanded worldwide (IEA 2021). Driven by the LCFS program, California is already responsible
for a large portion of renewable diesel usage — DECAL estimates 85 PJ/yr in 2019°. Demand increases
even more in the DECAL Version CARB Proposed scenario, up to 297 PJ/yr by 2045'°. Overall, RNG and
renewable diesel can be important solutions for the state, but demand must be carefully planned relative to
global availability, especially as other states and countries begin to ramp up their demand.

Refrigerants. Refrigerants are potent greenhouse gases, with GWPs often as high as 2000 tCO,e/t. Most
refrigerant emissions today come from air conditioner and refrigerator leaks in residential and commercial
buildings. Refrigerants can leak during operation and upon retirement. In fact, CARB's High GWP
Emissions Inventory study suggests that end-of-life leak rates can be as high as 50%-80% for residential and
small commercial buildings (CARB 2015), implying that technicians sometimes vent refrigerants during the
retirement process. Most refrigerant emissions still come from annual leakage —in 2019, DECAL estimates
19 Mt/yr CO,e from annual leakage and 6 Mt/yr CO,e from end-of-life venting.
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Heat pumps are an important space conditioning option in the Buildings sector and also use refrigerants,
portending an increase in refrigerant emissions in the decarbonized future. For instance, without aggressive
assumptions regarding deployment of low GWP refrigerants, refrigerant emissions would increase from 25
Mt/yr CO,e to 32 Mt/yr CO,e in the DECAL Version CARB Proposed scenario, mostly because of heat
pump adoption. Growth in refrigerant emissions is partially reduced by the fact that heat pumps — which
can deliver heating and cooling — often replace air conditioners, resulting in a similar amount of refrigerants
in circulation.

Notably, CARB deploys low GWP refrigerants in the Reference Case due to policy mandates (CARB
2022a), despite the technology not yet being affordable at scale. Candidate low GWP refrigerants include
CO, and propane, though the physical properties of these gases make the refrigeration process difficult and
expensive (Hopkins, et al. 2018). It is important to develop low GWP refrigerants quickly, so that high GWP
devices are not sold into the stock only to be retired and replaced several years later (see Section 4.2.1).
Overall, refrigerants are an important emission source with limited technological solutions. Responsible
end-of-life management is an available strategy for managing emissions in the near term, but continued
advancement of low GWP refrigerants will be needed to drive this subsector to near net-zero.

Direct Air Capture. Given that there are currently 18 DAC plants worldwide at a combined capture rate of
0.01 Mt/yr, and that globally there are plans for only nine more large-scale plants with a collective capacity
of 3 Mt/yr by 2030 (IEA 2022), CARB's Scoping Plan implies a step-change in adoption, with ~65 Mt/yr
of DAC in California alone by 2045. The next section explores this assumption in greater detail.

The Role of Direct Air Capture

Using less DAC while still achieving net-zero will require even more aggressive assumptions throughout
the rest of the economy. To assess the implications of utilizing less DAC, a Minimal DAC scenario was
developed. In this scenario, technology deployment assumptions in other sectors are increased, so that DAC
capture rates in 2045 could be lowered while still (nearly) meeting the net-zero target. Key levers that were
adjusted for this analysis are listed in Table 5. In general, sales rates (for technologies modeled using stock
& flow) were sped up by about 5 years and adoption rates were increased by about 30% in 2045. Levers
were also adjusted to increase utilization of BECCS.

Overall, DAC capture rates are reduced by about 50 Mt/yr (~77%) in the Minimal DAC scenario
(see Fig. 9 and Table 6). While the difference between 67 Mt/yr and 15 Mt/yr of DAC is significant,
in either case, DAC will be needed at scale. Furthermore, reducing reliance on DAC required pushing
other decarbonization options beyond what were already aggressive assumptions in the DECAL Version
CARB Proposed scenario. A large portion of the difference comes from using BECCS in leu of DAC, with
BECCS capture increasing from 8 Mt/yr to 31 Mt/yr. For this reason, total CDR capture (combination of
DAC and BECCS) is only reduced from 75 Mt/yr to 46 Mt/yr (equivalently stated, direct emissions are
reduced by 29 Mt/yr CO,e). While BECCS could be an important strategy for the state, it may be limited
by resource constraints. For example, the Minimal DAC scenario utilizes 332 PJ/yr of RNG, 4.4 fold more
than the DECAL Version CARB Proposed scenario. For reference, NREL estimates that the entire annual
US potential for RNG is only ~455 PJ/yr (NREL 2013), thus under this scenario California would consume
a large portion of RNG that could potentially be produced in the U.S. The scenarios demonstrate just how
difficult reaching net-zero will be without large-scale DAC.
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Figure 9—Emissions (Mt CO.e) by sector in the DECAL Version
CARB Proposed Scenario (left) and the Minimal DAC scenario (right).

Table 6—2045 emissions (Mt/yr CO.e) in DECAL Version CARB Proposed scenario and the Minimal DAC scenario.

SUB-SECTOR I;I;:{?)I:‘)I(J);]]g]? Zig:l;gﬁ?g MINIMAL DAC SCENARIO
Industry 9.50 4.10
Buildings 3.46 2.56
LDVs 7.70 4.82
HDVs 3.42 2.63
Trains/Planes/Boats 0.20 0.13
Electricity 7.98 2.98
Hydrogen 3.80 0.96
Refining 5.69 4.71
Other Transformations 1.53 0.97
Enteric Fermentation 9.39 5.93
Refrigerants 7.21 4.40
Waste 2.37 1.66
Leftover Landfills 7.40 5.18
Fertilizers 3.59 2.51
Agriculture (Other Non-Energy) 3.97 3.97
Other Non-Energy 1.68 1.68
BECCS RNG Electricity - (7.24)
BECCS RNG Hydrogen - (4.50)
BECCS Waste Hydrogen (7.99) (19.14)
DAC (66.60) (15.30)
Total CDR (74.59) (46.17)
Total Emissions 4.30 3.04
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Table 7—LEAP modeling frameworks, Demand area.

DEMAND AREA
MODELING DESCRIPTION
FRAMEWORK
Top-down This is the most basic modeling method, in which the Volume is set to 1 (in DECAL's case, equal to 1 "California"
equivalent) and the Rate is the amount of energy/emissions in the modeled area. In this way, the relevant amount of
energy/emissions is essentially specified in a top-down fashion. Good examples in DECAL are trains, planes, and boats,
where energy consumption and emissions are tracked by CARB and could be input into DECAL, but the team did not do a
deep dive in these areas.
Technology With Energy This is LEAP's standard Demand-side modeling method. The Volume is entered in directly, or in some cases, it is helpful
Intensity to break down Volume into an Activity Level and a Percent Share or Saturation. For example, to define the number of
residential pool pumps in CZ1, we first define the number of homes in CZ1, and then the percentage of those homes that
have pool pumps.
Stock & Flow In this modeling method, LEAP asks users for the number of processes/devices in the start year, projected sales, the age

distribution of the current fleet, and the statistical likelihood of retirement in each year, and then LEAP calculates the
Volume of processes/devices over time endogenously. A major benefit of stock & flow is users can specify or lever the
sales variable, rather than the Volume directly, which is more reflective of real-life policy. Stock & flow also helps capture
the effect of market resistance/lag-time

Transport Stock & Flow

In addition to breaking down Volume as described in Stock & Flow, LEAP also breaks down Rate into Vehicle Miles
Traveled and Fuel Economy.

Table 8—LEAP modeling frameworks, Transformation area.

TRANSFORMATION
AREA
MODELING
FRAMEWORK

DESCRIPTION

Transmission & Distribution

This modeling framework only allows for one process, which must exactly meet demand without any export/import
adjustments (Output Required comes directly from the Demand Area). The only relevant data entry is the process
efficiency, which is used to increase the amount of energy required by later Transformation modules. For example, if

100 Gl/yr of electricity is demanded in the Demand Area, and T&D is 98% efficient, then the Electricity sector would be
required to produce ~102 GJ/yr of electricity. This framework has no concept of capacity, cost, or auxiliary fuel use (only
Eq. 3 is relevant).

Cost Without Capacity

In this modeling framework, LEAP will always exactly meet demand plus exogenous import/export adjustments (zero
excess imports/exports). There is no concept of capacity, and instead, users must tell LEAP the proportion of output that
comes from each process (on a fractional basis) as a function of time. In DECAL, if there is more than one process, the
process share is controlled with a lever. As there is no concept of capacity, all costing is baked into the Variable O&M
price (Eq. 3 — 5 all apply, but Eq. 5 is abstracted).

Cost and Capacity

This is LEAP's standard modeling framework, unchanged from Eq. 3 — 5 above. With this framework, users instruct
LEAP exactly how to add or subtract capacity, and how to dispatch. In DECAL, capacity additions and subtractions are
mostly handled via user-defined levers, whereas the dispatch rule is hard coded. Note that controlling capacity in this way
can lead to a mismatch in supply and demand, which will result in imports/exports.

Optimization

Optimization can be applied to one transformation module, typically electricity. Optimization is fundamentally different
than other modeling techniques in that the model is given information about generators and constraints, and then it decides
how to build capacity and dispatch plants. With other transformation modules, the user tells LEAP how to build capacity
and dispatch plants.

The optimization model has perfect foresight (it can see all information for the whole modeling period in the start year),
and then adds and deploys capacity so as to minimize cost subject to the following constraints: 1) the clean generation
constraint'3, 2) load shape constraints'#, 3) availability constraints'®, 4) maximum capacity constraints'®, and 5) a planning
reserve margin'’. Once the optimization model has made its decisions, Eq. 3 — 5 still apply.

Table 9—DECAL modeling approach by sector.

SECTOR

MODELING APPROACH

DEMAND AREA

Residential

Homes are organized by new dwellings versus old dwellings, by climate zone (13 in total), and by load type. Major loads, especially
those expected to be electrified (e.g., space and water heating), are modeled using stock & flow. For appliances that will be replaced
with like-for-like systems (example: pool pumps), Technology With Energy Intensity is used and cost is ignored (marginal cost is
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SECTOR

MODELING APPROACH

zero). Electric load shapes are applied at the appliance level to generate bottom-up Residential load shapes. A small amount of top-
down modeling is used to bring bottom-up fuel demand totals to known/reported values.

Commercial

Commercial buildings are organized by building type — e.g., schools, offices, etc. (12 in total) — by climate zone (five in total), and
by load type. Similar to the Residential sector, major loads (e.g., space and water heating) are modeled using stock & flow, and some
other loads are modeled using Technology With Energy Intensity. Electric load shapes are applied at the appliance level to generate
bottom-up Commercial load shapes. Top-down modeling is again used to bring bottom-up fuel demand totals to known/reported
values.

Industry

Given the number of subsectors, several approaches were taken. Industrial activities were organized into the following groups: cement
plants, food production, petrochemical & mineral plants, and timber drying plants. Cement plants were modeled at the individual plant
level (eight in total). Conversely, food and petrochemical & mineral plants were grouped by plant size (<25 ktonne CO,e/yr, 25k-100
ktonne CO,e/yr, and >100 ktonne CO,e/yr). Industrial plants are modeled with LEAP's Technology With Energy Intensity framework.
All industrial processes assume a flat electric load shape — in other words, DECAL assumes industrial plants run 24/7. Finally, top-
down modeling is used to bring bottom-up fuel demand totals to known/reported values.

DAC

DAC is used in decarbonization scenarios, with two processes available — aqueous solution with high temperature processing, and
solid sorbents with low temperature processing. DECAL tracks electricity used for DAC just like any other industrial load, with a flat
load shape being used by default. DAC is modeled with LEAP's Technology With Energy Intensity framework.

Transportation

A stock & flow model is used to track the inventory of four sub-types of light-duty and ten sub-types of heavy-duty vehicles over time.
Electric load shapes are applied to LDVs, while HDVs assume a flat load shape. Top-down modeling is again used to bring bottom-up
fuel demand totals to known/reported values. Planes, trains, and ships are also modeled in a top-down manner.

Agriculture

Energy demand (and associated emissions) from this sector were modeled in a top-down manner. Most emissions in this sector come
from Non-Energy sources.

TRANSFORMATION AREA

Upstream Oil &
Gas Production

To satisfy crude demand created by refining, DECAL first dispatches available in-state crude oil production which creates demand

for heat. This heat demand is satisfied by steam generators and CHPs, which collectively capture the majority of energy use and
emissions associated with steam flooding operations. Steam generators were modeled as a lumped group whereas CHPs were modeled
as individual plants (23 in total). Crude production, steam generators, and CHPs are modeled with LEAP's Capacity With Costs
framework.

Refineries

Refineries take in crude oil and hydrogen and create a slate of products (gasoline, diesel, jet fuel, etc.). 15 refinery plants are
individually modeled — specifically, the fluidized catalytic cracker units and CHP processes, which account for the majority of energy
demand and emissions. Only a portion of refinery processes (and associated emissions) are eligible for CCS. Hydrogen demand from
refinery processes is satisfied by SMR plants, which are also modeled individually (18 SMRs in total). By default, if demand for
refinery products decreases, then refining outputs/inputs also decrease along with associated emissions. However, SMRs are by default
redeployed to supply hydrogen to other economic sectors. DECAL also allows for refinery conversions to produce renewable diesel.
Refineries are modeled with LEAP's Capacity With Costs framework.

Hydrogen
Production

Hydrogen is initially generated at existing refinery SMRs. As mentioned above, existing SMRs are modeled at the individual plant
level (18 SMRs in total). DECAL allows excess hydrogen generated at refinery SMRs to be distributed and used in other places in

the economy, such as HDVs or industrial heating. This is especially relevant in decarbonization scenarios where refinery hydrogen
demand decreases and non-refinery hydrogen demand increases. Importantly, it is assumed that existing SMR plants cannot be retired,
but CCS can be added, and the feedstock RNG blend percentage can be altered.

In scenarios where existing refinery SMR capacity is not sufticient, DECAL can also build new hydrogen plants, including SMR
or autothermal reforming (ATR) plants (each with or without CCS and/or RNG feedstock), gasification (optionally with CCS), and
electrolysis. Electrolysis plants are assumed to operate only when solar is available. All hydrogen plants are modeled using LEAP's
Capacity With Costs framework.

Hydrogen
Distribution &
Storage

DECAL does not use hydrogen demand and supply nodes, and thus does not explicitly model the expansion of the hydrogen
distribution and storage network. Instead, the cost of hydrogen distribution and storage is approximated using a flat $/MWh charge,
with sector specific rates for Industry and Transportation.

Electricity
Production

In-state electricity production is modeled via optimization. Specifically, several generator types are made available to DECAL —
including natural gas with and without CCS, solar and wind (both onshore and offshore) in several different geographic regions, hydro,
geothermal, nuclear, hydrogen fuel cell, and battery storage — and then the model finds the lowest cost solution subject to several
constraints, most importantly the clean generation constraint. As mentioned previously, DECAL uses 288 representative hours for
electricity demand and generation.

Out-of-state generation is outside the scope of the optimization framework, instead, LEAP's Capacity With Costs framework is used
to model imports. In scenario analyses, dirty imports are often ramped down over time as a way of lumping that generation into the
optimization framework.

Electricity
Transmission &
Distribution

DECAL does not use electricity demand and supply nodes, and thus it does not explicitly model the expansion of the electricity T&D
network. Instead, the cost of T&D is approximated using a flat $MWh charge, with sector specific rates for Residential, Commercial,
and Industrial sectors.

Bioenergy
Production

RNG, ethanol, and biodiesel demand are separately satisfied with RNG production, ethanol production, and biodiesel production
modules respectively. RNG is either created from landfill gas capture or anaerobic digestion. Three types of anaerobic digestion
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SECTOR MODELING APPROACH
plants are available — wastewater, green/food waste, and manure — the lattermost being the largest potential source of RNG. Methane
emissions are reduced as anaerobic digesters are deployed. Ethanol and biodiesel are made from corn and oils/fats respectively, though
demand for these fuels is predominantly satisfied via imports in high bioenergy scenarios. Ethanol and biodiesel are each modeled
using one lumped generator. Bioenergy facilities are also modeled with LEAP's Capacity With Costs framework.
Natural Gas DECAL assumes that all natural gas is imported but does estimate the energy needed to flow natural gas through pipelines, as well as
Distribution fugitive emissions resulting from natural gas compression and distribution.
Table 10—Key levers in DECAL.
SECOTR(S) SUBSECTOR(S) LEVER(S)
Residential N/A Sales rate of space and water heaters.
Commercial Space heater technology choice — electric resistance or heat pump.
Water heater technology choice — electric resistance, heat pump, or solar thermal.
Industry Cement Timber Adoption rate of CCS.
Drying
Food Petrochemical Adoption rate of CCS.
& Mineral Plants Adoption rate of zero-emissions heaters.
Zero-emission heater technology choice. Electric resistance and hydrogen heating can be used in
both food and petrochemical & mineral plants, whereas heat pump heating can only be used in food
plants (due to temperature grade constraints).
DAC DAC capture rate (Mt CO,/yr) over time.
DAC technology choice — high temperature aqueous solution versus low temperature solid sorbent.
Transportation LDVs HDVs Sales rate of ZEVs.
ZEV technology choice. Battery electric and fuel cell vehicles are available for both LDVs and
HDVs, whereas hybrids are available only for LDVs.
Biofuel blend percentages over time (ethanol, biodiesel, and renewable diesel as applicable).
Planes, trains, & Adoption rate of clean vehicles.
boats Clean vehicles technology choice — hydrogen can be used for all three modes of transport, whereas
electricity can be used in planes and trains only.
Biofuel blend percentages over time (renewable diesel and sustainable aviation fuel as applicable).
Agriculture N/A The adoption rate and effectiveness of seaweed feed augments to reduce enteric fermentation
emissions.
Anaerobic digesters (described below) also reduce agricultural methane emissions.
Electricity N/A A multiplier that can ramp down out-of-state fossil-fuel generators over time.
Production The clean generation constraint.
Hydrogen Existing refinery CCS adoption rate.
Production SMRs
New hydrogen Technology choice: SMR and ATR (with/without CCS and/or with/without RNG), gasification
facilities (with/without CCS), and electrolysis.
RNG N/A Separately for each sector, the RNG blend percentage over time.
Adoption rate of anaerobic digesters defined relative to the in-state technical potential of RNG
resources (manure, wastewater, food/green waste).
Refrigerants N/A A multiplier that controls the GWP of refrigerants over time.
A multiplier that controls the end-of-life leak rate of refrigerants over time.
Other Non-Energy N/A Several top-down levers can be used to ramp down other dispersed Non-Energy emission sources,
most notably emissions from landfills and fertilizers.
Financial Levers N/A Cost of technologies over time.

Cost of fuels over time.

Incentive prices over time and program end-dates.
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Table 11—Key rates/prices for fuels, incentives, and technologies.

PARAMETER VALUE
MACRO-ECONOMIC VARIABLES
Discount rate 5%
Inflation 2%
FUEL PRICES (The World Bank 2023) (DOE 2022)
Natural Gas $5.11/MMBtu
Crude Oil $83.09/Bbl
Gasoline $3.46/Gal
Diesel $3.56/GGE
LPG $4.49/GGE
Coal $223.57/Mt
RNG (ICF 2019) $18.00/MMBtu
Renewable Diesel $4.83/GGE
Biodiesel $4.17/GGE
Ethanol $3.80/GGE

INCENTIVE RATES (Bloomberg Tax 2024)

RFS Credit (EPA 2022)

$37.31/MMBtu for D3 fuels $18.76/MMBtu for D4 fuels $15.78/MMBtu
for D6 fuels

Carbon Capture Credit $85/t for CCS $180/t for DAC
PTC Credit $15/MWh

ITC Credit 30%

Nuclear PTC Credit $15/MWh

Clean Hydrogen Tax Credit

0.00-0.45 kg COse/kg Hy: $3.00/kg 0.45-1.50 kg COse/kg Ha: $1.00/kg
1.50-2.50 kg COse/kg Hy: $0.75/kg 2.50-4.00 kg CO,e/kg Ha: $0.60/kg

Alternative Refueling Property Credit

30%

Clean Vehicle Credit

$3,750/Vehicle

Commercial Clean Vehicle Credit

Up to $7,500/Vehicle for T1-T3 Up to $40,000/Vehicle for T4 and larger

Residential Clean Energy Credit 30%

Energy Efficiency Home Improvement Credit 30%

RPS Credit $5.00/MWh

LCFS Credit (CARB 2022d) $75.00/t

Cap & Trade Credit (CARB 2022¢) $28.45/t
RESIDENTIAL BUILDINGS (EIA 2018)

Natural Gas Furnaces $2,240/unit

Space Heat Pumps

$5,100/unit

Electric Resistance Furnaces

$1,100/unit

Natural Gas Water Heaters

$1,925/unit

Water Heat Pumps

$2,075/unit

Electric Resistance Water Heaters

$850/unit

Electric Panel Upgrade

$2,150/unit
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PARAMETER

VALUE

COMMERCIAL BUILDINGS * (EIA 2018)

Natural Gas Furnaces

$2,150/unit

Space Heat Pumps

$11,150/unit

Electric Resistance Furnaces

$6,350/unit

Natural Gas Boiler

$32,450/unit

Electric Resistance Boiler

$11,750/unit

Natural Gas Water Heaters

$5,225/unit

Water Heat Pumps

$50,950/unit

Electric Resistance Water Heaters

$3,875/unit

Electric Panel Upgrade

$2,150/unit

* Note that many units may be installed per building, dependin,

g on capacity requirements and the capacity rating of each unit.

INDUSTRY (Cho, et al. 2022)

Cement CCS

$27.11/t — $115/t (depending on plant size) $42.6/t by weighted average

Food Plants CCS

$17,680,000/large plant $3,692,000/medium plant $1,400,000/small plant

Food Plants Hydrogen Heaters

$2,226,144/1arge plant $321,466/medium plant $95,885/small plant

Food Plants Electric Resistance Heaters

$4,396,617/large plant $623,686/medium plant $186,030/small plant

Food Plants Heat Pump Heaters

$65,727,769/1arge plant $9,323,865/medium plant $2,781,078/small plant

Petrochemical & Mineral Plants CCS

$29,350,000/large plant $4,287,000/medium plant $1,291,000/small plant

Petrochemical & Mineral Plants Hydrogen Heaters

$2,224,307/1arge plant $202,115/medium plant $45,210/small plant

Petrochemical & Mineral Plants Electric Resistance Heaters

$9,334,669/1arge plant $848,209/medium plant $189,729/small plant

TRANSPORTATION Capital costs: (NREL 2022) Maintenance

& Repair Costs: (Hennessy, et al. 2023), (Burnham, et al. 2021)

Light-Duty Passenger Car

Gasoline: $40,826/vehicle Diesel: $46,626/vehicle Plug-in hybrid (PHEV):
$47,327/vehicle Battery electric (BEV): $47,630/vehicle Fuel cell (FCEV):
$48,368/vehicle

Light-Duty T1

Gasoline: $48,453/vehicle Diesel: $53,253/vehicle PHEV: $55,502/vehicle
BEV: $60,385/vehicle FCEV: $61,297/vehicle

Light-Duty T2

Gasoline: $49,637/vehicle Diesel: $56,537/vehicle PHEV: $61,713/vehicle
BEV: $70,609/vehicle FCEV: $78,819/vehicle

Light-Duty T3

Gasoline: $63,737/vehicle Diesel: $67,187/vehicle PHEV: $81,010/vehicle
BEV: $85,557/vehicle FCEV: $112,505/vehicle

Light-Duty Infrastructure (Home Advisor 2023) (Smith and Castellano
2015) (Argonne National Laboratory 2024)

Home Chargers: $768/charger Commercial Chargers: $31,300/charger
FCEV Refueling Station: $143.81/MWh

Heavy-Duty T4

Internal Combustion Engine (ICE): $83,616/vehicle BEV: $95,794/vehicle
FCEV: $131,194/vehicle

Heavy-Duty T5

ICE: $103,831/vehicle BEV: $112,203/vehicle FCEV: $151,944/vehicle

Heavy-Duty T6

ICE: $124,045/vehicle BEV: $128,611/vehicle FCEV: $172,694/vehicle

Heavy-Duty T7

ICE: $272,317/vehicle BEV: $415,994/vehicle FCEV: $394,571/vehicle

Heavy-Duty Bus

ICE: $550,541/vehicle BEV: $1,042,008/vehicle FCEV: $1,220,646/vehicle

Heavy-Duty Infrastructure (Smith and Castellano 2015) (Argonne National
Laboratory 2024)

Commercial Chargers: $52,500/charger FCEV Refueling Station: $81.78/
MWh

DAC (Fasihi 2019)

High Temperature Aqueous Solution

CAPEX: $1,084/t FOM: $40.11/t

Low Temperature Solid Sorbent

CAPEX: $970.9/t FOM: $38.84/t

OIL & GAS PRODUCTION,

REFINING (Cho, et al. 2022)
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PARAMETER

VALUE

Steam Generator CCS

$123,510/MW Production basis

Crude Oil CHP CCS $63,231/MW — $133,756/MW (depending on the plant) $83,820/MW
Feedstock basis

Refinery CCS $1,840/MW — $4,083/MW (depending on the plant) $3,117/MW by
weighted average Feedstock basis

SMR CCS (Existing) $22,795/MW — $474,455/MW (depending on the plant) $42,647/MW by

weighted average Production basis

HYDROGEN PRODUCTION (All values on production basis)

SMR (Lewis, et al. 2022)

CAPEX: $839,835/MW FOM: §15,857/MW VOM: $1.1/MWh

ATR (Lewis, et al. 2022)

CAPEX: $1,296,522/MW FOM: $20,180/MW VOM: §1.2/MWh

SMR CCS (Lewis, et al. 2022)

CAPEX: $2,049,870/MW FOM: $34,813/MW VOM: $§2.6/MWh

ATR CCS (Lewis, et al. 2022)

CAPEX: $1,616,840/MW FOM: $27,027/MW VOM: $1.9/MWh

Gasification (Salkuyeh, Saville and MacLean 2018)

CAPEX: $1,889,796/MW FOM: $93,878/MW VOM: $9.0/MWh

Gasification CCS (Salkuyeh, Saville and MacLean 2018)

CAPEX: $2,061,225/MW FOM: $103,061/MW VOM: $9.5/MWh

Electrolysis (Sherwin 2021)

CAPEX: §1,680,328/MW FOM: $62,295/MW VOM: $4.0/MWh

Distribution & Storage (Argonne National Laboratory 2024)

LDVs: $86.76/MWh HDVs: $77.92/MWh Industry: $126.09/MWh

ELECTRICITY PRODUCTION (NREL 2021), (Baik and Benson 2022) (All values on production basis)

Natural Gas

CAPEX: $1,037,909/MW FOM: $27,300/MW VOM: $1.74/MWh

Solar CAPEX: $1,256,414/MW FOM: $19,991/MW VOM: $0.00/MWh
Wind CAPEX: $1,303,454/MW FOM: $40,791/MW VOM: $0.00/MWh
Offshore Wind CAPEX: $4,425,733/MW FOM: $67,521/MW VOM: $0.00/MWh
Geothermal CAPEX: $6,337,612/MW FOM: $132,317/MW VOM: $0.00/MWh
Hydrogen Fuel Cell CAPEX: $2,118,314/MW FOM: $27,000/MW VOM: $7.53/MWh
Hydro CAPEX: N/A (no new builds) FOM: $114,976/MW VOM: $0.00/MWh
Nuclear CAPEX: N/A (no new builds) FOM: $144,972/MW VOM: $7.30/MWh
Biomass CAPEX: $4,302,116/MW FOM: $149,834/MW VOM: $4.79/MWh
Natural Gas CCS CAPEX (Retrofit): $1,495,565/MW CAPEX (New): $2,533,474/MW

FOM: $74,070/MW VOM: $6.15/MWh

Battery Storage

CAPEX: $906,145/MW FOM: §18,133/MW VOM: $0.02/MWh

Pumped Hydro Storage

CAPEX: $2,425,008/MW FOM: $24,700/MW VOM: $0.02/MWh

Transmission & Distribution (EIA 2023)

Residential: $190.54/MWh Commercial: $138.65/MWh Industrial: $85.06/
MWh Other: $143.87/MWh

BIOENERGY (Arifi and Field 2022) (All values on production basis)

Anaerobic Digestion & Landfills (RNG)

To create RNG:

o Landfills: $38.73/MWh

e Manure: $68.29/MWh

o  Wastewater: $55/MWh

e Food & Green Waste: $55/MWh

To create electricity:

o Landfills: $102.42/MWh

e Manure: $210/MWh

o  Wastewater: $104/MWh

e Food & Green Waste: $104/MWh
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PARAMETER VALUE
Ethanol Production $108.17/MWh
Biodiesel Production $150.17/MWh
Waste to Electricity $190.21/MWh
TOP-DOWN
Top-down Abatement Cost $500/t

Table 6 shows remaining emissions in 2045 for the two scenarios. A large portion of remaining emissions
comes from LDVs, HDVs, and Buildings, ultimately due to stock-and-flow lag effects. Industrial emissions
derive from various dispersed plants and fugitive emissions (from leaking natural gas compressors and
tanks), whereas Refining emissions are a result of CCS only being applied at certain refinery units (fluidized
catalytic cracker, SMRs, CHPs). Enteric fermentation emissions remain due to only a portion of cattle
operations adopting seaweed feed augments, and because seaweed emission reduction factors are assumed
to be less than one. Similarly, refrigerant emissions remain because it is assumed refrigerants see an 85% (not
a 100%) reduction in GWP by ~2045. Some emission sources are left unchanged in the DECAL Version
CARB Proposed scenario but are gradually reduced in the Minimal DAC scenario, including leftover
landfill gas*, fertilizers, and emissions from wastewater and composting. Some highly dispersed (each less
than 1 Mt/yr CO,e) Non-Energy sources are left untouched in both scenarios, mostly in the Agricultural
sector (sources include residue burning, crop residue, liming, histosol cultivation, and rice cultivation), and
in other sectors as well (sources include aerosols, foams, fire protection, and solvents). Overall, despite
highly aggressive assumptions, small emission sources remain throughout the economy, demonstrating the
unforgiving nature of reaching net-zero emissions. It is fair to say that either the state will need even more
aggressive technology adoption in these hard-to-abate subsectors, or otherwise it will need large-scale CDR
to compensate.

Conclusions

California's net-zero emissions by 2045 goal is much more challenging than its previous goal of 80%
reductions from 1990 levels. This is because reaching true zero will require every emission source in the
economy to be accounted for, or otherwise the state will need requisite CDR to compensate. The state can
make considerable progress (just over 40% according to this study) with strategies that are already available
today, however even amongst commercialized technologies, the scale of infrastructure build-out that will
be needed and the rate at which clean sales must be ramped upward is enormous. Furthermore, the state will
also need several technologies that are currently at pilot or research scale; in particular, we highlight the
following R&D target areas: zero-emission HDVs, CCS, clean industrial heating, low GWP refrigerants,
and DAC. Should these five technologies become available at scale, combined with technologies that are
already in the market, the state could get ~94% of the way to their net-zero target, according to analyses
done here.

Our analysis highlights the following conclusions: 1) to overcome the inertia caused by slow turnover
time, it is critical that the state meets or exceeds its LDV and HDV sales targets, and that it establishes similar
regulation for the Buildings sector, 2) to achieve the required buildout of electricity infrastructure, the state
must become adept at rapidly permitting and building generators (solar, wind, NGCCS), battery storage, and
T&D power lines, 3) for some hard-to-abate industrial sectors CCS is likely to be the only decarbonization
option, in addition, a limited amount of natural gas with CCS is needed as a clean-firm power source in
the Electricity sector, and finally, CCS can serve as an alternative form of CDR when paired with biofuel
combustion (BECCS), 4) plug-and-play biofuels such as RNG and renewable diesel are essential to reduce
remaining emissions in hard-to-abate subsectors, but demand must be carefully managed relative to regional
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and national feedstock constraints, 5) development and deployment of low GWP refrigerants will be critical,
given that refrigerants already account for a significant portion of emissions today, and given that technical
solutions are currently limited or expensive, 6) CDR technologies such as DAC and BECCS are needed at
scale for California to meet its goal by 2045.

Abbreviations
ATR — Autothermal Reformer
BECCS - Bioenergy with CCS
BEV — Battery Electric Vehicle
CAPEX - Capital Cost
CARB - California Air Resources Board
CCS — Carbon Capture & Sequestration
CDR - Carbon Dioxide Removal
CHP - Combined Heat & Power
CZ - Climate Zone
DAC - Direct Air Capture
FCEV - Fuel Cell Electric Vehicle
FOM - Fixed Operations & Maintenance
GWP - Global Warming Potential
HDV - Heavy-Duty Vehicle
ICE - Internal Combustion Engine
IRA - Inflation Reduction Act
LCFS - Low Carbon Fuel Standard
LDV - Light-Duty Vehicle
NGCCS - Natural Gas Power Plant with CCS
PHEV - Plug-in Hybrid Vehicle
R&D - Research & Development
RNG - Renewable Natural Gas
RPS - Renewable Portfolio Standard
SMR - Steam Methane Reformer
T&D - Transmission & Distribution
VMT - Vehicle Miles Traveled
VOM - Variable Operations & Maintenance
ZEV — Zero Emission Vehicle
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Appendix A:
LEAP Supplementary Materials

LEAP Overview

DECAL was built using LEAP, a software tool used for energy policy analysis and assessment of climate
change mitigation options. According to LEAP's developers, the tool has been used by governments, NGOs,
consulting companies and energy utilities in more than 190 countries. Many countries also use LEAP as
part of their commitment to report to the U.N. Framework Convention on Climate Change (SEI 2022).

The structure of LEAP's calculations is shown in Fig. 10. In the figure, arrows are shown to represent the
automatic flow of information within LEAP. Energy demand is first calculated in the Demand area. This
area includes end-users of energy, such as buildings, industrial plants, vehicles, and more. Information from
the Demand area flows down into the Transformation area, where LEAP either generates the requisite fuel'!
or imports it. Furthermore, any additional fuel demanded by Transformation modules higher in the tree
must be generated by Transformation modules lower in the tree. For example, electricity used in refining
processes adds further requirements to electricity processes lower in the tree. For this reason, the order
of Transformation processes is material'2. Overall, information can be thought to flow downward within
LEAP, first from Demand to Transformation, and then from the top Transformation process to the bottom
Transformation process. Note that the flow of information in LEAP is in the opposite direction from the
flow of fuels through the energy system, a useful strategy used to capture the idea that demand drives supply.
Finally, import and export information is automatically tracked in the Resources area, whereas the Non-
Energy area is used to model emissions/costs that do not result directly from fuel combustion (e.g., fugitive
emissions, enteric fermentation).

Emissions
1 Energy Demand
EEEEE——
Emissions
l Energy Demand

Energy Generation

Cost
Imports
Exports

Cost
Emissions

Figure 10—Structure of LEAP's calculations.

LEAP is not a plug-and-play model (e.g., En-ROADs (Climate Interactive 2024)). Rather, LEAP provides
a framework to build customizable models to the desired level of detail. LEAP models are structured
like a tree, for example, DECAL's tree to two levels is shown in Fig. 11, along with additional levels
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in the Residential sector. Level one is provided by default in LEAP, and includes the aforementioned
Demand, Transformation, Resources, and Non-Energy branches. Afterward, users tailor their tree structure;
for example, DECAL's Residential sector is organized by old and new dwellings, climate zone (CZ), and
finally end-use. The last branch in the tree is an end technology or process, where raw data is ultimately
input. LEAP keeps track of energy, emissions, and cash flows by branch, with the ability to summarize
results at higher branches as well.
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Figure 11—On the left, DECAL's tree is shown to two levels. On the right, detail is shown in the Residential sector.

LEAP Modeling Frameworks

When selecting the last branch of a tree, LEAP offers several modeling framework options. Each of these
frameworks varies in complexity, requires a different set of data inputs, and is governed by a different set
of equations. That said, each framework follows the same basic calculation structure:

Result(t) = V olume(t)* Rate(t) (1)
In Eq. 1, the Result is the variable of interest — typically, energy, emissions, or cost — at a particular end
branch. The Volume is the number of relevant processes at the end branch, and the Rate is the degree to which

said process produces/creates/accounts for the Result. Each of these variables may change as a function of
time as the model progresses, in response to user-defined levers. A basic example of Eq. 1 is as follows:

= Numbero f Residential Furnacesin CZ1in 2025 @)

* EnergyConsumed Per FurnaceinCZ1in 2025
To calculate Emissions, the Energy Rate can be transformed into an Emissions Rate via multiplying by
an emission factor.

EnergyConsumedByResidential FurnacesinCZ 1in 2025
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Demand Area Frameworks

LEAP's modeling frameworks allow users to either add or subtract variables — and correspondingly add or
subtract detail/complexity —into Eq. 1. This is a basic yet powerful paradigm used by many models, bearing
strong resemblance to the Kaya Identity (Kaya and Yokoburi 1997). Table 7 summarizes how this is done
for various modeling frameworks in the Demand area.

Transformation Area Frameworks

LEAP's Transformation area operates on the same basic principle described in Eq. 1, but with the added
complexity that the Demand area drives the Transformation area. To reconcile this complexity, LEAP
calculates the Output Required for a given process, and then calculates the amount of energy needed to meet
that output. The Output Required for a given process is calculated based on fuel demand, imports/export
adjustments, the stock of capacity, and the dispatch rule.

For example, consider a case where 100 GJ/yr of gasoline is required in the Demand area and an additional
20 GJ/yr must be exported. There are two available processes, each capable of producing 70 GJ/yr of
gasoline. Utilizing a user-selected dispatch rule, LEAP determines how to dispatch the 140 GJ/yr of capacity.
For example, the user can tell LEAP to deploy all capacity, which would result in 100% capacity factors for
both processes, but 20 GJ/yr of excess exports (40 GJ/yr of exports in total). Or the user can tell LEAP to
utilize process one completely, and then utilize process two, resulting in a 100% capacity factor for process
one, a ~70% capacity factor for process two, and zero excess exports (20 GJ/yr of exports total). Or the user
can tell LEAP to dispatch both processes equally, resulting in ~85% capacity factors for both processes,
and zero excess exports (20 GJ/yr of exports total). Of course, many other configurations are possible. In
the end, however, calculating the Output Required for each process allows us to think about Transformation
processes in a similar manner to Eq. 1.

Once the Output Required for each process is known, LEAP can calculate feedstock requirements and
auxiliary energy demand. Feedstock is the raw material needed in units of energy, for example, the amount
of crude oil needed to produce a given amount of gasoline. Auxiliary fuel is the energy used in the process
itself, for example, the amount of electricity used in the process of turning crude oil into gasoline. LEAP
roughly calculates feedstock and auxiliary energy demand as follows:

Out put Required(t)
Feedstock (t)= £ ficiency() (3)
AuxilaryFuel Demand(f) = Out put Required(t)* AuxilaryEnergyRequired Per UnitOupuf(f) 4)

As previously mentioned, feedstock and auxiliary fuel demand create additional demand for
Transformation processes lower in the tree. Emissions can be calculated by adding emission factors onto
Auxiliary Fuel Demand. Cost is calculated by charging capital costs upon installing new capacity, as well
as variable and fixed O&M costs for ongoing operations.

Cost(t)= CapacityAdded (t)* Capital Price (t)+ Capacity (t)* FixedOM Price (t)
+ Out putRequired(t)* V ariableOM Price(f)

)

Transformation calculations follow the same basic pattern shown in Eq. 1. In the case of Transformation
calculations, the Volume is simply the Output Required, and the Rate is entered via EF Ficiency 2 well as via

Auxilary Energy Required Per Unit Ouput. In the case of cost, the Volume is the Capacity Added, Capacity,
and Output Required, and the Rate is capital, fixed, and variable OM prices. One major difference between
the Demand and Transformation areas is that in the Demand area, Volumes are exogenous to the system
(they are essentially entered by the user), whereas in the Transformation area, Volumes are endogenous to
the system (they are calculated internally). This is another way of saying that in LEAP, the Demand area
drives the Transformation area.
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As in the Demand area, LEAP has different modeling frameworks available in the Transformation
area, which allow users to add or subtract complexity to the basic structure described above. Modeling
frameworks used in DECAL's Transformation area are listed in Table 8.

Non-Energy Area Frameworks

The Non-Energy area has only one modeling framework, that is to enter top-down emissions and costs.
That said, top-down emissions and costs can be made a function of other variables within DECAL, and thus
are not static over model years.

Temporal and Geospatial Resolution in LEAP

LEAP allows users to specify the level of temporal resolution of energy demand by fuel type. It is especially
important to consider electricity demand with temporal detail. Fundamentally this is because electricity
demand and supply must always match, which has a material impact on capacity dispatch. This is less so the
case with chemical fuels that have innate storage properties. Running a LEAP model with a complete 8760
time resolution (each hour of the year) is technically possible but can cause models to become prohibitively
slow. Representative days can instead be used, for which LEAP offers several options. For instance, DECAL
uses one representative day for each month of the year (288 representative hours).

Geospatial resolution often refers to the idea that demand and supply are tracked at nodes, a technique
that can be used to estimate T&D capacity requirements to move fuel from supply nodes to demand nodes.
By default, LEAP does not offer geospatial awareness in this sense, though an advanced package can be
installed to do so (SEI 2022) — this is not yet done in DECAL but is the subject of potential future work.
That being said, users can still organize branches geospatially, which can allow them to calculate energy
demand, emissions, and cost on a geospatial basis, as is done (in part) in DECAL.

Further Information on LEAP

Please note that the information provided here was intended only as an introduction to LEAP's internal
mechanisms to provide a sense of how LEAP works, ultimately to aid understanding. Additionally,
please note that this discussion/explanation was somewhat catered to DECAL, in that some modeling
configurations that are available in LEAP but not used in DECAL are not discussed. Finally, please
note that some internal vocabulary was used to aid dialogue (for example, terms like Volume, Rate,
Output Required would not be found in LEAP's documentation). For further details on how each
modeling framework works, refer to LEAP's website (https://leap.sei.org/), help page (https://leap.sei.org/
help/leap.htm#t=Demand%2FDemand Properties Wizard.htm), and online tutorials (https://leap.sei.org/
default.asp?action=trainingmaterials).
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Appendix B:
DECAL Supplementary Materials

Prior Work

DECAL was built over a multi-year period at Stanford University as a part of the Pathways to Carbon
Neutrality Project. In phase one of the Pathways project, a diverse set of stakeholders (ranging from policy
advocates to industrial workers) across California's economic sectors were interviewed to discuss their
perspective of the transition to net-zero, culminating in a two-day workshop. Qualitative insights from the
sessions (Surles, Grossman and Saltzer 2021) informed the next stage of quantitative modeling. Phase two
of the project involved eight "deep dives". These were detailed reviews of emission sources and possible
solutions in California's five major sectors — Residential (Neutel, et al. 2022), Commercial (Tarplin, et
al. 2022), Industrial (Cho, et al. 2022), Transportation (Hennessy, et al. 2023), and Electricity (Baik and
Benson 2022) — as well as separate reports that analyzed Bioenergy (Arifi and Field 2022), Hydrogen
(Bracci, et al. 2022), and Forest Management (Foye and Field 2022) solutions. In phase three of the project,
data from the deep dives were incorporated into an energy policy analysis tool called the Low Emissions
Analysis Platform or LEAP (Heaps 2022) — this custom LEAP model is what we now call DECAL. Through
Stanford's Center for Carbon Storage, a white paper was published in which hundreds of scenarios were
run in DECAL, illustrating a range of technology and policy insights across all sectors (Neutel, et al. 2023).
Overall, DECAL is very much a culmination of work from several researchers over multiple years.

Modeling Approach by Sector

Table 9 summarizes modeling approaches used in each sector of DECAL.

DECAL tracks Non-Energy emissions, organized by Residential, Commercial, Industry, Transportation,
and Agricultural sectors. Non-Energy Agricultural emissions far outweigh combustion-based Agricultural
emissions, with the largest sources being manure and enteric fermentation. Outside of Agriculture,
refrigerants are the major source of Non-Energy emissions. Where possible, refrigerant emissions are
directly tied to heat pump, air conditioning, and refrigerator stocks estimated in the model. Top-down
modeling is used to track other dispersed Non-Energy emission sources in each sector, including but not
limited to emissions from fertilizers, aerosols, foams, solvents, waste, and more.

Levers in DECAL

Some of the most important levers in DECAL are summarized in Table 10.

Economics in DECAL

Bottom-up Versus Top-Down Costing

In using a bottom-up approach, DECAL calculates cost using detailed techno-economic assessments
completed in the deep dives. A relatively small portion of emissions in DECAL is modeled in a top-down
manner; in this case, economics are handled via exogenously inputted abatement costs. There are two types
of top-down emission sources in DECAL:

e "Other" emissions: Bottom-up energy demand estimates in Residential, Commercial,
Transportation, Industrial, and Agricultural sectors are compared to known top-down totals (CARB
2019), and modeling objects are created to make up the difference. These modeling objects are
called "Buildings Other", "Transportation Other", etc. Using iteration, the top-down abatement cost
of "Other" emissions is set approximately equal to the abatement cost of the bottom-up counterpart.
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e Top-down emissions: There are some emission sources included in (CARB 2019) that were not
examined in the deep dives. These emissions are generally characterized by having little to no
demonstrable solution, and so mitigation costs are unknown. A top-down abatement cost of $500/
t is applied. While top-down costing is not preferred, it is necessary given that net-zero requires
thinking about solutions that do not yet exist. Future work will explore the sensitivity of the system
to top-down cost assumptions.

Fig. 12 shows the breakdown of bottom-up versus top-down methods by sector. Major top-down emission
sources include enteric fermentation, refrigerants, landfills, and planes/trains/boats. Most emissions in
DECAL are mitigated in a bottom-up manner.
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Figure 12—2019 emissions (Mt/yr CO,e) by economic sector & modeling approach.

Marginality

Reporting costs on a marginal basis means that cost projections are unnecessary for some technologies.
For example, if a technology exists identically in both a scenario and the Reference Case, then the cost
of that technology (replacing it upon retirement, operating it, etc.) on a marginal basis is zero. Thus, cost
evaluations are not needed for all technologies in DECAL, only those that are subject to change on the
margin. For example, no scenarios make changes to residential pool pumps, or in other words, it is assumed
that pool pumps are replaced with like-for-like systems upon retirement. In this case, the cost of pool pumps
is irrelevant to the cost of a given scenario. For this reason, as will be found in supporting spreadsheets and
the DECAL model itself, cost projections are absent for many technologies. That said, the energy usage and
emissions of unchanging technologies are still relevant, as energy and emissions are often reported here on
an outright (non-marginal) basis. These energy loads and emission sources have been captured in DECAL
appropriately.

Incentives

Incentives can play a critical role in decarbonization economics. Federal incentives are included in the
Total Resource Cost Test because they effectively flow new (federal) dollars past the system boundary (the
geographic region of California). New Inflation Reduction Act (IRA) incentives follow their regulated end-
date (typically 2032) and duration (typically 10-12 years). The IRA commonly offers a ranges of incentive
rates (Bloomberg Tax 2024) — DECAL by default assumes that stakeholders receive the maximum rate.
Federal incentives listed below are accounted for in DECAL.
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e Renewable Fuel Standard

e Carbon Capture Tax Credit (45Q)

e Clean Electricity Production Tax Credit

e Clean Energy Investment Tax Credit

e Zero-Emission Nuclear Power Production Tax Credit
e Clean Hydrogen Production Tax Credit

¢ Alternative Fuel Refueling Property Credit

e Clean Vehicle Credit

e Commercial Clean Vehicle Credit

¢ Credit for Residential Clean Energy

e Energy Efficiency Home Improvement Credit

The following federal incentives were not included in DECAL.:

e New Advanced Manufacturing Production Tax Credit
¢ Clean Fuel Production Tax Credit

e Geothermal Heating Tax Credit

¢ Revival of Qualifying Advanced Energy Project Credit
o Extension of Second-Generation Biofuel Incentive

o Extension of Biodiesel and Renewable Diesel Credit

e High-Efficiency Electric Home Rebate Program

e Previously Owned Clean Vehicle Credit

Amongst in-state programs, only cap-based incentives are included. The economic rationale is that cap-
based programs attach innate economic cost/value to the regulated externality/commodity. Specifically, the
following in-state incentive programs are included:

e RPS
e LCFS
e Cap & Trade

While substantially abstracted from how these complex policies work in reality, in DECAL, benefits are
obtained anytime the environmental benefit is achieved — for example, increasing the share of renewable
electricity (RPS), producing low carbon fuels (LCFS), and reducing emissions (Cap and Trade). The per unit
benefit is set equal to the price of each trading commodity (REC credit, LCFS credit, emissions allowance).

Modeling Limitations

Every model has its strengths and weaknesses. DECAL is best suited to reveal high-level, cross-sectoral
insights about California's pathway to net-zero. That said, some of DECAL's key limitations are described
below. It is important to consider these limitations when analyzing results from DECAL.
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o Exogenous Modeling: DECAL is an exogenous model, meaning users tell the model which
technologies to deploy and at what pace. Technology costs and incentives still affect the overall
cost-benefit-analysis, but reducing costs or implementing incentives does not automatically push
the model in a particular direction. This is in contrast to an equilibrium/optimization model, which
evaluates market conditions and then installs infrastructure in response. Exogenous modeling can
be helpful to explore the effect of specific what-if scenarios — for example, "what if fuel cells were
used instead of battery electric vehicles?" On the other hand, equilibrium/optimization modeling
can be helpful to evaluate incentive or cost thresholds in which the model makes particular
decisions — for example, "at what cost-point, or with what incentive, do fuel cells become optimal?"
Overall, exogenous modeling can be both a limitation and a strength depending on the context.

o Outside Agents: As DECAL is an exogenous model, it does not consider changes that occur outside
of California, for example, changing global market conditions, fuel prices, policies of neighboring
states, etc.

e Projections vs Forecasts: DECAL is not a forecasting tool — it does not make predictions about the
future. It simply projects the future given user inputs.

e Technology Scope: There are numerous technologies that may be introduced over the next few
decades, ranging from high-grade clean industrial heating, long duration grid-scale energy storage,
modular nuclear reactors, alternative liquid fuels, innovative materials, and more. The modeling
team did not have the bandwidth to evaluate technoeconomics of all technologies, but tried to
include most technologies that are proven at least at pilot scale.

e Economic Scope: DECAL only evaluates cost from the perspective of society. Solutions that look
low cost from the perspective of society may be financially un-suitable to particular agents within
society. DECAL should be thought of as an initial cost-benefit screening, but policymakers should
consider additional perspectives.

e Emissions Scope: DECAL's emission scope aligns with CABR's GHG inventory (CARB 2019). As
a result, GHG emissions created outside California are out of scope (with exception to emissions
that are created when producing imported electricity). Likely the most notable emission source
not included in DECAL are those caused by land-use changes in other states and countries
due to biofuels used in California. Emissions sources and sinks from natural and working
lands within California are also not considered. In addition, emissions generated to manufacture
technologies (for example, batteries) used in California are not considered. Overall, DECAL can
help policymakers identify high-level emissions tradeoffs, but in practice, policymakers should
further evaluate life cycle emissions before implementing programs.

e Other Impacts: In any life cycle cost-benefit analysis, it is important to carefully define the impact-
metrics of interest. In DECAL, those are energy demand, GHG emissions, and societal costs. There
are many other impacts one may consider. A notable example is criteria air pollutants (nitrous
oxides, sulfur dioxide, and particulate matter) — these pollutants have a major impact on local
health and are critical to consider when evaluating environmental justice. Other environmental
impacts of interests may be water-usage, soil quality, and much more. One economic impact noted
by interviewed stakeholders (Surles, Grossman and Saltzer 2021) is leakage — the degree to which
aggressive decarbonization policies drive people and/or business to neighboring states or countries.
These impacts are out of scope for DECAL but remain a possibility for future work.

e Capacity Expansion Model: DECAL's dispatch model has two major limitations: 1) it uses 288
representative hours, and 2) it uses a single node. The prior assumption removes daily variance
of loads such as in heating, cooling, and battery electric charging, and also abstracts out temporal
variance of solar and wind availability. Extreme weather events can impact both the demand and
supply side of electricity. For example, heat waves can cause spikes in cooling, which the grid must
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be able to accommodate. In addition, storms can reduce solar capacity for several days in a row,
necessitating solar overbuilding and/or long-duration energy storage. Overall, due to using 288
representative hours, DECAL's capacity expansion model should be considered optimistic — it may
in fact undershoot actual required capacity additions. For (2), DECAL does not consider where
load comes from, or where generation is available; in other words, all loads and generators are
assumed to be located at the same node. The practical implication of this is that T&D constraints
are not considered in DECAL, which likely has an impact on capacity expansion and dispatch.

e Refinery Model: In DECAL, refineries are unable to change the proportions of gasoline, diesel,
and other refined fuels that they produce. If LDVs electrify far quicker than HDVs, it may be in
refineries best interest to increase the proportion of diesel-to-gasoline that they produce, however
this is not possible in DECAL. In practice this means that refining emissions reported by DECAL
may be overestimated in scenarios where LD Vs are decarbonized more quickly than HDVs.
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Appendix C:

Cost Assumptions

Table 11 lists the rates of key fuels, incentives, and technologies used in DECAL by default. Note that fuel
costs represent the cost of importing a fuel (taken from commodity price databases), not necessarily the
price seen at delivery. Also note that technology costs do not include fuel costs nor incentives, as these costs
are accounted for elsewhere within DECAL.

Learning rates are commonly used to estimate cost reductions over time. However, most literature sources
define learning rates as a function of global production, and as DECAL is limited in scope to only California,
it is challenging to apply these learning rates. That said, cost projections were available for vehicles, DAC,
and electricity generators, as shown in Table 12. In the table, the normalized cost reduction fraction over
time is shown, which can be applied to calculate cost over time using Eq. 6. The reduction fraction is only
shown in particular time steps, with linear interpolation used for time steps in-between. The table is written
in LEAP's interpolation syntax.

Cost(t) = ( Costin 2019)*(1 — CostReductionFraction (t)) (6)

Table 12—Cost reduction fraction over time for Transportation, DAC, and Electricity subsectors.

COST REDUCTION
TECHNOLOGY SUBCATEGORY INTERPOLATION
STATEMENT

TRANSPORTATION (NREL 2022)

Passenger Cars PHEV Interp(BaseYear, 0, 2025, 0.05,
2030, 0.08, 2035, 0.1, 2040,
0.11, 2045, 0.12)

BEV Interp(BaseYear, 0, 2025, 0.07,
2030, 0.17, 2035, 0.23, 2040,
0.25, 2045, 0.28)

FCEV Interp(BaseYear, 0, 2025, 0.06,
2030, 0.11, 2035, 0.18, 2040,
0.19, 2045, 0.21)

T1 PHEV Interp(BaseYear, 0, 2025, 0.05,
2030, 0.09, 2035, 0.11, 2040,
0.12, 2045, 0.13)

BEV Interp(BaseYear, 0, 2025, 0.07,
2030, 0.17, 2035, 0.23, 2040,
0.26, 2045, 0.28)

FCEV Interp(BaseYear, 0, 2025, 0.06,
2030, 0.11, 2035, 0.18, 2040,
0.19, 2045, 0.21)

T2 PHEV Interp(BaseYear, 0, 2025, 0.06,
2030, 0.11, 2035, 0.14, 2040,
0.15, 2045, 0.16)
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TECHNOLOGY

SUBCATEGORY

COST REDUCTION
INTERPOLATION
STATEMENT

BEV

Interp(BaseYear, 0, 2025, 0.07,
2030, 0.19, 2035, 0.25, 2040,
0.28, 2045, 0.31)

FCEV

Interp(BaseYear, 0, 2025, 0.08,
2030, 0.14, 2035, 0.21, 2040,
0.23, 2045, 0.25)

T3

PHEV

Interp(BaseYear, 0, 2025, 0.06,
2030, 0.12, 2035, 0.17, 2040,
0.18, 2045, 0.18)

BEV

Interp(BaseYear, 0, 2025, 0.07,
2030, 0.16, 2035, 0.22, 2040,
0.24, 2045, 0.26)

FCEV

Interp(BaseYear, 0, 2025, 0.14,
2030, 0.2, 2035, 0.25, 2040,
0.26, 2045, 0.28)

T4

BEV

Interp(BaseYear, 0, 2025, 0.06,
2030, 0.15, 2035, 0.2, 2040,
0.22, 2045, 0.24)

FCEV

Interp(BaseYear, 0, 2025, 0.2,
2030, 0.26, 2035, 0.3, 2040,
0.31, 2045, 0.33)

TS

BEV

Interp(BaseYear, 0, 2025, 0.06,
2030, 0.14, 2035, 0.18, 2040,
0.2, 2045, 0.21)

FCEV

Interp(BaseYear, 0, 2025, 0.19,
2030, 0.24, 2035, 0.27, 2040,
0.29, 2045, 0.3)

T6

BEV

Interp(BaseYear, 0, 2025, 0.05,
2030, 0.12, 2035, 0.16, 2040,
0.18, 2045, 0.2)

FCEV

Interp(BaseYear, 0, 2025, 0.18,
2030, 0.22, 2035, 0.25, 2040,
0.27, 2045, 0.28)

T7

BEV

Interp(BaseYear, 0, 2025, 0.09,
2030, 0.23, 2035, 0.3, 2040,
0.33, 2045, 0.36)

#20¢ Idy 8| uo Jasn Aysieniun piojuels Aqg |4pd sw-zG881z-0ds/G96/8€€/L00HS00S | LOQ/INHMYZ- LINEMZ/Pd-sBuipasd0d/NEMIdS/B10"05edauo  ulwpe//:diy wouy papeojumoq



SPE-218852-MS

37

TECHNOLOGY

SUBCATEGORY

COST REDUCTION
INTERPOLATION
STATEMENT

FCEV

Interp(BaseYear, 0, 2025, 0.19,
2030, 0.27, 2035, 0s.31, 2040,
0.32, 2045, 0.34)

DAC (Fasihi 2019)

High temperature aqueous
solution

CAPEX

Interp(BaseYear, 0, 2030, 0.54,
2040, 0.67, 2050, 0.73)

Fixed OM Cost

Interp(BaseYear, 0, 2030, 0.54,
2040, 0.67, 2050, 0.73)

Low temperature solid sorbent

CAPEX

Interp(BaseYear, 0, 2030,
0.54, 2040, 0.67, 2050, 0.73)

Fixed OM Cost

Interp(BaseYear, 0, 2030, 0.54,
2040, 0.67, 2050, 0.73)

ELEC

TRICITY PRODUCTION (NREL

2021)

Natural Gas

CAPEX

Interp(BaseYear, 0, 2030, 0.023,
2035, 0.046, 2040, 0.068, 2045,
0.088)

Fixed OM Cost No learning
Variable OM Cost No learning
Solar CAPEX Interp(BaseYear, 0, 2030, 0.239,
2035, 0.393, 2040, 0.421, 2045,
0.448)
Fixed OM Cost Interp(BaseYear, 0, 2030, 0.168,
2035, 0.189, 2040, 0.21, 2045,
0.23)
Variable OM Cost No learning
Wind CAPEX Interp(BaseYear, 0, 2030, 0.169,
2035, 0.286, 2040, 0.322, 2045,
0.359)
Fixed OM Cost Interp(BaseYear, 0, 2030, 0.045,
2035, 0.081, 2040, 0.117, 2045,
0.153)
Variable OM Cost No learning
Offshore Wind CAPEX Interp(BaseYear, 0, 2030, 0.166,

2035, 0.262, 2040, 0.309, 2045,
0.345)
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COST REDUCTION
TECHNOLOGY SUBCATEGORY INTERPOLATION
STATEMENT
Fixed OM Cost Interp(BaseYear, 0, 2030, 0.082,
2035, 0.136, 2040, 0.177, 2045,
0.21)
Variable OM Cost No learning
Geothermal CAPEX Interp(BaseYear, 0, 2030, 0.08,
2035, 0.133, 2040, 0.154, 2045,
0.175)
Fixed OM Cost Interp(BaseYear, 0, 2030, 0.036,
2035, 0.036, 2040, 0.036, 2045,
0.036)
Variable OM Cost No learning
Hydrogen Fuel Cell CAPEX Interp(BaseYear, 0, 2030, 0.249,
2035, 0.451, 2040, 0.558, 2045,
0.627)
Fixed OM Cost No learning
Variable OM Cost Variable OM Cost: No learning
Hydro All No learning
Nuclear All No learning
Biomass CAPEX Interp(BaseYear, 0, 2030, 0.017,
2035, 0.047, 2040, 0.081, 2045,
0.113)
Fixed OM Cost No learning
Variable OM Cost No learning
Natural Gas CCS CAPEX Interp(BaseYear, 0, 2030, 0.097,
2035, 0.173, 2040, 0.266, 2045,
0.321)
Fixed OM Cost No learning
Variable OM Cost Interp(BaseYear, 0, 2030, 0.015,
2035, 0.033, 2040, 0.061, 2045,
0.07)
Battery Storage CAPEX Interp(BaseYear, 0, 2030, 0.252,
2035, 0.347, 2040, 0.386, 2045,
0.425)
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COST REDUCTION
TECHNOLOGY SUBCATEGORY INTERPOLATION
STATEMENT
Fixed OM Cost Interp(BaseYear, 0, 2030, 0.165,
2035, 0.214, 2040, 0.262, 2045,
0.311)
Variable OM Cost No learning

Pumped Hydro Storage

All

No learning

For many technologies, it was difficult to find cost projections from literature. In this case, a two-step
approach was used to define cost projections 1) technologies were grouped by cost reduction potential (either
Low or High), and then 2) cost-reduction rates were defined for each group. Table 13 details cost reduction
potential groups, which were decided by polling faculty on the Pathways team. Cost reduction fractions are
shown in Table 14 —here, cost projections in Table 12 served as guidance, in that the learning rate of the Low
group was set to be similar to that of mature technologies like PHEVs and Natural Gas generators, whereas
the learning rate of the High group was set to be similar to that of developing technologies like BEVs and
NGCCS power plants. While learning is highly uncertain, the process used here is at least consistent and
transparent. Future work will explore the sensitivity of the system to learning rate assumptions.

Table 13—Groupings for cost reduction potential.

COST REDUCTION
POTENTIAL

SECTOR

TECHNOLOGIES

Low

Residential & Commercial
Buildings

e Air conditioners

o Natural gas furnaces and
boilers
e Space heat pumps

¢ Electric resistance furnaces
o Natural gas water heaters
e Heat pump water heaters

e Electric resistance water
heaters
¢ Electric panels

Industry ¢ Electric resistance heating
Transportation e LDVICE
e HDVICE
e LDV BEV chargers (home,
commercial)
Electricity Production e T&D
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COST REDUCTION
POTENTIAL

SECTOR

TECHNOLOGIES

Hydrogen Production

SMRs
ATRs

Distribution & storage

Bioenergy Production

Landfill capture
Anaerobic digestion
Ethanol production

Biodiesel production

High

Industry

CCS
Heat pump heating
Hydrogen heating

Transportation

Buses (BEV, FCEV)
HDV BEV chargers

LDV FCEV refueling
stations
HDV FCEV refueling
stations

Hydrogen Production

SMRs with CCS
ATRs with CCS
Gasification
Gasification with CCS
Electrolysis

Table 14—Cost reduction fraction used for many technologies in DECAL.
Linear interpolation is used for values between the start year and 2045.

COST REDUCTION POTENTIAL

DEFAULT COST REDUCTION

FRACTION IN 2045
Low 0.10
High 0.30

Cost data was largely unavailable for the following technologies or emission sources, and so a top-down
abatement cost of $500/t is applied. Future work will explore the sensitivity of the system to top-down cost

assumptions.

e Zero-emission trains, planes, and boats.
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e Low GWP refrigerants.
e Seaweed feed augments to reduce enteric fermentation emissions.

e Various other Non-Energy sources: fertilizers, waste, dispersed landfills, and fugitives.
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Appendix D:

Data and Sources

All excel files used to populate DECAL have been included as supplementary materials at this link: https://
sccs.stanford.edu/california-projects/pathways-carbon-neutrality-california. We have also included a guide
that specifies the contents of each excel file as well as raw data sources used in each workbook.
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