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AAF Alternative aviation fuel

ADP Annual Decarbonization Perspective (study by Evolved Energy Research)
AEO Annual energy outlook (from the EIA)

AFDM Advanced fuel deployment model

BEV Battery electric vehicle
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Executive Summary

U.S. transport fuels policy

The U.S. transport sector is in the midst of an energy transition, mediated by a combination of
government policy, tfechnological and industrial developments driving economic decision-
making, and changes in consumer preferences.

At the federal level, the policy landscape has been fransformed by the 2022 Inflation
Reduction Act (IRA) (Government of the U.S., 2022). This legislation employs tax credits to boost
uptake of ZEVs, rollout of ZEV fueling infrastructure, and production of alternative liquid fuels.
Other government initiatives like the 2021 SAF Grand Challenge (U.S. Department of Energy,
2021) focus on specific fransport segments —in this case aviation, a sector which has historically
fallen outside the purview of climate regulation. Meanwhile at the sub-national level, certain
states have committed to supporting zero- and low-emissions vehicles! through a range of
complementary policies such as vehicle purchase rebates and phasing out the sale of infernal
combustion vehicles.

Pre-datfing the provisions of the IRA, the federal Renewable Fuel Standard (RFS) provides the
centerpiece market mechanism for supporting the production of renewable liquid fuels. Under
the RFS, the U.S. Environmental Protection Agency mandates transport fuel suppliers to bring a
certain volume of renewable fuel fo market each year. While this has done much to promote
the development of the first-generation biofuel industry, it has so far failed to significantly
stimulate the commercialization of second-generatfion biofuels which offer greater
environmental benefits; and the RFS does not cover electricity and hydrogen used in fransport
(unless they have been produced from biogas), nor liquid electro-fuels. On top of this, a
general limitation of volume targets such as the RFS is that they are largely insensitive to fuels’
climate performance?, tending to incentivize quantity over quality.

Low carbon fuel standards (LCFSs)3 provide a solution to these limitations, by imposing a
gradually fightening target for fuels’ emissions performance, by covering a wider range of
fransport energy options and by rewarding/penalizing fuels in proportion to how much they
surpass/underachieve that target. Existing state LCFSs include markets for fuel suppliers to trade
compliance credits: suppliers of low-carbon fuels are able to sell the LCFS credits they
generate to suppliers of fossil and other high-carbon fuels who have racked up LCFS deficits.
In this way, the use of less-polluting fuels is incentivized at the expense of more-polluting fuels:
a ‘polluter pays’ mechanism that channels money towards the development of alternatives.

I https://theicct.org/wp-content/uploads/2022/02/clean-car-infographic-feb22.pdf

2The RFS imposes maximum thresholds for the emissions intensity of fuels qualifying for the standard, but
these standards are generally not difficult for the affected fuels fo meet, and the RFS has no
mechanism to reward fuels for improving on this threshold.

3 We use the term “LCFS” to generically cover all market-based clean fuel standards which rely on
greenhouse gas emissions accounting.


https://theicct.org/wp-content/uploads/2022/02/clean-car-infographic-feb22.pdf
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An increasing number of LCFSs are coming online at the state level. Early adopters include
California (2011), Oregon (2015), and Washington (2022)4; each of these cover the road sector,
with some inclusion of renewable aviation fuels, off-road vehicles, and rail. The success of these
programs have led to discussion of a harmonized country-wide LCFS system to supersede the
RFSS.

Compliance modeling

A robust LCFS must set credible emissions goals, offer policy coherence, and garner support or
assent from various stakeholders. Understanding the impacts of a proposed LCFS requires us to
ask questions such as:

» ‘'What scenarios of vehicle technology deployment would make such-and-such an
emissions target possible?’

» ‘To what extent does decarbonization in the transport sector depend on increasing
renewables penetration in the electricity gride’

» ‘Is the demand trajectory of a certain fuel consistent with avoiding undue impacts on
other sectors of the economy?’

» ‘'What would be the impact of counting greenhouse gas emission reductions from CCS
in the transport sector?’

Y

‘Can a given policy formulation generate revenue for investment in cleaner transport
in low-income or disadvantaged neighborhoods?’

Modeling has in the past allowed Government agencies designing emissions policy to present
fransparent and evidence-based rationales for their program conceptualization and
implementation. Taking California as an example, in 2018 the California Air Resources Board
(CARB) released a spreadsheet tool (the lllustrative Compliance Scenario Calculatoré) that
was able to communicate to users the various pathways that had been considered in the
agency'’s rulemaking, and the outcomes of each. In 2023, CARB released a Python-based
optimization program called California Transportation Supply (CATS)? to explore least-cost
pathways associated with user-defined scenarios.

Researchers in the broader clean fuels community have also used modeling approaches to
assess the potential ambitions, challenges, and outcomes of LCFSs. These include published
work on the Californian LCFS by UC Davis’ Institute of Transportation Studies (Brown et al., 2021),
and Cerulogy (Malins, 2018); on Oregon'’s Clean Fuel Program (CFP) by UC Davis (Witcover &

4 There is also a similar policy in effect in British Columbia since 2008:
https://www.bclaws.gov.bc.ca/civix/document/id/complete/statreg/08016_01. National-level systems
of GHG-oriented transport targets also exist in Germany and Sweden

5 Cf. https://nationallcfsproject.ucdavis.edu/about-us
¢ https://ww2.arb.ca.gov/our-work/programs/low-carbon-fuel-standard/Icfs-regulation

7 https://ww?2.arb.ca.gov/our-work/programs/low-carbon-fuel-standard/Icfs-meetings-and-workshops
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Murphy, 2020) and ICF (Rosenfeld, 2021); on Washington’s CFP by UCS (Malins, 2019); and on
a hypothetical federal-scale LCFS by the ICCT (Pavlenko et al., 2022).

Flexible modeling tool

This report describes a quantitative tool which has been developed to run future transport
scenarios at either the national or state level. The model covers the road sector, and can
include credit generation in aviation and rail. Input scenarios encompass various vehicle
technology, fuel supply, and policy levers, and the outputs of the tool give the user nuanced
answers to the questions like the ones above.

As a high-level overview, the tool operatesin the following stages, with each stage dependent
on the user’s selected inputs, datasets, and modeling choices.

1. Avehicle turnover model, which tracks the evolution of the vehicle classes and engine
types of the road transport fleet.

2. A fuel demand model, which translates the vehicle population into demand for
different types of specific fuels.

3. A compliance model, which overlays the emissions from consumed fuels with the
scenario compliance trajectory and resolves the credits and deficits generated.

4. A collection of impacts models, which estimate revenues generated for alternative fuel
supply and for public programs, impacts on fuel costs, and high-level implications for
air quality.

By comparing modeled results of different candidate scenarios against each other, decision-
makers and civil society actors can build an understanding of the implications of various policy
opfions.

An illustrative national LCFS scenario

This report demonstrates the tool's capabilities by considering a national LCFS to regulate the
road sector between 2025 and 2050. The illustrative scenario envisages a rapid but achievable
scale-up of electric vehicles in the passenger vehicle fleet, and an ambitious adoption rate for
electric and hydrogen fuel cell vehicles in the heavy-duty fleet. The scenario includes
moderate decarbonization frajectories for liquid and gaseous fuel production and for
electricity generation, as well as moderate penetration of second-generation biofuels (‘BtL’)
and electro-fuels (‘PtL’).

Under the scenario assumptions detailed in this report, the carbon intensity of U.S. tfransport
may be reduced by 20% in 2030, 65% in 2040, and 98% in 2050 — as shown in Figure 1.
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Figure 1 Carbon intensity reduction of the U.S. transport fleet, split by fuel

The model also includes tools to assess the financial implications of this LCFS scenario. For
example, assuming that credits are awarded to ufilities for home-charging electric vehicles (as
they are currently under the California regulation), we can consider the credit revenue that
could be raised. Figure 2 shows thaft this reaches info the tens of billions of dollars per year — a
significant sum that could be dedicated to infrastructure investments, targeted rebates on
clean vehicle purchases, or other programs to stimulate an equitable energy fransition.
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1. LCFS Introduction and Scenarios

This chapter provides an overview of the policy context for LCFSs and how they work, as well
as the role of compliance modeling in setting regulatory targets and exploring the range of
decarbonization pathways.

1.1. Regulatory setup

A low carbon fuel standard (LCFS) is a regulation that requires gradual reductions in the
greenhouse gas infensity of energy used in the fransport sector over time. The appeal of an
LCFS-type instrument over mandates on the volumes of alternative fuels that must be supplied
to the market is that it allows a range of decarbonization options to compete on the basis of
their calculated emissions. These include ‘first generation’ biofuels such as ethanol, biodiesel,
and renewable diesel; advanced liquid fuels synthesized using e.g. biomass-to-liquid or power-
to-liquid technologies; renewable natural gas; electricity for electric vehicles; and hydrogen.
The greater the emissions reduction, the greater the policy value assigned to the fuel, meaning
that more expensive fuels (or more expensive production pathways / feedstocks for the same
fuel) which have greater climate benefits can compete with lower cost fuels with higher
calculated emissions.

In an LCFS system, regulators set an annual carbon intensity (Cl) standard in advance. This is
measured in grams of CO2e per megajoule of fransport energy delivered (gCO2e/MJ), and
generally grows in stringency with each passing years. Suppliers of fossil and other high-emission
fuels generate deficits in proportion to how much their Cl exceeds the standard; suppliers of
low-emission fuels generate credits according to the same calculation. Parties who generate
deficits must cancel them out by generating or purchasing LCFS credits, and are incentivized
to improve the carbon efficiency of their operations in order to reduce future deficit burden:s.

LCFSs have already been established in California (2009), British Columbia (2010), Oregon
(2016) and Washington (2023)°. State policy makers may choose to broaden the scope of
credit generating activities beyond the direct supply of fransport energy for in vehicles to
include additional decarbonization options; for example, California has offered credits to
innovative crude oil production pathways, to investments in refinery decarbonization and to
support increases in electric charging capacity.

At present, no national LCFS policy has been established. The primary federal-level policy that
drives the market for alternative fuels is the Renewable Fuel Standard (RFS), which came into
existence with the Energy Policy Act of 200519, The RFS mandates the blending of an annual

8 Although the standard could remain at the same level for more than one year, for example as seen in
California in 2013-15 due to legal challenges: see https://ww?2.arb.ca.gov/resources/documents/Icfs-
data-dashboard.

? The terminology used for these policies varies between states, so while California’s policy is called an
LCFS, British Columbia’s is the ‘Renewable and Low Carbon Fuel Requirements Regulation’ and
Oregon’s is the ‘Clean Fuel Program’.

10 hitps://www.epa.gov/laws-regulations/summary-energy-policy-act
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volume of biofuel into tfransportation fuel, with separate targets for different types of biofuels
(conventional biofuels, advanced biofuels!!, and cellulosic biofuels). Suppliers of these biofuels
generate Renewable Identification Numbers (RINs), which can be used to demonstrate
compliance with obligatfions on fuel suppliers (including after being sold to other economic
operators). Trade in these RINs can be said to constifute a market mechanism for fuel
decarbonization, like the LCFS; that being said, RINs' value is only loosely tied to the fuels’
climate credentials as all fuel qualifying in a given category generates the same type of RINs
and therefore the same incentive per gallon produced, irrespective of precise carbon intensity
scores.

1.2. Motivation and impact

Taking a step back, we can discern a number of different impacts of LCFSs. First, an LCFS
incentivizes the production and capacity expansion of low-Cl fuels, by rewarding their suppliers
with LCFS credits to be traded on the market. Second, it drives producers of all fuels to seek
greater efficiency and reduced emissions in their operations, in order to maximize credit
generation and minimize deficit generation. Third, it drives the adoption of alternative vehicle
technologies which are capable of using the lowest-carbon fuels, and which may
simultaneously boast greater efficiencies for each energy unit consumed.

Market competition for LCFS credits will drive up their price when targets are stringent and/or
the supply is relatively tight. Fossil fuel suppliers can be expected to pass on these extra
compliance costs to the end consumers — those driving gasoline cars and operating diesel-
powered frucks — through increments to the cost per gallon. While this is an application of the
‘polluter pays’ principle, through the deployment of market signals to deter damaging
behaviors, it is critical fo understand which social groups are likely to be impacted by the
system to assess and mitigate the possibility of financially regressive outcomes. Initiatives fo do
just this have been integrated into existing LCFSs: these use credit revenues to invest in more
widespread electric vehicle infrastructure, to reduce electricity bills, and to offer means-tested
rebates for zero-emissions vehicle purchases.

While the LCFS policy is primarily designed fo drive improved climate performance in the
fransport sector, there are a number of second-order environmental and social dimensions
tfoo. For example, by disincentivizing internal combustion engines, LCFSs can have positive
effects on local air and noise pollution in congested inner-city areas.

1.3. Compliance schedule

The core regulatory feature of an LCFS is the ‘compliance schedule’, which mandates annual
reductions in fransport carbon intensity. In constructing the schedule, policy-makers must fune
targets to be achievable while remaining stretfching enough to foster the desired
developments in the transport sector. This requires assessment of possible future economic and

T Under the RFS ‘advanced biofuels’ are defined as any biofuels other than corn ethanol that deliver a
calculated emission saving of 50% or better, and can include first generation biofuels such as soy
biodiesel.
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technological trajectories, in order to determine what would happen anyway in the absence
of an LCFS.

The compliance schedule is most often expressed as a percentage reduction in carbon
intensity of the fransport fleet, compared to a pre-determined baseline. The baseline may be
a fixed fossil fuel comparator, or a reference level based on historical Cl performance.
Baselines and compliance schedules may be differentiated depending on the transport sector
segment — for instance, by splitfing gasoline- and diesel-type vehicles, and creatfing a different
schedule for jet fuel. Following the principles outlined in the previous section, suppliers of fuels
with a carbon intensity below the mandated level earn LCFS credits, while suppliers of fuels
with a carbon intensity exceeding the level will generate deficits. To comply with the standard,
holders of deficits must cancel them out each year by retiring a matching number of credits.

In general, each LCFS region will choose its own compliance schedule(s) and baseline(s). We
may compare their level of ambition over time based on their implied carbon intensity targets
for the transport fleet, measured in gCO2e/MJ12. Figure 3 below provides such a comparison
for the California LCFS and the Oregon CFP (note that the California schedule is only set up
until 2030, after which it is currently set to remain constant but in reality is likely to be adjusted
to push further reductions).
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Figure 3 Comparison of gasoline-pool compliance schedules for two LCFS frameworks,

in terms of the actual carbon intensity target

1.4. The purpose of compliance modeling

This report details a compliance modeling system for state or national LCFSs. This modeling
entails creating a range of local, regional, or national scenarios encompassing the evolution
of the vehicle fleet, progress in advanced fuel technologies, and future policy decisions on
fuel blends and how the LCFS operates. Compliance models allow us to develop appropriately

12 This quantity will be EER-adjusted — more on this later.



ambitious targets, to understand what are the major determinants of success in meeting those
fargets, and where there may be challenges or frade-offs. A classic example of the latter
would be balancing the desire for a strong carbon infensity reduction target against the
redlifies of slow growth in alternative fuel production, which may raise costs; or against the
possibility of undesirable use of biofuels that are connected with the expansion of agricultural
land into previously unfarmed areas (land use change).

Indeed, one possible result from modeling LCFSs is fo explore the resource requirements of
compliance scenarios, whether those resources are renewable electricity, waste lipids, or
crop-based biomass for first-generation biofuels. While issues surrounding the availability, cost,
and sustainability of such resources confinue to be debated between the environmental
community and industry players, a model which fransparently lays out the implications of a
chosen compliance pathway may at least get everyone talking about the same thing.
Stakeholders who disagree with the model results or conclusions may be invited to articulate
and justify their positions, offering constructive inputs on the feasibility of different levels of
ambition and the attractiveness of different technology options (for instance, green
electrification, CCS, hydrogen in the heavy-duty fleet, etfc.).

Compliance modeling can also help us to antficipate the revenues and transfers that could be
generated by an LCFS, given some assumption about credit prices (or explicit credit price
modeling). LCFS revenue flows from users of high-Cl fuels (who experience slightly higher fuel
prices) to suppliers of low-Cl fuels, mediated through the LCFS credit market. In some cases
regulators may be able to place conditions on the way that LCFS revenues are disposed — for
example in California credits are awarded to ufilities for non-metered home charging of
electric vehicles based on estimated energy consumption, and the utilities are mandated to
use part of this revenue to provide consumer benefits to electric vehicle owners/purchasers
and to support fransport equity schemes.

1.5. lllustrative input scenario

The remainder of this report presents the structure and functionalities of the LCFS compliance
tool. These are then illustrated by modeling a potential national LCFS using inputs derived from
decarbonization model developed by Evolved Energy Research. This covers the whole
economy - industry, residential and power , as well as transportation — by combining the
existing supply-side and demand-side modeling platforms EnergyPathways and Rio and
tailoring them to investigate decarbonization avenues out to 2050 at the national and the
regional scale.

For the purposes of the illustrative input scenario, we use information from Evolved Energy’s
2022 Annual Decarbonization Perspective (ADP) (Haley et al., 2022); this includes data on
vehicle uptake and deployment, carbon capture and storage, electricity generation mix, and
alternative fuel supply — see Section 7 on scenario inpufs. ADP considers 27 geographical
regions of the U.S.; at the national level, results from each region can simply be summed or
weight-averaged as appropriate!s. The 2022 ADP considers eight scenarios (as well as some

13 Conversely, using our modeling tool at the single-state level requires dividing regional results between
states. This is done on the basis of the state’s share of the region’s energy demand, its population, or
other characterizations depending on the situation.
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sub-scenarios used for sensitivity analysis): in this work, we use data from or derived from the
Central scenario.

Model inputs which are not covered by the ADP are drawn from a number of other sources,
including industry projections, the academic and grey literature, and our own bespoke
modeling framework.



2. Model Description

This chapter gives a structural overview of the model, and explains how users interact with it.

2.1. Overview

Progenitors of the LCFS model have been infroduced in previous reports, which focused
specifically on the states of California and Washington (Malins, 2018, 2021). Significant updates
to the scope and capabilities warrant a fresh description.

The modelis set up to cover the period 2015-2050, and can be used to generate results for any
of the 50 U.S. states, or for the U.S. as a whole. The main inputs and outputs are shown in Figure
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Figure 4 Schematic of the LCFS modeling framework

2.2. Implementation and user input

The model is implemented as Excel spreadsheets and VBA code. The main the modeling is
done using Excel cell formulae; inputs, results, and intermediate calculations are therefore
openly visible to the user. VBA is used for background management of scenario inputs, routine
formatting tasks, and some error-checking. The advantage of using Excel is that users of the
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tool are likely to already have compatible software installed, and be familiar with tracking
calculations through the Excel interface.

There are three levels at which the user may provide input to the model, as shown in Figure 5.
It is intended that the core functionality of the model is available using only the first, simplest,
level of inputs, but that advanced users can use the additional input levels to fully customize
the model. In the first input level, the user may select the level of ambition for a number of key
parameters, covering vehicle adoption, fuel decarbonization, efc. One example would be a
parameter named “LD-BEV Adoption”, which controls the rate at which light-duty battery-
electric vehicles are deployed in the economy. Most of these parameters are chosen on a
five-point descriptive scale — Low, Low-med, Medium, Med-high, and High — where each of
the options corresponds to a set of numerical inputs appropriate to the state in question,
although some inputs have more specific options (such as directly specifying average biofuel
blend rates).

Beyond this first layer of interaction, the user has the option to choose how fo assign the Low-
to-High parameters to different datasets included in the model, or switch model functionalities
on or off — for instance, toggling how the development of novel fuel industry is modeled, or
allowing fossil jet fuel to generate LCFS deficits after a set year. Finally, advanced users may
change or add to datasefts in the backend by directly editing data tables.

"Narrative" input parameters

\Z

Toggles for dataset choice and model operation

\Z

Hard-wired backend data tables

Figure 5 Hierarchy of user scenario inputs

2.3. Note on units

Some notes on the units used in the model and in this report.

2.3.1. Energy units

As we are investigating changing levels of consumption of different types of fuel, it is
convenient to express all in terms of a single energy unit. We have chosen petajoules (PJ). For
context, the annual road fransport energy demand of a single state may be in the ftens to
hundreds of PJ; in 2020, the U.S. as a whole consumed 18 thousand PJ for road transport4,

14 A thousand PJ is called an exajoule (EJ).
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VISION, which performs some of the underlying calculations in the model, uses BTU for its energy
units. Energies from VISION are converted to PJ using the standard factor of 1 frillion BTU = 1.055
PJ.

2.3.2. Healing values

All energies of combustible fuels are quoted as lower heating values (LHVs), not higher heating
values (HHVs). LHV measures the energy released from burning a standard unit (e.g. a liter or
gallon) of fuel, and allowing combustion products to immediately escape through the exhaust
system. HHVs on the other hand assume that all combustion products come into equilibrium,
meaning that the hot exhaust gases are allowed to cool and deliver the heat energy that is
neglected by the LHV. As the names suggest, HHVs give a higher energy per fuel unit than
LHVs; but for the purposes of fracking transport energies, LHV is the more appropriate measure.
There is no LHV/HHYV distinction for electricity.

VISION, which performs some of the underlying calculations in the model, works in HHV terms.
Energies from VISION can be converted to LHV using standard factors.
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3. Vehicle Population

This chapter infroduces the different types of road vehicle considered, and how the evolution
of the vehicle population is modeled out to 2050.

3.1. Vehicle categories and types
Vehicles are split intfo four categories based on their weight class and usage:
e Light-duty vehicles (LDVs)
o Autos
o Light frucks
e Medium- and heavy-duty vehicles (M+HDVs)
o Class 3-6

o Class 7-8 (further split into single-unit and combination fractor-trailer vehicles for
some purposes)

These categories are differentiated by factors such as fuel economy (per mile), annual vehicle
miles travelled (VMT), sales rates and refirement rates. Compared to LDVs, M+HDVs typically
have lower fuel economy, higher VMT, lower sales, and longer lifetimes.

Within each vehicle category, the vehicle engine types included in the model are:
e |ICVs (intfernal combustion vehicles)
e NGVs (natural gas vehicles)
e FFVs (flex-fuel vehicles)
e FCVs (hydrogen fuel cell vehicles)
e PHEVs (plug-in hybrid electric vehicles)
e BEVs (battery electric vehicles)

Each engine type is further split info sub-types: for instance LD-BEVs are divided into three sub-
categories (type A, B, or C) based on range; an ICV may be gasoline-powered (spark ignition)
or diesel-powered (compression ignition), with or without a hybrid regenerative-braking-
powered electric drive system.
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3.2. Stock turnover model

The future evolution of the vehicle fleet is based on a modified version of the VISION model
developed by the Argonne National Laboratory!s. This model combines a stock furnover
framework (where new vehicles are brought info the system and old ones retired) with a
repository of data on vehicle characteristics; one of the major outputs of VISION is a
determination of the demand for different types of fuels in each of the vehicle categories
discussed above.

The convenience of using VISION is that the stock tfurnover structure is already built. VISION is
moreover a widely used tool for U.S. transport policy analyses, meaning that the basic
assumptions and parameters have a high level of consistency and comparability with other
work in the field.

3.2.1. Sales and sales rates

For each of the four vehicle categories, VISION includes simple projections for U.S. vehicle sales
out to 2100. While it is possible to modify these assumptions in the model back end to match
other projections from the literature, for the purposes of the LCFS compliance model we have
adhered to the VISION defaults. The sales in each vehicle category are then split among
vehicle types (e.g. light truck sales get distributed among gasoline ICV, FCV, BEV A, etc.),
according fo user-conftrolled inpufts.

Formulaically, in a given year, the number of new vehicles of type v in vehicle category c is
then simply calculated as:

new vehicles of type v __ new vehicles 0/.€ngine type e o, vehicle type v
Nin category ¢ - (Nin category ¢ ) X /Oin category ¢ X ( A)in engine e )

The new vehicles represented on the left-hand side are added to the vehicle population, and
contribute to fuel energy demand according to their type, their model year, and their age. Of
the terms on the right-hand side, the first and third follow the VISION defaults, while the second
term depends on the selected scenario.

The scenario’s split between vehicle types has a critical influence on the model results. For
instance, a scenario which projects rapid BEV adoption will tend to decarbonize faster than
one where ICVs continue to dominate, even if the two scenarios share the same demand for
fransport activity. From another perspective, a scenario which imagines ambitious rates of new
technology adoption may have a large share of BEVs and FCVs, while a scenario dependent
on alternative liquid fuels to deliver emissions reductions will maintain a higher share of ICVs
and FFVs, but with more decarbonization in the fuels space.

Scenarios for sales shares in the model will often be based on projections of vehicle adoption
rates taken directly from another source or sources in the literature. For these types of studies,
sales rates for each vehicle category (autos, light frucks, etc.) in each scenario are
programmed into the model, so that the user can easily switch between different projections.

15 hitps://www.anl.gov/esia/vision-model
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Users may also develop their own sales share scenarios. This will be further discussed in Section
7 where we introduce illustrative model inputs.

3.2.2. Reclification of sales rates

Sometimes a user will select a combination of sales share scenarios where the sum of sales
rates is greater than 100% in at least one year. This is possible owing to the ‘Low-to-High'
descriptive input parameters which form the first layer of the user interface (see Section 2.2),
as each of the five options independently maps to an underlying dataset. For example,
suppose the user selects at the same time ‘High' HD-BEV deployment, and ‘High’ HD-FCV
deployment, where HD-BEV sales share in the input data reaches 70% in 2050 and the HD-FCV
sales share reaches 60%. Even if all other sales for HD vehicles are set to zero then we have
greater than 100% total sales (130% in this case). The sales rates must be rectified so that the
sales shares of the various vehicle types in each category always sum to 100%.

Rectfification is achieved through a ‘dispatch order’ where, within each vehicle category,
each of the six engine types is assigned a priority level from 1 (high priority) to 6 (low priority).
In the above example, if class 3-6 BEVs were assigned priority 1 and FCVs were priority 2, then
the model would decrease the sales share of FCVs to 30% so that the two terms sum fo 100%.
If both engine types had priority 1, then both percentages would be reduced (in this case to
55% and 45% respectively).

The practical upshot of this rectification is that for some combinations of inputs the sales shares
modeled may depart from the sales shares specified in the input dafa that the user is
referencing.

3.2.3. Retirements

An important part of the stock modeling is the vehicle retirement rate, also known as the stock
afttrition rate. This parameter determines the number of vehicles scrapped each year, and
varies with the vehicles’ age (so new vehicles are less likely to be retfired than vehicles which
are 20 years old). For a single vehicle type within a vehicle category, the retirements follow the
formula:

Number of retirements = Z r X Number of vehicles of age a,

a

where the refirement rate r depends on the vehicle category.

If the total number of retirements is greater than the total sales of new vehicles, then the vehicle
population decreases. However, under VISION's default behavior the vehicle population is
predicted to grow to 2050 and beyond.

3.2.4. Absolute vehicle sales

The VISION-based part of the model is pre-loaded with the number of new vehicles entering
the market each year in each category (i.e. autos, light frucks, class 3-6 trucks, and class 7-8
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trucks). This total number is then divided up amongst the different vehicle types (BEV-As, FFVs,
etc.) according to the user-selected scenario for the vehicle sales shares — see Section 3.2.1.

A consequence of using the default VISION sales numbers in the model is that each scenario
we consider has the same number of vehicles entering the fleet in a given year —irrespective
of which source we have drawn the vehicle-type sales rates from. Thus, the total number of
new vehicles entering the fleet in each year in our model (and similarly the total number of
vehicles being refired from the fleet) may differ from the numbers assumed in those sources.
This may result in divergences in the size and composition of the vehicle fleet between our
model and the referenced sources, leading in turn to different levels of fuel demand and credit
generation than would be found if the vehicle pools were always identical o those in the
referenced sources.

The advantage of building the model in this way is that it makes our scenarios more directly
comparable than if they had markedly different frajectories for total vehicle populations. The
model is sfill capable of comparing scenarios with different demand management provisions,
however: a scenario’s absolute annual sales numbers and/or the transport energy demand
per vehicle'!é can be easily tweaked up or down from the default values using standard factors.

3.3. Demand scaling and fuel pools

VISION models fleet turnover and fuel use for the entire U.S. We adapt this machinery to the
context of a single state in two stages. First, parameters which provide a good characterization
of the selected state are fed info VISION - this includes things like the electricity mix and the
standard fuel blend. VISION then performs its calculations as if the whole of the U.S. were a
larger version of the state. Second, the results of the model are scaled to make them
representative of the state.

The biggest determinant of state fuel consumption is the size of its population, and it is tempting
fo scale the national-level vehicle stock, sales, and fuel consumption on this basis. However,
we can do a little better than this first-order estimate: some states will demand relatively more
fransport energy per capita than others, depending on average distances fravelled and on
citizen behavior; this suggests that scaling should be based on the state’s share of national fuel
consumption. But we can do better sfill than this second-order estimate, as different states will
have a different proportion of their fransport energy demand from passenger vehicles versus
M+HDVs, and this will influence the types of fuel that are consumed in the statfe.

In the U.S., gasoline consumption has historically been primarily determined by the size of the
LDV fleet, whereas diesel consumption is fied to M+HDVs. Thus, to map VISION's results from
nafional to state level, we scale its vehicle population and fuel energy demand according to
the state’s share of national fuel consumption!'”. We use a separate ‘scale factor’' for the
gasoline pool (LDVs) and the diesel pool (M+HDVs). The data used to calculate the scale
factors for each state are derived from the U.S. Energy Information Administration’s (EIA) State

16 The ‘vehicle miles traveled’ (VMT) — discussed in Section 3.4.3.

17 This ensures that the fuel consumption outputs from the model are consistent with state data, which is
more important for LCFS compliance modeling than exactly matching vehicles numbers to real state
vehicle populations.
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Energy Data System (SEDS)!'8, with some corrections to account for vehicle efficiency and
usage patterns derived from U.S. Department of Transport’s Federal Highway Administratfion
datasets!?. Naturally, when modeling a national LCFS both the gasoline and the diesel scale
factors are equal to 1.

All LDV populations (i.e., all autos and light trucks) are scaled with the same ‘gasoline pool’
scale factor, and all M+HDVs (i.e., class 3-6 and class 7-8) are scaled with the same ‘diesel
pool’ scale factor. The model does not, therefore capture differences in the relafive
populations of light frucks against autos (for example). As LCFS credit generation is determined
by the quantity and carbon intensity of each fuel supplied, deviations in the relative modeled
populations of autos and light frucks should noft significantly affect LCFS compliance modeling
providing total gasoline and diesel consumption are well characterized.

Assumptions about the relative share of each category in EV/FCV sales do affect credit
generation, however, as the autos and light trucks have different VMT assumptions and
different engine efficiencies. The same considerations apply to the balance between class 3-
6 and class 7-8 vehicles. Similarly, assumptions on the share of EV/FCV sales in each vehicle
category affect the average credit generation per vehicle, and the LCFS targets that would
be achievable for a given absolute number of EVs/FCVs in the fleet.

3.4. Vehicle fleet properties

3.4.1. Fuel economy (MPG)

Fuel consumption is conventionally quoted in the U.S. as miles fravelled per gallon (MPG) of
liguid fuel supplied to a gasoline or diesel vehicle, as appropriate. When we consider the fuel
economy of non-liquid alternative fuels, such as natural gas, hydrogen, and electricity, we
must think more in terms of the energy content of the fuel. Consider that the combustion of a
gallon of gasoline in an engine will release 121.1 MJ of energy (LHV); this allows us to translate
between the energy content of, say 1 kWh of electricity or 1 kg of hydrogen, and the energy
content of a gallon of gasoline. Vehicle fuel economies based on this energy unit may be
quoted as MPGGE (miles per gasoline gallon equivalent). A similar approach can be taken to
franslate and compare energies for vehicles which would conventionally be fueled by diesel.

The actual measurable fuel economy depends on a vehicle's engine efficiency and age,
vehicle weight and aerodynamic profile, tire pressure, and usage — a large old SUV driving
sporadically uphill will register alower MPG than a new compact car cruising on a flat highway.
To forestall the unlimited complexity that this could entail in reporting, vehicle fuel economies
are quoted based on standardized tfesting regimes, and regulators devise targets for fleet-
wide improvements in fuel economy for a particular vehicle class (rather than focusing on
individual vehicles or models). Historically, the U.S. Environmental Protection Agency (EPA) and
the U.S. Department of Transportation’s National Highway Traffic Safety Administration (NHSTA)
have implemented a series of increasingly stringent standards for the fuel economy of vehicles

18 hitps://www.eia.gov/state/seds/

12 hitps://www.fhwa.dot.gov/policyinformation/
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of all classes. The most recent iteration of these standards for light-duty vehicles was
announced in 20222, and require manufacturers to increase the average fuel economy of
their fleets2! by 8-10% from model year onwards, 2024, reaching 49 MPG in 202622,

For the purposes of the modeling work, we follow the fuel economy frends coded into VISION,
which reflect past frends as well as future regulatory requirements. For example, fuel economy
for gasoline-powered passenger cars improves at around 1.9% per year between 2010 and
2024; for diesel-powered class 3-6 vehicles in the same period, the figure is 2.0%. More recent
policy developments such as the one quoted above are not yet reflected in the VISION
defaults.

3.4.2. Energy efficiency ratios

The efficiency of electric-drive vehicles is also modeled within VISION, which includes Energy
Efficiency Ratios (EERs) to adjust the fuel economy (in miles per MJ fuel) of alternative fuel
vehicles in comparison with the analogous “conventional” vehicle type.

Bearing in mind that each vehicle model has a different fuel economy, we may limit the
proliferafion of EERs by considering only vehicle category-type combinations — then an auto
BEV will be compared to an auto gasoline-ICV, a class 7-8 single-unit FCV compared fo a class
7-8 single-unit diesel ICV, etfc. In the model, EERs change annually.

Following the VISION data, electric-drive vehicles are significantly more efficient than vehicles
with infernal combustion engines, while FCVs tend to have comparable efficiency. Trends over
fime are shown for a few selected vehicle types in Figure 6.

2 https://www.transportation.gov/briefing-room/usdot-announces-new-vehicle-fuel-economy-
standards-model-year-2024-2026

21 https://www.transportation.gov/mission/sustainability/corporate-average-fuel-economy-cafe-
standards

22 Translation of this target to MPGGE would be necessary for alternative engine types.
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3.4.3. Mileage (VMT)

The Vehicle Miles Traveled per year (VMT) is modeled for different vehicle types. This quantity
decreases with vehicle age; for instance, a new passenger car is expected to cover around
14,000 miles in its first year of operation, and around 8,000 miles in its 20, Vehicles in the same
category (i.e., autos, light trucks, ...) are treated the same regardless of vehicle type — so all
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passenger cars will share the same VMT profile regardless of how they are powered. Figure 7
plots VISION’s hard-wired VMT as a function of age.

VISION offers some more sophisticated options for modeling this evolution over time, where
VMT per vehicle is responsive to changing fuel costs. While the fact that driving patterns are
sensitive to driving costs is well supported by historical data23, it demands a confident
projection of fuel costs far info the future. For our purposes, it is better fo keep things simple
and use the fixed VMT factors which only depend on vehicle age.

40,000 120,000
35,000 100,000 __
30,000 S
[eo)
25,000 80,000 Ny
— &
= 20,000 60,000 ©
> O
13,000 40,000
10,000 =
20,000 =
5,000 '
0 0
1 2 3 45 6 7 8 9210111213 14151617 18 19 20 21 22 23
Vehicle Age (Years)
Auto — Light Truck Class 3-6 (Sl)
Class 3-6 (Cl) Class 7-8 (SU) = == Class 7-8 (C) (right axis)
Figure 7 VMT as a function of vehicle age for each vehicle category

3.4.4. Multi-fuel engines

There are two types of vehicle that can run on two rather different types of fuel: PHEVs, which
run on a combination of electricity and regular gasoline- or diesel-blend, and FFVs, which can
run either on regular gasoline blend or on E85. The proportion of mileage powered by each
fuel option depends on the specific vehicle type (e.g. auto PHEV-As have a different allocation
to auto PHEV-Bs), and evolves in time with changing incentives, infrastructure, and consumer
behavior.

Tracking the ratio of consumption for these dual-fuel vehicles is important for calculating the
demand for each fuel. It also has implications for fuel economy, as PHEVs and FFVs have
different efficiencies depending on which mode they are operating in. Standard proportions
are encoded into VISION. For FFVs, these are based on historical data. For PHEVs, VISION uses
a standard formula which takes the battery size as input (Zhou & Vyas, 2014); it should be

2 E.g., https://www.fhwa.dot.gov/policy/otps/innovation/issue 1 /impacts.cfm
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noted, however, that the actual proportion of time using the electric motor can be vary
significantly under real-world driving conditions (Pl&tz et al., 2022).

3.5. Road fuel demand

Putting together all the factors considered so far in this section — the number of vehicles of
each type and age, their energy efficiency, and their mileage — VISION arrives at the annuall
energy demand for each type of “generic” fuel, i.e. gasoline, diesel, natural gas, electricity,
and hydrogen. As discussed in the next chapter, demand for “generic” fuels must be further
shared amongst more specific fuel types. For instance, demand for diesel fuel splits between
fossil diesel, renewable diesel, and next-generation drop-in diesel.

30



4. Fuel and Feedstock

This chapter describes the different fuel types (and fuel-feedstock combinations) included in
the model. It discusses the regulatory constraints on fuel blending, and describes how we
model fechnological constraints on the supply of certain fuels.

4.1. Fuel types and sources

4.1.1. Gasoline and diesel

Gasoline and diesel are used in internal combustion vehicles (ICVs), in spark-ignition (SI) and
compression-ignition (Cl) engines respectively. From a regulatory perspective, these fuels are
each entirely uniform —there is no gasoline type-A and gasoline type-B (even though individual
fuel batches originating from different refineries and blenders may in reality have slightly
different properties). For the modeling, these fuels are assumed to be available without limit.

In the U.S., road gasoline and road diesel are seldom supplied to end consumers as pure fuels.
Instead, they include some fraction of ethanol and biodiesel respectively.

4.1.2. Ethanol

Ethanol is blended with gasoline in various ratios across the U.S. This comes with a number of
technical, economic, and political advantages. Firstly, adding ethanol to gasoline improves Sl
engine performance (and therefore cost efficiency) by increasing the octane rating24.
Secondly, boosting the market for first-generation, crop-based ethanol supports the
agricultural sector which has a strong economic and political presence in the U.S. Thirdly, use
of ethanol to displace some portion of fossil gasoline may lower the lifecycle greenhouse gas
emissions of driving.

For these reasons, the Renewable Fuel Standard (RFS), established by the U.S. EPA, requires a
certain amount of ethanol to be consumed in the tfransport sector, by being blended into road
gasoline. At the same time, the maximum ratio of ethanol to gasoline is controlled — this will be
further discussed in sectfion “Blend limits”. Fuel producers and importers demonstrate
compliance with the RFS by obtaining and submitting Renewable Identification Numbers
(RINs).

We distinguish two generic types of ethanol: first-generation and cellulosic. First-generation
(1G) ethanolis made from food crops, via fermentation of their starch or sugar. This is a mature
technology. In the U.S., the vast majority of ethanol is made from corn, though small amounts
of sugar crops and starch-rich agricultural residues are also used.

Cellulosic ethanol, on the other hand is produced using more advanced processes which
hydrolyze cellulosic and hemi-cellulosic material into simpler sugars that can be then be

24 This suppresses engine knocking from non-uniform fuel combustion, and increases engine power.
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fermented like 1G ethanol. Cellulosic ethanol is considered a more sustainable alternative to
1G ethanol, as it utilizes non-food feedstocks, some of which are classed as wastes and
residues, and some of which can be effectively grown with high yield on poor quality
agricultural land. Thus cellulosic can have a drastically lower carbon footprint.

The production technology is sfill in its early stages and faces significant technical and
economic challenges to commercial viability. Hence, despite depending on inexpensive
feedstocks, cellulosic ethanol is currently much more expensive to produce than 1G ethanol.

4.1.3. FAME biodiesel

FAME biodiesel is a diesel-compatible fuel, made by reacting a lipid base with methanol and
separafing out the glycerol by-product. This is also a mature technology, and biodiesel
production facilities are relatively cheap to build. Like ethanol in gasoline, the volume
concentration of biodiesel in diesel is controlled, because of the chemical differences in the
fuel molecules.

The lipid feedstocks used to produce biodiesel can derive from virgin vegetable oils (such as
soybean oil), from animal fats which are by-products of the slaughtering industry, or from waste
oils such as used cooking oil (UCO). UCO-based biofuel tends to have the lowest
environmental impact, as it is based on a waste resource whose production emissions are set
to zero. However, supply of UCO is limited, and the maijority is likely to be already claimed by
existing markets which offer high credit prices for low-Cl fuel. High levels of demand and the
potential for high rewards for UCO suppliers has in the past led fo virgin vegetable oil being
fraudulently marked as a waste.

Similar comments apply to animal fat by-products, with the extra complication that here there
are a number of industries which are competing for the same resource. This drives up prices
and may result in demand being displaced to other less sustainable feedstocks like palm oil
(Malins, 2023).

4.1.4. Renewable diesel (HVO)

In this report, the tferm renewable diesel is used interchangeably with HVO (for ‘hydrofreated
vegetable oil’). This drop-in diesel replacement can be used without limit in existing diesel
engines. Renewable diesel shares the same feedstock base as biodiesel, but can be used in
existing diesel engines without technical or regulatory limit. It is reasonable to consider
scenarios where renewable diesel increasingly displaces fossil diesel demand in the transport
sector (atf least until more advanced diesel alternatives become available at scale).

Renewable diesel is well rewarded at present. At the federal level, it generates D4 RINs under
the RFS, and is eligible for the biomass-based diesel tax credit; renewable diesel supplied in
California also earns LCFS credits. Stacking these incentives on top of the price that consumers
pay af the pump (the same as the cost of regular diesel), renewable diesel suppliers can be
confident of high profitability (Malins & Sandford, 2022). Galvanized by this proposition,
renewable diesel producers and prospective producers are investing heavily in new
production capacity, with the knock-on effect that feedstock availability may become
stretched.
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4.1.5. Drop-in renewable gasoline and diesel

These fuels are chemically interchangeable with fossil hydrocarbons and can be used without
limit in internal combustion engines. They include liquid fuels made from biogenic feedstocks
— so-called ‘biomass-to-liquids’ or ‘BtL’ — examples of which include biomass gasification
combined with Fischer-Tropsch synthesis, high-temperature liquefaction, or pyrolysis. Drop-in
fuels also include power-to-liquids (a.k.a. PiL, electro-fuel, or e-fuel), where electrical energy is
converted info liquid hydrocarbons via a hydrogen production step. In the model oufput, we
refer to these together as BtL/P1L.

These technologies have not yet reached commercial maturity, and development is ongoing.
Further discussion is provided in Section 4.4 below.

4.1.6. Natural gas

Natural gas supplied to NGVs can come from a number of sources. Most natural gas used in
the economy is of fossil origin, but there are a number of sources of “renewable natural gas”
(RNG) produced using anaerobic digesters installed atf livestock facilities, wastewater
freatment plants, and landfills. All of these produce methane molecules that are chemically
inferchangeable with fossil natural gas; therefore, any batch of natural gas can be used
directly to fillNGV fuel tanks, and natural gas from different sources can be blended fo change
the overall carbon intensity of the fuel (more discussion of carbon intensity in a later section).

Nafural gas can be supplied to vehicles in two forms: Compressed Natural Gas (CNG) and
Liquefied Natural Gas (LNG). Both are compressed forms of natural gas requiring special tanks
for storage, with LNG being liquefied at cryogenic temperatures to further increase its energy
density and transportability. CNG can be used in vehicles ranging from passenger cars to large
frucks and buses, while LNG is only used in very heavy-duty applications like long-haul trucks,
marine vessels, and frains, due to the weight and specialization of the cryogenic fuel tanks,
and the absence of widespread fuel infrastructure (O'Malley et al., 2023).

4.1.7. Hydrogen

Hydrogen is used in hydrogen fuel cell vehicles (FCVs, also known as FCEVs because the fuel
cell is used to run an electric motor). Unlike the fuels infroduced above, consumption of
hydrogen produces no CO2 emissions at the vehicle tailpipe; FCVs are included with BEVs in
the category of “zero emission vehicles”, or ZEVs, though it should be understood that there
are still upstream greenhouse gas emissions in the production of hydrogen.

Almost all hydrogen available today is derived from fossil natural gas via ‘steam methane
reforming’ (SMR); this is called ‘grey hydrogen’, and may have a lifecycle carbon intensity
higher than that of gasoline or diesel. Other forms of hydrogen include ‘green hydrogen'’
produced by electrolyzing water using renewable electricity; ‘blue hydrogen’ which uses fossil
feedstocks coupled with carbon capture and storage; and hydrogen made through SMR of
bio-methane or from gasification of biogenic material.
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4.1.8. Electricity

The batteries of BEVs and PHEVs are charged from the local grid (though in some cases it is
possible that the energy could come from standalone generation facilities). Battery-powered
electric motors are zero-emission in the same way as FCVs, and so BEVs are classed as ZEVs.
PHEVs which are able to run on liquid fuels are, naturally, excluded from this category.

Unlike the drivers of other vehicle types, electric vehicle drivers have a few different choices
of where and how to re-fuel. Historically, the main option has been residential charging, where
the vehicle is connected to the owner's home electricity supply and left to charge while the
vehicle is notf in use. More recently, the proliferation of public charging infrastructure alongside
roads and highways and in car parks has been able to offer on-the-go charging at higher
currents than are possible from residential connections. The electrification of commercial
vehicles in light-, medium-, and heavy-duty categories is already driving the development of
centralized business-owned charging hubs.

4.1.9. Aviation fuel

Except for some one-off demonstration flights, airplanes today all run on liquid fossil kerosene.
In coming decades, the expectation is that increasing volumes of alternative aviation fuel
(AAF) will be brought info the sector to lower the carbon emissions of flying. These lowered
emissions may be eligible to generate LCFS credits, as in the CA-LCFS.

Kerosene-like AAF can be produced from a number of the sources named above, including:
refining of HVO into a jet-compatible fuel called HEFA; renewable hydrocarbon production
from Fischer-Tropsch synthesis of gasified biogenic materials; power-to-jet; or chemical or
biological alcohol-to-jet pathways, Research into hydrogen- and electricity-powered flight is
ongoing, but will not reach technological and economic maturity for some time.

4.2. Blend limits

4.2.1. Ethanol blend

As mentioned above, the supply of ethanol in transport fuel is capped. Since about 2010, the
standard U.S. gasoline blend has been E10, meaning up to 10% ethanol (by volume), and the
remainder gasoline — though the actual effective blending level varies by state, as shown in
Figure 8. The economic incentive of the federal Renewable Fuel Standard, and the technical
value of ethanol as an octane enhancer, currently favor maximization of the ethanol
component of motor fuel; as such, the 10% limit is sometimes referred to as a ‘blend wall’.
Because ethanol burns at a lower temperature and is less volatile than gasoline, it is more
difficult to start a cold engine with ethanol-rich fuel, which explains why Alaska, AK, has
adopted a 0% ethanol blend rate.
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of ethanol in the gasoline pool (i.e. including E15 and E85 blends).

More corn ethanol could be supplied in blended fuels by increasing the standard permitted
ethanol blend from E10 to E15 or higher. Indeed, the Renewable Fuels Association has reported
growth in E15 usage?s, dependent upon recent higher RIN values and higher profit margins
compared to regular gasoline (and enabled by state-level incentives for upgrading stafion
equipment). The DoE reports that E15 is available in 31 states at over 2,500 stations2¢. Still, the
E15 supplied to the market represents substantially less than 1% of the U.S.’s total motor gasoline
consumption. Since engines of new on-road passenger vehicles are compatible with E15, in
principle its use could become more widespread as older vehicles are retired from the vehicle
fleet.

There is also a category of vehicles which have been designed for compatibility with very high
ethanol blends (up to E85). These ‘flex-fuel vehicles’, FFVs, are in wide circulation, but adoption
and supply of E85 as a fuel remains relatively low, and most owners of flex-fuel vehicles sfill tend
to fill up with standard E10 gasoline rather than seeking out the higher blend option. If the rate
of utilization of E85 fuel by flex fuel owners were to increase this would allow additional volumes
of ethanol to be supplied to the market.

4.2.2. Biodiesel blend

The consumption of biodiesel nationally has reached an average blend of around 4% by
volume (blends up to 5% are referred to as “B5"), up from 1.9% in 2015. This increase has been
driven by the biomass-based diesel mandate of the Renewable Fuel Standard and by the $1
per gallon biomass-based diesel fax credit?’. On the state level, there is a spectrum of biodiesel
blend levels — indeed the spread is rather larger than for ethanol, as can be seen from Figure
8. For California, extra LCFS incentives have helped fo push the average blend to about 7.5%
(in 2020).

4.2.3. Modeling the blend

Because of the blend limits, the volume of demand for ethanol and biodiesel depends largely
on the volume of demand for road gasoline- and diesel-type fuels (i.e., for conventional fossil
gasoline/diesel plus drop-in alternatives)28. As infernal combustion vehicles are replaced by
plug-in electric vehicles, demand for these liquid road fuels will diminish, and so too will
demand for first-generation biofuels. If the blend rates are held constant the model will
therefore show gradual reductions in the fotal volume of first-generation biofuels consumed.

The model also allows for decadal user adjustment of E# and B# blend levels to
accommodate future policy priorities (historical blend levels are wired into the model for each

25 https://biofuels-news.com/news/e 1 5-sales-surge-to-new-records-in-us-last-year/

26 https://afdc.energy.gov/fuels/ethanol_e15.html

27 Throughout this report, $ = USD.

28 FFVs change the picture slightly when it comes to the gasoline pool; we will come to this in the next

section.
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state). The fransition from one blend level to another is freated in the model as a four year
linear change, so for example if the blend was set to E10 in 2020 and E15 in 2030 then the
model would use a flat 10% blend unfil the end of 2026, after which the blend increases linearly
from 10% to 15% before levelling off again after 2030.

4.2.4. Energy and volume mapping

Blend labels like E10 indicate the proportions of each fuel — in this case ethanol and gasoline —
by volume. As the fuels do not have the same energy density, blendstock shares by energy
are different to the volume shares (this holds for both ethanol and biodiesel).

An additional complication in the case of ethanol is that motor ethanol is ‘denatured’ with
gasoline in order to make it undrinkable. The VISION default is fo assume that motor ethanol is
5% gasoline by volume, in which case EI10 labelled as 10% ethanol and 90% gasoline (by
volume) is actually 9.5% pure ethanol and 90.5% pure gasoline (by volume). This is shown in
Figure 9.
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Figure 9 Share of finished fuel on volume and energy bases for ethanol in E10 and
biodiesel in B5

The formula for converting between (pure) volume and energy is, for E#:

1) LHV_Gasoline1™
— x —_—
Ethanol_Volume_% LHV_Ethanol

Ethanol_Energy % = [1 + (

and similarly for biodiesel mixed with diesel in B#.
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4.2.5. FFV adoption

Section 3.1 infroduced the term flex fuel vehicles (FFVs). These are predominantly LDVs and
are capable of burning regular blended motor gasoline (e.g. E10), or E85 fuel which is a blend
of 51-85% ethanol (and the rest gasoline) by volume??. The consumption of E85 fuel is therefore
determined by two factors: the number of FFVs in the vehicle population, NV, and the
proportion of driving done on E85, %!V useofE8 |0 gallons, the formula is:

‘ TFFVin
E85_volume = Z NEFVin _MPGCFFV in
(o

[

FFV fE85
X %c use o ,

where the sum runs over the different vehicle categories c.

Several factors influence the uptake of FFVs, including the differential cost between E85 and
the standard gasoline blend, government incentives, availability of E85 at fueling stations, and
production of FFVs themselves. The importance of each of these will depend on location: as
shown in Figure 10, state governments in regions with sizeable corn or corn ethanol industries
may act more favorably towards E85. For example, the Alternative Fuels Data Center reports
that the state with the largest volume of corn production, lowa, also has the highest number
of supportive policies for ethanol in the U.S.30. Figure 10 shows the correlation between the
number of E85 fueling stations in the state and its per-capita corn production (both of these
quantities are expressed as a rank fo control the range of the chart).

29 https://afdc.energy.gov/vehicles/flexible_fuel.ntml
30 https://afdc.energy.gov/data/10374
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Nafionally, FFV uptake peaked in the 2010s — according to AEO data, in 2012 they comprised
7.2% of auto sales and 24.5% of light fruck sales. Since then, rates have been in decline (see
Figure 11), though the five million vehicles in the population affect the balance of ethanol
consumption. This is reflected in the compliance tool, and in principle it would be perfectly
possible to model an increased adoption of FFVs should that become a pathway of interest in
any particular state.
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The second factor we must consider is the extent to which FFVs in the vehicle fleet use E85
versus conventional E#. Historical uptake has been low, seldom exceeding 2% of the total
energy consumption by these vehicles. The model allows the user to adjust the uptake of E85
by FFVs — higher uptake would be consistent with reduced E85 prices compared to standard
gasoline (this would likely require policy intervention, as ethanol is reliably more expensive than
gasoline on an energy basis).

4.3. Fuel demand modeling

As mentioned in the section ‘Road fuel demand’ above, one of the main outputs of VISION is
the energy demand from each vehicle type. This must then be translated into the demand for
each fuel. Fuel supply limitations come into play here. We treat the supply of fossil gasoline and
diesel, 1G ethanol, FAME biodiesel from soy oil, fossil natural gas, hydrogen, and electricity as
effectively unconstrained, but we directly model the availability of cellulosic ethanol,
renewable diesel, drop-in cellulosic gasoline/diesel, power-to-liquid gasoline/diesel, and
renewable natural gas. This will be elaborated in the next section.

4.3.1. Single-blendstock fuels

Some fuels are composed of multiple components, but let us first consider the simple mapping
between energy demand and fuel consumption for single-blendstock fuels. For vehicles which
run on a single type of single-blendstock fuel, the mapping is particularly straightforward. If
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FCVs require 10 PJ of energy, then 10 PJ of hydrogen must be supplied. This is translated into
kilograms or standard volume units as required.

In the case of electricity, the total fransport demand is the sum of the demand from BEVs and
the demand from PHEVs, where the latter depends on the fraction of driving which uses the
electric motor and the EER of that motor. Once this total electrical energy demand has been
calculated, no further steps are needed (other than possible energy unit conversions).

Finally, FAME biodiesel is purely first-generation — there is only one “type"” of FAME biodiesel for
the purposes of this part of the model3!.

4.3.2. Blended fuels

‘Blended fuels’ encompasses liquid fuels and natural gas, as these are composed of a blend
of components (“blendstocks”), as shown in Figure 12.

Gasoline-type Diesel-type Ethanol Natural gas Jet fuel

*Fossil gasoline *Fossil diesel *1G ethanol *Fossil natural *Fossil kerosene
*Drop-in *Renewable *Cellulosic 9as *HEFA
cellulosic/PtL diesel ethanol *Renewable *Drop-in
gasoline *Drop-in natural gas cellulosic/PtL
cellulosic/PtL kerosene
diesel
Figure 12 Blendstocks for blended fuels

Hence, knowing the overall energy demand for diesel-type fuels or for natural gas sfill leaves
room for allocating demand between the different components. This has major implications
for compliance and for greenhouse gas emissions. In the model, the allocation is done on the
basis of pre-set preferences. For ethanol, all available cellulosic ethanol is consumed before
resorting fo 1G ethanol; similarly, advanced gasoline and renewable natural gas are preferred
over their fossil counterparts. In the case of diesel-type fuels, available advanced drop-in fuels
are consumed first, then renewable diesel, then the remaining demand is met with fossil diesel.

This simple method of allocating demand assumes that, for low-Cl fuels like drop-in cellulosic
gasoline, anything that is produced will be consumed without heed to the possibly high
production cost. Thisillustrates a core feature of how the model has been coded: the user must
use it to create narratively consistent scenarios. If a scenario is created where consumption of
expensive fuel is high, then we must be confident that the credit price and other incentives will
justify the production cost. Put another way, the coupling between supply and demand is not
a formal part of the model — instead, it must be implicit in the way the user sets up the model
inpufts.

31 Biodiesel can be made of multiple feedstocks (soy oil, used cooking oil, etc.); similarly, grid electricity
comes from multiple sources (wind, solar, gas, etc.). This does not influence the present analysis, as sub-
categories can be broken out later on in the calculation.
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4.3.3. Jet fuel demand

VISION only considers the road fleet and does not model the demand for jet fuel. The current
CA-LCFS regulatory framework allows alternative aviation fuel to generate credits according
to a similar compliance schedule to diesel. Our model allows credit generation by alternative
fuel use in aviation, and also includes an option to make fossil aviation fuel a regulated (deficit
generating) fuel.

The model includes industry projections for the total demand for jet fuel as an exogenous input
(i.e., they are not explicitly modeled here from travel demand projections and stock turnover
rafes). Figure 12 shows two sources of renewable jet fuel — HEFA (which is roughly equivalent to
renewable diesel), and synthetic drop-in kerosene.

4.4. Supply constraints

Some fuels are assumed to be available in unlimited supply if there is demand for them. These
fuels are fossil gasoline and diesel, fossil natural gas, fossil kerosene, first-generation ethanol
and FAME biodiesel, hydrogen, and electricity. Other fuels have limited production capacity.

4.4.1. Second-generation liquid fuels and the AFDM

The category of second-generation liquids encompasses cellulosic ethanol, cellulosic drop-in
hydrocarbons (produced using, e.g., biomass gasification and Fischer-Tropsch synthesis), and
power-to-liquid hydrocarbons. Production of these fuels is still some way from reaching
commercial maturity, and their supply must be explicitly modeled. Here we have two options:
use external forecasts of production capacity, or explicitly model the ramp-up of capacity
using our own dedicated ‘advanced fuels deployment model’ (AFDM).

The AFDM models capacity rollout of various technologies, namely gasification with Fischer-
Tropsch synthesis, high-temperature liquefaction, fast pyrolysis, power-to-liquid, and cellulosic
ethanol. For each, it operates in three stages. In the first stage, a first-generation plant is built
at fixed tfime intervals (e.g. one every 18 months); this interval is controlled by user inputs. The
output of these first-generation plants reaches nameplate capacity over a number of years;
again, the capacity and the ramp-up period are controlled by a user input.

In the second stage, second-generation plants are built at an accelerating rate, and their
capacity also grows. This continues unfil a threshold is crossed: either in the number of years
since the first plant was built, in the number of plants, or in the total installed capacity. In the
third phase, we freat the technology as having reached commercial maturity and stop
modeling the construction of individual plants —instead, the overall capacity for production of
the fuel in question simply begins fo grow by a fixed proportion each year, unconnected to
the number or characteristics of facilifies.

The AFDM is modular, and new pathways fitting into the same framework can be easily added.
The output of the model represents the national supply of each of the advanced fuels under
consideration; these are then scaled to the state in question based on the fuel scaling
discussed above, and according to our parameterization of the state’s market attractiveness.
We assume that whatever supply of these advanced fuels exists will be preferentially
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consumed: this means that if there is a demand for 10 million gallons of diesel, and there is a
supply of 11 million gallons of cellulosic drop-in diesel, then all diesel in the state will be the
latter; or, if the available supply is only é million gallons, then the entirety of this will be
consumed, and the remaining demand will be met with a combination of renewable and fossil
diesel.

For the purposes of the present report, we use the Central scenario of the ADP dataset where
possible. This gives a total capacity for drop-in hydrocarbon production, which we then split
info gasoline, diesel, and kerosene fractions, depending on the user-defined priority allocated
fo jet fuel. Since the ADP modeling results do not cover cellulosic ethanol production, that is
modeled with the AFDM.

4.4.2. Renewable natural gas and book-and-claim

Demand for natural gas in the fransport sector is enfirely dependent on the number of NGVs
in different vehicle classes and age brackets. Fossil natural gas has a lower carbon footfprint
per unit of transport energy delivered than liquid fossil fuels, and so may be a viable
compliance opftion in early years of an LCFS, even though it is a fossil fuel.

The carbon intensity of natural gas can be lowered further through mixing with renewable
natural gas (RNG). RNG can be produced in a number of ways — primarily through the
anaerobic digestion of waste products (though it is also possible fo produce it from renewable
hydrogen). In the model, we consider three sources of RNG: landfill, sewage, and livestock
manure.

Several policies have been implemented to encourage the production and use of RNG. Under
the RFS, RNG is classified as an advanced biofuel which generates valuable D3 RINs, the price
of which has varied between 0.80 and 5.60 $/DGE since 2017; other federal schemes have
sought to support CapEx for digesting, upgrading, and compression equipment, and for
connection to the gas grid (O'Malley et al., 2023). Past state-level initiatives have also given
RNG favorable tax treatment; and this is all in addition to the strong value signal for RNG
supplied under existing LCFSs — more discussion of this in the Section 4.5 on carbon intensities.

The use of RNG in the transport mix is vastly facilitated by the “book and claim” system used in
exiting LCFSs. Here, producers of RNG around the country inject it into the local gas grid (where
it becomes indistinguishable from fossil natural gas), but retain ownership of the RNG's green
credentials through a system of certificates. These certificates can be fraded with parties who
are withdrawing natural gas from the grid, allowing these parties to claim the natural gas as
RNG even if the physical molecules are of fossil origin. This allows NGV drivers to access low-Cl
RNG without the costs and inefficiencies of a segregated gas transport system. As a result, in
2022 93% of natural gas supplied to vehicles in California — 190 million DGE —is reported as RNG
(in 2021 the values were 98% and 175 million DGE)32. Only 31% of this was actually produced in
California (O'Malley et al., 2023); this means that Californian drivers are able to subsidize RNG
production projects around the counftry, bringing the emissions benefits info the state.

Despite this country-wide net, RNG remains a limited resource: in 2022, the RFS reported
490 million DGE produced country-wide (so California consumed close to 40% of the nationall

32 https://ww2.arb.ca.gov/resources/documents/Icfs-data-dashboard
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supply in that year). We model the national availability of RNG from landfill, sewage, and
livestock using a set of simple capacity-development trajectories informed by projections from
the literature; the trajectory used in a given scenario is defermined by the user depending on
how aggressively they want the RNG sector to develop. The national resource is then allocated
fo states based on the fuel scaling discussed in Section 3.3, and according to our
parameterization of the state’s attractiveness as a market for RNG. States with ambitious LCFSs
will tend to get first claim to the available RNG (because their markets are expected to support
higher credit prices), and this is modelled using a high “state fuel priority” parameter. Other
states with lower priority must draw from a parametrically smaller pool.

4.4.3. Renewable hydrogen

Hydrogen can be made from renewable inputs in a number of ways. Bio-methane can be
furned into hydrogen in the same way as fossil methane (‘bio-SMR’); biomass feedstocks can
be gasified, and the syngas purified to concentrate the hydrogen; and hydrogen can be
produced via water electrolysis with renewable electricity as an input. However, hydrogen
from these sources is not readily available at present.

The CA-LCFS eases supply limitations of renewable hydrogen through a book-and-claim
system similar to the one described for RNG in the previous section. Under this system, bio-SMR
hydrogen inherits the book-and-claim credentials of the RNG feedstock, and electrolysis
hydrogen made with grid electricity can record itself as fully renewable provided certain
offfake conditions are met.

4.4.4. Renewable diesel and marginal production

A favorable policy environment is driving a phase of consfruction for renewable diesel
production facilities. This expanded capacity, once operational, will be able to respond to
fluctuations in demand — contracting the supply of renewable diesel when there is ample
supply of credit-generating fuels, and expanding when there is a compliance shortfall. The
model has the option to mimic this behavior: when activated, the supply of renewable diesel
is responsive to the position of the cumulative credit bank in the previous year. This “feedback”
feature is useful when exploring different pathways for achieving a set target, as it adds a kind
of buffer to excess credit or deficit generation.

Responsivity must be modeled and parameterized. First, we enforce a degree of gradualness
and smoothness in the rollout of capacity, and a cap on the maximum capacity that's
achievable in a given year — otherwise a persistent deficit could lead to very high renewable
diesel production which is not something we necessarily want. In practice, this requires limiting
the year-on-year capacity expansion and estimating the upper end of feasible capacity
expansion to work as a cap33. These two conditions combine to frace out a non-trivial pathway
for capacity development - one where demand from previous years dictates the
development of future years (rather than simply being fixed in advance).

33 In addition, while a persistent deficit in the credit bank will drive up production year-on-year, the
supply of renewable diesel cannot exceed the total demand for all diesel-type fuels combined.
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4.4.5. Biofuel feedstock limits

The model allows each biofuel to be made from up to six feedstocks, as shown in Figure 13.
The demand for a particular biofuel (in energy units) is translated info demand for its feedstocks
(in mass units) using standard conversion factors — e.g. 1 Mt of UCO vyields 36.4 PJ of renewable
diesel. These factors are derived from the GREET model and checked against Biograce.

Each of the feedstocks in Figure 13 is associated with different levels of production emissions
and ILUC emissions (further discussion of this in Section 4.5); there are also different levels of
available supply and competition with other end uses. For instance, soy oil used for biodiesel
could alternatively have been used in the food sector; or tallow used for renewable diesel may
be displaced from the oleochemicals industry. It is appropriate to monitor the demand for
these feedstocks implied by the demand for biofuels.

*Corn
1G Ethanol eSugar
eStarchy residues

eSoy oil
eCanola all

FAME Biodiesel, HVO, *UCO
and HEFA eTallow

eCorn oll
eCamelina oil

«Corn Stover

*Bagasse
Cellulosic Ethanol and *Woody Residues
Drop-in Liquids *Short Rotation Coppice

* Annual Grass
sPerennial Grass
N

Figure 13 Biofuel feedstocks considered

Note: ‘Tallow’ includes all animal fats.

In the model, the feedstock mix for a given biofuel is scenario-dependent. For first-generation
biofuels with established consumption patterns, the initial feedstock mix will moreover be set
by the actual usage. For example, a given state may start with 100% of 1G ethanol being corn
based, but pressure from the LCFS to lower the ClI of 1G ethanol may in a particular scenario
see increasing shares of sugar and residues incorporated at fime goes on. Similarly, the usage
of different lipid feedstocks will change over time; the historical shares for lipid feedstocks in
the U.S. is shown in Figure 14: these act as a starting point for future evolution.
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Figure 14 Historical feedstock shares for U.S. lipid-based biofuel

Source: (EIA, 2021, 2023)
Note: ‘Tallow’ includes all animal fats.

These lipid feedstocks may be used to make FAME biodiesel, HVO, or HEFA; fuel manufacturers
may develop preferences for the different feedstock options, on the basis of supply availability,
chemistry, or Cl score. Publicly accessible datasets unfortunately do not distinguish which
feedstocks get converted info which fuels with a sufficient level of detail to accurately
characterize these preferences; but by cross-referencing datasets it is possible to estimate the
feedstock split for HVO, as shown in Figure 15.
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Figure 15 Estimated feedstock mix for U.S. HVO in 2021

Source: (Malins & Sandford, 2022), Figure 15.
Note: ‘Tallow' includes all animal fats.

Note here the absence of any virgin vegetable oil in 2021; as HYO and HEFA production
capacity ramps up in the coming years, demand for waste and residue oils is likely to exceed
available supply, and the industry may incorporate an increasing share of virgin oils intfo their
mix — an eventuality acknowledged in industry press releases announcing new facilities (Malins
& Sandford, 2022).

The user can set consumption thresholds for each feedstock: these may be used to represent
actual supply limitations, assumed competition with other sectors, or to model active
regulatory constraints to limit the use of identified feedstocks within a specific LCFS framework.
The model tracks when a scenario’s demand for a feedstock exceeds the threshold value; it
can then respond in three different ways, depending on the user-set preference. For example,
consider UCO used for production of HEFA, HVO, and FAME biodiesel, and imagine that the
level of consumption implied by the user's feedstock shares exceeds the limits set. The default
response of the model is to register the number of years in which demand for UCO exceeds
the threshold, and the total accumulated over-consumption over the modeled period. This
gives the user the optfion to adjust their choice of inputs but does not directly change the
results.

The user may instead choose to enforce the feedstock limits more strictly. When this behavior
is enabled, then the model will push any excess demand onto an alternative feedstock (soy
oil is set as the ‘marginal’ lipid feedstock). This preserves the modeled supply of finished fuel,
but changes the feedstock mix and hence the CI.

In the extreme case where the thresholds for all lipid feedstocks, including soy oil, are
breached, then the model can be set to restrict fuel consumption and resort to fulfilling the
alternative energy demand with the fossil equivalent (HVO would be replaced by diesel and
HEFA by kerosene).
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To emphasize: the user should be aware that these mechanisms take precedence over other
elements of the chosen scenario: the model will automatically over-ride some of the other user
inputs in order to respect the feedstock limits.

4.5. Carbon Intensities

An LCFS creates incentives for transport fuel producers to minimize the carbon intensity of their
products. Different fuel types may have a different hierarchy of contributing factors to their Cl
score. Fossil fuels’ Cls are dominated by combustion emissions released to the atmosphere at
the vehicle exhaust, with smaller conftributions from oil extraction and refining (which may be
differentiated based on the provenance and grade of crude ail). For biofuels, both the type
of feedstock used and the production process significantly influence carbon intensity —
especially if this is associated with high indirect land use change (ILUC) emissions, asis the case
for some lipid feedstocks.

4.5.1. Fossil fuels

The carbon intensities of the four major fossil fuels are shown in Table 2. These are the
comparator values written into the CA-LCFS regulation, which we adopt into the model.

Table 2 Carbon intensities of fossil fuels

Gasoline Diesel Kerosene Natural gas

101.4 gCO2e/MJ 101.0 gCO2e/MJ 89.0 gCO2e/MJ 80.1 gCO2e/MJ

Note: For regulatory purposes, the Cl of natural gas may be modified by a vehicle-dependent EER — see
Table 3 below.

4.5.2. Lipid-based fuels

Soy oil is the most widely available lipid feedstock for the production of FAME biodiesel, HVO,
and HEFA. It has a high Clin part because its use is associated with significant ILUC emissions —
the CA-LCFS assigns an ILUC factor of 29.1 gCO2/MJ, which brings the total Cl to 58.3 gCO2/MJ
on average. Substituting soy with other lipid feedstocks could therefore be a path to reducing
the CI, parficularly as waste feedstocks like used cooking oil have an ILUC factor of zero (UCO
has an overall Cl of 23.7 gCO2/MJ on average).

4.5.3. Renewable natural gas
Under existing LCFSs, waste-based RNG is allocated zero carbon intensity from the feedstock

production stages, and may even receive a generous negative confribution due o the
capture of methane which may have otherwise been released to the atmosphere. This results
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in an attractive Cl score which allows NGVs to generate a disproportionate number of credits
compared to their share in the transport fleet.

Under the CA-LCFS, RNG from landfill is assigned a Cl of 40.0 gCO2/MJ, sewage treatment
plants 21.1 gCO2/MJ, and livestock manure -255.0 gCO2/MJ. For landfill and sewage facilities,
the counterfactual treatment of the collected bio-methane is flaring (to avoid combustion
risks), whereas the default assumption for large dairy facilities with wet manure lagoons is
release to the atmosphere: avoided emission gives the latter a large negative Cl score. All
three sources compare favorably with the fossil natural gas CI (about 80 gCO2/MJ), meaning
that the CA-LCFS provides a clear incentive towards use of RNG in fransport.

As remarked earlier, practically all of the natural gas supplied fo vehicles in California is now
reported as renewable nafural gas. Based on comparison of U.S.-wide EPA data and
California-focused CARB data for 2021, about half of the renewable gas that generates
federal RINs is supplied to the California market: this is made possible by the book and claim
accounting system. It is possible that this picture may change in response to forthcoming
legislative developments. As reported in (O'Malley et al., 2023), California is likely to change
the carrot into a stick by making methane capture or elimination a requirement (as part of its
overall methane strategy).

One final issue with the natural gas system — for tfransport and beyond - is “fugitive emissions”,
meaning the unintended release of methane during the production, transport, and supply
stages. As a potent greenhouse gas, both small chronic and large catastrophic leakage
events can significantly influence the actual lifecycle carbon intensity of fuel.

4.5.4. Hydrogen

Section 4.1.7 infroduced the different kinds of hydrogen that will be available in future. Each
of these can be associated with an evolving Cl score: for electrolysis-derived hydrogen, this
will depend on the fechnology mix (PEM, alkali, high-temperature SOEC, etc.), the carbon
intensity of grid electricity, and what proportion of e-hydrogen is made using renewable,
additional electricity; for bio-gasified hydrogen, it will depend on the feedstocks used, the
energy consumption of the gas separation, and how regulators deal with the possibility of
“negative-ClI" production routes; and so on. Figure 16 shows the Cls awarded to hydrogen
from different suppliers under the CA-LCFS34, and illustrates the large range of potential scores
(including the possibility of large negative scores for bio-based hydrogen where regulations
permit the award of an avoided methane credit3d).

34 https://ww2.arb.ca.gov/sites/default/files/classic/fuels/Icfs/ca-greet/lut-doc.pdf

35 We do not consider this possibility in our modelling.
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Figure 16 Hydrogen pathways recognized by CARB under the CA-LCFS, with standard
lookup values for comparison

Source: CA-LCFS Pathway Certified Carbon Intensities3¢

Note: The four standard comparator pathways are: HYF, hydrogen produced from fossil methane using
SMR; HYB, hydrogen produced from bio-methane using SMR; HYEG, hydrogen produced through
electrolysis using grid electricity; HYER, hydrogen produced through electrolysis using wind or solar
electricity. Each of the comparators shown assume compression but not liquefaction.

A crifical factor in determining the CI of hydrogen is the fugitive emissions. Compared with
methane, hydrogen is a smaller and more volatile molecule, making it more difficult to store
and fransport. Fugitive emissions can have large climate impacts, owing to its effect on
atmospheric chemistry. Hydrogen reacts with hydroxyl radicals (OH) in the atmosphere: this
prolongs the residence time of methane, promotes the formation of ozone, and can increase
concentrations of water vapor in the stratosphere. Hence, the final result of an LCA will be
heavily dependent on how this factor is freated.

Given the wide range of Finally, there is the question of how the different types of hydrogen
will be distributed throughout the economy. Hydrogen is used in the chemicals, refining, and
smelting industries, as well as in fransport; as these industries simultaneously strive to
decarbonize, demand for low-Cl hydrogen may be expected to rise, and it is not prima facie
obvious which sector will be able to claim the lowest-Cl hydrogen stream:s.

At present, the model is not set up to track the evolving blend of hydrogen sources, their Cls,
and the relative allocation fo fransport. Instead, it absorbs all of these dynamics info a time-
dependent composite Cl which covers all hydrogen supplied. This Cl is then modified as
appropriate by the EER of fuel cell electric motors for the vehicle category in question (auto,
light fruck, etc.) — see Section 3.4.2 for discussion of EERs.

36 https://ww2.arb.ca.gov/resources/documents/Icfs-pathway-certified-carbon-intensities
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4.5.5. Electricity

The carbon intensity of grid electricity can vary significantly from region to region, the main
factor being the differing mix of generation sources. The model includes solar, wind,
geothermal, hydro, nuclear, gas, and coal generation in different proportions for different
states and future scenarios. In general, the use of renewables tends to increase over time, and
the Cl of supplied electricity decrease; this change occurs at different rates depending on the
ambition of the scenario in question.

Assigned LCA scores are dependent on the scope assigned for the analysis by policy-makers.
For example, it is common in policy to freat renewable energy as zero-carbon (i.e., fo ignore
life-cycle manufacturing, installation, and decommissioning emissions) or to freat combustion
of biogenic fuels as producing no net CO2 emissions (i.e., fo assume that all CO2 from
combustion is exactly offset by CO2 absorbed during plant growth and to ignore fime-lags
and uncertainties in repayment of the ‘carbon debt’ from biomass harvesting). Under the CA-
LCFS, renewable electricity from wind, solar, and hydropower facilities is assigned a carbon
intensity of zero%7. The scenarios presented here follow the CA-LCFS accounting conventions,
though the model does include a toggle to switch to Cl values based on a broader scope of
included emissions for all sources.

Apart from regional variations in the generation mix, time-of-day effects can also influence the
actual carbon intensity of grid electricity. The demand for electricity fluctuates throughout the
day, with peak demand typically occurring in the morning and evening. During peak periods,
when electricity demand is high, power grids may rely on more expensive and less carbon-
efficient sources, such as natural gas-fred power plants, to meet the increased load.
Conversely, during periods of relatively high renewables capacity utilization (e.g. on sunny
days), the carbon intensity of grid electricity can be lower. Time-of-day charging incentives for
electric vehicles aim to encourage EV owners to charge their vehicles during off-peak hours,
typically by varying electricity costs according to the time of day and/or the balance of supply
and demand. This optimizes charging to capitalize on lower Cl electricity available and less
demand from other users; it reduces peak loads and mitigates the need for dispatchable
thermal-plant-based electricity. These practices are gradually becoming more widespread,
as smart charging systems can enable two-way communicatfion between the grid and
vehicles, allowing for more precise control and management of charging patterns to minimize
cost and maximize renewable utilization. Smart charging is eligible for additional credit
generation under the CA-LCFS rules.

Decarbonizing grid electricity may go hand-in-hand with accelerated rollout of EVs as a policy
package; conversely, rapid electrification of the economy may outpace the deployment of
renewable generation: both of these options can be explored using the modeling tool. There
is also the possibility that an LCFS regulation could allow lower carbon electricity to be
purchased and reported as used in the fransportation sector in order to generate additional
credits; under the CA-LCFS, this is known as a ‘green tariff’.
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4.5.6. State and U.S. trends

As a final comment for this section, we note that there are options to deliver lower Cl fuels at
the level of a single state or small group of states that are not available at the national level.
California and other LCFS early-adopters were able to attract the lowest Cl fuels from all over
the country (and potentially the lowest CI fuel imports). Of course, the flip-side of this
redistribution of alternative fuel resources is that the average Cl of alternative fuels in states
without LCFSs could actually increase as the lowest carbon fuels are pulled out of those states.

The modeling implication is that states on their own can reduce average fuel Cls more quickly
than is possible for the country as a whole.
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5. LCFS Compliance and Credit /
Deficit Generation

5.1. Credit- and deficit-generating fuels

In each yeary, the number of credits or deficits generated by vehicles of type v from burning
a fuel of type fis given by the formula:

I
Credit, ;(y) = (CI,S}andard(y) _ O )/EER ) x EER, X Energy, ;(y) x 1073,
v

where,
cIstandard () is the regulated compliance standard in year y (in units of gCO2e/MJ);

Cl;(y) is the Cl for fuel fin yeary (in units of gCO2e/MJ);

EER, is the regulatory EER value for vehicle v (dimensionless);
Energy, ((y) is the energy consumed by the vehicle of type v burning fuel f (in units of PJ).

An example would be v = light fruck BEVs and f = electricity (here, there is only one possible f,
but for mixed-fuel vehicles, f runs over all the possible fuels for that vehicle type). The total
credits generated by fuels used in vehicles of type v can be found by summing over all its fuels,
and the total credits generated by burning fuel f can be found by summing over all vehicles
which use f.

The sign of the expression — positive or negative — depends on the difference between the ClI
standard and the achieved CI, corrected for the drivetrain efficiency. Fuel supplied to a
vehicle of type v would generate deficits when the EER-corrected Cl of the fuels that it burns
are higher than the standard; when the Cl is lower it would generate credits. Since the Cls
evolve in time, a fuel that is initially a credit generator can end up being a deficit generator if
its rate of Cl improvement is outstripped by an ambitious compliance Cl; an example of this
will be shown in the scenario analysis section.

5.2. Compliance schedules in the model

The compliance schedule is the yearly percentage reduction in Cl versus the standard
comparator. The compliance schedule is typically the same for vehicles in both the gasoline
and the diesel pool — here, equivalent to LDV and M+HDV vehicle categories. This may result
in a different actual Cl target for the two pools — for instance, if the gasoline comparator were
100.0 gCO2¢e/MJ and the diesel comparator were 98.0 gCO2e/MJ, then the requirement of a
20% reduction would give a compliance CI of 80.0 MJgCO2e/MJ and 78.4 gCO2e/MJ
respectively.
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By default, the model constructs compliance schedules as piece-wise linear interpolations
between decadal targets, but other functional forms are possible. Users may also save
customized annual compliance schedules for a given scenario it a high degree of fine-tuning
is desired.

5.2.1. Aviation compliance schedule

LCFSs have to date focused primarily on road fuels: in part because of negligible production
of alternative aviation fuel, and because it may be harder to regulate flights which cross state
and national borders. Nevertheless, alternative aviation fuels supplied in California are eligible
to generate LCFS credits — though conventional aviation fuels are not covered and do nof
generate deficitsss,

The model allows for three options for LCFS regulation of aviation fuels: 1) no credits or deficits;
2) credit-generation only (i.e. only alternative aviation fuel is regulated); and 3) both credit
and deficit generation (i.e. fossil aviation fuel is also regulated). Following the CA-LCFS, for the
present exercise we choose the second regime. Crediting only, with the cost of alternative
aviation fuel supply imposed on road fuel users through the credit market, is unlikely to remain
acceptable if alternative aviation fuel production takes off, in which case intfegration of fossil
aviation fuel into the LCFS (or the creation of a parallel system) may be considered.

As for the aviation compliance schedule, there are a few opfions. One would be fo follow the
same schedule as road fuel, meaning that if a 15% Cl reduction in 2030 is mandated for road
fuels, the same reduction is required for aviation fuel. (potfentially with an aviation-specific
baseline GHG intensity value) The Californian system adopts a different protocol where the
aviation fuel compliance schedule fracks the absolute CI (in gCO2e/MJ) of the diesel fuel pool.
Since aviation fuel starts out with a lower CI than diesel (see Table 2), this treatment is more
generous in terms of credits generated per gallon of alternative jet fuel supplied than using the
same percentage reductions. The model also allows users to enter a custom annual
compliance schedule. In the modeling here, we have adopted the Californian approach.

5.3. Energy efficiency ratios and LCFS crediting

Vehicle efficiency signifies the number of miles that a vehicle can travel on a fixed amount of
fuel under different driving conditions. There is variation between vehicles of the same type
(e.g. between an old and large passenger car versus a newer smaller one); more significant
variation is seen between vehicles with different engine types: spark and compression ignition
combustion engines, fuel cell electric motors, and battery-powered electric motors. VISION
includes detailed assumptions about the fuel efficiency of each vehicle and drivetrain over
fime; this was discussed in ‘Vehicle fleet properties’, Section 3.4 above.

The difference in performance between engine types as a class can be parameterized as an
energy efficiency ratio (EER): this is the ratfio of the fuel economy of an alternatively fueled
vehicle to that of a comparable conventional infernal combustion engine vehicle in the same
category (e.g. a typical BEV auto versus a typical gasoline auto). The EER indicates how much

38 Meaning that the aviation fuel credits are paid for by motorists rather than fliers.
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transportation service can be supplied by a unit of energy, and affects the generation of
credits according to the formula in Section 5.1.

For the purposes of calculating emissions reductions and credit awards in an LCFS, the existing
programs have adopted standard fixed EERs for vehicle categories. This means that the
assumed EER would be the same for all sub-classes of vehicle (BEV-A, -B, and -C, for example),
and ignoring any year-on-year changes in the average EERs as the fleet evolves. These are
referred to as ‘regulatory EERs’, to emphasize the fact that they are aregulatory approximation
of the efficiency advantages of different engine types; in general, these will not exactly match
the assumptionsin the underlying modeling (inherited from VISION) or the real EER in the vehicle
pool in a given jurisdiction.

Regulatory EER values from the CA-LCFS are shown in Table 3. In the case of light duty battery
electric vehicles, for example, one megajoule of electrical energy would be assumed to
propel an electric vehicle 3.4 times as far as a megajoule of gasoline energy in an ICV.

Table 3 Regulatory energy efficiency ratios for road vehicles running on different
fuels3?

LDV M+HDV

Electricity 3.4 5.0
Hydrogen 2.5 1.9
Natural Gas 1.0 0.9

Note: LDV = light-duty vehicle; M+HDV = medium- and heavy-duty vehicle.

5.4. CCS credits

The CI of tfransport fuel can be influenced at the production stage through the installation of
carbon dioxide capture modules onto fuel production facilities40. When this carbon dioxide is
then entered into long-term storage, it is considered ‘carbon capfure and sequestration’
(CCS).

The efficiency of the carbon capture process is dependent on the concentration of the
carbon dioxide stream — streams with higher concenfration require less energy to capfture.
Applying this observation to processes associated with fransport fuel production, we find that
CCS is potentially suitable for use in ethanol plants, hydrogen production plants using steam
methane reforming or gasification, and advanced drop-in fuel facilities based on biomass
gasification. It is not impossible that CCS may also be considered in the power generation

3% https://ww2.arb.ca.gov/sites/default/files/2020-07 /2020_Icfs_fro_oal-
approved_unofficial_06302020.pdf

40 Carbon capture can of course be deployed also in locations unconnected to fuel production — for
instance fitted onto steel mills, cement kilns, coal-fired power stations, or indeed as free-standing direct
air capture (DAC) facilities. We would expect that LCFS programs would only consider carbon capture
delivered within the supply chain of tfransport fuels.
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sector for lowering the CI of grid electricity used to charge electric vehicles; but this is not in
scope for any existing LCFSs.

In the context of the LCFS, CCS can in principle generate credits in two ways: either (a) by
being registered as an exogenous credit, such that every tonne of CO2 sequestered generates
a tonne of LCFS credits; or (b) by being recognized in the life-cycle analysis of fuel production
and reducing the CIl of the fuel. The model supports either approach. This is a primarily
administrative decision, and doesn’t affect the number of credits that are generated by the
CCS unless there are also differences in scope between the two approaches (e.g. whether
CCS on a steam methane reformer could be fully counted for credit generation even if not all
of the hydrogen was used for transport fuel production). For this work, we choose opftion (a),
as it makes more transparent the role of CCS in fransport decarbonization.

Several ofther credit generation options offered in California (refinery investment, refinery
renewable hydrogen, innovative crude production, and low-energy-use refinery) are not
considered in the scenarios presented here, but the model can be switched to include them
(based on exogenous calculation of credit generation rates) if so desired.

56



6. Credit Price

Credit prices under LCFSs are determined by a recursive interplay between the stringency of
compliance targets on one hand, the availability of low-Cl transport fuels/energy, the cost of
producing and supplying low-Cl transport fuels/energy, and any cost containment
mechanisms used to cap maximum credit prices. Availability of low-Cl fuels/energy depends
on industrial capacity, feedstock price and availability, competition from other markets, and
the motivating force of the compliance target.

6.1. Price caps
In a situation where ambitious targets create strong demand for alternative fuels and LCFS
credits, the credit price will tend to rise towards any price cap. Under the CA-LCFS, this cap4!

was set at 200 $/tCO2¢e in 2016 and is adjusted upwards annually, reflecting inflation. A similar
cap has been set in Oregon since 2018. Both are shown in Figure 17.

$300

$250 ‘::

$200 —— —_—

$50

$0
2016 2017 2018 2019 2020 2021 2022 2023 2024

—CA —OR

Figure 17 Credit price cap in the clearance markets of California and Oregon

6.2. Setting the credit price in the model

The core business of an LCFS compliance model is to track the balance of credits and deficits
under different technology development and fuel availability scenarios, and with different

41 The California LCFS sets an effective price cap through the creation of a ‘credit clearance market’,
whereby suppliers who do not fulfil their full obligation during a year are required to purchase credits
available in the market at the cap price.
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proposed Cl targets (along with other policy components). This differs from detailed economic
models which seek to model the behavior of future transport consumers given the interaction
between upfront and operating costs of different fransport opfions (e.g., battery electric
vehicles versus conventional vehicles, blending of renewable diesel, efc.). In a full economic
modeling approach, the price of LCFS credits becomes a key variable that directly influences
the decisions that lead fo different sectoral outcomes; conversely, changes in fuel capacities
and production affect credit prices: thus, there is a feedback loop between prices and
behavior.

For compliance modeling, on the other hand, the credit price does not necessarily affect other
oufcomes (it is possible fo include simple feedback loops, but also possible to model
deployment without directly considering credit price). Consideration of the potential credit
price only becomes necessary when we begin to ask ancillary questions such as “What will this
policy cost motorists at the gasoline pump?”, or “How much revenue could this policy
generate for electrification schemes in low-income neighborhoods?”. In order to proceed with
these kinds of enquiries, we must decide how to model the credit price without undertaking
the complexities of a full market-oriented freatment.

In the simplest framing, a credit price assumption is made using modeler judgment based on
the strength of the market signal that we presume would be required to deliver the relevant
level of alternative fuel deployment, calibrated against prices observed in existing LCFS
markets. For instance, a credit price of 50-100 $/tCO2e may be high enough to motivate the
supply of additional lower carbon intensity fuels, but is presumed not to be enough to compete
with existing LCFS states for the lowest Cl fuels and for drop-in fuels — recall from Figure 17 that
both California and Oregon have credit price ceilings above 200 $/tCO2e. Once credit prices
surpass 150 $/tCO2e, say, we begin to enter aregime where low-Cl renewable diesel and even
some advanced drop-in fuels may be deployed beyond the demand from the existing LCFS
states, and adoption of electric vehicles could be accelerated if credit revenue is used to
support purchases.

The relationship between fuel availability, vehicle deployment, and credit price is also subject
fo influence from other policies. Take, for instance, the federal IRA, or the Californian
Advanced Clean Cars and Trucks standards: these are infended to stimulate the adoption of
ZEVs through mandates and tax incentives, and LCFS credit prices are likely to play only a
secondary role in determining rates of EV deployment etc. Rapid expansion of EV use would,
for a fixed compliance schedule, increase the rate of credit generatfion and could thereby
reduce (or even collapse) the LCFS credit price: therefore, it might be appropriate to model a
low (0-50 $/tCO2e) credit price in a scenario with accelerated EV deployment.

6.3. Supporting electrification

Each credit represents a financial transfer from users of higher-emission fuels, and some of this
revenue could in principle be ulilized to accelerate the fransport energy fransition. As a
concrete example, measures established under the CA-LCFS support the deployment of zero-
emission electric vehicles by diverting credits generated through EV charging info dedicated
infrastructure programs.

Electric vehicles can be charged via unmetered connections (e.g. by plugging into a
residential charger), or via metered connections (e.g. at a commercial charging station). In
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the latter case, the amount of electricity supplied to vehicles can be accurately measured
and registered operators can receive the credits directly. Commercial charging points can
therefore pass the credit value on to consumers through reduced fees orimproved/expanded
service.

In the case of charging from unmetered residential connections, under the CA-LCFS credits
are issued to electric ufilities based on assumed standard charging patterns. Without further
infervention, it would not be guaranteed that EV owners would benefit directly, as power
generators may simply absorb the revenue into their wider operations, or pass the credit value
back to electricity consumers in general through cheaper rates. This has been addressed
under the California system by infroducing a requirement that the electric utilities ‘must use alll
credit proceeds to benefit current or future EV drivers in California’42.

There are several ways in which value could be refurned to drivers. Support could take the
form of reduced electricity prices targeted at EV owners, point-of-sale rebates for EV
purchases (as has been implemented in California43), subsidies for at-home charging stations,
orinvestment in non-residential charging infrastructure. The model allows the estimation of how
many credits would be awarded to utilities and therefore of how much revenue would be
available for these purposes under a given scenario.

42 Barclays official California Code of Regulations §95491 (d)(3)(A)2,
https://govt.westlaw.com/calregs/Document/I2A02D2C878AF4B4EACS5B2A4AEDES825B

43 https://cleanfuelreward.com/; see also Barclays official California Code of Regulations §95483
(c)(1)(A)1, hitps://govt.westlaw.com/calregs/Document/I791DCD16983942E0B343397F26C6C023
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7. Scenario Inputs

This section presents some of the key inputs used to illustrate the model’s basic capabilities. As
discussed in Section 2, we consider an LCFS applied to the whole of the U.S. in the period 2025-
2050. We call our scenario the ‘illustrative national scenario’; many of its inputs are based on
or derived from the ‘Cenfral’ case presented in Evolved Energy Research’s Annual
Decarbonization Perspective (ADP) of 2022, described in Section 1.5.

7.1. Vehicle sales

The set of sales shares is one of the most consequential model inputs, as it is very difficult fo
meet ambitious LCFS compliance targets without significant penetration of alternative vehicle
types. Values for the ADP Central scenario are shown in Figure 18, split according to vehicle
category. To go from the percentages in Figure 18 to absolute numbers of vehicles hitting the
road in any given the year, we must multiply by the annual number of new vehicles in the
relevant category (see the discussions in Section 3.2).
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Figure 18 Evolving sales shares within the four vehicle categories, derived from ADP-2022

Note: Legend in the upper-right panel. Acronyms for vehicle types are infroduced in Section 3.1. Buses
are notincluded.

7.2. Standard fuel blends

An LCFS creates a value signal in support of increased use of ethanol to displace gasoline and
biodiesel to replace diesel. Section 4.2.3 explained how blending rates can be tuned by the
user on decadal timescales. For the present exercise of the illustrative national scenario, we
assume an increase in the standard ethanol blend to E15 in 2030 and then on fo E20 in 2040.
We also impose a small rise in biodiesel blending, up fo an average standard of B5 in 2030;
after this, the blend rate is fixed, as in this scenario we assume the supply of biodiesel feedstocks
fo come under pressure from the booming renewable diesel industry. Figure 19 shows the
development of the standard fuel blends just described.
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Figure 19 Standard blend (by volume) of ethanol in gasoline and biodiesel in diesel for

the illustrative national scenario

7.3. Fuel supply and carbon intensity

This section covers the projection and parameterization of supply levels for those fuels which
are freated as limited by the model. For certain fuels projections can be adopted or derived
from the ADP-2022 data release; others are modeled internally. The CI of different fuels and
fuel-feedstock/fuel-source combinations are not included in the ADP-2022 data release;
values for these are taken either from the CA-LCFS system, or modeled internally according to
some scenario from the literature.

7.3.1. First-generation biofuels

First-generation biofuels are produced using well-established technologies (fermentation fo
ethanol, fransesterification to biodiesel and hydrotreating for HVO) from crop feedstocks
(primarily corn in the case of 1G ethanol, and soy oil in the case of FAME biodiesel and
renewable diesel), as well as from waste and by-product lipids (such as yellow grease / used
cooking oil). This general picture was outlined in Section 4.1. In our modeling, we assume that
the potential supply of 1G ethanol and FAME biodiesel is adequate to meet demand up to
the targeted blend levels. For the case of renewable diesel, supply is limited by production
capacity. The ADP dataset does not cover renewable diesel, and so we turn to the in-built
supply model described in Section 4.4.3. Results for the illustrative national scenario under
consideration are shown in Figure 20.
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Figure 20 Projected U.S. production capacity of renewable diesel used in the illustrative

national scenario

The illustrative national scenario's Cls for renewable diesel made from different feedstocks are
shown in Figure 21; from 2025 onwards (i.e. from the start of the LCFS regulation), the reported
Cls start to drop owing o the incentive to increase credit-generation by these fuels, especially
as the target becomes more stringent. The rate of this drop is scenario-dependent, and is not
modeled in the ADP.

The LCA values for crop oils include indirect land use change factors: for example, the CA-
LCFS assigns soy an ILUC factor of 29.1 gCO2e/MJ. This creates an incentive to maximize the
utilization of the other lipid feedstocks shown; however, since low-Cl feedstocks such as waste
oils are already in high demand from existing LCFS programs in California and Oregon (as well
as infernationally), there is limited scope in a national program for replacing large quantities
of soy with lower-Cl opftions.

63



% Scenario Inputs
i,

e —

P S PP o D DD O D > R0 P ) QD

9 Ao A
O V&Y Lol to ate i to agite} $o)
P F P PSS T TS s

N SN

=S50y Oil ==——Canola oil =—UCO —Tallow Corn oil == Camelina oil

Figure 21 Evolution of the CI of renewable diesel based on different feedstocks, for the
illustrative national scenario

Note: UCO = used cooking oil. These Cl values include ILUC factors.

Section 4.4.5 described the mechanisms that the model can use to constrain consumption of
biofuel feedstocks. For the llustrative national scenario under consideration, these
mechanisms are active for lipid feedstocks, and the thresholds are shown in Table 4. The values
should be taken as indicative, informed by a combination of the EPA’s recent volume rules,
past consumption levels, and allowing for modest growth in availability.

The confribution of each feedstock to the final fuel volume is therefore governed by a
combination of the user-determined feedstock shares (in %) and the user-determined
feedstock thresholds (in Mf). As the total modeled supply of HVO increases it is no longer
possible for all HVO plants to be fed with waste and by-product feedstocks (cf. Figure 15) and
the illustrative national scenario assumes a significant conftribution from soy oil; the modeling
results will be explored further in Section 8.6.

Table 4 Thresholds on lipid feedstocks to be used in the illustrative national scenario

19.8
Threshold (Mt/yr
(Mt/yn) 2050 24.3 3.0 3.1 2.2 2.4

Note: Growth between 2025 and 2050 is treated as linear.
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7.3.2. Electricity mix

As with the biofuel feedstocks, in our model both the mix of grid electricity sources and the Cl
of each source evolve in time. The default behavior of the model is to base the evolution of
the electricity mix on EIA's AEO 2022 projections — with different scenarios using different AEO
scenarios (reference case, low renewable cost, etc.). For this illustrative run, we have used the
ADP-2022 Cenfral scenario for electricity generation, where fossil power is almost enfirely
replaced by renewables + nuclear by 2050 — see Figure 22.
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Figure 22 Electricity generation mix from the ADP-2022 Central scenario

Each of these electricity sources is associated with an assumed regulatory carbon intensity
value in the model. In our scenario we treat solar, wind, and hydroelectricity as zero carbon,
following CARB; other sources are assigned a Cl representative of the U.S. grid, with expected
efficiency improvements encoded as gradual Cl reductions of all sources.

The overall average ClI for grid electricity that we consider for the illustrative national scenario
is shown in Figure 23. The phase-out of coal power in 2030 can be seen as a sharp change in
the gradient of the line after 2030.
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Figure 23 Evolving carbon intensity of electricity, in gCO2e/kWh (left axis) and gCO2e/MJ
(right axis)

Note: Carbon intensity is quoted at the point of delivery —i.e., at the power outlet. This is not adjusted for
the greater on-road efficiency of elecfric motors compared with internal combustion engines, which
reduces the effective carbon fooftprint for vehicles running on electricity. In the modeling, the efficiency
difference is taken info account through an energy efficiency ratio (EER).

7.3.3. Hydrogen

The evolving mix of hydrogen production in the ADP Central scenario is shown in Figure 24 (this
covers the whole hydrogen economy, noft just the tfransport sector). SMR is essentially the only
option at present, but from 2040 onwards large capacity expansions in electrolysis makes this
the dominant technology, followed by bio-gasification. By 2050, the maijority of remaining SMR
facilities operate with carbon capture ('CC’), covering both CCS and CCU.

In our modeling, the majority of transport hydrogen use is in heavy-duty fuel cell vehicles (HD-
FCVs), and demand ramps up gradually from 2025 as this technology comes online. We must
make an assumption about which forms of hydrogen are supplied to the fransport sector. We
assume that available electrolytic hydrogen is preferentially supplied to fuel cell vehicles, and
that there is a rapid shift fowards renewables-based (rather than grid-based) electrolysis. As
the assumed supply of electrolytic hydrogen is greater than the modeled demand, except for
a very minor shortfall before 2030 (cf. the dashed line in Figure 24), almost all hydrogen
consumed in the transport sector in the modeled period is assumed to be low carbon intensity
green hydrogen. Notfe that if it were instead assumed that carbon-negative hydrogen (i.e.,
using biogenic feedstocks coupled with CCS) was consumed in fransport this would increase
the number of LCFS credits that could be generated).
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Figure 24 Evolving mix of hydrogen sources (economy-wide) in the ADP-2022 Central
scenario, as well as the modeled transport demand

Note: CC = carbon capture; High-T = high temperature; SMR = steam methane reforming. In this scenario,
the contribution of high-T elecfrolysis to the hydrogen mix remains at zero. Carbon capture encompasses
both CCS and CCU. The biogenic component of the SMR pathways is not specified in the ADP data
release.

The full Cl evolution for hydrogen used for the illustrative national scenario is shown in Figure 25:

starting at the ClI for fossil SMR hydrogen, and decreasing to the standard ClI for renewables-
based electrolysis hydrogen.
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Figure 25 Carbon intensity for transport hydrogen used in the illustrative national scenario

Note: These CI values reflect the emissions per energy unit of hydrogen produced, and have not been
EER-adjusted to account for the engine performance of FCVs. The reportable Cl of hydrogen used in
fransport will therefore be lower than what is shown here, by a factor which depends on the vehicle
category —see Table 3.

7.3.4. Second generation liquid fuels

These include cellulosic ethanol and the advanced drop-in liquid fuels discussed in
Section 4.1.5 (the latter are interchangeable with fossil hydrocarbons and can be made using
e.g. gasification + FT, pyrolysis, or PiL technologies). While these technologies have not
reached commercial maturity, the ADP Central scenario envisions rapid scale-up of
production capacity to economy-scale volumes, with deployment accelerating after 2040
(Figure 26). In our modeling, we assume that the entirety of the produced volume is made
available to the domestic market, with a split between gasoline, diesel, and kerosene fractions
which is determined by a user-input parameter.

68



6,000 45

40
5,000
35
4,000 30 &
9
5 25 ©
a’ 3,000 O
20 é
2,000 15 =
10
1,000
5
0 0
2025 2030 2035 2040 2045 2050
mmmm BtL/PtL Supply (ADP) Road Hydrocarbon Demand
Figure 26 Production capacity of drop-in liquid fuels (in the ADP-2022 Central scenario),

and the demand for such fuels from the road sector (model)

Note: Since the hydrocarbon energy supply is made up of multiple fuel fractions, the volume conversion
shown on the right-hand axis uses a weighted average LHV of 131.3 MJ/gallon.

The ADP modeling did not cover the development of cellulosic ethanol production, and so
this is modeled using the in-built advanced fuels deployment model, infroduced in Section
4.4.1. The trajectory of supply growth assumed for the scenario in this report is shown in Figure
27.The modeled supply of cellulosic ethanol never meets total ethanol demand, and therefore
there is always some demand for 1G ethanol in the road sector in this fime period.
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Figure 27 Production capacity of cellulosic ethanol from the model

7.4. CCS deployment

Section 5.4 infroduced the opftions for generating CCS credifs in the LCFS. The ADP-2022
dataset covers the seven carbon capture pathways shown in Figure 28, where the data are
drawn from the ADP Central scenario.

Once captured, carbon dioxide can be sequestered (as CCS) or used in industrial processes
(including the production of liquid and gaseous fuels) — this is called CCU. The ADP results show
an increasing diversion of captured carbon to CCU applications as time goes on, as shown in
Figure 28 for the Cenfral scenario.

In our modeling, we may assume that a certain proportion of the GHG savings from CCS are
aftributable to the transport sector and would therefore generate LCFS credits (see below).
We assume that any CO2 benefit associated with CCU is attributed to the product produced
(e.g.in the case of PiL fuels by offsetting the CO2 emissions from fuel combustion) rather than
to the process from which the carbon is captured, and therefore we do not consider any
additional LCFS credit generation from the fraction of captured CO2 that is utilized.
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Figure 28 CCS projected in the ADP-2022 Central scenario, including the percentage of
captured carbon that is CCS (rather than CCU)

Note: In this scenario, some of the modeled CCS sources have zero contributfion and are omitted from
the graph. These are ‘Power Generation: Coal’, ‘Power Generation: Biomass’, and ‘Direct Air Capture’.
Note also that the ‘Biofuels Production’ category includes conventional liquid biofuels for transport, as
well as other fuels made from biogenic feedstocks (such as bio-SMR hydrogen) which can be used in
other sectors.

7.4.1. Allocation to transport

Some of CCS considered in the ADP model will take place outside of the transport fuel supply
chain (and in particular outside of the LCFS-regulated sector), and so we have to decide how
much of the emissions savings should be assumed fo generate LCFS credits44. For example,
there is no reason for direct air capture for underground storage to be associated with fuel
production, so we ignore this contribution. On the other hand, the entirety of biofuels-related
CCS could in principle generate national LCFS credits4s.

For the hydrogen production pathway, one has fo make a judgement about the fraction of
CCS-enabled hydrogen that will be consumed in the fransport sector. As discussed in
Section 7.3.3, under the present illustrative national scenario, hydrogen demand will be all but

44 Note that, as discussed in Section 5.4, in this report we treat credits from CCS on biofuel plants as a
separate category of credit generation rather than adjusting the carbon intensity of the relevant
biofuel pathways to reflect the carbon capfure.

45 For fuel production processes which generate more than one output, it may be appropriate to
allocate some carbon capture to co-products used outside the road transport sector.
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entirely met by electrolysis, meaning that any CCS associated with other hydrogen production
pathways will contribute to emissions abatement in other sectors.

For the present exercise, all CCS credits related to fuel production are presented separately
from the credits generated by the Cl of the fuel — so for example the credits reported against
ethanol consumption are based on the CI of ethanol excluding the credit from CCS.4¢ In
practice, an LCFS could credit CCS either by including it in the reportable Cl pathway Cl value
or separately. For the purpose of the modeling in this report we have reported the terms
separately as we believe this helps with understanding the credit bank evolution.

7.5. Credit price

In order to explore the direct financial impacts of an LCFS on fuel prices, infrastructure
investment, and vehicle rebates, we need to set an indicative credit price. As was discussed
in Section 6.2, the credit price assumption is informed in part by considering what stakeholders
in existing LCFS markets are willing to pay for low Cl-fuels, and in part by anficipating the future
price points that would be able to atfract the volumes of advanced fuels / stimulate the
vehicle uptake rates that are encoded into the scenario in question.

For our present illustrative national scenario, we adopt 100 $/tCO2e as an indicative price point
(using 2025 dollars throughout). This is lower than prices have often been under the California
and Oregon regulations, which is justified by considering that a national LCFS is likely to be
somewhat less ambitious than these existing implementations.

In the modeling presented here this price is assumed fixed for the whole time interval under
investigation. The model also has the option fo make credit price responsive to the state of the
credit market — that is, the extent to which the supply of credits exceeds demand. When
responsivity is enabled, a credit shortfall causes the credit price to rise according to some pre-
determined elasticity, and vice-versa. We may consider a credit shortfall in a single year, orin
the cumulative credit bank, or both; the market will respond with different magnitude (but in
the same direction) in each case.

46 For example, consider 1,000 MJ of 1G ethanol produced with a Cl of 60 gCO2e/MJ at a facility which
captures and sequesters 30 kg of CO2. We present these two credit-generating activities as separate
items; an alternative would be to report the ethanol as having a Cl equal to 60 — 30,000/1,000 =

30 gCO2e/MJ.
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8. Scenario Results

This section presents the modeling outputs for the illustrative national scenario, based on the
scenario inputs described in the previous section.

8.1. Compliance schedule

The results of the modeling suggest that the ADP scenario could be consistent with the
following LCFS targets:

e 2030: 20% Cl reduction
e 2040: 65% Cl reduction
e 2050: 98% Cl reduction

The compliance schedule is shown in the next section (Figure 29). Our long-term target implies
that, under the regulatory accounting system chosen here, complete decarbonization of the
fransport sector is within reach. This depends on aggressive use of CCS to negate residual
emissions from fossil and alternative fuels.

8.2. Carbon intensity reduction

The headline result from the compliance modeling is the carbon intensity reduction over fime,
as shown in Figure 29. This illustrates the Cl reduction modeled through the period from 2025 to
2050, and compares it to an illustrative compatible compliance schedule (black dashed line).
We can immediately make a few observations about this scenario:

e Itis possible to approach 100% Cl reduction under this scenario (in part due to the use
of CCS).

e The greatest confribution comes from electric vehicles, and this confribution grows
rapidly as the number of electric vehicles in the fleet increases.

¢ Inthe ADP scenario renewable jet fuel, which is covered by the LCFS, is not produced
in sufficient quantities to make much impact.
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Figure 29 Carbon intensity reduction of the U.S. transport fleet, split by fuel

Note: For the present exercise, credits generated by refinery investment are set to zero, so the ‘CCS &
Refinery’ term consists purely of CCS credits.

The results shown in the following sections allow us to elaborate this narrafive.

8.3. Vehicle population

Combining the sales shares shown in Figure 18 with projections of vehicle sales, and with
VISION’s model assumptions about age-dependent refirement rates (see Section 7.1), allows
us fo track the evolution of the vehicle population, shown in Figure 30. Although sales of
alternative-fuel vehicles like BEVs grow rapidly from the 2030s onwards for all vehicle types, it
takes a while for these to replace the existing vehicle stock — particularly in the heavy-duty
sector where vehicles tend to have longer lifespans. Accelerating the electrification of the
vehicle population would require addifional policy incentives to accelerate the retirement of
ICE vehicles (for example through scrappage schemes)4’.

47 We note however that at some point the dwindling ICE population may lead to a fundamental
change in the availability of ICE infrastructure services such as gas stations and ICE-competent
mechanics, which could naturally accelerate retirement of these vehicles.
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8.4. Energy demand

8.4.1. Energy demand by fuel

The fransport sector’s energy demand under our illustrative national scenario is shown in Figure
31 in the period 2020-50 (remember that the LCFS is presumed to start in 2025). This is the actual
energy demand and has not been EER-adjusted. The overall reduction in energy demand
despite the growing number of vehicles in the fleet (Figure 30) is explained by the greater
efficiency of electric-drive vehicles.

By 2050, we see a roughly even split between the energy provided by electricity and the
energy provided by the combination of conventional fossil fuels and other alternative fuels.
Diesel alternatives are able to completely displace fossil diesel by the 2040s; and 1G ethanol is
almost completely eliminated due to a combination of reduced gasoline demand and
gradual but persistent growth in cellulosic ethanol production.
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Figure 31 Total energy demand in the transport fleet, split by fuel

Figure 32 shows just the energy provided by novel alternative fuels, i.e., all values are the same
as in Figure 31 but gasoline, diesel, 1G ethanol, and FAME biodiesel are omitted. One feature
to note is that, once drop-in cellulosic diesel production can satisfy the demand for diesel-type
fuels, renewable diesel production diminishes rapidly.
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Figure 32 Alternative energy demand in the transport fleet, split by fuel

8.4.2. Energy demand by vehicle category

A complementary perspective on the energy results presented above is shown in Figure 33,
where the same total energy demand is split between vehicle categories rather than fuel. This
serves fo illustrate that, while there are an order of magnitude fewer M+HDVs than LDVs (autos
plus light trucks)in the population (see Figure 30), the energy consumption per vehicle
counterbalances this such that the categories have more comparable levels of energy
demand. With electrification proceeding more rapidly in the passenger vehicle fleet the
modeling shows similar overall energy demand for the two segments by 2050.
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Figure 33 Energy consumption split between vehicle categories

8.5. Greenhouse gas emissions

Annual greenhouse gas emissions from each fuel is calculated as the product of the amount
of fuel consumed and the carbon intensity of the fuel in that year. The first factor was dealt
with in the previous section: it is governed by the number of vehicles of the appropriate type
and ftheir spectrum of ages, which in furn is largely determined by the vehicle sales rates
inferred from the ADP-2022 Central scenario.

As discussed in Section 7.3.2, The fuel Cls are assigned independently of the ADP modeling: for
each fuel we must consider the mix of sources/feedstocks (e.g., for electricity these are solar,
wind, gas, coal, etc.), and the Cl of fuel coming from each feedstock (low for solar and wind,
high for gas and coal). The resulting annual emissions, split by fuel, are presented for the
illustrative national scenario in Figure 34. Nofice that emissions from electricity are very modest
despite the rapid growth in electricity demand shown in Figure 31 above. This is explained by
the equally rapid decarbonization modeled for the power sector — the roughly 5x growth in
electricity consumption between 2030 and 2050 is compensated by a roughly 0.2x factor on
electricity Cl in the same period. A similar dynamic applies to emissions from hydrogen
consumption.
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Figure 34 Greenhouse gas emissions by fuel, in megatonnes of CO2-equivalent

Figure 35 shows the cumulative modeled emissions from regulated fransport over fime
compared fto the emissions that would obtain if the same transport-energy demand were met
by the standard gasoline and diesel blends frozen at their present values (i.e., without any
alternative fuels or vehicle types)48. This counterfactual is not infended to represent a ‘non-
LCFS’ counterfactual scenario; even without an LCFS some of these emissions reductions would

still be delivered.

The modeled scenario’s cumulative fransport emissions reach 23 Gt by 2050 (including CCS
credits and counting the emissions savings from alternative aviation fuel). This is half what the
cumulative emissions would be if road fransport energy demand were supplied by standard
gasoline/diesel blends (and there were no transport-associated CCS).

48 The energy demand used to calculate the counterfactual is EER-adjusted so that the same number

of miles are driven by motorists in both scenarios.
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Figure 35 Cumulative greenhouse gas emissions for the model scenario and a non-LCFS

counterfactual

Note: Emissions are shown accumulating from 2024, the year before the LCFS starts. "AAF” refers to credits
from alternative aviation fuels that are included in the emissions reductions even though aviation
emissions from fossil fuels are not counted in this analysis).

8.6. Feedstock demand

Emissions reduction is not the only impact of incentivizing alternative fuels, as switching to
biofuels creates demand for feedstocks, which could affect other sectors. Figure 36 shows the
change in modeled demand for the feedstocks used for both first- and second-generation
biofuels. There are three feedstocks for first-generation ethanol production; five for first-
generation biodiesel, renewable diesel, and HEFA; and four for second-generation cellulosic
fuels.

Under the illustrative natfional scenario, feedstock demand for first-generation biofuels
diminishes by 2050. For ethanol, this is due to a combination of dwindling overall gasoline
demand and a simultaneous displacement of 1G ethanol by cellulosic ethanol4’. For the lipid
feedstocks, total diesel demand decreases but the supply of HVO and HEFA rises through the
2030s to deliver an increase in feedstock consumption. Due to the supply constraints applied
to waste and residue oils in our scenario, the maijority of this increase is met by soy. The late
2040s then witness a sharp reduction in the use of soy: this is due to the rapid scale-up of

42 Note that in this iteration of the model we do not consider alcohol-to-jet fuel production pathways,
which may support significant volumes of corn consumption out to 2050.
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second-generation drop-in diesel in this period, which eventually satisfies the entirety of the
(diminishing) demand for diesel-type fuels.
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Figure 36 Biofuel feedstock demand between 2030 and 2050 for the illustrative national
scenario

Figure 37 shows the break-down of fuel energy demand supplied by each lipid feedstock. In
2050, HVO consumption has been eliminated (though there is sfill some vegetable oil demand
because biodiesel blending is still in force in the model). HEFA continues to be produced using
a combination of waste and residual oils. Note that Figure 37 uses energy units, whereas Figure
36 used mass unifs, and a single feedstock may have different mass conversion efficiencies
when used to produce different fuels.

Given a gradual elimination of remaining demand for fossil diesel, one opftion for HVO
production facilities would be to re-opfimize to produce HEFA aviation fuel using vegetable oil
feedstocks. This is not identified as a credit generator for this modeling, however, as by this
point in time the compliance standard would be so low that soy-based HVO/HEFA would be
a net deficit generator. Continued use in the road sector after this point still reduces LCFS
deficit generation compared to fossil diesel use, but as we have modeled an LCFS in which
fossil kerosene for aviation is not a regulated fuel soy-based HEFA supply would generate no
LCFS compliance benefit under this version of the policy.
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Figure 37 Energy contribution of lipid feedstocks, split by fuel

Note: The category ‘Vegetable Oil’ includes soy and canola.

The final CI of the first-generation biofuels — a weighted average over all the feedstocks in the
mix — is shown in Figure 38 for the illustrative national scenario. The CI for 1G ethanol falls
smoothly, mostly due to ethanol production efficiencies. HVO uses a greater share of lower-Cl
feedstocks than biodiesel, but quickly hits the limits of their availability and must resort to using
soy as a feedstock, raising the overall Cl. The HVO line ends when demand abruptly hits zero
as described above; this frees up some lower-Cl feedstocks for biodiesel, which is visible in the
graph the year after HVO disappears.
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Note: These Cl values include ILUC factors. Any CCS confributions are counted elsewhere.

8.7. Credit generation

8.7.1. Credit generation by fuel
The credits and deficits generated in the scenario are shown in Figure 39. Because the

compliance schedule is designed to be consistent with the modeled Cl reduction the credits
and deficits roughly balance each other out.
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Figure 39 Credit (>0) and deficit (<0) generation by fuel and by CCS

Note: For the present exercise, credits generated by refinery investment are set to zero, so ‘CCS +
Refinery’ can be read as purely CCS. The category ‘Seed + Interest’ includes seed credits (set to zero)
and interest that accrues on un-resolved deficits.

A notable feature of Figure 39 is that a number of fuels which start out generating credits end
up generatfing deficits in later years®. This phenomenon is a consequence of the rapidly
declining CI schedule which approaches zero in 2050, meaning that any modest residual
emissions from fuel production leads to deficit generation. As noted in Section 8.6 in the
context of soy-based HEFA, becoming a deficit generator does not necessarily spell the end
of fuel production incentives under the LCFS - for instance, HVO becomes a deficit generator
after 2035, but HVO would still be supplied in preference to fossil diesel as it would generate
fewer deficits.

Figure 40 illustrates that for the parameterization of the illustrative national scenario, hydrogen
used in M+HDVs will just begin generating deficits in 2050: this is where the LCFS-mandated
compliance schedule intersects its (EER-adjusted) carbon intensity. The point of inflection
where a fuel goes from credit generation to deficit generation could be delayed in scenarios
where the ClI of the fuel is further reduced.

50 Recall that the credit for CCS on biofuel plants has been counted separately from the fuel Cls. The
alternative accounting approach, i.e. counting CCS savings in the Cl of each fuel, would extend the
period for which those fuels would be shown as credit generators.
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Figure 40 Carbon intensities of transport energy (EER-adjusted), compared to the
compliance schedule

Note: The regulatory EERs for LDVs and M+HDVs differ, which is why a single fuel can have two Cl scores.

8.7.2. Credit generation by vehicle type

The number of credits generated per year by alternative fuel vehicles of different types is
shown in Figure 41 (aft five-year intervals). LDV credit generation is dominated by BEVs, since
their number dwarfs other vehicle types. In the case of M+HDVs, a small number of NGVs
running on renewable natural gas (which can have a negative Cl due to avoided methane
emissions) are able to generate a considerable number of credits. As noted in the previous
section, M+HD-FCVs have just started to generate deficits in 2050, which is why the column
goes slightly negative.
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Note: Axis scales differ between the panels.

8.7.3. The role of CCS

Transport fuels’ ability to generate credits diminishes as the compliance standard approaches
0 gCO2e/MJ; this entails an increasing role for credits from carbon removals to counteract
residual and historical deficits, as can be seen in Figure 39 above. At present, CCS technology
has yet to be reliably deployed at commercial scale, and it remains to be seen whether the
ambitious development of CCS envisioned by the ADP Central scenario is deliverable.

8.7.4. Potential revenue from the modeled scenarios

Here we tfrack the potential revenue generated by the charging of electric vehicles that could
be dedicated to electrification programs (see Section 6.3). The results in Figure 29 (ClI
reduction) and Figure 41 (credit generation) show that electric vehicles can be expected to
generate a large fraction of the total LCFS credits. Assuming a credit price of 100 $/tCO2e, we
see from Figure 41Figure 42that credit revenues from electricity could easily reach tens of
billions of dollars per year in our illustrative national scenario. Data from the CA-LCFS fells us
that 70-80% of on-road EV credits are generated by base residential charging, meaning that
they are issued to electric utilities and could be earmarked for spending on electrification
schemes and on electricity rate reductions for EV ownerss!. An example of this split for the
illustrative national scenario is shown in Figure 42.

51 This would require a system to identify EV owners and provide a proportionate reduction to their
electricity bills.
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9. Conclusion

Low-carbon fuel standards (LCFSs) are regulatory frameworks designed to reduce the lifecycle
carbon intensity (Cl) of fransportation fuels. Fuel producers and importers are required fo meet
specific targets for the average greenhouse gas emissions per unit of energy of the fuel they
supply, which encourages the use of lower-carbon fuels and promotes the development and
adoption of cleaner technologies. Advocates have pointed to various appealing policy
characteristics of the LCFS framework, including technology-neutrality between eligible credit
generating pathways, the ability to set long-range climate goals, cost containment
safeguards, and mechanisms for supporting the development of local energy infrastructure.
Existing LCFSs in the U.S. West Coast have driven innovation and investment in second-
generation biofuels, low-carbon hydrogen, and the adoption of electric-drive vehicles.

A crifical operational parameter for an LCFS is the compliance schedule — the evolving ClI
target that fuel suppliers must hit, either by improving their own production portfolio fo reduce
deficit generation, or by buying credits generated by others. Carefully designed compliance
schedules ensure that goals are stretching but achievable. Setting appropriate compliance
schedules requires model-enabled explorations of credit and deficit generation under future
technology development and adoption scenarios.

This report has described just such a model, which has been developed with the intentfion of
giving policy-makers and stakeholders the tools to evaluate the design and oufcomes of
hypothetical LCFSs, as well as the implications for associated policy choices such as adding
additional compliance options and placing limitations on the use of specific feedstocks. The
model can be run at the national level or at the level of individual states. For the present report,
we highlighted the core capabilities of the LCFS model by considering an ‘illustrative national
scenario’, operating from 2025 and reaching 98% Cl reduction by 205052, Key results included
the evolving vehicle types for different vehicle categories, fuel energy demand and the
demand for associated feedstocks, greenhouse gas emissions, the balance of credit
generation, and the potential revenues generated to support the energy fransition.

52 The inputs for this ‘illustrative national scenario’ drew from independent work by Energy Evolved
Research, which has charted U.S. decarbonization scenarios in its ‘Annual Decarbonization
Perspective' (ADP).
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Annex A State Identifiers

Table A List of two-character identifiers for U.S. states
State Name State Name
USA United States = =
AK Alaska MT Montana
AL Alabama NC North Carolina
AR Arkansas ND North Dakota
AZ Arizona NE Nebraska
CA Cadlifornia NH New Hampshire
CcO Colorado NJ New Jersey
CT Connecticut NM New Mexico
DE Delaware NV Nevada
FL Florida NY New York
GA Georgia OH Ohio
HI Hawaii OK Oklahoma
IA lowa OR Oregon
ID Idaho PA Pennsylvania
IL lllinois RI Rhode Island
IN Indiana SC South Carolina
KS Kansas SD South Dakota
KY Kentucky ™ Tennessee
LA Louisiana X Texas
MA Massachusetts ut Utah
MD Maryland VA Virginia
ME Maine \2) Vermont
Ml Michigan WA Washington
MN Minnesota WI Wisconsin
MO Missouri WV West Virginia
MS Mississippi WY Wyoming
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