N

N

Design and evaluation of transportation policies:
merging economics and engineering

Nicolas Coulombel

» To cite this version:

Nicolas Coulombel. Design and evaluation of transportation policies: merging economics and engi-
neering. Economics and Finance. Université Paris Est, 2023. tel-04482638

HAL Id: tel-04482638
https://hal.science/tel-04482638
Submitted on 28 Feb 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/tel-04482638
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

UNIVERSITE PARIS EST

Mémoire d’habilitation a diriger des recherches

Design and evaluation of transportation policies:

merging economics and engineering

Nicolas COULOMBEL

Garant
M. André DE PALMA Professeur a CY Cergy Paris Université
Jury
M. Nikolas GEROLIMINIS Professeur a I’Ecole Polytechnique Fédérale de Lausanne

M™e Stéphanie SOUCHE-LE CORVEC Professeur a I’Université Lyon 2

M. Robin LINDSEY Professeur a UBC Sauder School of Business
M. Stef PROOST Professeur a KU Leuven

M™¢ Maria BORJESSON Professeur a Link6ping University



Acknowledgement



Table of contents

N ) o oo [¥ Lot T o OO PP UP ORI 4
1.1 Academic background and scientific POSItioNING .......ccccvviieiiiiiiicce e 4
1.2 BT 1ol a1 g Y4 [ o B 0T o 1T oY/ ] o [PPSR 6
13 SCIENCE MANAGEIMENT ...ttt e e e ettt e e e e e s s bbbt e e e e e e essaabrbeeeeeeesesannnnes 9
1.4 Organization of the Work’s SYNThESIS ......cccviii it 11

2. Valuation of travel time reliability..........ccueiiiiiiiei i 13
2.1 CT=Y YT = | W o T T ol o] [T PPN 13
2.2 The case of road CONGESTION.......ciiciiiiiciee e e e e e areeas 19
2.3 The case of public transSPOrtation .........ccueeiiiiie e 23
2.4 Implications for cost-benefit analysis........cceociiiiiciiii e 26

3. Public policy design: better accounting for travel costs and their impacts through engineering 27

3.1 e Toll o T= T I A AU 0 0 =] | T PP PPPPT ORI 29
Public transit: (dis)economies of scale and optimal PriCing.........ccccveveeeeiieeecie e 29
Road transportation: external environmental costs and pricing .........cccoceeeeecieeeeccieeeecciee e, 34

3.2 Travel demand ManagEMENT .........uviii et e e et ee e s e abe e e e e abe e e e enteeeeenraeas 41
Public transit: what potential to decrease congestion?.........ccoceveeecieeeccciee e e 41
Road travel: can we reduce its externalities through urban ridesharing?..........cccccoceiviieeecnnen. 50

4. RESEAICH PEISPECLIVES ....eiiiitiiii ittt et e e et e e e et e e e e s abaeeeestaeeessasaaeesanssaeeens 57

41 Limitations of static and aggregate simulation models ..........cccccoeveieiieciiie e, 57

4.2 Agent-based modeling and economic appraisal ........cccueeeeciieeieciieie e 59

4.3 ONZOoINE aNd FULUIE PrOJECLS ..oueviiieieiieee ettt ettt ettt e e e e tte e e e ette e e e e ebteeeeebteeeeenteeeeeseeeasaanes 62

LT €] 4Tl [V o o TP PSPPSR 64
6. List of papers presented in the ManUSCIiPt .....ccvviiiiiiii i 66
R = 11 o1 [TeT={ =Y ] 1} V2P SUTRUPRPRRt 67



1. Introduction

Before presenting my published, ongoing, and planned research (Section 1.4 through Section 5), | will
first discuss how my current scholarly positioning has been shaped by my academic background
(Section 1.1). | will then highlight the important role of teaching and mentoring in my academic career

(Section 1.2) and finally discuss my involvement in research management (Section 1.3).

1.1 Academic background and scientific positioning

My research operates at the intersection of transportation economics (and to a lesser extent urban
economics) and transportation engineering (which encompasses engineering systems representation
and numerical modeling of cities and their mobility systems). By merging these two disciplines, | aim
to improve the design and evaluation of mobility services and transport policies. This includes better
understanding and assessing the private and external costs of mobility and better accounting for user

responses to these costs.

My interest in economics and modeling started in 2001 at Ecole Polytechnique (France), where
| chose to major in economics and applied mathematics. After joining the Corps des Ponts et Chaussées
in 2003, | became increasingly interested in cities and transportation, so | again chose to major in
economics with a minor in urban planning and transportation. Planning to pursue a PhD, | enrolled in
the master's program in economic analysis and policy at Paris-Jourdan Sciences Economiques (now
PSE-Ecole d'économie de Paris) in 2006. My thesis, written under the supervision of Fabien Leurent
(CIRED) and Harris Selod (World Bank & PSE), explored the links between land use - transport

interaction models and the canonical model of urban economics, the monocentric model.

After completing my master's degree, | did my PhD at the Laboratoire Ville Mobilité Transport
(LVMT), again under the supervision of Fabien Leurent (then also at LVMT, and since 2021 at CIRED).

The topic was the analysis of households’ residential strategies and the role of transportation costs.



The dissertation allowed me to engage in both theoretical work based on the monocentric model
(which eventually led to two publications in 2017, "Prudential measures in housing access: should one
include transport costs in the front-end ratio?" in the Journal of Transport and Land Use, followed by
"Why housing and transport costs should always be considered together: A monocentric analysis of
prudential measures in housing access?" in Transport Policy), and in empirical work combining survey
data with simulation models (which led to a 2013 article co-authored with Fabien Leurent, "Les
ménages arbitrent-ils entre colt du logement et colt du transport : une réponse dans le cas francilien"

in Economie et Statistique).

After defending my dissertation on February 10, 2010, | decided to deepen my knowledge in
the field of urban modeling. Therefore, | participated as a post-doc in the European FP7 project
SustainCity, led by André de Palma (then ENS Cachan, now CYU). The aim of the SustainCity project
was to couple the UrbanSim land use model with dynamic transport models (METROPOLIS and
MATSim). This gave me the opportunity to establish contacts with UC Berkeley, with a residency with
Paul Waddell, as well as TU Berlin (Kai Nagel), EPFL (Michel Bierlaire), ETHZ (Kay Axhausen) and KU
Leuven (Stef Proost). At this time, | also realized the potential of agent-based simulation for policy
design and evaluation. In parallel, | started a series of works on reliability assessment together with
André de Palma. These led to two companion publications in 2014, "Variability of travel time,
congestion, and the cost of travel" in Mathematical Population Studies and "The marginal social cost
of travel time variability" in Transportation Research Part C, followed in 2017 by "The valuation of

travel time reliability: does congestion matter?" in Transportation Research Part B.

Finally, | joined the LVMT, a position I still hold today. | conduct both theoretical and empirical
work, using mobility simulation models in the latter case. Recent papers have all been done in
collaboration with co-authors from the Paris Est campus (LVMT, SPLOTT, CIRED, CEREA...), from other
research teams in France (CYU, LAET, Paris Dauphine, Védécom, SystemX...) and from abroad

(TokyoTech, VTI, Imperial College, University of Chile, HEIG-VD...). As these works are often carried out



in the framework of multidisciplinary projects, they can be published either in general economics
journals (Economie et Statistique, Network and Spatial Economics, Review of Industrial Economics) or
in journals publishing research in the field of transport economics (Transportation Research Part B and
C, Journal of Transport Geography, Transport Policy...), or in multidisciplinary journals (Journal of

Cleaner Production, Energy Research and Social Science, Mathematical Population Studies...).

Through my academic training and post-doctoral research activities, | have acquired expertise
in both transport modeling (theoretical and numerical) and transport economics. This has allowed me
to become a honed expert in the design and evaluation of sustainable mobility strategies, focusing on
the one hand on new mobility services (autonomous vehicle-based services, ridesharing, e-scooters...)
and on the other hand on more comprehensive (in terms of better addressing environmental and
equity aspects) evaluation methods. | believe that my unique dual profile (engineer/economist) will be
central in achieving this goal, as | will outline in this manuscript, and have therefore sought to further

refine this dual profile through other activities such as teaching, supervision, and science management.

1.2 Teaching and supervision

Since the beginning of my PhD, | have been actively involved in teaching at the Ecole des Ponts
ParisTech and more recently at the Paris School of Economics. | started with courses on territorial
analysis, combining lectures and seminars with a transport-oriented GIS (TransCAD). From 2008 to
2015, | taught the computer seminars for the "Methods of Analysis of Territorial Systems" course
(39h/year) and delivered part of the lectures. Due to the success of this first experience, | was asked
to teach the new course "Territorial Analysis" (28h/year) in the Master Engineering and Management
of Smart Cities from 2014 to 2020. In addition to these courses on territorial analysis, since 2009 | have
contributed to the course "Urban and Regional Planning" (65h/year), which | finally took over in 2015.
This course deals with the links between transport and territory, with a multidisciplinary approach that

also includes an important economic dimension (urban economics, economic appraisal and cost-



benefit analysis...). Having taught more transport engineering related courses, | recently decided to
also teach courses in transport economics to better balance my dual profile. Therefore, in 2018 |
developed a new course "Economics of Transportation" (18h/year) for the MSc Sustainable Impact
Analysis (SIA) of PSE and Ecole des Ponts. | then also successfully applied to take over the teaching of
the "Economics of Transportation" course (20h/year) in 2020, which is shared between the Transport
et Développement Durable and Transport Mobilité MSc courses of Ecole des Ponts and Ecole

d'Urbanisme de Paris.

My teaching has contributed significantly to my research activities in three ways. First, teaching
itself has allowed me to improve my understanding of the topics | teach. Second, several courses
involve projects with economic or institutional partners, which has given me the opportunity to explore
new research topics (e.g., the economic appraisal of e-scooters through successive projects with Lime,
Ville de Paris, and finally Tier), projects that have also allowed students to combine an economic
approach with simulation models, as | do in my research. Last but not least, teaching has allowed me
to be in contact with a large pool of highly qualified students, which has helped me to develop my

supervisory activities, which are also closely connected to my research.

In fact, in addition to teaching, | have chosen to be actively involved in mentoring students for
three reasons. The first two are related: It is to expand my network in the socioeconomic world and to
keep abreast of the state of the practice in occupational research. Both of these can indeed benefit my
research by opening up new avenues of research and making it easier to find partners for research
projects. The third reason is simply to find good potential candidates for future PhD or research
positions. So, along with the academic supervising of more than 70 dissertations since 2010 (final year
project, professional assignment, internship thesis), | have overseen more than ten dissertations
(research thesis, final year project). These include papers in the field of transport economics, such as
the dissertation by Louis Anderson Joseph (M2 Economie et Management Public, Montpellier Faculty

of Economics) entitled "Subjective valuation of access, waiting and transfer times in rail transport”,



which | supervised with Philippe Poinsot (LVMT), or Baptiste Bernadac's thesis for the M1 Master in
Economics (Ecole Normale Supérieure Paris - Saclay and Ecole Polytechnique) on the economic analysis
of carpooling, which | supervised with André de Palma (CYU). | have also supervised papers more
concerned with modeling, such as Flora Delhomme's dissertation entitled "Study of the synergies of
CO2 emission reduction policies in the transport sector and urban planning" within the M2 Economics
of the Environment, Energy and Transport (AgroParisTech - Université Paris Saclay), which | supervised
with Vincent Viguié (CIRED). | have also been involved in the supervision of about fifteen student
projects (capstone projects at PSE, in-depth projects at ENPC), mainly dealing with transport
economics issues (including economic appraisal through cost-benefit analysis, e.g. for self-service
electric scooters or comparison of regional services by train or bus). Several of these efforts have
resulted in presentations at conferences and working papers that have either been submitted or are
in progress. They have also allowed me to establish contacts with students who are now pursuing PhDs
either under my supervision (Rayane Alamirdache) or abroad (Mwendwa Kiko at the College of

Toronto, Baptiste Bernadac at MIT), paving the way for future possible collaborations.

Finally, | have participated in the supervision of several PhDs, either officially or unofficially.
Officially, | co-supervised with Fabien Leurent (CIRED) the PhD dissertation of Vincent Lasserre in
housing economics entitled "Housing consumption, residential trajectories and home ownership in fle-
de-France: a modeling approach", defended on May 4, 2020. | had the opportunity to supervise part
of the PhD dissertation of Xiao Yu (TokyoTech) during a 3-month stay at LVMT to further develop my
work on the valuation of reliability, resulting in a publication in Transportation Research Part B in 2017.
Based on this positive experience, | have sought to develop new work related to rail operations and
the economics of rail systems, including the issue of reliability. Therefore, | informally supervised the
dissertation of Maria Perez Herrero (LAET), which yielded two presentations at the International
Transportation Economics Association conference (ITEA) in 2017. Then | also supervised part of the
PhD dissertation of Abderrahman Ait Ali (Linkoeping College & VTI), again during a three-month stay

at LVMT in 2019, to develop work on rail capacity allocation based on the social costs of public and



private rail services. | am currently supervising (by dispensation) the dissertation of Félix Carreyre on
the economic appraisal of autonomous mobility services, with Laurent Bouillaut (GRETTIA) and Jaafar
Berrada (Védécom) as co-supervisors. | also co-supervise the PhD dissertation of Marjolaine Lannes,
directed by Yelva Roustan (CEREA), which analyzes the uncertainties in the mobility - emissions - air
quality modeling chains or, more precisely, in the exposure calculations. In addition to PhD students, |
have supervised numerous post-doctoral fellows (Julie Prud'homme, Liu Liu, Biao Yin, Cyrille Francois,
Tatiana Seregina...) in the framework of research projects (Lab Recherche Environnement, ANR
projects...), leading, among others, to two publications on urban ridesharing in the Journal of Cleaner

Production and Transportation Research Part D.

1.3 Science Management

After starting at LVMT, one of my desires was to participate in leading research in transport economics

and mobility modeling.

At the level of my research unit, | have been leading the research axis "Territorial Design"
together with Alain L'hostis since 2013. We organize research seminars based on internal contributions
or works by invited researchers. For example, we invited Joel Franklin (VTI) in 2019 to talk about
congestion pricing, or Toma de la Barra (Universidad Central de Venezuela) in 2016 to collaborate on

integrated transport - land use modeling.

Regarding research projects, | have led for Ecole des Ponts the ANR CITIES project on urban
modeling and the PREDIT MOBILLETIC project on smart card data analysis in Rennes (France). Since
2018, | have been helming the Lab Research Environment Vinci ParisTech grant chair (€1.2M/year grant
to ParisTech, of which | directly manage about €300K per year). The chair funds research and teaching
on urban eco-design (from buildings to neighborhoods) and infrastructures (especially highways). | also
lead the PRIMEQUAL POLL-EXPO project on prospective modeling of local pollution exposure, and am

currently involved in setting up PIA4 projects. | am also implicated in several research projects, such as



the EVRA SAM project (total €110 million, of which about €1 million for LVMT) on the evaluation of
autonomous mobility services, where | lead the economic appraisal. In these projects, | seek to further
develop the use of agent-based models for the design and evaluation of mobility services and policies,
including better consideration of environmental impacts (using life-cycle analysis) and distributional

effects of projects, as | will explain in Section 4.

| also participate in the preparation of national/international conferences and scientific events.
For example, | was a member of the scientific committees of the TRISTAN conference and the Third
Society for Benefit-Cost Analysis European Conference in 2022, and | am vice-chair of the conference

board of directors of the Toulouse School of Economics (TSE), which applied to host WCTR 2025.

Regarding scientific networks, | was a member of the Steering Committee and the Scientific
Committee of the DIM QI2 network on air quality funded by the Tle-de-France Region (Paris) from 2017
to 2021. Building on my network established in the SustainCity project, | organized an international
event on agent-based modeling in Paris on September 26, 2019, with the support of the Paris Region
Institute, where Kay Axhausen and Kai Nagel gave two keynotes. Following this event, | then sought to
consolidate the agent-based community at the national level through the creation of a social network
(slack MATSim Francophonie with more than 40 members), complemented by a seminar entitled
"Modélisation multi-Agents et tRansporT" (SMART). | also participated in the creation of the new
French Association of Transport Economics (AFET), chaired by Marc Ivaldi (TSE), of which | am a

member of the steering committee.

Finally, | have been and continue to be involved as an expert in several national and
international studies or working groups. For example, | recently conducted two counter-assessments
on the economic appraisals of the Grand Paris Express. | am currently co-executive of the inter-
ministerial working group on the update of time values in France and a member of the international
working group helmed by the International Transport Forum on the financing of public transport

networks.
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1.4 Organization of the work’s synthesis

After presenting my academic background and a brief reminder of my involvement in research,
teaching, and mentoring activities, | will now discuss a selection of my research papers that illustrate
well my dual profile as an economist and engineer and that are also directly related to my research

project (which | will develop in Section 4).

Cities face two competing challenges in the area of transportation. The first is to ensure their
economic development and the quality of life of their residents (permanently or temporarily for
tourists) through efficient transportation systems. The second is to ensure their environmental
transition in order to meet their environmental commitments, particularly with respect to greenhouse
gas emissions, biodiversity, and air quality. The issue of mobility-related costs, both private and
external, monetary and non-monetary, is therefore at the heart of these two challenges and the

associated public policies and trade-offs.
GP=p+VTTS-T

The generalized price reflects the tradeoff between price and time that any user would make by adding
the monetary cost of the trip p to the non-monetary cost VITS-T, which is the opportunity cost of the
time spent traveling. The latter depend on the value of travel time savings VTTS and travel time T. In
the French guidelines for the economic appraisal of transport projects, the value of time is uniform in
the first editions, reflecting the focus on speed. The consideration of quality of service was introduced
in 1964, but was limited to comfort on highways (Meunier, 2019). However, several studies indicate
that users increasingly care about dimensions other than speed, including convenience (Haywood et
al., 2017; Li and Hensher, 2011; de Palma et al., 2017), reliability (Borjesson et al., 2012; de Palma and
Picard, 2005), and safety (Schoeters et al., 2021). This raises the question of how to define and measure

the different dimensions of service quality and how to integrate them into economic appraisal.

Regarding the environmental transition, the joint development of models of travel demand

and pollutant emissions has led to a better understanding of the external costs of transport. For
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example, road transport in the Paris region has an environmental cost of around €6 billion/year,
equivalent to about 1% of regional GDP (Coulombel et al., 2018): This includes climate change costs
(due to greenhouse gas emissions) and health costs (due to emissions of local pollutants and
population exposure). Thus, although the environmental externalities associated with road transport
are now relatively well known (see also Leroutier and Quirion, 2022), several gray areas remain,
particularly with respect to public transport and, more importantly, freight transport. To consider all
environmental issues and impacts (local or global or both), one must go beyond direct emissions and

conduct a life-cycle analysis (Nichols and Kockelman, 2015).

In my work, | combine transportation economics and engineering to better understand and
evaluate the costs associated with the mobility of people and goods and the implications for public
policy design and evaluation. In Section 2, | present a body of work that contributes to a better
understanding of travel time reliability costs and easier integration into economic appraisal. Then, in
Section 3, | develop contributions aimed at better accounting for travel costs and their impact on user
behavior in transportation policy design, focusing first on pricing instruments and then on travel
demand management measures. | then discuss my research project in Section 4 before concluding in

Section 5.

This synthesis of my work is based on a selection of 8 articles, 6 of which have already been
published and 2 of which are still under review. Despite their thematic proximity, some papers are not
presented here for the sake of conciseness and clarity. These include publications analyzing the
difficulties that travel costs can cause for households by examining the notion of fuel poverty in the
transport sector (publication in Energy Research and Social Sciences), as well as the risks faced by
remote households that do not include travel costs in their housing choices (publication in Economie
& Statistique) and measures to protect them (publications in Transport Policy and the Journal of

Transport and Land Use).
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2.Valuation of travel time reliability

| present in this section a series of theoretical works dealing with the valuation of travel time reliability.
These works aim to better define and understand this notion, and to make it more operational for

easier integration in the economic appraisal of road or public transportation projects.

2.1 General principles

Travel time variability entails two main forms of cost for users (Bates et al., 2001). The first one stems
from scheduling considerations: travel time variability disrupts one’s activity schedule through early or
late arrivals at destination. In the extreme case, the delay may cause the cancellation of one or several
activities, like missing one’s plane for a conference or being excessively late at a meeting. A second
potential source of cost relates to that some individuals might distaste travel time variability per se.
The unpredictability of travel times would generate some form of anxiety or would involve additional
planning costs (Noland et al., 1998).! Although the relative importance of these two phenomena -
which prove difficult to disentangle econometrically - remains controversial (Borjesson et al., 2012),
several works suggest that the scheduling account prevails in this matter (Noland et al., 1998;
Hollander, 2006; Fosgerau et al., 2008). Accordingly, we will focus our analysis on scheduling costs and

disregard other potential sources of cost.

Consistent with this assumption, the scheduling model allows to study how and to what extent
travel time variability disrupts schedules, thus generating costs for transport users. In this model, an
individual wishes to move from A (e.g. home) to B (e.g. work). Scheduling models assume that the

individual derives a utility from each activity that depends on when it is performed, and for how long.

1 One can then make a link with the financial economics literature dealing with risk aversion (Beaud et al., 2016).
Applying this methodological framework, de Palma and Picard (2005) estimate risk aversion for route choice.
They find both risk averse and risk seeking behaviors, implying that travel time variability could in some cases be

a benefit rather than a cost. This possibility is not considered here, but will be the object of future works.
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Moving from A to B allows the individual to switch activities when performing a new activity at B
provides him a greater utility than keeping doing the same activity at A. Let t,, be the departure time,

T the travel time, and t; = tp + T the arrival time. Utility takes the following form:

h(t)dt + f Y @t = H(ty) — Wity +T) (1.1)

ta

tp

U(tp,T) =f

th
The functions h(t) and w(t) represent the instantaneous utility or marginal utility of time (MUT) that
the individual derives from being either at home or at work at time t. Both functions are expressed in
monetary terms and relatively to the marginal utility of travel time, which has been normalized to 0.
The constants t, and t,, represent the beginning and the end of the time period considered, for
instance the morning period for the analysis of commuting trips. Alternatively, utility can be written
using the functions H, the primitive of h that zeroes at t;, and W, the primitive of w that zeroes at t,,,.
It is assumed that the marginal utility at home h(t) decreases with t, while the marginal utility at work

w(t) increases with t.

Let us first consider the case where the travel time is certain, and therefore deterministic.
Departing one minute later/earlier than t, entails a marginal benefit/loss h(tp) from staying more at
home, but a marginal loss/benefit w(t,) from spending less time at work. As illustrated in Figure 1,

the two are perfectly compensated at the optimal departure time t}, (Tseng and Verhoef, 2008):
h(tp) = w(ty) (1.2)
The optimal utility is then given by U*(T) = U(tp, T).

The scheduling model therefore allows to derive the value of travel time savings (VTTS) as the

marginal disutility (expressed in monetary terms) associated with a marginal variation of travel time:

du*(T) (1.3)
dT

VTTS (T) = —

From the envelope theorem, the VTTS is then given by: VTTS (T) = h(t;} (T)).

14



Figure 1 : Optimal choice of departure time in the scheduling model

MUT U

= Ip

tp & th
Source : Xiao et al. (2017)
In order to study the value of reliability, the usual approach is to transform the deterministic

travel time T into a random variable T (see e.g. Bates et al., 2001; Fosgerau and Karlstrém, 2010;

Noland and Small, 1995):

T=u+ox (1.4)
U represents the mean and o the standard deviation of travel time. The term X is a unit random delay

(with mean 0 and variance 1). The probability and cumulative distribution functions of X are noted f

and F, respectively.

Considering that travel time is now random, the individual chooses his departure time based

on his expected utility:

u(tp, u0) = E[u(ty, T)] = H(tp) — E[W(tp + T)] (1.5)
Utility at home H(tp) remains deterministic, while utility at work —W(tD + T) becomes stochastic,

so that its expected value should now be considered: the user knows when he leaves with certainty,

but not when he arrives. The new optimal departure tile Ty is given by (Jenelius, 2012) :

h(tp) = E[w(t))] (1.6)
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Figure 2 : Choice of departure time under deterministic (dashes) or stochastic (plain) travel times

convex w concave w
MUT MUT
A E[W(t,} + Uf)]

h(tp)

h(tp) i W(fn?,

Source : Xiao et al. (2017)

The new condition is similar to the one in the deterministic case, except that due to the random term,
the individual now considers the expectation of the marginal utility of time at work E[w(z})]. In the
paper co-authored with Yu Xiao and André de Palma (Xiao et al., 2017), we show that the influence of
travel time variability on the departure time depends on the convexity of the function w. If w is convex,
the individual leaves earlier than when the travel time is certain, while if w is concave, the individual
leaves later (Figure 2). The convexity of w is indeed related to the relative costs of being early or late.
If wis convex, being one minute late implies a cost greater than the gain from being one minute early,
even more so as time passes. Taking a margin by leaving earlier then reduces the difference between
the cost of being late and the gain of being early. On the other hand, if w is concave, being one minute
late always generates a greater cost than being one minute early, but cost decreases as time passes.

In this case it is better to take a negative margin, i.e. to depart a little later.

The Value of Reliability (VoR) - also sometimes called Value of Travel Time Variability (VTTV) -
is then defined as the marginal disutility (in monetary terms) associated with a marginal increase in

the standard deviation o of travel time (Carrion and Levinson, 2012):?

2 This corresponds to the case where the indicator chosen to measure the variability of travel times is the

standard deviation, which is the standard practice. The definition can be easily generalized to other indicators
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ou*(u, 0)

1.7
= (1.7)

VTTV(y,0) = —

where u*(u, o) = u(tp, u, o) is the maximum expected utility when leaving at the optimal departure

time 75. In the scheduling model, the value of reliability is given by the formula (Jenelius, 2012):

VTTV(y, o) = E[w(t})%] (1.8)
In Xiao et al. (2017) we formally show the value of reliability to be positive and to strictly increase with
o if wis C1. The influence of the mean travel time is more complex: if utility at home h is constant, the
VTTV is independent from u. Otherwise, the VTTV increases/decreases with i depending on whether

utility at work w is convex/concave.

To illustrate these various results, Table 1 summarizes how the optimal departure time and
the value of reliability vary according to the scheduling preferences, by considering the 3 most frequent

classes in the literature:

e linear MUT, which lead to the mean-variance model for the maximum expected utility
(Fosgerau and Engelson, 2011);
e constant-exponential MUT : after the mean-variance model, they lead to the second only

other possible form of an additive model over trip legs (Engelson and Fosgerau, 2011);

e constant-step (Heaviside function) MUT, also called (a, §,v) preferences in reference to their
widespread use in the bottleneck model (Arnott et al., 1993; Vickrey, 1969), which lead to a

mean-standard deviation model (Fosgerau and Karlstrom, 2010).

Although each class of preferences uses its own metric for variability -such as variance for linear MUT
or standard deviation for the (a,8,y) case - the VTTVs presented in Table 1 are all calculated using the

standard deviation metric to make the comparison easier.

such as the variance (Fosgerau and Engelson, 2011) or the interquartile range. See de Jong and Bliemer (2015)

for a discussion of the value of reliability and the choice of indicators for inclusion in cost-benefit analysis.
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Table 1 : Scheduling preferences, optimal departure time and value of travel time variability

Linear MUT Constant-exp MUT Constant-step MUT
Fosgerau and Engelson (2011)  Engelson and Fosgerau (2011)  Fosgerau and Karlstrom (2010)
h(t) Bo + Pt Bo a
w(t) Yo+ nt Bo +n(e*t=) —1) . =B+ (B+y) e (t)
75 (. o) - yl}jﬁl'u“ t* — i — A1 InE[e*¥] r*—u—aF*‘(ﬁ)
VITV(i, o) yi0 n L B+y) [, F(s)ds

Source : Xiao et al. (2017)

We propose a numerical illustration based on the results from Hjorth et al. (2015), who estimate
the three classes of preferences for car drivers from the Stockholm region. The study sample is divided
into two subsets, depending on whether the respondent reports having flexible or fixed working hours.
In line with intuition, the authors find that the linear and constant-exp specifications perform better
for flexible working hours, whereas the (a, 8, y) specification is better suited to fixed working hours.
Accordingly, we use in our illustration the parameter estimates from the flexible working time subset
for linear and constant-exp MUT, and from the fixed working time subset for (a, 8,y) MUT (Figure 3).
As shown in Xiao et al. (2017), the VTTV all strictly increase with g, except in the constant-step case
due to the non-regularity of w (which is only piecewise-C°® and not C'). The VTTS adding up to 8.87 €/h
for individuals with flexible working hours and to as low as 2.34 €/h in the case of fixed working hours,

the VTTV is relatively to the VTTS non negligible over the whole population, and even very high for the

Figure 3 : Influence of scheduling preferences on the value of travel time variability
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Source : Xiao et al. (2017), computation based on the results of Hjorth et al. (2015)
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users with the most constrained schedules, which is again in line with intuition. This is also consistent
with the figures reported by Small and Verhoef (2007), who provide some typical short-run costs for
automobile travel in the US. According to these figures, schedule delay and unreliability generate an
average social cost of 0.09 $/vehicle.mile, which is around one third the cost of (average) travel time,
and a marginal social cost of 0.17 $/vehicle.mile, this time around half the cost of (average) travel time.
Considering that travel time costs of road traffic represent around 60-70 M€/day in the Paris region
(Coulombel et al., 2018), this suggests that schedule delay and unreliability represent a cost of around

5 B€/year, that is around 1% of the regional GDP.

2.2 The case of road congestion

In the general framework that has just been introduced, travel time is assumed to remain constant.
For road passenger transportation, while this assumption seems acceptable for the off-peak periods,
it is not valid for peak periods, during which travel times vary rapidly under the effect of congestion.
Since congestion is itself the result of departure time choices, which as we have seen are influenced
by travel time variability, the question arises of the links between reliability, congestion, and user costs.
This point echoes the statement of de Jong and Bliemer (2015) that three elements are needed to
include reliability in cost-benefit analysis: 1) being able to estimate a monetary value of reliability,
namely the VTTV, 2) incorporating user responses to reliability into travel demand forecasting models,
and 3) being able to predict the impact of transportation projects or policies on travel time variability.
Point 1) has been developed in 2.1. Point 2) is necessary because the VTTV, like the VTTS, only reflects
individual preferences, and not how users collectively respond to travel time variability. However,
noting that very few operational models explicitly represent the choice of departure time, the authors
propose that the effect of reliability on mobility behavior be considered only in the choices represented
in the model (typically mode choice and route choice, possibly destination choice), if at all. A more
comprehensive treatment of reliability, including all aspects related to both supply and demand, would
only be possible in the very long term.
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In a series of works with André de Palma as well as Yu Xiao for the last one (Coulombel and de
Palma, 2014a, 2014b; Xiao et al., 2017), we study to what extent the proposal of de Jong and Bliemer
(2015) to ignore the effect of travel time variability on users' departure time choices in traffic forecasts
- which currently corresponds to the standard practice - can induce biases in the cost-benefit analysis,
and to what extent. In the first two works we consider (a, 8, y) scheduling preferences, and start by
analytically solving the case of uniform random delays (Coulombel and de Palma, 2014b), then formally
treat the case of a general distribution (Coulombel and de Palma, 2014a). In a final work we generalize
the previous results to the case of general scheduling preferences. We also discuss the effect of

preference heterogeneity on the cost of reliability.

In order to investigate the links between travel time variability, road congestion and user costs,
we use the bottleneck model. This model allows to study the dynamics of road congestion during peak
periods and the influence of departure time choices (de Palma and Fosgerau, 2011). It corresponds to
the combination of the scheduling model, applied to a mass of commuters rather than to a single one,
and a congestion technology, taking the form of a bottleneck model and allowing to represent the

interactions between users.

Analogously to the case without congestion (or with exogenous congestion) presented in 2.1,

we amend the standard bottleneck model by introducing a random delay in travel time:

Tept Q(;:D) ¢ ok, (1.9)

Travel time is thus now the sum of three terms: free-flow travel time p, congested travel time Q(tp)/s,
and a random delay oX. The time spent in congestion Q(tp)/s is the ratio between the queue length
Q(tp) that the individual faces when leaving at time tp, and the road capacity s that measures the
outflow of the road infrastructure in vehicles per unit of time. Relatively to the case with no congestion,

the mean travel time is no longer constant and equal to u, but varies over the rush hour and is equal

to i+ Q(tp)/s.
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The mass N of commuters choose their departure time so as to maximize their expected utility,
which now writes u(tp, u + Q(tp)/s, ). We show that there exists a traffic equilibrium in which all
commuters have the same ex-ante utility, and that it is unique (Coulombel and de Palma, 2014a,
Proposition 1 in the case of constant-step preferences; Xiao et al.,, 2017, in the case of general
scheduling preferences). We then investigate to what the extent travel time variability o affects the
departure pattern and the equilibrium utility level. Regarding the first point, we show that if the
function w - the marginal utility of time at work - is regular (C?), variability shifts the rush hour according
to the convexity of w: the rush hour starts earlier if w is convex, later if w is concave. Our findings are
therefore similar to those obtained in the case without congestion. In the case of (a, 8, y) preferences,
the function w is no longer regular. The impact of variability on the rush hour is then more complex,
depending both on the relative values of the parameters 8 and y, but also on the distribution of the
random term. In the case of an exponential distribution, an increase in variability may for instance shift
the rush hour later at first, but then earlier as the standard deviation of travel time keeps increasing

(Coulombel and de Palma, 2014a).

While we obtain very similar results overall regarding departure times, the effect of a variation
of o on the equilibrium utility (endogenous congestion) can differ very strongly from the effect on the
optimal utility (exogenous congestion). We define the Marginal Social Cost of travel time Variability
(MSCV) as the marginal effect of a variation of o on the equilibrium utility level. Relatively to the VTTV,
the MSCV captures the system effect of the reaction of other users to the change in travel conditions.
In the case of linear or constant-exponential MUT, the congestion profiles are quasi-independent of o:
o does not influence the departure rate levels, only the timing of the peak hour, so that the evolution
of travel times always follows the same profile. We formally demonstrate in this case the equality
MSCV(u,0) = VTTV(u, o). For these two classes of preferences, variability has little to no impact on
users' departure time choices, so that including or not their reactions does not change the utility level.
In the case of (a, 8, y) preferences, commuters react much more markedly to travel time variability:

changes in departure times lead to a smoother departure rate profile and to a decrease in congestion.
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In the case of uniform random delays, we thus show MSCV(y, o) to be strictly lower than VTTV(y, 0),

and to be even equal to zero for small values of o (Figure 4).

Figure 4 : Comparison of VTTV and MSCV under (a, B,y) preferences and uniform random delays
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Source : Xiao et al. (2017), computations based on the results of Hjorth et al. (2015)

In the presence of preference heterogeneity, our numerical applications suggest that the cost of
travel time variability is generally lowered compared to the case with homogeneous preferences,

resulting from differentiated impacts on departure time choices across user classes.

In sum, our results show that the cost of variability is not the same with and without congestion,
due to the influence of variable travel times on departure time choices. In the presence of congestion,
changes in departure times have a feedback effect on travel times, which may change the equilibrium
utility and subsequently the cost of variability. This difference between the costs of variability with
(MSCV) and without (VTTV) and congestion varies greatly depending on the type of preferences,
however, ranging from zero in the case of linear or constant-exponential MUT preferences (typically
corresponding to activities with flexible schedules), to very high in the case of (a, 8,y) preferences
(typically corresponding to activities with fixed schedules). We discuss the general implications for the

evaluation of transportation polices in 2.4.
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2.3 The case of public transportation

Theoretical works on the value of reliability mostly focus on road travel. While a few works do address
the case of public transit, usually amending their model by making departure time a discrete variable
(see for instance Fosgerau and Karlstrom, 2010), several specificities of public transit remain ignored.
This includes the distinction between waiting time and in-vehicle time, which are valued differently by
users (Wardman, 2014), or the relationship between headways, waiting time, and in-vehicle crowding.
There are additionally two important drawbacks to the use of the VTTV in the case of public transit.
The variability of total travel time, to which the VTTV is applied, is both difficult to measure (requiring
individual user tracking) and less relevant in terms of public policy. Indeed, the operator has no

leverage over the total travel time directly, but rather over the headways and in-vehicle time.

In a work with Vincent Benezech, we seek to overcome these limitations by adapting the
scheduling model to the case of public transit (Benezech and Coulombel, 2013). We consider users

with (a, B,y) preferences reformulated as follows:

Ultp, Ty, Ty) = —ayw Ty —ayTy — B(t* —tp — Ty —Ty)* —y(tp + Ty + Ty —t")*.  (1.10)
We break down the total travel time into the waiting time Ty, valued at ay,, and in-vehicle time Ty,
valued at a;. We focus the analysis on the case of direct trips, and on the effect of headway variability.?
We thus assume that the access time (at the origin and destination) is constant, and taken to be zero
(orincluded in Ty/) to simplify calculations. Similarly, the in-vehicle time is assumed to be deterministic.

Waiting time is a random variable, the distribution ¢y, of which can be related to the cumulative

3 In the paper we focus on the cost of headway variability for users, so that service frequency (headways) is
treated as exogenous. The analysis of transit timetables can be carried out with dedicated train operation models
in order to study their efficiency and robustness, with a fine consideration of the technical headway constraints
(such as a minimum safe headway between two trains to reduce accidents). For a more economic perspective
on the optimization of public transit timetables, see Coulombel and Monchambert (2023) presented here in 3.1

in the case of reliable headways, and Perez Herrero and Coulombel (2017) in the case of unreliable headways.
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distribution function @, and to the mean py of headways using the renewal theory (Kleinrock, 1975;

Osuna and Newell, 1972): #

1—Py(x
owx) = —H() if x € R*, 0 otherwise. (1.11)
H

As in the standard framework presented in 2.1, we study the effect of variability first on the
choice of departure time, then on the optimal utility level. Compared to the optimal departure time
t* — Ty in the absence of waiting time, we show that the presence of variable waiting times leads the

user to take a margin equal to:

m* = oyt (—) (1.12)

We find an equation similar to that obtained by Fosgerau and Karlstrém (2010) in the standard case,
with the cumulative distribution function corresponding to waiting time instead of the random delay

as in Fosgerau and Karlstrom.

We then study the influence of headways on the optimal utility, considering a marginal
variation of either the average headway, giving rise to the notion of value of service headway (VoSH),
or the standard deviation of headways, giving rise to the notion of value of service reliability (VoSR).

We obtain the following two formulas:

VoSH = Gw ¥ <1 > F+ )/f (CDH(x) — Dy (x))dx
2 T

. 8+ (1.13)
o —-m

VoSR=(aW+y)—H+y'uH——(ﬂ+y)—+2 4
U Oy Oy Oy

J;) Dy (x)dx

The formulas turn out to be relatively complex in the general case. Nevertheless, assuming that the

headways follow a lagged exponential law > the formulas simplify, with the existence of two regimes.

4 We assume that service frequency is high enough so that users do not look at the timetables and instead arrive
on the platform with a uniform arrival rate. See Fosgerau (2009) for a justification of this assumption.

5 This assumption is empirically validated in our case study of the RER A and RER D lines in the Paris region.
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In the low variability regime (oy /uy < B/(B +v)), the formulas become:

rmm:@£$@+<ﬁ ﬁy
2

2 \B+y ui)2

Hy (1.14)
OH
VoSR = — (ayy +7)
HH
In the case of strong headway variability (o5 /uy = B/(8 +v)), we have:
o5\ a o1\ 2
VoSH = (1 ——§>7W+ (1 ——“) g

3 3 B oy
VoS = P + (1 % 4 1n (£ 1))
wy Hy B +Y by

We apply these results to two mass transit lines in the Paris region: the RER A, characterized by a high
but irregular frequency (g = 2,4 min, oy = 0,9 min), and the RER E, having a lower frequency for a
similar reliability level (uy = 7,8 min, oy = 1,0 min). We set the scheduling parameters to ay = 1,
ay =2, B = 0.8 and y = 3. This corresponds to normalizing the value of in-vehicle travel time to 1,
while setting the value of the other parameters in ratios typical from the literature (Bates et al., 2001;
de Palma and Fontan, 2001). We then obtain for the RER A line a VoSH of 1.02 and a VoSR of 1.71,
compared to 1.27 and 0.64 respectively for the RER E. The cost of reliability relatively to frequency is
therefore relatively higher for the RER A than for the RER E. This result is in line with intuition. For the
RER A, the high frequency allows users to arrive as close as possible to their preferred arrival time t*:
any delay therefore causes a large deviation from t* and induces a high cost. In the case of the RER E,
the lower frequency implies that many riders often already arrive earlier or later than t*. Since the
variability of waiting times is already high to begin with, the additional variability caused by the

irregularity of headways has a more limited impact.

The paper also considers in an extension the effect of taking into account in-vehicle congestion.
We show that congestion does increase the cost of variability if the crowding cost function is convex.
With uniform arrival rates, headway variability causes vehicle load to vary from their steady state level,
some vehicles having smaller loads while other would have higher loads. If the crowding cost function

is convex, the aggregate crowding cost then increases as a result.
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2.4 Implications for cost-benefit analysis

The previous works allow to better take into account the specificities of each mode in the economic

appraisal of transportation public policies, including the effect of the time of day (peak or off-peak).

For road travel, the peak period is characterized by the presence of congestion by definition.
In the absence of a departure time model that includes the effect of reliability, | have shown in the
works presented in 2.2 how one can correct the consumer surplus, provided that one can estimate -
even roughly - the share of activities with either fixed and flexible schedules. Without such a correction,

a "naive" calculation is likely to greatly overestimate the benefits of reliability improvements.

For public transit, we propose to value reliability by using metrics based on service frequency,
or more precisely on headways, rather than on travel times. Since headways are easily measurable,
our proposal developed in 2.3 aims to facilitate the consideration of reliability in economic appraisal.
In particular, it would allow to account for variations in service quality during peak and off-peak hours

in a simpler manner.

While our works provide short run solutions to more easily include travel time reliability in
economic appraisal, as proposed by de Jong and Bliemer (2015), the ideal solution in the long run
remains in my view a comprehensive modelling framework that would be able to model the physical
mechanics of travel time variability on the supply side, user behavioral reactions on the demand side,
and the interactions between the two. Agent-based mobility models provide a path toward this goal,

as | will develop in Section 4.
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3. Public policy design: better accounting for travel

costs and their impacts through engineering

Cities face the dual challenge of drastically reducing the environmental impact of their transportation
system while maintaining or even improving its economic accessibility across the whole metropolitan
area (in the sense of ensuring the mobility of people and goods at a reduced cost in money and time).
Given the magnitude of the task, cities are leveraging an increasingly wide array of public policies,
including regulation (of vehicles with emissions standards, of traffic with low-emission zones, etc.),
pricing (positive, as in the case of congestion charging, but also negative, as in the case of subsidizing
public transit, ridesharing or active modes), investment (infrastructure projects, green vehicles, etc.),

and travel demand management (promoting active modes, peak spreading policies, etc.).

This proliferation of policies aimed at mitigating the private and external costs of travel raises
two questions. The first is to confirm the very efficiency of these policies. While infrastructure projects
typically undergo an economic appraisal (ex-ante and ex-post), so that their impacts are now relatively
well known, this is seldom the case for other public policies. However, by reducing the cost of travel,
they can induce changes in behavior, with the risk of a rebound effect that can severely limit the
efficiency of the policy (or even cancel it out), as we shall see in the case of urban ridesharing. Similarly,
measures can have contrasting effects on the various private (monetary and non-monetary) and
external cost items. For instance, | will show that peak spreading policies do reduce crowding costs,
but that it may come at the price of very high rescheduling costs: we find for instance in an application
to the RER A heavy rail line in the Paris region that to decrease the total time standing by one hour,
one should shift fifteen morning peak trips by one hour, which would usually be considered excessive.
The design of public policies therefore requires a proper assessment of their direct and indirect effects

on the different types of costs, lest giving rise to unwanted effects.
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The second issue lies in the extent of interactions between policies when designing (and
evaluating) policy packages (Givoni et al., 2013). To reach their environmental transition objectives,
especially for decarbonization, cities are implementing sustainable mobility plans that include a wide
array of measures which are rarely based on a comprehensive evaluation of the whole mobility plan,
but rather on separate evaluations of each measure (Axsen et al., 2020; Sethi et al., 2020). However,
by acting on the costs of the various modes, some policies might reinforce each other (positive synergy,
i.e. super additivity), or conversely might counteract each other (negative synergy, i.e. sub additivity),
thereby significantly altering the overall efficiency of the plan. It is therefore not sufficient to evaluate

each measure in isolation; interactions between measures should also be taken into account.

In this section, | present works that carry out ex-ante evaluations of policies relating to either
pricing or travel demand management, in the case of public transportation then of road transportation.
This summary will illustrate the importance of the various issues mentioned above, namely the need
to consider in policy evaluation the various forms of cost, the reactions (changes in mobility choices)
of users to these costs, as well as possible interactions between policies. | leverage in these works
theoretical and/or simulation models which allow to include the reactions of all users to a policy (and
not just the users targeted by the policy) and the evaluation of the resulting private and external costs.
The use of models allows to bring to light system equilibrium phenomena, and in the case of simulation
models to evaluate the expected effect of the measures with respect to the different types of costs.
This leads to unexpected results regarding the efficiency of some policies, such as subsidizing public
transit or the development of urban ridesharing. These two forms of modelling can therefore inform
the design of public policies, both qualitatively for theoretical models through a better understanding
of the economic mechanisms at work, and quantitatively for simulation models by estimating users’

reactions and the orders of magnitude of the various impacts for the measure(s) under consideration.

| first present papers focusing on pricing instruments, then on travel demand management,

starting each time with public transit, then with road travel.
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3.1 Pricing instruments

Public transit: (dis)economies of scale and optimal pricing

Urban public transportation systems are heavily subsidized in many cities across the world (Table 2).
The economic literature advances two main rationales for doing so (Parry and Small, 2009). First, public
transit systems operate under economies of scale, which may arise from production costs (Farsi et al.,
2007; Ripplinger and Bitzan, 2018; Viton, 1992), but also from user costs. Mohring (1972) shows that
if an increase in ridership is met with an increase in service frequency, the latter causes waiting time

costs to fall and demand to further increase, a phenomenon often referred to as the Mohring effect.

Table 2 : Farebox recovery ratios for public transportation systems

Farebox ratio

Country City Public Transit Authority (%) Year
Hong Kong Hong Kong MTR 172 2018
Japan Tokyo Tokyo Metro 129 2018
USA San Francisco BART 83 2017
Singapore Singapore SMRT 75 2016
UK London TfL 64 2018-2019
Canada Toronto TTC 61 2018
USA New York City  MTA 52 2018
France Paris IdF-M (formerly STIF) 48 2015
Belgium Brussels MRBC 47 2018
Australia Sydney TENSW 22 2017-2018
USA Los Angeles LACMTA 17 2018

Note: the farebox recovery ratio is here measured as the ratio of fare revenue to operating costs.

Note: Figures have been computed by the authors or retrieved from the following sources: MTR Annual report 2018, p.211
(Hong Kong), Tokyo Metro Corporate Profile 2019, p.33 (Tokyo), San Francisco Bay Area Rapid Transit District Budget
Summary Fiscal year 2018, p.5 (San Francisco), SMRT Corporation Ltd Annual Report 2016, p.34 and 35 (Singapore), TfL
Annual Report and Statement of Accounts 2018/19, p.128 and 129 (London), 2018 Annual Report Toronto Transit
Commission, p.17 and 43 (Toronto), Metropolitan Transportation Authority Financial Statements for the Years Ended
December 31, 2018 and 2017, p.12 (New-York City), Activity Report 2015 STIF, p.7 and 8 (Paris), Statistics 2018 STIB, p.3
(Brussels), Transport 2018, p.10 (Sydney), and Comprehensive Annual Financial Report For the Fiscal Year Ended June 30,
2018, p.160 (Los Angeles).
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Second, car travel is typically underpriced relatively to the external costs that it generates, partly due
to the political difficulty of introducing road pricing (De Borger and Proost, 2012; Souche-Le Corvec et
al., 2016). As such, subsidizing public transit often represents a second-best solution to support modal
shift and to limit car use (Adler and van Ommeren, 2016; Anderson, 2014; Glaister and Lewis, 1978;
Nelson et al., 2007; Parry, 2002). Other rationales include addressing the special needs for transit of
the underprivileged who would be either unable (due to disabilities) or could not afford to drive or
access other forms of transportation (Vickrey, 1980), or supporting efficient investment in the

transportation system in the long run (Brueckner and Selod, 2006).

While the relevance of each rationale may vary depending on the city characteristics, empirical
studies typically find substantial economies of scale linked to the Mohring effect (Nash et al., 2001;
Nelson et al., 2007; Parry and Small, 2009; Savage, 2010), justifying its central role in the theoretical
literature. Yet, a key assumption underlying this effect is that service frequency increases with demand,
according to the square root principle in the simplest setup or to a modified square root formula if
adding features like variable boarding/alighting times or crowding (Jara-Diaz and Gschwender, 2003).
In current urban context, public transit ridership has increased to such an extent that this assumption
does not hold anymore: there are increasing cases of heavily congested lines for which frequency falls
if demand is too strong, as a result of too many users seeking to board and to alight at each station.
This point, which is illustrated in Figure 5 for two very busy subway lines in London and Buenos Aires,
is similar to the phenomenon of bus bunching (Daganzo, 2009; Schmdocker et al., 2016). Moreover,
most studies cited above largely ignore user crowding costs, which are nevertheless a crucial

consumption externality characterizing urban public transportation (de Palma et al., 2017).

In a work co-authored with Guillaume Monchambert (LAET), and in the second phase of review
in the Journal of Public Economics, we investigate whether a better representation of public transit
congestion changes optimal policies in terms of service frequency and pricing (as well as vehicle size).

We focus on economies of density, corresponding to economies of scale for a given network structure
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Figure 5 : Relationship between demand and frequency for two very busy subway lines
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and transport technology. We therefore take a medium-term perspective, as opposed to the long term,
in which the transit authority could invest in technologies to reduce congestion, either by improving
service frequency (e.g., signaling systems to reduce headways, vehicle and/or platform improvements

to reduce boarding/alighting times), or by expanding the transit network.®

We develop a model capturing the main features of urban public transportation congestion:
in-vehicle comfort, and interactions between demand, frequency and waiting times. We amend the
theoretical framework initiated by Mohring (1972) and which has since been the subject of numerous
extensions (summarized in Jara-Diaz and Gschwender, 2003), by introducing three types of friction.
The first type corresponds to friction between users, taking the form of a crowding cost that increases
with the vehicle occupancy rate. The second type corresponds to frictions between users and vehicles,
modeled by a vehicle dwelling time that varies according to the volumes of boarding and alighting.
Finally, the third type, which is the crux of our contribution, is the friction between vehicles on the line,
in the form of a minimum safe time between two successive vehicles. This operational constraint
(related in particular to safety) imposes a physical limit on the frequency, which was not considered in

previous works.

6 We also disregard costs related to contracting, see for instance Gagnepain et al. (2013) on this issue.
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In this model, we show the coexistence of two operating regimes: normal and degraded
(illustrated by the two parts of the curves on Figure 5). In the normal regime, the frequency constraint
is not active. The operator reacts to an increase in demand by increasing frequency and vehicle size.

The system is then characterized by the following economies of scale:

dASC* C -1 C -1 C
N _ __K("K_) __0(’70_) _tw (2.1)

dN N Nk N No Nw

where ASC* is the optimal average social cost, and C,, and 7,. the cost and degree of scale economies
(withn = C/yC") associated with x, i.e. operations (subscript 0), capital (K), or user waiting times (W).
We show that economies of scale at the system level are related to those at the production level
(operating costs and capital costs) and at the user level (waiting costs). In the case of neutral economies
of scale at all three levels (case of the linear model), we find again Mohring's result that the externality
N.dASC*/dN equals the average waiting cost —Cy,,. This positive externality implies that the service

is subsidized at optimum.

In the degraded regime, the demand is so high that the frequency constraint becomes active.
The operator reacts to an increase in demand by increasing vehicle size, but also by decreasing
frequency (as illustrated in Figure 6 for the linear model). The economies of scale are then modified

according to the prevalence of the constraint through the associated Lagrange multiplier A :

(2.2)

N

NdASC*=_&<TIK—1>_CO<TI0—1)_C_W <£_E>
dN N\ g Mo Mw Nz N

where F(N) represents the maximum frequency as a function of the level of demand N. We show that
above a certain volume of demand, the system becomes subject to diseconomies of scale (see also
Figure 6). Optimal pricing this time involves taxing the transport service, not subsidizing it (Figure 7).

We show this result to be robust to the introduction of a modal alternative that would be underpriced

and subject to congestion, typically the car.
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Figure 6: Optimal frequency and vehicle size (left) and degree of economies of scale (right) in the linear case
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Figure 7: Optimal (and equilibrium) fare and optimal subsidy in the linear case
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In order to test empirically for the existence of diseconomies of scale in public transit networks,
we consider the Piccadilly Line, the second-longest tube line of the London Underground network.
Consecutive to an ageing rolling stock and insufficient frequency during peak times, the Piccadilly line
faces recurrent overcrowding issues which degrade the quality of service. A major capacity upgrade
investment program is planned as part of the New Tube for London scheme in order to relieve
congestion, which includes investments in signaling systems and new rolling stock (with higher capacity
and reduced boarding/alighting times). This makes the Piccadilly line a prime candidate to illustrate
the effects of overcrowding and possible ways to address them. After calibrating the linear model,
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notably by crossing validation and frequency data (in order to estimate the technological parameters
associated with the frequency constraint), we find that the line is subject to significant diseconomies
of scale at the morning hyper-peak, both for the observed (-1.49 £/pax) and the optimal (-0.61 £/pax)

service level.

The contributions of this work are twofold. On a theoretical level, we specify the degree of
economies of scale for a public transportation service, both under normal and degraded conditions.
We show these results in a general framework, in contrast to previous work that mainly rely on linear
specifications of the cost functions, and that therefore neutral economies of scale for both production
and user costs. In terms of public policy, our work shows, through the case study of the Piccadilly line
in London, that economies of density disappear when demand is too high, calling then for no more
subsidies to public transport but, on the contrary, for taxes in the medium run (as long as the network

structure and the transport technology remain constant).

Road transportation: external environmental costs and pricing

Urban freight transport is in a paradoxical situation. Although it plays a key role in the economic
functioning of cities (Dablanc, 2009; Macharis and Melo, 2011; OECD, 2003), knowledge of urban road
freight remains limited at best due to the lack of sufficient observation in most cities across the world,
especially for road transport. However, the imperatives of the ecological transition are causing cities
to implement numerous public policies for sustainable urban logistics: pricing, low-emission zones,
measures in favor of electric vehicles or of off-peak deliveries (Demir et al., 2014; Ellison et al., 2013;
Holguin-Veras et al, 2006; Mirhedayatian and Yan, 2018; Russo and Comi, 2016) ... Despite significant
efforts to collect more freight data in recent years (Allen et al., 2013; Holguin-Veras and Jaller, 2014;
Toilier et al., 2014), several grey areas remain which hinder the design of the previous policies.
Organizing authorities are often unaware of the distances covered by light and heavy goods vehicles,
as well as the spatial structure of routes within their territory. This is particularly true of the
environmental externalities generated by URF, which are still the subject of much debate.
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In a paper co-authored with Laetitia Dablanc (LVMT), Mathieu Gardrat (LAET) and Martin
Koning (SPLOTT), published in Transportation Research Part D, we seek to fill this knowledge gap
regarding urban road freight, in particular regarding the associated environmental external costs.
Considering the lack of observed data, we develop a methodology based on a modeling chain which
allows to estimate pollutant emissions as well as the environmental social cost of urban road freight.’
The developed modeling chain also allows us to estimate the costs related to road congestion, for both
freight vehicles and private vehicles, and is therefore particularly suited to help design public policies.
This is especially true for the consideration of possible pricing instruments in urban areas that would

be differentiated according to the vehicle category, as will be discussed at the end of this section.

The methodology consists of two steps (Figure 8): first estimating the pollutant emissions from
road traffic, then the associated environmental social cost. We consider four classes of vehicles:
passenger cars (PC), light goods vehicles (LGVs), and heavy goods vehicles (HGVs), rigid and articulated.

This allows us to single out the contribution of each vehicle class to the environmental social cost.

The first step is to estimate pollutant emissions associated with road traffic, in particular URF.
The passenger car demand being considered as an input, we start by estimating the demand for URF.
Based on the characteristics (activity sector, size, type of establishment, etc.) and spatial distribution
of firms in the Paris area, the Freturb-Simetab models (Gardrat et al., 2014; Routhier and Toilier, 2007)
estimate generation coefficients (number of deliveries and pick-ups per week) for all establishments,
and the resulting transport demand. The models produce output OD matrices for each class of freight
vehicle (LGVs, articulated and rigid HGVs). We combine the freight OD matrices with the PC OD matrix
in order to determine the multi-class traffic equilibrium, which is similar to a Nash equilibrium (Correa
and Stier-Moses, 2011), and is computed using the TransCAD software. This gives us for each road

section the total traffic flow, its decomposition by vehicle type, and the average speed on the section.

7 In this paper we defined the environmental social cost as the external cost associated with greenhouse gases
and local pollutants. We therefore exclude other environmental externalities such as noise or biodiversity.
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Figure 8 : Methodology for computing emissions and the environmental social cost of URF
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Source: Coulombel et al. (2018)

These data are then fed to the Copcete emissions model (Demeules and Larose, 2012), which applies
emission factor curves that depend on the vehicle type and speed (using the COPERT IV methodology)

in order to estimate pollutant emissions for the different sections.

We can then determine the environmental cost associated with the different categories of
road traffic, being the second step of our methodological framework. We cross the emissions outputs
with the socio-economic input data. The two datasets are spatialized, allowing us to take into account
the greater impact of local pollutants in dense areas, as more individuals are exposed to emissions.
The lle-de-France municipalities are thus grouped into six classes of decreasing population density
(Figure 9), in accordance with the five categories recommended by the French official guidelines for
the computation of external costs (Quinet, 2019), to which we add a sub-category for the very dense

zone corresponding to the city of Paris, for analytical purposes.
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Figure 9 : The Paris region, 2012

Municipalities(density in pop./km?)

Il Paris (density=23,656)

Il Very dense urban area (density>4,500)
I Dense urban area (1,500<density<4,500)
Urban area (450<density<1,500)

[ Diffuse urban area (37<density<450)
[ Interurban area (density<37)

Source: Coulombel et al. (2018)

Based on the simulation results of the road assignment model, road traffic added up to 155
million vkm per day for the Paris region in 2012, 33% of which occurring in the peak period (Table 3).
Paris concentrates 11% of road traffic while the fringes of the metropolitan area account for 30% of
the distances traveled. The share of freight traffic also greatly varies depending on the area: equal to
8% on average in the region, it varies from 16% in Paris to only 2.6% in the interurban area. The average
distance covered by URF is slightly greater than that of private cars, since HGVs and LGVs account for

only 6% of daily trips in the daily OD matrices (as opposed to the 8% of distances traveled).
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Table 3 : Results of the road assignment model (Paris region, 2012)

Region Paris VDUA DUA UA DIUA 1A

Peak periods

PC (veh/h) 745 1,146 858 664 646 526 404
LGV (veh/h) 33 95 40 23 17 10 3
HGV (veh/h) 28 69 33 22 18 11 3
VOC ratio 0.45 0.62 0.53 044 037 030 0.22
Vehicle speed (km/h) 41.2 20.7 31.8 40.6 49.4 61.4 70.3
Off-peak period

PC (veh/h) 303 477 350 272 257 209 146
LGV (veh/h) 20 59 25 14 10 6 2
HGV (veh/h) 17 42 20 13 11 6 2
VOC ratio 0.20 0.29 0.24 0.20 0.16 0.13 0.08
Vehicle speed (km/h) 51.3 33.0 44.3 50.8 58,0 675 745

Note: “VDUA” stands for very dense urban area, “DUA” for dense urban area, “UA” for urban area, “DIUA” for diffuse
urban area and “IA” for interurban area.

VOC = Volume-Over-Capacity.

Source: Coulombel et al. (2018)

Regarding pollutant emissions, we find that road traffic emitted in 2012 about 31,300 t of CO,,
123 t of NOx and 15 t of PMyo every day (Table 4). 40% of these emissions occur in very dense areas
(including Paris), which represent 58% of the regional population and 67% of jobs. This difference is
the result of two opposite forces: the share of the car is lower in dense areas, but unit emissions are
higher due to lower average traffic speeds. URF accounts for about 20% of CO, emissions and 30% of
NOx and PMio emissions, well above its share (8%) in road traffic. Unit emissions are as a matter of
fact higher for LGVs and even more so for HGVs, especially in the case of NOx and PMy,, reflecting both
the higher mass of these vehicles and the higher dieselization of the fleet (compared to private cars).
While HGVs quite logically emit much more than LGVs per vehicle-km because of their greater mass,
we find the opposite result when computing emissions per ton-km of freight transported, thanks to a

better filling of the trucks.

38



Table 4 : Pollutant emissions from road traffic in the Paris region (2012)

Region Paris VDUA DUA UA DIUA 1A

CO;

Emissions (tons/day) 31,271 4,256 7,970 6,219 4,485 7,014 1,327
PC 25,205 2,813 6,122 5,018 3,771 6,241 1,239
LGV 1,688 421 509 324 190 219 25
HGV 4,378 1,022 1,339 877 524 554 63

Emissions (%) 100.0%  13.6% 25.5% 19.9% 14.3% 22.4% 4.2%

Share during peaks (%) 34.2% 35.9% 35.0% 34.0% 33.3% 33.2% 33.8%

Share of URF (%) 19.4% 33.9% 23.2% 19.3% 15.9% 11.0% 6.6%

NOx

Emissions (tons/day) 122.5 17.5 30.5 23.7 17.5 27.9 5.4
PC 86.6 8.5 19.4 16.7 13.4 23.7 4.9
LGV 5.9 1.5 1.8 1.1 0.7 0.7 0.1
HGV 30.0 7.5 9.3 5.9 3.4 3.5 0.4

Emissions (%) 100.0% 14.3% 24.9% 19.3% 14.3% 22.8% 4.4%

Share during peaks (%) 32.6% 34.9% 33.4% 32.1% 30.9% 31.5% 33.3%

Share of URF (%) 29.3% 51.4% 36.4% 29.5% 23.4% 15.1% 9.3%

PMio

Emissions (tons/day) 14.8 1.9 3.7 3.0 2.2 3.4 0.6
PC 10.4 1.0 2.4 2.1 1.6 2.8 0.5
LGV 0.7 0.2 0.2 0.1 0.1 0.10 0.00
HGV 3.7 0.7 1.1 0.8 0.5 0.5 0.1

Emissions (%) 100.0% 13.0% 25.2% 20.0% 14.8% 22.9% 4.2%

Share during peaks (%) 31.8% 31.6% 32.4% 30.0% 31.8% 32.4% 33.3%

Share of URF (%) 29.6% 46.4% 35.1% 30.3% 26.0% 18.9% 11.3%

Source: Coulombel et al. (2018)

Finally, regarding the environmental social cost, we find that the emissions of air pollutants
caused by road traffic (PC, LGVs and HGVs) represent an average cost of 23.1 M€ per day (Table 5),
that is 1.9 €/inhab/day. This represents about 6 billion € per year, or about 1% of the regional GDP.
Considering that the private cost of road transportation averages 90 million € per day, internalizing the
external cost of air pollution would result in an additional cost for users which would be around 26%.
Urban road freight is responsible for 36% of the regional environmental social cost, compared with 6%
of trips, 8% of distances traveled and 20 to 30% of emissions. This "extra cost" is linked to the higher
concentration of HGV and LGV traffic in the dense parts of the metropolitan area, thus generating a

higher cost due to the greater number of local residents affected.
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Table 5 : Environmental social cost of road traffic in the Paris region (2012)

Region  Paris VDUA DUA UA DIUA IA

Total social costs (M€/day) 23.06 6.02 11.64 3.38 1.04 0.88 0.10

PCs 14.80 3.22 7.58 2.37 0.79 0.74 0.09
LGVs 1.34 0.49 0.63 0.15 0.04 0.03 0.00
HGVs 6.91 2.31 3.43 0.85 0.21 0.11 0.01
Total social costs (%) 100.0 26.1 50.5 14.7 4.5 3.8 0.4
Share of URF (%) 35.8 46.4 349 29.7 24.2 15.5 8.0

including CO; related costs

Social costs (M€/day) 1.12 0.15 0.29 0.22 0.16 0.25 0.05
Share of URF (%) 19.4% 33.9% 23.2% 193% 159% 11.0% 6.6%

Note: “VDUA” stands for very dense urban area, “DUA” for dense urban area, “UA” for urban area, “DIUA” for diffuse

urban area and “IA” for interurban area. PM, s emissions are found by applying a 0.65 factor to PM ;o emissions (Table 7)

Source: Coulombel et al. (2018).

Quite surprisingly, CO, emissions accounted for only 5% of the environmental social cost in 2012.
This figure reflects both the low valuation of carbon in 2012 (36 €/t), as well as the very high health

cost of air quality, in particular of fine particulate matter.

The results emphasize the magnitude of air pollutant emissions caused by urban freight transport:
although weighing for only 6% of road trips in the Paris region, URF causes more than one third of the
environmental social cost of road traffic. This results firstly from the heavier mass of goods vehicles,
but also from the almost full dieselization of the freight fleet, and finally from the greater concentration
of freight traffic within the densest parts of the metropolitan areas (reflecting the tight link between
URF and the economic activity of cities). Based on this observation, a companion paper is being written
and uses the capabilities of the model chain developed to study the efficiency of pricing instruments

targeting road freight, passenger cars, or both.
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3.2 Travel demand management

Public transit: what potential to decrease congestion?

As discussed above, cities are facing increasing congestion problems in their public transit networks
(see also Yang and Tang, 2018). Although one solution is to invest in network improvements and/or
extensions, such as the New Tube for London plan or the Grand Paris Express project, such a choice is
often expensive, and may ultimately prove ineffective in curbing congestion because of the traffic
induction problem, as brought to light by Duranton and Turner (2011) regarding road travel in the US.
Considering the limits of supply-side solutions, the focus has shifted on how to optimize the use of the
existing network through Travel Demand Management (TDM). Following the Avoid-Shift-Improve (ASI)
typology (Nakamura and Hayashi, 2013), TDM policies can be schematically classified into those that
aim A) to reduce distances travelled, S) to shift trips in time or in space in order to make better use of
the available transit capacity, and I) to improve the efficiency of the public transit system. Telework
(Zhang et al., 2005) is the epitome of the Avoid category. Improve policies include transit operations
control (Daganzo, 2009; Schmdcker et al., 2016), passenger flow control (Xu et al.,, 2016), and
combinations of both (Liu et al., 2020). Within the Shift category, congestion pricing has attracted
considerable attention since Vickrey's seminal works (Arnott et al., 1993; Vickrey, 1973, 1969), with
many applications to road traffic as in Stockholm (Saifuzzaman et al., 2016). As we saw in section 3.1,
congestion externalities in public transit imply that one should charge higher fares during rush hour,
which may even exceed the average production cost if the public transit line faces severe congestion.
Examples of application include peak-fare charging such as in Taipei, Washington D.C and London, and
off-peak discounting as in Melbourne (Yang and Tang, 2018). Yet cases of implementation remain rare,
because of the technical complexity (for road travel), unpopularity and social inequity of such schemes

(De Borger and Proost, 2012; Vanoutrive and Zijlstra, 2018).

Considering the political difficulty of implementing congestion pricing, one possible alternative
is to stagger work hours (and school hours). As shown by Henderson (1981), the optimal distribution
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of traffic may be achieved by spreading work start times in a coordinated manner, so as to reschedule
commuting trips in order to reproduce the optimal distribution of departure times. Staggered work
hours (SWH) schemes are relatively easy to implement and inexpensive to boot, resulting in renewed

interest and applications in cities over the world (Briand et al., 2017; Zong et al., 2013).2

In contrast to a large theoretical literature (reviewed recently in Takayama, 2015), empirical
works remain scarce to date, especially regarding how to design SWH schemes. Questions such as how
many trips should be shifted, when (before or after the peak), and by how much time, are seldom if at
all addressed in the literature. The literature has also largely focused on road travel as yet, with limited

attention to public transit.

In a paper co-authored with Emmanuel Munch (LVMT) and Cyril Pivano (PTV Group), under a
second round of revision in the journal Transport Policy, we develop a framework for the ex-ante
evaluation of peak spreading measures for public transport aimed at filling this gap in the literature.
This framework takes into account the specifics of urban public transit, for which congestion first
manifests itself as in-vehicle discomfort (Haywood et al., 2017). In the case of very high ridership,
congestion can also increase waiting times - when users fail to board the first vehicle and/or through
a decrease in frequency as seen in section 3.1 - and in-vehicle times, then becoming more similar to

road congestion.

In order to develop this evaluation framework, we first build a theoretical model of public
transit congestion. Seeing that we are mainly interested in the choice of departure time, we do not
use Mohring's model as in 3.1, but instead use a scheduling model similar to the one presented in

section 2.3 for public transit. For a trip departing at time tj, the utility writes:

U(tp) = —awTyw — ay(1 + kl(©))Ty — B(t* —tp — Ty =TT —y(tp + Ty + Ty — ). (2.3)

8 SWH schemes do not present any technical difficulties, mostly coordination within and across firms/schools.
Therefore, they require virtually no material investment, only preparation and training meetings.
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The parameter k is the time multiplier related to in-vehicle crowding, measured by the load factor I(t)
(equal to the ratio between vehicle load and capacity). Users then make a trade-off between departing
as close as possible to their preferred arrival time t*, but facing high congestion, or departing before
or after the peak time to avoid congestion, but then incurring a high scheduling cost. At equilibrium,
users are indifferent between all departure times used. We show that congestion costs account for
two-thirds of the total additional cost (excluding free-flow costs), while scheduling costs for one-third,
which is in line with the previous results of de Palma et al. (2017). By staggering work start times t*,
the first effect is to smooth out the departure profile (Figure 10). This leads to a reduction in congestion

costs and scheduling costs, with a more pronounced effect on the latter.

Figure 10 : Impact of staggered work hours on departure rates
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Source: Coulombel et al. (2022)

Following this analysis, we develop an evaluation framework that focuses on crowding costs.
Theoretically, this choice is based on the prediction that scheduling costs are likely to remain limited
compared to crowding costs, especially so following the implementation of SWH schemes. Empirically,

this choice reflects that scheduling costs are often hard to measure empirically, even using surveys.
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The evaluation of the various travel demand management scenarios is based on key performance

indicators (KPI) that we compute using a 3-step methodology (Figure 11).

Figure 11 : Methodology for computing the key performance indicators
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The first step aims to estimate a dynamic O-D matrix for the reference scenario (current situation) by

combining two datasets:

o the smart card database provides the initial spatial structure of the matrix;

o the O-D survey is used to rescale the raw AFC O-D matrix to reproduce consistent trip volumes

given the incompleteness and the biases of AFC data (paper tickets not taken into account,

users who do not tap, destination not always available, etc.).

In the second step, we generate the dynamic O-D matrices for the TDM scenarios by altering the

reference matrix according to the corresponding measures. Two types of scenarios are considered for

the staggered work hours:

e centralized scenarios in which trips are shifted before and after the peak hour to cap the

departure rate, as predicted by theory (Figure 12);

e decentralized scenarios corresponding to simpler rules in which a portion of the trips would

be shifted either X minutes earlier or Y minutes later, or a combination of both (Figure 13).

44



Figure 12 : Schematic representation of the centralized TDM scenarios
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Figure 13 : Schematic representation of the decentralized TDM scenarios
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We also consider telecommuting scenarios, in which a given fraction of users no longer travels,

for comparative purposes.
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Scenarios may be applied either to all the users of the transit line considered, or only to users
who travel to a specific destination (by targeting only schools, universities and firms near the

corresponding transit station).

In the third and final step, the usage of the transit line and the KPI for the TDM scenarios are
computed using the hybrid line model, which combines a macroscopic representation of passenger
flows with a microscopic simulation of vehicles (Poulhés et al., 2017). The hybrid line model considers
vehicle capacity and several forms of congestion: in-vehicle crowding, denied boarding, and on-
platform congestion (longer dwelling times as the number users seeking to board and alight increases).
This allows us to estimate the benefits of travel demand management measures in terms of comfort,
but also in terms of reduced waiting times and travel times (by shortening dwelling times and limiting

instances where users cannot board the first vehicle).

Two sets of indicators are used to assess the performance of the TDM measures being considered.
The first set appraises the congestion relief benefits using a combination of vehicle-based and user-

oriented indicators:

e number of congested links (in veh.interstations);
e total time standing (h);

e aggregate user generalized cost (€) and crowding cost (€).

The second set of indicators evaluates the rescheduling cost for users and for firms by measuring:

e the number of trips shifted;

e the mean timeshift (min), conditional to the trip being shifted.

It is important to stress that the peak spreading measures do not seek to reduce the total ridership,
but rather to spread it more evenly over the entire period. A performance indicator such as the average
load per vehicle would therefore be inappropriate, since it would not vary in the various scenarios

(save for the telecommuting scenarios). In contrast, indicators that capture the convexity of congestion

46



costs, such as the three proposed indicators, can be used to assess the extent to which the tested

policies do lead to smoother loads across vehicles.

The methodology is applied to the RER A heavy rail line in Paris.® With more than 1.2 million
passengers per day, it is the most used urban transit line in Europe, facing recurrent crowding issues.
Frequency and vehicle capacity having been raised to the maximum - with 27 trains/h at peak hour,
each with a carriage capacity of 2,600 users —the RER A is a prime candidate for SWH schemes. In fact,
the transit authority and the two operators of the RER A have initiated in 2019 on these exact grounds
a small-scale SWH experiment with the firms of the CBD La Défense, also including telework incentives
(Région Tle-de-France, 2018). We seek to determine what effect upscaling this experiment would have,

either by targeting more users at La Défense or by deploying it on the entire line.

We find that large-scale peak spreading measures do smooth the peak load, as expected, by
better distributing users across vehicles, thus improving on-board comfort. More surprisingly, we find
that for a similar total timeshift (in number of shifted trips x average shift in h), decentralized measures
often perform better than centralized measures (Figure 14). This suggests that it is generally more
efficient to shift few users but more strongly, than to shift many users but by a small amount of time.
Nevertheless, for very large-scale applications, centralized measures are robust by design, while
decentralized measures tend to produce counterproductive results by merely shifting the peak to
another time in the morning. Regarding the spatial implementation of peak spreading measures, we
find that targeting only the RER A station of La Défense (the primary trip attractor in the morning)
yields - for a given total timeshift - effects similar to a deployment over the whole line (implying a much

stronger measure for a targeting on La Défense given the lower number of users involved).

9 In this paper we only consider changes in departure time, and not other travel decisions such as changes in
route choice or mode choice, by assuming that the impact of SWH policies on these choices remains limited.
Validation this working assumption will be the object of future works.
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Figure 14 : Congestion relief benefits (in €) as a function of total timeshift
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We find mixed results when it comes to the overall performance of staggered work hours
schemes in the case of the RER A line. On the one hand, SWH policies have a commendable efficiency
compared to telecommuting: shifting a trip during the peak hour (arrival between 8:30 and 9:30)
produces an effect similar to cancelling a trip in the morning (between 6:00 and 11:00) regarding
congestion costs (Figure 15). On the other hand, the decentralized scenarios tested only succeed in
reducing congestion costs by a maximum of 20%, while leading to very substantial rescheduling costs.
To reduce the standing time by one hour, fifteen trips must be shifted by the same amount of time.
Alternatively, we find that for sprawl measures to produce an economic benefit, the long-run
rescheduling cost (associated with the change in t*) must be less than one-tenth the value of the VTTS,

which seems unrealistic.
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Figure 15: Congestion relief benefits (in €/trip) as a function of the share of trips targeted
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SWH measures also have redistributive effects, with winners and losers. By shifting some of
the peak users to the edges of the rush hour, peak users who stay benefit the most from the measure,
since they face less congestion without incurring rescheduling costs. Conversely, off-peak transit users

now face more congestion due to the shift of some users to that time period.

If staggered work hours schemes can therefore contribute to improving the performance of
transit systems, they require careful design of their deployment in space (which stations) and in time
(by how much one should shift trips). Otherwise, these measures may have either a limited or even
counterproductive effect. Moreover, our results suggest that for very busy lines such as the RER A,
staggered work hours must be complemented by other travel demand management instruments

(pricing, telecommuting) in order to significantly reduce congestion.
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Road travel: can we reduce its externalities through urban ridesharing?

In France, only 3% of commuting trips on average are made by ridesharing (ADEME, 2016), and this
mobility practice has been in almost continuous decline since the 1970s. This low use of ridesharing
can be explained, in part, by the organizational constraints that it implies on a daily basis for schedules,
and by the additional time related to detours to pick up teammates. Nevertheless, the environmental
imperatives, particularly relating to the improvement of air quality or the fight against climate change,
combined with the recent soar in energy prices, have renewed interest in this transportation mode.
Among the new mobility solutions, urban (or short-distance) ridesharing has thus been the subject of

particular attention in the context of the debates on the French law on the orientation of mobility.

By reducing solo driving, ridesharing should reduce the number of vehicles on the road and,
consequently, contribute to reducing congestion and pollution. According to AirParif, road traffic
currently accounts for 32% of greenhouse gas emissions in the Paris region. Limiting the number of
cars on the road would therefore mechanically reduce them. Ridesharing would also lighten the travel
budget of households, especially in a context of high energy prices. Finally, it would be a new mobility
option for non-motorized individuals. While on paper ridesharing is the ideal solution for reducing road
traffic externalities, its actual efficiency is debated because of the behavioral changes it could cause.
Given the improved road travel conditions, in time for all users due to congestion relief, and in money
for carpoolers due to cost splitting, individuals might shift from other less polluting modes to the car
(RIDES, 1999; Shaheen et al., 2016), or travel longer distances by car, especially for those who would
use this opportunity to relocate further from the city center (Salomon and Mokhtarian, 1997). These
rebound effects are similar to those observed following improvements in the thermal insulation of
buildings, where the initial gains are often reduced by the overconsumption response of users
(Greening et al., 2000; Berkhout et al., 2000). Although mentioned in the literature, the various
rebound effects of urban ridesharing have not been considered as a whole, so that their magnitude,
the interactions that may take place between the various rebound effects, and the means of limiting
them, remain not well known.
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In a series of two papers carried out with Liu Liu, Biao Yin, and Vincent Viguié, and Virginie
Boutueil for the second one, and published in the Journal of Cleaner Production and then in
Transportation Research Part D, we study to what extent user (and non-user) behaviors can amplify
or, on the contrary, mitigate the expected benefits of ridesharing. We focus on urban ridesharing,
circumscribed within a given metropolitan area, as opposed to long-distance carpooling, which is rarely
part of daily mobility. We seek to evaluate the overall rebound effect for this form of mobility, as well
as the contribution of each elementary rebound effect, in order to propose solutions to limit them.
Although we focus on greenhouse gas emissions, as ridesharing policies are usually associated with the
fight against climate change, we also investigate the effects on the short-term social cost and its main

components (private monetary and non-monetary cost, and external environmental cost).

In order to analyze the main rebound effects associated with urban ridesharing, we develop
an integrated transport-land-use model based on the coupling of a 4-step transport model, MODUS
(as for the work presented in 3.1), with a land use model, NEDUM. By representing the main choices
in terms of daily and residential mobility, this modeling chain allows us to capture four elementary
rebound effects associated with: 1) route choice, 2) modal shift, 3) travel distance (destination choice),
and 4) residential relocation. The MODUS model corresponds to a standard 4-step transport model,
while the NEDUM model follows the principles of the monocentric model of urban economics and
extends them to a polycentric context to provide realistic numerical simulations (Viguié et al., 2014).
As is usual for integrated transport-land-use models (often called LUTI models for Land Use Transport
Interaction), the MODUS travel demand model provides the NEDUM land-use model with area-to-area
levels of service (namely travel times and network distances for the various transportation modes),
while NEDUM in turn provides MODUS with the volumes of population and jobs by area (Figure 16).
As opposed to other LUTI models such as UrbanSim (Waddell et al., 2007), NEDUM only models the
location choices of households, however, and not that of firms, so that the number of jobs per zone

actually remains the same in all scenarios
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Figure 16: Model flowchart and integration of urban ridesharing
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Consistent with the structure of MODUS, ridesharing is represented as an increase in vehicle
occupancy (AVO), and a decrease in monetary cost proportional to the increase in vehicle occupancy.
For example, in a scenario where the development of ridesharing increases AVO by 50%, the monetary
cost of a car trip is reduced by 33% (= 100% / (100% +50%) ). Rebound effects are measured relatively
to the initial direct effect of ridesharing, which in this same example is to reduce road traffic by 33%,
and thus emissions also by 33%. Considering our focus on the environmental impact of ridesharing and
on the rebound effects, as well as the limitations of MODUS, we do not model explicitly the matching

technology (as in e.g. de Palma et al., 2022b, 2022a), and instead assume that matching is frictionless.

We apply our modeling chain to evaluate various ridesharing scenarios for the Paris region.
The simulation results confirm that the development of ridesharing, by making car use both cheaper
(cost splitting) and faster (reduced road congestion), leads to rebound effects that strongly mitigate
the expected reductions in CO, emissions. In a scenario where ridesharing would increase the average

vehicle occupancy by 25%, CO, emissions would not decrease by 20% as expected, but by only 6%
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(Figure 17). This is the result of a positive rebound effect (amplifying the decrease in CO; emissions),
corresponding to more direct routes following the initial reduction in congestion (as drivers make less
detours to avoid traffic jams), and of three negative rebound effects related 1) to the modal shift from
public transit and active modes to the car, 2) to an increase in travel distances made by road users,
and 3) to a smaller extent to the relocation of households to peripheral areas (i.e. to urban sprawl).
We find that the rebound effects result approximately for half from the decrease in monetary costs,
and for half from the decrease in road congestion (travel time effect).'® Because the rebound effects
are partly related to congestion, they are stronger the higher the level of road congestion, but diminish
as the development of ridesharing reduces congestion more and more. Similarly, the substantial modal
shift rebound effect stems in our case from the high modal share of public transport in the Paris region.
Our results therefore suggest that the rebound effects associated with urban ridesharing will be

stronger in cities with high levels of road congestion and/or of public transit modal share.

Figure 17 : Reduction of CO, emissions and rebound effects in a +25% AVO scenario
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10 Focusing on the impact of the decrease in monetary costs, this implies a rebound effect that is around 30%,
with 20% resulting from modal shift and 10% from an increase in travel distances. This last figure of 10% is in line
with the empirical literature on fuel efficiency and rebound effects, such as the study of de Borger et al. (2016)
which provides a 7.5-10% estimate for the rebound effect on travel distances.

53



Regarding the other private and external costs, we find rebound effects comparable to those
observed for CO, emissions, apart from non-monetary time costs which are ultimately little impacted
by ridesharing (Figure 18). Indeed, ridesharing does not directly decrease the time spent in the car
(two people in one car spend as much time in it as each one in his own car). It does reduce it by reducing
congestion, but because the reduction is offset by the rebound effects, the final effect is almost zero.
Considering the prevalence of the opportunity costs of time over other private and external car costs,
the total social cost is only slightly reduced in the end (with only a 2.3% decrease in a scenario with a

25% change in average vehicle occupancy).

Figure 18 : Effects of a +25% AVO scenario on the social cost and other KPI
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Given the magnitude of the rebound effects, we investigate various accompanying measures
aimed at increasing the efficiency of urban ridesharing policies. We consider three types of measures:
1) increasing the public transit supply through the implementation of the Grand Paris Express network,
2) a reduction in road capacity, and 3) raising the cost of car use. These measures aim at limiting the
various rebound effects, especially the one related to modal shift which is the most significant in size.

While one might expect that increasing public transport supply would be effective in countering the
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rebound effects, we actually find a negative synergy between this measure and ridesharing (Table 6).
The two measures compete with each other to attract users, so that combining them reduces their
respective efficiency.!! Conversely, decreasing road capacity allows synergies with ridesharing as it
manages to limit the rebound effects consecutive to lower road congestion. This involves, for example,
converting motorway lanes into lanes reserved for ridesharing (and most often for public transport),
following the example of the high-occupancy vehicle (HOV) lanes that have been in place for many
years in North America. This concept is being transposed in several French cities such as Lyon and Paris,
through the concept of reserved lanes (VR 2+). Finally, we find that increasing the cost of car travel in
order to limit the price (and income) effect related to cost splitting presents negative synergies with

ridesharing for CO, emissions, and no particular synergy regarding the social cost.

Table 6 : Effects of ridesharing (+25% AVO scenarios) and on various complementary measures on
greenhouse gas emissions and the social cost (relatively to the reference scenario)

CO; emissions Social cost

AVO + 25% -5,5% -2,3%

Grand Paris Express -4,1% -10,3%
Grand Paris Express & AVO +25% -8,8% -10,5%
Theoretical impact without interaction © -9,4% -12,3%
Road capacity -20% -7,4% +16%

Road capacity -20% & AVO +25% -13,1% +8,7%
Theoretical impact without interaction © -12,5% +13,4%
Car cost +25% -9,6% -10,6%
Car cost +25% & AVO +25% -13,1% -12,8%
Theoretical impact without interaction © -14,6% -12,6%

a Effect computed by cumulating the individual effects in a multiplicative (and not additive) manner

Source: Coulombel et al. (2019)

11 Note that intermodality (ridesharing then public transit) is not considered in our model, which might increase
the efficiency of combining the two measures.
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Our works show that developing urban ridesharing will trigger a series of rebound effects,
including modal shift toward the car, increases in travel distances and urban sprawl, which result from
the improved road travel conditions (both in time and money). These rebound effects are likely to be
stronger in cities with high levels of road congestion and/or modal shares of public transportation.
Considering the magnitude of the rebound effects, complementary measures are needed to maximize
the benefits of ridesharing schemes. Based on our simulation results, reducing road capacity seems
the most promising on paper. To limit the unpopularity of capacity reductions, these could be achieved
by converting road lanes into dedicated bus lanes, bike lanes, or even HOV lanes to provide an
additional incentive to rideshare. Still, because the decongestion effect only arises after ridesharing
has reached a certain level of development, the question is whether decreasing road capacity will
actually encourage users to rideshare, or whether it will trigger other reactions, such as using public
transportation, teleworking, or even quitting work were travel conditions to become excessively bad.
Though not involving synergetic effects like for road capacity measures, increasing the cost of car travel
(e.g. by road pricing) might be more promising in that regard. Unlike for time costs, a simple way to
cope with increases in monetary costs is to engage in ridesharing. Road pricing could therefore be an
efficient way to simultaneously encourage ridesharing while limiting the associated rebound effects.
While these could not be investigated due to the limitations of our aggregate modeling chain,
ridesharing subsidies that would differ between drivers and riders as investigated by de Palma et al.
(2022a) could further improve the efficiency of such schemes. Last, public transit improvements seem
less promising: while they do address the modal shift effect, they amplify the other rebound effects

(increased trip distance and urban sprawl).

All in all, the findings corroborate the idea that to achieve their low-carbon transitions, cities
should not rely solely on one type of solution (technological, infrastructural, or behavioral), but rather
on a combination of these. Given the complex effects related to the combination of public policies,
which may result in counterintuitive positive or negative synergies, this underlines the usefulness of

modelling for designing programs of measures in the context of sustainable mobility plans.
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4. Research perspectives

4.1 Limitations of static and aggregate simulation models

My research works aim at supporting the design of sustainable mobility policies, by working on issues
related to their economic appraisal. To this end, | have developed models either theoretical in order
to better understand the economic forces at work (as for reliability or congestion of public transport),
or numerical when the objective was to quantitatively assess the magnitude of the economic impacts
(as for the environmental social costs of urban road freight and of urban ridesharing). In both cases,
the modeling approach aims to represent the decisions of the various agents and to analyze the result
of their interactions, allowing to capture complex system effects and to evaluate their magnitude:
rebound effects, interactions between public policies, etc. Crossing modeling and economic appraisal
is in my opinion all the more necessary in view of the current challenges in terms of public policy design.
On the one hand, the increase in constraints, whether economic (increasing scarcity of public money
following the various recent economic crises), environmental (taking into account the planetary limits),
or social (with more important focus on equity issues and the impacts on the least well-off households)
calls for multi-criterion approaches. On the other hand, it also becomes increasingly important to be
able to evaluate public policy packages to ensure that the objectives set are achieved, particularly in
the case of decarbonization strategies, and thus to be able to analyze interactions between policies.
For example, the French National Low Carbon Strategy involves the implementation of 45 guidelines,
including 6 for transport, as well as a monitoring with a dashboard of 184 key performance indicators.?
Only modeling approaches are in my view able to meet these two challenges; | will therefore continue
my research in this direction. Regarding simulation works, however, the transport models | used in my
first studies were 4-step models, used either alone or in combination with a land-use model in order

to integrate the effects related to households’ relocation choices. The 4-step models are static models

12 https://www.ecologie.gouv.fr/strategie-nationale-bas-carbone-snbc
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- focusing on a given time of day assumed to be in steady state - and aggregated, operating at the scale
of passenger flows and not of individuals. Although they have the dual advantage of being widespread,
especially among public authorities and consulting firms, and of a long user history that has provided
proof of their operationality (via numerous calibration and validation studies for their instantiation),

these models have several limitations in relation to the issues mentioned above.

First, their static nature prevents analyzing the daily dynamics of the phenomena represented.
Yet, at least three phenomena of major interest to cities are characterized by significant dynamics,
guestioning the relevance of the steady state assumption. This is first of all the case of congestion,
especially road congestion. In many cities, the high level of road traffic leads to hypercongestion, the
decrease in traffic flow in the basic traffic diagram that can be observed first at the infrastructure level,
but also at the macroscopic level (Geroliminis and Daganzo, 2008). This can be aggravated by spillback
congestion phenomena, causing significant impacts on speeds (as for example in Krug et al., 2021).
This is the case in the Paris region, so that the static MODUS model does not manage to correctly
reproduce flows and travel times under these conditions, leading the DRIEAT-IF (which develops and
uses the MODUS model) to seek to replace the road traffic static assignment with dynamic assignment.
Like congestion, environmental externalities also have marked dynamics. Air quality for instance highly
depends on the intraday dynamics of local pollutant emissions and weather, limiting the relevance of
static approaches. In a different manner, noise is a phenomenon that is very localized in time and is
characterized by non-linear impacts, so that dynamic models - which can capture exposure peaks,
including at night — are better suited for the computation of exposure indicators than static models
(on the topics of exposure to local pollutants and noise, see the state of the art by Yameogo, 2021).
Finally, new mobility solutions are often characterized by a quality of service or even a pricing that can
vary greatly within a day. This is the case of shared mobility systems - self-service bicycles and scooters,
car-sharing, dynamic ridesharing, etc. - for which the availability of the service fluctuates significantly

according to the spatio-temporal dynamics of supply and demand.
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Second, the aggregate nature of the 4-step models precludes tracking the mobility of individuals
throughout the day. Four-step models do not allow for the representation of the phenomenon of trip
chains and their increasing complexity in recent decades, with the recent increase in telecommuting,
for example, which can lead to short tours near home or to longer tours with an anchor point at the
workplace depending on the day.!®* As far as evaluation is concerned, the aggregate nature of 4-step
models does not allow for the calculation of indicators at the individual level. This makes it difficult to
study exposure to environmental externalities, or the distributional effects of mobility policies and

equity issues.

4.2 Agent-based modeling and economic appraisal

Acknowledging the limitations of static and aggregate simulation models, | am developing a research
project that seeks to develop the use of agent-based modeling for the evaluation of public policies,
both for passenger and freight transportation. By proposing a dynamic and disaggregated framework,
agent-based modeling allows to overcome the main limitations of 4-step models (Ziemke, 2022).
Indeed, the more detailed representation of the 3 dimensions - agents, time, space - opens up new

perspectives in terms of both modeling and evaluation.

At the modeling level, the fine representation of space and time allows to better represent
physical phenomena. It allows to take into account their dynamics such as chemistry-dispersion in the
case of air quality modeling (Elessa Etuman et al., 2021; Vosough et al., 2022), or the characteristics of
the natural and built (street width, height...) environment in the case of noise propagation (Garg and
Maji, 2014; Kaddoura and Nagel, 2018; Le Bescond et al., 2021). The micro-simulation of agents allows
the implementation of disaggregate choice models, which can include both the characteristics of the

individual and of her household, as well as their constraints (having to drop children at school,

13 Regarding activity schedules, and the resulting mobility chains (or non-mobility), see for example the recent

work of Motte-Beaumvol et al (2022).
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availability of the household vehicles, work or study schedules...) as explanatory variables. It also opens
the way to a finer estimation of the environmental impacts of mobility, based on the detailed
characteristics of the household vehicles instead of using an average vehicle fleet (Lannes et al., 2022).
Due to their capabilities, agent-based models are being overwhelmingly used to analyze new mobility
services - in particular autonomous mobility service as we have shown in a state of the art with Félix
Carreyre, Jaafar Berrada and Laurent Bouillaut (Carreyre et al., 2022) — or new mobility policies such
as the implementation of Mobility as a Service (see for instance the recent study of Becker et al., 2020)

or low emission zones (Borjesson et al., 2021).

Similarly, agent-based models also open many perspectives in terms of evaluation, since they
allow economic indicators to be estimated at the most disaggregated level in the three dimensions
(agents, time, space), and then reaggregated as needed. This is especially useful for investigating
redistributive effects of transportation policies (as in e.g. Tirachini and Proost, 2021) and equity issues
(e.g. Meyer de Freitas et al., 2017; Souche-Le Corvec et al., 2019). The disaggregated nature of ABMs
also allows to modulate the impacts according to the individual characteristics and sensitivities:

heterogeneity in values of time, in health effects (for active modes, air pollution), etc.

The much more detailed level of modeling nevertheless implies major challenges in terms of
calibration and validation, as discussed during the agent-based modeling seminar that | co-organized
in 2019 with the help of Liu Liu (LVMT) and in partnership with the Paris Region Institute, and as we
are studying in a work in progress on calibration with Tatiana Seregina (LVMT) and Mustafa Ameli

(GRETTIA), presented at the TRISTAN 2022 conference, with a paper being written.

In order to successfully carry out this research project, | have sought to first establish a solid
and sustainable foundation both on a scientific level and in terms of human and financial resources.
On the scientific level, the international research seminar that | organized in 2019 allowed me to launch
the project and to invite Kay Axhausen (ETHZ) and Kai Nagel (TU Berlin), two world specialists on the

subject, and to draw up a state of the art of the work in the field (with a focus on the MATSim platform,
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www.matsim.org, being currently the most used agent-based mobility model worldwide). Since then,
| take part every year to the MATSim User Meeting with the team that | supervise in order to keep us
informed of the recent works on the platform. | also collaborate with André de Palma (CYU), world
expert in transportation economics and urban modeling, and at the origin of the METROPOLIS model.
This platform, which is more focused on the microeconomic representation of user behavior and the
resulting equilibrium, represents a relevant alternative to MATSim depending on the research topic.

Both platforms are open, an important element in the choice to select them.

Regarding human resources, | have hired a team of researchers, PhD students and interns
thanks to the funding | have obtained (Lab Recherche Environnement, thesis funding with ENPC,
Védécom, and DIM QIl2, SAM project on autonomous mobility...). This allows us to reach the critical
mass needed to work on agent-based modeling, which requires skills in programming, optimization,
and mobility analysis. Currently, the team consists of Tatiana Seregina and Biao Yin as post-doctoral
research fellows, and Félix Carreyre, Marjolaine Lannes and Rayane Alamirdache as PhD students.
Considering the entry cost of MATSim (which is not a commercial software, involving a less complete
documentation and less effort on the ergonomics despite the pros of being open source), a major stake
relates to the loss of competences in case of leave - a fortiori unforeseen - of members of the team.
This risk is particularly high given the increasing difficulties to secure employment for non-permanent
members, leading to (far too) many departures. To overcome (to some limited extent) this difficulty,
we have developed with Sebastian Horl (SystemX) a Slack network for the MATSim community in
France, in order to support exchanges and cooperation between research teams on a national level.
The idea is that by sharing know-how and developments on the widest possible scale, all the teams
can move forward more quickly and have the insurance that if the unexpected departure of a member
prevents the transfer of the know-how accumulated internally, the community can then take over

from the team to train the new members when they are recruited.
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Finally, at the strategic level of financial resources, and as mentioned in 1.3, | am involved in
several projects in order to both support my research and collaborations, and to ensure enough funds
to support the whole team. The Lab Recherche Environnement with Vinci plays a key role in this part,
which | nevertheless make sure to diversify with other sources of funding in order to limit dependence

on a single funder.

4.3 Ongoing and future projects

In order to go forward with my research project aiming at crossing agent-based modeling with

economic appraisal, | have already initiated several works that are still in progress.

On methodological issues, | am currently supervising the thesis of Félix Carreyre - with Laurent
Bouillaut (GRETTIA) as co-director and Jaafar Berrada (Védécom) as co-supervisor - on the economic
appraisal of autonomous mobility services. Following a state of the art of the topic, published in the
Review of Industrial Economics, we have chosen the MATSIim model to perform mobility simulations.
MATSim is as mentioned previously especially appropriate for this purpose considering its capabilities,
and in fact the most used in the literature. We are therefore working on how to implement cost-benefit
analysis in the MATSim framework and adapt it to the case of autonomous mobility services, with their
specificities in terms of cost and investment structure, impacts in terms of externalities (environment,
safety, congestion) or user behaviors (with issues related to the value of time). In parallel to this thesis,
Rayane Alamirdache has started in October 2022 a thesis on the integration of equity in the evaluation
of transport projects, which will take advantage of the capacities of multi-agent models to calculate

indicators at the individual level.

On thematic issues, we are working with Biao Yin and Tatiana Seregina on the evaluation of
innovative public policies, such as driving restrictions that are being considered in the center of Paris,
or the development of e-scooters services to promote intermodality and the use of public transport

(or on the contrary to compete with them, a point which we are trying to clarify). | also co-supervise
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the thesis of Marjolaine Lannes, directed by Yelva Roustan (CEREA). This thesis studies uncertainties
related to the calculation of exposure to air pollution using agent-based models for the mobility part
(coupled with the HBEFA emissions model and an air quality model). Finally, the thesis of Félix Carreyre,
beyond its methodological issues, also aims to determine what could be the contribution of
autonomous mobility services for territories, by trying to establish what type of service is the most

adapted according to their characteristics (density, existing public transport supply...).

Regarding future works, | would like to extend my previous works on urban ridesharing by
leveraging the capacities of agent-based models to study various types of incentive measures,
including subsidies and managed lanes which are a hot topic in the Paris region with the upcoming
Olympic games (for which several managed lanes will be implemented, with the question of whether
these should be temporary or permanent). More generally | would like to work on how to transform
urban motorways to achieve a more sustainable mobility. Considering the environmental emergency,
this topic is in my opinion a key issue to strongly curb solo-driving and its strong environmental impact,
and is in line with the roadmap of cities as well as highway infrastructure managers (including Vinci)
who are looking for solutions to decarbonize highway transport and to reduce emissions associated

with their Scope 3.
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5. Conclusion

My research relies on two forms of modeling, theoretical and numerical, to evaluate public policy on
transport and mobility, with increasing concern of necessary environmental transition and equity.
Although transportation microeconomics remains my theoretical frame of reference, as evidenced by
my work on public transit reliability and congestion, my simulation work has evolved from a traditional
approach based on the 4-step model to a more innovative approach based on agent-based models.
While this framework provides great flexibility for evaluating mobility measures on the supply side
(traffic restrictions, low emission zones, shared mobility services) as well as on the demand side
(staggered work hours, tradable mobility permits, telecommuting), it also poses three challenges that

| will pay attention to in my future projects.

The first challenge is related to the microeconomic foundation of agent-based mobility models.
When most models base agents' decisions on the notion of utility (in a more or less direct form, where
utility in MATSim is called score, for example), both the individual optimum (utility maximization
program) and the system equilibrium are not always well defined. This results from the disaggregated
and dynamic approach combined with a typically very large universe of choices (mode of transport,
departure time, route...), which lead these models to tend to focus on the notion of convergence rather
than on an equilibrium solution (if it exists at all). This raises questions about the stability of the
solution at the individual level (the model could oscillate between two states that are close in terms of
total utility but imply significant variations in individual choices) and about the uniqueness of the

equilibrium at the aggregate level.

The second challenge lies in the calibration and validation of agent-based mobility models. As
mentioned earlier, the complexity of these models, both in terms of model structure and data
requirements, makes these two issues important. It will therefore be necessary to collaborate with the

scientific community in the area of applied mathematics and complex systems modeling, as | have
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already had the opportunity to do in the ANR Cities project on calibration and validation of land use-
transportation interaction models. In other areas (e.g., weather or air quality models), there is a large
literature using, for example, sensitivity analysis methods (Sobol indices), metamodeling, or

uncertainty propagation to work on these issues.

A third challenge relates to the limitations of mobility models, which represent only a portion
of the urban system and must be coupled with other models depending on the needs of the research
topic. Multidisciplinary work with specialists in air pollutant emissions, atmospheric physiochemistry
for air quality, life cycle analysis for broader environmental impacts, or urban economics to integrate
urban development and real estate strategies of businesses and households is increasingly necessary
given current research challenges. To this end, | can draw on the multidisciplinary nature of the “Villes,
Transports, et Territoires” PhD School and, more broadly, the Cité Descartes campus and the

collaboration with the Institut Polytechnique Paris that is currently being established.
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