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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 as enabling 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]. 

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


5

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 Even if 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 MtCO2e/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 MtCO2e/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 SI (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 
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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 
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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.  

244

245

246

247
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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 
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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 gCO2/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 
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296 becomes the most constraining threshold, an alternative scenario with limited electrification 

297 (91%) is considered to reduce material pressure, yielding minimum vehicle intensities of 12.5 

298 gCO2e/p.km and 32.5 mgCu/p.km (orange line). As a result, the space of feasible solutions 

299 expands in comparison with medium SSI: the maximum allowable travel demand increases to 

300 10150km/p/y (Points 4a and 4b in Fig. 2).

301

302

303  

304

305

306 Fig 2. Representations of Avoid-Shift-Improve pathways to meet environmental targets. The 

307 maps display the ‘Avoid’ (distance travelled per person) and ‘Shift’ (share of public 

308 transportation and active mobility) space, varying between business-as-usual values and the 

309 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 (SSI) 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. 
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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 
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358 as speeding 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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377   

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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391 meet environmental targets (even when all other parameters are set to their DLS&TL values). 

392 The boundary of this region defines the minimum reduction level required for the parameter. 

393 The blue line represents the well-being pathway, corresponding to a demand-side 

394 configuration prioritizing parameters associated with higher well-being co-benefits while 

395 remaining within environmental limits.

396

397

398

399

400

401

402

403 3. Discussion 
404

405

406 3.1 Repositioning the roles of supply-side and demand-side mitigations
407

408 The results challenge the prevailing assumption that supply-side improvements alone can 

409 achieve sustainable mobility targets, supporting growing evidence in the literature 

410 [40,45,50,66–70] that technological innovation can no longer be considered a sufficient 

411 solution. These findings call for repositioning demand-side mitigation as a central component 

412 of decarbonization strategies, rather than as a secondary or complementary lever. While 

413 multiple demand-side pathways can meet environmental targets, all require the combined 

414 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 The results 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 on a limited 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 

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


25

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 to incomplete 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 unit is 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 as these 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 vehicle 

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 the size 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 = 𝜌 ⋅ 𝑉, where 𝜌 

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 SI-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 SI, 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 PkBudg1150–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 

[kg/kW] (*)

2.3 2.3 2.4 2.9

GV Engine indicated 

efficiency [-]

44.2% 45.3% 46.4% 47.4%

EV Engine Density 

[kg/kW]  [-]

1.5 1.5 1.4 1.2

EV Engine indicated 

efficiency [-]

97.7% 97.7% 99.1% 99.6%

EV Battery Density 

[kg/kWh]

4.0 3.6 2.8 1.6
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Background

SSP/RCP Scenario None SSP5-NPi SSP2–NPi SSP2–

PkBudg1150

Electricity Intensity 

[gCO2e/kWh]

92 119 (**) 51 21

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 SI). 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 SI (section SI-2.2.2).

695

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

ASI 

Category

Demand-side Parameters Current 

Fleet 

Business-

as-usual

Full 

Electrification

DLS&TL

- Population Size [inh.] 9.1M 10.3M 10.3M 10.3M

Avoid
Per-capita mobility 

demand [km/p/y]

10950 10950 10950 4950

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

Engine Power [W/kg of 

car body]

96.8 185 185 34

EV Autonomy [km] 380 380 380 200

Speed Reduction Rate [-] 0% 0% 0% 25%

Improve

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 1012 kgCO2eq.y-1 globally[124], and the 

703 global copper extraction threshold for 2050 is set at 2.1 × 1010 kgCu.y-1  [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 CO₂ emissions relative to Switzerland’s total life-

708 cycle CO₂ 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 109 

710 kgCO2eq.y-1 and 3.2 x 106 kgCu.y-1 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.

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


38

761 Author contributions

762 Gabriel Magnaval: Conceptualization, Methodology, Software, Investigation, Data Curation, 

763 Validation, Visualization, Writing – original draft. Soline Corre: Methodology, Investigation, 

764 Visualization, Writing – review & editing. Maël Mouhoub:  Software, Data Curation, Writing – 

765 review & editing.   Manuele Margni: Supervision, Conceptualization, Methodology, Writing – 

766 review & editing, Funding Acquisition. Anne-Marie Boulay: Supervision, Conceptualization, 

767 Methodology, Writing – review & editing, Funding Acquisition.

768

769 Conflicts of interest

770 The authors declare no competing interests.

771 Acknowledgements

772 The authors thank Arthur Chuat and Jocelyn Roth for their valuable discussions and insightful 

773 comments on this work. The authors would like to acknowledge the financial support of the 

774 industrial partners of the Consortium on Life Cycle Assessment and Sustainable Transition (a 

775 research unit of the CIRAIG): Arcelor-Mittal, Hydro-Québec, L’ORÉAL, LVMH, Ministère de 

776 l'Économie, de l'Innovation et de l'Énergie du Québec, Michelin, OCP, Optel, Richemont, 

777 Syensqo, TotalEnergies. The authors remain solely responsible for the content of this study.

778

779 Data availability

780 Further information on this study is presented in Supplementary Information and in 

781 Supplementary Data 1, 2 and 3 (see Supplementary Information section). All additional data 

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


39

782 required to generate the work and the code used in this paper are available via Zenodo: 

783 https://zenodo.org/records/19497008 [125]. In addition, the interactive web-based tool 

784 developed using Streamlit, which allows users to explore the DSDA framework, is available at: 

785 https://dsda-mobility.streamlit.app/.

786

787 Declaration of Generative AI and AI-assisted technologies in the 

788 writing process 

789 During the preparation of this work, the authors used ChatGPT (based on GPT-4) to improve 

790 readability and language in the text. After using this tool, the authors reviewed and edited the 

791 content as needed and take full responsibility for the content of the publication.

792

793

794 References

795

796 1. IEA. Net Zero Roadmap A Global Pathway to Keep the 1.5 °C Goal  in Reach. 2023. 
797 Available: https://iea.blob.core.windows.net/assets/8ad619b9-17aa-473d-8a2f-
798 4b90846f5c19/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-
799 2023Update.pdf
800 2. OECD Net Zero+. Unlocking the potential of demand-side climate mitigation 
801 strategies. 2025. Available: 
802 https://www.oecd.org/content/dam/oecd/en/publications/reports/2025/03/unlockin
803 g-the-potential-of-demand-side-climate-mitigation-strategies_194d0bae/78b3a9d0-
804 en.pdf
805 3. Luh S. Decarbonizing Passenger Road Transportation in Switzerland. ETH Zurich. 2023. 
806 doi:https://doi.org/10.3929/ethz-b-000646587
807 4. Orsato RJ, Wells P. The Automobile Industry & Sustainability. J Clean Prod. 2007;15: 
808 989–993. doi:10.1016/j.jclepro.2006.05.035

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

https://zenodo.org/records/19497008
https://dsda-mobility.streamlit.app/
http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


40

809 5. Brown D, Flickenschild M, Mazzi C, Gasparotti A. The Future of the EU Automotive 
810 Sector. 2021. 
811 6. Chen Y, Dai X, Fu P, Luo G, Shi P. A review of China’s automotive industry policy: 
812 Recent developments and future trends. Journal of Traffic and Transportation 
813 Engineering (English Edition). 2024;11: 867–895. doi:10.1016/j.jtte.2024.09.001
814 7. do Prado V, Fabry E, Gonzalez Laya A, Kohler-Suzuki N, Lamy P, Praetorius S. The Road 
815 to  a New European Automotive Strategy: Trade and Industrial Policy Options. 2025. 
816 Available: https://institutdelors.eu/content/uploads/2025/04/REUOBQT.pdf
817 8. Boulouchos K, Bach C, Bauer C, Bucher D, Cerruti D, Dehdarian A, et al. Pathways to a 
818 net zero CO₂ Swiss mobility system. 2021. doi:https://doi.org/10.3929/ethz-b-
819 000481510
820 9. Ministry of Economy T and I (Japan). Technology Roadmap for “Transition Finance” in 
821 Automobile Sector. 2023. Available: 
822 https://www.meti.go.jp/policy/energy_environment/global_warming/transition/trans
823 ition_finance_roadmap_automobile_eng.pdf
824 10. ICCT. China’s New Energy Vehicle Industrial Development Plan for 2021 to 2035. 2021. 
825 Available: https://theicct.org/sites/default/files/publications/China-new-vehicle-
826 industrial-dev-plan-jun2021.pdf
827 11. Berube M, Wishnia A, Simon K, Pelosi A. THE U.S. NATIONAL BLUEPRINT FOR 
828 TRANSPORTATION DECARBONIZATION. 2021. Available: 
829 https://www.energy.gov/sites/default/files/2023-01/the-us-national-blueprint-for-
830 transportation-decarbonization.pdf
831 12. UK Committee on Climate Change. The Sixth Carbon Budget. The UK’s path to Net 
832 Zero. 2020. Available: https://www.theccc.org.uk/wp-content/uploads/2020/12/The-
833 Sixth-Carbon-Budget-The-UKs-path-to-Net-Zero.pdf
834 13. Plotz P. NET-ZERO-CARBON TRANSPORT IN EUROPE UNTIL 2050 – TARGETS, 
835 TECHNOLOGIES AND POLICIES FOR A LONG-TERM EU STRATEGY. 2021. 
836 14. Pichler M, Krenmayr N, Schneider E, Brand U. EU industrial policy: Between 
837 modernization and transformation of the automotive industry. Environ Innov Soc 
838 Transit. 2021;38: 140–152. doi:10.1016/j.eist.2020.12.002
839 15. Satpathy PR, Ramachandaramurthy VK, Radha Krishnan TR, Padmanaban S. 
840 Technological innovations and sustainable strategies for advancing electric vehicle 
841 performance and market integration. Energy Strategy Reviews. 2025;60: 101790. 
842 doi:10.1016/j.esr.2025.101790
843 16. Bras B, Cobert A. Life-Cycle Environmental Impact of Michelin Tweel ; Tire for 
844 Passenger Vehicles. SAE International Journal of Passenger Cars - Mechanical Systems. 
845 2011;04: 2011-01–0093. doi:10.4271/2011-01-0093
846 17. Islam ES, Nieto Prada D, Vijayagopal R, Mansour C, Phillips P, Kim N, et al. Detailed 
847 Simulation Study to Evaluate Future Transportation Decarbonization Potential. 2023. 
848 doi:https://doi.org/10.2172/2279172
849 18. Staniszewska E, Klimecka-Tatar D, Obrecht M. Eco-design processes in the automotive 
850 industry. Production Engineering Archives. 2020;26: 131–137. 
851 doi:10.30657/pea.2020.26.25
852 19. Schöggl J-P, Baumgartner RJ, Hofer D. Improving sustainability performance in early 
853 phases of product design: A checklist for sustainable product development tested in 
854 the automotive industry. J Clean Prod. 2017;140: 1602–1617. 
855 doi:10.1016/j.jclepro.2016.09.195

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


41

856 20. Suman D, Rajak S. Sustainable Product Design for Electric Vehicles. 2023. pp. 31–44. 
857 doi:10.1007/978-981-99-0201-9_3
858 21. Cheah LW, Heywood JB. Cars on a Diet: The Material and Energy Impacts of Passenger 
859 Vehicle Weight Reduction in the U.S. SM Mechanical Engineering. 2011. 
860 22. Kelly JC, Sullivan JL, Burnham A, Elgowainy A. Impacts of Vehicle Weight Reduction via 
861 Material Substitution on Life-Cycle Greenhouse Gas Emissions. Environ Sci Technol. 
862 2015;49: 12535–12542. doi:10.1021/acs.est.5b03192
863 23. Lewis GM, Buchanan CA, Jhaveri KD, Sullivan JL, Kelly JC, Das S, et al. Green Principles 
864 for Vehicle Lightweighting. Environmental Science and Technology. American 
865 Chemical Society; 2019. pp. 4063–4077. doi:10.1021/acs.est.8b05897
866 24. Czerwinski F. Current Trends in Automotive Lightweighting Strategies and Materials. 
867 Materials. 2021;14: 6631. doi:10.3390/ma14216631
868 25. Masoumi SM, Kazemi N, Abdul-Rashid SH. Sustainable Supply Chain Management in 
869 the Automotive Industry: A Process-Oriented Review. Sustainability. 2019;11: 3945. 
870 doi:10.3390/su11143945
871 26. Petavratzi E, Gunn G. Decarbonising the automotive sector: a primary raw material 
872 perspective on targets and timescales. Mineral Economics. 2023;36: 545–561. 
873 doi:10.1007/s13563-022-00334-2
874 27. Choi JY, Jeon JH, Lyu JH, Park J, Kim GY, Chey SY, et al. Current Applications and 
875 Development of Composite Manufacturing Processes for Future Mobility. 
876 International Journal of Precision Engineering and Manufacturing-Green Technology. 
877 2023;10: 269–291. doi:10.1007/s40684-022-00483-3
878 28. World Economic Forum. Raising Ambitions: A new roadmap for the automotive 
879 circular economy. 2020. Available: 
880 https://www3.weforum.org/docs/WEF_Raising_Ambitions_2020.pdf
881 29. Patel A, Singh S. Implementing circular economy strategies in the automobile industry 
882 – a step toward creating sustainable automobiles. Benchmarking: An International 
883 Journal. 2023;30: 2225–2233. doi:10.1108/BIJ-08-2021-0486
884 30. Winkelhake U. The Digital Transformation of the Automotive Industry. Berlin, 
885 Heidelberg: Springer Berlin Heidelberg; 2025. doi:10.1007/978-3-662-70704-3
886 31. Wankhede VA, Agrawal R, Srinivasan K. Digital transformation and sustainability in the 
887 automotive industry: key enablers for Industry 4.0 and circular economy. The TQM 
888 Journal. 2025; 1–23. doi:10.1108/TQM-02-2025-0089
889 32. Shepardson D, White J. US eases tailpipe rules, slows EV transition through 2030. 
890 Reuters. 2024. Available: https://www.reuters.com/sustainability/boards-policy-
891 regulation/us-eases-tailpipe-rules-slows-ev-transition-through-2030-2024-03-20/. 
892 Accessed 30 Jan 2026.
893 33. ICCT. Proposal to weaken CO2 standards could delay EV progress in Europe . 2025. 
894 Available: https://theicct.org/proposal-to-weaken-co2-standards-could-delay-ev-
895 progress-in-europe/
896 34. Creutzig F. Evolving Narratives of Low-Carbon Futures in Transportation. Transp Rev. 
897 2016;36: 341–360. doi:10.1080/01441647.2015.1079277
898 35. Heywood J, MacKenzie D. On the Road toward 2050: Potential for Substantial 
899 Reductions in Light-Duty Vehicle Energy Use and Greenhouse Gas Emissions. 2015 
900 Nov. 
901 36. ITF. ITF Transport Outlook 2023. OECD Publishing; 2023. doi:10.1787/b6cc9ad5-en

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


42

902 37. Pardi T. Heavier, faster and less affordable cars. 2022. Available: 
903 https://www.econstor.eu/bitstream/10419/299864/1/1844115267.pdf
904 38. IPCC. Transport. Climate Change 2022 - Mitigation of Climate Change. Cambridge 
905 University Press; 2023. pp. 1049–1160. doi:10.1017/9781009157926.012
906 39. ITF. Transport CO2 and the Paris Climate Agreement: Where Are We Six Years Later? 
907 2021 [cited 30 Jan 2026]. Available: https://www.itf-
908 oecd.org/sites/default/files/docs/transport-co2-paris-agreement-six-years-later.pdf
909 40. Marsden G, Dales J, Jones P, Seagriff E, Spurling N. All Change? The future of travel 
910 demand and the implications for policy and planning, First Report of the Commission 
911 on Travel Demand,. 2018. 
912 41. Sen A, Teter J, Kreutzfeldt S, Miller J. Vision 2050 Update on the global zero-
913 emission  vehicle transition in 2025. 2026. Available: https://theicct.org/wp-
914 content/uploads/2026/01/ID-519-%E2%80%93-ZEV-Vision-2050_report_final.pdf
915 42. Fugger T, Poligkeit J, Herrmann C. Decarbonization in the automotive sector: A 
916 scenario-based analysis of original equipment manufacturer pathways. Cleaner 
917 Environmental Systems. 2025;19: 100336. doi:10.1016/j.cesys.2025.100336
918 43. World Alliance Benchmark. Stuck in neutral: How automotive and transportation 
919 manufacturers are failing to drive essential change . 2024. Available: 
920 https://assets.worldbenchmarkingalliance.org/app/uploads/2024/12/ATM-2024-
921 Insights-Report_15Dec24.pdf
922 44. Xue X, Sun X, Ma H, Li J, Hong FT, Du S. Transportation decarbonization requires life 
923 cycle-based regulations: Evidence from China’s passenger vehicle sector. Transp Res D 
924 Transp Environ. 2023;118: 103725. doi:10.1016/j.trd.2023.103725
925 45. Milovanoff A, Posen ID, MacLean HL. Electrification of light-duty vehicle fleet alone 
926 will not meet mitigation targets. Nat Clim Chang. 2020;10: 1102–1107. 
927 doi:10.1038/s41558-020-00921-7
928 46. Wolfram P, Tu Q, Heeren N, Pauliuk S, Hertwich EG. Material efficiency and climate 
929 change mitigation of passenger vehicles. J Ind Ecol. 2021;25: 494–510. 
930 doi:10.1111/jiec.13067
931 47. Greffe T, Margni M, Bulle C. Evaluation of metals mining and processing energy 
932 consumption and potential metals supply–demand mismatch towards 2100. Resour 
933 Conserv Recycl. 2025;223: 108482. doi:10.1016/j.resconrec.2025.108482
934 48. Bieuville P, Majeau-Bettez G, de Bortoli A. Technology flexibility and sobriety to 
935 address shortage of energy-transition metals. Nat Sustain. 2026. doi:10.1038/s41893-
936 025-01762-y
937 49. Pulido-Sánchez D, Capellán-Pérez I, de Castro C, Frechoso F. Material and energy 
938 requirements of transport electrification. Energy Environ Sci. 2022;15: 4872–4910. 
939 doi:10.1039/D2EE00802E
940 50. Fressoz J-B. In tech we trust: A history of technophilia in the Intergovernmental Panel 
941 on Climate Change’s (IPCC) climate mitigation expertise. Energy Res Soc Sci. 2025;127: 
942 104280. doi:10.1016/j.erss.2025.104280
943 51. Braunger I, Hauenstein C. How Incumbent Cultural and Cognitive Path Dependencies 
944 Constrain the ‘Scenario Cone’: Reliance on Carbon Dioxide Removal due to Techno-
945 bias. Economics of Energy & Environmental Policy. 2020;9. doi:10.5547/2160-
946 5890.9.1.ibra

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


43

947 52. McLaren D, Markusson N. The co-evolution of technological promises, modelling, 
948 policies and climate change targets. Nat Clim Chang. 2020;10: 392–397. 
949 doi:10.1038/s41558-020-0740-1
950 53. Billedeau DB, Wilson J. Misalignment in the automotive supply Chain: Sustainability 
951 commitments of automotive manufacturing firms and their suppliers. J Clean Prod. 
952 2025;520: 146122. doi:10.1016/j.jclepro.2025.146122
953 54. Pinkse J, Demirel P, Marino A. Unlocking innovation for net zero: constraints, 
954 enablers, and firm-level transition strategies. Ind Innov. 2024;31: 16–41. 
955 doi:10.1080/13662716.2023.2269112
956 55. Diaz S, Tietge U, Dornoff J, Mock P. CO2 emissions from new passenger cars in 
957 Europe:  Car manufacturers’  performance in 2024. 2025. Available: 
958 https://theicct.org/wp-content/uploads/2025/12/ID-482-%E2%80%93-EEA-briefing-
959 Research-Brief-A4-70179-v7.pdf
960 56. Bare F, Colgan JD, Gard-Murray AS. Driving decarbonization? Corporate responses to 
961 the Paris climate agreement in the global automotive sector. Energy Res Soc Sci. 
962 2026;132: 104549. doi:10.1016/j.erss.2026.104549
963 57. Weiss M, Irrgang L, Kiefer AT, Roth JR, Helmers E. Mass- and power-related efficiency 
964 trade-offs and CO2 emissions of compact passenger cars. J Clean Prod. 2020;243: 
965 118326. doi:10.1016/j.jclepro.2019.118326
966 58. Mackenzie D, Zoepf S, Heywood J. Determinants of US passenger car weight. Int J 
967 Vehicle Design. 2014. 
968 59. Ajanovic A, Schipper L, Haas R. The impact of more efficient but larger new passenger 
969 cars on energy consumption in EU-15 countries. Energy. 2012;48: 346–355. 
970 doi:10.1016/j.energy.2012.05.039
971 60. Cheshmehzangi A, Allam Z, He B, Su Z. Climate change efforts vs. the growing 
972 popularity of larger private vehicles: A contradiction in motion. Human Settlements 
973 and Sustainability. 2025;1: 180–187. doi:10.1016/j.hssust.2025.07.002
974 61. European Environment Agency. Sustainability of Europe’s mobility systems 2024. 
975 2024. Available: https://www.eea.europa.eu/en/analysis/publications/sustainability-
976 of-europes-mobility-systems
977 62. Onat NC, Mandouri J, Kucukvar M, Sen B, Abbasi SA, Alhajyaseen W, et al. Rebound 
978 effects undermine carbon footprint reduction potential of autonomous electric 
979 vehicles. Nat Commun. 2023;14: 6258. doi:10.1038/s41467-023-41992-2
980 63. Dimitropoulos A, Oueslati W, Sintek C. The Rebound Effect in Road Transport. 2016 
981 Dec. doi:10.1787/8516ab3a-en
982 64. Hediger C. The more kilometers, the merrier? The rebound effect and its welfare 
983 implications in private mobility. Energy Policy. 2023;180: 113676. 
984 doi:10.1016/j.enpol.2023.113676
985 65. Font Vivanco D, Nechifor V, Freire-González J, Calzadilla A. Economy-wide rebound 
986 makes UK’s electric car subsidy fall short of expectations. Appl Energy. 2021;297: 
987 117138. doi:10.1016/j.apenergy.2021.117138
988 66. Creutzig F, Fernandez B, Haberl H, Khosla R, Mulugetta Y, Seto KC. Beyond 
989 Technology: Demand-Side Solutions for Climate Change Mitigation. Annu Rev Environ 
990 Resour. 2016;41: 173–198. doi:10.1146/annurev-environ-110615-085428
991 67. Mundaca L, Ürge-Vorsatz D, Wilson C. Demand-side approaches for limiting global 
992 warming to 1.5 °C. Energy Effic. 2019;12: 343–362. doi:10.1007/s12053-018-9722-9

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


44

993 68. Ben-Akiva M, Bierlaire M, Doyme K, Gershenfeld S, Picard N, Schäfer AW, et al. The 
994 behavioral dimension of transport decarbonization. npj Sustainable Mobility and 
995 Transport. 2026;3: 3. doi:10.1038/s44333-025-00075-z
996 69. de Blas I, Mediavilla M, Capellán-Pérez I, Duce C. The limits of transport 
997 decarbonization under the current growth paradigm. Energy Strategy Reviews. 
998 2020;32: 100543. doi:10.1016/j.esr.2020.100543
999 70. Chapman DA, Eyckmans J, Van Acker K. The impact of demand-side strategies to 

1000 enable a more circular economy in private car mobility. Sustain Prod Consum. 
1001 2024;49: 263–275. doi:10.1016/j.spc.2024.06.029
1002 71. Sugiyama M, Wilson C, Wiedenhofer D, Boza-Kiss B, Cao T, Chatterjee JS, et al. High 
1003 with low: Harnessing the power of demand-side solutions for high wellbeing with low 
1004 energy and material demand. Joule. 2024;8: 1–6. doi:10.1016/j.joule.2023.12.014
1005 72. Chen W, Sun X, Liu L, Liu X, Zhang R, Zhang S, et al. Carbon neutrality of China’s 
1006 passenger car sector requires coordinated short-term behavioral changes and long-
1007 term technological solutions. One Earth. 2022;5: 875–891. 
1008 doi:10.1016/j.oneear.2022.07.005
1009 73. Rosenow J. Beyond Supply: The Case for Decarbonising Energy Demand. PLOS Climate. 
1010 2025;4: e0000590. doi:10.1371/journal.pclm.0000590
1011 74. Baker ED. A just energy transition requires research at the intersection of policy and 
1012 technology. PLOS Climate. 2022;1: e0000084. doi:10.1371/journal.pclm.0000084
1013 75. Schipper L, Marie-Lilliu C. Transportation and CO2 Emissions: Flexing the Link--a Path 
1014 for the World Bank. Washington DC, US; 1999. 
1015 76. Creutzig F, Niamir L, Bai X, Callaghan M, Cullen J, Díaz-José J, et al. Demand-side 
1016 solutions to climate change mitigation consistent with high levels of well-being. Nat 
1017 Clim Chang. 2022;12: 36–46. doi:10.1038/s41558-021-01219-y
1018 77. van Heerden R, Edelenbosch OY, Daioglou V, Le Gallic T, Baptista LB, Di Bella A, et al. 
1019 Demand-side strategies enable rapid and deep cuts in buildings and transport 
1020 emissions to 2050. Nat Energy. 2025;10: 380–394. doi:10.1038/s41560-025-01703-1
1021 78. Arioli M, Fulton L, Lah O. Transportation strategies for a 1.5 °C world: A comparison of 
1022 four countries. Transp Res D Transp Environ. 2020;87: 102526. 
1023 doi:10.1016/j.trd.2020.102526
1024 79. Suski P, Speck M, Liedtke C. Promoting sustainable consumption with LCA – A social 
1025 practice based perspective. J Clean Prod. 2021;283: 125234. 
1026 doi:10.1016/j.jclepro.2020.125234
1027 80. Niero M, Jensen CL, Fratini CF, Dorland J, Jørgensen MS, Georg S. Is life cycle 
1028 assessment enough to address unintended side effects from Circular Economy 
1029 initiatives? J Ind Ecol. 2021;25: 1111–1120. doi:10.1111/jiec.13134
1030 81. de Bortoli A, Chanel A, Chabas C, Greffe T, Louineau E. More rationality and inclusivity 
1031 are imperative in reference transition scenarios based on IAMs and shared 
1032 socioeconomic pathways - recommendations for prospective LCA. Renewable and 
1033 Sustainable Energy Reviews. 2025;222: 115924. doi:10.1016/j.rser.2025.115924
1034 82. Magnaval G, Boulay A-M. Development of an analytical model of automobile energy 
1035 consumption during use-phase for parametrized life cycle assessment. Renewable and 
1036 Sustainable Energy Reviews. 2025;217: 115716. doi:10.1016/j.rser.2025.115716
1037 83. Alzaghrini N, Milovanoff A, Roy R, Abdul-Manan AFN, McKechnie J, Posen ID, et al. 
1038 Closing the GHG mitigation gap with measures targeting conventional gasoline light-

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


45

1039 duty vehicles – A scenario-based analysis of the U.S. fleet. Appl Energy. 2024;359: 
1040 122734. doi:10.1016/j.apenergy.2024.122734
1041 84. Grubler A, Wilson C, Bento N, Boza-Kiss B, Krey V, McCollum DL, et al. A low energy 
1042 demand scenario for meeting the 1.5 °C target and sustainable development goals 
1043 without negative emission technologies. Nat Energy. 2018;3: 515–527. 
1044 doi:10.1038/s41560-018-0172-6
1045 85. Anable J, Brand C, Tran M, Eyre N. Modelling transport energy demand: A socio-
1046 technical approach. Energy Policy. 2012;41: 125–138. 
1047 doi:10.1016/j.enpol.2010.08.020
1048 86. Sacchi R, Bauer C, Cox B, Mutel C. When, where and how can the electrification of 
1049 passenger cars reduce greenhouse gas emissions? Renewable and Sustainable Energy 
1050 Reviews. 2022;162. doi:10.1016/j.rser.2022.112475
1051 87. Magnaval G, Boulay A-M. PETRAUL /Development of an Analytical Model of 
1052 Automobile Energy Consumption During Use-Phase for Parametrized Life Cycle 
1053 Assessment (v.0.1) [Data set]. Zenodo. 2025. doi:10.5281/zenodo.14874992
1054 88. Geels FW. Demand-side emission reduction through behavior change or technology 
1055 adoption? Empirical evidence from UK heating, mobility, and electricity use. One 
1056 Earth. 2023;6: 337–340. doi:10.1016/j.oneear.2023.03.012
1057 89. Creutzig F, Roy J, Lamb WF, Azevedo IML, Bruine de Bruin W, Dalkmann H, et al. 
1058 Towards demand-side solutions for mitigating climate change. Nat Clim Chang. 
1059 2018;8: 260–263. doi:10.1038/s41558-018-0121-1
1060 90. Pachauri S, Brutschin E, Gidden MJ, Hasegawa T, Hejazi M, Jiang K, et al. Advancing 
1061 representations of equity and justice in climate mitigation futures. PLOS Climate. 
1062 2026;5: e0000763. doi:10.1371/journal.pclm.0000763
1063 91. Fuchs DA., Sahakian Marlyne, Gumbert Tobias. Consumption corridors : living a good 
1064 life within sustainable limits. Routledge/Taylor & Francis Group; 2021. 
1065 92. Rao ND, Min J. Decent Living Standards: Material Prerequisites for Human Wellbeing. 
1066 Soc Indic Res. 2018;138: 225–244. doi:10.1007/s11205-017-1650-0
1067 93. Global Carbon Budget. “Consumption-based emissions” [dataset]. Global Carbon 
1068 Project. 2024. 
1069 94. Brad A, Schneider E, Dorninger C, Haas W, Hirt C, Wiedenhofer D, et al. Existing 
1070 demand-side climate change mitigation policies neglect avoid options. Commun Earth 
1071 Environ. 2025;6: 773. doi:10.1038/s43247-025-02800-5
1072 95. Roy S, Ali A-R, Harvey J-P, Herrmann C, Fradette L. Operationalizing the environmental 
1073 safe operating space into target distributions for mobility and batteries. npj 
1074 Sustainable Mobility and Transport. 2026;3: 19. doi:10.1038/s44333-026-00089-1
1075 96. Millward-Hopkins J, Steinberger JK, Rao ND, Oswald Y. Providing decent living with 
1076 minimum energy: A global scenario. Global Environmental Change. 2020;65: 102168. 
1077 doi:10.1016/j.gloenvcha.2020.102168
1078 97. Wu SR, Wang L. Higher transparency: A desideratum in environmental life cycle 
1079 assessment research. J Clean Prod. 2022;374: 134074. 
1080 doi:10.1016/j.jclepro.2022.134074
1081 98. Mouhoub M, Greffe T, Bulle C, Margni M. Material Footprint Method: Beyond Bill of 
1082 Material to Operationalize Criticality Assessment Methods. SETAC Europe 36th Annual 
1083 Meeting. 2026. 
1084 99. Simons A, Bauer C. A life-cycle perspective on automotive fuel cells. Appl Energy. 
1085 2015;157: 884–896. doi:10.1016/j.apenergy.2015.02.049

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


46

1086 100. Sacchi R, Terlouw T, Siala K, Dirnaichner A, Bauer C, Cox B, et al. PRospective 
1087 EnvironMental Impact asSEment (premise): A streamlined approach to producing 
1088 databases for prospective life cycle assessment using integrated assessment models. 
1089 Renewable and Sustainable Energy Reviews. 2022;160: 112311. 
1090 doi:10.1016/j.rser.2022.112311
1091 101. Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E, Weidema B. The ecoinvent 
1092 database version 3 (part I): overview and methodology. International Journal of Life 
1093 Cycle Assessment. 2016;21: 1218–1230. doi:10.1007/s11367-016-1087-8
1094 102. Lechtenberg F, Gata-Cuesta JJ, Cabrera-Jiménez R, Galán-Martín Á, Guillén-Gosálbez 
1095 G. The challenge of an EU Light-Duty Road Passenger Transport Sector within 
1096 Planetary Boundaries. 2025. doi:10.21203/rs.3.rs-7963182/v1
1097 103. Fonseca Santos M, Esio Bresciani A, Brito Alves RM, Kulay L, Jiménez Esteller L, Pozo C. 
1098 The impacts of CO2-based fuels for the Brazilian freight transport sector on planetary 
1099 boundaries. J Clean Prod. 2025;521: 146211. doi:10.1016/j.jclepro.2025.146211
1100 104. Agez M, Muller E, Bulle C, Debarre L, Seitfudem G, Viveros Santos I, et al. IMPACT 
1101 World+ / a globally regionalized method for life cycle impact assessment (2.1). 
1102 Zenodo, Dataset. 2024. Available: https://doi.org/10.5281/zenodo.14041258
1103 105. Argonne National Laboratory. Assessment of vehicle sizing, energy consumption, and 
1104 cost through large-scale simulation of advanced vehicle technologies. 2016. 
1105 106. Cox B, Bauer C, Mendoza Beltran A, van Vuuren DP, Mutel CL. Life cycle 
1106 environmental and cost comparison of current and future passenger cars under 
1107 different energy scenarios. Appl Energy. 2020;269: 115021. 
1108 doi:10.1016/j.apenergy.2020.115021
1109 107. Galvin R. Are electric vehicles getting too big and heavy? Modelling future vehicle 
1110 journeying demand on a decarbonized US electricity grid. Energy Policy. 2022;161: 
1111 112746. doi:10.1016/j.enpol.2021.112746
1112 108. Zhu Y, Skerlos S, Xu M, Cooper DR. Reducing Greenhouse Gas Emissions from U.S. 
1113 Light-Duty Transport in Line with the 2 °C Target. Environ Sci Technol. 2021;55: 9326–
1114 9338. doi:10.1021/acs.est.1c00816
1115 109. Krause J, Thiel C, Tsokolis D, Samaras Z, Rota C, Ward A, et al. EU road vehicle energy 
1116 consumption and CO2 emissions by 2050 – Expert-based scenarios. Energy Policy. 
1117 2020;138: 111224. doi:10.1016/j.enpol.2019.111224
1118 110. Kasseris EP, Heywood JB. Comparative Analysis of Automotive Powertrain Choices for 
1119 the Next 25 Years. SAE Transactions. 2007;116: 626–647. Available: 
1120 http://www.jstor.org/stable/44723904
1121 111. Grube T, Kraus S, Reul J, Stolten D. Passenger car cost development through 2050. 
1122 Transp Res D Transp Environ. 2021;101: 103110. doi:10.1016/j.trd.2021.103110
1123 112. Greene DL, Leard B. Trends in scrappage and survival of U.S. light-duty vehicles. 
1124 Transp Res Part A Policy Pract. 2024;180: 103982. doi:10.1016/j.tra.2024.103982
1125 113. Vijayagopal R, Gallagher K, Lee D, Rousseau A. Comparing the Powertrain Energy 
1126 Densities of Electric and Gasoline Vehicles). 2016. doi:10.4271/2016-01-0903
1127 114. Lemazurier L, Shidore N, Kim N, Moawad A, Rousseau A, Bonkoski P, et al. Impact of 
1128 Advanced Engine and Powertrain Technologies on Engine Operation and Fuel 
1129 Consumption for Future Vehicles. 2015. doi:10.4271/2015-01-0978
1130 115. EPA. The 2022 EPA Automotive Trends Report: Greenhouse Gas Emissions, Fuel 
1131 Economy, and Technology since 1975. 2022. Available: 
1132 https://www.epa.gov/automotive-trends

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


47

1133 116. Isenstadt A, German J, Dorobantu M, Boggs D, Watson T. Downsized, boosted 
1134 gasoline engines. 2016. Available: 
1135 https://theicct.org/sites/default/files/publications/Downsized-boosted-gasoline-
1136 engines_working-paper_ICCT_27102016.pdf
1137 117. Office Federal de la Statistique. Les scénarios de l’évolution future de la population de 
1138 la Suisse et des cantons. 2025. Available: 
1139 https://www.bfs.admin.ch/bfs/fr/home.assetdetail.34687100.html
1140 118. Millward-Hopkins J, Fisch-Romito V, Nick S, Chevrel E. Energy requirements for 
1141 securing wellbeing in Switzerland and the space for affluence and inequality. Nat 
1142 Commun. 2025;16: 4066. doi:10.1038/s41467-025-59276-2
1143 119. Hirsch D. A Minimum Income Standard for the United Kingdom in 2019. 2019. 
1144 Available: https://www.jrf.org.uk/a-minimum-income-standard-for-the-united-
1145 kingdom-in-2019
1146 120. Martin E, Shaheen S. The Impacts of Car2go on Vehicle Ownership, Modal 
1147 Shift,  Vehicle Miles Traveled, and Greenhouse Gas Emissions: An Analysis of Five 
1148 North American Cities . 2016. 
1149 121. Brancaccio G, Deflorio FP. Extracting travel patterns from floating car data to identify 
1150 electric mobility needs: A case study in a metropolitan area. Int J Sustain Transp. 
1151 2023;17: 181–197. doi:10.1080/15568318.2021.2004629
1152 122. Herberz M, Hahnel UJJ, Brosch T. Counteracting electric vehicle range concern with a 
1153 scalable behavioural intervention. Nat Energy. 2022;7: 503–510. doi:10.1038/s41560-
1154 022-01028-3
1155 123. van Benthem A. What is the optimal speed limit on freeways? J Public Econ. 2015;124: 
1156 44–62. doi:10.1016/j.jpubeco.2015.02.001
1157 124. Bjørn A, Hauschild MZ. Introducing carrying capacity-based normalisation in LCA: 
1158 framework and development of references at midpoint level. Int J Life Cycle Assess. 
1159 2015;20: 1005–1018. doi:10.1007/s11367-015-0899-2
1160 125. Magnaval G, Corre S, Mouhoub M, Margni M, Boulay A-M. DSDA-Mobility / Beyond 
1161 Techno-Centered Decarbonization Roadmaps: Designing Demand-Side Pathways for 
1162 Sustainable Mobility (v0.1) [Data set]. Zenodo. 2026. doi:10.5281/zenodo.19497007
1163  

1164

1165

1166 Supplementary Material

1167

1168 Supplementary Information. 

1169 Supplementary Results 1.1-1.4 and Methods 2.1-2.3.

1170

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


48

1171 Supplementary Data 1.

1172 Comprehensive datasets used to operationalize the model, including supply-side 

1173 improvement scenarios, demand-side parameter bounds, environmental threshold 

1174 calculations, background processes modeling and assumptions, and any other useful 

1175 parameters.

1176

1177 Supplementary Data 2.

1178 Analysis of the FEDRO database of the current Swiss vehicle fleet, detailing the processing of 

1179 raw data to derive average parameter values used in the model.

1180

1181 Supplementary Data 3.

1182 Calculation of well-being scores used to construct the well-being-optimized demand-side 

1183 pathway within the DSDA framework.

1184

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

