Energy and Climate Change 6 (2025) 100211

ENERGY
AND
CLIMATE

Energy and Climate Change ARG ‘

Contents lists available at ScienceDirect

ELSEVIER journal homepage: www.sciencedirect.com/journal/energy-and-climate-change =

Check for

Transportation in net-zero emissions futures: Insights from the EMF-37 | e
model intercomparison study

Christopher Hoehne “®, Matteo Muratori *"", John Bistline ”, Carol Lenox©,

David L. McCollum “, Morgan Browning ¢, Kara Podkaminer ¢, Robert H. Beach , Robbie Orvis #,
Shiqi Ou", Page Kyle’, Sharyn Lie“, Megan Mahajan ¢, Haewon McJeon ", Catherine Ledna®,
Marc Melaina ©, Yongxia Cai’, Christopher Ramig ¢, Aniss Bahreinian', Nadejda Victor ™,
Olivier Bahn", Kathleen Vaillancourt °, Emma Starke”, Allen Fawcett /, James McFarland ¢,
Geoffrey Blanford ", Trieu Mai“, John Weyant ¢

@ National Renewable Energy Laboratory, Golden, CO, USA

® EPRI, Palo Alto, CA, USA

¢ US. Environmental Protection Agency, WA, D.C., USA

d University of Tennessee, Knoxville, TN, USA

€ US. Department of Energy, WA, D.C., USA

f RTI International, Research Triangle Park, NC, USA

8 Energy Innovation, San Francisco, CA, USA

" South China University of Technology, Guangzhou, Guangdong, China

jPacific Northwest National Laboratory, Richland, WA, USA

J Joint Global Change Research Institute, Pacific Northwest National Laboratory, College Park, MD, USA
K KAIST Graduate School of Green Growth & Sustainability, Daejeon, South Korea

1California Energy Commission, Sacramento, CA, USA

™ National Energy Technology Laboratory, Pittsburgh, PA, USA

" HEC Montréal, Montréal, QC, Canada

© ESMIA Consultants, Blainville, Canada

P School of Resource and Environmental Management, Simon Fraser University, Burnaby, BC, Canada
9 Stanford University, Stanford CA, USA

ARTICLE INFO ABSTRACT
Keywords: Transportation is currently the largest source of U.S. anthropogenic CO, emissions, at about a third of the total.
Transportation Achieving net-zero emissions by mid-century will require substantial reductions in transportation emissions

Model comparison
Climate change

Deep decarbonization
Electrification
Energy systems

across passenger and freight travel. Here we leverage a model intercomparison study to explore the role of
transportation in scenarios achieving net-zero economy-wide CO5 emissions by 2050. We find the transport
sector is poised to play the most significant role in reducing demand-side emissions, mostly driven by technology
substitution, as modeling results suggest a limited role for mode shifting and for reduced use of personal car
travel in the U.S. Among various technology solutions, models show agreement that passenger on-road vehicles
will largely transition to electric vehicles (EVs), while solutions to decarbonize heavier travel modes are more
diverse and include greater use of liquid biofuels and hydrogen. Research should continue to investigate the
evolution of on-road electrification, the role of biofuels and hydrogen across heavier travel modes, and the role of
mode shifting and travel behavior change to support personal transportation decarbonization at national and
regional scales to temper the rapid growth in clean fuel and electricity demand.
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1. Introduction

Transportation is the largest contributor to U.S. CO5 emissions and
will be a critical sector in addressing emission reductions. In 2022, U.S.
economy-wide CO, emissions had declined relative to 2005 levels, but
the transportation sector still accounted for 35 % of economy-wide
emissions [1]. After a reduction during the COVID-19 pandemic,
transportation emissions have returned to near pre-pandemic levels, and
there is large uncertainty surrounding future emissions from trans-
portation systems. While significant investments could accelerate the
transition to a clean energy economy, the transportation sector is pro-
jected to continue to represent the largest share of energy-related
emissions in the U.S [2]. In all scenarios, the 2023 Annual Energy
Outlook (AEO) project economy-wide emissions decline of 28 % to 35 %
by 2050 relative to 2005 and only a 9 to 10 % reduction in petroleum use
by 2050 relative to 2022 [3].

The Stanford Energy Modeling Forum (EMF) continues the long-
running practice of assembling working groups of modelers and sub-
ject matter experts in energy, economics, and the environment. The 37th
EMF study (EMF-37) focuses on deep decarbonization and high elec-
trification to explore transformations needed to achieve net-zero econ-
omy-wide emissions by 2050 [4]. Browning et al. provide an overview of
EMF-37 and find broad agreement in deep decarbonization of the elec-
tricity sector alongside increased end-use electrification despite differ-
ences across 16 economy-wide models. All models rely on negative
emissions technologies and land sinks to offset residual emissions and
achieve net-zero emissions by mid-century. Residual CO, emissions
remain primarily in the transportation and industrial sectors, to differing
extents by model. This paper focuses on the U.S. transportation sector’s
role in economy-wide decarbonization by analyzing emissions and en-
ergy use evolution across a dozen models that provided sufficient
transportation sector results.

Historically, transportation has been considered one of the hardest
sectors to decarbonize, due to factors such as the complexity of moving
people and goods reliably and conveniently, legacy infrastructure sys-
tems limiting options to travel (e.g., especially in the U.S. urban design
that makes travel by car the only viable option for many), and lack of
cost-effective alternatives to petroleum fuels, especially for non-road
travel modes such as aviation and maritime [5-7]. At the same time,
transportation sector emissions can be reduced through domestic policy

Table 1
Scenario matrix for scenarios of interest in Transportation Study Group.
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and investment, while sectors such as industry are more susceptible to
carbon leakage and competitiveness losses. While scenario studies have
long shown that the U.S. and global transportation sector ultimately
needs to significantly reduce emissions if the goal of net-zero emissions
is to be achieved [8,9], a key question has always been how much
transportation emissions can be reduced by 2050, given the various
limitations mentioned above [10]. However, recent technology ad-
vancements, especially in batteries for electric vehicles [11], consumers’
preferences, and global actions to achieve net-zero emissions by 2050
have spurred increased interest in understanding pathways to achieve
80-100 % emissions reduction across the entire transportation sector
[12-14]. In this paper, we leverage modeling results from the EMF-37
study to address two key questions: 1) What is the role of the trans-
portation sector in scenarios achieving net-zero economy-wide emis-
sions by 2050? 2) What are the transportation emission mitigation
strategies projected across different models that are used in the EMF-37
study and how are they realized (technologies, policies, behavioral
changes or other system-level changes)?

2. Methods
2.1. Scenarios

On top of two core EMF-37 scenarios (Reference and Net-Zero), this
paper includes five transportation study group (TSG) scenarios to
explore the contribution of advanced technology, policy, and behavior
assumptions in the transportation sector to the achievement of
economy-wide net-zero CO by 2050. We focus on the U.S. (vs North
America) as the majority (10 of 12) of TSG reporting models only re-
ported for the U.S. Table 1 provides an overview of the seven scenarios
considered in this paper. Seven models filled out a detailed survey
outlining the polices and assumptions used in transportation sector
modeling for each of the scenarios. For a summary of these reported
survey responses, see Supplementary Information section S2. For more
details on modeling characteristics (e.g., spatial and technological
detail, sectoral coverage and equilibrium approach, temporal foresight),
see Table 2 and supplementary Table SM1 in Browning et al. [4]. The
Reference scenario does not include Inflation Reduction Act incentives,
though recent multi-model studies suggest that impacts of these tax
credits on transport-sector outcomes are modest relative to other trends

Scenario Net-zero by 2050

Transport Behavior Change

Transport Advanced Technology Transport Specific Policies

Reference

Net-zero

TSG Behavior

TSG Technology
TSG Policy

TSG Tech & Policy
TSG All Advanced

AU U N N NN

Table 2

Models that ran TSG scenarios. Note that all TSG scenarios include the net-zero target.
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Table 3
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Availability of transportation emission reduction strategies not related to technology replacement across models. Two models (FARM and MA3T) did not report details

on mitigation features.

Mitigation Category ADAGE EPA- EPS GCAM & GCAM- gTech MARKAL- NATEM TEMPO USREP-
TIMES USA NETL ReEDS

Endogenous changes to travel behavior and demand (e.g.  Yes Yes No Some Yes No Some Some Yes
telework)

Endogenous mode shifting (e.g., from driving to transit)  Yes No No Yes Yes No No Yes No

New mobility solutions (micromobility, ride-haling, No No No No No No No Some No
electric bikes)

Transportation-specific policies (e.g., ZEV mandate) No Yes Yes Yes Yes No Yes Yes Yes

Ability to shift to different technologies/fuels (see details ~ Yes Yes Yes Yes Yes Yes Yes Yes Yes
in Table 4)

Table 4

Availability of alternative fuel technologies by transportation subsector across models. B = Biofuel; E = electricity; H2 = hydrogen. The MA3T model does not capture
rail, maritime or air subsectors. Models that did not fill out the survey are excluded. The FARM model is excluded from the table due to a lack of subsector detail
reported; at the transport sector level, FARM reported fossil, electricity, and biofuel use but no hydrogen use.

Subsector ADAGE EPA-TIMES EPS GCAM gTech MA3T MARKAL-NETL NATEM TEMPO USREP-ReEDS
Light-duty B, E, Hy B, E, Hy B, E, Hy B, E, Hy B, E, Hy B,E B, E, Hy B, E, Hy B,E, Hy E

Commercial B, E, Hy B,E B, E, Hy B, E, Hy B, E, Hy B B, E, Hy B,E, Hy B,E, Hy E
Medium-duty B, E, Hy B, E, Hy B, E, Hy B, E, Hy B, E, Hy B B, E, Hy B, E, Hy B, E, Hy E

Heavy-duty B, E, Hy B, E, Hy B, E, Hy B, E, Hy B, E, Hy B B, E, H, B, E, Hy B, E, H, E

Passenger Rail E B, Hy B, E, Hy B,E B,E B, E, Hy B, E

Freight Rail E, Hy B, E, Hy B, E, Hy B, Hy B B, Hy B

Freight Maritime B, E, Hy B, E, Hy B, E, Hy B, Hy B B, H, B

Air B, E, Hy B, E, Hy, B, E, Hy B B B

and policies [15,2]. More information about the scenario specification
for the reference and net-zero scenarios can be found in the EMF-37
overview paper [4].

2.1.1. Reference scenario

The Reference scenario uses each model’s default set of assumptions
on policy, behavior and technology. For transportation, cost reductions
and performance improvements of various technologies are in line with
historical trends or expected progress and there are incremental im-
provements in technology availability and charging and refueling
infrastructure technologies. In this scenario, models assume no major
behavioral changes (e.g., ownership and use of vehicles or modality).

All models ran the Reference scenario. Each model included the CAFE
standards [16] in this and all subsequent scenarios. The gTech model
included existing zero emission vehicle (ZEV) mandate policies in Cal-
ifornia and existing Low Carbon Fuel Standard (LCFS) regulations in
Oregon and California. In this scenario, transportation sector emissions
are projected to decrease between 2020 and 2050 by 1 to 40 %, with a
median of 30 %.

2.1.2. Net-Zero scenario

The Net-zero scenario explores the least-cost pathways to achieve
economy-wide net-zero CO, emissions by 2050. The target includes the
following CO4 source categories: fossil fuel combustion, non-energy use
of fossil fuels, and industrial process emissions, carbon dioxide removal
(CDR) technologies including direct air capture (DAC), bioenergy with
carbon capture and storage (BECCS), and natural carbon management
options such as land use, land-use change and forestry (LULUCF). For
models that do not endogenously estimate LULUCF, there is an assumed
constant sink of 800 Mt COy per year [4]. This scenario uses each
model’s default assumptions for technology costs, complementary pol-
icies, and consumer preferences and is thus a baseline scenario for other
net-zero scenarios, with two exceptions: MARKAL-NETL added electric
powered vehicles to the commercial and heavy-duty truck subsectors;
EPS added improvements to fuel economy standards, a minimum
required EV sales and LCFS percentage, and reductions to travel de-
mands or shifts to more efficient modes.

2.1.3. Net-zero TSG advanced technology

TSG Advanced Technology is a net-zero scenario designed to assess the
potential impacts of accelerated transportation technology advance-
ment in meeting CO, reduction targets. Seven models ran this scenario,
implementing technology improvements that included rapid cost re-
ductions, technology efficiency improvements, and improvements to EV
charging and clean fuel infrastructure. The different models represented
advanced technologies in a variety of ways given their unique model
structures and resolutions, which means that the specific assumptions in
this sensitivity are not harmonized (but still allow estimation of the
impact of more aggressive technology improvement). Most, but not all,
lowered investment costs for EVs and hydrogen technologies, though
not to the same degree. Several models also decreased the costs of bio-
energy and compressed natural gas technologies. In effect, the TSG
Advanced Technology scenario represents a range of what leading
modeling groups view as plausible future technology advancements.

2.1.4. Net-zero TSG advanced policy

TSG Advanced Policy is a net-zero scenario meant to explore the
impact of transportation-specific policies in supporting sector-wide net-
zero targets. Six of the models that ran the TSG Advanced Technology
scenario also ran this scenario, plus one additional model. There was no
consistent strategy used to implement the transportation policy land-
scape and its possible evolution. Several models implemented policies
that no longer allowed the purchase of new gasoline or hybrid light-
duty, heavy-duty, or commercial trucks starting in 2035. ZEV man-
dates were either added or improved in several models. Several other
models improved upon already existing fuel economy standards or low
carbon fuel standard policies. One model (gTech) also considered pur-
chase incentives for EVs. Another model (TEMPO) implemented man-
dates requiring minimum amounts of biofuel in diesel, gas, and jet
blends.

2.1.5. Net-zero TSG technology & policy

TSG Advanced Technology & Policy is a net-zero scenario combining
the strategies implemented by each model that ran both the TSG
Advanced Technology and Advanced Policy scenarios. All models imple-
mented this scenario by combining the same strategies utilized in the
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Fig. 1. 2019 transportation-related CO, emissions by subsector as reported by EPA (left bar) vs emissions estimated by seven TSG models. Total transportation
emissions from all models (including those that didn’t report sub-sector breakdown) are reported in the boxplot on the right. “Offroad” and “Other” subsectors

excluded (“Other” includes pipelines, military, and lubricants).

TSG Advanced Technology and Advanced Policy scenarios. Half of
reporting TSG models ran this scenario.

2.1.6. Net-zero TSG behavior

TSG Behavior is a net-zero scenario aimed at capturing the role of
behavioral changes or choices in transport that help in meeting system-
wide CO; reduction targets. The same seven models that ran the TSG
Advanced Policy scenario also ran this scenario. Most of the models
exogenously decreased light-duty travel demand, though the methods
and amounts varied across models. These included a reduction in the
amount of driving (i.e., less annual vehicle miles traveled), increases in
public transportation use, and increased vehicle occupancy. One model
(TEMPO) increased turnover of light-duty vehicles to bring in more
efficient vehicles faster. Freight demand was also decreased in TEMPO
via an increase in freight vehicle loads (average tonnage per vehicle).

2.1.7. Net-zero TSG all advanced scenario

TSG All Advanced is the most advanced net-zero transportation
strategy, combining technology, policy, and behavior improvements
throughout the transportation sector. All twelve models ran this sce-
nario. Each of these models implemented the same strategies they uti-
lized in their other TSG runs, but combined all the strategies used within
their models for the Advanced Technology, Advanced Policy, and Behavior
scenarios for the purposes of defining the All Advanced scenario.

Twelve models ran at least one of the TSG scenarios, with six models
running all five (Table 2). We refer to the twelve models that ran at least
one TSG specific scenario as TSG models. Ten TSG models cover all
sectors of the energy system. One model, TEMPO, is a transportation
sector only model. Another model, MA3T, only modeled passenger on-
road travel. As a result, TEMPO and MAS3T did not report the Net-zero
scenario.

2.2. Modeling methodologies and assumptions

The models leveraged in this study have diverse characteristics in
formulation (e.g., intertemporal optimization, general equilibrium, dy-
namic recursive, and systems dynamics), foresight (perfect vs. myopic),

choice representation (logit vs. least cost), and sectoral coverage
(economy-wide vs. transportation sector). These models also vary their
parameterizations and their assumptions about how past decisions
impact future choices and what alternatives exist to mitigate emissions.
Leveraging these diverse approaches to simulate a set of consistent
scenarios is at the core of EMF enabling a unique and comprehensive
setting to identify robust insights around a topic of interest. Browning
et al. [4] provides an overview of the key characteristics of the models
included in the EMF-37 study.

Focusing on the transportation aspects of the models considered in
this paper, Table 3 summarizes the fundamental climate change miti-
gation options for transportation systems (i.e., what mechanisms exist in
the models to reduce transportation-related emissions) and Table 4
shows the technology choices available for various transportation sub-
sectors for nine reporting models. Most models allow endogenous travel
demand change such as reduced travel in response to higher travel prices
and mode shifting (e.g., shifting from driving to rail). Most models
include electric vehicle, hydrogen, and liquid biofuel alternatives for
most travel modes. End-use service demands in all sectors can be
adjusted in six of the models to address model constraints such as CO5
reduction. The remaining models can only reduce demands
exogenously.

Models also sometimes differ in their scope and what is included in
the transportation sector. Fig. 1 shows 2020 modeled transport emis-
sions by subsector against the 2019 EPA reported emissions [1]. 2020 is
used as a baseline historical year (models report results in 5-year in-
crements) and it is compared to 2019 reported emissions from EPA.
2020 modeling results do not capture impacts from the COVID-19
pandemic. Historical emissions appear quite different across models
due to differing modeling assumptions and approaches. For example,
GCAM includes international aviation and shipping in their reporting,
leading to a greater base-year energy demand compared to domestic
statistics from EPA and most other models. Other models like NATEM
and EPS report significantly lower historical emissions due to segments
within the transportation sector not included in the models. Five TSG
models in Fig. 1 did not report emissions by transport subsector and
instead only reported total sector emissions (shown in right boxplot).
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Fig. 2. Annual economy-wide U.S. carbon dioxide emission reductions from 2020 by sector, decade, across three scenarios. Reductions are presented for future years
relative to each model’s reported emissions in 2020 for inter-model consistency. CDR = Carbon Dioxide Removal (including LULUCF, bioenergy with CCS, and direct
air capture). For annual economy-wide U.S. carbon dioxide emission reductions by sector for other TSG scenarios, see Figure S1.

3. Results: role of transportation in economy-wide
decarbonization

The evolution of emissions from the transportation sector varies
significantly across scenarios and models. Fig. 2 illustrates the extent of
sectoral emission reductions by 2050 relative to 2020 levels across the
Reference, Net-zero, and TSG All Advanced scenarios for all EMF-37
reporting models. For many models, transportation offers the largest
CO, reductions in the Reference scenario from significant EV adoption
and fuel economy improvements driven by existing technology
competitiveness. The electricity sector is the other major source of
emission reductions in the Reference scenario. For more details in the
evolution of the electricity sector in EMF-37, see Browning et al. [4],
Becker et al. [17], and Gao et al. [18].

In the Net-zero scenario, emissions from all sectors further decline
under economy-wide carbon constraints . Magnitudes of sectoral miti-
gation vary by model, but the large role of transportation decarbon-
ization reflects both its lower-cost abatement compared to other sectors
and its largest share of current emissions, trends which are supported by
earlier literature [19]. Across all net-zero scenarios, CDR is an important
pathway for several models to achieve significant economy-wide
decarbonization.! See Binsted et al. [20] for a detailed discussion of

! Note that there is an assumed constant sink of 800 Mt CO, yr™* for models
that do not endogenously estimate LULUCF.

carbon management results and sensitivities in EMF-37 scenarios. In the
Net-zero scenario, transportation sector CO, emissions were reduced
between 2020 and 2050 by 22 % to 87 %, with a median of 44 %.
Transport sector emissions are 27-97 % lower than 2005 levels in 2050
across models in the Net-zero scenario. In contrast, the electricity sector
reductions in the Net-zero scenario span 75-102 % across models rela-
tive to 2005, while reductions in industry and buildings sectors are
68-100 % and 34-100 %, respectively. The fact that no model projects
complete decarbonization of transportation (100 %), which is achieved
by some models in other sectors, is driven by the lack of technologies to
fully decarbonize all travel subsectors (e.g., aviation), higher marginal
abatement costs of these subsectors, and lags associated with vehicle
stock turnover. Still, the transportation sector is often the largest source
of emission reductions in absolute terms (similar or greater than elec-
tricity supply and CDR). Differing modeling approaches and assump-
tions result in contrasting pathways to emission reductions across
sectors, and the results show high uncertainty for future transportation
emissions under all scenarios.

The TSG All Advanced scenario shows lower transportation emissions
with 53-100 % reductions in transport sector emissions from 2005 to
2050 (compared to 27-97 % in the Net-zero scenario). In this scenario,
transportation is the largest source of emission reductions by 2050, but
this is achieved at a slower pace than the electricity sector (both reach
similar magnitudes of reductions by 2050 but stock turnover effects
limit near-term reductions in transportation). Despite high mitigation
potential in transport, only one instance of full decarbonization is
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Fig. 3. Annual transport sector final energy use by fuel for three scenarios for TSG models. Note that the MA3T is excluded due to only reporting on-road energy use.
For annual transport energy use for other TSG scenarios, see Figure S4. For on-road energy use only (with MA3T), see Figure S5.

reported by the EPS model. In total, 10 cases reached >80 % sector
emission reductions: EPA-TIMES under four of five TSG scenarios (all
except the Behavior scenario); GCAM-USA, gTech, USREP-ReEDS, and
EPS only under All Advanced; and TEMPO under All Advanced and Tech &
Policy. For more details on the levels of emissions mitigation achieved
across TSG models and scenarios, see Figures S1-3.

Despite similarities in general trends, there are substantial cross-
model differences in the extent of transportation emission reductions.
This variation is significant in the Reference scenario, which indicates
that models disagree on the evolution of transportation systems under
their default set of assumptions (e.g., different degree of EV adoption
without net-zero policies or advanced technology assumptions). The
range of transport emission reductions remains large in Net-zero but
narrows for the All Advanced scenario, indicating that transport-specific
actions (related to travel behavior, transportation policies, and evolu-
tion of technology) consistently lead to greater reductions in trans-
portation emissions across models. The following sections unpack and
explain the differences across models in transportation emissions
reduction across EMF-37 scenarios.

3.1. Transport energy use by fuel

Reductions in transportation emissions are largely driven by tech-
nology replacement, as a result of a transition from fossil fuels (which
account for over 90 % of transportation energy use today) to mixes of
electricity, biofuels, and hydrogen. However, there is a large variability
in final energy use by fuel for various transportation modes across
models and scenarios. Fig. 3 summarizes annual transport energy use by
fuel across scenarios and Fig. 4 shows the breakdown of energy use by

fuels across travel models for the Net-zero scenario.”

Petroleum accounts for most of the current transport consumption
(90-99 % across models in 2020, or 22 to 27 EJ) but its role tends to
decline over time in the Reference scenario down to 75-93 % (14 to 25
EJ) across models in 2050. While models agree on near-term fossil fuel
consumption (Fig. 3 columns 1-2), there is high variation across models
in 2050 across all scenarios (Fig. 3 column 3). For example, some models
like TEMPO and EPS project major reductions in petroleum use by 2050
on the order of 40 % in the Reference scenario, while other models like
USREP and EPA-TIMES project substantially flat petroleum demand.

Electrification is consistently projected to grow significantly over
time but the degree of electrification varies greatly across models. In the
Reference scenario, electricity demand from the transportation sector
grows to between 0.62 and 5.6 EJ (170 to 1600 TWh) by 2050. In the
Net-zero scenario, electricity use ranges between 1.9 to 6.4 EJ (530 to
1800 TWh) in 2050. Petroleum use ranges from 0.03 EJ to 17 EJ by 2050
in Net-zero, a 0-72 % reduction from 2020 levels. In TSG All Advanced,
the transition away from petroleum is slightly higher (ranging from 0.03
to 15 EJ in 2050) but not fundamentally different. In the All Advanced
scenario, four out of twelve models (EPA-TIME, EPS, GCAM-USA, and
TEMPO) report 2050 transport electricity use higher than fossil fuel use,
indicating a major shift towards vehicle electrification.

Similarly, there is variation across models in the extent of future

2 Note that we do not report the energy use in units per service delivered due
to limited model reporting. As a result, it is important to keep in mind that
battery electric and fuel cell electric vehicles are commonly two to four times as
efficient as internal combustion engine vehicles at delivering service (passenger
kilometers traveled, tonne-miles traveled) per unit of energy.
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Fig. 4. Annual transport sector final energy use by year, fuel, and travel mode for the Net-zero scenario. For annual transport energy use for the TSG All Advanced

scenario, see Figure S6.

biofuel and hydrogen demand: biofuel demand ranges between 0.1 to
4.8 EJ in 2050 (compared to 1.0 to 1.8 EJ in 2020), and hydrogen be-
tween 0 and 2.9 EJ (compared to virtually 0 in 2020) across TSG models.
2050 transportation biofuel use is higher than electricity in three models
under the Net-zero Scenario (GCAM-USA, MARKAL-NETL, and gTech)
and only for MARKAL-NETL in four of the five TSG net-zero scenarios.
Higher biofuel usage in some scenarios is driven by its net negative
emissions potential alongside its ability to be a drop-in equivalent to
fossil fuels through use with existing capital and infrastructure. The
ADAGE and EPS models reported they can consider hydrogen as an
alternative in subsectors modes (Table 3), but both did not report any
transport hydrogen use across scenarios.

Looking at fuel use across travel modes in the Net-zero scenario
(Fig. 4), models show agreement that passenger on-road vehicles will
largely transition to EVs with very small roles for biofuels or hydrogen.
Electricity almost entirely replaces petroleum in the All Advanced sce-
nario (Figure S6). Solutions to decarbonize heavier travel modes are
more diverse and include greater use of hydrogen or biofuels, with
different degrees of success across models. Fossil fuel use drops

significantly for passenger and freight on-road (and for rail in some
models) but much less for other modes. Models project that liquid fuels
(fossil or biofuel) will be needed to power maritime vehicles with
extremely limited use of electricity or hydrogen. Similarly, models
project that liquid fuels will primarily power aviation with limited
electrification or hydrogen potential. Hydrogen is projected to play a
larger role in decarbonizing rail and offroad modes with some potential
to support decarbonizing on-road freight and minimal to no support in
maritime, aviation, and passenger on-road. For a discussion of EMF-37
hydrogen results across a broader set of scenarios and sectors, see Mel-
aina et al. [21].

3.2. Transport decarbonization pathways

Pathways to reach decarbonization in transport vary widely due to
differing modeling approaches and assumptions. Fig. 5 shows the evo-
lution of CO9 emissions by subsector for six TSG models under the TSG
All Advanced scenario (see Figure S2 for the Net-zero results). While
models disagree on the decarbonization potential across transportation
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Fig. 5. Emissions by subsector for reporting TSG models in the TSG All Advanced scenario over time. “Offroad” and “Other” subsectors excluded. The GCAM-USA
model was omitted here in favor of its more comprehensive counterpart, and all other TSG models not shown did not report emissions by subsector.

subsectors, on-road decarbonization is the most common. Across six
models reporting emissions by subsector for the TSG All Advanced sce-
nario, all agree that significant mitigation occurs in on-road travel,
especially passenger on-road (i.e., personal light-duty vehicles); five of
six models show 93-100 % mitigation of passenger on-road CO. Two
models (EPA-TIMES and EPS) see near complete mitigation of on-road
emissions by 2050 (< 5 Mt CO) across six scenarios. Three models
project 100 % mitigation of freight on-road emissions across six TSG
scenarios (ADAGE, EPS, and EPA-TIMES) with each scenario including
at least policy levers. Overall, technology and policy levers play the
stronger roles in driving on-road decarbonization, with policies being
slightly more impactful in the freight sector.’

Despite wide agreement in decarbonization potential for on-road
travel, 2050 fossil fuel use in transport remains highly varied across

3 EPA-TIMES on-road emissions reach near zero by 2050 under TSG scenarios
with at least policy levers (Policy, Tech & Policy, and All Advanced) indicating
strong impacts from policy levers for on-road decarbonization in the model. EPS
only modeled one TSG scenario (All Advanced) but also sees near zero on-road
emissions in the Net Zero reference scenario (1 Mt CO; passenger and 56 Mt CO»
freight in 2050). In the six scenarios reaching full decarbonization for freight
on-road, all six had at least policy levers, four had technology levers, and none
had only behavior levers (three TSG All Advanced, two TSG Policy, and one TSG
Technology & Policy).

models under net-zero futures. For some models, this is due to more
limited alternatives for decarbonizing non-road subsectors. Across net-
zero scenarios in 2050, the ADAGE model sees the highest average
fossil fuel use despite decarbonizing 91 % of on-road travel. This is
driven by increasing aviation and maritime freight demand leading to
consistent fossil fuel use of 15 (£0.21) EJ across all net-zero scenarios.
MARKAL-NETL had limited reporting of emissions by mode but projects
9-17 EJ fossil fuel use in 2050. This high fossil fuel use is driven by fewer
alternative fuel options than other models including no alternative fuel
options for aviation, and only biofuel alternatives in freight rail and
freight maritime (see Table 3 in section 2.3). We do not report tech-
nology stock or sales shares as only one model (TEMPO) reported these
data.

Five TSG models and one non-TSG model reported breakdowns of
passenger transportation service demand. Four TSG models report pas-
senger service demand for all five modal categories (road, bike and walk,
rail, aviation, and other). Fig. 6 shows the passenger transport service
demand by mode over time for reporting models under the Reference
scenario and the TSG All Advanced scenario. Note that differences in
base-year demand are the result of differing assumptions and datasets
used for calibration. Models agree that there is limited potential to shift
away from on-road travel. All six models reporting passenger demand
show similar and gradual increases in demand over time in the Reference
scenario, and all but the TEMPO model sees total demand continue to



C. Hoehne et al.

Energy and Climate Change 6 (2025) 100211

Rail Bike/Walk Other
- 1 S ST 20 '/
Ve e b
1204, 72 \ 751
N e i 15
R 80 ‘/ 50 _M 10
5 5
= )
X 404 25+ 5
e M
=
kel
= 0 y T d 0 T T 1 0 T T 2
2 2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050
o
= Aviation Road
[ Model
£ 12,500 A
& 5,000 ADAGE
D 10,000 - 2 GCAM
Z 4,000+ // GCAM-USA
= 7,500 1 ___,__—}’—'f:::—: NATEM
3,000 1 TEMPO
y 5,000 US-REGEN
e |
1,000 e e 2,500 1 Scenario
Reference
0 . . Y 0 . . . sussnsnssninnnnns  Net-zero
2020 2030 2040 2050 2020 2030 2040 2050 @ TSG All Advanced
Year

Fig. 6. Transport service demand by mode for five reporting TSG models. One non-TSG-reporting model reported transport service demand in the reference case and

is included (US-REGEN).

grow at similar rates in the TSG All Advanced scenario. These trends in
passenger service demand indicate that economy-wide models show
limited potential for policy and behavior change to enable mode shifts
and travel demand management, but this may be a consequence of
models not fully capturing non-technology mitigation options in the
transportation sector.

Future aviation demand has the most disagreement across models
ranging from 68 % increased demand to 30 % reduced demand across all
models’ net-zero scenarios. Combined with more limited mitigation
options, this can result in large increases in aviation emissions for some
models under net-zero scenarios. ADAGE predicts increases in aviation
emissions of 44 % in each of its four net-zero scenarios, and NATEM
predicts increases in aviation emissions of 68 % across two net-zero
scenarios.

4. Discussion

The results from 37th EMF study on economy-wide deep decarbon-
ization and high electrification pathways demonstrate both robust in-
sights into the transport sector’s role in achieving net-zero emissions by
2050 as well as key remaining uncertainties that need to be addressed.

4.1. Robust insights

The transport sector offers the largest demand-side mitigation po-
tential across net zero scenarios. In most models, transportation is also
the largest source of end-use CO, emission reductions in reference sce-
narios given the competitiveness of electric vehicles and continued im-
provements in fuel economy of internal combustion engine vehicles
even without net-zero policies. Under net-zero scenarios, transportation
emissions are reduced even more in most models. EMF-37 results
consistently show that the largest contribution to transportation emis-
sions reduction is replacement of petroleum with electricity, and to a
lesser extent biofuels and hydrogen. There is wide agreement that
decarbonizing on-road vehicles by leveraging EV adoption will be easier
than other abatement options, even though the degree and timing of
electrification varies across models. Six models projected a 93-100 %
mitigation of passenger on-road emissions by 2050. Models project that

liquid fuels (fossil or biofuel) will be needed to power maritime vehicles
with extremely limited use of electricity or hydrogen. Similarly, models
project that liquid fuels will primarily power aviation with limited
electrification or hydrogen potential. Hydrogen is projected to play a
larger role in decarbonizing rail and offroad modes with some potential
to support decarbonizing on-road freight, but little potential is seen for
maritime, aviation, or passenger on-road (cf., [21]).

Transportation is projected to become a major driver of increased
electricity demand, primarily due to passenger on-road electrification.
However, the speed and extent of electricity demand growth depends on
the success of EVs across applications, their efficiency, and the role of
hydrogen, which could require about twice as much electricity if pro-
duced via electrolysis and other factors.. These uncertainties result in
large discrepancies across models; transport electricity use ranges be-
tween 1.9 to 6.4 EJ (530 to 1800 TWh) across net-zero scenarios by
2050. This demand growth could be significant compared to today’s
electricity demand (about 4000 TWh), but other studies have shown that
there could be even greater uncertainties than expected in trans-
portation electricity demand considering EV adoption dynamics, tech-
nologies like autonomous vehicles, induced demand due to cheaper cost
of travel, and increasing urban congestion [12,22-25]. To aid in limiting
the potential rapid growth in clean electricity generation in support of
transportation electrification and a resilient power grid, managing EV
charging smartly [26] and managing the growth in vehicle travel will be
important [12]. Future research should continue to carefully understand
the rate of electrification across sectors and the options to support a
more resilient electricity sector.

Nearly all models report residual emissions from transportation in
even the most advanced net-zero scenarios. This necessitates a reliance
on negative carbon technologies (i.e., LULUCF, BECCS, and DAC) to
achieve net-zero, but it also highlights opportunities for further research
to understand how to address decarbonization of hard-to-electrify
transportation segments (e.g., aviation, maritime) and investigating
the role of demand reduction and mode shifting in national decarbon-
ization efforts. Our results further demonstrate why transportation is
considered the most difficult sector to fully decarbonize as residual
emissions from fossil fuels in even the most aggressive net-zero scenarios
are common.
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Results presented here indicate travel mode shifting may have a
limited role as a mitigation strategy or that economy-wide models lack
the needed representation to capture greater contributions from mode
shifting (particularly due to a lack of alternatives to personal cars).
Despite this, many studies argue managing travel demand and vehicle
travel through mode shift or other measures will be required to decar-
bonize the sector [27,28,12,24,29,30]. The IPCC’s Sixth Assessment
Report [5] points to global emissions reduction potential from switching
to public transport and bicycling to be similar in magnitude to the use of
biofuels in transportation or more efficient shipping and aviation, but
the EMF-37 results do not report such a big opportunity in the US. More
research is needed, especially in national and global transportation and
economy-wide modeling to understand the mechanisms and circum-
stances that could lead to measurable impacts towards mode shifting
and limiting travel growth in support of sector decarbonization.

4.2. Key uncertainties

While some robust insights were revealed when comparing model
results, there remain key uncertainties around pathways to trans-
portation decarbonization. Models agree on the prevalent role of tech-
nology substitution to reduce transportation emissions, but the degree of
petroleum replacement and the mix of clean technologies (i.e., EVs,
hydrogen, and biofuels) used in the transportation subsectors vary
across models. These differences depend on the technologies repre-
sented in each model, their assumptions related to current and future
costs, and model reliance on negative emission technologies to achieve
net-zero. The evolution of transport fossil fuel consumption under net-
zero scenarios is highly varied to 2050 and there is great uncertainty
for future transport energy use when combining strategies across tech-
nology, policy, and behavior. The narrowest (but still very large) range
of fossil fuel demand across models in 2050 occurs under the TSG
Advanced Technology scenario (4.4 to 13 EJ), and the widest range occurs
under the TSG All Advanced scenario (0.03 to 15 EJ). In addition to
transformations in the transport sector, high uncertainty of fossil fuel
use is also driven by the cost and availability of compensating CDR fa-
cilities [31].

High uncertainty in future aviation travel demand with fewer and
more constrained mitigation options highlights an area for further focus.
Aviation is least open to full electrification because of the mass of the
batteries, and while the energy content of hydrogen is almost three times
that of kerosene, challenges arise regarding storage. These challenges of
electrification and storing hydrogen point to sustainable aviation fuel as
the main practical fuel solution for larger, longer-range aircraft which
serves the majority of aviation energy demand. These challenges are also
apparent in the modeling results which show aviation contributing to a
much larger share of 25-50 % residual 2050 emissions compared to
about 10 % today. Other research has indicated optimistic reductions in
aviation demand and improvements in aircraft efficiency will not be
enough for mitigation [32]. Partial uncertainty in this analysis may
derive from differing modeling assumptions surrounding international
travel; explicitly considering international aviation in addition to do-
mestic demand may further expand the uncertainty of future emissions
and mitigation needs.

Across the economy-wide model results analyzed here, mode shift
and managing travel demand (e.g., through behavior change or incen-
tivized polices like carpooling) are not reported as significant in these
scenarios; only the GCAM and TEMPO models reported walk and bicycle
travel demand, and all models lack representation of many alternative
modes such as micromobility (e.g., electric bikes) or distinguish well
between transit modes (intercity bus, local bus, metro rail, commuter
rail, etc.). In general, economy-wide models have not been developed to
capture enough dynamics around mobility needs and ways to satisfy
them to uncover the extent to which mode shifting and reducing travel
demand could be viable to support decarbonization. A lack in heterog-
enous travel supply options including novel and emergent mode
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representation may be a critical weakness calling for model enhance-
ment or coupling with more detailed models. As the participating
models and the 37th EMF is focused on North American economies, this
lack of representation may be in-part influenced by highly car-
dependent infrastructure in the U.S [33,34] and strong preferences for
flexibility offered by personal vehicles [35]. While the U.S. may be
slower to adopt alternatives to private cars as a result, other countries
around the world may find more applicability for travel mode shift and
managing travel demand to close the mitigation gap [5]. For example, in
IEA’s Net-zero by 2050 global study, up to 38 % of expected travel de-
mand is avoided by 2050 due to smart city planning and densification
[36], but this will require local zoning changes and lower barriers to
building. Yet there is limited research that demonstrates modeling of
specific policies and strategies at the national or global level to achieve
this.

All five models reporting on-road travel service demand project
steady increases. However, recent literature surrounding travel service
demand indicates diverging futures are possible depending on different
policies and investments in coming decades. As a result, various drivers
of evolving travel demand may dictate differing needs for optimal design
of future power systems such as incentives for flexible EV charging [37]
or for greater expansions of total clean electricity supply than typically
projected [12]. Addressing these uncertainties will be important to
evaluate the potential impacts of different policies and guide optimal
design and operation of the transitioning U.S. electric power system.

These key remaining uncertainties should be investigated further to
understand opportunities to realize transport sector mitigation goals.
Research that targets the nexus of these uncertainties may find unfore-
seen synergies or additional barriers to reaching mitigation. For
example, widespread adoption of autonomous vehicles may induce
significant on-road demand but in turn offer an alternate pathway to
decarbonize aviation by offering a competitive long distance travel op-
tion [38,39]. As a result, this tradeoff could greatly increase the need for
annual clean electricity supply needs beyond current projections.
Alternatively, more robust findings at the national or global scale on
potential to avoid travel demand growth and promoting mode shifting
away from personal cars could lower transport electrification needs and
ease the expansion of clean electricity supply.

5. Conclusions

Drawing on model results from the 37th Energy Modeling Forum,
this paper evaluates the role of the transportation sector in achieving
net-zero economy-wide decarbonization by 2050. We derive insights on
future transportation decarbonization pathways by comparing a
collection of emissions and energy use modelling results across a dozen
models. We compare modelling results across Reference and Net-zero
scenarios as well as five transportation-specific variations of net-zero
scenarios that varied assumptions in transport technology advance-
ment, transport-specific policy enablement, and travel behavior change.
We characterize the impact of key uncertainties in transport decarbon-
ization pathways to inform decision makers as well as document robust
insights based on consistent trends across models.

We find the U.S. transport sector is poised to play the most significant
role in reducing economy-wide carbon emissions in coming decades,
and this is mostly driven by major fuel switching from petroleum to
electricity, biofuels, and hydrogen. However, there remains large un-
certainties of future transport energy use with models disagreeing on the
amount of remaining fossil fuel use and the mix of different alternative
fuels across subsectors. This uncertainty is exacerbated by high variation
in future aviation trends (growth in demand and sustainable aviation
fuel availability). Additionally, we find economy-wide models may lack
the capabilities to capture mode shifting or travel demand management;
this highlights a need for future national and economy-wide trans-
portation sector modeling to understand the mechanisms that could lead
to measurable impacts to further mitigate emissions and the help tame
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the rapid growth in decarbonized power supply. Future work should
continue to investigate and address these remaining uncertainties, and
decision makers should utilize these results to inform managing the risk
and prioritization of future investments and polices to achieve ambitious
goals of transportation sector decarbonization.
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