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Abstract

Transport research has long focused on comparing climate change mitigation strategies. However,
it remains unclear how the effects of different strategies on climate and non-climate externalities
compare. This paper assesses the mitigation potential of a comprehensive set of transport
transformation strategies from an integrated modeling perspective. In doing so, it goes beyond the
assessment of climate change by including health-related externalities. We analyze transformation
scenarios clustered along three interventions: lifestyle changes (LSCs), electrification, and
efficiency improvements. All clusters yield significant climate mitigation potential, with
electrification most effectively reducing CO2 emissions. LSCs allow for immediate emission
reductions, are effective in hard-to-electrify transport modes, and facilitate the overall energy
system transformation. They also have the strongest impact on overall transport externalities,
especially due to activity-related health benefits. When compared on a monetarized basis to the
REF in 2050, for the EU, LSCs lead to a total benefit of 70 bn EUR/yr by reducing adverse
externalities of motorized transport by 30% and increasing positive externalities of active mobility
by 50%. Based on this, we conclude that policymaking should both advance the electrification of
road transport and promote mobility behavior towards shared and active modes to minimize CO2

emissions while maximizing co-benefits.

1. Introduction

With transport accounting for approximately one-
quarter of end-use sector emissions and one-fifth of
total global emissions, the sector’s climate impact
is significant and projected to increase without tar-
geted mitigation [1]. Unlike the other demand sec-
tors, buildings and industry, transport emission tra-
jectories are flat or rising for almost every region
of the world, even those with ambitious mitigation
goals [1]. Beyond its contribution to climate change,
the transport sector imposes substantial non-climate
externalities, including air pollution, noise, traffic
congestion, and accidents, with road transport being
the largest contributor, accounting for approximately
75% of these costs [2].

© 2025 The Author(s). Published by IOP Publishing Ltd

Demand-side interventions have a significant
mitigation potential but are less prominent in poli-
cymaking compared to supply-side’ interventions
[1]. These interventions lead to changes in energy
end-use and include ‘all strategies targeting tech-
nology choices, consumption, behavior, lifestyles,
coupled production-consumption infrastructures
and systems, service provision and associated
sociotechnical transitions’ [3]. The recent IPCC 6th

3 Demand and supply are here used with respect to final energy, as
is the convention in system-wide mitigation studies. The transport
sector is classified as a demand sector—similar to buildings and
industry—because it consumes final energy. In contrast, ‘supply
sector’ is used to describe all aspects of providing final energy, such
as power and heat generation, fossil fuel extraction, and refining.
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assessment report estimates that shifting and redu-
cing activity, together with improving efficiency
in end-use sectors, could lead to sectoral emission
reductions of 40%-70% by 2050 [1]. For many end-
uses, technological solutions exist, such as the dir-
ect electrification of road transport. Still, for modes
such as international aviation and shipping, elec-
trification is unlikely to become a dominant solu-
tion [4] due to the technical infeasibility of direct
electrification. Also, given the high competition for
scarce e-fuels with industry and building demands,
such a fuel shift would be costly [5-7]. For these
modes in particular, alternative mitigation measures,
such as efficiency improvements [4, 8] and energy
service demand reductions, are required to reduce
final energy demand and emissions. Lifestyle changes
(LSCs), which comprise changes in mobility beha-
vior and mode choice [3], can reduce emissions by
reducing travel demand or shifting demand towards
less emissions-intensive modes. Beyond climate mit-
igation, LSCs can contribute to wider sustainable
development goals [9, 10], e.g., the improvement of
well-being [11] and the reduction of poverty [12].

Integrated assessment models (IAMs) capture
the competition for scarce resources among vari-
ous demand and supply sectors, in the context of
different climate scenarios [1]. While IAMs already
assess demand-side mitigation potentials [13, 14],
there is a lack of a consistent comparison of dif-
ferent demand-side interventions in terms of mit-
igation as well as co-benefits. We analyze transport
transition scenarios in which we cluster demand-
side measures into LSCs, direct electrification, and
technical efficiency improvements, building on work
in the NAVIGATE project [15]. This paper is the
first to apply the proposed scenario framework to
the European transport sector. The scenario design
allows for a nuanced assessment of the interplay
and complementarity between distinct demand-side
strategies and provides decision support for transport
policymaking. The scenario framework benefits from
focusing on a relatively homogeneous, economic-
ally prosperous, and technologically advanced region
such as Europe. LSCs are highly context-dependent,
shaped by socio-economic and infrastructural con-
ditions. In many lower-income regions, continued
economic growth is expected, making it difficult to
define plausible assumptions for shifted and reduced
mobility demand. Supporting literature is also lim-
ited. This makes it challenging to develop a coherent
LSC scenario for these regions is therefore challen-
ging. Therefore, we illustrate an LSC scenario for a
high-income region before exploring its applicability
to less affluent contexts in future work.

Our second contribution comprises a compre-
hensive scenario impact assessment extending bey-
ond climate mitigation potentials. This is the first
IAM analysis that includes costs from air and noise

] Muessel et al

pollution, traffic accidents, climate emissions, and
congestion, as well as health benefits associated with
active mobility.

By studying these new scenarios for the European
Union (EU), we find that electrification is most effect-
ive in reducing CO2 emissions, while LSCs effect-
ively mitigate emissions in hard-to-electrify transport
modes. Additionally, LSCs have the strongest impact
on transport externalities, especially due to activity-
related health benefits.

The remainder of this article is structured as
follows. The method section broadly describes the
scenario design and the modeling approach, while
details can be found in the SI. In the subsequent
results section, we show results for the EU for dif-
ferent demand-side mitigation scenarios and assess
their impact in terms of climate mitigation as well
as further—mainly health-related—externalities.
Finally, we discuss the results and limitations. We
conclude that policymaking should focus on facilit-
ating the direct electrification of road transport and
advancing mobility behavior towards shared and act-
ive modes.

2. Method

2.1. Scenario framework

To show the effect of different demand-side meas-
ures, we compare specific demand-side scenarios
as described in table 1 to a reference scenario
(REF). (For a detailed description of the scen-
arios and the implementation into the modeling
framework, see supplementary materials S1-S3.) REF
comprises the ‘middle-of-the-road” socio-economic
pathway (SSP2) and national policies that are cur-
rently implemented [15]. The latter includes the
most important national policies (see supplementary
material S1 for the description of our policy data-
base). For the focus region, the EU, these policies
are already quite extensive and can lead to relat-
ively strong emission reductions of, e.g. 55% by 2030
[16]. In the European transport sector, e.g. REF has
2050 technology fleet shares of 40% for both battery
electric vehicles (BEV) and hybrid electric vehicles
(hybrid) for light-duty vehicles and sales shares of
40% for electric trucks and 70% for electric buses.
The modal split in REF remains relatively constant
with a slight shift towards faster modes, such as
domestic aviation.

While most demand-side studies apply the avoid-
shift-improve framework (ASI) [3, 17], we rely on an
alternative categorization framework that allows for
a cleaner separation between intervention strategies
and their related impacts on the energy system and
emissions. Demand-side measures include changes in
‘activity levels, changes in energy use, and changes in
carbon intensity, e.g., the choice of energy-efficient
or low-carbon technologies [18]. In particular, the
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Table 1. Scenario overview.

Scenario

Key assumptions

Lifestyle changes—activity
shifts and reductions: LSC

The LSC scenario captures behaviors that lead to reductions in motorized
energy service demand either via demand reduction or modal shifts. This

includes promoting active (walking, cycling), public, and shared mobility
options, while air travel is discouraged, as well as behaviors that induce
increased levels of freight activity. The focus is on changes in passengers’
mobility behavior. Take as an example that by 2050, we assume a reduction of
20% in private car usage and 30% in international aviation demand.

Electrification: ELEC

Liquid fuels are phased down as passenger vehicles and light-duty trucks

transition to full or hybrid electrification by 2040.

Technological
improvements—energy
efficiency: EFF

Improvements in the energy efficiency of combustion technologies are
achieved through efficiency standards for road vehicles, aircraft, and ships.
The transitional burden lies mostly on the vehicle manufacturers, in contrast

to the ELEC scenario, where adoption of a new technology by end users is
critical. For road vehicles, we assume annual efficiency increases of 1.5%-2%.

All measures combined:
ALL

Combination of all demand-transition scenarios.

ASI framework is ambiguous for the classification
of LSCs into ‘avoid) ‘shift, or ‘improve’ behaviors.
Furthermore, demand-side measures involving dir-
ect electrification or technological upgrades could be
identified either as ‘shift’ or ‘improve’ options [3].

Instead, we use the categorization into three
separate strategies: LSCs, electrification, and effi-
ciency improvements—see table 1. This split was
used in the definition of the NAVIGATE scenarios
[15], which we use here to analyze the effect of the
three strategies on the transport sector as modeled
by the REMIND/EDGE-Transport framework. For a
detailed description of the scenarios and the imple-
mentation into the modeling framework, see supple-
mentary materials S1-S3, in particular S1 and SI-table
1in S2.

2.2. Scenario implementation into an IAM

We use the Regional Model of Investment and
Development (REMIND), an IAM that provides
an integrated view of the global energy-economy-
emissions system and explores self-consistent trans-
formation pathways. It optimizes welfare subject
to climate and sustainability constraints [19]. The
energy demand generator for transport (EDGE-
Transport) is REMIND’s transport model and sim-
ulates a discrete decision process under probabilistic
conditions for transport modes [19]. While REMIND
provides EDGE-Transport with mobility demands,
EDGE-Transport simulates the modal split and feeds
final energy demands back to REMIND. REMIND
models Europe with nine regions, for further details
see SI-table 2.

We represent transport as a nested structure
of subsequent choices among comparable alternat-
ives for modes and technologies. We use a Weibull-
based modification of the multinomial logit approach

to model consumer decisions under probabilistic
conditions [19]. With its ability to capture probab-
ilistic decision-making and incorporate extensions
like terms for non-economic factors, the multino-
mial logit approach provides a robust and flexible
framework for modeling the complexities of con-
sumer behavior in transport. Its established use in
research and practice further ensures comparability
with other models. A mode’s market share is driven
by its price (including capital and operational costs),
the value of time for each mode, the price sensit-
ivity towards comparable alternatives, and an addi-
tional synthetic term to account for preferences unre-
lated to monetary or time costs. This synthetic term
reflects country-specific preferences towards trans-
port alternatives and drivers for consumer decisions
that are not price-driven, such as consumer inertia
towards new technologies or inconveniences associ-
ated with them. This term is endogenously calculated
for light-duty passenger vehicles, while for others, it is
calibrated to historical demand data. For more details
on the mode choice modeling, see supplementary
material S3.

IAMs integrate global dynamics of energy sys-
tems, economy, trade, land use, and climate systems
[13, 20]. Using the IAM REMIND allows us to gen-
erate balanced results across different sectors, as the
welfare optimization of the overall energy system cap-
tures the interplay between the various sectors at a
global level. For example, the industry and transport
sectors compete for scarce resources such as hydrogen
and biomass, leading to their system-optimal alloc-
ation, with the industry sector consuming signific-
antly more [6]. This becomes even more import-
ant in a decarbonization scenario, where competi-
tion between sectors for scarce energy carriers and
feedstocks increases, and carbon leakage becomes
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a more pressing issue for models without global
coverage [21]. Furthermore, the iterative process
between REMIND and EDGE-Transport allows for
feedback between transport-specific changes and
overall energy-economy dynamics, which helps cap-
ture transport-specific rebound effects: An increase in
load factor leads to fewer cars and, hence, reduced
fleet capital costs, making the transport sector rel-
atively cheaper for the same consumption of energy
services. This might lead to increased energy ser-
vice demand allocation to the transport sector as
part of a rebound effect, because anticipated energy
savings from a reduction in cars are partially off-
set by increased travel or greater usage of trans-
portation services. However, REMIND operates at a
high level of spatial and temporal aggregation [22].
Therefore, it struggles to fully capture complex beha-
vioral responses to efficiency improvements, espe-
cially in the short term, which are crucial for mod-
eling rebound effects [23].

As individuals’ modal choices vary, among other
things, with temporal and spatial context as well
as trip purposes, detailed trip- and agent-based
models are more suited than IAMs to model the
drivers behind decision-making [24]. Hence, this
study focuses mostly on exogenous implementations
of changes in mode shares, energy service demand,
and technology preferences. The underlying literature
review for the exogenous assumptions is presented in
the supplementary material S1. For most implement-
ations in the transport model, we change preference
trends in the mode choice module and reduce mode-
and region-specific energy service demand, while
for technology competition, we adjust synthetic cost
trends to capture the inconveniences associated with
certain fuel technologies (for more detailed inform-
ation, see supplementary material S3). See supple-
mentary material S2 for details on what aspects are
modeled endogenously or exogenously and on other
additional assumptions (e.g. ICE ban in the EU).

2.3. Assessment of health-related externalities

In addition to climate mitigation potentials, we assess
the impact of demand-side interventions on costs
associated with health-related externalities and con-
gestion. We take the scenario- and mode-specific
energy service demand as an input to calculate extern-
alities related to traffic accidents, noise, air pollution,
congestion, environmental impacts of tailpipe and
well-to-tank emissions, congestion, and health bene-
fits from active mobility. We use cost factors from
the European Handbook for transport externalities
[25] and the World Health Organization’s HEAT-
API for the calculation of economic health benefits
[26]. Treating these externalities exogenously is in
line with the absence of regulation that directly
addresses health-related externalities. Hence, there is

] Muessel et al

no feedback between these costs and mobility beha-
vior and technology choice. Methodical details, the
cost factors, and the source descriptions can be found
in supplementary materials S5-S7.

3. Results

3.1. Final energy demand reductions

Figure 1 shows scenario-specific reductions in final
energy demand for bunker and non-bunker sectors®.
First of all, we see substantial electrification already in
the REF scenario. Due to the much higher efficiency
of electric engines compared to internal combus-
tion engines, this leads to a reduction of final energy
demand by 30%, even though passenger energy ser-
vice demands increase by 11% from 2020 to 2050 (see
supplementary material S1 for the development of
energy service demands). In the scenarios with addi-
tional demand-side measure, 2050 final energy reduc-
tions are 50%—-66% stronger compared to REF due
to reduced energy service demand in the LSC scen-
ario, increased electrification in the ELEC scenario,
and conventional improvements in energy efficiency
of combustion engines and vehicles excluding elec-
trification in EFE. While overall final energy reduc-
tions are similar between the scenarios, reductions
in liquids and gas demand are significantly higher
in the ELEC scenario, due to the substitution with
electricity. Notably, liquids demand from bunker sec-
tors does not shrink in ELEC because the respect-
ive transport modes (international shipping and avi-
ation) cannot easily be electrified. A detailed assess-
ment of the drivers behind carbonaceous final energy
demand reductions can be found in the supplement-
ary material S4.

3.2. Climate change mitigation effects

Direct electrification is the most CO2-reducing
lever, while LSCs immediately mitigate emissions,
especially in hard-to-electrify transport modes.
Compared to other modes, cars, buses, and trucks
have the highest climate mitigation potential. This
can be seen in figures 2 and 3, showing scenario-
specific fossil emission reductions. As shown in
figure 3, despite the already strong direct electrific-
ation in the REF scenario, the ELEC scenario shows
additional emission reduction potentials for road
transport of 260 Mt CO,/year in 2050 (dark and light
blue stacks). In figure 3, we can also see that the ELEC
scenario yields by far the strongest emission reduc-
tion potential of all three individual strategies by 2050
(relative to REF in 2050: LSC: —27%, ELEC: —80%,
EFF: —31%, ALL: —90%).

4 We use ‘bunker sector’ for international aviation and maritime
shipping, which are supplied by bunker fuels and treated separately
from domestic aviation, navigation (domestic shipping) and land-
based transport (rail, and road).
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EDGE-Transport includes for bunker sectors (international shipping and aviation), only Liquids, and no other fuel alternatives.
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In supplementary material S4, we analyze the
respective importance of direct electrification, effi-
ciency improvements, and changes in energy service
demand for emission reductions in each scenario. S4
stresses that the REF scenario already includes stark
levels of electrification that correspond to the ambi-
tious goals of the Fit for 55 packages for the EU, mak-
ing the EU one of the leading regions in electrify-
ing road transport, although staying notably behind
the global front-runners, Norway and China [16].

Therefore, the increased level of electrification in the
ELEC scenario must be interpreted as an additional
push on top of the already ambitious electrification
goals in the EU.

While figures 2 and 3 show that electrification
yields the highest mitigation potential for land-based
transport, figure 4 shows that the LSC scenario leads
to the strongest reductions for emissions from inter-
national aviation and shipping. In 2050, compared to
2020 levels, the LSC bunker fuel emission reduction
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amounts to 133 Mt CO,/yr (73 Mt CO,/yr from
freight shipping, 60 Mt CO,/yr from passenger avi-
ation). Note that EDGE-T offers no direct electrific-
ation option for these bunker sectors (international
passenger aviation and freight shipping), and indir-
ect electrification via e-fuels is costly.

LSCs are not only effective in reducing bunker
sector emissions but also for short-term mitiga-
tion in general; figures 3 and 4 show the strongest
emission reductions until 2030 for the LSC scen-
ario. Combined with the ELEC scenario, which
takes some time to take effect, LSCs deliver deep

emissions reductions. Between 2020 and 2030, the
LSC scenario shows emission reductions of —35%
(301 Mt CO,/yr) from non-bunker modes (figure 3)
and —11% (—30 Mt CO,/yr) from bunker modes
(figure 4). As highlighted previously, for later years,
the ELEC scenario delivers the strongest mitigation
potential overall (by 2050, non-bunker emissions:
93% or —802 Mt CO,/yr, bunker emissions: —19% or
—53 Mt CO,/yr). This delay is explained by the iner-
tia of technological diffusion assumed in scenarios
ELEC and EFE Taking the example of cars, the mit-
igation impact depends on stock shares of BEVs or,
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respectively, of more efficient ICEs. As a car’s lifetime
ranges from 10-30 years and potential buyers of new
cars only make up a fraction of the overall popula-
tion, it becomes obvious that the technology turnover
in the stock takes decades, even at high sales shares
of BEVs/efficient vehicles. LSCs, on the other hand,
can have an immediate impact as they can address the
mobility behaviors and modal choices of the entire
population. While LSCs and changes in technology
choice are also subject to societal diffusion, it is worth
mentioning that the drivers behind such changes can
be manifold [27, 28] and are not explicitly modeled
in this study. Details on the modeling, assumptions,
and potential limitations can be found in the supple-
mentary material S2.

3.3. Transport externalities beyond climate change
Beyond climate mitigation, there are many other
ways in which transport impacts our lives and well-
being [29]. Accidents and congestion increase health-
related costs, while active mobility is associated with
significant co-benefits. Here, we study the cost effect
of key externalities, such as health-related and cli-
mate externalities, as well as congestion. We find that

climate externalities are much smaller than many
non-climate externalities. Figure 5 shows that the
highest external costs are associated with cars and
trucks causing accidents, congestion, and air pollu-
tion. Figure 6 shows, furthermore, huge health bene-
fits associated with active mobility, substantially lar-
ger than the direct negative externalities of the other
modes. A discussion on the cost factors and assump-
tions, such as the Social Cost of Carbon, and their
effect on the results can be found in supplementary
materials S5-S6.

Figure 5 also shows that air pollution plays a lim-
ited role in comparison to accidents and congestion,
so the mitigating effect of electric vehicles in the ELEC
scenario is comparably insignificant. The increase of
car sharing, pooling, and public transport in the LSC
scenario leads to a reduction in car vehicle kilomet-
ers and, hence, significant cost reductions associated
with accidents and congestion.

The upper part of figure 6 shows that the health
benefits associated with active modes are much lar-
ger than the direct external costs of all other modes.
When comparing the effect of the various demand-
side strategies from 2020 and 2050, LSCs reduce
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Figure 6. External costs and benefits of transport. The upper plot shows the external effects of transport in 2020 (as modeled in
REF), while the lower plot shows the difference of the 2050 situation in the five scenarios (Reference (REF), Lifestyle Change
(LSC), Electrification (ELEC), Efficiency and technological development (EFF), all demand-side scenarios combined (ALL))
compared to 2020. The economic impact is calculated in billions of EUR2020/yr. The impact categories comprise health benefits
from active mobility, traffic accidents, congestion, air pollution, climate change, noise, habitat damage, and well-to-tank
environmental impacts. The transport modes included in this assessment are walking and cycling, passenger cars, busses, trains,
and airplanes (domestic and international) as well as freight trucks (light and heavy), trains, and domestic ships.

-20 0
Change in external effects to REF2020 [billion EUR2020/yr]

l Well-to-Tank

adverse externalities of motorized modes by 30%
from 48 to 33 bn EUR/yr. Furthermore, LSCs increase
the positive health benefits of active modes by more
than 50% from 102 to 156 bn EUR/yr, meaning that
total external effects of transport are improved by
70 bn EUR/yr in 2050 compared to 2020. In con-
trast, the increase in motorized and the reduction in
non-motorized energy service demand in ELEC, EFF,
and REF lead to an increase in adverse externalities
even though climate, air pollution and noise impacts
are reduced in ELEC. All in all, the positive effects
of shifting to active mobility dominate the external
effects, although to a slightly lesser degree than in
the pure LSC scenario. The benefits of active modes
remain even when considering the increased exposure
to traffic accidents that result from the higher preval-
ence of cycling [30] and walking [31, 32].

3.4. Discussion of results
Our results show that ELEC is the most effective type
of demand-side strategy for climate mitigation in the

transport sector, reducing emissions by 80% com-
pared to the REF by 2050 and by 93% compared to
the 2020 value. Thereby, we validate the statement
‘what can be electrified can be decarbonized’ [33, 34].
Using electrification to abate CO, emissions in the
transport sector has two components: reducing scope
1 emissions by lowering the local carbon intensity to
zero. However, this must be combined with reducing
scope 2 emissions, namely the transformation of the
power system, which is progressing well, with fossil
energy being used for less than 30% of the EU’s elec-
tricity generation in 2024, and the EU-ETS expected
to fully decarbonize power generation by 2040 [35,
36]. Moreover, direct electrification of road trans-
port would lead to a reduced oil dependence of the
EU. Finally, mining activities for battery manufac-
turing negatively impact the environment, although
the relative size compared to the negative impacts
of mining and processing fossil fuels is critically dis-
cussed. A recent prospective lifecycle analysis showed
that while in 2020, the external human health and
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ecosystem quality effects of manufacturing and use of
battery-electric vehicles were still substantially larger
than for conventional internal combustion engines
when excluding climate impact effects, this difference
is expected to strongly decrease towards 2050 as sup-
ply chains and manufacturing are made more sustain-
able and battery recycling is deployed [37]. A concise
discussion of this aspect can be found in the supple-
mentary material, S5.

In the supplementary material S4, we analyze the
respective importance of direct electrification, effi-
ciency improvements, and changes in energy ser-
vice demand for emission reductions in each scen-
ario. To compare each mitigation driver’s contri-
bution towards reducing the use of carbonaceous
fuels, we perform a ceteris-paribus analysis. The main
takeaway of the analysis of S4 is that the REF scen-
ario already includes stark levels of electrification [38]
that correspond to the ambitious goals of the Fit for
55 packages for the EU [16]. Accordingly, the addi-
tional electrification potential in the ELEC scenario is
limited.

Efficiency improvements are an effective mitig-
ation strategy for modes that cannot be electrified.
Since there is substantial potential for the electrific-
ation of road transport, efficient combustion techno-
logies have the greatest value for maritime shipping
and international aviation. If applied in isolation, as
in the EFF scenario, efficiency improvements can only
reduce fuel demands by ~60% compared to 2020.
Hence, this scenario yields the risk of a carbon lock-in
if the slow upscaling of carbon-neutral fuels hinders
replacing fossil fuels [6, 39]. Electricity supply can be
decarbonized much faster than non-electric energy
[40]. Thus, from an emissions-abatement perspect-
ive, electrification, where technically feasible, is more
effective than efficiency improvements of combustion
vehicles [41].

Our analysis confirms that LSCs have a large
potential for mitigating CO, emissions in hard-to-
electrify transport modes, such as aviation, and could
reduce emissions by up to 25% by 2040. While the
ELEC scenario leads to significant emission reduc-
tions in sectors such as road transport, substantial
residual emissions remain in international aviation
and shipping, where technological alternatives are
scarce. In these sectors, we find that reductions in
energy service demand are the most effective meas-
ure to reduce emissions. Combining the use of scarce
drop-in fuels such as e- and biofuels with LSCs can
help reduce bunker emissions. Reductions in energy
service demand are particularly important in the
short term as these low-carbon resources will remain
limited for the next decades due to the difficult scale-
up of electrolytic hydrogen [39] and concerns as to
the sustainability of biofuels [42, 43].

For the other transport modes, we find that
modal shifts towards active modes and away from
cars can effectively lower other transport externalities,
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in particular, accidents and congestion, leading to
an aggregated decrease in costs of EUR19 billion per
year in 2050 and an increase in health benefits of
EURG60 billion per year. LSCs are associated with huge
health benefits, especially due to the increased use of
active modes, which amount to EUR 0.49 per act-
ive kilometer. The main reason for this significant
cost-saving potential is that physical inactivity is one
of the leading causes of non-communicable diseases,
such as diabetes (type 2), cardiovascular diseases, and
osteoporosis [44].

Moreover, we demonstrate that the LSC scen-
ario leads to the highest emission reductions until
2030, which could help achieve ambitious short-
term mitigation targets. For example, the European
Commission’s Fit for 55 package, which aims to
reduce CO, emissions by 55% by 2030, will require
ambitious mitigation measures in the transport
sector, which is responsible for 25% of current
emissions [1]. However, LSC measures remain largely
absent from such policy packages, even though
they could offer an additional 6% in CO, emis-
sions reductions by 2030. Their absence could
be due to the political difficulty of encouraging
such societal changes and the risk of political
backlash.

We argue that the proposed scenario frame-
work enables a clearer assessment of the mitigation
impacts of demand-side strategies than, e.g., the ASI
framework [3, 17]. This framework allows us to make
our central conclusion: while electrification proves
most effective for climate change mitigation, shifts
in mobility behavior yield substantial reductions in
non-climate externalities.

Additionally, LSCs can facilitate the transforma-
tion of the energy supply. While electrification does
a lot to reduce demand for liquid fuels from road
transport, it does little for the liquids demand from
aviation and shipping. For these demands, both LSC
and EFF offer a stronger lever and can thus fur-
ther reduce the strain on the energy supply sys-
tem to provide low-emission fuels. Future research
could assess which policy instruments are effect-
ive and complementary for fostering the climate
change mitigating and welfare-increasing interplay
between changes in mobility behavior and direct
electrification.

3.5. Limitations

Since we do not explicitly model the process of how
lifestyle changes might be achieved in the real world—
such as interventions with respect to infrastructure,
regulations, norms and behaviors—corresponding
barriers are not represented. Hence, the mitigation
potential associated with the LSC scenario should not
be interpreted as an alternative to necessary energy
system transformations. It is uncertain how and if the
scenario assumptions can be met.
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Scenario results depend on their input assump-
tions, which must be chosen carefully. In supple-
mentary materials S1 and S2, we list the assumptions
together with the respective literature sources. Take
the example that, for the ELEC scenario, we assume
the electrification of light trucks and a phase-out of
diesel engines in the heavy-duty sales by 2040 [45—
47]. For the health benefit assessment, we rely on
the WHO’s HEAT tool, which was previously cri-
ticized for exaggerating health benefits [48]. Since
then, HEAT has undergone further developments and
improvements [49]. The updated HEAT version 5.3.0
leads to average activity benefits of 0.49 EUR pkm !,
which is well in line with peer-reviewed [50-54] and
grey [54-58] literature (0.3—1.6 EUR pkm™!).

Since this study presents European results, a next
step would be to focus on low-GDP regions and
improve the level of detail and the validity of results to
ensure a balanced assessment of global demand-side
mitigation potentials. Specifically, it must be care-
fully assessed to what extent mitigation strategies for
Europe can be transferred to other countries, espe-
cially in the Global South, where the current modal
split, technology mix, and socioeconomics are funda-
mentally different. Future research could also assess
the mitigation potential for climate and non-climate
externalities in other demand sectors.

S8 gives a more comprehensive overview of the
limitations.

4, Conclusion

Reducing emissions in the transport sector is pivotal
to meeting climate targets, as these emissions account
for a quarter of end-use emissions and are increas-
ing in all regions globally [1]. While electrification is
a widely recognized mitigation strategy for the trans-
port sector, the potential impact of lifestyle changes
on climate change and other transport externalities is
currently debated. In this study, we provide a com-
prehensive impact assessment of technological and
behavioral changes in the transport sector for the EU.
Using an IAM allows us to adopt a system perspective
to draw the following conclusions.

Our results show that direct electrification is
the most effective lever for reducing CO2 emis-
sions, especially for road transport. However, this
strategy requires end-consumers to make alternat-
ive investment decisions and adapt to new technolo-
gies. Combining this with the adoption of new mobil-
ity behaviors, including shared and active mobility,
could deliver deep emissions reductions by unlock-
ing synergies between the two strategies. These syn-
ergies could also facilitate the transition of the energy
system in general by reducing the need for scarce
resources such as biofuels and e-fuels by reducing
bunker fuel consumption. Furthermore, changes in
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mobility behavior can have an immediate mitiga-
tion impact since they do not rely on slow replace-
ment of the vehicle stock. Finally, the increase in
active mobility and the reduction in car usage lead
to significant health benefits and reduced conges-
tion costs. In our Lifestyle Change scenario in 2050,
additional benefits of 54 billion EUR/yr arise com-
pared to the REF in 2020 due to such health
benefits.

The modeled technology efficiency scenario,
where no switch to new end-use technologies is
needed, shows 25%-30% additional emission reduc-
tions in both land-based transport and bunker
modes, which makes it a relatively effective strategy
for bunkers and a relatively ineffective strategy for
land-based transport. However, long-term efficiency
gains are limited, associating this scenario with the
risk of a carbon lock-in, as achieving full decarboniz-
ation with only this strategy will require an unrealist-
ically fast upscaling of e- and biofuels.

To foster the complementary interplay between
electrification and lifestyle changes, it is advisable to
provide charging infrastructure and to invest both
money and, possibly more importantly, space in the
supply of shared, public as well as active transport
services. Furthermore, price incentives and regulatory
policies such as a carbon price for road transport and
a city tax could be effective measures. This will allow
transport to be more sustainable, addressing both cli-
mate and health externalities.

Data availability statement

REMIND data of version 3.2.1 can be found on
Zenodo [59]. Additionally, scenario output data
is available from the ITASA NAVIGATE database
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The cost factors of the European Handbook
on Transport Externalities [25] are shown in SI-
Table 1 in supplementary material S5, and a link
to the raw cost factors and all supplementary
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internalisation-transport-external-costs_en.
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