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ABSTRACT

To explore sustainability strategies in the transport sector in a holistic way, a model dedicated to passenger
transportation has been created as a part of the multiregional WILIAM model (Within Limits Integrated
Assessment Model). Based on system dynamics, our model increases the diversity of existing passenger transport
models within Integrated Assessments Models by offering a detailed representation of the dynamics of the
transition for different technologies and transport modes combining technological and behavioural changes. It
calculates the energy demand, direct emissions and additional material requirements of the transport sector and
can be linked to other submodules of WILIAM to study different feedback loops. Here we report the validation of
the offline model and illustrate its usefulness and practical applicability. First, a Baseline transport scenario for
Spain was developed and parametrized. This scenario describes the plausible evolution of the Spanish passenger
transport system in the absence of ambitious environmental policies but nevertheless achieves a reduction of
total direct CO, emissions from passenger transport from 66 Mt COy/year in 2022 to 60 Mt COy/year in 2035,
after which emissions remain constant until 2050. Subsequently, following the Avoid-Shift-Improve approach,
various behavioural change measures and technological improvements were introduced. The comparison of the
different modelled measures reveals that the most effective tested strategy to reduce direct emissions is the
transition to battery electric power trains for cars, buses, and motorcycles, however at the cost of the highest
material requirements. Further work will be dedicated to the study of the implications of the link of this sub-
module with the rest of WILIAM.

1. Introduction and background

production and residential housing use, is one of the main sources of
direct emissions per capita worldwide [4], the case for inducing changes

In the context of accelerating climate change, EU member states have
made commitments to become climate neutral by reducing greenhouse
gas direct emissions in all economic sectors by at least 55 % below 1990
levels by 2030 [1], including the transport sector as a key source of
greenhouse gas (GHG) direct emissions and the sector where direct
emissions have increased the fastest [2]. However, to mitigate direct
emissions related to the transport system through environmental pol-
icies and/or behavioural change measures, it is necessary to determine
what percentage of these direct emissions correspond to each type of
transport, as this would make it possible to develop strategies that
address each type of transport specifically. Technological advances and
the development of a new transport infrastructure have proven to be
insufficient to meet emission reduction targets, and thus, might need to
be complemented by a promotion of significant changes of mobility
behaviour [3]. Given that the use of personal vehicles, along with food
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in behavioural patterns to decarbonise our societies gains further
relevance.

A wide range of different policies and behavioural change measures
related to the (passenger) transport sector have been developed and
explored in the literature. These can be grouped according to the ASI
(Avoid - Shift — Improve) approach to sustainability which was devel-
oped in the 1990ies in Germany precisely to structure policy measures
aiming at reducing the environmental impact of transport [5].

Under Avoid all measures are included that focus on improving the
efficiency of the system by reducing the need for the use of transport,
such as carpooling, carsharing or vehicle sharing in general, seek greater
efficiency in the use of private transport. Quantitative studies have
explored the GHG emissions reduction potential of direct policies of cars
use reduction [6], ride sharing [7], the increase of car occupancy [8],
and car population control [9], as well as measures that affect total
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transport demand by focusing on reducing the number of annual kilo-
metres of vehicle use [10,11]. Last, a series of studies focuses on the
relationship between teleworking and transport behaviour which is
mediated by external factors (e.g. the Corona crisis [12]) by climate
policies [3,11,13] or by individual motivations to change behaviour
[14]. Equally, studies have attempted to quantify the transport-related
emission reductions of behavioural changes regarding the purchase of
goods and services such as online shopping [15,16], and regarding lei-
sure, such as a reduction of leisure trips [15] and transatlantic flights
[17] or even more restrictive measures that eliminate all air transport
services [6]. Last, studies have investigated the impacts of carpooling
and tip-chaining on GHG direct emissions [18], energy savings [19] and
distance traveled [20], as well as the impacts of carpooling/carsharing
on GHG direct emissions [13] and energy consumption [21],

Measures that fall within the Shift category focus on the shift from a
less efficient mode of transport to a more efficient one in terms of
environmental impact. Policies that have been quantified include a shift
of 15 % of overall passenger transport demand to urban transport [11],
shifting short-haul air travel to train [15], increasing active modes of
transport (walking or cycling) [8,11], or shifting the entire car con-
sumption to other modes of transport [17]. In some cases, these mea-
sures are supported by policies that incentivise the shift to cleaner
modes through carbon taxes [4], joint measures to support the acqui-
sition of alternative fuel vehicles together with fuel taxes [22], and
others measures that facilitate a transport modal shift,' such as invest-
ment in public transport infrastructures and public space use plans,
which are expected to have the potential to achieve reductions of up to
50 % in GHG direct emissions between 2011 and 2040 in Europe [23].

Last, measures of the category Improve focus on reducing the impacts
caused by vehicles by improving vehicle efficiency within the given
mode of transport. The literature that has researched the impacts of
measures of the Improve category has mainly focused on cars such as
replacing current cars with newer, more efficient ones [17,19], or
buying smaller cars [3]. Further measures whose impacts on energy use
and GHG emission reductions have been quantified include the change
to new technologies and alternative fuels, such as changing from gaso-
line to electric motorcycles with [24], from gasoline to hybrid cars [17],
and the shift to fuel efficient vehicles [18]. Changes in the driving mode,
while keeping the same vehicle, also allow improvements in energy ef-
ficiency, e.g. a fuel-efficient driving style [3,19], which also referred to
as eco-driving [13,14]. It has been shown that even fostering proper
vehicle maintenance generates sustained energy reductions [19].

Apart from the wide variety of policies addressing the passenger
transport sector, different Integrated Assessment Models (IAMs) have
been developed in recent years that include the transport sector and
enable a coupling of this sector with other sectors and the biophysical
system. Most transport IAM models are equilibrium top-down models,
and some of them integrate behavioural changes by varying factors in
the equilibrium equations. Among the equilibrium models, there are
partial equilibrium models like IMAGE [25], TIAM—UCL,2 and
general-equilibrium models like IMACLIM [26], MESSAGE-Transport
[27,28], WITCH [29], and GEM-E3T-ICCS [30]. Regarding the trans-
port module, the models MESSAGE, TIAM-UCL and WITCH use
least-cost minimization algorithms, while the remaining models use
discrete choice equations for calculating the vehicle choice in each
scenario. Other transport models in use include the TRIMODE model, a
multimodal transport model that covers all modes of passenger and
freight transport in Europe and its neighbouring countries. It is based on
a general equilibrium approach that represents the behaviour of eco-
nomic agents (consumers, producers, government) and the functioning

! Transport modal shift refers to a change from one form of transport to
another, for example a switch from cars to bus, or airplane to train.

2 TIAM-UCL: model details available at https://www.ucl.ac.uk/energy-mod
els/models/tiam-ucl.
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of markets (goods, factors, money) in an open economy. The TRIMODE
model also incorporates environmental and climatic aspects, and makes
it possible to assess the impact of different transport policies on social
welfare [31]. Likewise, the UKTCM (United Kingdom Transport Carbon
Model), a partial equilibrium model that represents the behaviour of the
passengers and transport operators, allows estimating the carbon direct
emissions of the transport sector in the UK under different demand,
supply and policy scenarios. UKTCM covers a high range of vehicle
technologies and makes it possible to explore a broad range of policy
interventions [32]. Finally the GCAM model is a dynamic recursive
economic model that takes into account prices to explore the implica-
tions of the different policies applied [33].

Despite the wide range of different policies and behavioural change
measures that have been explored in the literature, and despite the
significant amounts of IAMs accounting for the transport sector, sys-
tematic and thorough comparisons of the quantitative effect of different
transport policies addressing technological and behavior/lifestyle
changes with regard to GHG mitigation are underdeveloped in the
literature [34], Appendix 1. One consequence of this it the scarcity of
plausible ‘Baseline scenarios’ for the transport sector that describe the
likely development of the transport sector in the absence of environ-
mental policies, as well as the comparison of this Baseline scenario with
alternative scenarios including different policy and/or behavioural
change measures. However, systematic scenario analysis is of special
importance for transport models integrated in greater IAMs, as well as
for transport modules that offer a high degree of detail about different
modes of transport and their power trains, since they can reveal inter-
esting results and point to effective policy instruments.

This work takes a first step towards a systematic quantification of
possible and desirable future developments of the transport sector by
presenting a novel passenger transport system dynamics model that can
offer a detailed representation of the transport sector and introduces a
wide range of different policies and/or individually motivated behav-
ioural changes relying on key variables such as modal split,” load factor
of private transport modes, or vehicle efficiency.

Our research contributes to the burgeoning field of transport models
and sustainable mobility policies in the following ways: First, in contrast
to the models reviewed, the model presented in this work is a bottom-up
system dynamics model (cf. section 2.3) that integrates direct measures
of behaviour change on physical elements of the passenger transport
system without relying on partial or general equilibrium of neoclassical
economics. At the same time, it is able to simulate policies addressing
both technological and behavioural change, and thus, increases model
diversity in the literature focusing on technological as well as lifestyle-
oriented scenarios in the transport sector [35,36]. Second, our model
accounts for the complexity of technologies used in modern passenger
transport systems: It offers the possibility to represent different types of
motorisations and to cross-reference them with different modes of
transport, including both the energy consumed, and the direct GHG
emissions generated, i.e. CO,, methane, and nitrous oxide, which, in
comparison to existing studies regarding car mobility and electricity
generation [37], or different behavioural and mobility typologies in
urban transport [38], allows a more detailed analysis of the environ-
mental impacts of technological and behavioural changes in the trans-
port sector.

Third, being a sub-module of the newly developed IAM ‘WILIAM’
[39-41] our transport model can be linked with other submodules to
explore different complex feedback loops. One relatively simple
example is the linking between the transport and the material
sub-module to explore the effect of material demands generated within
the transport sub-module on mineral scarcity calculated in the material

3 Modal split: the term “transport modal split” refers to the distribution or
allocation of passengers among different transportation nodes within a partic-
ular geographical area or network.
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Fig. 1. Overview WILIAM

sub-module (cf. section 2.2). Although the literature on transport elec-
trification and material implications is rapidly evolving [42,43], studies
that calculate the material demand for a range of different transport
scenarios are still rare [44].

To illustrate the usefulness and practical applicability of the model, a
transport scenario for Spain is developed and parametrized to describe
the plausible evolution of the Spanish passenger transport sector in the
absence of ambitious environmental policies. A first attempt is then
made at exploring the effect of different transport measures on the
scenario outcome and on corresponding biophysical parameters such as
energy, materials, and greenhouse gas emissions.

2. Materials and methods

A system dynamics (SD) approach was used to develop the transport
model which is at the same time a sub-module of the IAM WILIAM. SD
allows simulating different scenarios resulting from the dynamic in-
teractions between multiple variables in time which leads to insights
about the system’s behaviour remain hidden to a static or reductionist
analysis [45]. The approach can handle the inherent complexity and
non-linear relations characteristic of passenger transport systems since it
allows to represent various feedback loops between variables. Addi-
tionally, it allows to consider external factors affecting transportation
systems, such as economic conditions, government policies, and lifestyle
changes.

2.1. Combination of system dynamics and Avoid-Shift-Improve
methodology

This paper employs a combined approach, utilizing both the SD
approach to modelling with the ASI (Avoid-Shift-Improve) methodology
to represent behavioural changes of households and their consequences

for energy consumption, direct emissions and mineral demand, in our
transport model. ASI is considered a viable alternative to the classical
Predict-Provide-Manage approach by offering a broader perspective for
the design of a less environmentally harmful transport system. Avoid
focus on the efficiency of the whole transport system by reducing or
avoiding the need to travel, Shift seeks to improve efficiency through
transport modal changes,4 and Improve refers to change vehicles effi-
ciency maintaining the same transport mode (internal combustion en-
gines to battery electric systems) (cf. section 1). The approach enables us
to structure the main variables that define the total transport demand
and to split this demand into its constituent parts in such a way that it is
possible to modify each of its factors and thus to apply different
behavioural change measures [46].

2.2. Overview of the ‘Within Limits Integrated Assessment Model’

The Within Limits Integrated Assessment Model (WILIAM) has been
developed under the LOCOMOTION H2020 project [47]. WILIAM
v1.2.0.8 [41] is a SD policy-simulation model which was designed to
address a series of common and relevant limitations in the field of IAMs,
and can be seen as a follow-up and extension of the IAM MEDEAS [48].
WILIAM comprises 8 integrated modules of earth and human systems:
(1) demography, (2) society, (3) economy, (4) finance, (5) energy, (6)
materials, (7) land and water, and (8) climate. Fig. 1 shows an overview
of its structure, including the main linkages between modules. A
detailed description of the model is available in Refs. [40,49].

2.3. Transport sub-module

Within the WILIAM energy module, a passenger transport sub-
module has been developed to model the behaviour of household
transport demand and calculate both the energy consumed and the

# Transport modal changes refers to shifts or transitions in the utilization of
different transportation modes within a given region or transportation system
over a certain period. These changes can involve alterations in the proportion of
passengers or freight choosing one mode of transport over another, such as a
decrease in car usage accompanied by an increase in public transport use or
cycling.
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emissions generated by this demand.

2.3.1. Structure of passenger transport sub-module

Within the energy module of WILIAM, a multi-regional passenger
transport sub-module has been developed which facilitates the in-depth
study of the specific cases of the countries belonging to the EU, which
means considering a total of 35 global regions and countries.

The integration of the transport sub-module in WILIAM required the
adaptation of the sub-module to a series of conditioning factors such as
the fact that the total transport demand variable was determined by the
sub-module of households (a part of the economic module) or that the
energy demand has two possible outputs, public and private transport,
as shown in Fig. 2. For the first exploration of the potential of the
transport sub-module through the development of a Baseline scenario
(cf. section 4.1), the variables transport economic demand (of the eco-
nomic module) was disconnected from the transport sub-module to ease
reporting the internal dynamics of the sub-module. Thus, it was neces-
sary to make slight changes to the transport sub-module and its linkages
to WILIAM, so that the variable that calculates the total demand for
transport does not come from the ‘households’ submodule but is exog-
enously modelled based on the historic evolution of GDP. Likewise, since
WILIAM calculates the emission intensity on a regional rather than on a
national level, and the CO; emissions intensity of electricity production
depends on the share of renewables in the national electricity mix
(Fig. 2), the percentage of renewable electricity needs to be introduced
exogenously. In the case of Spain, the percentage of renewable tech-
nologies for electricity production has increased from 20 % in 2006 to
50 % in 2023. Estimates from historical adjusted projections point to a
renewable electricity production of almost 90 % in 2050 (see Supple-
mentary Material S3.1). All other linkages with the different sub-
modules were maintained. Thus, apart from the exogenous input vari-
ables GDP and CO; electricity emission intensity all the variables
necessary to implement behavioural change policies in the model, such
as the modal share of the vehicle fleet, the load factor of the transport
mode, the efficiency of the different technologies and the transport de-
mand shift variable (see Fig. 2). Energy demand, the demand for ma-
terials due to electric technologies and their energy storage systems is
also calculated, as well as the CO2, methane, and nitrous oxide direct

emissions of the entire transport fleet.

Feeding on these variables, the transport model can generate the
desired demand for passenger transport by type of technology and mode
of transport, and through the variable load factor, the vehicle fleet
necessary to satisfy the demand for transport. The vehicle fleet, vehicle
load factor and mobility intensity variables generate the energy demand
of the transport sector. Finally, CO5 emissions are calculated with the
energy demand and the emission intensity.

The load factor variable is modelled in two different ways. For pri-
vate transport vehicles the load factor follows the Baseline trends unless
the exogenous load factor variable is modified. For public vehicles, the
load factor evolves internally, towards maximum values, if a modal shift
measure increases the demand for a specific transport fleet. The vari-
ables distance per vehicle and vehicle fleet evolve endogenously according
to the modified variables transport demand and load factor.

2.3.2. Data

The following data sources were used to obtain the relevant histor-
ical data for the Baseline scenario and the scenario variations, i.e.
vehicle load factor, annual distance traveled per vehicle, transport de-
mand by vehicle type and engine, and energy used by transport mode
and power train: for EU28 countries: The European JRC "Integrated
Database of the European Energy System" (JRC-IDEES) [50], for non
EU28 countries: the Supplementary Material of [51] or, and data from
the JRC-IDEES database for EU [50] for specific energy demand. Spain
train sector [52-54], for non-motorized transport [55], walking an
cycling [56-58], Spain Air transport [59].

2.3.3. Validation

Validation was performed for the historical period setting the sce-
nario parameters of the model with empirical data, and letting the model
calculate endogenously the rest of variables. The main endogenous
variable used for validation is CO, emissions per type of transport mode
[60] for the period 2005-2021 (cf. section 4.1.2 Results).

2.3.4. Measures reducing environmental impact
The transport module allows to implement different behaviour
change measures through modifications in 4 main parameters: (1)
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Table 1
Categorised behavioural change measures.

Type of behavioural change Measures

Avoid (trip distance, number of trips, both) Teleworking [13,14,61]

Shorter urban car trips [11]
Closer holidays [13]

Compact cities [23]

Car sharing [13,61]

Carpool [13,19]

Increase urban car occupancy [10,
11]

No Flying [62]

Modal shift to public transport [4,
11,15]

Modal shift to cycling [11,15]
Modal shift to walking (ibid.)
Modal shift airplane to train [23,
63]

Bike sharing [61]

Switch to more fuel efficiency
vehicle [18]

Driving behaviour (ibid.)

Buy and use smaller cars [19]
Switch to an alternative fuel car
[24]

Fuel-efficient driving [13,14]
Avoid short flights [13]

Extend vehicle lifetime [3]

Shift (to less environmentally harmful
transport mode)

Improve (energy efficiency)

Combinations

Transport demand; (2) Fuel consumption efficiency; (3) Transport de-
mand share and (4) Load factor. These parameters are stored in an excel
file that allows the user to modify, for each of them, the target value of
the measure applied, the initial year of application of the measure and
the final year in which the target value of the measure is reached (see
Supplementary_material measure_data.xlsx). Each of the four parame-
ters depends on various multidimensional factors. For example, the
‘Transport demand’ parameter depends on the type of power train and
the type of transport mode, with the user being able to choose between
10 different types of power trains (Internal combustion engine (ICE)
gasoline, ICE diesel, ICE LPG, ICE gas, Battery Electric Vehicle (EV),
Plugin Hybrid EV, Hybrid EV, Fuel Cell EV, EV, Human Powered
Vehicle), and 9 different types of transport modes (Light Duty Vehicle
(LDV), 2 Wheels & 3 Wheels (2W3W), Non-Motorized Transport (NMT),
Bus transport, Rail transport, Domestic Air transport, Intra-EU Air
transport, International Air transport, Marine transport). The fuel con-
sumption efficiency parameter is equally determined by these 10 types
of power trains and 9 types of transport modes. The transport demand
share parameter depends on the type of region (35 regions to choose
from which correspond to the WILIAM regions), the type of power train
and transport mode. Last, the Load factor parameter depends on 3 types
of the private transport modes (LDV, 2W3W, NMT) (for more details see

Table 2
Summary of Baseline scenario and variations.

Energy 305 (2024) 132313

Supplementary Material S1 & S2). This can be represented in a compact
format as follows (brackets indicate factors, subscripts indicate
dimensions):

Transport demand [power train,,, transport modet] (1)
Fuel consumption efficiency {power train,,, transport modet} (2)
Transport demand share [region,, power train,, transport modet] (3)

Load factor [private transport mode,p,iv} (4)

P : 10 types of power trains
t : 9 types of transport modes
tpriv : 3 types of private transport modes

r: 35 regions

A summary of the different behaviour changes measures that can be
modelled directly or indirectly with the presented transport module is
listed in Table 1.

3. Scenario analysis

A Baseline scenario of the passenger transport system in Spain was
developed and quantified, and 5 variations (V1 — V5) of the Baseline
scenario due to the introduction of different behaviour change measures
regarding passenger transport. To show the potential of the model to
evaluate different measures connected to behavioural changes at least
one measure has been chosen for each of the ASI dimensions for each
variation.

The storyline of the Baseline scenario consists of a plausible
description of future developments in the Spanish transport system
without stringent environmental policies and without significant
behavioural changes in the population.

V1 accounts for behavioural change to avoid unnecessary use of cars
(A), V2 explores shifts in individual mobility between transport modes
(S), V3 and V4 explore the implications of the change to more efficient
motorisations (I), and V5 combines different measures in the transport
mode and power train of vehicles.

Concretely, V1 models behavioural changes regarding car-pooling,
namely increasing the occupancy of private cars. V2 focuses on shift-
ing air travel to train and display synergies with the increase in
renewable electricity generation. The measure explored in V3 refers to
behavioural changes linked to driving style (fuel-efficient driving, well

Scenario  Definition ASI dimension Load factor Modal share Power train Energy
efficiency

BS Baseline scenario - Current Current trends Current trends Current trends
trends

A28 Increasing the load factor of passengers’ cars Avoid 1.2t0 2 Current trends Current trends Current trends

V2 Shift domestic (peninsular) air to train transport. Shift Current Air domestic — Current trends Current trends
trends Train

V3 Improve efficiency Improve® Current Current trends Current trends Increase
trends

v4 Update road transport modes to BEV power train Improve” Current Current trends LDV, 2W 3W and BUS — Current trends
trends BEV

V5 Shift to public and active transport + technological Shift + Current LDV — BUS + BUS ICE—~BUS BEV Current trends

change Improve trends cycling

# In this baseline scenario variation, energy efficiency is increased by changing the “efficiency” variable exogenously.

5 In this case, there is an improvement in energy efficiency due to the upgrade of the fleet of land vehicles (LDV, 2W_3W and BUS) to battery electric engines, which

are more efficient than internal combustion technologies.
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Fig. 3. Historic transport modal share demand (share of pass*km) of Spain (2000-2021).

maintained vehicles) that increases vehicle energy efficiency. Thus, the
number of new vehicles can be reduced. V4 implies a change towards a
specific type of engine in all road vehicles, which implies a strong in-
vestment in new types of vehicles. Finally, V5 combines measures to
switch to public transport with a shift to more efficient motorisations.
The 5 variations have been selected among all the possibilities of the

Table 3
Regression models for transport modes by power train.

module considering their social and scientific relevance as assessed by
the literature review, and their diversity to show the versatility and
potentialities of the developed submodule. Table 2 provides a summary
of the Baseline scenario and the variations.

For all variations (V1-V5), the same total transport demand has been
used as for the Baseline. The measures all start in 2025 and are applied

Transport mode

Power train

Type Regression model [equation] Transport model Regression model [equation] Power train share
share in 2050, in 2050, Baseline
Baseline
Passenger Light duty vehicles LDV = exp (18.561 - 0.00954958*Year) 36.2 %. ICE gasoline = exp (52.1566 - 0.0269119*Year) 51%
(LDV) ICE diesel = exp (40.9109 - 0.0207621*Year) 19.84 %
ICE LPG = 0,00135681/(1+EXP(-0,702585* 0.14 %
(Year-2017,15)))
ICE gas = 0,000680487/(1+EXP(-0,771215* 0.07 %
(Year-2019,35)))
BEV = 0,016724/(1+EXP(-0,479273*(Year- 1.67 %
2025,62))
PHEV = 0,0249084/(1+EXP(-0,799756 *(Year- 2.49 %
2023,77))
HEV = 0,0694559/(1+EXP(-0,256717*(Year- 6.9 %
2030,26))
2W_3W = exp (-34.3046 + 0.0153746*Year)/ 5.8 % ICE gasoline = -0.462463 + 1,20506E-7*Year"2 4.4 %
2- and 3-wheel vehicles (2W (1 + exp (-34.3046 + 0.0153746*Year)) BEV = 0,00565139/(1+EXP(-0,379494*(Year- 0.57 %
3W) 2025,11))
HPV 0.84 %
Buses transport demand (BUS) 157,086-0,153732*Year + 4.03 % ICE gasoline = exp (96.7106 - 0.05223*Year) 0%
0,0000376216*Year 2 ICE diesel = exp (95.4224 - 0.0487522*Year) 1.1 %
ICE gas = -0.370839 + 9,28346E-8*Year2 1.93 %
BEV = 0,00350108/(1+EXP(-0,317492*(Year- 0.35 %
2022,67))
PHEV = 0,000401141/(1+EXP(-0,399996 *(Year- 0.04 %
2021,9)))
HEV = 0,00596501/(1+EXP(-0,397267 *(Year- 0.6 %
2022,23))
Rail passengers transport exp (-23.4822 + 0.0102114*Year)/(1 + exp 7.25 % ICE diesel = exp (170,181 - 0.086953*Year)/(1 + 0.03 %
vehicles (RAIL) (-23.4822 + 0.0102114*Year)) exp (170,181 - 0,086953*Year))170,181
-0.086953*Year
EV 7.22%
Air transport inside Spain® - 5.03 % - 5.03 %
(AIR DOMESTIC)
International air transport (AIR  0,218418/(1+EXP(-0,0808319*(Year- 20.8 % - 20.8 %
INTERNATIONAL)” 2013,14))
Air transport inside EU (AIR 0,200329/(1+EXP(-0,0461105*(Year- 18.47 % - 18.47 %
INTRA EU)* 1996,38))
Non-motorized modes’ - 2.42 % - 2.42 %

# Excluded from the statistical analysis because of the low R-squared value, instead of this the AIR DOMESTIC share is the same that the last historic year in all the

simulation.

b No power train analysis because airplanes only use 1 type of power train.

¢ Same as previous note.

4 The transport modal share for NMT transport is calculated as the % needed to reach the 100 % of total transport mode.



D. Alvarez-Antelo et al.

Private passenger vehicle fleet

thousand vehicles

2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
—LDV ICE_diesel —LDV ICE_gasoline LDV HEV LDV BEV
~=LDVPHEV ~=LDVICE_LPG ~=LDVICE_gas ~=2W_3W ICE_gasoline
—2W_3W HPV ~=2W_3W BEV LDV FCEV
Total passenger transport demand
c
1000
800
J J I AIR_INTERNATIONAL
600 . d J \ ‘ =l [ AIR_INTRA EU
=) (] lJ J
g | - AIR_DOMESTIC
5
£ RAIL
B 400 =l
o MOTORCYCLES_2W_3W

SBUS

LDV

A A0\0 g\D 20 2D 0 D gAY g g0

Private vehicle ownership

m

300

200

100

vehicles/thousand people

0
2005 2010 2015 2020 2025 2030 2035 2040 2045

—Private vehicle ownership

2050

Energy 305 (2024) 132313

Public passenger vehicle fleet

—
2 -
/»/,/“
1.5 =
.',//\
1
0.5 mm—— ——
—_—
. j
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
—RAILEV —BUS BEV
—AIR_DOMESTIC ICE_gasoline —AIR_INTRA_EU ICE_gasoline
AIR_INTERNATIONAL ICE_gasoline RAIL ICE_diesel

tr

5 P

Total p tCO,
90
80
70 \\_ /\’¥_—
60

50

40

Mt/Year

30

2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

—Total passenger transport CO2 emissions Historic total passenger transport CO2 emissions

CO, intensity emissions by transport mode

g
£ 100
2 = = —=
o0 \
(a3
<,
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
~—LDV —=BUS ——=RAL -——2W_3W ~——AIR_DOMESTIC AR_INTRA_EU ARR_INTERNATIONAL

Fig. 4. Baseline scenario results (Grey area represents the historical period where empirical data was used to calibrate model parameters).

progressively until 2050.

Below is a summary of the baseline storyline that was subsequently
quantified. For the full narrative see Supplementary Material S4.1.

This scenario assumes a continuation of historical trends in passen-
ger transport occurring in the absence of major structural changes in the
political and economic organisation in Spain. The tendency of Spanish
citizens to use part of their higher incomes to increase their mobility
remains unchanged. In line with the overall global context, most Spanish
citizens prefer to travel by car, either for commuting or for private
enjoyment, rather than by public transport. At the same time, an
increasing number of citizens are starting to adopt mobility patterns
previously reserved for other regions, including air travel within Spain,
to EU countries and to other continents, mainly for recreational purposes
(tourism). However, public policies prevent the trend towards car and
air travel from growing exponentially at the expense of public transport.
Spanish regional and national authorities remain committed to main-
taining basic levels of public transport within and between cities,
including minimum levels of bus transport and to follow the historical
trend of promoting electricity produced by renewables.

4. Results

In the following, the results of simulating the Baseline scenario as
well as its variations V1-V5 will be presented.

4.1. Baseline scenario

Before displaying the Baseline scenario’s results, this subsection
shortly explains main aspects of its parametrization.

4.1.1. Baseline Parametrization

The model can represent four types of main variables: Transport
mode (LDV, BUS, ...), power train (ICE gasoline, diesel, BEV ...), final
energy (electricity, liquids, gas, hydrogen) and GHG direct emissions (cf.
Table S3, Supplementary Material). Consequently, the parametrization
of the Baseline scenario had to address all four dimensions. First, total
future transport demand which influences all four dimensions, was
modelled as a function of future GDP growth which was projected from
historical data. Second, the historical evolution and projected future
development of each transport mode and each power train has been
derived, using historical data and statistical analysis to extrapolate this
data. Third, using the same methods, the historical and projected CO4
intensity of electricity, which depends on the region’s electricity mix
and on the share of renewables, and which affects GHG direct emissions,
were calculated. This led to a remarkably high share of renewables in the
electricity mix at the end of the simulation in the Baseline scenario
(almost 90 % in 2050). Supplementary material S4 provides further
details on the parametrization process, including the main variables,
equations, and statistical analyses. A strong increase in the end-of-life
(EOL) recycling rates of materials present in EV batteries is assumed
(for details consult the Supplementary Material).
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Fig. 5. Baseline Variation 1 (Grey area represents the historical period where empirical data are used for the scenario parameters of the model).

Fig. 3, shows the historic evolution of transport demand (pass*km)
shares by transport mode while Table 3 gives an overview of the equa-
tions describing the projected future evolution of the different transport
modes and power trains.

4.1.2. Baseline Results

The historical data and the estimated values for the Baseline scenario
for the main variables is shown in Fig. 4. An increase in the motorisation
rate (passengers cars/1000 inhabitant) from 531 cars/1000 inhabitant
to close to 700 cars/1000 inhabitant can be observed in the year 2050
(Fig. 4E.) The stabilization in the CO; direct emissions (Fig. 4D) is due to
the assumed increase in the fleet of alternative fuel cars (Fig. 4A). These
alternative technologies are mainly hybrid electric (LDV HEV), plug-in
hybrid and battery electric cars (LDV BEV)) together with the increase
in the share of renewables in electricity production (Supplementary
Material S3.1).

In the year 2050, the fleet of pure electric cars (LDV BEV) represents
almost 30 % of total LDVs, while gasoline (LDV ICE gasoline) and diesel
(LDV ICE diesel) still represent about 60 % (97 % in 2021).

Fig. 4D shows that the obtained CO2 emissions match well with the
empirical data for the period 2005-2022. Note that 2020 (COVID)
represents an outlier (our method for estimating pkm is not designed to
capture “black swan” events) but after the end of lock-in, the model
again estimates with high precision the CO3 emissions of the year 2022.

4.2. Baseline variation 1 (Avoid): Increasing the load factor of
passengers’ cars

For this measure, the load factor of light passenger vehicles has been
modified to model an increase in car occupancy from 1.2 passengers/
vehicle to two passengers/vehicle. This increase lies in the range of what
has been modelled in the literature [8,10,11].

As car occupancy is increased, the number of vehicles needed to
satisfy transport demand is estimated to be much lower, reaching new
break-even points above those at 4.32 million for gasoline LDVs and
about 8.14 million for diesel LDVs, down from 10.52 million and 13.37
million with respect to 2021 data (Fig. 5A). Breaking with historical
trends, in this scenario variation private car ownership decreases to
historic levels (480 cars per 1000 inhabitants) in 2050.

All this will affect energy and direct emissions as shown in Fig. 5-F.
The variable CO, direct emissions intensity by transport mode describes
CO4, direct emissions per passenger-km. This intensity is reduced by half
since LDVs will emit half the CO5 per passenger-km, as can be seen in
Fig. 5-D: the total direct emissions of the passenger transport vehicle
fleet for Spain drops from 66.87 Mt/year in 2025 to 49.56 Mt/year in
2050, a reduction of 25 %.

4.3. Baseline variation 2 (Shift): Shift domestic (peninsular) air to train
transport

The transport demand matrix allows air transport to be differentiated
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Fig. 6. Baseline Variation 2 (Grey area represents the historical period where empirical data are used for the scenario parameters of the model).

into three types, domestic air transport, intra-European air transport and
international air transport. A scenario variation case was simulated in
version 2 focusing on domestic air transport, simulating scenario vari-
ation case in which this type of transport is progressively reduced in
favor of rail transport. However, it has been taken into consideration
that part of the demand for domestic air transport is related to Spanish
Islands. Thus, for those cases it is not possible to make a modal shift to
rail transport for this type of journey. Therefore, data from the last
historical year are used for the calculations, so that only 60 % of the total
domestic air transport demand is shifted to rail (Supplementary Material
54.6). The rest of the domestic air transport demand has been added to
intra-EU flights. For this purpose, the elements of the transport demand
matrix for domestic air transport and rail transport have been modified
(ibid.). Therefore, the demand for modified domestic air transport in the
target year has been reduced from the initial value of 5.03 %-0 % in the
target year, while the demand for rail transport by electric trains has
increased to reach 12.25 %. As a result, in this scenario variation, the
modified total air domestic transport demand is reduced to 0 in 2050.
(Fig. 6C).

The policy of shifting towards greater use of electric trains to the
detriment of short air travel, leads to a significant increase in the electric
train fleet, from 1513 in the initial year to more than 2700 at the end of
the implementation of the measure. (Fig. 6B).

The kilometers traveled per type of transport per year are much
higher for passenger airplanes than trains. while the load factor is much
higher for trains, with 250 passengers/vehicle compared to ninety

passengers/airplane on average. However, since the total annual dis-
tances traveled by aircraft are ten times greater, the total number of
trains needed to absorb the demand for domestic air transport is greater
than the number of aircraft that cease to operate on these types of routes.

As can be seen in Fig. 6F, the transport CO, direct emissions intensity
is much higher for airplanes than for trains (188 gCO./(person-km) vs
33.46 gCOy/(person-km) in 2021). Consequently, direct emissions drop
by 19 % until 2050 compared to 2025.

There is also a decrease in the intensity of direct emissions from rail
transport since the share of electric trains in the total number of trains
increase, and direct emissions from electricity generation decrease due
to renewable energies (cf. 4.1.2.).

The type of behavioural change modelled in this scenario variation
has the additional advantage that electric trains demand energy directly
from the power electricity lines and do not require to carry batteries to
store electrical energy, which eliminates the problem of consuming
scarce materials for the fabrication of batteries.

At the same time, private vehicle ownership follows historical trends
in this scenario variation.

4.4. Baseline variation 3 (Improve): Improve efficiency

Although the efficiency of vehicles can be improved by purchasing
new cars with new technologies, there are also various measures that
can be carried out by users without having to change their vehicles, such
as fuel-efficient driving or good car maintenance.
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Fig. 7. Baseline Variation 3 (Grey area represents the historical period where empirical data are used for the scenario parameters of the model).

To simulate this kind of behaviour change, in this Baseline variation,
different efficiency improvements have been applied to all the engines of
the road transport modes (LDV diesel, gasoline, LPG, gas, BEV, PHEV
and HEV; diesel, gasoline, LPG, gas, BEV, PHEV and HEV buses; as well
as gasoline and BEV 2W3W vehicles) (see Supplementary Material S4.7).
On average, a 23 % improvement has been applied to cars.

All the transport modes and power train maintain the same share as
in the Baseline scenario, but there is an increase in the efficiency of the
motorisations. Consequently, the total CO; direct emissions of the pas-
senger transport sector are reduced by 25 % between 2025 and 2050
(Fig. 7F) because of the implied the improvement in the CO, direct
emissions intensity by transport mode. The other variables, however, do
not show any significant changes regarding the Baseline scenario.

4.5. Baseline variation 4 (Improve): replace ‘internal combustion engine’
road transport modes with ‘Battery Electric Vehicle’ power train

For this measure, the different types of road transport (LDV, 2W 3W
and BUS) have been modified so that all motorisations are exclusively
powered by battery electric systems (BEV) (cf. Supplementary Material
54.8).Thus, all 3 types of vehicles will run on electricity and will need
batteries for storage, which will result in a significant increase in the use
of materials needed for the construction of the batteries (cf. Fig. 11).
This implies also that the entire fleet of public buses is converted to
battery electric power train (Fig. 8-B). The massive and rapid increase in
BEV technology is shown in Fig. 8A.

10

Direct CO; emissions, due to the use of more energy efficient electric
motors and the region’s energy mix, are reduced to 34 Mt/year in the
year 2050 (49 % reduction) (Fig. 8-D). Fig. 8-E provides more details on
the positive effect of introducing the new types of motorizations on the
CO, emission intensity.

4.6. Baseline variation 5 (Shift+Improve): shift to public transport and
active transport + technological change

This scenario combines shift with improve measures, i.e. it shifts car
mobility towards other types of mobility (public transport by bus and
active transport by bicycle) but at the same time the fleet of public buses
is completely electrified (only BEV buses are used). The use of buses
increases until the maximum EU 27 value in 2050 (20 %) while cycling
increases up to 8 % (also the maximum in the EU27 region (see Sup-
plementary Material S4.9)). Thus, a proportional reduction in the de-
mand for LDV transport has been modelled, proportional for each type of
power train to reach the mentioned transport demand share in bus and
cycling. Fig. 9-C shows the modal split of total transport demand every 5
years until 2050.

This variation in the modal split generates a dynamic change in the
vehicle fleet that is reflected in Fig. 9-A, where the number of bicycles
increases from 3,2 million bicycles in use to more than 45 million in
2050. There is also an increase in the number of battery electric buses
needed to meet the new demand for public transport. Meanwhile, the car
fleet decreases, reducing car ownership to 320 cars per one thousand
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inhabitants (Fig. 9-E).

The decrease in the emission intensities of 2- and 3-wheel vehicles is
due to the large increase in the bicycle fleet (2W 3W - HPV), which has
zero direct CO, direct emissions, and the shift to battery electric buses
and no to diesel buses, which has an impact on the total direct emissions
from passenger transport as shown in Fig. 9-D, where a significant
reduction in direct emissions can be observed.

5. Discussion

The Baseline variations differ significantly from the Baseline in the
evolution of the car fleet: V1 achieves a 31 % reduction in the car fleet by
2050 compared to the Baseline scenario, while V5 achieves a reduction
of 54 %. Thus, in V1, the motorisation rate decreases from 656 cars/
1000 inhabitants in the Baseline to 456, while in V5 the decrease reaches
354 cars/1000 inhabitants. V4 does not reduce the number of cars, but
on the contrary, it requires multiplying the number of BEVs by 20, from
1 million in the Baseline to more than 20 million by 2050 (of a total of 29
million operating cars). V5 requires the bus fleet to almost double, from
32,000 vehicles to more than 62,000 by 2050, while the number of bi-
cycles multiplies by more than 9 from less than 5 million on the Baseline
to more than 45 million by 2050. In V2 (switching from domestic air to
trains), the train fleet only increases by 15 %, i.e. from 2400 vehicles to
more than 2700 in 2050. The demand for transport is only affected in V2
and V5, since these variations explore shifts between different transport
modes: The V5 measure allows the greatest reduction in the demand for
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Baseline Variation 4 (Grey area represents the historical period where empirical data are used for the scenario parameters of the model).

transport in the case of cars, reducing it by 70 % and shifting this de-
mand towards buses and bicycles. Conversely, V2 increases the demand
for train transport by 60 %. Regarding CO-, direct emissions, it is V4 that
achieves the greatest reduction with —43 % CO-, direct emissions in the
2050 with respect to the Baseline, followed by V5 with a 31 % reduction.
V1 and V3 achieve the same reductions (—18 %), while the least effec-
tive variation is V2 (—11 %). The CO, direct emissions of the whole
passenger transport sector for the Baseline scenario and the variations
are displayed in Fig. 10.

Taking into account all the changes produced in V1 to V5, our
findings point to the fact that, although every measure produces positive
effects with regard to direct GHG emissions, and also create significant
changes in key variables of the transport system such as the use of cars or
electric power trains, no single variation of the Baseline is sufficient to
alone drastically reduce direct emissions close to net zero emissions [20,
23]. Rather, to achieve radical deviations from the Baseline scenarios
that would imply deep changes in the transport system, along with
enormous cuts in direct emissions, a combination of multiple variations,
including a reduction in total transport activity, would be necessary [65,
66]. The question of whether such ambitious transport policies can be
expected to occur in the current socio-economic system on the national,
EU and international level, will be crucial for a successful transition to a
low-carbon transport sector but lie outside the scope of this article.

The most effective measure in terms of direct CO, emissions reduc-
tion has been found to be V4, i.e. changing the power trains of cars,
buses and motorcycles to battery electric power trains, because this
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Fig. 9. Baseline Variation 5 (Grey area represents the historical period where empirical data are used for the scenario parameters of the model).
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implies a total conversion of the road transport fleet to a more efficient
technology in terms of energy consumption per passenger transported
and at the same it takes advantages on the high share of renewable
electricity assumed in the Baseline parametrization. However, V4 also
would enormously increase the demand for materials needed for a
transition of this magnitude (see Fig. 11), and the effect on indirect
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Fig. 11. Materials required for the vehicle fleets in the final year. For details
cf [64].

emissions associated has not been taken here into account [64]. In V4
the demand for critical materials for the implementation of the new fleet
of electric vehicles is the highest, with an average consumption that is 4
times higher than in the Baseline. On the other hand, the V1 achieves the
largest reduction in material consumption compared to the Baseline
scenario, with an average reduction of 30 %, since increasing car oc-
cupancy through carpooling measures reduces the need to build new
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vehicles.

The second most effective measure in terms of CO5 direct emissions is
implemented in V5 (shift to battery electric buses and bicycles). In this
case emission reductions are smaller since more than 10 % of the cars
still run on fossil fuels. However, the fact that transport demand is met
by buses and bicycles, which are more efficient in terms of materials
needed per passenger transported, has a clear advantage over the pre-
vious scenario when considering the demands for materials and other
energy needed for the new fleets.

Our study, which was mainly driven by methodological reasons, i.e.
to demonstrate the potential of the developed transport model within
WILIAM, nevertheless presents some methodological limitations: First,
monetary restrictions of households and governments have not been
considered, which would have rendered the implementation of certain
measures inviable such as changes in transport modes representing a
monetary burden. Second, absolute material demand restrictions have
not been imposed which would probably render impossible the imple-
mentation of V4 on a global scale. Third, strong increases in the recy-
cling rates of EV batteries were assumed which result in lower material
demand. Although it is likely that in the future the recycling rates of
batteries will improve with their large-scale expansion and technolog-
ical maturity, achieving these very high levels of recycling will be
challenging for the industry due to complexities and thermodynamic
limits in the recycling processes, supply-chain complexities, difficulties
to set appropriate regulatory frameworks and incentives, etc.

Last, another dimension to consider in scenarios with a large increase
in the share of public transport is the role of private actors in the
development of new technologies if the share of private transport
continuously shrinks. In these scenarios, public actors would become
decisive since they would need to realize most investments in research
and the development of new motorisation technologies.

Future work could extent the present study addressing several key
factors: First, sustainability transitions in the passenger transport sector
beyond Spain could be studied, given that the transport module covers
35 world regions. A multiregional analysis would make it possible to
compare how direct emissions would be affected by the application of
the same measures in different territories. Second, the relationships and
interactions between different modules of WILIAM should be investi-
gated, especially the interactions between the transport module and the
economic module. In this way, additional measures could be introduced,
such as restricting the purchase of new vehicles by household type or
studying the relationship between income and transport demand by
vehicle type, as well as the associated indirect emissions due to addi-
tional transport infrastructures. Third, the model could be improved by
endogenizing certain model variables such as the cost of mobility
($/km), which, in addition to the energy and emission outputs, can serve
as input for behavioural changes in transport modes. Another example
would be endogenizing the variable describing the maximum passenger
load factor per vehicle to dynamically link the public vehicle occupancy
rate to the flow of new public vehicles. Fourth, integrating the possibility
of climate disasters in the scenarios through thorough analysis and
extrapolation of historical data is essential for fostering resilience and
could be introduced in future work to produce a more accurate result.
Last, the idea is to link the data produced by the energy module
regarding the percentage of biofuels in gasoline and diesel fuels with the
transport submodule to modify this value through policies, and to study
the effects on GHG direct emissions. Thus, future work could be directed
to explore how all the measures would need to be combined in a
consistent way within the fully linked WILIAM to achieve ambitious
climate mitigation goals for passenger transport.

6. Conclusion
The decarbonization of the passenger transport sector represents an

ambitious political objective that requires long-term planning and the
exploration of a wide range of policy and demand-side measures [67]. In
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this paper, a novel transport model was presented, designed to be in-
tegrated as sub-module in WILIAM and demonstrated its potential to
simulate and compare different behaviour change related measures.
Based on system dynamics, our model increases the diversity of existing
passenger transport models within Integrated Assessments Models by
offering a detailed representation of the dynamics of the transition for
different technologies and transport modes combining technological
and behavioural changes. Moreover, this model has been designed to be
fully linked with the households’ submodule representing the monetary
dimension in WILIAM. A Baseline scenario for the evolution of the
transport sector up to 2050 was developed and parametrized in the
absence of stringent sustainability policies. In this baseline scenario, in
2050, even with an increase of the share of alternative fuels in transport,
more than 88 % of cars and 90 % of buses still use fossil fuels. For
alternative transport modes, the percentage of transport demand
covered by bicycles is very low (0.8 %), and for bus transport, the figure
is below the EU27 average (6.21 % Spain vs 10 % EU27). The baseline
results also show that air transport is becoming the mode of transport
with the highest growth share of all modes. All these data point to a
continuation and even worsening of the current situation in terms of
dependence on non-renewable and polluting sources, as well as modes
of transport that are very difficult to convert to technologies with less
impact on the environment. For this reason, the effects of five variations
of this scenario have been developed and explored following the ASI
(Avoid-Shift-Improve) dimensions [5], including a diversity of measures
such as the change of the entire fleet of road vehicles to electric vehicles,
the massive use of public transport to the detriment of private transport,
the promotion of light transport modes or the replacement of plan by
train travel. It was found that all measures have positive impacts on
direct CO5 emissions and significantly change the passenger transport
landscape. However, some may be problematic from the point of view of
material scarcities and could worsen the indirect CO, emissions. No
variation alone was able to lead to a deep decarbonization of the
transport sector given that the current work was designed rather as a
methodological study to validate the module and test its functionality.
Future work will be directed to expand the number of transport policies
to design consistent transition scenarios for Spain and/or other regions
fully linked with the rest of WILIAM. These simulations would benefit
from addressing some limitations of the model discussed in section 5 and
would allow to compare different behavioural change related measures
in the transport sectors of multiple countries and regions.
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IPCC Intergovernmental Panel on Climate Change
LDV light duty vehicles

PHEV plug-in hybrid electric vehicle
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2W two-wheeler vehicle

3w three-wheeler vehicle
NMT non-motorized transport

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.energy.2024.132313.

References

[1] European Commission. «Communication from the commission to the European
parliament, the Council, the European economic and social committee and the
committee of the regions: “fit for 55”: delivering the EU’s 2030 climate target on
the way to climate neutrality. COM/2021/550 final) 2021 [Online]. Available at:
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021DC0550.

[2] IPCC. Climate change 2021 - the physical science basis: working Group I
Contribution to the sixth assessment Report of the intergovernmental Panel on
climate change, 1.% ed. Cambridge University Press; 2023. https://doi.org/
10.1017/9781009157896.

[3] Faber J, et al. Behavioural climate change mitigation options and their appropriate
inclusion in quantitative longer term policy scenarios. CE Delft, Delft (Netherlands)
2012 [Online]. Available at: http://www.cedelft.eu/?go=home.downloadPu
b&id=1290&file=CE_Delft 7316_BehaviouralClimateChangeMitigationOptions_
Mainreport_def.pdforfromCE. Oude Delft 180, 2611 HH Delft (NL).

[4] Girod B, van Vuuren DP, Hertwich y EG. Global climate targets and future

consumption level: an evaluation of the required GHG intensity. Environ Res Lett

mar. 2013;8(1):014016. https://doi.org/10.1088/1748-9326/8/1/014016.

Bakker S, Zuidgeest M, de Coninck H, Huizenga y C. Transport, development and

climate change mitigation: towards an integrated approach. Transport Rev 2014;34

(3):335-55. https://doi.org/10.1080/01441647.2014.903531.

[6] Vita G, Hertwich EG, Stadler K, Wood y R. Connecting global emissions to
fundamental human needs and their satisfaction. Environ Res Lett ene. 2019;14(1):
014002. https://doi.org/10.1088/1748-9326/aae6e0.

[7] Akenji L, Lettenmeier M, Toivio V, Koide R, Amellina y A. «1.5-Degree Lifestyles:
targets and options for reducing lifestyle carbon footprints». Hayama, Japan.:
Institute for Global Environmental Strategies; 2019 [Online]. Available at: htt
ps://www.iges.or.jp/en/publication_documents/pub/reportchapter/en/6
719/15_ Degree_Lifestyles MainReport.pdf.

[8] B.V.F.Silvay M. P. R. Teles, Pathways to sustainable urban mobility planning: A

case study applied in Sao Luis, Brazil, Transportation Research Interdisciplinary

Perspectives, vol. 4, p. 100102, mar. 2020, doi: 10.1016/j.trip.2020.100102.

Solaymani S. CO2 emissions patterns in 7 top carbon emitter economies: the case of

transport sector. Energy feb. 2019;168:989-1001. https://doi.org/10.1016/j.

energy.2018.11.145.

[10] Anable J, Brand C, Tran M, Eyre y N. Modelling transport energy demand: a socio-
technical approach. Energy Pol feb. 2012;41:125-38. https://doi.org/10.1016/j.
enpol.2010.08.020.

[11] Stanley JK, Hensher DA, Loader y C. Road transport and climate change: stepping
off the greenhouse gas. Transport Res Part Policy Pract 2011;45(10):1020-30.
https://doi.org/10.1016/j.tra.2009.04.005. dic.

[12] Christidis P, Christodoulou A, Navajas-Cawood E, Ciuffo y B. The post-pandemic
recovery of transport activity: emerging mobility patterns and repercussions on
future evolution. Sustain. Switz 2021;13(11). https://doi.org/10.3390/
sul3116359.

[13] van de Ven D-J, Gonzélez-Eguino M, Arto y I. The potential of behavioural change
for climate change mitigation: a case study for the European Union. Mitig Adapt

[5

[}

[9

[}

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

14

Energy 305 (2024) 132313

Strategies Glob Change sep. 2017;23(6):853-86. https://doi.org/10.1007/s11027-
017-9763-y.

Lacroix K. Comparing the relative mitigation potential of individual pro-
environmental behaviors. J Clean Prod sep. 2018;195:1398-407. https://doi.org/
10.1016/j.jclepro.2018.05.068.

Aamaas B, Borken-Kleefeld J, Peters y GP. The climate impact of travel behavior: a
German case study with illustrative mitigation options. Environ Sci Pol nov. 2013;
33:273-82. https://doi.org/10.1016/j.envsci.2013.06.009.

Pahwa M Jaller y A. Evaluating the environmental impacts of online shopping: a
behavioral and transportation approach. Transport Res Part Transp Environ mar.
2020;80:102223. https://doi.org/10.1016/].trd.2020.102223.

Nicholas S Wynes y KA. The climate mitigation gap: education and government
recommendations miss the most effective individual actions. Environ Res Lett jul.
2017;12(7):074024. https://doi.org/10.1088/1748-9326/aa7541.

Dietz T, Gardner GT, Gilligan J, Stern PC, Vandenbergh y MP. Household actions
can provide a behavioral wedge to rapidly reduce US carbon emissions. Proc Natl
Acad Sci USA nov. 2009;106(44):18452-6. https://doi.org/10.1073/
pnas.0908738106.

Gifford R, Kormos C, McIntyre y A. Behavioral dimensions of climate change:
drivers, responses, barriers, and interventions: behavioral dimensions of climate
change. Wiley Interdiscip. Rev. Clim. Change nov. 2011;2(6):801-27. https://doi.
org/10.1002/wcc.143.

Creutzig F, et al. Towards demand-side solutions for mitigating climate change. Nat
Clim Change abr. 2018;8(4):260-3. https://doi.org/10.1038/541558-018-0121-1.
Lianghua Q Te y C. Carsharing: mitigation strategy for transport-related carbon
footprint. Mitig Adapt Strategies Glob Change oct. 2019. https://doi.org/10.1007/
§11027-019-09893-2.

McCollum DL, et al. Interaction of consumer preferences and climate policies in the
global transition to low-carbon vehicles. Nat Energy 2018;3(8):664-73. https://
doi.org/10.1038/541560-018-0195-z. ago.

Creutzig F, Fernandez B, Haberl H, Khosla R, Mulugetta Y, Seto y KC. Beyond
technology: demand-side solutions for climate change mitigation. Annu Rev
Environ Resour nov. 2016;41(1):173-98. https://doi.org/10.1146/annurev-
environ-110615-085428.

Amjad S, Rudramoorthy R, Neelakrishnan y S. Assessment of petroleum saving and
greenhouse gas emission reduction from two-wheeler segment: 2011-2021.
Transport Res Part Transp Environ may 2011;16(3):265-9. https://doi.org/
10.1016/j.trd.2010.10.003.

Stehfest E, Van Vuuren DP, Bouwman L, Kram y T. «<IMAGE framework». PBL
(Netherlands Environmental Assessment Agency); 2017 [Online]. Available at: http
s://models.pbl.nl/image/index.php?title=Colophon&oldid=31206.

Sassi O, Crassous R, Hourcade JC, Gitz V, Waisman H, Guivarch y C. IMACLIM-R: a
modelling framework to simulate sustainable development pathways. Int J Global
Environ Issues 2010;10(1/2):5. https://doi.org/10.1504/IJGENVI.2010.030566.
Huppmann D, et al. «<The MESSAGE Integrated Assessment Model and the ix
modeling platform (ixmp): An open framework for integrated and cross-cutting
analysis of energy, climate, the environment, and sustainable development».
Environmental Modelling & Software feb. 2019;112:143-56. https://doi.org/
10.1016/j.envsoft.2018.11.012.

Framework E.M. «Model for energy supply strategy alternatives and their general
environmental impact (MESSAGE)». Int. Inst. Appl. Syst. Anal. IIASA 2011.
Available Online Httpswebarchive Iiasa Ac AtResearchENEmodelmessage Html.
[Accessed 15 May 2020].

RFF-CMCC. WITCH model [Online]. Available at: https://www.witchmodel.
org/model/; 2023.

Karkatsoulis P, Siskos P, Paroussos L, Capros y P. Simulating deep CO 2 emission
reduction in transport in a general equilibrium framework: the GEM-E3T model.
Transport Res Part Transp Environ ago. 2017;55:343-58. https://doi.org/10.1016/
j.trd.2016.11.026.

Fiorello D, Nokel K, Martino y A. The TRIMODE integrated model for Europe.
Transport Res Procedia 2018;31:88-98. https://doi.org/10.1016/j.
trpro.2018.09.048.

Brand C, Tran M, Anable y J. The UK transport carbon model: an integrated life
cycle approach to explore low carbon futures. Energy Pol feb. 2012;41:107-24.
https://doi.org/10.1016/j.enpol.2010.08.019.

Mishra GS, Kyle P, Morrison G, Kim S, Yeh y S. «Transportation module of global
change assessment model (GCAM): model documentation». Davis: Instiute of
Transportation Studies, University of California; 2013.

de Blas I, Mediavilla M, Capellan-Pérez I, Duce y C. The limits of transport
decarbonization under the current growth paradigm. Energy Strategy Rev 2020;32:
100543.

Costa L, et al. The decarbonisation of Europe powered by lifestyle changes. Environ
Res Lett 2021;16(4):044057.

Muratori M, et al. Exploring the future energy-mobility nexus: the transportation
energy & mobility pathway options (TEMPO) model. Transport Res Part Transp
Environ 2021;98:102967.

Safarzynska y K, van den Bergh JC. A higher rebound effect under bounded
rationality: interactions between car mobility and electricity generation. Energy
Econ 2018;74:179-96.

Magdolen M, von Behren S, Burger L, Chlond y B. Mobility styles and car
ownership—potentials for a sustainable urban transport. Sustainability 2021;13
(5):2968.

Lifi M, et al. «Synthesis of the model, selected results, and scenario assessment.
WP9, Task 9.2, D.9.3. LOCOMOTION; 2023 [Online]. Available at: https://zenodo.
org/records/10813034.


https://doi.org/10.1016/j.energy.2024.132313
https://doi.org/10.1016/j.energy.2024.132313
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52021DC0550
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
http://www.cedelft.eu/?go=home.downloadPub&amp;id=1290&amp;file=CE_Delft_7316_BehaviouralClimateChangeMitigationOptions_Mainreport_def.pdforfromCE
http://www.cedelft.eu/?go=home.downloadPub&amp;id=1290&amp;file=CE_Delft_7316_BehaviouralClimateChangeMitigationOptions_Mainreport_def.pdforfromCE
http://www.cedelft.eu/?go=home.downloadPub&amp;id=1290&amp;file=CE_Delft_7316_BehaviouralClimateChangeMitigationOptions_Mainreport_def.pdforfromCE
https://doi.org/10.1088/1748-9326/8/1/014016
https://doi.org/10.1080/01441647.2014.903531
https://doi.org/10.1088/1748-9326/aae6e0
https://www.iges.or.jp/en/publication_documents/pub/reportchapter/en/6719/15_Degree_Lifestyles_MainReport.pdf
https://www.iges.or.jp/en/publication_documents/pub/reportchapter/en/6719/15_Degree_Lifestyles_MainReport.pdf
https://www.iges.or.jp/en/publication_documents/pub/reportchapter/en/6719/15_Degree_Lifestyles_MainReport.pdf
https://doi.org/10.1016/j.energy.2018.11.145
https://doi.org/10.1016/j.energy.2018.11.145
https://doi.org/10.1016/j.enpol.2010.08.020
https://doi.org/10.1016/j.enpol.2010.08.020
https://doi.org/10.1016/j.tra.2009.04.005
https://doi.org/10.3390/su13116359
https://doi.org/10.3390/su13116359
https://doi.org/10.1007/s11027-017-9763-y
https://doi.org/10.1007/s11027-017-9763-y
https://doi.org/10.1016/j.jclepro.2018.05.068
https://doi.org/10.1016/j.jclepro.2018.05.068
https://doi.org/10.1016/j.envsci.2013.06.009
https://doi.org/10.1016/j.trd.2020.102223
https://doi.org/10.1088/1748-9326/aa7541
https://doi.org/10.1073/pnas.0908738106
https://doi.org/10.1073/pnas.0908738106
https://doi.org/10.1002/wcc.143
https://doi.org/10.1002/wcc.143
https://doi.org/10.1038/s41558-018-0121-1
https://doi.org/10.1007/s11027-019-09893-2
https://doi.org/10.1007/s11027-019-09893-2
https://doi.org/10.1038/s41560-018-0195-z
https://doi.org/10.1038/s41560-018-0195-z
https://doi.org/10.1146/annurev-environ-110615-085428
https://doi.org/10.1146/annurev-environ-110615-085428
https://doi.org/10.1016/j.trd.2010.10.003
https://doi.org/10.1016/j.trd.2010.10.003
https://models.pbl.nl/image/index.php?title=Colophon&amp;oldid=31206
https://models.pbl.nl/image/index.php?title=Colophon&amp;oldid=31206
https://doi.org/10.1504/IJGENVI.2010.030566
https://doi.org/10.1016/j.envsoft.2018.11.012
https://doi.org/10.1016/j.envsoft.2018.11.012
https://www.witchmodel.org/model/
https://www.witchmodel.org/model/
https://doi.org/10.1016/j.trd.2016.11.026
https://doi.org/10.1016/j.trd.2016.11.026
https://doi.org/10.1016/j.trpro.2018.09.048
https://doi.org/10.1016/j.trpro.2018.09.048
https://doi.org/10.1016/j.enpol.2010.08.019
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref32
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref32
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref32
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref33
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref33
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref33
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref34
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref34
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref35
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref35
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref35
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref36
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref36
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref36
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref37
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref37
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref37
https://zenodo.org/records/10813034
https://zenodo.org/records/10813034

D. Alvarez-Antelo et al.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Samso R, et al. «D11.2_Python_translation_and_e-Handbook-1. pdf»; 2023 [Online].
Available at: https://www.locomotion-h2020.eu/resources/main-project-reports/.
«WILIAM v1.2», GitHub. Accedido: 13 de diciembre de. 2023 [Online]. Available
at: https://github.com/LOCOMOTION-h2020/WILIAM_model VENSIM/tree/mai
n/WILIAM_model_versionl.2.

Hache E, Seck GS, Simoen M, Bonnet C, Carcanague y S. Critical raw materials and
transportation sector electrification: a detailed bottom-up analysis in world
transport. Appl Energy 2019;240:6-25.

A. Bouter, E. Hache, y G. Sokhna Seck, Transport electrification at all
environmental costs? The case of large passenger duty-vehicles, IOP Conf. Ser.
Mater. Sci. Eng.1196, 1, p. 012011, oct. 2021, doi: 10.1088/1757-899X/1196/1/
012011.

D. Pulido-Sanchez, 1. Capellan-Pérez, C. De Castro, y F. Frechoso, Material and
energy requirements of transport electrification, Energy Environ. Sci., 15, 12, pp.
4872-4910, 2022, doi: 10.1039/D2EE00802E.

Sterman JD. System dynamics modeling: tools for learning in a complex world.
Calif Manag Rev jul. 2001;43(4):8-25. https://doi.org/10.2307/41166098.
Aguilar Jaber, A. and D. Glocker (2015), "Shifting towards Low Carbon Mobility
Systems", International Transport Forum Discussion Papers, No. 2015/17, OECD
Publishing, Paris, https://doi.org/10.1787/5jrvzrjggnhh-en.

«LOCOMOTION project», Low-carbon society: an enhanced modelling tool for the
transition to sustainability. [Online]. Available at: https://www.locomotion-h
2020.eu/.

Capellan-Pérez I, et al. MEDEAS: a new modeling framework integrating global
biophysical and socioeconomic constraints. Energy Environ Sci 2020. https://doi.
org/10.1039/C9EE02627D. 10.1039.C9EE02627D.

Lifi M, et al. «D.9.3_Model results_and_scenario_assessment.pdf». 2023 [Online].
Available at: https://www.locomotion-h2020.eu/resources/main-project-reports/.
European Commission. Joint Research Centre. JRC-IDEES: integrated database of
the European energy sector : methodological note. LU: Publications Office; 2017.
Accedido: 31 de julio de 2023. [Online]. Available at: https://data.europa.eu
/d0i/10.2760/182725.

Khalili S, Rantanen E, Bogdanov D, Breyer y C. Global transportation demand
development with impacts on the energy demand and greenhouse gas emissions in
a climate-constrained world. Energies oct. 2019;12(20):3870. https://doi.org/
10.3390/en12203870.

Martin A Téuler y S. «Observatorio del Ferrocarril en Espafa. Informe 20215».
Gobierno de Espana. Ministerio de transportes y Movilidad Sostenible; 2021
[Online]. Available at: https://cdn.mitma.gob.es/portal-web-drupal/ferroviar
io/observatorio/ofe_2021_feb2023_v2.pdf.

CNMC, «Informe anual del sector ferroviario 2019». Comisién nacional de los
mercados y la competencia [Online]. Available at: https://www.cnmec.es/sites/def
ault/files/3336867_11.pdf; 2021.

15

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]

Energy 305 (2024) 132313

EEA. Sectoral profile - transport [Online]. Available at: https://www.odyssee-mure
.eu/publications/efficiency-by-sector/transport/transport-eu.pdf; 2021.

Campbell AA, Cherry CR, Ryerson MS, Yang y X. Factors influencing the choice of
shared bicycles and shared electric bikes in Beijing. Transport Res C Emerg Technol
jun. 2016;67:399-414. https://doi.org/10.1016/j.trc.2016.03.004.

Eurostat. Passenger mobility statistics [Online]. Available at: https://ec.europa.
eu/eurostat/statistics-explained/index.php?title=Passenger_mobility statistics;
2021.

Pisoni E, Christidis P, Navajas Cawood y E. Active mobility versus motorized
transport? User choices and benefits for the society. Sci Total Environ feb. 2022;
806:150627. https://doi.org/10.1016/j.scitotenv.2021.150627.

AMBE. El sector de la bicicleta en cifras 2021. Asociacion de Marcas y Bicicletas de
Espana. 2022 [Online]. Available at: https://asociacionambe.com/wp-content/up
loads/2022/04/Datos-2021_AMBE Final.pdf.

OTLE, «Transporte aéreo nacional de pasajeros entre aeropuertos espanoles
(pasajeros-kilémetro). Spanish Ministry of transport and sustainable mobility
[Online]. Available at: https://apps.fomento.gob.es/BDOTLE/visorBDpop.aspx?
i=603; 2023.

Mantzos L, Matei N, Mulholland E, Rézsai M, Tamba M, Wiesenthal y T. Integrated
database of the European energy system (JRC-IDEES) 2015. European Commission,
Joint Research Centre (JRC); 2018. https://doi.org/10.2905/JRC-10110-10001
[Online]. Available at:.

Mouratidis K, Peters S, van Wee y B. Transportation technologies, sharing
economy, and teleactivities: implications for built environment and travel.
Transport Res Part Transp Environ mar. 2021;92:102716. https://doi.org/
10.1016/j.trd.2021.102716.

Vita G, Hertwich EG, Stadler K, Wood y R. Connecting global emissions to
fundamental human needs and their satisfaction. Environ Res Lett ene. 2019;14(1):
014002. https://doi.org/10.1088/1748-9326/aae6e0.

Lettenmeier M, Akenji L, Toivio V, Koide R, Amellina y A. «Targets and options for
reducing lifestyle carbon footprints A summary». sep. 2019. p. 46.
Pulido-Sanchez D, Capellan-Pérez I, De Castro C, Frechoso y F. Material and energy
requirements of transport electrification. Energy Environ Sci 2022;15(12):
4872-910. https://doi.org/10.1039/D2EE00802E.

Colenbrander S, Sudmant AH, Gouldson A, Albuquerque IRD, McAnulla F, Sousa y
YO D. The economics of climate mitigation: exploring the relative significance of
the incentives for and barriers to low-carbon investment in urban areas.
Urbanisation may 2017;2(1):38-58. https://doi.org/10.1177/
2455747117708929.

«Energy technology perspectives 2017».

Lefevre J, et al. A pathway design framework for sectoral deep decarbonization:
the case of passenger transportation. Clim Pol ene. 2021;21(1):93-106. https://
doi.org/10.1080/14693062.2020.1804817.


https://www.locomotion-h2020.eu/resources/main-project-reports/
https://github.com/LOCOMOTION-h2020/WILIAM_model_VENSIM/tree/main/WILIAM_model_version1.2
https://github.com/LOCOMOTION-h2020/WILIAM_model_VENSIM/tree/main/WILIAM_model_version1.2
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref41
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref41
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref41
https://doi.org/10.2307/41166098
https://doi.org/10.1787/5jrvzrjggnhh-en
https://www.locomotion-h2020.eu/
https://www.locomotion-h2020.eu/
https://doi.org/10.1039/C9EE02627D
https://doi.org/10.1039/C9EE02627D
https://www.locomotion-h2020.eu/resources/main-project-reports/
https://data.europa.eu/doi/10.2760/182725
https://data.europa.eu/doi/10.2760/182725
https://doi.org/10.3390/en12203870
https://doi.org/10.3390/en12203870
https://cdn.mitma.gob.es/portal-web-drupal/ferroviario/observatorio/ofe_2021_feb2023_v2.pdf
https://cdn.mitma.gob.es/portal-web-drupal/ferroviario/observatorio/ofe_2021_feb2023_v2.pdf
https://www.cnmc.es/sites/default/files/3336867_11.pdf
https://www.cnmc.es/sites/default/files/3336867_11.pdf
https://www.odyssee-mure.eu/publications/efficiency-by-sector/transport/transport-eu.pdf
https://www.odyssee-mure.eu/publications/efficiency-by-sector/transport/transport-eu.pdf
https://doi.org/10.1016/j.trc.2016.03.004
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Passenger_mobility_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Passenger_mobility_statistics
https://doi.org/10.1016/j.scitotenv.2021.150627
https://asociacionambe.com/wp-content/uploads/2022/04/Datos-2021_AMBE_Final.pdf
https://asociacionambe.com/wp-content/uploads/2022/04/Datos-2021_AMBE_Final.pdf
https://apps.fomento.gob.es/BDOTLE/visorBDpop.aspx?i=603
https://apps.fomento.gob.es/BDOTLE/visorBDpop.aspx?i=603
https://doi.org/10.2905/JRC-10110-10001
https://doi.org/10.1016/j.trd.2021.102716
https://doi.org/10.1016/j.trd.2021.102716
https://doi.org/10.1088/1748-9326/aae6e0
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref62
http://refhub.elsevier.com/S0360-5442(24)02087-5/sref62
https://doi.org/10.1039/D2EE00802E
https://doi.org/10.1177/2455747117708929
https://doi.org/10.1177/2455747117708929
https://doi.org/10.1080/14693062.2020.1804817
https://doi.org/10.1080/14693062.2020.1804817

	Exploring the potential of a novel passenger transport model to study the decarbonization of the transport sector
	1 Introduction and background
	2 Materials and methods
	2.1 Combination of system dynamics and Avoid-Shift-Improve methodology
	2.2 Overview of the ‘Within Limits Integrated Assessment Model’
	2.3 Transport sub-module
	2.3.1 Structure of passenger transport sub-module
	2.3.2 Data
	2.3.3 Validation
	2.3.4 Measures reducing environmental impact


	3 Scenario analysis
	4 Results
	4.1 Baseline scenario
	4.1.1 Baseline Parametrization
	4.1.2 Baseline Results

	4.2 Baseline variation 1 (Avoid): Increasing the load factor of passengers’ cars
	4.3 Baseline variation 2 (Shift): Shift domestic (peninsular) air to train transport
	4.4 Baseline variation 3 (Improve): Improve efficiency
	4.5 Baseline variation 4 (Improve): replace ‘internal combustion engine’ road transport modes with ‘Battery Electric Vehicl ...
	4.6 Baseline variation 5 (Shift+Improve): shift to public transport and active transport ​+ ​technological change

	5 Discussion
	6 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Acronyms
	Appendix A Supplementary data
	References


