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Abstract

The influence of Greenhouse Gas (GHG) emissions due to human activity on climate
change are unequivocal. As energy consumption is mainly responsible (not solely)
for these emissions, changing our energy system (production, consumption, and
management) is necessary. However, it is sometimes difficult to predict the social
impact and the social acceptance of this transition.

In this work, we describe a socio-technical methodology aiming to estimate the
potential future of the End-Use Demand (EUD), responsible for energy consump-
tion, based on planned behavior theory and social practice theory. The new EUD
is obtained by a statistical analysis of the social acceptance of practice changes
obtained from a survey on a specific behavior /practice. This methodology provides
a robust estimation of the emissions cut resulting from a defined transition scenario
based on social acceptance rather than "what if' assumptions.

The cross-sectional approach, as general as possible, is used to evaluate the
potential GHG emissions cut from commuting to work by inhabitants of Walloon
Brabant which is massively dominated by cars responsible for more than 90% of
these trips’ emissions. It has been found that most workers are in favor of using an
alternative mode to the car. The lack of flexibility, accessibility, and infrastructure
for these alternatives are the main reasons for the automobile’s dominance. This is
highlighted by the strong correlation between car use and the level of accessibility
of the place of residence and/or work. A structured public transport network
combined with soft modes of transport emerges as the most popular solution. The
deployment of such a network should lead to an effective reduction of emissions
from commuting between 14.5% and 24% with an estimated cost per ton of carbon
dioxide equivalent (CO2,,) avoided between 125€ and 300€, which is about 6 times
cheaper than a scenario of switching to electric cars. The gap between opinion
and action is a key factor in the transition regarding changing the population’s
behavior. It requires monitoring of measures throughout their implementation to
maximize their impact.
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Introduction

General context

Climate change is a growing concern in the international scientific community.
Indeed, by emitting GreenHouse Gases (GHG), humanity has caused rapid and
widespread changes in the atmosphere, cryosphere (land and sea ice), biosphere
(living things) and oceans [14]. To limit these changes and their impact as much
as possible, Belgium, a member of the United Nations Framework Convention on
Climate Change, agreed on targets and a roadmap to achieve carbon neutrality by
2050 [35]. As energy consumption is mainly responsible for these emissions, chang-
ing our energy system (production, consumption, and management) is necessary.
However, the difficulty in predicting the social impact and social acceptance of
these changes sometimes leads to significant gaps between the emission reduction
expected at the time of planning and the one achieved during implementation [9].
How can we integrate social acceptance in transition planning?

Current energy system models allow us to obtain different "what if" scenarios
of transition based on forecasts of future energy demand from the EU commission
[19]. However, this does not allow us to robustly determine the scenario that has
the best chance of being accepted by the population and succeeding.

In the same way that society will evolve, our practices and consumption habits
will change. It is therefore essential to anticipate the population’s reaction to such
changes and explore all the transition paths allowing us to reduce our emissions.
Therefore, the analysis and consideration of the practices underlying the End-Use
Demandﬂ (EUD) and the social acceptance of their modification are essential.

the end-use demand concerns requirements in energy services (e.g. the mobility needs) [19]



Objectives and outlines of the thesis

This thesis aims to bridge the gap between transition planning and implementation
by developing a novel socio-technical methodology to robustly estimate the future
of the EUD, responsible for energy consumption, based on the theory of planned
behavior, social practice, and social acceptance.

The case study focuses on the commuting behavior of the residents of Walloon
Brabant and has as its primary objective the development and validation of the
methodology on a small scale. The choice to focus on commuting to work to
validate the methodology developed seems to be a relevant choice due to the large
share of national emissions represented by private mobility (12.65%) and the share
of trips made for this reason (20%) [25].

The first chapter of this thesis aims to review existing frameworks; First, the
current representation of the demand in engineering and sociology is reviewed.
Their respective limits, as well as their complementarity, are highlighted. Then a
review of existing socio-technical frameworks is conducted and discussed.

The second chapter presents the new transversal methodology developed; First,
the condition needed for a representative database are presented. Second, the
analysis process used for practice and individual characterization is described.
Then, the robust methodology developed to assess the social acceptance of practice
changes is presented. Finally, the simplified model used to evaluate the GHG
emissions reduction resulting from these practice changes is described.

In chapter three, the case study on commuting to work for inhabitants of
Walloon Brabant is performed; First, an overview of the case study is proposed and
the current GHGs emissions due to commute are analyzed. Second, the methodol-
ogy developed in chapter 2 is applied to the case study. The general results are
presented and discussed. Then, the measures are selected according to existing
scenarios and the needs of the population. Finally, the results specific to social
groups and measures as well as their costs and emissions cut potential are presented.

To conclude, a general discussion on the work’s limitations and potential future
work is held.



Chapter 1

Representation of energy demand
in engineering and sociology

The representation of demand in energy system models in terms of Final Energy
Consumption (FEC) prevents the consideration of the social dynamics underlying
this demand such as social acceptance of transition scenarios or rebound effect.
While sociology can explain and model these dynamics, only a few models attempt
to bridge the gap between these two complementary disciplines. This section aims
to determine the complementarity of the disciplines by reviewing their respective
representations of demand.

1.1 Representation of the demand in a typical
energy system model

An overview of the long-term Energy System Optimisation Model (ESOM) Ener-
gyScope Typical Days (ESTD) is provided. The main parameters of the model
and, more specifically, the way demand is currently represented and taken into
account, are defined while its limitations are discussed.

1.1.1 Overview of the energy system model ESTD

ESTD is an open-source model that aims at providing an energy system able to meet
yearly demand by optimizing both Capital Expenditure (CAPEX) and Operating
Expenditure (OPEX)[I8]. The system is separated into three parts: resources,
energy conversion, and demand. Constraints can be added to the optimization
problem such as the limit on the CO2,, emissions of the system or the share of
renewables in the energy mix. The working principle of the model is illustrated in



Figure with energy flows usually from primary energy resources on the left to
the End-Use Demand (EUD) on the right.
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Figure 1.1: Representation of an energy system. 4 layers are represented here
(Electricity, Heat, Passenger Mobility and Gas) and 7 technologies allow conversion
of quantities between layers.[19)]

As mentioned above, ESTD is open source so that anyone with sufficient
skills and knowledge can modify it to explore new approaches and implement
new features. Compared to other existing energy models, which are proprietary,
and focused on the electricity sector [I8], EnergyScope TD optimizes both the
investment and operating strategy of an entire energy system [19]. Additionally,
its concise mathematical formulation and computational efficiency are appropriate
for uncertainty applications.



1.1.2 Representation of the demand in ESTD

The primary objective of ESTD is to satisfy the energy balance, meaning that the
demand is known and the supply has to meet the demand [19]. This demand is
expressed in terms of FEC and is the amount of input energy needed to satisfy the
EUD. The European Commission defines the FEC as “the energy which reaches
the final consumer’s door”[10]. The input EUD is represented as the sum of three
components: heating, electricity, and mobility. The yearly EUD for all sectors is
calculated from the forecast carried out by the European Commission for Belgium.
We note that a difference is made between the demand for passenger mobility and
freight mobility [I8] and that the demand for both mobilities is assumed to grow
in proportion to the population.

1.1.3 Limitations of demand representation in ESTD

One of the limitations of the current demand representation is that while Europe
explores future energy needs and tries to identify ways in which these might be met
in a suitable low-carbon manner, they struggle to take the dynamics of demand into
account[32], and determine the conditions necessary to make the energy transition
and the transition to a low-carbon economy socially acceptable [I1]. Consequently,
current projection and thus, the scenario of transitions fail to engage in the complex
social practices that constitute daily life [32]. The common strategy is to take
current practices for granted [7], to treat the perpetuation of current "norms" as
part of the equation, and focus on how effectively the resulting demand can be met
[19].

This limited representation of daily life changes hides the potential social
reluctance towards the proposed measures. While the government targets to
increase the share of renewable energy and accelerate the energy transition, it is
increasingly recognized that social acceptance is a constraining factor in achieving
this target [38]. There is currently no such model that considers the expected
social acceptance in the choice of transition measures and the design of transition
scenarios.
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1.2 Representation of the demand in social prac-
tice and social acceptance

The social concepts that are useful in connecting energy demand, as defined in
energy system models, to the behaviors that drive that demand are presented.
This section provides an understanding of the sociological concepts necessary to
understand and develop a socio-technical approach.

1.2.1 The theory of social practice

In the research context, the social practice aims to integrate the individual with
their surrounding environment while assessing how context and culture relate to
the individual’s current actions and practices. Just as a social practice is an activity
in and of itself, research focuses on how social activity takes place and identifies its
primary causes and outcomes [20].

The use of social practices to define energy demand is based on the assumption
that energy is not used for its own sake but as part of accomplishing social practices.
For example, if we drive a certain amount of kilometers per year, it is mainly
because we have to go to work every day or because we have to do shopping rather
than because we like to drive. Shove sees conventional approaches as having the
unintended consequence of reproducing contemporary forms of “normal” practices
[32]. As a result, the politics and economics of supply are typically discussed aside
from an understanding of the underlying dynamics of demand as the representation
influences the comprehension and cope the action.

1.2.2 The concept of social acceptance

Acceptance is a concept that involves a reaction to something which is proposed
externally, acceptance being "the act of accepting" and thus "giving a positive re-
sponse to" something. Social acceptance is generally defined, as a positive attitude
towards new technology or measure, which leads to supporting behavior if needed
or requested [I5]. For example, the social acceptance of wind turbines because of
the NIMBY syndrome [[]is considered a key factor in their deployment [38].

!'Nimby: Not in My Back Yard: is a characterization of a person who does not want something
unpleasant to be built or done near where they live [I]. It carries the connotation that such
residents are only opposing the development because it is close to them and that they would
tolerate or support it if it were built farther away.
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The purpose of taking social acceptance into account when planning the future
of demand and the energy transition is to anticipate the positive or negative
reaction of the population to the various measures that make up the transition.
For example, if we could determine the average financial compensation expected
by the population concerned by the implementation of wind turbines near their
homes, a new economic equilibrium could be obtained for a transition scenario
with greater chances of success. Since the success of climate-friendly technologies
and measures depend largely on their social acceptance, it is important to have a
clear insight into what influences public attitudes [15].

1.3 Representation of the demand in a socio-
technical system

A study was previously conducted to review existing Socio-Technical Energy
Transition (STET) models capable of capturing and exploring the dynamics of
socio-technical energy transitions [I7]. This study suggests three key requirements
for STET models that derive from the paradigms of energy modeling and socio-
technical transitions theory:

(A) Techno-Economic Detail (B) Explicit Actor

Heterogeneity

Multiple explicit
actors with
differentiated
selection criteria or
behavioural
parameters

Disaggregated portfolio
of technology options
with different price
and performance
characteristics
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game thearetic
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energy systems

Actors that
possess agency

Bounded systems
with operational or

Socio-

resource Technical to shape
constraints Ene rgy transitions
Transition

Models

(iv) Technology or
product diffusion
simulations

Assessment of normative goals

i
(i) Economyenergy and

| ! Radical alternatives to incumbent status
: environment models

quo technology or behaviour options
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exploring long-term socio-
technical change, path
dependencies

|
| (i} Sector-specific techno-
economic simulations

(C) Transition Pathway
Dynamics

Figure 1.2: Key requirements for Socio-Technical Energy Transition modelling [17]
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To date, only a few attempts have been made to integrate lifestyle choices
and socio-cultural factors into models of future energy demand by adopting a
Socio-Technical Systems Design that considers human, social, and organizational
factors, as well as technical factors in the design of organizational systems [2].

One of them is mixing the United Kingdom Transport Carbon Model (UKTCM)
[3] with the Scottish Transport Energy and Air pollution Model (STEAM) [4]. The
methodology used in this model combines the strength of an energy environment
system modeling framework with the UKTCM and a bottom-up modeling frame-
work, built around a set of exogenous scenarios of socio-economic, socio-technical,
and political developments with the STEAM.

> Storyline >> Modelling >
Income and
population

i Scottish Transport Energy
?ntema}ionm Air pollution Model (STEAM)

context

Transport
demand Lifecycle :
preferences, energy mpacts

acceptance, Vehicl B2 and Costs
consumption ehicle emissions

supply

Social norms,
attitudes

Technology
performance,
infrastructure
investment, value
support

Figure 1.3: Representation of the Scottish Transport Energy and Air Pollution
Model (STEAM) [5]

The interest of such an approach is that by decomposing current travel choices
by trip purpose, duration, and mode, the potential impact of long-term structural
changes in society and on the composition of travel can be assessed [6]. It fills
the gap between research and practice by using an integrated transport-energy-
environment systems model to explore transport-related lifestyle changes and
socio-cultural factors that influence mobility transition. However, this model is
based on "what if" scenarios more or less ambitious to challenge policymakers to
consider how to formulate policies to meet ambitious climate change objectives
[5]. In the following, we will use this approach combined with results from social
acceptance studies to determine which scenarios are most likely to succeed and
have the greatest impact on GHG emissions reduction.
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Chapter 2

Methodology

The general methodology developed in this section makes it possible to assess the
GHG emissions reduction potential of a given social practice limited by the social
acceptance of the proposed transition measures related to it. As the methodology
presented here is intended to be as general as possible, an informed application of
this methodology to the sector and practice under consideration is necessary for it

to work properly. Figure [2.1] provides an overview of the methodology.

2.1

Database creation

Correlation analysis

b

Selection of relevant individual characteristics
Conduction of a social acceptance survey

Preprocessing of collected data

_4

(2.3

~

Social acceptance evaluation

Correlation analysis between practice and
individuals

Separation of the population into subgroups

4

\

Computation of measure penetration rates

Robust analysis of the penetration rates

Emissions’ cut computation

~

w

b

Modeling of the practice's GHG emissions
Assignment of practice carbon footprints

Computation of GHG emissions’ cut

/

Figure 2.1: General methodology overview
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2.1 Creation of a representative database

A survey is conducted to characterize the individuals concerned by the practice
and to assess the social acceptance of the change in practice within the target
population.

Characteristics selection

The choice of relevant individual characteristics is essential to assess the potential
correlation between practice and social groups. It differs across cases depending
on the studied practice. A previous study on practice characterization identified 4
categories of factors to characterize an individual [33]. Three of them are common
to all characterizations of individuals and the fourth varies according to the practice
considered:

« Sociodemographic factors (age, gender, education, etc.)
« Socio-psychological factors (familiarity, parenthood, lifestyle, etc.)

« Practices characteristic indicators (for mobility: trip’s purpose, distance, time,
cost, etc.)

« Spatial indicators (level of urbanization, level of accessibility, etc.)

The recent climate survey conducted by the Federal Public Service (SPF) [30]
uses the same 3 categories of characteristics, i.e. socio-demographic (age, gender,
education, etc.), socio-psychological (employment status, home ownership, etc.)
and spatial (region, urbanization levels). Since this survey did not explicitly target
practices, the last category was not explicitly included. However, various sector
and practice characteristics were still assessed through specific questions on types
of heating, home ownership, car ownership, etc.

This characterization ensures the second key requirement suggested for STET
modeling presented earlier in Figure [I.3] namely explicit heterogeneity of actors
with differentiated selection criteria or behavioral parameters [17].

Conduction of the survey

The questionnaire constructed for the case study analyzed in this thesis is available
in Appendix [F] To ensure the validity of the survey, the methodology used for
the 2021 climate survey conducted by the SPF [30] is used and must respect the
following steps :

15



o Sample size : The equation is used to obtain the minimum sample size
needed for a given population size N, a given margin of error e and a given
conversion rate p depending on the desired confidence interval with a z-score
z corresponding to a 95% confidence level [21].

z2><p(21—p)
S le size = < 2.1
ample size - <z2 Xp(l_p)) (2.1)

e2N

« Data cleaning: Sorting between valid and non-valid surveys varies on a case-
by-case basis. However, a good practice is to keep only the surveys with a
minimum of 90% response to questions.

» Statistical weighting: The weighting is based on 3 variables simultaneously:
gender (2 categories) x education (3 categories) x age (4 categories); this
corresponds to a total of 24 cells. These weighted data give a good overview
of the target population.

2.2 Correlation analysis between practice and
individuals

The population emissions due to the practice under consideration result from
individual emissions specific to that practice and may vary between individuals. To
assess the impact that population behavior changes would have on GHG emissions, it
is first necessary to evaluate the social dynamics between individual characteristics,
behavior, and practice.

Impacting characteristics selection

The correlation between an individual’s characteristics and a practice is obtained
with the formula [2.2] by calculating the weighted variance [37] of the practice in each
of the subgroups with these characteristics in common. For example, a value x;; of
a characteristic 7 in a group ¢ could be the proportion of vegetarians among women.
In this case, Z; would be the proportion of vegetarians in the population, m would
be equal to one because we evaluate only one characteristic (being vegetarian), n
would be equal to two because there are only two groups (men and women), and
2 would be around 50% because there is more or less the same number of women

N
and men in the population.

16



(2.2)

with :

« 7; = mean value of characteristic j e x;; = value of the parameter j
in the population in the group i

e n; = sample size of group ¢ in the « N = population size
population

Separation of the population into subgroups

Because the response of the population to different transition measures may vary
across individuals, the population is separated into different social groups based
on the characteristics that most influence the practice. A trade-off must be made
between a sufficiently large number of groups that best represent the diversity of
the population and a sufficient number of respondents in the groups to ensure
statistical representativeness. Indeed, an insufficient number of individuals per
group would lead to a too large margin of error (CF. section . Moreover, a
limited number of groups ensures that each of them is responsible for a significant
part of the emissions and therefore that a change in their behavior will have a
significant impact on the reduction of GHG emissions. For n characteristics x that
have a significant impact on the practice of individuals and can take m values, the
number of social groups is obtained as follows:

Groups = i 3 X;j (2.3)
2.3 Evaluation of the social acceptance of practice
changes

Once the individual characteristics that have the greatest impact on the practice
under consideration have been identified and individuals sharing common attributes
have been grouped together, the social acceptability of transition measures to reduce
GHG emissions from that practice is assessed within these different groups.

17



Penetration rate of practice changes

The social acceptance of transition measures is assessed through the survey. As the
database is representative of the population (CF. section we can evaluate
the potential of practice changes within the different social group’s constituting
the population.

The effective penetration of a new practice/behavior k alternative to the current
one in a group of individuals ¢ can be estimated by evaluating the social acceptance
rate of this new practice through the application of the measure j meeting the
conditions n that are specific to it. The penetration rate of a measure j, encouraging
the use of a different mode alternative to the car to go to work in our case study,
in a group of individuals ¢ can thus be obtained through the following formula:

%Penetrationij = %Changei . %Alternativek ' %Conditionsn : %Gap (24)

with :

e % Penetration;; - Penetration rate of measure j in group .
o JChange;: share of a group ¢ in favor of any practice change.

o Y Alternative, : share of the subgroup %change;, in favor of switching from
current behavior to an alternative practice k.

o DoConditions,: share of the %cnange; Subgroup in favor of alternative k under the
n conditions, relative to the factors currently blocking its use and potentially
favoring it.

o YoGap: share of practices actually replaced by the alternative k. This factor is
intended to reduce the gap between the individual’s opinion and the actual
change in practices. It can be refined by a preliminary test to minimize
uncertainty.

Note that each rate is calculated within the subgroup obtained by the calculation
of the rate which precedes it. For example, the rate "% auernative, " 18 calculated
within the subgroup concerned by the rate "%cnhange; -

Robust analysis of penetration rate

The calculation of the penetration rates within the different groups as well as the
different intermediate rates are based on a small sample of individuals. Although
this sample is intended to be as representative as possible of the population of

18



interest, the limited number of respondents creates uncertainty [21]. By calculating
the margins of error [34] for defined population size and different sample sizes
specific to the number of respondents for each intermediate rate, we can determine
how confident we can be that we would get the same results if the entire population
was surveyed. The margin of error for each intermediate rate 7 is calculated as
follows:

P-(1-P)

© (2.5)

Margin of Error, = Z -

With:
e 7 : z-score corresponding to a 95% confidence level equal to 1.96
o P : sample size compared to the size of the population concerned

o N: size of the population concerned

With a few conditions to ensure a minimum representation of the population:

e N - P : must equal 10 or more

e« N:(1—P): mustequal 10 or more

As mentioned above, we see that the margin of error increases as the sample
size N decreases. Once we have obtained the margins of error for the different
intermediate rates, we can combine them to obtain the global margin of error for
the penetration rate of the measure j:

"\ ME,;
Global Margin of Errorj = ;- Z
i=1 223

(2.6)

With:
o ; : average value of the intermediate rate ¢
e u; : average incidence rate of the measure j

o MFE; : margins of error of the intermediate rate ¢

19



2.4 Calculation of the GHG emission reduction

Since the main objective is to reduce the GHG emissions resulting from the social
practice under consideration, the final step is to quantify the expected emission
reduction resulting from a behavior change. In a typical energy system model,
such as the ESTD, demand is represented in terms of EUD. A link between EUD
and practice change is therefore necessary. To do so, we use the penetration rates
computed at section to evaluate the practice shift and obtain the new EUD.
Next, we use a simplified model similar to ESTD but specific to the practice sector
to estimate the potential emissions reduction for the new EUD.

The GHG emissions resulting from a practice done by an individual ¢ using a
technology j is defined as follows :

i J k
GHGijr = Y>> EUD; - Footprint, (2.7)
with :

o EUD;;: The final end-use demand of a group 7 using technology j and resulting
from the practice considered.

o Footprinty: The GHG emissions of technology j using an energy source k.

The carbon footprints are expressed in grams of C'O, equivalent. The robust
assignment of carbon footprints depends on the practice under consideration and
the technologies involved. This is done in appendix for the case study.
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Chapter 3

Case study: Commuting in
Walloon Brabant

Context

Environmental challenges require ambitious and coherent actions to reorganize
society, including the transport sector, which is responsible for a significant portion
of GHG emissions. In 2019, the emissions of the road transport sector accounted
for 24% of the global GHG emissions in Wallonia[29], 99% of which are due to
road vehicles alone[28]. Of these emissions, 55% result from passenger transport

[13].
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Figure 3.1: GHG emissions by sector in Wallonia in 2019
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In its strategic vision for mobility by 2030, the Walloon Region has set itself the
ambition of decreasing the modal share of the car by increasing the modal share of

more sustainable alternative modes and the occupancy rate of cars as shown in
figure (3.2
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Figure 3.2: Modal share objectives for transport in Wallonia by 2030: 2017 in light
blue 2030 in dark blue

Today, the passenger transportation demand is driven primarily by three trip
purposes: leisure at 29%, shopping/services at 25%, and commuting at 20% [26].
However, a more in-depth analysis is needed to assess the actual GHG emissions from
this type of travel. Indeed, the distance traveled, the mode of transport chosen and
its occupancy rate are all factors that influence the final emissions of these trips [25].
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Figure 3.3: Trip share by purposes: trips share (light blue); GHG emissions share
(dark blue)



The study from the SPF on mobility revealed that 65% of home-work trips in
Belgium are made by car, followed by the bicycle at 11% and the train at 10%.
This massive domination of the car in commute trips is even more pronounced
for intra-Wallonia commute, where the modal share of the car reaches 83%][25].
Moreover, home-to-work commutes are the longest, with an average distance of
21km, and have the lowest car occupancy rate, with 1.05 passengers per vehicle.
By comparison, leisure trips have an equivalent average distance of 18km, but have
a much higher occupancy rate with 1.53 passengers per vehicle [26].

This makes commuting to work the most emitting practice of private mobility
accounting for 33% of the total emissions due to passenger transport with 92%
of these practices emissions due to cars in Walloon Brabant. These trips are
responsible for ~4.2% of the overall GHG emissions in Belgium and about ~6.1%
in the Walloon Brabant.

6.1%

Commute

Passenger

Figure 3.4: GHG emissions share of the commuting practice in Walloon Brabant

The amount of GHG emissions considered in this study case, including all the
emissions due to commuting, only for the inhabitants of Walloon Brabant, is equal
to 170.4 ktCO2,, (CF. appendix . Although the share of emissions considered
is relatively modest at the Belgian scale (~ 0.15%), it is sufficient to develop, test,
and validate the proposed methodology and obtain relevant results at the Walloon
Brabant level.
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3.1 Setting the framework

The first two steps of the methodology developed in chapter [2| aim at setting up
the framework necessary to analyze the level of social acceptance, the penetration
rate and the effect on the reduction of GHG emissions of the practice changes in
the population.

3.1.1 Creation of a representative database
Practice and individuals characterization

First, we characterized the individuals and their practice through nine factors
classified into four categories according to the methodology presented in section [2.1]
The characteristics selected and shown in figure [3.5| are those used by the Federal
Public Services (SPF) for the climate survey.
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Figure 3.5: Practice and individual characteristics of commuting

The methodology used to determine the level of accessibility of each municipality
is available in Appendix [E]

Conduction of the survey

A survey is conducted to collect data on commuting to work and social acceptance
of alternatives to cars in Walloon Brabant (CF. Appendix . The population
of interest consists of all workers living in Walloon Brabant aged 18 to 65, i.e.
165.000 people [12]. The net sample consists of 420 respondents who are part
of the population being assessed which is consistent with the minimum sample
size requirement (CF. formula . The net sample corresponds to the number
of valid surveys (CF. processed and used in the study case. By the condi-
tions set out in section we note a good representation in table [3.1] of gender
and age. However, a weighting is necessary on the level of education due to an
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over-qualification of our sample with a gap of 10 points with the average population.

Study raw sample Walloon Brabant Populationl]

Sex
Men 46% 52%
Women 54% 48%
Age
18-25 12% 14%
25-35 15% 18%
35-45 25% 20%
45-55 23% 23%
55-65 20% 20%
Education
Higher 66% 56%
Secondary 34% 44%
Commute distance
<7 [km] 16% 16%
7-15 [km] 14% 14%
15-30 [km] 39% 49%
30-60 [km] 27% 20%
> 60 [k] 3% 1%
Working region
Walloon Brabant 5% 8%
Brussels-Capital 35% 38%
Wallonia apart from BW  19% 17%
Flanders 41% 37%

Table 3.1: Comparison of the study sample with the population

Weighting factors are used to ensure that the net sample is distributed in a
representative manner and incomplete surveys are removed from the database, i.e
only surveys that met the two following conditions are included in the database:

o At least 90% of the respondent characterization’s questions (CF. appendix
are complete and correct.

o The respondent has answered question C1 (CF. appendix on the acceptance
of alternatives.

!Data from the 2021 Walloon Brabant report [12]

25



3.1.2 Correlation analysis

Thanks to the characterization of individuals and their practices, correlation analy-
sis can be performed. The correlation between selected individual characteristics
and current mode of transportation as well as the willingness or not to switch
modes is based on the weighted variance between the mean commuting modal
share of the inhabitant of the Walloon Brabant and the modal share of the different
social groups sharing common characteristics as developed in section

Working region

Level of access

#
£

11%

Dstance | N
5%
Professlon . |
) 2%
Education %
3%
Parenthood =
Incomes - 12%
2%
Age P
4%
Sek 1% [Avergage deviation %)]

4

5 10

Figure 3.6: Correlation analysis between individual’s characteristics and: the
current practice of commuting (dark blue); the willingness to change the practice
of commuting (light blue)

As we can see here above, the most impacting parameters regarding the cur-
rent mobility are resulting from Spacial indicators (see section . The working
region with a weighted variance of 18% is, by far, the most influential parameter
concerning current mobility. This means that the inhabitants of Walloon Brabant
will travel differently if their workplace is located in Flanders, Wallonia, or the
Brussels region. This can be explained on the one hand by the fact that the use of
public transport is strongly correlated with the level of access to public transport
(16%), which in turn is correlated with the region of work, and on the other hand
by the particularly high congestion in the Brussels region [25].
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However, when it comes to the acceptance of alternatives to cars we see that
the level of income which is a sociodemographic factor is the most impacting factor
with a weighted variance of 10.5%. This gap between willingness and current
practice can be explained by the lack of alternatives to the car available to the
lower-income population locking their practice into a pattern beyond their opinion.
This also shows that a significant portion of the population could make an important
modal switch if convincing alternatives were offered. This finding is consistent with
the study’s findings that 37% of current motorists say they "can’t" change their
mode of transportation, while only 9% say they "don’t want to' (CF. appendix [A.2).

As a result of these findings and to ensure significant statistical differences?] we
will consider only the three characteristics with the highest level of correlation with
current and future mobility, which are region of work, level of accessibility, and
distance. This ensures that the observed impact of the characteristic on current
and future practice reaches a sufficient level of significance and thus constitutes a
real factor of social differentiation with respect to the practice studied.

3.2 General results

At first, the population is considered as belonging to a single social group. This
allows us to identify the most popular alternative modes of transport and the main
factors blocking their use.

3.2.1 Social acceptance of practice changes

The social acceptance of practice changes is assessed using the formula 2.4}
JoPenetrations; = Y0Change; * /0 Alternativey, * /0Conditions, * /0Gap

Applied to this case study :

e % Penetration;; - Penetration rate of measure j encouraging a change of transport
mode in group <.

o Y0Change;: share of a group ¢ in favor of any change of transport mode.

o % Atternative, © share of the subgroup %change; in favor of mode switching
and use of mode k. In accordance with the existing and relevant transition
measures, 7 alternatives to cars are proposed in the survey (CF. question C2
in appendix |F]).

2A statistically significant difference, for example between men and women, is when the
difference cannot (almost) be due to chance. Significant at the 95% confidence level means that
there is a 5% probability that the difference is due to chance.
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o YConditions,: share of the subgroup %gyiten, in favor of the use of mode k
under conditions n, relating to the factors blocking its current use. The 7
main blocking factors (CF. question C3 in appendix [F]) were evaluated in
the survey.

o YGap: share of car trips actually replaced by the £ mode. This factor has
been estimated in the survey through a specific question (CF. question D13
in appendix [F]) but can be refined if a still too large gap is observed between
the opinion and the action in practice.

The general acceptance of alternatives to cars among the working population of
Walloon Brabant is first analyzed by considering all driver workers as belonging to
a single group. The study revealed that 62% of this group favored changing their
mode of transportation to commute to work.

Soft mobility (shared) '
Car-sharing
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Carpooling
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Figure 3.7: Popular alternative to cars in Walloon Brabant

Approximately 44% of today’s drivers favor using public transportation or soft
mobility over driving to work. The main reasons for not doing so are, for more
than half of the group, lack of infrastructure leading to lack of accessibility and lack
of flexibility leading to lack of rapidity as we see in the graph The survey also
found that about 55% of car trips would actually be replaced in practice, which
represents the gap between opinion and action. It has been estimated by asking
how many workdays a week they would actually see themselves commuting with
an alternative mode to the car (see Appendix [F| question D.13).
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Figure 3.8: Factors blocking changes in commuting in Walloon Brabant

The social acceptance of the three most popular alternative modes to cars
meeting the expectations of the population are obtained according to the method-
ology developed in section The combination of these measures is also evaluated.

| Transport mode | Acceptance | ME (95% CI) |

Bus 15.3% 3.4%
Train 14.9% 3.6%
Soft modes 16.2% 3.4%
Combined 34% 6.2%

Table 3.2: Social acceptance specific to each mode

The combination of the three most popular alternatives observes a penetration
rate of 35% +6.2% for a 95% confidence interval. We see that the final penetration
rate is two times smaller than the general acceptance rate for mode change (~ 62%).
This highlight the importance of refining questions to take into account the gap
between the acceptance of a new practice and its actual integration into daily life
as we did with the %qq, rate .
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3.2.2 GHG emissions’ cut : first estimation

To evaluate the emissions reduction potential due to a change in practices we recall
the function obtained in 2.7

i J k
GHGijp = ) i Y EUD;; - Footprint,
with :

o EUD,;: The new final demand in km of a group ¢ via mode j resulting from
the considered practice change.

« Footprint,, : GHG emissions of transportation mode j using energy source k
in gCO2,/km.

First of all, by taking the mean carbon footprints (CF. appendix D[) of the
different modes of transport, and the current EUD of the population from the
survey, we obtain total GHG emissions due to the current commute to work equal
to 179.2 ktCO2,,. We note that there is a difference of less than 5% between these
emissions obtained via our database and those found in the literature presented
in the section [3| for the same level of detail (average over the whole population).
Then, by taking the future EUD based on the acceptance rate of practice changes
we obtain new total GHG emissions due to the practice. An emission cut of 27.7%
+6.4% of current GHG emissions due to commuting to work in Walloon Brabant
is expected if sufficient measures to develop public transport and smooth mobility
are taken. At this stage, no precise measures are discussed or chosen, but some
conclusions can already be drawn.

A GHGs emission reduction [%]
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Figure 3.9: Maximum GHG emission reduction potential due to commuting in
Walloon Brabant on a voluntary basis
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First, it is found that the measures with the highest acceptance rate are not nec-
essarily the ones with the greatest potential to reduce emissions from the practice.
This will be important when selecting the most effective and profitable measures.
Second, the margin of error of social acceptance and potential emission reduction
has not increased. This is because public transport is a uniform fleet of the same
vehicle, and the differences between the different light transport modes have little
impact on the overall uncertainty because of their small carbon footprint (CF.

appendix [A.1]).

Finally, we can assume that the emission reduction obtained for the combination
of these three alternative practices represents the upper limit of potential GHG
emissions reduction on a voluntary basis for the practice considered. Indeed, this
first scenario, purely illustrative, evaluates the impact of an ideal offer of the three
most popular alternatives to all workers living in the Walloon Brabant. However,
the provision of all three modes at any location represents a significant oversizing
of the mobility offer.

3.3 Measures selection

In order to obtain a realistic transition scenario, it is necessary to link potential
changes in practices with appropriate measures to provide a transport offer that
meets the specific needs and expectations of the population while minimizing the
parallelism of equivalent services to minimize costs.

The survey revealed that the most popular alternatives to cars were public
transport and soft modes of transportation. The selection of measures to provide
a sufficient level of services depends on the population’s expectations. It was
evaluated in the study through the following criteria:

Public transports
Cost Half of the current price
Accessibility 15 minutes walk from a stop
Flexibility Several times per hour

Rapidity Maximum 1.5 slower than a car
Soft modes of transport
Cost Deductibility equivalent to a leasing car
Infrastructure Isolated networks of bicycle paths
Rapidity Maximum two times slower than car

Table 3.3: Ideal level of services expected by the population
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Based on the expectations of the population and the conclusions of the final
report of the Walloon Public Service (SPW) on the Walloon structuring network,
relevant and realistic transition measures can be selected [23].

Measure 1: Structural bus network deployment and improvement

The current network partially meets expectations. Regarding accessibility 70% of
the Walloon Brabant region currently has a level of service that is considered ideal
(CF. Table 3.3]) with a bus stop within a 1.5 km radius, less than 15min walking
distance [22]. Regarding flexibility and correspondence, the level of services is
clearly below expectations. In accordance with the final report of the structuring
network conclusions, it is estimated that the implementation of 4 new rapid transit
lines, as well as the improvement of 9 existing lines and the development of a
FlexiTec serviceﬂ would make it possible to reach the population’s level of demand
for public transit services in Wallonia.

Measure 2: Structural train network deployment

The current network partially meets expectations. Regarding flexibility 65% of
the Walloon Brabant region currently has a level of service that is considered
ideal with a minimum of two trains per hour [23]. Regarding accessibility and
correspondence, the level of services is clearly below expectations. The RER project
aims to upgrade the level of flexibility and connections within a perimeter of
30km around Brussels, including the Walloon Brabant [§]. However, the level of
accessibility requiring the creation of new paths is not envisaged. Therefore, it is
assumed that the bus network, as well as the soft mode path network, will allow
reaching the stations in less than 15 minutes by other means than walking or driving.

Measure 3: Soft modes acquisition and dedicated networks deployment

The cycle track network of the Netherlands is taken as a reference [31] and it is
considered that for an equivalent level of annual investment per capita the level of
infrastructure allowing the use of soft transport modes will be sufficient. We assume
that the public authorities invest as much per Walloon as our Dutch neighbors and
based on the same distribution of public expenditure. The average depreciation
cost of soft modes (a mix of scooters, bikes, and e-bikes) is added to get the total
cost of the measure.

30n-demand bus service to underserved areas based on local needs
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3.4 Results specific to measures

By assessing the specific needs of different social groups, it is possible to target
their needs to select only the most relevant measures and thus avoid the parallelism
of equivalent transport provision. This leads to two things. First, the average
penetration rate increases due to the higher acceptance rate of measures specific to
different subgroups. Second, the magnitude of the different measures is reduced,
leading to a lower final cost.

3.4.1 Social acceptance of transition measures

First, we split the population into five groups by distance and region of work, the
two most important factors influencing the practice The standard deviation of
the distances for people working in Brussels and in Wallonia (excluding Walloon
Brabant) being low [26], we consider that only the work region allows differentiating
these individuals. On the other hand, as the travel distances for people working in
Walloon Brabant can vary greatly, three subgroups will be formed according to
this distance. The acceptance rates are identified in the table below:

’ Working region ‘ Distance ‘ Popular Mode ‘ Group ‘ Acceptance ‘ ME (95% CI) ‘
<10km Soft modes 1 30.1% 4.5%
Walloon Brabant 10km to 20km | Soft & Bus 2 29% 4.5%
> 20km Bus 3 27.3% 4.4%
Wallonia >20km Bus 4 26.6% 3.8%
Brussels >20km Train 5 23.7% 3.6%

Table 3.4: Social acceptance specific to each group

We can see in the table that the shorter the distance, the higher the
acceptance rate. This can be explained by the fact that a short trip will generally
take less time, and therefore will have less importance in everyday life. Second,
there is a particular attraction to soft mobility. An explanation can be that it is the
mode of transport closest to the car in terms of flexibility that represents the most
important blocking factor to practice changes[3.§ In addition, the results obtained
in the previous paragraph reinforce the acceptance of light transport modes as
being particularly suitable for medium and short-distance trips.
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3.4.2 GHG emissions’ cut: second estimation

In the same way, as we did to evaluate the GHG emissions’ cut in the oversized
scenario [3.2.2) we obtain the potential reduction due to the new EUD. We can
see below that an emission cut of 19.2% +4.6% of current emissions due to
commuting to work in Walloon Brabant is expected if the measures discussed in
section to develop public transport and soft mobility are taken.

GHGs emission reduction [%]

Soft Bus Train Combined

Figure 3.10: GHG emission reduction potential due to commuting in Walloon
Brabant on a voluntary basis

First, we note that the proportion of the group in the population strongly
constrains the reduction of emissions at the population level, which once again
justifies the choice of limiting the number of subgroups. Indeed, a change of practice
in a group responsible for a negligible share of emissions will also be negligible.

Secondly, we can see that the expected reduction in emissions increases with
distance. This is because the emissions due to the practice are directly resulting
from the mode footprint (¢C'O2.,/km) and the distance traveled.

Finally, it can be seen that the expected emission reduction on a voluntary
basis for this scenario is lower than the expected emission reduction for the parallel
implementation of all the alternative modes considered. However, where the
previous scenario represented a significant oversizing of the network, this one aims
at optimizing its deployment and therefore reducing its costs.
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3.5 Cost of measures estimation

Ideally, the costs of measures specific to the population’s expectations and the
region involved should be estimated by an agency with expertise in the field.
However, we have no such means for this work. Therefore, an estimate of the
cost of the measures needed to achieve the population’s expected level of services
is obtained by making certain assumptions described in Appendix [A] and using
existing measures as a reference (CF. section [3.3). The calculation of the costs
takes into account the acquisition of the vehicles (private or public), the operating
costs of these vehicles (maintenance, PT drivers, energy, etc.), and the deployment
of the necessary infrastructure (bicycle path, RER, etc.).

Measure 1: Structural bus network deployment and improvement

This first measure should be taken on a regional scale and cover the whole of
Wallonia. This measure aims at deploying a structuring bus network to reach a
sufficient level of service for a modal shift from car to bus for the home-work trips
from the Walloon Brabant to Wallonia. The total estimated annual cost, based on
the measure discussed in section is between 10 and 15 M€ /year [23]. According
to the H1 hypothesis (CF. appendix , the amount paid by the Walloon Brabant
is estimated to be proportional to the share of the population concerned by the
measure, i.e. 11%.

The final estimated cost of the measure 1 for our case study is from 1 to
1.5 [M€/year]| and aims to reduce 6.1% to 9.7% of the emissions due to the
commuting of the inhabitants of Walloon Brabant. This leads to a cost per ton of
CO2 avoided from 57.5 to 137 [€/tCO2eq].

Measure 2: Structural train network deployment

This second measure is also on a regional scale but covers the region of Brussels
capital. The reference cost is based on the RER project. This measure aims to
improve the train’s offer for trips to Brussels and is based on the current RER
project. The total estimated annual cost (Capex and Opex) is between 43 and 70
[M€ /year| for deploying and exploiting new infrastructure [§].

We use the H1 and H2 hypotheses (CF. appendix to estimate the budgetary
share of the Walloon Brabant. The H2 hypothesis allows to correct the cost esti-
mation of the measure specifically aimed at a practice in proportion to the share of
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emissions due to this practice compared to the emissions of all the practices possibly
impacted by the measure. In accordance with the RER deployment plan [§], the
cost is divided between Flanders and Wallonia and then among the beneficiary
municipalities in Wallonia, giving us a first ratio of 20% according to H1. Secondly,
as the costs of the measure are mainly due to infrastructure costs, which will benefit
all present and future passengers, we use hypothesis H2 to obtain a second ra-
tio specific to the share of train journeys made to go to or return from work, i.e. 30%.

The final estimated cost of the measure 2 for our case study is therefore from 2
to 3.6 [M€/year]. It aims at reducing 4.7% to 7.5% of the emissions due to
the commuting of the inhabitants of Walloon Brabant to Brussels. This leads to a
cost per ton of CO2 avoided from 149 to 428 [€/tCO2eq].

Measure 3: Soft modes acquisition and dedicated networks deployment

This last measure, at the communal level, ensures a good connection of the whole
network by overcoming the problem of the "last kilometer" [31]. The annual infras-
tructure cost for the deployment of a cycle track network equivalent to that of the
Netherlands in Walloon Brabant is based on the dutch level of annual investment
per capita in soft mobility (~ 20€/capita) and is estimated at ~ 7.2]M€ /year]
[24]. In accordance with assumption H2 (CF. appendix a correction ratio
of 0.25 is added. In addition to the infrastructure cost, the vehicle acquisition
costﬂ, proportional to the concerned workers, is computed and estimated at ~ 1.1
[M€ /year].

The final estimated cost of the measure 3 for our case study is from 2.2 to
2.7[M € /year| and aims to reduce 3.6% to 6.6% of the emissions due to the
commuting of the inhabitants of Walloon Brabant. This leads to a cost per ton of
CO2 saved from 186 to 419 [€/tCO2eq]

4Considering a fleet of scooters (50%), bikes (25%), and e-bikes (25%) with a mean cost of
500€ and a lifetime of 3 years for e-modes and 6 years for bikes

36



3.6 Case study conclusion

In this case study, it was found that commuting to work for the inhabitants of Wal-
loon Brabant was responsible for ~170 ktCO2,, and 6.1% of the municipality’s
GHGs emissions. After analyzing the acceptance of alternative modes of transport
to the car, we obtained that around 62% of the workers favored a modal switch to
public transport (bus and train) and soft mobility (scooter, bike and e-bike). They
do not do so today mainly due to a lack of accessibility, flexibility, and sufficient
infrastructure. It was found that 14.4% to 23.8% of the greenhouse gas emissions
of the practice can be reduced voluntarily provided that alternative modes meet
the population’s expectations. The factor of 3 to 4 between the general acceptance
and the emission reduction expected is mainly due to an important gap between
the opinion and the action. The carbon footprint of alternative modes, although
much smaller than that of the car, also represents a limit to emission reductions.

We obtained that for a total cost of 5.2 [M#€/year]| to 7.8 [M€/year| with a
confidence interval of 95% the Walloon Brabant could reduce its emissions due to
commuting to work of 14.5 % to 24 %, which represent 25.8 [ktCO2,,] to 42.7
[ktCO2,,] per year.

4 GHGs emissions reduction [%]
24
0.5%
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>
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Figure 3.11: Multivariate Gaussian distribution of the emission’s cut potential
(y-axis) and the scenario’s cost (x-axis): the 68%, 95%, and 99% confidence interval
are respectively bounded in red, blue and black
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This scenario leads to a cost per ton of CO2 avoided between 123 [€/tCO2]
and 302 [€/tCO2], which is 6 to 8 times cheaper than a scenario of switching to
electric cars (1000-1900 [€/tCO2|[36]) and 3 to 4 times cheaper than a scenario of
switching to plug-in hybrid cars (400-1400 [€/tCO2][30]).

The three points on the graph above are examples to facilitate the understand-
ing of this graph. The first point A corresponds to a scenario where the cost
per ton of C'O2,, avoided would be around 200€. We observe that the cost of
avoided emissions in this scenario results from a cost and a penetration rate of
measures in the low range of estimates. This could, for example, correspond to
a scenario where the soft transport fleet is mainly made up of low-cost vehicles
(scooters and bicycles without electric assistance), but with a lower proportion
of people taking the new bus routes than expected. The second point B corre-
sponds to a scenario where the cost per ton of CO2 avoided is about 250€. We
observe that the cost of avoided emissions in this scenario results from a cost in the
high range of estimates. This could, for example, correspond to a scenario where
the final cost of the RER is higher than estimated, but where the application of
the different measures has the expected effect on the modal shift. Each of these
scenarios could happen, however, we can say that scenario A is two times more
likely to happen than scenario B and two times less likely to happen than scenario C.

It is clear that an investment in public transport and soft mobility is more
profitable than switching to electric cars. However, the reduction of GHG emissions
voluntarily remains limited. Therefore, it is essential to combine the implemen-
tation of such measures with incentives and disincentives to achieve significant
changes in practice. Moreover, as this case study only deals with one practice
covering a quarter of the daily trip’s purposes we know that the emissions cut due
to implementing these measures is likely to be much better. However, a similar
study of other mobility-related practices is needed to prove and quantize this.
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Chapter 4

Discussion and future work

This section presents ideas for improving the developed methodology and cur-
rent energy system models. Proposals for improving the case study and ideas for
application to other practices and sectors are also offered.

First, some improvements can be made to the case study. A specific evaluation
of the cost of the imagined measures carried out by a competent authority would
allow obtaining a more precise evaluation of the final cost of the scenario. However,
history shows us that the final costs of public works are always very uncertain
[8]. Also, a small-scale application of these measures would allow us to calibrate
our correction factor between opinion and action to obtain an even more robust
estimate of the expected GHG emissions reduction.

Second, following the proposed methodology, a similar study of all Belgian
passenger mobility, which is responsible for 12.6% of national GHG emissions,
can be carried out. The survey will have to be adapted to the different travel
motives (leisure, shopping, education, etc.) and spread over the whole Belgian
territory, but the methodology will remain the same. This will allow us to obtain
a complete transition scenario for passenger mobility that considers the social
acceptance of the proposed measures to ensure a good application among the
population and thus an effective reduction of national GHG emissions. Such a
study would also help to anticipate certain synergies between practices, such as
the rebound effect. In the case of telecommuting, for example, there may be a
partial shift in travel demand from commute trips to shopping and leisure trips as
people have more time [16]. Moreover, the calculation of the costs of the scenario
will be facilitated by the fact that many of the assumptions necessary for calcu-
lating the costs of a small-scale scenario will no longer be required (see appendix [A)).

In addition, similar studies can be considered for other sectors. For example, we
know that domestic heating is responsible for 14% of national emissions [27] and
that building renovation is the most important lever to reduce them [19]. However,
it is currently difficult to assess which policy is most likely to lead to the maximum
renovation of housing due to the lack of information regarding the social acceptance
of these measures. A similar approach will allow comparing the different policies
to maximize their actual effect, sometimes far from their potential effect.
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Conclusion

Climate change is a major and complex challenge, from decarbonization to adapta-
tion of demand through technological innovation. Our energy system, on which
society is based, must be modified and our way of life will inevitably be impacted.
The difficulty of considering the social dynamics underlying demand sometimes
leads to the implementation of inefficient and uncertain transition policies [8].

In this work, we have developed a methodology to identify consumption dy-
namics specific to profiles of individuals representative of the population to assess
the acceptance and effective penetration of transition measures in the population.
This allowed us to robustly estimate the emission reduction relative to a transition
scenario involving a behavior change and evaluate the cost of the latter per ton of
CO2,, avoided. This allows us to compare different transition policies robustly and
select the most cost-effective policies, but also the most likely to succeed, which
was previously left to the discretion of the decision-maker(s).

The methodology presented has several advantages. First, the social acceptance
survey preceding the work allows identifying the individual characteristics and
the factors blocking and inciting the population to change their GHG emitting
practices. Secondly, the correlation analysis between individual characteristics
and energy consumption due to the practice allows us to identify the main factors
influencing it and thus confirm or deny the relevance of certain present and future
transition policies. In addition, the statistical analysis of the social acceptance of
behavioral change allows us to evaluate the effective penetration of new practices
in the population and thus determine the transition policies with the best chance
of success. Finally, the robust attribution of costs and avoided emissions for the
policies considered allows us to compare the policies according to three dimensions:
environmental impact, cost, and social acceptance.

The case study revealed some interesting results. Firstly, it was found that
more than 60% of the car drivers responsible for 92% of the emissions due to
commuting in the Walloon Brabant region are in favor of changing their mode of
transport with train, bus, scooter, or e-bike. However, only 55% of the distances
would be effectively replaced by an alternative mode to the car on a voluntary
basis. This highlights the large gap between potential and reality if convincing al-
ternatives to the car were offered without a combination of incentives, disincentives,
or constraints. Moreover, we found a cost per ton of CO2,, avoided between 123
€/tC0O2,, and 302 €/tCO2,,, which is 3 to 8 times cheaper than a scenario of
switching to electric cars (1000-1900 [€/tCO2][36]) or plug-in hybrid cars (400-1400
[€/tCO2|[30]).
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In addition, the factors most influencing car use were found to be the level of
accessibility directly related to the region of residence and work, the distance, and
the lack of infrastructure and flexibility. Contrary to one might think, income level
does not currently influence car use. This can be explained by the lack of alterna-
tives to the car and this is especially true in rural areas with poor public transport
links. However, we also see that the low-income population would significantly shift
to these alternatives if sufficient public transport services were provided everywhere.

In conclusion, a good transition scenario for mobility would be to improve the
flexibility of existing public transport while developing their networks to enhance
their accessibility to cover the transport demand on long (train) and medium (bus)
distances. At the same time, roads should be developed for the use of soft modes of
transport that allow easy access to the main public transport networks and cover
the demand for transportation over short (scooters) and medium (e-bikes) distances
to overcome the "last kilometer problem". Finally, a combination of economic
incentives equivalent to the benefits of company cars and strong communication
about these alternative modes will be needed to ensure maximum penetration of
these measures and a minimum gap between opinion and action.
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Appendix A

Appendix

A Costs estimation hypotheses

The cost of measures required to implement alternatives to reduce emissions from
practice can be estimated based on existing similar measures. However, the costs
available in the literature are generally sized for larger populations and are not
specifically targeted at any particular practice. Moreover, it is rare for a measure to
impact a single practice. Therefore, in order to best assess the costs of a measure
related to changes in a particular practice, the following assumptions can be made:

o H; : the cost of the existing measure found in the literature is corrected in
proportion to the ratio between the size of the population considered in the
case study and the size of the population affected by the measure of reference.

« H, : the cost of the existing measure is corrected in proportion to the
ratio between the share of emissions due to the considered practice and the
total emissions affected by the measure. This strong assumption means that
the cost of a measure impacting several practices is uniformly distributed
according to the emissions related to these practices. This is not necessarily
the case, but since the measures always apply to a set of practices, considering
that only one of them will be affected would lead to an even larger error.

o Hj : the investment costs per year are added to the annual operating costs
to obtain an overall annual cost of the measure including its various specific
costs.

o H, : The probability distributions of the costs of the measures are considered
Gaussian due to lack of sufficient information. However, since the tendency
is much more towards budget overruns than the opposite, the mean cost is
multiplied by a standard safety factor of 1.5.
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B Case study emissions calculation

Considered emissions = GHGgg - %Sector - % PassMob - % Practice - % Population

(A.1)
= 116.6[MtCO2,,] - 23% - 55% - 33% - 3.5% (A.2)
= 170.4[ktCO2,] (A.3)
With :
o GESpg : Belgian emissions of greenhouse gases.
o %Pass : share of national emissions due to passenger transport
o %Work : share of passenger transport emissions due to commuting
o Yopopgy : share of the population living in the Walloon Brabant
C Additional study case results
More than 500€
More than 300€
More than 200€
More than 100€ I

9 37

Figure A.1: Maximum increase in monthly transportation expenses to encourage a
change in transportation mode (CF. appendix [F| question E.3)
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15 38

Figure A.2: Opinion on the optimal level of integration of telework (CF. appendix
question F.1)

D Robust assignment of transport modes carbon
footprints

The emissions from commuting between individuals using the same mode of trans-
port can vary according to the model used, due to the amount and type of energy
the vehicle uses. The following section determines the average emissions of the
modes of transport considered and, if necessary, assigns a standard deviation to
them according to the variance observed within the fleet of vehicles considered.

Average carbon footprints

The CO2,, emissions related to using of a means of transport depend on different
parameters. Indeed, the occupancy rate, and the number of emissions per kilometer
traveled must be taken into account. This is why the emission rate of each mode
will be defined in gCO2.,/km — pass, that is, the amount of CO2,, in grams
emitted to travel one kilometer per passenger. The methodology is based on results
from the thesis of Gauthier Limpens [19]:

Footprint, = (Fuel;; - CO2j,c; + Electricity, - CO2,,,4) (A4)
With :

 Footprint; : the carbon footprint of the mode of transport ¢ in [¢gCO2/km —
pass]
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o Fuel; : the fuel consumption j of the mode of transport ¢ in natural condition
of use in [Wh/km — pass|

o Electricity; : the electricity consumption of the mode of transport i in
[Wh/km — pass]

o CO2jrect; + direct emissions from combustion in [kgCO2/ MW bty

o CO2ppoq : direct emissions from the production of electricity [kgCO2/ MW h e

We choose not to consider the emissions due to the production and transport
of fuels, because they are not, to date, taken into account in the calculation of the
country’s emissions. We note the interest in integrating these data into the models.
However, this requires a complete redefinition of the sector’s emissions and even
more of the country, which is not the subject of this work.

A differentiation is made between public transport, light transport, and individ-
ual motorized transport. Indeed, public transport fleets are highly homogeneous as
vehicles are always acquired in lots and constitute the whole fleet [22]. Also, the
modes of light-assisted transport, whether scooters or bicycles, share equivalent
technologies to date and show light variation in consumption per kilometer. We
will therefore simply calculate the average carbon footprint of rail, bus, and light
transport modes based on the characteristics of the different vehicles in these fleets
and their share.

Mode  Ressources Mode share Consumption GWP,, Footprint
[%] [Wh/km-pass] [gCO2e/Wh] [gCO2e/km-pass]
Train Electricity 100 63 18.27 18.27
Diesel 75 265 71.55
Bus Hybrid 25 198 49.5 06.0375
Scooter Electricity 50 15 22.35 91.944
E-bike  Electricity 50 13.6 21.944 ’

Table A.1: Transport mode footprint(]

OData from Gauthier Limpens thesis [19]
!Data from Gauthier Limpens thesis [19]
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The private motorized modes of transport constitute a less homogeneous group.
Indeed, the Belgian car fleet is made up of more or less polluting vehicles depending
mainly on the year of construction of the vehicle and the EURO standard relative
to this year. Moreover, as shown in the graph above, a strong variation in emission
standards is observed between private vehicles and company cars.

T [%]

100
66

16

@ l [Euro standard]
>
0 6
W Company W Leasing Self-employed Private

Figure A.3: Euro standards distributions by ownership

We obtain distributions specific to each ownership system by combining them
with the mean footprint of the different EURO standards [L3].

[gCO2eq/km]

>

W Company M Leasing Self-employed Private

Figure A.4: Car footprint distributions by ownership
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E Accessibility scores calculation

Accessibility to alternative modes of transport is one of the most important factors
influencing the use or not of these modes and characterization of the trips related
to this level of accessibility must be made. The methodology used below is based
on the methodology developed by the SPM to evaluate the level of accessibility of
the different municipalities in Belgium [26]. This calculation takes into account:

« The proximity of public transport stops (train, metro, streetcar, bus). The
closer the stop, the greater its importance in the score.

o The importance of these stops is calculated on the basis of the number of vehi-
cle passages, and the total number of passengers from each transport company.

Three different categories are determined according to different levels of access
and the municipalities are ranked according to their accessibility scores.

Level of Access Level of Transit
Weak: 0 Average: 1 High: 2 Weak: 0 Average: 1 High: 2
No nearby A nearby train A communal | Less than 5000 Between 5000 and | More than 7000
train station station and or station and boarding / getting | 7000 boarding / boarding / getting
and less than | between 100 and | more than off per day on getting off per day | off per day on
100 bus stops | 200 bus stops 200 stops weekdays on weekdays weekdays

Figure A.5: Access score criteria

As the case study and the data collection concern the inhabitants of Walloon
Brabant, a distinction at the municipal level will only be made for the province
of Walloon Brabant. Therefore, an average accessibility score is calculated and
attributed to the municipalities of Flanders, Wallonia, and Brussels-Capital. A
high accessibility score is given to all the municipalities of Brussels-Capital because
of their very high accessibility level in proportion to Belgium, whereas an average
accessibility score is given to all the cities of Flanders and Wallonia except for
Walloon Brabant.
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Waterloo

Wavre

Wallonie
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Bruxelles-Capitale

Figure A.6: Municipalities access score

Once the accessibility score of these different communes has been obtained,
an accessibility score for the different trips can be calculated. A simple sum of
the arrival and departure communes score is sufficient to classify these different
trips and thus to attribute to the practices considered, the home-work trips, a
characteristic relating to its level of accessibility.

Trip access score = departure access score + arrival access score (A.5)
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F Survey questionnaire
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5 Limesurvey TN EHm

Partie A: Respondent characterization

Al. Dans quelle région habitez-vous (lieu de résidence principale) ?

A2. Dans quelle commune habitez-vous ?

A3. Ktes-vous travailleur ?

Ad. Dans quelle région travaillez-vous (principalement) ?

AS. Dans quelle commune travaillez vous ?

A6. Quelle distance sépare votre domicile et votre lieu de travail ?

AT7. A quelle identité de genre appartenez-vous ?

AS8. Quel age avez-vous ?




5 Limesurvey T

A9. Avez-vous un ou plusieurs enfants, si oui quel age ont-ils ?

A10. Quel niveau d'instruction maximum avez vous atteint ?

All. Quel est votre niveau de revenu mensuelle (net) ?

Al12. Quel statut professionel avez-vous ?

Partie B: Mobility characterization

B1. Quel est votre mode de transport principal d'ordre général ?
B2. Quel est votre mode de transport principal pour aller travailler ?
B3. Utilisez-vous parfois d'autres modes pour vous rendre au travail

(plusieurs modes possibles) ?

B4. Quelle est 1'année de mise en circulation de votre véhicule ?
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2

B5. Possédez-vous un véhicule de société ?

Partie C: Social acceptance

Cl1. Dans 1I'hypothese ou des mesures (économique, sécuritaire,
accessibilité, etc.) facilitant 1'intégration des autres modes de
transport sont appliquées :

Est-il envisageable de changer de mode de transport partiellement ou
totalement ?

C2. Lesquels pourriez-vous utiliser ?

Train

Metro, Bus, Tram

Léger particulier (Vélo, vélo électrique, trottinettes etc.)
Léger partagé (Vélo, vélo électrique, trottinettes etc.)
Marche

Voiture partagée

Co-voiturage

HEEEEEEE NN

Aucun des modes proposés

C3. L'amélioration de quels composantes vous inciterait a utiliser ces
autres modes de transport ?

Le confort

La flexibilité

Les infrastructures
L'accessibilité

Le cofit

La sécurité

La rapidité

HEEEEEEEEA NN

Aucune des mesures proposées



K

(¢

LimeSurvey T

Je préfere ce mode de transport pour des raisons qui me sont propres (Empreinte carbone, habitudes, D
etc)

(

Partie D: Level of requirement

D1. Quel niveau d'infrastructure jugez-vous idéal pour les modes de
transport légers ?

Bas : Rénovation des voiries existantes (trottoir et pistes cyclables)

Moyen : Rénovation et développement de nouvelles voiries

[ F{ ]

Elevé : Privatisation de voiries et développement de réseaux isolés de pistes cyclables

D2. Quelle politique économique jugez-vous idéale pour les modes de
transport légers privatifs ?

Basse : Remboursement partiel du matériel

Moyenne : Remboursement total du matériel

[P+

Elevée : Déductibilité équivalente a une voiture de société

D3. Quelle politique économique jugez-vous idéale pour les modes de
transport légers partagés ?

Basse : Colit du trajet égal aux transports en communs

Moyenne : Cofit du trajet inférieur aux transports en communs

[ F{FL]

Elevée : gratuité ou quasi gratuité

D4. Quel niveau d'accessibilité des modes de transports partagés jugez-
vous idéal ?

Bas : mode disponible 2 moins d' une demi-heure a pied

Moyen : mode disponible a moins de 15 minutes a pied

[ F{F{]

Elevé : mode disponible a moins de 5 minutes a pied

DS. Quelle politique économique jugez-vous idéale pour les voitures
partagées ?

Basse : Cotit équivalent a une voiture privative
Moyenne : Cofit inférieure a une voiture privative

Elevée : Cofit fortement inférieure a une voiture privative

[P+

De6. Quel niveau d'infrastructures jugez-vous idéal pour la pratique du co-
voiturage ?

Bas : Déploiement d'aires de Co-voiturage dans différentes grandes villes

Moyen : Acces a des voiries prioritaires (ex: partagées avec Bus et taxi)

[ FL]

Elevé : Acces a des voiries privatisées (ex: bandes réservées au co-voiturage)
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D7. Quel niveau d'accessibilité jugez-vous idéal pour la pratique du co-
voiturage ?

Bas : Point de départ & moins de 1h a pied

Moyen : Point de départ & moins de 30 min a pied

[ F{F{]

Elevé : Point de départ a moins de 15 min a pied

DS. Quel niveau de flexibilité jugez-vous idéal a la pratique du co-
voiturage ?

Bas : Plusieurs départs par jour aux heures de pointes

Moyen : Plusieurs départs par jour a toutes heures

[ F{ ]

Elevé : Plusieurs départ par heure a toutes heures

D9. Quel niveau de flexibilité jugez-vous idéal a 1'utilisation des
transports en communs ?

Bas : Départs plusieurs fois par jour

Moyen : Départs plusieurs fois par heure

[P+

Elevé : Départs plusieurs fois par demi-heure

D10. Quel niveau d'accessibilité jugez-vous idéal a 1'utilisation des
transports en communs ?

Bas : Point de départ a moins de 1h a pied
Moyen : Point de départ a moins de 30 min a pied

Elevé : Point de départ a moins de 15 min a pied

[ FLF{F{]

Tres élevé : Point de départ 2 moins de 5 min a pied

D11. Quelle politique économique jugez-vous idéale pour l'utilisation des
transports en communs ?

Basse : Prix actuel
Moyenne : 3/4 du prix actuel

Elevée: 1/2 du prix actuel

[P F{]

Tres élevée : gratuité ou quasi gratuité

D12. Quel niveau d'infrastructures jugez-vous idéal a la combinaison de

plusieurs modes de transport ? (ex: vélo + train)
Bas: Facilitation de la combinaison de divers moyens de transports [ex: parking (a voiture, moto, vélo,
etc.) surveillé en gare]
Moyen : Adaptation des transports existants a la combinaison avec des mode "légers" (ex: Wagon pour
vélo)
Elevé : Déploiement de réseaux destinés a la combinaison (ex: réseau de pistes cyclables + réseaux
ferroviaires)

[ F{FL]
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D13.

Dans quelles mesures utiliseriez-vous les moyens de transport

suivants si le niveau de mesure que vous considérez idéal était éffectif
()

Quelques Quelques Quelques jours Tous le jours,
jours par an jours par par semaine a quelques
. (34 mois (5-10 (2-4 jours exceptions
Jamais jours/mois) jours/mois) semaines) pres

Voiture D

Moto

Scooter

Train

Metro, Bus, Tram

Léger particulier (Vélo, vélo électrique, trottinettes etc.)

Léger partagé (Vélo, vélo électrique, trottinettes etc.)

Marche

Voiture partagée

0 A O R B e N A
0 A O R B e N A

0ottt
0 o O R B A B A
[ I e I R B A B A

Co-voiturage

Partie E: Expenditure level and limit

El. Quel niveau de dépenses mensuelles en transport se rapproche le plus
du votre ?

<50 [€]
50-100 [€]
100-150 [€]
150-200 [€]
200-250 [€]

> 250 [€]

(PP PR
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E2. Quelle part de ce budget en transports est, selon-vous, allouée au
trajet domicile-travail ?

<20 [%]
20-40 [%]
40-60 [%]

60-80 [%]

[P R

80-100 [%]

E3. Quel niveau de dépense mensuel en transports vous ferait changer de
mode ?

>100 [€]
>200 [€]
>300 [€]
>500 [€]

Je ne peux pas changer de mode de transport

(PP PR

Je ne veux pas changer de mode de transport

Partie F: Telework

F1. Dans quelle mesure aimeriez vous intégrer le télé-travail / télé-
enseignement a votre vie ?

Jamais
Quelques jours par mois (3-7 jours/mois)
Quelques jours par semaine (1-3 jours semaines)

Presque tous les jours (3-5 jours semaines)

HEEEEREEE

Tous le jours, a quelques exceptions pres
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