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18  Abstract

19  Decarbonization roadmaps for the automobile sector predominantly rely on supply-side
20  improvements and electrification, yet their ability to deliver the required environmental
21  reductions remains uncertain. This study introduces the Demand-Side Decomposition Analysis
22 framework, which consistently integrates demand-side mitigation into a parametrized life
23 cycle assessment of the automobile value chain and links environmental impacts with decent

24 living standards to identify pathways compatible with both environmental limits and basic
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25  social needs. Applied to Swiss terrestrial mobility, this novel framework shows that current
26  technology-centered roadmaps fail to simultaneously meet climate targets and copper supply
27  constraints. Achieving these objectives requires coordinated activation of all demand-side
28  levers, including reducing travel demand, shifting transport modes, and improving vehicle
29  intensities. Substantial reductions in motorized travel distance and vehicle size, alongside high
30 electrification rates, are necessary. These findings call for repositioning demand-side
31  mitigation at the core of ecological transition pathways, with supply-side improvements acting
32  asenabling supports.

33

34

35  Authors summary

36  Political plans to make cars more sustainable focus on cleaner vehicle production and the
37  transition to electric vehicles. Using life cycle assessment to evaluate these technology-
38 centered strategies, we show that these roadmaps are insufficient to meet climate targets and
39 increase the risk of shortages of critical materials such as copper. These findings highlight the
40 need for demand-side solutions (i.e, changing mobility consumption patterns). However, such
41  measures alter the level or nature of mobility services provided, raising acceptability
42  challenges. To address this issue, we developed a method for designing demand-side
43  pathways that achieve environmental goals while ensuring that basic mobility needs are met.
44  Rather than prescribing a single pathway, the method preserves flexibility in how demand
45  reductions are combined across different mitigation levers. Our results reveal that all
46  sustainable mobility pathways share several hard constraints: high rates of vehicle
47  electrification, substantial reductions in motorized travel demand, and a shift toward smaller

48  vehicles. Beyond these requirements, multiple combinations of demand-side measures can
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49  achieve the desired outcomes, including greater use of public transport and active mobility,
50  eco-driving practices, vehicle sharing, and higher occupancy rates. Overall, our work highlights
51  opportunities to adapt the pathways to different preferences and contexts while remaining
52 within environmental boundaries.

53

54
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55 1. Introduction

56

57  Car mobility accounts for about 10% of global energy-related greenhouse gas (GHG) emissions
58  in 2023[1]. Across the full vehicle life cycle, from vehicle production through use and end-of-
59 life, it generates substantial impacts on climate, air quality, land use, and resource
60  consumption.

61

62  Achieving substantial reductions in these environmental impacts requires the deployment of
63  comprehensive mitigation strategies. Mitigations are commonly grouped into two broad
64  categories: supply-side and demand-side measures [2,3]. Supply-side mitigation encompasses
65 changes in technologies, production processes, and energy and material supply chains that
66  reduce the environmental intensity of providing goods and services. In contrast, demand-side
67  mitigation targets change in the level, composition, and nature of demand for goods and
68  services. This includes modifications in activity levels, lifestyles and consumption choices.

69

70  Automobile industry strategies and public roadmaps have to date overwhelmingly prioritized
71  technology-centered pathways [4-14] with a broad portfolio of supply-side mitigation
72 measures, including innovations in vehicle and powertrain component technologies [15-17],
73  eco-design [18-20], material lightweighting [21-24], improvement of manufacturing
74  processes [25—-27], circular economy and recycling strategies [23,28,29] or digitalization of the
75  industry [30,31]. On the demand side, strategies largely emphasize market transitions
76  towards electrified powertrains. Early commitments to full electrification for 2035 have
77  recently been softened towards greater technological flexibility, with increasing emphasis on

78  hybrids, hydrogen or alternative fuels [32,33].
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79  These measures support a sectoral strategy aiming to preserve existing automobile-centered
80  business models and production volumes as structural changes to the role of the car, vehicle
81  size and performance, and fleet growth. The overall automobile demand remains largely
82  absent from transition strategies [34]. Although some roadmaps acknowledge additional
83 demand-side measures (e.g., speed reduction or shift to public transportation), these are
84  typically treated as complementary levers, potentially substitutable by sufficiently rapid
85  technological progress, rather than as a core requirement for systemic transformation
86  [1,8,12,35,36].

87

88  Despite the prominence of these transition roadmaps, the literature increasingly indicates
89 that what is being implemented today remains insufficient, with observed outcomes still
90 closer to a business-as-usual trajectory than to the Paris Agreement 1.5°C pathway [13,36—
91  40]. Several structural factors cast doubt on the sufficiency of current long-term strategies.
92

93  First, literature shows that existing roadmaps remain inconsistent with Paris Agreement
94  pathways. A central limitation lies in their scope: most focus primarily on tailpipe emissions,
95  while giving limited attention to other life cycle stages of automobiles (such as car
96  manufacturing or infrastructure construction), thereby increasing the risk of burden shifting
97 and exceeding carbon thresholds when assessed on a full life cycle basis [38,41-44]. In
98 addition, these roadmaps often insufficiently address other environmental pressures,
99  particularly those related to mineral resource demand (e.g., copper and lithium) [45—-49].
100  Roadmaps also increasingly rely on immature technological development, including hydrogen-

101 based fuels, fuel cell vehicles, biofuels or carbon capture and storage [38,50,51]. The IEA 2050
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102 net-zero scenario typically relies on 50% of non-mature technologies [1]. This makes the
103  roadmaps dangerously uncertain [52].

104

105  Second, literature shows that the automobile industry is running behind these (insufficient)
106  roadmaps, as some anticipated mitigations did not materialize at the expected scale or speed.
107  Evenif electric vehicle (EV) adoption is progressing, it remains slower than expected, with a 5-
108 10% gap between the roadmap’s ambition (30% of new vehicles electrified in 2025) and
109  reported results (20-25% of new EVs) on the global vehicle market [41,43]. Supply-side
110  improvements are also facing delays, due to significant gaps between automobile
111  manufacturers objectives and suppliers commitment [43,53], but also due to delays in
112  innovation pathways [38,43,54,55]. This tendency is likely to persist, as the automobile
113 industry continues to prioritize incremental improvements to existing technologies, whereas
114  alignment with climate roadmaps requires more fundamental structural changes in the sector
115  [14,38,43,56].

116

117  Third, reported supply-side improvements have been systematically offset by countervailing
118  market trends, notably the shift towards larger, heavier, and more powerful vehicles
119  [14,44,57-60], together with increases in vehicle sales and total vehicle-kilometers travelled
120  [7,36,38,61]. These increases are partly driven by rebound effects, whereby efficiency and cost
121  reductions associated with technological improvements stimulate additional mobility
122 demand, representing a structural limitation of supply-side mitigation strategies [62—65]. As a
123 result, incremental efficiency improvements are observed, but absolute reductions in fleet-
124  level emissions remain elusive [14].

125
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126  These dynamics feed directly into an active debate in the academic literature regarding
127  whether technological innovation can be sufficient on its own and about the appropriate level
128  of priority that should be assigned to demand-side mitigation. A growing body of synthesis
129  work argues that demand-side mitigation must be treated as a central lever of
130  decarbonization strategies, rather than as a purely complementary option [40,45,50,66—74].
131

132 Placing demand-side mitigation at the center of ecological transition roadmaps introduces
133  new methodological challenges that existing approaches remain insufficient to address
134 comprehensively.

135

136  First, the identification of demand-side mitigation options remains incomplete. The Avoid—
137  Shift—Improve (ASI) framework[75] has been widely applied in the transport sector to
138  categorize demand-side strategies (e.g., reducing travel demand, shifting transport modes,
139 and improving vehicle efficiency) [3,76-78]. While it provides a useful conceptual
140  classification, its application remains largely qualitative, with limited methodological guidance
141  for systematically operationalizing these measures within environmental assessment
142 frameworks.

143

144  Second, dominant environmental assessment frameworks are primarily supply-oriented. Life
145  cycle assessment (LCA), although widely used to capture impacts across all stages of vehicle
146 life cycles, is designed and used to represent technological systems and traditionally excludes
147  demand dynamics [67,79-81]. Conventional functional units, such as 1 vehicle-kilometer,
148  scale impacts to a fixed service level and therefore exclude key demand-side dimensions (e.g.,

149  total travel demand). In addition, demand-side effects are often embedded within technology-
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150 centered performance indicators. For example, vehicle mass (technological parameter)
151  actually reflects both demand-side choices (e.g., vehicle size) and supply-side characteristics
152 (e.g., material efficiency) [58]. This aggregation obscures the specific role of demand-side
153  changes and limits the ability to assess their mitigation potential independently from supply-
154  side improvements [82]. Consequently, existing studies either assess exogenous scenarios of
155 demand [77,78,83—85] or focus on a limited number of demand-side parameters, with limited
156 insight into interactions and synergies between demand-side and supply-side strategies
157  [45,46,70,86,87].

158

159  Third, unlike supply-side strategies, demand-side measures may involve changes or reductions
160 in functionality or service levels [88]. As a result, they must navigate a delicate balance
161  between safeguarding essential needs, ensuring social acceptability, while enabling
162  substantial reductions in environmental impacts [89]. However, the co-evaluation of
163  environmental performance and social fairness remains largely underexplored [71,90].
164  Conceptual frameworks such as consumption corridors have been proposed to frame
165  sustainable consumption within a space bounded by environmental limits and human basic
166  needs [91]. The development of decent living standards (DLS) [92] provides a basis for
167  quantifying the lower bound of this space by defining socially acceptable minimum levels of
168  consumption. Together, these approaches offer a valuable starting point for identifying safe
169  and socially acceptable demand-side pathways. Further work is still needed to develop a
170  framework capable of identifying potential trade-offs between acceptable environmental
171  impacts and decent living standards.

172
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173 In response to these gaps, this paper pursues five main objectives. First, a parametrized LCA
174  framework capable of exhaustively assessing supply-side and demand-side mitigation
175  strategies for terrestrial mobility is developed. Second, the framework is applied to quantify
176  the environmental impacts of Swiss terrestrial mobility and to determine the magnitude of
177  reductions required to meet international environmental targets. Third, realistic prospective
178  supply-side improvement scenarios are built, and their mitigation potential is assessed with
179  the LCA framework; by contrast, the extent to which demand-side mitigation is required to
180  meet environmental targets is determined. Fourth, the concept of the consumer corridor is
181  operationalized by the Demand-Side Decomposition Analysis (DSDA) framework, which links
182 LCA to decent living standards and identifies demand-side pathways compatible with
183  environmental limits, basic social needs, and technological constraints. Fifth, the framework
184  is connected to a well-being indicator to identify socially preferable demand-side pathways
185  and inform federal objectives and policy design.

186
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187 2. Results

188

189  We derived from the parametrized LCA framework (see SI-1, Section 2.1) an open-source
190  model that computes climate change impacts and copper demand (proposed as a proxy
191 indicator for resource use) to evaluate terrestrial mobility in Switzerland as a function of
192  exogenous supply-side scenarios and endogenous demand-side parameters. We calculated
193 that current Swiss terrestrial mobility generates 17.4 MtCO,e/yr (15% of consumption-based
194  national emissions[93]) and consumes 3.3 ktCu/yr. To meet the 2°C Paris Agreement and
195  comply with a fair share of global copper extraction capacities, the Swiss terrestrial mobility
196  shall target 1.0 MtCO,e/yr and 3.2 ktCu/yr by 2050. These values are obtained by downscaling
197  global thresholds to Swiss terrestrial mobility (egalitarian paradigm (global to national) and
198  grandfathering paradigm (national to mobility sector) were applied, see Sl (section SI-2.2.4)).

199  This paper seeks demand- and supply-side pathways to reach these thresholds.

200 To do so, we constructed three prospective supply-side scenarios (pessimistic, medium,
201  optimistic), combining vehicle-level improvements from literature with supply-chain evolution
202  based on SSP/IAM pathways (see Methods — Table 1). Demand-side mitigation was
203  represented through up to eleven adjustable parameters describing mobility demand, vehicle
204  sizes and driver behavior. These parameters are bounded between a business-as-usual (BaU)
205  scenario, which considers that demand-side parameters remain unchanged from 2025 to
206 2050, and a lower bound defined by decent living standards and technical limits (DLS&TL). This
207  lower bound corresponds to the highest reduction which still ensures minimum mobility

208 needs for the projected 10.3 million inhabitants in 2050 (e.g., 4950 km travelled per person

10
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209  per year), while respecting technological feasibility (e.g., minimum vehicle size) and social
210  acceptability (e.g., realistic speed reduction) (see Methods — Table 2).

211

212  Results are generated for different levels of aggregation of the demand-side parameters: (1)
213 scenario-based comparisons to assess the necessity of demand-side measures; (2) aggregation
214  into Avoid, Shift and Improve categories to evaluate their combined effects; and (3) full
215  parameter disaggregation to characterize the range of feasible demand-side pathways
216  compatible with environmental targets.

217
218 2.1 Current Roadmaps are insufficient to meet carbon mitigation targets and need to

219  include demand-side mitigations

220

221  Fig 1 represents the reduction of 2025 GHG emissions and copper demand for the three

222 supply-side scenarios and for three demand-side mitigation configurations (business-as-

223 usual, full electrification, DLS&TL).

224

225  Results show that supply-side improvements alone are insufficient to align the automobile
226  sector with long-term environmental targets. With stable demand-side parameters until 2050
227  (BaU scenario), even the most optimistic supply-side scenario leads to a climate change impact
228  score seven times above the corresponding target (Fig 1 — left column).

229

230  Moreover, complementing supply-side improvements with full electrification of the fleet
231  (while all other demand-side parameters remain unchanged at BaU value) reduces the climate

232 change overshoot but does not eliminate it, with remaining 2.5-8 times above the threshold

11
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233 (Fig 1 — middle column). This pathway, however, leads to an increased copper consumption
234 which exceeds the fair share of copper supply for the Swiss mobility by a factor 3-5, illustrating
235  the risk of burden shift to increased resource demand associated with large-scale
236  electrification.

237

238  While industrial roadmaps that marginalize or postpone demand-side measures are unlikely
239  to deliver effective pathways, supply-side improvements remain necessary for expanding the
240  corridor for a socially fair transition within environmental limits. Indeed, GHG emissions
241  remain above targets for the pessimistic supply-side scenario (+20%) for the DLS&TL demand-
242  side scenario (Fig 1, right column), while medium and optimist supply-side scenarios meet and

243  exceed the target by a margin of -30% and -50%, respectively.
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248  Fig 1. Prospective life-cycle environmental impacts of Swiss terrestrial mobility depending
249  on supply-side and demand-side improvement scenarios. Each column corresponds to a
250  demand-side configuration: left, business-as-usual (demand-side parameters remain
251 unchanged from 2025 to 2050); middle, full electrification of the fleet (all other demand-side
252  parameters held constant); right, decent living standards and technical limits scenario
253  (DLS&TL), which represents the minimal requirements of demand-side parameters which
254  satisfy mobility needs for the population, while remaining technologically feasible and socially
255  acceptable. Climate change impacts (top row, kgCO2eq/yr) and copper use (bottom row,
256  kgCu/yr) are simulated for 2025 (black cross) and 2050. Colored points represent projected
257 2050 impacts resulting from the combination of demand-side scenario with three supply-side
258 improvement scenarios: pessimistic (yellow), medium (orange), and optimistic (brown). The
259  green horizontal line indicates the environmental target for 2050.

260

261

262 2.2 Coupling Avoid-Shift-Improve Mitigations is necessary

263

264  Having established the necessity of demand-side mitigation, this section analyses how
265 demand-side levers must be combined to meet a sustainable Swiss mobility. It aggregates
266  demand-side parameters based on the three ASI mitigation categories as follows: Avoid
267  (annual distance travelled per person); Shift (modal reallocation from private automobiles to
268  alternative modes); Improve (vehicle GHG and copper intensity per person-kilometer). Impact
269  scores are computed across the full range of Avoid, Shift and Improve mitigation levels to
270  identify combinations compatible with environmental targets. Fig 2 maps this space of feasible

271  mitigation pathways by calculating for each combination of Avoid and Shift the maximum

13
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272  vehicle intensities allowed to remain in the GHG emission thresholds (left map) and copper
273  threshold (right map).

274

275 The results demonstrate that achieving environmental targets requires coordinated
276  reductions across demand levels (avoid), modal distribution (shift) and vehicle intensity
277  (improve). Because ‘Improve’ mitigation is bounded by technical and social limits, the lowest
278  vehicle intensities achievable under maximum ‘Improve’ efforts across medium supply-side
279  improvement are 17 gCO2e/p.km and 52 mgCu/p.km (blue lines in Fig 2). The results indicate
280  that these improvements in vehicle intensity alone are insufficient to offset high travel
281 demand. Per-capita travel demand must decrease to at least 7230 km/p/y (-34% relative to
282  the BaU situation) to comply with environmental targets (Point 1 in Fig 2). Travel demand
283  should be further reduced to 6300 km/p/y if modal shift remains at its BaU level (Point 2). In
284  this configuration, the GHG emissions are more constraining than copper depletion.
285  Conversely, strong reductions in travel demand and modal shifts towards alternative
286  transportation cannot fully compensate for insufficient improvements in vehicle performance.
287  Even when Avoid and Shift parameters are reduced to their decent living standards value,
288  vehicle GHG and copper intensities must not exceed 33 gC0O2/p.km and 98 mgCu/p.km,
289  respectively, to meet national climate and copper targets for the mobility sector (Points 3a
290 and 3b in Fig. 2). This corresponds to reductions of 90% and 70% relative to BaU vehicle
291  intensities (see SI, Fig. SI-1.4).

292

293  Supply-side innovations increase the size of the space of solutions. Achievable vehicle
294  intensities decrease under the optimistic supply-side scenario (orange dashed contour in Fig.

295 2 when considering maximum ‘Improve’ effort, including 100% electrification). As copper use

14
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becomes the most constraining threshold, an alternative scenario with limited electrification
(91%) is considered to reduce material pressure, yielding minimum vehicle intensities of 12.5
gC02e/p.km and 32.5 mgCu/p.km (orange line). As a result, the space of feasible solutions
expands in comparison with medium SSI: the maximum allowable travel demand increases to

10150km/p/y (Points 4a and 4b in Fig. 2).
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Fig 2. Representations of Avoid-Shift-Improve pathways to meet environmental targets. The
maps display the ‘Avoid’ (distance travelled per person) and ‘Shift’ (share of public
transportation and active mobility) space, varying between business-as-usual values and the

decent living standards for Switzerland. ‘Improve’ mitigations are aggregated as vehicle
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310 intensities (climate change and copper impacts per passenger-kilometer). For each Avoid—
311  Shift combination, the color indicates the maximum climate change (left map) and copper
312 (right map) intensities compatible with environmental targets. Because ‘Improve’ mitigation
313  is bounded by technical and social limits, the curves indicate the lowest vehicle intensities
314  achievable under maximum ‘Improve’ efforts across supply-side improvement (SSl) and
315 electrification scenarios: medium SSI (blue), optimistic SSI with full electrification (orange
316 dashed), and optimistic SSI with constrained electrification (91%) (orange solid). Grey hatched
317 areas correspond to unsustainable Avoid—Shift combinations that would require vehicle
318 intensities beyond these technological limits.

319

320 2.3 Demand-side Decomposition Analysis

321

322 In this section, eleven demand-side parameters are considered as independent levers:
323  distance travelled (Avoid); share of public transport and share of active mobility (previously
324  aggregated into the Shift category); electrification rate, vehicle occupancy, number of cars,
325 vehicle size, engine size, battery autonomy, speeding, and driver behavior (previously
326  aggregated into the Improve category).

327

328  We operationalized the consumption corridor concept[91] (space of solutions meeting both
329 the environmental targets and decent living standards) through the development of the
330 Demand-Side Decomposition Analysis (DSDA) method. This DSDA method maps all
331 combinations of demand-side configurations compatible with the Swiss environmental targets
332  for the terrestrial mobility, while leaving flexibility in how reductions are distributed across

333  parameters.

16
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334

335  Fig 3 illustrates the results of the DSDA considering the medium supply-side scenario
336 improvements. The average reduction scenario (gold line) represents a first demand-side
337 pathway that uniformly activates all demand-side parameters (normalized by the distance
338  between the BaU and DLS&TL values). The average reduction reaches approximately 87%
339  under this scenario, which corresponds to a pathway combining high electrification (91%),
340 compact vehicle sizes (8.4m3), and substantial reductions in per-capita travel demand (5700
341  km/p/y). Such a level of transformation highlights the magnitude of demand-side change
342  required by 2050, particularly given that these measures remain largely absent from current
343  industrial and policy roadmaps.

344

345 The uniform reduction scenario represents only one pathway among many. The color
346  gradients defined for each parameter indicate the extent to which changes in one parameter
347  require compensatory adjustments in others. It reveals differences in their systemic
348  importance.

349  The results identify hard constraints in the system. Three parameters exhibit strict minimum
350 requirements: per-capita travel distance (7230 km), fleet electrification rate (44 %), and
351  vehicle size (13.3 m3). They represent necessary conditions for achieving environmental
352  targets (though insufficient in isolation). Any fleet configuration or individual mobility pattern
353  exceeding these minimum requirements is automatically incompatible with environmental
354  limits, leading to configurations unsustainable by themselves. Beyond these hard constraints,
355  highly sensitive parameters, such as vehicle occupancy, engine size, and the share of active
356  mobility, require careful control as insufficient reductions must be compensated by

357  substantially greater efforts in other parameters. In contrast, less sensitive parameters, such

17
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358 asspeeding and driver behavior, contribute comparatively less to overall system performance
359  and offer more flexibility without significantly increasing the burden on other levers.

360

361  While the average reduction pathway provides a useful baseline for defining sustainable
362  pathways, it does not account for well-being considerations, which may limit its social
363 feasibility. An alternative well-being-oriented pathway (blue line in Fig 3) is constructed by
364  weighting demand-side parameters according to their contribution to higher societal well-
365 being, based on the quantitative approach of Creutzig et al. (2022) [76]. Despite associated
366 uncertainties, this scenario provides a structured basis for identifying socially desirable
367 pathways and informing policy and investment decisions.

368

369  Alternative pathways can be explored in the DSDA interactive tool (dsda-
370  mobility.streamlit.app) by dynamically adjusting the consumption corridor under alternative
371  assumptions. It allows real-time variation of the results for alternative environmental targets
372  (due to changes in downscaling paradigms) and supply-side improvement scenarios (see SI1 -
373  Section 1.4). It also enables users to personalize the demand-side bounds and to build their
374  own pathway.

375

376
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378 Fig 3. Demand-side Decomposition Analysis.

379  The figure disaggregates eleven demand-side parameters classified according to the Avoid—
380  Shift—-Improve framework. The top of each column corresponds to the BaU value. The lower
381  bound corresponds to the maximum reduction compatible with either decent living standards
382  or technical limits, defining the DLS&TL boundary.

383 The gold line indicates the average level of activation of all parameters required to reach
384  environmental targets when reductions are distributed uniformly across the corridor. A color
385 gradient from green to red represents the sensitivity of the system to variations in each
386  parameter, defined as the extent to which changes in that parameter require compensatory
387  activation of other demand-side parameters (expressed in % additional efforts from other
388  parameters). Green indicates that lower activation of other parameters is sufficient, whereas
389 red indicates that stronger compensatory reductions are required. Grey hatched areas
390 represent parameter ranges for which no feasible combination with other parameters can
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meet environmental targets (even when all other parameters are set to their DLS&TL values).
The boundary of this region defines the minimum reduction level required for the parameter.
The blue line represents the well-being pathway, corresponding to a demand-side
configuration prioritizing parameters associated with higher well-being co-benefits while

remaining within environmental limits.

3. Discussion

3.1 Repositioning the roles of supply-side and demand-side mitigations

The results challenge the prevailing assumption that supply-side improvements alone can
achieve sustainable mobility targets, supporting growing evidence in the literature
[40,45,50,66—70] that technological innovation can no longer be considered a sufficient
solution. These findings call for repositioning demand-side mitigation as a central component
of decarbonization strategies, rather than as a secondary or complementary lever. While
multiple demand-side pathways can meet environmental targets, all require the combined

activation of several levers, including high electrification rates, vehicle downsizing, and
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415  substantial reductions in motorized mobility demand. We confirm that neglecting distance
416  reduction measures (i.e., ‘Avoid’ mitigation) is insufficient to meet target [94,95].

417

418 Innovation remains a facilitator that expands the available space within the consumer
419  corridor. By reducing impacts per unit of mobility, innovation increases the margin between
420  the minimum socially acceptable consumption level and the maximum environmentally
421 permissible one, thereby allowing greater flexibility for individual choice without violating
422  collective constraints, and increasing the social fairness of demand-side mitigation pathways.
423

424

425 3.2 DSDA enables the generation of Interactive Demand-Side Pathways
426

427  Theresults presented in this study should be understood as living and evolving outputs rather
428  than fixed prescriptions. The online tool is proposed to support scientists, policymakers, and
429  citizens in exploring the implications of prioritizing alternative demand-side parameters and
430 testing mitigation strategies under heterogeneous needs, preferences, and contextual
431  constraints. This approach is a call for integrating societal and political participation in dealing
432  with trade-offs among levers influencing both environmental performance and consumption
433  patterns.

434

435  Moreover, given the social and political sensibility of modifying the mobility demand, the
436  DSDA framework plays a central role in preserving individual and collective flexibility to adapt
437  their mobility practices within a sustainable corridor. Additional comfort, performance, or

438  functionality can be accommodated, provided that total consumption remains within the
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439  corridor. This framing shifts the focus from prescribing uniform reductions to enabling
440  context-sensitive adaptations that reconcile environmental constraints with social well-being.
441

442  The framework is readily transferable to other national contexts. While the model structure
443  and equations remain unchanged, adaptation requires adjusting (i) demand-side parameter
444  bounds to reflect local mobility patterns and needs, (ii) background processes, and (iii)
445  environmental thresholds. However, the main trends are not expected to differ substantially,
446  as these elements show limited variability across contexts: (i) DLS exhibit relatively low
447  variation between countries [96]; (ii) the globalization of automobile manufacturing,
448  combined with the convergence of electricity systems towards low-carbon sources [1], is
449  expected to result in limited differences in background impacts across regions; and (iii)
450  environmental thresholds were defined using an egalitarian allocation approach and a life
451  cycle perspective, ensuring comparable per-capita mobility-related impacts worldwide and
452  accounting for GHG emissions and resource consumptions outside the Swiss territorial
453  jurisdiction.

454

455 3.3 Implications for industrials, drivers and public policies
456

457  The framework developed in this study provides a structured baseline for the automobile
458  sector to operationalize demand-side mitigation. By translating environmental limits and
459  decent living standards into quantified mobility parameters, it establishes reference
460 trajectories against which different actors can assess their contribution to sustainability

461 transitions. The framework enables each stakeholder to evaluate its role based on the
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462  parameters it directly influences, while situating these contributions within the broader
463  system-level constraints.

464

465  For industrial actors, the approach allows them to determine whether the fleet of vehicles
466  they produce expands or constrains the ability of consumers and policymakers to remain
467  within environmental and social boundaries, even though manufacturers control only a subset
468  of demand-related parameters. This involves fixing the average values associated with vehicle
469  design and fleet electrification and then assessing the remaining space left for other
470  parameters that depend on user behavior, such as travel demand, occupancy, and modal
471  choices.

472

473  For consumers, it becomes possible to assess whether mobility practices remain within the
474  consumer corridor, and to what extent personal choices either preserve or reduce the room
475 available for others to meet their own mobility needs within environmental limits. This
476  perspective shifts the focus from isolated behavioral change to shared responsibility in
477  managing a finite space of sustainable mobility consumption.

478

479  For public authorities, results provide guidance for defining federal objectives and policy
480 instruments that jointly address supply-side and demand-side dimensions. The quantified
481  pathways can inform infrastructure planning, regulatory standards, fiscal incentives, and
482  mobility policies by clarifying the relative contributions required from technology, markets,
483  and behavioral change. More broadly, the framework enables policymakers to assess whether

484  proposed measures expand or restrict the system’s capacity to meet environmental limits
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485  while ensuring decent living standards, thereby supporting coherent and coordinated
486  transition strategies across the automobile sector.

487

488 3.4 Limitations and future work
489

490  This study involves several simplifications across all stages of the assessment.

491

492  First, the modelling framework relies on several simplifying assumptions. The analysis focuses
493  onalimited set of powertrain technologies, namely gasoline and battery electric vehicles, and
494  therefore does not capture the full diversity of existing or emerging options such as diesel or
495  hybrid powertrains. In addition, vehicle and energy consumption modelling are based on
496  simplified relationships that do not fully represent all physical phenomena, including
497  temperature effects, material ageing, and dynamic battery behavior. Some relationships are
498  also linearized, including those linking vehicle volume and surface, or vehicle lifetime and
499  cumulative travelled distance. Future work should therefore broaden both the range of
500 technologies and the physical mechanisms represented. In this respect, the parametrized
501  structure of the framework provides strong flexibility for future developments, as refined
502  formulations or additional technologies can be incorporated by modifying or further
503 decomposing specific parameters while preserving the overall model architecture.

504

505  Second, the results are subject to uncertainties related to data availability and background
506  modelling. Prospective modelling of technological innovation is constrained by limited data
507 availability and industrial confidentiality [97]. Moreover, the use of SSP/IAM-based scenarios

508 introduces structural uncertainties, as highlighted in previous studies [81]. Finally, some
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509  aspects of the analysis, such as the quantification of well-being associated with demand-side
510  mitigation, or the definition of the paradigms for calculating the downscaling factors [95],
511  remain inherently uncertain due to their qualitative nature. Future work should further
512  develop uncertainty quantification methods, improve data transparency, and strengthen the
513 integration of social science approaches to better capture behavioral and well-being
514  dimensions.

515

516  Finally, copper depletion is quantified using a bottom-up approach based on bill-of-materials
517  derived from life cycle inventories, in the absence of a fully operationalized impact assessment
518 method for resource depletion. This approach may introduce discrepancies, particularly due
519  toincomplete accounting of background copper flows [98]. The inventories and results should
520 therefore be updated once a harmonized and operational impact assessment method for
521  material depletion is developed and adopted by the community.

522

523
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524 4. Methods

525

526 4.1 LCA framework for environmental impact calculation

527

528  4.1.1 Extending the scope to the vehicle fleet

529

530  The LCA conducted in this study adopts an extended functional unit defined as one year of
531  Swiss terrestrial mobility, excluding aviation and water-based transport. This system-level
532 functional unitis intentionally chosen in place of conventional functional units such as vehicle-
533  kilometers (v.km) or passenger-kilometers (p.km), which are well-suited for technology
534  comparisons but insufficient to capture demand-side dynamics. In particular, traditional
535  functional units do not allow to explicitly represent the contribution of key demand-side
536  parameters such as total distance travelled, modal distribution, or the rate of electrification,
537  asthese choices are already embedded in the functional unit. Since all of them influence the
538  environmental impacts of the mobility system, enlarging the functional unit to allow the
539  analysis of their relative contribution to the system provides more valuable insight for system-
540 scale decisions. Consistent with this system-level functional unit, the system boundaries
541 include the complete life cycle of vehicles and energy carriers, including vebhicle
542  manufacturing, assembly and maintenance, the use phase with associated energy
543  consumption, end-of-life treatment, and the required infrastructure construction and
544 maintenance.

545
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546 4.1.2 Parametrized inventories

547

548  This section presents the main assumptions and the key parameters (i.e, parameters
549  characterizing a process or a technology) that support the parametrized modeling of the LCI
550  of the system. The p-LCI framework is designed to explicitly distinguish between supply-side
551  parameters, which characterize technologies and production processes that can be improved
552  through industrial and technological progress, and demand-side parameters, which describe
553  market structure, usage patterns, and consumer behavior that can be influenced through
554  social, economic, and policy levers. The detailed structure and equations used to calculate the
555  flows are provided in Supplementary Information (section SI-2.1).

556

557  Mobility Service is described by the total distance travelled per person per year, the average
558  vehicle occupancy rate, and the modal distribution between private cars, active mobility
559  (walking and cycling), and public transportation (bus and rail). These parameters determine
560 the total demand for vehicle-kilometers required to satisfy personal mobility needs.

561

562  Automobile Fleet Composition is represented through demand-side parameters describing
563 thesize of the vehicle fleet (number of vehicles in use) and the electrification rate of the fleet.
564

565  Automobile design is modelled through a modular representation that distinguishes three
566  main subsystems: the vehicle body, the engine or powertrain, and the battery for electric
567  vehicles. Each subsystem is characterized by a set of global parameters commonly used to
568  describe vehicle performance and dynamics, including mass, rolling resistance coefficients,

569 aerodynamic drag coefficients, or powertrain elements indicated efficiencies and friction-
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570  related parameters [82]. These intermediate parameters are further expressed as functions
571  of two types of input parameters: (i) size-related parameters—respectively the vehicle
572 volume, the rated power of the powertrain, and the battery capacity in kWh, and (ii) supply-
573  side technological parameters reflecting material choices, design efficiency, and technological
574  maturity. For example, the mass M of the vehicle body is modelled as M = p - V, where p
575  represents the effective material density of the vehicle structure and V its volume. The
576  automobile design is used as an input to automobile manufacturing, assembly, and
577  maintenance processes.

578

579  Manufacturing of the car body, engine and battery is proportional to their respective mass.
580 The impacts per vehicle-kilometer are obtained by dividing by the lifetime of the vehicle.

581

582  Automobile Use Phase is modelled by estimating vehicle energy consumption based on the
583  PETRAUL framework [82]. In addition to vehicle design characteristics, this approach considers
584  parameters describing driving aggressiveness (speed or braking intensities). These parameters
585 allow behavioral aspects of vehicle use to be assessed explicitly. The details of the PETRAUL
586  model are available in SI (section SI-2.1).

587

588 Infrastructure includes road construction and maintenance, which is deemed proportional to
589  the mass of the vehicle as recommended by Simons et al. (2016) [99], and the charging
590 infrastructure for electric vehicles, which is deemed equivalent, regardless of the size of the
591 vehicle, as modeled by Sacchi et al. (2022) [100].

592
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593  Cradle-to-Gate. Cradle-to-gate elementary processes correspond to the processes supplying
594  the main materials, infrastructure and energy sources required by the automobile. It also
595  corresponds to the complete modeling of alternative means of transportation (train, bus,
596  plane). They are based on models from the literature [99,100] and ecoinvent database v3.11
597  [101]. All these assumptions and models are available in SD-1.

598

599  4.1.3 Impact Categories Selected

600

601 To ensure clarity of representation and maintain a focus on demand-side mitigation, the
602  analysis is limited to GHG emissions and copper depletion. GHG emissions are included as a
603  core indicator because it is central to Swiss climate policy objectives for 2050 and represent a
604 dominant environmental concern associated with the transport sector [102,103]. Copper
605 depletion is selected as a complementary indicator to capture resource-related constraints,
606 as copper is a critical material for automobile technologies—particularly for electric
607 powertrains, batteries, and electrical infrastructure—and is expected to become a limiting
608  factor under large-scale electrification pathways [47].

609

610  Climate change (short term) from Impact World + v2.1 life cycle impact assessment method
611  [104] is considered for computing the impacts across the complete life cycle of vehicles and
612  mobility services. Copper flows are quantified for all cradle-to-gate processes by directly
613  analyzing copper inputs in the underlying ecoinvent inventories. Manufacturing losses are
614  added where relevant to reflect actual material extraction requirements. Further details and
615  assumptions are provided in SlI-1, section 2.2.1 and SD-1.

616
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617 4.2 Assessment of Supply and Demand-side Mitigation Scenarios

618

619  4.2.1 Supply-Side Improvements Scenarios

620

621  Supply-side mitigation is represented through prospective improvements in both foreground
622 and cradle-to-gate systems. In addition to the current performance scenario, three
623  prospective supply-side improvement scenarios are defined to reflect different levels of
624  technological progress: pessimistic, medium, and optimistic. Table 1 summarizes the main
625  assumptions of each supply-side scenario.

626

627  Foreground improvements correspond to innovations in the vehicle itself, targeting
628  reductions in energy consumption and in environmental impacts associated with vehicle
629  production. A review of prospective automobile innovations is performed [17,35,86,105-116].
630 It provides estimates for the evolution of the main technological parameters of the model. For
631  each parameter, a range of values is established, and these values are consistently combined
632  to construct the three innovation scenarios (see S, section SI-2.2.1).

633

634  Cradle-to-gate improvements encompass changes in the upstream systems that supply
635 energy, materials, and transport services, including electricity generation, material
636  production, and the performance of alternative transport modes. Cradle-to-gate system
637  evolution is modelled using the PREMISE database, which translates integrated assessment
638  model (IAM) scenarios into life cycle inventory data. The optimistic scenario is based on SSP2—
639  PkBudgll50-REMIND, reflecting a sustainability-oriented and techno-optimistic pathway

640  characterized by rapid decarbonization, high energy efficiency improvements, and strong
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641 deployment of low-carbon technologies (1.7-2.0 °C carbon budget). The medium scenario
642  relies on SSP2—-NPi—Remind, representing a middle-of-the-road development trajectory with
643  moderate climate ambition and incremental technological progress (2.5-2.7°C carbon budget).
644  The pessimistic scenario adopts SSP5-NPi—Remind, which corresponds to a fragmented world
645  with limited international cooperation, slow technological diffusion, and high-carbon energy
646  systems (<3.5°C carbon budget).

647

648 Table 1: Representative parameter values and assumptions for the four supply-side

649  improvement scenarios.

Current Perf. Pessimist SSI Medium SSI Optimist SSI
Foreground

Vehicle Density [kg/m3] | 102 100 81 66
Vehicle Lifetime [y] 17 17 18.5 21
GV Engine Density | 2.3 2.3 2.4 29
[kg/kw] )
GV Engine indicated | 44.2% 45.3% 46.4% 47.4%
efficiency [-]
EV  Engine Density | 1.5 1.5 1.4 1.2
[ke/kW] [-]
EV Engine indicated | 97.7% 97.7% 99.1% 99.6%
efficiency [-]
EV  Battery Density | 4.0 3.6 2.8 1.6
[kg/kWh]
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Background
SSP/RCP Scenario None SSP5-NPi SSP2—-NPi SSP2—-
PkBudg1150
Electricity Intensity | 92 119 (*%) 51 21
[gCO2e/kWh]

650

651 (*) The weight of the engine increases due to the development and integration of
652  turbocharging engine in the fleet (more efficient).

653  (**) The phase-out of nuclear power leads, in the pessimistic scenario, to an increase in the

654  carbon intensity of electricity.

655

656  4.2.2 Demand-side Parameters and Scenarios

657

658 The two bound scenarios for demand-side parameters are the current business-as-usual
659  situation and decent living standards. Table 2 encompasses the main parameters for the four
660  scenarios.

661

662  Current fleet. Personal mobility and fleet are evaluated using Swiss federal statistics and open-
663  access databases (see SlI). The number of cars, vehicle sizing and electrification rate are
664 calibrated to represent the existing vehicle fleet, including legacy vehicles from previous years.
665

666  Business-as-Usual. The BaU scenario assumes that recent vehicle sales trends (2024-2025)
667  persist over time, resulting in a projected 2050 fleet with similar composition, vehicle size, and

668 electrification rate. Mobility demand and modal share are held constant at 2025 levels.
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669

670  Full Electrification. This scenario consists of a business-as-usual situation but with full
671  electrification of the fleet. It aims to model the current roadmaps.

672

673  Decent Living Standards & Technical Feasibility (DLS&TL). The decent living standards (DLS)
674  for personal mobility represent the minimum level of service required to satisfy basic needs
675  of the projected 10.3 million inhabitants of Switzerland in 2050 [117]. It guarantees a
676  minimum level of mobility to all citizens in order to ensure access to essential activities such
677  as work, education, healthcare, and social participation. Specific annual travel distances and
678  distributions of transport modes are adapted from the Swiss-specific analysis by Millward-
679  Hopkins et al. (2025) [118]. Vehicle ownership is assumed at one car per household in
680 intermediate and rural areas, plus one for households with children [119], and one shared car
681 per seven inhabitants in urban areas [120].

682

683  Other demand-side parameters are not explicitly addressed in the DLS literature but remain
684  constrained by technical and social feasibility limits. We bounded the average vehicle
685  occupancy rate to two persons per vehicle, reflecting empirical evidence that higher average
686  occupancy levels are unlikely to be sustained in daily mobility contexts [46,84]. The smallest
687 five-seat vehicle currently available on the Swiss market has a volume of 8.5 m3, while a
688  widespread shift towards two-seat vehicles (minimum volume of 6.7 m3) is limited by resulting
689 increases in required occupancy rates. Minimum engine power is determined to be 34W per
690  kilogram of the car body. An average autonomy range of 200 km to ensure usability and
691  acceptability of electric vehicles is considered as a feasibility threshold for EV battery size

692  [121,122]. In addition, feasible eco-driving practices and speed reductions are derived from
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693  the literature [87,123]. The corresponding assumptions and parameter values are detailed in
694 Sl (section SI-2.2.2).
695

696 Table 2: Key parameter values for the four demand-side mitigation scenarios.

ASI Demand-side Parameters | Current Business- | Full DLS&TL
Category Fleet as-usual | Electrification
- Population Size [inh.] 9.1M 10.3M 10.3M 10.3M
Per-capita mobility | 10950 10950 10950 4950
Avoid
demand [km/p/y]
Active Mobility [-] 8.0% 8.0% 8.0% 21.6%
Shift
Public Transports [-] 22% 22% 22% 29.5%
Electrification Rate [-] 5% 28% 100% 100%
Number of Cars [units] 4.8M 4.23M 4.23M 2.3M
Occupancy Rate [p/v] 1.5 1.5 1.5 2
Size Car Body [m3] 12.8 13.5 13.5 7.6
Improve | Engine Power [W/kg of | 96.8 185 185 34
car body]
EV Autonomy [km] 380 380 380 200
Speed Reduction Rate [-] | 0% 0% 0% 25%
Ecodriver Rate [-] 0% 0% 0% 100%

697

698  4.2.3 Environmental Targets

699
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700  Thresholds are established for the two indicators considered in this study: climate change and
701  copper depletion. Global targets are derived from the literature: greenhouse gas emissions
702  compatible with a 2 °C pathway are limited to 6.8 x 10'? kgCO,eq.y* globally[124], and the
703  global copper extraction threshold for 2050 is set at 2.1 x 1010 kgCu.y! [48]. These global
704  thresholds are downscaled to the Swiss level using an egalitarian allocation approach based
705  on Switzerland’s share of the global population. The resulting national budgets are then
706  allocated to terrestrial mobility using a grandfathering approach, whereby the share assigned
707  to the sector is proportional to its territorial CO, emissions relative to Switzerland’s total life-
708  cycle CO, emissions. Under these assumptions, the greenhouse gas emission and copper
709  consumption thresholds for the Swiss terrestrial mobility system are estimated at 1.0 x 10°
710  kgCO,eq.y! and 3.2 x 10°% kgCu.y! respectively. Detailed calculations and assumptions
711  underlying the derivation of global targets and the downscaling approach are provided in SI
712 (section SI-2.2.4). Alternative targets, exploring different global thresholds and allocation
713 assumptions, are also included for uncertainty analysis.

714
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715

716 4.3 Demand-side Decomposition Analysis

717

718  The DSDA method provides a representation of all demand-side configurations compatible
719  with Swiss terrestrial mobility environmental targets. Demand-side parameters are allowed to
720  vary between their BaU and DLS&TL values.

721

722 4.3.1 Average Reduction per Parameter

723

724  The average reduction is computed by uniformly activating all demand-side parameters,
725  normalized by their distance between BaU and DLS&TL values. Beginning from the DLS&TL
726  configuration (maximum effort), parameter values are progressively and uniformly relaxed
727  while ensuring compliance with environmental thresholds. The average reduction
728  corresponds to the point at which environmental impacts exactly meet the most constraining
729  threshold.

730

731  4.3.2 Sensitivity along the corridor

732

733 The color map of each parameter “corridor” represents its sensitivity relative to the average
734 reduction. The reference level (yellow) corresponds to the average reduction across all
735  parameters.

736

737  First, the parameter is fixed at its BaU value. If this deviation can be compensated by adjusting

738  the other parameters while still meeting DLS&TL constraints, the additional uniform effort
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739  required from the remaining parameters is computed. This defines the upper sensitivity bound
740  (red). If such compensation is not feasible (i.e., it would require exceeding DLS&TL levels), the
741  parameter exhibits a strict minimum requirement. This minimum is determined by fixing all
742 other parameters at their DLS&TL values and identifying the lowest admissible effort for the
743 parameter. The darkest red indicates this minimum level, while values beyond it are shown as
744  unsustainable (grey hatched area). In both cases, a linear gradient is assumed between the
745  average reduction (yellow) and this upper bound (red).

746

747  Second, the parameter is fixed at its DLS&TL value, and the corresponding uniform reduction
748  in effort allowed for the other parameters is computed. This defines the lower sensitivity
749  bound (green), with a linear gradient between the average reduction (yellow) and this value.

750

751  4.3.3 Well Being Optimal Pathways

752

753  An alternative pathway is defined to maximize well-being outcomes. For each demand-side
754  parameter, a well-being score is assigned based on the methodology of Creutzig et al. (2022),
755  which quantifies synergies and trade-offs between demand-side mitigation options and the
756  Sustainable Development Goals (SDGs) on a scale from -3 to +3. These scores are aggregated
757  across all SDGs to obtain a total well-being score for each mitigation option. The well-being
758  pathway is computed as for the average reduction, but parameters are relaxed from the
759  DLS&TL configuration in inverse proportion to their well-being scores, thereby prioritizing

760  measures with higher well-being benefits.
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