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Abstract: Decarbonizing transport in low-density territories is constrained not only by price signals but also by 
coordination frictions between transport modes. This study examines the relative roles of economic incentives 
and multimodal coordination in shaping mobility equilibria, CO₂ emissions, and welfare outcomes in the      
Nord Franche-Comté region of France. We develop a multimodal equilibrium framework incorporating private 
cars, regular carpooling, and public transport while accounting for coordination costs in multimodal travel 
chains. Alternative policy regimes combine conventional carpooling, carbon-related incentives, fuel taxation, 
and Mu-CAR, an intelligent Mobility-as-a-Service infrastructure designed to reduce intermodal transaction 
costs. Pricing instruments alone generate limited changes in modal shares and emissions, whereas Mu-CAR 
induces a structural shift from solo driving towards carpooling and public transport. Mu-CAR achieves an an-
nual CO₂ abatement of 2,429.96 tCO₂, compared with 222.62 tCO₂ under regular carpooling, representing 
more than a tenfold increase in emissions abatement. The Mu-CAR + CR + FT scenario reaches 2,619.30 
tCO₂/year while maintaining a net welfare gain, although additional pricing instruments yield diminishing en-
vironmental benefits and reduce welfare gains. Sensitivity analysis  further show that Mu-CAR's relative envi-
ronmental and economic performance is strongly conditioned by travel distance, with environmental and 
economic advantages occurring over different distance ranges. These findings indicate that transport decar-
bonization depends fundamentally on the coordination architecture of mobility systems, with pricing instru-
ments playing a complementary role. Conceptually, the study extends the Avoid–Shift–Improve framework by 
identifying coordination as an enabling mechanism for shifting travellers towards lower-carbon and integrated 
mobility 
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1. Introduction  

Transport decarbonization represents one of the major challenges of the European climate 

transition (European Commission, 2023). Despite recent technological progress, road passenger 

transport remains a major source of CO₂ emissions (Wadud et al., 2024; Schäfer and Yeh, 

2020), particularly in rural and peri-urban areas where dependence on private cars remains 

structurally high. In these low-density territories, climate policies targeting the transport sector 

often yield limited results due to the lack of accessible, reliable, and sufficiently coordinated 

low-carbon alternatives (Banister, 2011). 

Current decarbonization strategies primarily rely on three categories of policy instruments: (i) 

carbon pricing and energy taxation (Shaheen & Cohen, 2013; Laroche & Schemeleva, 2026), 

(ii) technological improvements and vehicle electrification, and (iii) modal shift policies 

promoting public transport and shared mobility solutions (Astier et al., 2023; Laroche, 2022). 

Within the framework of the “Avoid–Shift–Improve” (ASI) paradigm, these approaches 

essentially aim to modify relative prices or improve the technological performance of transport 

modes (Bakker et al., 2014). However, they implicitly assume that alternatives to private car 

use are already operational and can be mobilized with little difficulty. 

However, in low-density areas, the main barriers to modal transition arise less from price signals 

than from coordination difficulties among users, transport modes, and mobility networks (Lah, 

2015). Public transport services are often characterized by low frequency and schedules poorly 

aligned with travel needs. Carpooling depends on a critical mass of users that is rarely achieved 

at the local level. Intermodal connections remain uncertain, while first- and last-mile constraints 

reduce the effective accessibility of transport networks. In this context, coordination costs—

including  matching friction among carpooling users, trip synchronization, information 

management, and transfer reliability—constitute a structural constraint on low-carbon mobility 

(Tønnesen et al., 2022). 

In this context,  multimodal coordination appears to be a largely underappreciated structural 

determinant of transport decarbonization. In contrast to conventional policies that primarily act 

on monetary costs (Konishi & Mun, 2010; Julagasigorn et al., 2021; Salihou et al., 2026; Wang 

& Monchambert, 2026), integrated mobility systems are likely to reshape mobility outcomes 

by reducing the organizational frictions that constrain the use of low-carbon alternatives. The 
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transition therefore depends not only on trade-offs between isolated transport modes, but on the 

system’s ability to enable integrated multimodal travel chains. 

We examine this hypothesis using the Mu-CAR project, which is applied to data from  the Nord 

Franche-Comté region. Mu-CAR is an academic project that provides an intelligent multimodal 

carpooling system intended to integrate with public transport services (Gaspoz and Canalda, 

2025; Joliot et al., 2025). Beyond conventional carpooling platforms, it provides real-time 

coordination of trips and multimodal integration. Mu-CAR is therefore conceptualized as an 

intelligent multimodal coordination infrastructure that connects carpooling and public transport 

within an integrated mobility architecture. Private car use serves as the reference scenario 

against which modal shifts, emission reductions, and system-level outcomes are evaluated. 

From this perspective, the relevant unit of analysis is no longer the isolated transport mode, but 

coordinated travel chains combining multiple modes within a single trip. 

The main contribution of the Mu-CAR project lies in its ability to reduce coordination frictions 

that constrain the feasibility of multimodal trips in spatially dispersed territories. Its effect does 

not stem solely from reductions in monetary costs, but from a transformation of intermodal 

accessibility conditions (See figure 1). By lowering generalized coordination costs, the system 

enables mobility configurations that were previously difficult or infeasible. To assess these 

mechanisms, we develop a structural multimodal simulation framework that estimates 

abatement and abatement costs under scenarios generating different allocations across transport 

modes. We integrate private cars, carpooling, and public transport, with coordination costs that 

depend on spatial structure. The model compares conventional decarbonization policies based 

on price signals with an intelligent multimodal coordination system of the Mu-CAR type. 

The results highlight a fundamental difference between these approaches. Conventional policies 

generate primarily marginal adjustments in modal shares and emissions, without altering the 

overall organization of the mobility system. In contrast, reductions in coordination frictions 

induce a structural transformation, characterized by the emergence of coordinated multimodal 

travel chains combining carpooling and public transport. The resulting emission reductions are 

substantially higher than those achieved under conventional policy scenarios, while welfare 

analysis reveals net gains and potentially negative abatement costs driven by reductions in 

generalized mobility costs.  
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Beyond the specific case studied, this paper advances a more general argument: in low-density 

territories, the effectiveness of decarbonization policies depends less on price signals than on 

the coordination architecture linking different mobility modes. The low-carbon transition thus 

appears not only as a technological or economic problem, but also as a question of systemic 

organization of transport networks. This paper contributes to the literature in four main ways. 

First, we develop a stylized structural simulation framework to examine how coordination 

frictions shape modal allocation outcomes and emissions. Second, we show that reducing 

coordination frictions yields substantially larger decarbonization effects than conventional 

pricing-based policies. Third, we show that multimodal coordination can mitigate the negative 

environmental effects of spatial dispersion by making low-carbon mobility options more 

feasible in low-density territories. Finally, we highlight that integrated Mobility-as-a-Service 

(MaaS) systems can generate negative abatement costs through reductions in generalized travel 

costs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Conceptual Framework      

Conventional policies act on prices 

But low-density territories are primarily affected by coordination frictions 

Mu-CAR reduces these frictions 

It changes the feasibility of multimodal travel 

chains 

It induces a structural change in modal outcomes 

It leads to further reductions in emissions 

Intelligent multimodal coordination is therefore a structural determinant of decarbonization. 



4 
 

The remainder of the paper is organized as follows. Section 2 presents the theoretical 

framework and develops the main mechanisms underlying the relationship between multimodal 

coordination, spatial structure, and decarbonization. Section 3 describes the empirical strategy 

used to assess these mechanisms. Section 4 presents the simulation framework and data. Section 

5 reports the main results, while Section 6 examines the sensitivity of these results to alternative 

assumptions and parameter values. Section 7 concludes and discusses the broader implications 

of the findings for the design of decarbonization policies in low-density territories. 

2. Theoretical Framework 

A large body of literature examines public policies aimed at reducing CO₂ emissions from 

passenger transport. A widely used framework to structure these interventions is the Avoid–

Shift–Improve (ASI) model (Bakker et al., 2014). Originally promoted by the Deutsche 

Gesellschaft für Internationale Zusammenarbeit (GIZ) (Deutsche Gesellschaft für 

Internationale Zusammenarbeit, 2012), this framework distinguishes three complementary 

levers: (i) reducing travel demand (Avoid), (ii) promoting a modal shift toward lower-carbon 

alternatives (Shift), and (iii) improving the energy and environmental efficiency of transport 

technologies (Improve).This typology allows policies to be grouped according to their primary 

mechanism of action, while acknowledging that some measures may simultaneously fall into 

multiple categories (Zamora, 2014). 

The Avoid pillar encompasses strategies aimed at reducing the overall volume of travel or 

dependence on private car use, notably by acting on the spatial and temporal organization of 

activities (Bakker et al., 2017). Among the most widely studied instruments are road mobility 

pricing policies, such as fuel taxes, urban tolls, congestion pricing schemes, cordon pricing, and 

vehicle access restrictions in designated areas. These instruments seek to modify the 

generalized cost of car use and to internalize part of the environmental and congestion 

externalities associated with private vehicle travel. Other measures within this dimension 

include policies aimed at reducing commuting demand, for instance through teleworking or the 

adjustment of working hours, which can contribute to lowering motorized travel demand and 

peak-hour congestion (Bakker et al., 2014). 

The Shift pillar refers to policies aimed at reorienting mobility behavior away from high-

emission modes, particularly private cars, toward more sustainable alternatives such as public 

transport, walking, and cycling. The literature emphasizes that such modal shifts depend on a 

range of determinants related to service attributes (travel time, reliability, comfort), information 
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availability, as well as individual preferences and social norms (IPCC, 2022). Associated 

policies include, in particular, improvements in public transport supply, the development of 

cycling infrastructure, and incentive schemes promoting shared mobility. 

Finally, the Improve pillar encompasses strategies focused on enhancing the environmental 

performance of vehicles and transport infrastructure, notably through the diffusion of cleaner 

technologies, the adoption of alternative fuels (electricity, hydrogen, advanced biofuels), and 

improvements in the energy efficiency of powertrains and transport systems (IPCC, 2022). 

These policies are typically associated with technology standards, innovation and purchase 

subsidies, as well as public investment in charging and energy distribution infrastructure. 

Taken together, the three pillars of the ASI framework provide a structured lens for 

understanding the range of available policy instruments for decarbonizing passenger transport, 

combining both demand-side and supply-side interventions. The literature broadly converges 

on the view that no single measure is sufficient to achieve the required emission reductions in 

the short to medium terms, and that policy portfolios combining economic instruments, 

infrastructure investments, and behavioral incentives are necessary (Bakker et al., 2014; IPCC, 

2022). 

The ASI literature primarily focuses on mode-specific attributes but tends to under-specify 

intermodal coordination costs. The Mu-CAR approach extends the ASI framework by 

introducing a coordination layer that operates on generalized costs across modes, rather than on 

the attributes of each mode in isolation. From this perspective, policies promoting shared and 

multimodal mobility can act as a complementary lever, alongside pricing instruments and 

technological policies, to reduce emissions while limiting the transition costs for users. More 

specifically, Mu-CAR acts as a multimodal coordination infrastructure that enables the 

operational integration of carpooling, public transport, and travel synchronization mechanisms 

within a unified mobility system. By reducing coordination frictions, it effectively alters the 

structure of generalized travel costs and thereby reshapes equilibrium mobility choices. 
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3. Empirical Strategy   

The model is calibrated such that variations in λₘ1 across scenarios capture aggregate 

behavioral responses consistent with policy-induced changes in generalized costs and utility 

differentials. 

The framework is designed as a structural simulation model to explore how changes in 

coordination costs affect modal choices and emissions. Each scenario defines a specific cost 

structure, and the resulting modal shares are calibrated to be consistent with these costs. The 

model is static and compares mobility and emission outcomes across alternative policy 

scenarios, without explicitly modeling the transition between scenarios. It is structured into 

three layers: (i) a baseline multimodal allocation, (ii) structural extensions capturing spatial and 

policy heterogeneity, and (iii) a simulation layer used for welfare analysis and robustness 

checks. This structure allows us to assess how changes in coordination frictions affect mobility 

choices, emissions, and welfare across different spatial and policy contexts. 

3.1. Emission Reductions 

We define CO₂ emission reductions associated with Mu-CAR as the difference between 

emissions in the baseline scenario, representing the mobility system in the absence of any 

carpooling system, and emissions in each  carpooling scenario, which incorporates the 

corresponding behavioral and modal changes (either with regular carpooling or Mu-CAR). The 

baseline therefore reflects the pre-project mobility configuration without any carpooling 

involved, while each carpooling scenario (either with regular carpooling or Mu-CAR) 

represents a specific configuration defined by a given set of calibrated parameters. Emission 

reductions are then calculated for each scenario separately. 

The calculation follows the Global Carbon Council (GCC, 2025) methodology, originally 

developed for carpooling projects and adapted here to a multimodal transport setting, with 

limited reference to the Verra (2025) framework. 

For the baseline scenario, emissions are calculated as: 

𝐵𝐸 = ∑ 𝜆𝑏,𝑚𝑚
× 𝐷𝑏 × 𝐸𝐹𝑏,𝑚,                                                                       (1) 

 
1 denotes the modal share associated with transport mode (m), i.e., the share of total trips allocated to that mode 

within a given scenario. 
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where: 

• 𝐵𝐸 denotes baseline emissions; 

• 𝑏 denotes the baseline scenario; 

• 𝑚denotes the transport mode; 

• 𝜆𝑏,𝑚 is the share of mode 𝑚in the total number of trips; 

• 𝐷𝑏 is the total travel distance in the baseline scenario; 

• 𝐸𝐹𝑏,𝑚 is the passenger/kilometer emission factor of mode 𝑚. 

To express emission factors on a passenger/kilometer basis, the vehicle emission factor is 

adjusted according to vehicle occupancy: 

𝐸𝐹 =
𝐸𝐹𝑣𝑘𝑚

𝑉𝑂
,                                                                                                             (2) 

 

where 𝐸𝐹𝑣𝑘𝑚is the vehicle emission factor on a vehicle/kilometre basis and 𝑉𝑂 is the vehicle 

occupancy rate. 

For each project scenario, the same calculation is applied using the corresponding scenario-

specific parameters: 

𝑃𝐸 = ∑ 𝜆𝑝,𝑚𝑚
× 𝐷𝑝 × 𝐸𝐹𝑝,𝑚,                                                                               (3) 

 

where: 

• 𝑃𝐸 denotes project emissions; 

• 𝑝 denotes the project scenario; 

• 𝑚 denotes the transport mode; 

• 𝜆𝑝,𝑚 is the share of mode 𝑚in the project scenario; 

• 𝐷𝑝 is the total travel distance in the project scenario; 

• 𝐸𝐹𝑝,𝑚 is the corresponding  passenger/kilometer emission factor. 

The modal shares, travel distances, and emission factors may therefore differ across scenarios 

depending on the calibrated parameters defining each configuration. The functional form of the 

emissions calculation remains unchanged. Emission reductions are subsequently calculated as: 

𝐸𝑅 = 𝐵𝐸 − 𝑃𝐸,                                                                                               (4) 
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where 𝐸𝑅 denotes the CO₂ emission reductions associated with the project scenario. 

3.2. Modal choice 

 

3.2.1. Utility function  

Given that the emission equations are identical across scenarios, differences between the 

baseline and project scenarios arise primarily from changes in modal shares and emission 

factors. Modal shift is captured through variations in modal shares across scenarios and is 

encouraged by Mu-CAR through three incentive channels: carbon rewards, fuel taxes, and peer 

effects. These mechanisms are consistent with the literature, which highlights the central role 

of financial incentives and social influence in the adoption of carpooling in France (Delhomme 

and Gheorghiu, 2016), as well as the effectiveness of fuel taxation as a pricing instrument for 

reducing CO₂ emissions (Hammadou and Papaix, 2015). 

The project also affects emission factors (EF) through two complementary channels: 

substitution toward lower-emission transport modes and changes in the composition of the 

vehicle fleet. Because carbon rewards are indexed to fuel type and vehicle age, owners of older 

and more polluting vehicles face stronger incentives to switch to public transport or carpooling. 

This mechanism contributes to reducing the average emission factor associated with both 

carpooling and solo driving. Carbon rewards are defined here as monetary incentives linked to 

individual emission reduction efforts. 

These modal decisions are represented through utility functions defined as the sum of perceived 

costs and benefits associated with each transport mode. Generalized trip costs, including the 

monetary valuation of travel time, fuel expenditures, carpooling charges, and public transport 

fares (Le Goff et al., 2025), enter the utility functions with a negative sign (Γ𝑚 < 0), following 

Fielbaum and Pudāne (2024). The utility functions for the different transport modes are 

therefore specified as follows: 

Solo driver: 

𝑈𝑠𝑑 = Γ𝑠𝑑 + 𝐵,                                                                                                                         (5) 

Public transport: 

𝑈𝑝𝑡 = Γ𝑝𝑡 + 𝑓𝐵,                                                                                                                        (6) 

Carpooling: 

𝑈𝑐𝑝 = Γ𝑐𝑝 + 𝑒𝐵                                                                                                                                     (7) 
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Accordingly, the utility specification and the modal-share calibration should be interpreted as 

complementary components of the framework. The formulation is operationalized in the 

multimodal chain utility specification (Equation 8), where utility depends on the share of each 

transport mode 𝑚 within the trip: 

𝑈𝑚𝑚 = ∑ 𝜆𝑚𝑚 𝑈𝑚 + Δ𝑚𝑚,                                                                                                                  (8) 
 

where: 

• 𝑚 denotes the transport mode and includes sd, pt, and cp, corresponding respectively to 

solo driving, public transport, and carpooling, as well as the multimodal case;  

• 𝑈𝑚 represents the utility function of mode 𝑚, interpreted as utility per kilometre or per 

segment;  

• 𝐵 corresponds to the benefits associated with private vehicle travel;  

• 𝑓 is a decreasing function of vehicle occupancy rate (see Fielbaum and Pudāne (2024) 

for further details on 𝐵and 𝑓);    

• 𝑒 is the coefficient capturing the extent to which this benefit applies to carpooling,  

• 𝜆𝑚 represents the fraction of distance travelled using mode 𝑚 within a multimodal trip, 

with ∑ 𝜆𝑚𝑚 = 1;  

• Δ𝑚𝑚 represents transfer costs (thus <0) specific to multimodal trips (Cascajo et al., 

2017). 

Although the decision unit is defined as a mobility chain, the modal shares 𝜆𝑚 are interpreted 

as the disaggregated shares of total distance allocated to each mode within that chain. This 

allows multimodal trajectories to be represented while maintaining a consistent accounting of 

mode-specific emissions. By introducing an incentive 𝐼𝑚𝑚 > 0, the multimodal utility 

becomes: 

𝑈𝑚𝑚 = ∑ 𝜆𝑚𝑚 𝑈𝑚 + Δ𝑚𝑚 + 𝐼𝑚𝑚.                                                                     (9) 
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Where 𝜆𝑚
2 denotes the exogenous share of distance travelled using mode 𝑚 within the 

multimodal trip. Let 𝑈𝑗
∗ = max {𝑈𝑠𝑑, 𝑈𝑝𝑡, 𝑈𝑐𝑝} denote the best alternative mode (excluding 

multimodality). The switching condition is then: 

𝑈𝑚𝑚 > 𝑈𝑗
∗ + 𝜏                                                                                                              (10) 

where 𝜏 > 0 represents an indifference or perception threshold (Zhang et al., 2019). 

Substituting the expression of 𝑈𝑚𝑚: 

∑ 𝜆𝑚𝑚 𝑈𝑚 + Δ𝑚𝑚 + 𝐼𝑚𝑚 > 𝑈𝑗
∗ + 𝜏                                                                      (11) 

 

we obtain the minimum required incentive: 

𝐼𝑚𝑚 > 𝑈𝑗
∗ − ∑ 𝜆𝑚𝑚 𝑈𝑚 − Δ𝑚𝑚 + 𝜏.                                                                      (12) 

Since 𝐼𝑚𝑚 depends positively on fuel type and vehicle age, individuals owning older and more 

polluting vehicles receive a stronger incentive to adopt multimodal trips. Moreover, a reduction 

in Δ𝑚𝑚 decreases the disutility associated with multimodality and thereby makes it more 

attractive. This can be achieved, for instance, through improvements in infrastructure along 

travel corridors, such as the development of active travel routes through green spaces (Yu et 

al., 2024). Finally, it is important to note that the impact of modal shift on emission reductions 

is not limited to modal shares and emission factors, although these constitute its primary 

channels. Fielbaum and Pudāne (2024), in the context of automated shared vehicles, also show 

that modal shift can affect trip distances. We take this into account in the present study, through 

an extension of our methodology that allows varying the modal shares with different parameters 

(see section 3.2.2.1). Hence, the modal shares can vary across policy scenarios and spatial 

conditions according to the assumed behavioral response to generalized travel costs and 

coordination conditions.  

3.2.2. Modal  report  

To evaluate the effectiveness of integrating carpooling into the public transport system, we 

develop a simple formulation of distance-based modal choice dynamics. This framework 

 
2 At this stage, the modal shares 𝜆𝑚 are treated as exogenous and fixed within each scenario. Section 3.2.2.1 

subsequently introduces a method to endogenize these shares, allowing them to vary with other model parameters 

and generating the scenarios considered in the simulations. 
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models how users are distributed between carpooling and public transport as a function of their 

distance to the urban center, which in turn influences local population density. We compare two 

scenarios: a conventional carpooling system and the Mu-CAR project, based on a Mobility as 

a Service (MaaS) platform enabling the coordination of multimodal trips. In this framework, 

modal shares vary with distance to the urban center through its effect on population density 

and, consequently, on the feasibility of carpooling and access to public transport. Spatial 

heterogeneity acts as an exogenous structuring factor, which is used in our framework to 

compute the direct allocation of modal shares that are associated to this. The objective is to 

capture how spatial context and incentives jointly shape the distribution of transport modes and, 

ultimately, CO₂ emissions. 

3.2.2.1.   Distance–density relationship 

We adopt a population density function that gradually decreases toward a minimum rural 

density as distance increases. This specification avoids unrealistic predictions of zero density 

and captures the empirically observed plateau in very low-density areas. We define: 

• 𝑑: distance to the city centre (in km), with 𝑑 ≥ 𝑑min 

• 𝜌(𝑑): population density at distance 𝑑 

• 𝜌min: asymptotic minimum density (e.g., rural threshold)  

• 𝜌max: maximum density at 𝑑min 

• 𝑑min: minimum distance to the city centre below which the carpooling share may 

decline3  

• 𝑘 > 0: a parameter  

The distance–density function is defined as: 

𝜌(𝑑) = 𝜌min + (𝜌max − 𝜌min)𝑒−𝑘(𝑑−𝑑min)                                                      (13) 

which satisfies: 

𝜌(𝑑min) = 𝜌max, lim 
𝑑→∞

𝜌(𝑑) = 𝜌min.                                                                                  (14) 

 
3 Ferguson (1995) noted that the carpooling rate begins to increase beyond a certain distance, but may decrease 

below this range 
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This specification implies an exponential decay in population density as distance to the urban 

center increases, asymptotically converging toward a minimum rural threshold 𝜌min. It thus 

captures the gradual decline in carpooling feasibility in low-density areas without predicting 

zero density. We define: 

𝐿(𝜌) = {

0 if 𝜌 ≥ 𝜌max

𝜃
𝜌max−𝜌

𝜌max−𝜌∗ if 𝜌∗ < 𝜌 < 𝜌max

𝜃 if 𝜌 ≤ 𝜌∗

                                                      (15) 

where 𝜌∗denotes a critical density threshold below which regular carpooling becomes non-

viable. 𝜃 ∈ [0,1]represents the maximum reduction in regular carpooling induced by declining 

density, and is independent of the modal share parameters 𝜆𝑚 used elsewhere in the model. 

Accounting for these adjustments in modal shares, the revised shares of regular carpooling and 

solo driving are given by: 

𝜆𝑐𝑝
𝑟𝑒𝑔

(𝜌) = 𝜆 − 𝐿(𝜌)                                                                                                (16) 

𝜆𝑠𝑑
𝑟𝑒𝑔

(𝜌) = 𝜆𝑠𝑑 + 𝐿(𝜌)                                                                                            (17) 

where “reg” denotes regular carpooling. 

3.2.2.2. Modal shares in Mu-CAR 

We define: 

• 𝛽 ∈ [0,1]: share of regular carpooling loss that persists under Mu-CAR  

• 𝜀(𝜌) = 𝛽 ⋅ 𝐿(𝜌): reduced carpooling loss thanks to platform coordination  

• 𝛿(𝜌) ≥ 0: potential reduction in solo driving induced by the Mu-CAR platform itself  

The function 𝛿(𝜌) represents the potential reduction in solo driving induced by the Mu-CAR 

platform through improved coordination. Since coordination difficulties are expected to 

increase as population density decreases, the potential contribution of Mu-CAR is assumed to 

increase when density decreases. Accordingly, 𝛿(𝜌)is a non-increasing function of population 

density 𝜌: lower values of 𝜌 correspond to greater potential coordination gains. In the present 

calibration, however, 𝛿(𝜌)is set to zero, so that the simulations focus on the effect of Mu-CAR 

in mitigating the loss of carpooling through the 𝛽𝐿(𝜌) mechanism. The 𝛿(𝜌) term is retained 

in the general formulation to represent an additional coordination effect that can be activated 

and calibrated in future extensions of the model. 
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• 𝛼 ∈ [0,1]: share of 𝛿(𝜌) directed toward carpooling  

• (1−𝛼): share of 𝛿(𝜌) directed toward public transport   

𝜆𝑐𝑝
𝑚𝑢𝑐𝑎𝑟(𝜌) = 𝜆𝑐𝑝 − 𝛽𝐿(𝜌) + 𝛼𝛿(𝜌)                                                                     (18) 

𝜆𝑝𝑡
𝑚𝑢𝑐𝑎𝑟(𝜌) = 𝜆𝑝𝑡 + 𝛽 ⋅ 𝐿(𝜌) + (1 − 𝛼) ⋅ 𝛿(𝜌)                                                    (19) 

𝜆𝑠𝑑
𝑚𝑢𝑐𝑎𝑟(𝜌) = 𝜆𝑠𝑑 − 𝛿(𝜌)                                                                                          (20) 

where 𝜆𝑚
𝑚𝑢car denotes the share of mode m in the Mu-CAR project. To ensure accounting 

consistency within the model, we assume that the initial modal shares satisfy  𝜆𝑐𝑝
𝑟𝑒𝑔

+ 𝜆𝑝𝑡
𝑟𝑒𝑔

+

𝜆𝑠𝑑
𝑟𝑒𝑔

= 1 − 𝜆𝑠𝑚  and   𝜆𝑐𝑝
𝑚𝑢𝑐𝑎𝑟 + 𝜆𝑝𝑡

𝑚𝑢𝑐𝑎𝑟 + 𝜆𝑠𝑑
𝑚𝑢𝑐𝑎𝑟 = 1 − 𝜆𝑠𝑚 , where λₛₘ is the share of soft 

mobility, held exogenous. Moreover, the functions 𝐿(𝜌) and 𝛿(𝜌) are constrained to preserve 

non-negative modal shares, implying in particular 0 ≤ 𝛿(𝜌) ≤ 𝜆𝑠𝑑and 0 ≤ 𝛽𝐿(𝜌) ≤ 𝜆𝑐𝑝. 

These equations describe the evolution of modal shares with distance to the city centre under 

two scenarios: regular carpooling and the Mu-CAR platform. As density decreases, regular 

carpooling declines, leading to a shift toward solo driving. In contrast, Mu-CAR mitigates this 

loss by integrating carpooling with public transport and introducing incentives, thereby 

reallocating users between carpooling and public transport. The model preserves total modal 

share and captures behavioural changes with distance through its link to spatial population 

density. 

3.2.2.3. Weight of modal shift per vehicle and average subsidy 

We consider a population of car drivers partitioned according to vehicle registration year 𝑦 ∈

𝑌. Let: 

• 𝑓𝑦 ≥ 0 denote the share of drivers owning a vehicle from cohort 𝑦, with ∑ 𝑓𝑦𝑦∈𝑌
= 1; 

• 𝑦𝑟𝑒𝑓denote the reference year corresponding to the most recent vehicle cohort; 

• 𝑆𝑦 denote the per-trip subsidy associated with shifting a driver from solo driving to 

carpooling. 

Age-dependent subsidy :  

The subsidy is defined as a function of vehicle age: 

𝑆𝑦 = 𝑆0 + 𝛼(𝑦𝑟𝑒𝑓 − 𝑦)                                                                                (21) 

where: 
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• 𝑆0 > 0 is the baseline per-trip subsidy for a modal shift to carpooling; 

• 𝛼 ≥ 0 is the increase in the subsidy per additional year of vehicle age; 

• 𝑦𝑟𝑒𝑓 − 𝑦 represents vehicle age relative to the most recent vehicle cohort. 

Allocation rule for modal shift :  

We consider an aggregate rate of modal shift from solo driving to carpooling, denoted 𝑤 ∈

[0,1]. This aggregate shift rate is distributed across vehicle cohorts according to a weighting 

rule proportional to both incentive intensity and the prevalence of each cohort in the driver 

population. We define the normalized weight: 

𝑤𝑦 =
𝑆𝑦𝑓𝑦

∑ 𝑆𝑦
𝑦∈𝑌

𝑓𝑦
                                                                                                           (22) 

 

with: 

𝑤𝑦 ≥ 0,  ∑ 𝑤𝑦𝑦∈𝑌
= 1.                                                                                           (23) 

 

Here, 𝑤𝑦 represents the share of the aggregate modal shift attributable to vehicle cohort 𝑦. 

Implicit average subsidy per shifted trip 

The average subsidy associated with a trip shifted toward carpooling is given by: 

𝑆̅ = ∑ 𝑤𝑦𝑦∈𝑌
𝑆𝑦                                                                                                       (24) 

 

Substituting (22), we obtain: 

𝑆̅ =
∑ 𝑆𝑦

2

𝑦∈𝑌
𝑓𝑦

∑ 𝑆𝑦
𝑦∈𝑌

𝑓𝑦

.                                                                                                           (25) 

3.2.2.4.Abatement cost  
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Abatement cost corresponds to the expense required to avoid emitting one metric ton of CO₂ 

(France Stratégie, 2021). In this study, following Le Goff et al. (2025), we adopt a total social 

cost approach. This means that the cost is computed as the sum of private and public costs: 

𝑆𝐶 = 𝐶𝐶 + 𝑃𝐶                                                                                                             (26) 

where: 

• 𝑆𝐶= social cost; 

• 𝐶𝐶= consumer cost; 

• 𝑃𝐶= public cost. 

As previously noted, consumer cost is defined as the sum of time costs, fuel expenditures, 

carpooling fees, and bus fares. The new cost component corresponds to incentives, or, as 

specified here, subsidies. Subsidies and taxes are treated as transfer payments between agents 

and the public sector. Their net contribution to social cost is accounted for through the 

opportunity cost of public funds, ensuring that transfers neither artificially increase nor decrease 

total social costs. 

𝐶𝐶𝑚 = 𝑇𝑖𝑚𝑒𝐶𝑜𝑠𝑡𝑚 + 𝐹𝑢𝑒𝑙𝑚 + 𝑃𝑇𝑚 − 𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑒𝑠𝑚                                     (27) 

where: 

• 𝐶𝐶𝑚is the consumer cost for mode 𝑚; 

• 𝑇𝑖𝑚𝑒𝐶𝑜𝑠𝑡𝑚is the monetary valuation of time spent in mode 𝑚; 

• 𝑃𝑇𝑚 denotes the public transport fare associated with mode 𝑚, and is equal to zero for 

non-public-transport modes. 

• 𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑒𝑠𝑚are subsidies allocated to mode 𝑚, which may be positive (e.g., carbon 

revenue transfers) or negative (e.g., fuel taxation). 

In the case of carpooling, fuel cost is divided by the vehicle occupancy rate: 

𝐹𝑢𝑒𝑙𝑐𝑝 =
𝐹𝑢𝑒𝑙𝑠𝑑

𝑉𝑂
                                                                                                          (28) 

The public cost is composed of road infrastructure wear, subsidies to platforms, and public 

transport revenues, all weighted by the opportunity cost of public funds (OCPF): 
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𝑃𝐶 = 𝑂𝐶𝑃𝐹 × (𝑅𝑜𝑎𝑑𝑊𝑒𝑎𝑟 + 𝑆𝑢𝑏𝑠𝑖𝑑𝑖𝑒𝑠 − 𝑃𝑇)                                               (29) 

 

Public transport fare revenues 𝑃𝑇𝑚 are accounted for as a private cost in 𝐶𝐶𝑚and as public 

revenue 𝑃𝑇4 in 𝑃𝐶, consistent with a net social cost approach that properly integrates transfers. 

To compute the abatement cost (AC), we proceed as follows: 

𝐴𝐶 =
Δ𝑆𝐶

𝐸𝑅
                                                                                                                    (30) 

where: 

Δ𝑆𝐶 = 𝑆𝐶𝑝𝑟𝑜𝑗𝑒𝑐𝑡 − 𝑆𝐶𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒                                                                                (31) 

4. Simulation and Data 

The Mu-CAR scenario should be interpreted as a stylized representation for a fully integrated 

multimodal coordination system. Although calibrated to the Nord Franche-Comté region, the 

analysis is intended as a stylized representation of coordination frictions in low-density 

territories more generally. The mechanisms identified are interpreted as structurally informative 

rather than region-specific, and may plausibly extend to other contexts characterized by similar 

spatial dispersion, low multimodal integration, and limited coordination capacity in transport 

systems. 

It is not intended to represent a specific policy implementation, but rather to serve as a reference 

case illustrating the potential magnitude of emission reductions achievable under conditions of 

near-complete coordination across mobility services. The simulation reports emission 

reductions and abatement costs at the population level. To estimate multimodal CO₂ emissions, 

calculations were first performed separately for each transport mode and subsequently weighted 

according to modal shares within the population5. The following seven scenarios were 

examined: 

 
4 For the sake of notational consistency, we note 𝑃𝑇 to represent the aggregated value for all modes 𝑚 (which is 

consistent with the logic of 𝑃𝐶), even though the 𝑃𝑇𝑚 associated with public transports is the only one that is 

non-negative (see equation (27)). 
5 This approach was adopted because, although it yields results comparable to those obtained from individual-level 

calculations, it is more consistent with the empirical literature, which typically evaluates travel behavior and 

emissions at the population level within specific urban contexts 
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Table 1. Description of the Scenarios Tested 

Scenario Description 

Baseline Reference scenario without any additional policy measures. 

Regular Carpooling (RC) Carpooling plays a more prominent role than in the baseline scenario. 

Regular Carpooling + Carbon Dividend 

(RC + CD) 

Carpooling is promoted and combined with a carbon dividend scheme, an approach that has been 

tested in several European cities, including Montpellier through the Carpool with BlaBlaCar Daily 

initiative (Montpellier Méditerranée Métropole, 2024). 

Regular Carpooling + Carbon Dividend 

+ Fuel Tax (RC + CD + FT) 

Regular carpooling combined with a carbon dividend and a fuel tax. 

MuCAR Project (MC) Scenario corresponding to the MuCAR project. 

MuCAR Project + Carbon Dividend 

(MC + CD) 

MuCAR project combined with a carbon dividend scheme. 

MuCAR Project + Carbon Dividend + 

Fuel Tax (MC + CD + FT) 

MuCAR project combined with a carbon dividend and a fuel tax. 

 

The simulated population is set at 100,000 individuals and is divided into two groups that differ 

in their responsiveness to incentives. The first group, characterized by a high degree of 

responsiveness, accounts for 25% of the population. The remaining 75% belong to a second 

group that is less responsive to incentives. This distribution is adopted for simulation purposes 

and will be further explored through sensitivity analyses to assess how alternative group 

proportions affect the results. The emission factors (EFs) used in the scenarios are primarily 

derived from ADEME (2025). Average values are applied in the baseline scenario, whereas 

emission factors vary by year and fuel type in the project scenarios. Vehicle occupancy rates 

(VORs) are based on BlaBlaCar (2019), assuming an average occupancy of 3.4 persons per 

vehicle for carpooling. For public transport, an occupancy rate of 60% is assumed, 

corresponding to a vehicle capacity of 30 passengers. 

Regarding costs, the consumer cost component is estimated using values of travel time derived 

from Le Goff et al. (2022) and Wardman et al. (2016). Public transport fares are set at €1.20 

per trip, based on the fare structure currently applied in the Nord Franche-Comté region6. A 

 
6The monthly fares in Belfort and Montbéliard were €36 and €41, respectively, corresponding to approximately 

€1.20 and €1.36 per day, assuming 30 days per month. In the Pays d’Héricourt, the fare was €1 per trip at the time 

of data collection in 2025. These values were obtained from the official websites of the respective local public 

transport services, as consulted in 2025. The overall average fare used in the analysis is approximately €1.19, 

rounded to €1.20. 
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minimum subsidy of €1 per trip is assumed to encourage modal shifts toward multimodal 

transportation. To further incentivize participation among owners of older vehicles, the subsidy 

increases with vehicle age. The age gradient is calibrated over the range of vehicle registration 

years considered in the dataset (1995–2020). Specifically, the subsidy is set at €1 for vehicles 

registered in 2020 and €1.50 for vehicles registered in 1995. Given the 25-year age difference 

between these two cohorts, the resulting annual increment is: 

𝛼 =
1.50−1.00

2020−1995
= 0.02 €/𝑦𝑒𝑎𝑟                                                                                                        (32) 

 

Thus, the value α=0.02 is a calibration parameter rather than an externally observed subsidy 

rate. It ensures a total subsidy differential of €0.50 between the most recent and oldest vehicle 

cohorts considered in the analysis. This linear specification provides a simple and transparent 

way to introduce greater incentives for owners of older vehicles while remaining consistent 

with the age range of the vehicle fleet in the dataset. 

Within this framework, the subsidy functions as a carbon dividend, increasing with vehicle age 

to reflect the greater emissions-abatement potential associated with replacing or reducing the 

use of more polluting vehicles. For each trip shifted away from solo driving, an additional €0.02 

is therefore granted for every additional year of vehicle age. Assuming 230 trips per year, this 

corresponds to an additional annual subsidy of €46.00 for a vehicle registered in 2010 (10 years 

older than a 2020 vehicle) and €115.00 for a vehicle registered in 1995 (25 years older than a 

2020 vehicle). The total subsidy is therefore €1.20 per trip for a 2010 vehicle and €1.50 per trip 

for a 1995 vehicle. 

The fuel tax is calculated as the average of projected fuel price increases associated with the 

implementation of ETS2, based on estimates reported by Hernández (2025) in a publication of 

the European Parliament. 

Private benefits and behavioral disutilities associated with multimodal travel are not modeled 

as separate aggregate components. However, they are indirectly captured through the Γ 

parameters in the utility functions, which influence the propensity to switch to Mu-CAR. All 

scenarios are modeled at the group level, with modal shifts represented through changes in 

aggregate travel behavior. Consequently, differences across scenarios are primarily reflected in 

variations in modal shares. Regarding public costs, following the study conducted by Le Goff 

(2023) in a French region, road infrastructure wear and tear is valued at €0.008 per kilometer, 
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while the marginal cost of public funds (MCPF) is assumed to be equal to 20% of total public 

expenditure. Finally, the modal distribution of trips in the baseline scenario is derived from an 

ongoing study conducted by CEREMA (2024) for the Nord Franche-Comté region7. 

The initial modal shares used in the model are calibrated based on the modal distribution of the 

reference situation, informed by the CEREMA (2024) study for the Nord Franche-Comté 

region, and correspond to the three transport modes involved in the modal redistribution 

mechanism. The initial share of regular carpooling is set to 𝜆𝑐𝑝 = 0.05, the share of public 

transport to 𝜆𝑝𝑡 = 0.07, and the share of solo driving to 𝜆𝑠𝑑 = 0.60. The remaining 0.28 of the 

population corresponds to soft mobility, denoted by 𝜆𝑠𝑚 = 0.28, which is treated as exogenous 

and is not affected by the modal redistribution mechanism. Thus, the initial modal shares 

satisfy: 

𝜆𝑐𝑝 + 𝜆𝑝𝑡 + 𝜆𝑠𝑑 + 𝜆𝑠𝑚 = 1,                                                                                                             (33) 
 

with: 

𝜆𝑐𝑝 = 0.05,  𝜆𝑝𝑡 = 0.07,  𝜆𝑠𝑑 = 0.60,  𝜆𝑠𝑚 = 0.28.                                                              (34) 

 

The three parameters 𝜆𝑐𝑝, 𝜆𝑝𝑡, and 𝜆𝑠𝑑are subsequently used as the initial modal shares in 

equations (18)–(20) to derive the endogenous modal shares under the Mu-CAR scenario. 

Several limitations of the simulation should be noted. One of the most important concerns the 

estimation of modal shift behavior. Although the simulation provides useful insights into the 

potential effects of multimodal coordination policies, a field experiment conducted prior to the 

simulation would have strengthened the empirical basis of the analysis. Such an experiment 

could have generated more accurate information on the behavioral responses of the target 

population, including actual modal shift patterns, preferences regarding incentive mechanisms, 

and the incentive levels required to induce behavioral change. Consequently, the simulation 

results should be interpreted as indicative estimates rather than precise predictions of real-world 

outcomes. 

 
7 For the project scenarios, changes in modal shares resulting from the introduction of subsidies are based on the 

findings of Le Goff et al. (2022), whereas the effects of fuel taxation on modal shares are derived from Hammadou 

and Papaix (2015). 
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5. Results  

 

5.1. Effects of Policy Measures on Modal Distribution 

The heatmap results (Figure 2) reveal a clear hierarchy in the effects of policy measures on the 

modal equilibrium. In the baseline scenario, mobility is largely dominated by private car use, 

accounting for approximately 65% of trips, while carpooling remains virtually absent. Policies 

relying solely on price-based instruments—namely subsidies and fuel taxes—produce only 

marginal adjustments in modal shares. The share of solo driving decreases only slightly, 

remaining around 64.0–64.2%, while carpooling accounts for less than 1% of total trips. Public 

transport exhibits a modest increase, reaching approximately 7.4%, whereas active mobility 

remains essentially unchanged at around 28%. These findings suggest a relatively low 

aggregate responsiveness of modal choice to monetary incentives when the underlying 

coordination mechanisms remain unchanged. 

By contrast, the scenarios incorporating Mu-CAR reveal a structural shift in the modal 

equilibrium. The share of solo driving declines substantially, falling from approximately 65% 

to around 60%, while carpooling exceeds 4% of total trips. This reallocation is accompanied by 

a moderate increase in public transport use, whose share rises to approximately 7.9–8.3% (and 

7.2-7.4% under regular carpooling), whereas soft mobility remains broadly stable. The 

magnitude of these changes contrasts sharply with the limited effects observed under stand-

alone pricing policies, indicating that Mu-CAR generates more than an incremental adjustment 

and instead induces a deeper transformation in travel organization. 

The results also reveal heterogeneous effects across transport modes. Carpooling emerges as 

the mode most responsive to the policies considered, with its share increasing from virtually 

0% in the baseline scenario to more than 4% under Mu-CAR. Public transport also experiences 

a more pronounced increase under Mu-CAR than under regular carpooling combined with 

incentives, rising from 7.0% in the baseline to approximately 7.9–8.3%. By contrast, soft 

mobility remains broadly unchanged across the scenarios. These results suggest that the 

structural effect of Mu-CAR should be understood primarily as a reallocation between solo 

driving, carpooling, and public transport, rather than as a general transformation of all mobility 

modes. Mu-CAR therefore appears to enhance the interaction between carpooling and public 

transport, generating a broader modal reallocation than stand-alone pricing instruments. 
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Although the precise magnitude of these changes remains dependent on the simulation 

assumptions, the objective of the analysis is primarily to illustrate the structural differences 

between the scenarios rather than to provide precise forecasts of future modal shares. 

Furthermore, the hybrid scenarios indicate that pricing instruments become more effective 

when combined with Mu-CAR. The share of solo driving continues to decline gradually in the 

combined scenarios, reaching approximately 59.4–59.8%, while carpooling remains at a high 

level (approximately 4.3–4.5%) and public transport increases slightly to around 8.3%. These 

findings point to non-linear complementarities between multimodal coordination mechanisms 

and pricing instruments, suggesting that financial incentives generate larger effects when 

deployed within an integrated mobility system. 

Overall, the results indicate that the effectiveness of carpooling policies depends primarily on 

their integration within multimodal transport systems rather than on the expansion of carpooling 

as a stand-alone mode. The potential environmental benefits therefore arise not only from modal 

substitution but also from the capacity of the transport system to structure integrated travel 

chains and facilitate coordination across transport modes.  

 

Figure 2 . Modal shares across policy scenarios  
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Figure 3 reports the changes in modal shares relative to the baseline scenario under three policy 

regimes: (i) pricing instruments alone, (ii) Mu-CAR, and (iii) hybrid policies combining Mu-

CAR with pricing instruments. 

Under pricing policies alone, including fuel taxation and subsidies, changes in modal shares 

remain limited. The share of solo driving decreases by approximately 0.5 to 1 percentage point, 

while carpooling remains virtually unchanged. Public transport use increases modestly, by 

around 0.2 to 0.5 percentage points, whereas soft mobility remains stable. These findings 

suggest a limited degree of modal substitution in response to price signals alone. Behavioral 

adjustments appear to occur primarily within existing travel patterns rather than through 

substantial reallocation across transport modes. 

In contrast, the introduction of Mu-CAR produces a pronounced shift in modal shares. The 

share of solo driving declines by approximately 5 percentage points, while carpooling increases 

by about 4 percentage points. Public transport use rises by roughly 1 percentage point, whereas 

soft mobility remains largely unchanged. The reduction in solo driving is therefore largely 

offset by the increase in carpooling. This adjustment pattern is consistent with a direct 

substitution effect between solo driving and carpooling resulting from improved coordination 

mechanisms and enhanced multimodal integration. 

When Mu-CAR is combined with pricing instruments, the modal shift becomes even more 

pronounced. The share of solo driving decreases by approximately 5.5 to 6 percentage points, 

while carpooling increases by between 4 and 4.5 percentage points. Public transport use also 

rises slightly relative to the Mu-CAR-only scenario. Notably, the combined effect differs from 

the simple sum of the individual policy effects. Pricing instruments appear to exert a stronger 

influence when implemented within the Mu-CAR framework than when applied in isolation. 

Three main findings emerge from these results. First, pricing policies alone generate only 

limited modal reallocation. Second, Mu-CAR without additional pricing incentives produces a 

more substantial shift away from solo driving than pricing policies implemented without Mu-

CAR. Third, combining Mu-CAR with pricing instruments generates the largest modal 

changes, suggesting that economic incentives are more effective when embedded within a 

multimodal coordination framework. 
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Figure 3. Δ parts modales vs baseline 

 

5.2.Emissions reduction  

Figure 4 compares annual CO₂ emission reductions across the different policy scenarios and 

reveals a pronounced asymmetry between conventional policies and multimodal coordination 

mechanisms. Conventional policies generate relatively modest emission reductions, with the 

regular carpooling scenario achieving 222.62 tCO₂/year. The introduction of the carbon 

dividend (CR) increases the reduction to 388.29 tCO₂/year, while the fuel tax leads to 527.76 

tCO₂/year. When both pricing instruments are combined with regular carpooling, the reduction 

reaches 693.42 tCO₂/year. These results indicate that pricing-based policies can contribute to 

emissions abatement, but their effects remain comparatively limited when the underlying 

coordination of mobility options is unchanged. 

In contrast, multimodal coordination is associated with substantially larger emission reductions. 

The Mu-CAR scenario achieves 2,429.96 tCO₂/year, representing a markedly greater abatement 

effect than any of the conventional policy scenarios. Adding the carbon dividend further 

increases the reduction to 2,595.30 tCO₂/year, while the combination of Mu-CAR, the carbon 

dividend, and the fuel tax reaches 2,619.30 tCO₂/year. The relatively small additional 

differences between these multimodal scenarios indicate that most of the emission reduction is 
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associated with the introduction of multimodal coordination, while pricing instruments provide 

comparatively smaller incremental gains once coordination mechanisms are already in place. 

This pattern is consistent with the modal reallocation effects discussed in the previous section. 

In particular, the substantially greater abatement associated with Mu-CAR suggests that 

emission reductions are primarily linked to a reduction in solo driving and a greater use of 

shared and intermodal travel options. By contrast, pricing instruments implemented without 

multimodal coordination appear less capable of modifying travel behaviour at the same scale. 

The limited additional gains obtained from combining pricing instruments with Mu-CAR 

further suggest that the marginal contribution of pricing policies decreases once major 

coordination barriers have already been reduced. 

The magnitude of these estimated reductions is also broadly consistent with the range reported 

in the literature on ridesharing and shared mobility, although direct comparisons should be 

made cautiously because existing studies differ in terms of geographical scale, population 

covered, baseline definition, travel demand, and behavioural assumptions. For example, Jalali 

et al. (2017), in their study of ridesharing potential in Changsha, China, analysed mobility 

patterns from approximately 8,900 privately owned vehicles. Under a conservative ridesharing 

scenario, they estimated a reduction of approximately 4.0 tCO₂ per day, equivalent to roughly 

1,460 tCO₂ per year when annualized. In the present study, the simulation covers a substantially 

larger population of 100,000 individuals, which provides an important contextual basis for 

interpreting the estimated 2,619.30 tCO₂/year reduction under the combined Mu-CAR + CR + 

FT scenario. Expressed per simulated individual, this corresponds to approximately 26.2 kgCO₂ 

of avoided emissions per individual per year.  

This per-capita magnitude provides an additional perspective on the estimated abatement and 

indicates that the reported total partly reflects the scale of the simulated population and the 

aggregate travel demand represented in the model, rather than an unusually large reduction per 

individual. The magnitude of the estimated reduction is therefore plausible given the scale of 

the simulated population and the broader multimodal coordination mechanism considered. 

Nevertheless, comparisons with previous studies should be interpreted with caution because 

differences in population size, travel demand, system boundaries, baseline emissions, and 

behavioural assumptions can substantially affect the absolute magnitude of estimated emission 

reductions. 
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Overall, the results indicate that multimodal coordination constitutes the primary structural 

driver of emissions abatement, while pricing instruments play a complementary role by 

reinforcing an already integrated mobility system. In low-density territories, the 

decarbonization potential of transport therefore appears to depend not only on the strength of 

price signals but, more fundamentally, on the capacity of the mobility system to coordinate 

travel across modes and make shared and intermodal alternatives more accessible and attractive. 

 

Figure 4.  Annual CO₂ emission reductions under conventional and multimodal coordination 

policy scenarios 

 

5.3.Welfare and abatement cost comparison 

We assess the welfare implications of transport decarbonization policies by calculating: (i) 

changes in users’ generalized travel costs, (ii) budgetary impacts on the public sector, and (iii) 

the total social cost associated with emissions reductions. The average abatement cost is defined 

as: 

𝐴𝐶 =
ΔTotal Cost

Δ𝐸
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and is expressed in €/tCO₂. Table 2 also reports the public and private cost components 

separately, allowing the distributive effects of each policy to be identified. The results reveal 

substantial heterogeneity across policy configurations. Regular carpooling generates 222.62 

tCO₂/year of emissions abatement, while the addition of carbon pricing (CR) and fuel taxation 

(FT) increases the reduction to 388.29 and 527.76 tCO₂/year, respectively. The combined 

Regular carpooling + CR + FT scenario achieves 693.42 tCO₂/year of abatement but is 

associated with a positive total cost of €1.35 million per year, corresponding to an abatement 

cost of €1,944.01/tCO₂. This indicates a substantial economic burden relative to the additional 

environmental gains achieved by combining the three instruments. 

By contrast, the MuCAR scenarios achieve substantially larger emissions reductions, ranging 

from 2,429.96 tCO₂/year for MuCAR alone to 2,619.30 tCO₂/year under the combined MuCAR 

+ CR + FT configuration. Importantly, all three MuCAR-based configurations generate net 

welfare gains, with total costs of −€7.43 million, −€6.54 million, and −€2.63 million per year, 

respectively. Their corresponding abatement costs are −€3,058.57/tCO₂, −€2,519.93/tCO₂, and 

−€1,004.93/tCO₂. The negative abatement costs indicate that these emissions reductions are 

achieved alongside net reductions in total social costs rather than requiring additional resources. 

Table 2. Welfare and abatement cost comparison across scenarios 

Scenario Annual abatement 

(tCO₂) 

Δ Consumer 

cost (€ / year) 

Δ Public cost 

(€ / year) 

Δ Total cost 

(€ / year) 

Abatement 

cost (€/tCO₂) 

Regular carpooling 222.62 -626,4 -52,518 -678,918 -3,049.67 

Regular carpooling + CR 388.29 -1,092,533 160,783 -931,75 -2,399.62 

Regular carpooling + FT 527.76 46,308 -39,403 6,905 13.08 

Regular carpooling + CR + FT 693.42 9,285,959 -7,937,946 1,348,013 1,944.01 

MuCAR 2,429.96 -6,663,297 -768,896 -7,432,193 -3,058.57 

MuCAR + CR 2,595.30 -7,129,430 589,468 -6,539,962 -2,519.93 

MuCAR + CR + FT 2,619.30 4,142,245 -6,774,449 -2,632,203 -1,004.93 

Notes: Negative values indicate welfare gains. Public costs include fiscal impacts adjusted by the 

opportunity cost of public funds.   

 

Conversely, as illustrated in Figure 5, the Mu-CAR scenarios occupy the most favourable 

region of the efficiency–welfare space, combining substantially higher emissions reductions 

with large net welfare gains. This performance reflects significant reductions in generalized 

travel costs and suggests that the main benefits arise from reducing coordination frictions and 

improving the integration of multimodal transport options, rather than from stronger price 
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signals alone. The comparison between Mu-CAR and its extensions with pricing instruments is 

particularly informative: adding CR increases annual abatement only marginally, from 2,429.96 

to 2,595.30 tCO₂, while reducing the net welfare gain from €7.43 million to €6.54 million per 

year. Adding FT on top of Mu-CAR + CR further increases abatement only slightly, to 2,619.30 

tCO₂/year, while substantially reducing the net welfare gain to €2.63 million per year. This 

pattern suggests diminishing returns from additional pricing instruments once coordination 

frictions have already been substantially reduced through Mu-CAR. 

Overall, the results indicate that, in low-density areas, the effectiveness of transport 

decarbonization policies depends not only on the strength of monetary incentives but, 

importantly, on the ability to coordinate mobility options and reduce the frictions associated 

with multimodal travel. In this respect, Mu-CAR achieves substantially greater emissions 

reductions while simultaneously generating net welfare gains, whereas conventional carpooling 

and pricing combinations tend to deliver smaller environmental benefits and, in some 

configurations, impose significant net social costs. 

 

Figure 5 . Coordination-Driven Mobility Regimes Shift the Welfare–Abatement Frontier 
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6. Sensitivity analysis  

While the preceding results indicate a clear aggregate advantage of Mu-CAR-based scenarios 

in terms of emissions reductions and welfare outcomes, these average results do not reveal the 

extent to which policy performance depends on key model assumptions. A one-at-a-time (OAT) 

sensitivity analysis was conducted to assess the relative influence of the main model parameters 

on both environmental and economic outcomes. Under this approach, each parameter was 

independently varied across its predefined range while all other parameters were held constant 

at their baseline values. The sensitivity of each model output to parameter 𝑝𝑖was quantified as 

the absolute range of variation in the resulting outcome: 

𝑆𝑖 = max(𝑌𝑝𝑖
) − min(𝑌𝑝𝑖

) 

where 𝑌𝑝𝑖
denotes the model outcome obtained by varying parameter 𝑝𝑖over its specified range 

while keeping all other parameters constant. A larger sensitivity range indicates a greater 

influence of the corresponding parameter on the model outcome. 

The sensitivity analysis reveals distinct patterns for CO₂ emissions avoided and abatement costs 

across policy scenarios (Table 3 and Fig.6). For CO₂ emissions avoided, distance is consistently 

the dominant parameter, with sensitivity values ranging from 872.97 under RC + CR to 

2,465.34 under Mu-CAR + CR + FT, and exceeding 2,287 across all Mu-CAR-based scenarios. 

As illustrated in Fig. 6(a), increasing travel distance leads to opposite trends between the RC- 

and Mu-CAR-based scenarios: CO₂ emissions avoided increase substantially under Mu-CAR 

policies, whereas they decline under RC scenarios. In contrast, G18 and vehicle year have 

comparatively limited effects on CO₂ emissions avoided. G1 has no influence in the standalone 

RC and Mu-CAR scenarios but reaches 36.60–41.85 when CR and FT are introduced, while 

vehicle year ranges from only 0.64 to 7.45. Overall, uncertainty in estimated CO₂ reductions is 

therefore driven primarily by travel distance rather than by vehicle characteristics or G1. 

The sensitivity pattern differs markedly for abatement costs. Distance remains influential, but 

its effect is highly scenario-dependent, peaking at 19,367.49 under RC + CR + FT. This 

pronounced sensitivity is clearly illustrated in Fig. 6(b), where abatement costs under this 

scenario decrease sharply as travel distance increases, unlike the comparatively moderate 

variations observed for the other policy configurations. Other parameters also become more 

 
8 The percentage of individuals in group G1 (those sensitive to incentives) 
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relevant: vehicle year reaches sensitivities of 79.89 under RC + CR and 73.07 under Mu-CAR 

+ CR + FT, while G1 is generally negligible but reaches 735.55 under RC + CR + FT. Thus, 

whereas environmental outcomes are overwhelmingly determined by travel distance, abatement 

costs depend on a broader and more scenario-specific combination of mobility-related, vehicle, 

and policy parameters. 

The particularly strong distance sensitivity observed under RC + CR + FT warrants further 

interpretation. Figure 6(b) shows that abatement costs decline sharply as travel distance 

increases in this configuration, which may be misleading and should therefore be interpreted 

with a lot of caution. Indeed, both the cost component entering the numerator and the amount 

of avoided CO₂ in the denominator decline with distance, but the numerator decreases much 

more rapidly, resulting in the observed strong decline in the abatement-cost ratio. This pattern 

is consistent with the progressive weakening of regular carpooling as travel distance increases, 

which reduces the environmental performance of the RC-based configuration (see Figure 6(a), 

which illustrates that CO₂ abatement declines under RC-based configurations but increases 

under Mu-CAR-based configurations). Hence, the lower abatement cost at longer distances 

should not be interpreted as an improvement in policy effectiveness, meaning that RC 

configuration would allow delivering more CO2 abatements at lower cost. On the contrary, this 

result illustrates the strong reduction in carpooling under regular configuration (whereas 

carpooling still rises under Mu-CAR configuration, as distance increases), which explains the 

sharp decline in the cost (numerator). Accordingly, the lower carpooling leads to a decline in 

the cost that it is even faster than the observed abatement reduction (denominator), which 

explains the downward effect in the abatement cost. That is why the downward trend in the 

abatement cost should not be interpreted as an evidence of improved policy performance, but, 

rather, this demonstrates that the environmental performance of regular carpooling weakens as 

travel distance increases.This divergence highlights an important implication for policy 

evaluation: environmental performance and abatement-cost efficiency can respond differently 

to the same underlying parameter, particularly when policy instruments interact with alternative 

mobility structures. 
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Table 3. Sensitivity ranges of CO₂ emissions avoided and abatement costs under alternative 

policy scenarios 

CO₂ emissions avoided under policy scenarios  

Parameter RC RC + CR RC + CR + FT Mu-CAR Mu-CAR + CR Mu-CAR + CR + FT 

Distance 1028,71 872,97 2152,63 2287,29 2443,01 2465,34 

G1 0 36,6 41,78 0 36,6 41,85 

Vehicle year 0,64 1,12 1,43 6,73 7,17 7,45 

Abatement cost  under policy scenarios  

Parameter RC RC + CR RC + CR + FT Mu-CAR Mu-CAR + CR Mu-CAR + CR + FT 

Distance 0,013 1741,87 19367,49 377,59 2429,99 2120,28 

G1 0 0,0002 735,55 0 2,65 49,07 

Vehicle year 0,68 79,89 43,03 0,88 66,52 73,07 

Note : Sensitivity values represent the absolute range of variation in the corresponding model outcome resulting 

from changes in each parameter over its predefined range, while all other parameters are held constant at their 

baseline values 

 

 

 

Figure 6. Effects of travel distance on (a) CO₂ emissions avoided and (b) abatement costs under 

alternative RC and MuCAR policy scenarios. 
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7. Conclusion  

This study examined the roles of pricing instruments and multimodal coordination in transport 

decarbonization in low-density territories. While pricing policies and regular carpooling 

produce limited changes in modal shares and CO₂ emissions, Mu-CAR induces a structural shift 

from solo driving towards carpooling and public transport, achieving 2,429.96 tCO₂ of annual 

abatement compared with 222.62 tCO₂ under regular carpooling. Mu-CAR-based scenarios also 

generate net welfare gains and negative abatement costs, whereas additional pricing instruments 

provide limited incremental emission reductions while reducing welfare gains. 

Sensitivity and break-even analyses further show that travel distance is the main driver of 

environmental performance and that Mu-CAR's economic and environmental advantages do 

not necessarily occur over the same distance ranges. Overall, transport decarbonization in low-

density territories depends not only on price signals but fundamentally on the coordination 

architecture of mobility systems. By reducing intermodal frictions, intelligent multimodal 

coordination can reshape mobility equilibria and facilitate lower-carbon travel. Conceptually, 

the study extends the Avoid–Shift–Improve framework by identifying multimodal coordination 

as an enabling mechanism for environmental and welfare improvements. 
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