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Abstract

Transport generates many externalities, some cetat@tmospheric pollution. In this paper,
we focus on two: greenhouse gases, and local piluln the search for optimal transport
policies, these two externalities have usually baealysed separately. Here, we study them
jointly, in a sequential decision-making model. @uvdel allows for the irreversibility of the
policies undertaken, as well as the possibilitygfrogressive reduction of uncertainties with
the arrival of information. We find that when baslources of externalities are analysed
jointly, structural measures enabling private tpams requirements to be reduced are
identified as being more advantageous economichéy technological measures to reduce
emissions of pollutants. We illustrate the usefsfnef a joint analysis of externalities with
two examples: tax measures on cars and housingypoli
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1 Introduction

Beyond their primary vocation, which is to carryogs and people, our means of transport
produce numerous harmful effects and generate deradle externalities (CGP, 2001, Infras-
IWW, 2004; Mailbachet al, 2008). They are responsible for road congestiangscape
disturbance and road accidents. Moreover, theyribomé to a deteriorating environment in
terms of noise levels, aesthetics and atmosphaiiatipn (greenhouse gas emissiaryd
local pollutants}.

The impact of transport with respect both to clienahange (greenhouse gas emissions, or
GGESs) and to local air pollution (particles, NOs a particularly topical issue. In both cases,
progress on fixed-source emissions has actuallydehnsport becoming the prime source of
GGEs: it produced an average of 21% of emissionthéyEuropean Union-15 (EU-15), in
2005 (European Environment Agency, 200Tyansport is also the prime emitter of local,
health-damaging pollutants, producing 36% of tqafticle emissions in 2007 (European
Environment Agency, 2009a). Finally, transport he tmajor source of emissions of NO
generating some 50% of total emissions in 2007 dgean Environment Agency, 2009b).
Road transport accounts for roughly two-thirds aftigle and NQ emissions, as well as 90%
of GGEs of all transport emissions.

Although local pollution and climate change shdre same source, they have often been
analysed separately when pricing policies for toans are determined. In France, for
example, the government-organised public forum oe tnvironment Grenelle de
I'Environnement)recommended introducing a tax system based on G&hand particle
emissions (“Eco-pastille”). This system, howeveasvadopted only for COSimilarly, in the
United Kingdom, where the Department of Transpb®98, 2008) has been pleading for over
ten years for joint management of transport andrenmental policies, local pollutants and
GGEs are analysed separately (Begg and Gray, 2004).

Moreover, to date most debates on policies foreeduatmospheric pollutant emissions from
transport have not satisfactorily taken into ac¢dba prevailing major uncertainties, be they
scientific (the extent of environmental changejpremmic (the method of evaluating the costs
of externalities) or technical (the effectivene$paollution cleanup policies). Thus, in 2000,
when the French government was updating its recordetereference values for the costs of
effects (‘valeurs tutélaires), in order to take into account the external castdransport
(CGP, 2001), the two Ministries responsible for émvironment and for transport disagreed
over the value of a tonne of G@nd the health costs of exposure to air pollutibhe
Ministry for the Environment pleaded for much higkalues than the Ministry for Transport.
The latter cited the great uncertainty involvedthe evaluation of externalities to defend
lower valuations. Since these reference valuesirdemnded to be applied when assessing
infrastructure projects, higher values would haveaaticularly favourable impact on the
development of public transport systems. More ridgenimilar differences emerged in the
debateon the updating of the value of a tonne of ,GOentre d’analyse stratégique, 2009)

* Greenhouse gases include £OH,, N,O, CF, C,Fs and Sk. They are usually expressed in Oguivalent or
global warming potential for the purposes of analys

® GGEs from the transport sector increased by 2%8%veen 1990 and 2005, while emissions from aleoth
sources decreased by 7% over the same period.



and on the amount of the “climate and energy coution” tax (Conférence des experts sur la
contribution Climat et Energie, 2009).

A fuller grasp of the uncertainties, influencedsldsy special interests, thus seems to be
needed. Given this context, it appears relevapiaoe uncertainty in a dynamic framework.
This requires a sensitivity analysis, clarifyingwtbat extent the values adopted impact on the
effectiveness of policies. It also means thatgyothoices will be conditioned by the effects
of the arrival of information. For instance, di#et policies for reducing atmospheric
pollution could be compared, while taking into asebthe arrival of information showing
that the negative effects of one of these extdreslare more important than expected.

In this article, we present a model to support jgutecision-making in the field of transport
policy. Our model has the advantage of jointly edesng both types of atmospheric
pollution generated by transport (GGEs and partmddution which we will use as an
indicator of local pollution). It also includes tipeincipal characteristics of the context with
respect to uncertainty and irreversibilities, tipusviding scope for taking into consideration
the effect of the arrival of information to influes the choice of policies. The model shows
that when both sources of externalities are andlysetly, structural measures enabling
private transport requirements to be reduced areenamlvantageous economically than
technological measures aimed at reducing emissibpsllutants.

The article begins with a description of the dewmisinaking context. We then present the
general hypotheses of the model in Part 3. Panesdhe principal findings. We discuss and
illustrate the concrete implications of this montePart 5. Part 6 concludes.

2 The decision-making context: Uncertainty and irreersibilities
In transport

The debate over policies for reducing emissionsataiospheric pollutants by transport is
complicated by the existence of numerous uncertginDespite major advances in the body
of knowledge on climate change and local pollutithvere are persistent scientific, economic
and technological uncertainties about the effetG®GEs and particle pollution.

Moreover, both these types of pollution have th&eatfof producing economic and/or
ecological irreversibilities: i.e. they lead to ealitions in the ecological and/or economic
systems such that it becomes impossible subseguenteturn to the initial state. Since no
future action will enable a return to starting gpthe decision-maker has to take into account,
from the outset, the potential effects of the peichat s/he plans to conduct. Irreversibilities
therefore complicate the decision-making procesggssting that the decision-maker should
be placed in a dynamic framework with the arrivlndormation enabling him/her to allow
for the value of expected information (called ge@siion value or information option value).



2.1.1. Scientific uncertainties about GGEs

Both the nature and extent of the greenhouse effetthe consequences of GGEs are highly
controversial (see for instance Michaels, 2005ing&, 2008).

Uncertainties about the extent of climate change

With the object of estimating the extent of climat@ange, numerous scenarios using complex
models of evaluation based on various hypothesi@maie sensitivity, thermal inertia in
oceans, net balance of carbon sinks, etc.) have jeposed. Whatever the standpoint, it is
estimated that the rate of climate change willdsdr than any other change experienced over
the past 10,000 years (Godard and Henry, 1998).

Beyond this certainty, it remains very difficult &stimate precisely the extent of climate
change, so that scientific studies usually givearage of values. For example, the Fourth
Report of the Intergovernmental Panel on Climatar@ie (IPCC) estimates that if no action
is taken, there will be an increase in global terapees of between 1.1 and 6.4° C by the end
of the 2£' century, compared to the 1990-99 period. It furgredicts an increase in the sea
level ranging from 18 cm to 59 cm (IPCC, 2007) andecrease in rainfall of roughly 15%
between latitudes 30°N-55°N and latitudes 0°-20°S.

Uncertainties about the consequences of climate ainge

Estimating the consequences of an increase in #g@nnemperature of the planet is also
difficult, since this brings into play a numberfattors such as relief, proximity to a body of
water or latitude. While there is a relative corssenon the potential consequences of climate
change (changes to temperature distribution, iser@athe frequency and intensity of natural
disasters and contagious diseases), scientifiecestutb not offer a precise estimation of these
consequences. The public decision-maker thus hdsdide on the basis of scientific reports
which, while rigorously compiled, contain looseimsttes of the consequences of climate
change. For example, the scientific studies cornegrirance conclude that climate change
will bring about changes to rainfall varying fror20% to +50%, depending on location and
season.

Moreover, while the scientific studies all concluttat these alterations will have major
economic impacts on the fields of insurance, tooriagriculture, health, the extent and the
timing of these effects have not been preciselgrdaned. The IPCC report (2007) estimates
the socio-economic cost of a 4° C rise in tempeeatts between 1 and 5% of Gross National
Product. It evaluates the actualised net econonst af the damage caused by global change
at $12/tonne of C@in 2005, with a range of $3 to $95/tonne of P CC, 2007).

2.1.2. Scientific uncertainties about particles

The scientific uncertainties surrounding particleee more limited than those surrounding
GGEs. The processes by which particle pollutioe@f health and buildings, for example,



have already been established. Scientific studege lrevealed two major health risks:
respiratory and cardiovascular morbidity and shema mortality (WHO, 2005).

However, this does not mean that particle pollutt@mries no scientific uncertainties. Its
consequences in terms of morbidity and long-ternntatfity, as well as on the determination
of number of life years lost, for example, are et fully understood. There are also
uncertainties concerning the harm to health cabgeglarticles as a function of their source,
their size and their chemical composition (Huglimd asehrig, 2000; Samoét al, 2006).
Moreover, these uncertainties are added to thosengrfrom the transfer of Exposure-
Response functions (established for certain gebigagones) to other geographic zones for
which specific data are not available.

Finally, there are uncertainties over obtaining thié expected benefit from a particular
technological measure (such as particle filteréle Tomposition of atmospheric pollution is
constantly changing (under the impetus of techricddgevolution and changes in air
pollution standards) and the indicators measuredumst one piece of the picture which, it is
hoped, are as representative as posSilimce they come from the same sources and are
subject to the same conditions of dispersion bytkerameasurements of the concentrations
of numerous pollutants are strongly correlatedsTeads to the risk of attributing excessive
environmental and health damage to a particulaluaoit, because it is measured more
efficiently, and, as a corollary, underestimatitng tcontributions of the other, associated
pollutants. This type of uncertainty, however, gigears when there is a simultaneous
reduction in all emissions.

2.1.3. Economic and technological uncertainties

In addition to scientific uncertainties about plogsiphenomena, the public decision-maker
faces technological uncertainties linked to estingathe effectiveness of pollution cleanup
measures. For example, it is clear that develomlegtric vehicles will eliminate local
pollution, but the results in terms of GGEs are enoixed, and will depend on whether or not
fossil fuels are used to produce the electricity.

Finally, the public decision-maker faces uncertagbf an economic nature when seeking to
evaluate the costs of the externalities. These@oanuncertainties arise essentially from the
choice of methodology. The decision-maker can chdosn various methods of evaluating
harm, from various monetary values (cost of a ntpiepisode, inability to work, the value
of human life, damage to buildings, impacts on@dture) and various discount rates. Taken
together, these choices have major consequencdeagions, so that methodology is often
the subject of lively political debate, as illused by the discussions on the CGP (2001)
report on reference values in France. Certain @ghes, however, are leading to a relative
homogenisation and stabilisation in methodology: égample, the New Elements for the
Assessment of External Costs of Energy TechnolofiesvExt, 2004) or Clean Air for
Europe (CAFE, 2005).

® Up until the introduction of unleaded petrol, “aspheric lead content” acted as a good measure of
automobile-generated pollution. The disappeararfcead did not, however, lead to the disappearasfce
automobile-generated pollution, nor of the assedidiealth hazards.



2.2. The irreversibilities

It is common practice to distinguish between irrsilities of an ecological nature and those
of an economic nature. In this papecplogical irreversibilities only concern GGEs. Current
emissions are adding to an atmospheric stock wisiatery slow to dissipate. For instance,
Devolder (2008) estimates that 50% of f&itted disappear in 30 years, a further 30% in a
few centuries and the remaining 20% in a few millanIf we want to limit global warming

to 2°C, we will have to decrease total world-wideenhouse gas emissions by between 50%
to 85% by 2050 (Devolder, 2008). In terms of tHie §pan of a human being, therefore, the
phenomenon can effectively be considered irreviersiand the whole range of potential
strategies needs to be considered from a 20- tge&0-perspective. Conversely, particle
pollution is not actually irreversiblemean particle concentrations in the air can deerea
rapidly (by 90% in a few days); thus natural regatien is fairly rapid and there is no
problem of stock build ups.

The economic irreversibilitiesconnected with GGEs and with particle pollution cam the
costs entailed in putting policies into practicearisport use is closely linked to lifestyle, so
that implementing a fundamental policy takes atiredty long time and probably involves
sunk costs.

Thus, climate change appears to be a unique phetmmadfecting the whole planet (with the
problems of coordination that this implies) andalwng a long time horizon (with the
attendant problem of discounting). In additiorrings into play both irreversibilities and the
possibility of uncertainties being progressivelgueed through the arrival of information. All
these features argue for it to be treated withenftamework of economic theory relating to
decision-making, under uncertainty with an irreuglisy effect (Arrow and Fisher, 1974,
Freixas and Laffont, 1984; Henry, 1974). Particielygion, on the other hand, seems
adequately characterised. Thus, the relative sgéabdn of the economic evaluations of health
costs means that it can be considered as relativelyknown, and hence certain.

3. The Model: A Reduced Representation of TransporfEconomics

We present a sequential model to support decisiakimg. This model is a reduced
representation of transport economics, in which phblic decision-maker can control
different decision variables in order to regulateissions of pollutants from transp8rfhe
model has two periods, which makes it possibleate tinto consideration the effect of an
arrival of information on the choice of policied. focuses on two pollutants (GGEs and
particle pollution) and considers the two majoreymf public sector policies currently under
consideration in most countries: technological mess and structural measures. In essence,
this stylised model, designed along the lines efrttodels introduced by Arrow-Fisher (1974)
and Henry (1974), highlights in a didactic manrer logical arguments in favour of one or
the other of the policies.

" However, from the point of view of those peopléeafed by particle pollution, it can appear irresiile
insofar as it can cause premature death.

8 Since the public decision-maker is the only agemicitly considered in this model, this model ueds to an
individual decision-making model.



3.1. General structure of the model

In order to take into account the arrival of inf@atmon and the irreversibilities involved in
climate change and particle pollution, the modelecs two periods, t = 1,2. During each of
the two periods, the public decision-maker can &k@n using the three decision variables
at his/her disposal:

» the proportion of journeys made in private vehidfe@he proportion of journeys

made using public transport naturally being comgetary1-V, ),
« the rate of reduction of GGES,

 the rate of reduction of particle pollutid®.

Taking the proportion of journeys made in privaghiclesV, as a decision variable, we

assume that the decision-maker can choose thelegui level in the transport market. In
addition, as we are dealing with the proportiorjaafrneys made either in private or public
transport, we therefore also assume that therdiied volume of kilometres covered by an
individual. This strong assumption is intendeditoify analysis. We would otherwise have
to introduce a collective utility function dependem total volume. Adding this feature to the
model however, would make no difference to the itptale results on the optimal

internalisation of pollution.

These three decision variables concern both thetanal and technological types of policy
available to the public decision-maker attemptmgeigulate atmospheric pollution.

The first variable is the product sfructural measures the number of kilometres covered in
private road transport is altered, thus affectimgrall externalities. Such policies aim at, for
example, increased car-sharing, reduced city ceadoess and parking, as well as more
efficient public transport. The public decision-reaks absolutely free to choose how policies
are implemented (urban tolls, enlarged public fpars networks, special traffic lanes
reserved for vehicles carrying at least three peoipicreased taxes on all fuels). Because
these policies affect total emissions, they are BEnsitive to uncertainty than technological
measures.

The other two variables for the reduction of enaissiof pollutants concenechnological

measurestargeting the emission rates of pollutants perrkétres travelled. These are, for
example, policies aimed at improving technologige Iparticle filters or NQ filters; at

renewing the car fleet with less polluting vehid{lesv-emission or zero-emission levels) or at
traffic management (speed limits). These technokigpolicies can be implemented in
various ways, by imposing standards on fuels, thinagreen tax incentives, through the “Eco-
pastille” system. However, these measures havdaliions, generally targeting emissions
from a single pollutant (C§ SO, particles, NQ). Moreover, the gains obtained from
technological improvements can very easily be pliytilost following an increase in the



volume of individual journeys, for instange.
3.2. The objective function of the public decisiomaker

In order to take both types of policy into accoutite objective function of the public
decision-maker needs to distinguish between costecsated with structural policies and
costs associated with technological policies. Fdlgmtne public decision-maker is looking to
minimise the total social costs of transport, wiieln be broken down as follows:

Total costs = Variable costs of transport + @alh cleanup costs + Pollution costs

« The variable costs of transport are given by atfancaV, + C1-V,) whereC(.)is
differentiable and convexd is a unit cost per km travelled in a private véhit

» Pollution cleanup costs are linked to technologiabsures and can be broken down
into two parts. The linear paff5.G, + y.R)V, represents variable costs wheffe(y) is
the unit cost per km travelled of a total reductionGGEs (particle emissions). The

non-linear part D(G,) + E(R ) represents the fixed costs which are taken to be
positive, increasing and convex.

* The costs of the pollution vary with the proporticf individual journeys:
(6(1-G)+@(1-R))V, whered (¢) represents the extra cost per GGE (particle) unit
of pollution emitted from a private vehicle as cargd to public transport. We
consider the rates of emissions per passenger-&itenirom public transport to be
lower than those from private vehicles. We alsawamsthat whatever the values taken
by 6 and ¢ in the model, we still hav& > and ¢=) and that therefore any

attempt at pollution cleanup is always effective.

In the end, the function of the total cost that plalic decision-maker has to minimiset at
1,2 is the following:

CT(Vi:Gi:R:6:¢) = aV, +C(1-V)
+BG, +yR)V, +D(G) +E(R)
+0(1-G,)+pl1-P)V..

This cost function has the advantage of being ivelgt simple, while realistically
synthesising the genuine social costs generatadabgport. Operational applications would
no doubt require an adjusted version.

® The results of a study by the European Environmggncy (2000) on the evolution of energy efficigric
transport since the beginning of the 1970s areuosve. Although engines have become more fuétiefit
(using roughly 30% less fuel), the energy usedpaessenger-kilometre in car transport has remaionedtant.
The fact is that this period has witnessed incretdsafic congestion, fewer passengers per careased car
weight (in the same categories), and shorter agecagjourneys.

2 To suppose that private transport costs are li(@¥dy) is probably unrealistic. However, it should beetb
that a convex function in (1-,Vis formally equivalent to a concave function ip Mence, the function C(.) can
formally take account of concave costs for privimtnsport, which is fairly realistic (amortisatiarh vehicle
purchasing costs by households decreases witlotdlenumber of kilometres travelled, for example).



3.3. Uncertainty and information

We take into account the fact that the public denisnaker has to decide on a policy to
reduce emissions of pollutants from transport, ettesugh s/he is aware that there are
uncertainties about the consequences of the emisdidthese pollutants. We have already
mentioned that the main uncertainties concern #ieeg of the costs connected with GGEs.
Hence, our analysis focuses on these values.

Formally, we used andq_o to denote the expected supplementary costs pepUGGE and
of particle pollution respectively. In the case&BES, we assume that this cost can be higher

or lower (with equal probability) by an amouatwith & <6 (this assumption excludes the
possibility of discovering that climate change eé@momically favourable).

Moreover, we assume that the public decision-makable to learn the exact costs of GGEs
between period 1 and period 2 and we ¢pk 0,1 the indicator of the arrival of such
information. This assumption makes it possible tiodg the impact that anticipating the
arrival of information has on the optimal decision.

3.4. Irreversibilities and intertemporal externalities

In order to obtain a suitable representation ofditeation, our model includes two types of
decisional irreversibilities (or intertemporal extalities).

The first irreversibility concerns the decision abdeveloping public transport. This kind of
decision usually needs to be taken well in advaAceordingly, a relevant assumption is that
it will not be possible in the second period toustljthe proportion of public transport
upwardsi-V, <1-V,, that isV, 2V,. This extreme assumption is consistent with certai
structural decisions, such as development of heafnastructures for public transport
(tramways, undergrounds), urban development paileplving a more or less densely-
populated habitat. We will caill= 0,1 the indicator of the presence of such arvensbility
constraint:V, D[i.\/l;l]. This first intertemporal externality is inducerh the fact that the

costs of investments in public transport dependtlmn level of public transport in the
preceding period. The indicator shows the presgnce 1) or the absence & 0) of
intertemporal investment costs.

The second irreversibility concerns the choicesatds of reduction of emissiors, andP, :

G, 2G,andP, 2P,. Indeed, these levels of emission reduction areallys fixed by
environmental standards. Experience shows thae tleeno going back on environmental
regulations (for example, the enforcement of theutighurisation of diesel or the use of
unleaded petrol), and that any changes always temards reinforcing standards, thus
diminishing rates of emission. It can therefordifizbly be assumed that these standards will
not be relaxed in the future. We introduce= 0,1 as an indicator of the presence of
irreversibility constraints:



G, O[cG ;AP Ofck ;1 t=12

3.5. The reference solution

To examine the effect of the arrival of informatiome consider the optimal stationary
solution in the absence of information as the eafee situation. It is therefore not necessary
to consider the sequential nature of the model, thedtotal cost function can simply be

minimised over one period. We call this the optirsalution (\/D;GD, PD); it represents a
situation where (i) marginal costs of private angblg transport are the same, and (ii)
marginal costs of pollution cleanup are the sammaginal profits.(\/D;GD, PD) is therefore
the solution to the following system:

a+BG+y P +8[1-G7)+ pli-PY)=C'a-v?)
BVE+D'(G") =6V"©
V-VD"' E:(PD) =(_QVD

This optimal stationary solution is not dependantle presence of irreversibility constraints.

4. The results

We look at sequential choices over the two periadt) the arrival of information between
Period 1 and Period 2.

To simplify the presentation of the results, we at®to eliminate two extreme cases which
are unrealistic. The first entails the public dewismaker taking no pollution cleanup
measures, so that we have a zero cost of polldieanup, and a maximum cost of extra
pollution. The second case that we eliminate isre/tiiee public decision-maker reduces the
proportion of private transport to zero, so thatgeeé maximum cost of pollution cleanup and
a zero cost of extra pollution.

Having eliminated these two unrealistic extremeesasve seek an optimal intermediate

solution. By definition, this optimal solution mmises overall total costs over the two

periods. It should be noted that the second pexists may depend on decisions taken during
the first period under irreversibility constraints 1 and/orc= 1

J(V; G R: 8 @i;c)= CT(V,;G,; P 6:9)

Min
v, V; 54, G, 0c.G; ;1] P, 0[e. P31

We usejﬁll;Gl; Pl;é;q_a,i;c; g) to denote the anticipated value of the total optioosts of the
second period, conditional on the choices of tret fieriod. Two cases are possible:

10



* No information ¢ = 0):
IV,:G,; P8, i;c0)= 3\V,; G, P B gisc)

* Information on climate changg € 1):

IV, G R G@iscil)= 1/2]3(V,; G B 6+ £; i)+ IV, G, B 6 - £ i |

The optimal choices of the first period are dendtg@;c;g), Gi;c;g) andR(i;c;g). These
optimal choices are the solution to the problennfimising overall costs over the two
periods:

CT(ViG,;P:6,9)+ IV, G PG isc g)

Min
v,0[0;1], 6,001, O 0;1]

In the absence of information, even though two qukri were considered, the optimal
stationary solution is also the optimal solutiorthie problem of minimisation, whatever the
nature of constrainisandc:

0Oi,cV,"(i;¢;0) =v",G(i;c;0) = G", P"(i; c;0) = P".

Similarly, anticipating information has no effect the first period without irreversibility
constraintgi =c = 0) The value function for the second periodvl;Gl; P8, qo;O;O;g), is
thus independent of the decisions taken in thepesiod, and we obtain:

Og, v (0:0,9) =Vv",G{0,0,9) = G", R (0,0, 9) = P".

Solving this model reveals two types of effectsteets related to the expectation of
information and those related to the presence mvarsibility. We present the results
concerning these two types of effects in the foltaypsubsection.

4.1. The effects of expecting the arrival of inforration

In models that take into account decisional irreNmlities and where there exists a quasi-
option value, expecting the arrival of informatigenerally encourages the decision-maker to
make more flexible choices (due to the irrevergipbigéffect). Indeed, more flexible choices
enable the decision-maker to use the informatidtebe

Owing to the structure of the model detailed heramirreversibility effect is expected for the
rates of emission reduction. In other words, grefigxibility is expected to result in lower
rates of emission reduction as compared to theaefée situation. Expecting the arrival of

11



information on climate change leads to settingdaucgon rate for GGEs in Period 1 which is
lower than that of the stationary reference sotutiG, (i;c;1) < G(i; c;0)).

Expecting an arrival of information leads not otdydirect irreversibility effects but also to
supplementary effects, as described in Propositibalow.

Proposition 1: When an arrival of information is expected, theimopt policy is to reduce the
proportion of private transport and the reductiavels for emission rates of both pollutants:

Oi,c 1) Vi i;6:0) <V, i;c;0), (2) G161 < Gi;6;0), (3) B(iic:2) < Ri;c;0)

Result (2) corresponds to the direct irreversipilffects usually encountered. The other
results correspond to the supplementary effectcanceasily be understood. Because there is
a higher rate of emission for the pollutant conedrby the arrival of information, the
marginal cost of private transport is increased pamed to the reference situation and the
optimal policy is to increase the proportion of paltransport (Result (1)). In the process, the
economic advantages from the pollution cleanugpefdather pollutant (particles) are reduced,
and the optimal policy is to reduce the level afuetion in emissions of this pollutant as well
(Result (3)). The formal proof is contained in tygpendix.

4.2. The effects of irreversibilities and intertempral externalities

Irreversibilities and investment costs have ancotffmmparable to that of information. If
information arrivesg = 1 irreversibility constraints lead to reducing sitaoeously the

proportion of private transport and the level afuetion of emissions.

Proposition _2: The introduction of irreversibility constraintsaés to a lower proportion of
private transport and lower levels of reductioneimission rates:

a) when these constraints concern the proportioputdlic transport:
Oc, (1) VA c;1)<V,H(0;¢;2), (2) Gt c;1)<GH0;¢;1), (3) RY(L c;1)< RY(0;c;1).

(b) when these constraints concern the rates o$son reduction:
O (1) VXi::1)<Vvi;0), 2) GHi;11)<6i;0,), (3) RHi;11) < Pi;0,)

Irreversibility constraints introduce a problemflekibility.

In the second period, if the information receivadicates that environmental impacts are in
the upper range, then the optimal policy will belévelop public transport. The irreversibility

constraint concerning public transport will thuscithe public decision-maker to take a more
flexible decision in the first period, that is, tacrease the proportion of public transport
starting from the first period (Result (a-1)). SInthe proportion of private transport is

reduced, the economic advantages of pollution cleaare also reduced, which explains
Results (a-2) and (a-3).

12



Those irreversibility constraints which concernegabf emission reduction pose a problem
when the information received indicates that theaots of climate change are in the lower
range. To increase flexibility and allow the GGEduction rate to be adjusted downwards,
the public decision-maker has to limit this emissieduction rate, starting from the first
period (Result (b-2)). The marginal cost of privansport in the first period is thus higher,
which explains Result (b-1), indicating that theogrtion of private transport should be
reduced. As a final consequence, the economic aalyas from pollution cleanup are also
reduced, explaining Result (b-3). The formal prisatontained in the Appendix.

5. Discussion and Two lllustrative Examples

These results show that the presence of uncedsiritas two effects. First, uncertainty
strengthens the economic attractiveness of straictuaeasures which reduce the need for
private transport. Second (and conversely), it waakthe attractiveness of technological
measures which reduce pollutant emissions. This comtrary to the arguments of economic
and industrial lobbyists, who generally prefer temlbogical measures to structural measures
which can pose a threat to their economic impodaoc competitiveness, and who use
uncertainty to support the scenarios most favoerabthemselves.

The presence of irreversibilities also adds to #teactiveness of structural measures.
However, these irreversibilities are not necesgaaken into account in the right way during

political decision-making. Countries currently phamgy, for example, to invest in the

extensive development of electric vehicles, likarfee or the Netherlands, are not making
fully explicit the irreversibilities that such agn will entail in terms of electricity supply and

generation.

In the model, we presumed that the public decismaker was simultaneously setting the
rates for emission of the pollutants, conferringhem/her a high level of rationality and an
advanced level of sophistication in the treatmédrhe externalities. In practice, decisions are
often taken in a less-integrated manner; the pud#itsion-maker only considers one single
dimension of the problem at a time. This way of kiog means that the optimisation problem
is dealt with by acting only on the proportion aivate transport, ), and on one of the two

rates of emissionG, orP) — the other rate being considered as fixed. rit lv@ conjectured

that in many cases this truncated analysis may teagducing private transport less than
optimal policy would suggest.

In practice, truncated analyses of this nature ypredeven worse consequences because the
respective choices of rates of emission are natdgpendent. For example, in the case of the
‘Eco-pastille’, inciting people to purchase diegehicles only moderately reduces GGE rates,
but considerably increases local pollutant emissates. Box 1 quantifies the environmental
consequences of the Eco-pastille in terms of eataosts in the EU-15. The “urban sprawl”
phenomenon described in Box 2 illustrates the tlisas economic and environmental
consequences of government policy that encouraggkegamily housing without taking the
associated externalities into consideration.

13



Box 1: The Eco-pastille for Cars in the EU-15

Tax policies on vehicles and fuel have proved diffecin reducing the COemissions of 3
fleet (see for example Ryast al 2009). Thus, the Eco-pastille or green incensebeme
operating in several European countries (Austrenrark, Spain, Italy, France, Portugal,
Netherlands, Sweden) bases an “environmental” ddixypsolely on emissions of GO

In doing so, it favours the vehicles with the low€©, emissions (especially diesel engin
but which produce highly damaging IN@r ultrafine particles that are particularly hanhib
health. Mayeres and Proost (2001) pointed outttietcost in environmental terms of die
vehicles was far higher than that of petrol velscleecause of the high social cost associ
with their particle emissions. The gains expectethflowering average emissions of £€an
easily be quantified and compared with the extecoslts expected from extra emissions
particles (and of N§), ignoring the other external costs (accidentffitr congestion, noise
landscape disturbance due to roads) which obviaeshain identical.

The weighted average emission rates for urban/mbaruroad journeys in EU-15 are 0.0

g/veh-km for petrol vehicles and 0.2185 g/veh-km deesel vehicles (Infras-IWW, 2004).

For CQ emissions, the average emission rates of therdufieet are estimated at 165 g/k
for petrol vehicles and 150 g/km for diesel velscle

The external cost of 1 kg of RMemitted is estimated at €212 (Infras IWW, 2004hjleva
tonne of CQis subjected to a sensitivity analysis: between €20yaestimate falling within
the Kyoto objectives) and €140 (a high estimatéding a reduction of 50% in 2030).

Thus, the external costs associated with @l with particles for 100 km travelled are €1
(€3.26 under the high estimate) for a petrol vehicompared to €4.93 (respectively €6.
for a diesel vehicle, in other words roughly 4 fradtively 2) times less. Projecting this on
average number of kilometres travelled by a vehisler its lifetime (200,000 km accordir
to European Union, 2007), then this representsfarednce of some €7,300, rising to €10,2
if NOx emissions are included at the values given by EraopJnion (2007). These orders
magnitude are confirmed by Mailbaatt al. (2008), who perform a similar analyd
simultaneously taking into account O non-methane volatile organic compour
(NMVOC), SG and PMy. Using data on emissions from the German car, fteey obtain arn
external cost 4 times higher for diesel vehicleanttior Euro 5-standard petrol vehiclg
whatever the engine size.

So the Eco-pastille system actually provides suppar the boom — and technologig
progress — in vehicles that create an environméaddprint, through their emissions of log
pollutants (particles), which is two to four time®re harmful, in exchange for a 10% gain
CO,. A paradoxical consequence of this dieselisationthef fleet is that GGEs from petr
vehicles decreased by 17% between 1990 and 200&kUWet5, while those from dies
vehicles increased by 83% (source EEA 2007).

The European Union recently addressed the probledrdwing up a proposal for a directi
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obliging the authorities in Member States, whenytbey transport vehicles, to take in
account not only the exploitation costs linked nergy consumption and G@missions, bu
also those linked to N NMVOC and particle pollution (European Union, ZQOThis
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obligation is intended to take effect froni' Danuary 2012 — if indeed it is adopts
Meanwhile, certain countries are applying more gialis Eco-pastille policies. Th
Netherlands, for example, requires all new diesdlicles to have a patrticle filter, and sir
2008 some German cities (like Berlin, Cologne arahdver) have been regulating traffic
certain zones, according to emission standards.

2d.
e
ce
n

Box 2: Urban Sprawl and the “House for €15 per Day”

Since the beginning of the 1970s, households haea Imoving out of most European ¢
centres and inner suburbs into peri-urban zonespM@ners and environmental research
alike point to the negative impact of this urbanagg, which increases the length of journe
between home and workplace (see for example Bartml, 2007). Certain policig
encouraging single-unit housing promote this phesrmon. For example, the so-called “hol
for €15 a day’ offered in France aptly illustrathe negative consequences of a lack
overall analysis of externalities. In this box, esimate the extent of the external effects
terms of emissions of G@nd patrticles, that this policy could generate.

The private vehicle of a household resident in a-gdan zone travels on average 25,3
km/yr, as compared to 13,700 km/yr for a househlividg in an urban or suburban ar
(average weighted by zones of residence, Inse&)20® view of the findings from Box
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and the current composition of the French car flg#1% are diesel vehicles and the

proportion is increasing constantly), the extetat relative to atmospheric emissions car
estimated at €3,670 over 10 years (respectivel375,using the upper range for a tonne
C0O,). When the external costs linked to accidentssenaind traffic congestion (€0.0614 j
vehicle per km, Infras IWW, 2004) are added in, tb&al estimate is as high as €10,8
(respectively €13,000) over 10 years.

Over and above the external effects, the supplemerdgrivate expenditure of someo
purchasing this kind of house represents on avefgg&70 over 10 years in fuel cog
(Lemaitre and Kleinpeter, 2009), added to whichtheeeffects of lower energy efficiency
the home. Thus, expenditure on household energghtesi by type of heating is twice
high when the dwelling is single-unit (6.7% of heheld budget) than when it is multi-ur
(3.34%) (Marcus, 2009), i.e. some €6,000 differeozer 10 years according to Grosmeg
(2002).

In total, the extra cost associated with a “houseEll5 a day” in a peri-urban zone is €20,(
over 10 years, and this is bound to rise with tppliaation of the “climate and energ
contribution” tax (CCE), which has not yet been iempented, but which is set to be €100
2030 (Conférence des experts sur la contributiom&tlet Energie, 2009). It should be no
that under its affordable housing legislation, rench government intends to extend f{
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measure to apartments, which would mitigate théyaisain this Box.

Thus, externalities linked to the effects of enuasi from road transport are the object
varying uncertainties, depending of what is beingl@ated: uncertainties are lessened w
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the reduction envisaged is global rather than catnaed on one pollutant. During the phase
of internalisation, therefore, it is useful to tkiabout the effects of the policy chosen: does it
act on overall externalities (structural policy)dwes it target only one of them (technological
policy)?

6. Conclusion

We have analysed the choice of a policy to reduG&&and local pollutant emissions linked
to transport in a model of sequential decision-mgkinder uncertainty. We have looked at
two types of policy, structural policies acting overall emissions and technological policies
targeting certain pollutants. We have examineceffects of the arrival of information and of
the irreversibility of the policies adopted on thatimal decision. One of our findings is that
jointly taking both pollutants into account weakehs attractiveness of a policy aimed at
reducing local (particle) emissions alone and,eadi strengthens the attractiveness of a
structural policy aimed at limiting private transpm general. Some promising avenues for
future research would be to take into account eiplithe uncertainties concerning the
consequences of GGEs and the costs associated paititlie pollution, as well as to
investigate the question of the irreversibilitykiad to stocking these gases.
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Appendix
Proof of Proposition 1.

Step 1:Properties of 2 period choices

We denoteV,’ ,G,’ andP,’ the optimal solutions of the optimisation problem
\[VHEH AR CT(V,iG,i ;i 6:9).

Min
V,0[i v, 1], 6,0[c.G; 1], P,0[e. R ;1]

These optimal solutions are functions(\ilf, G;R;6; qﬂ,i;c). They satisfy the following
optimality conditions:
a+BG,+yP+0(1-G,)+p(l-P,)-C'1-V,) =0 if V,>iV, or
a+pBG,+yP,+0(1-G,)+p(1-P,)-C'A-V,)=0 if G, =iV,
BV,+D'(G,)-6V, =0 if G,>cG,or BV, +D'(G,)-6V, =0 if G, =cG,
yN,+E'(R)-@V, =0 if P,>cRoryV,+E'(R,)-¢V,20if P,=cPR,

We show first that the"2 period optimal choices increase with tiieperiod choiced/;, G,
and P,

(a) AssumeV, >V, . Let us assume that we do not have
ViV GiR)= VP 2 ViV, Gy R
GilV;i G, R)= 6,2 Gi(V;;G; P)
andP;{V;;G,;R)= P2 PV, GiR)

VAl
G,
R,

. Supposed absurdunhat we havé/” <V,, G;'<GJ and P” < PY. Then, we show that:
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a+ G +y P+ 6l-G))+ pli- B )-C'a-vp) <0

SinceV/ >V 2V, >V,

a+pG,+yP,+0(1-G,)+¢1-P,)-C'1-V,) =0

Given that5 < 8, the assumption thas! < G, implies that

G} +6l-GL)< pGy+6-Gy)
Similarly, we have
y.P_ZD + w.(l— P_ZD)S y.P+ qo.(l— PZD).
The assumption thazD <V, implies thatC'(l—V_ZD) >C'(1-V,) . Therefore, we have:
a+BG; +yPy+6l-G |+ pi-P)-cra-v)) <
a+BGY+yP +01-GY)+ pli-PY)-C'a-v) =0
which proves that the optimality conditions are satisfied.
* Note that\/_zD <V, andG_E> G, is not feasible, since then we would have
BVE+D'(GY) -0V > SV + D'(GL) - OV 2 0.

But sinceG_zD >G; = cG,, the optimality conditions imply tha)tf?.\/_zD + D'(G_ZD) - 8.\/_2D =0
which contradicts the hypothesis. A similar argutream be used to prove thé} <V,’, and
P> P is not feasible.

* Note that\/_fzvz'] andG_ZD< G, is not feasible either, since then we would have

BV +D'(GD) -V < SV +D'(GY) - OV,
Because G_zD >cG,, we have G;)>cG,, and the optimality conditions imply that
BV +D'(GL) -6V, =0. We therefore havegV,’ + D'(GY) - 8V, <0, which proves that the

optimality conditions cannot be satisfied. We chovs that\/_DZVZD et FZD < P/is not feasible
using a similar argument.

On the whole, we obtain tha'>V,’, GI'> G and P> P

(b) Assume G, >G,. Note that if GY=cG,, thenV", G and P’ satisfy the optimality
conditions when the first period choices @[egl Pl). Consequentl))&/_zD =V, G_EzGE and
Py =P

Let us consider the case whar&, > GJ = cG, . SinceG_2D >cG,, thenG_2D >G,. Assume that
we do not havé!'= V", and that instead we have <V, <V

Sincey <¢, then

YVE+E(RD) - VY > yNy + E'(F) - gV
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and thusP}’ < P’. We would thus have
av;+CA-V,) +(B-6)G;V; +(y- )RV,
+D(G;) + E(R) +(6+ )V,
<aV +CA-VD) +(B-0)GV +(y- @) PV,
+D(G) + E(PY) + (8 + @)V,
whereas
aVP+C@A-VD) +(B-60)GINV +(y- ¢ PV,
+D(G;) +E(R) +(6+ @)V,
<aN; +CA-V;) +(B-6)GVY +(y - @)V
+D(G)) +E(R) +(8+ 9V,
Thus, by reduction, we would have:
(B-8)G,V; +(B-6)G5V < (B-O) GV, + (8- 6)GLVy
and sincef -6< Qwe would have

GV, + Gy, 2 GV, + GLY,

e R

which contradictsG)>GJ and V) <V,. Yet, sinceV)'=V.", we also haveP]'= P! which
proves that the™ period choices increase with, .

or

A similar argument can be used to prove that @ériod choices increase With).

Step 2 :Property of the b period value function

We will show that the L order derivatives of the functia]{Vl;Gl; Pl;H;mi;c) with respect to
the T' period choices are positive. We have:

9 (a+ BG)+yP+6(1-G,)+ p(1-P))-C'(1-V,) N,
avl =2 y 2 ' 2 (0 2 2 avl

\rQ)
<|\)-%

[N

m] ! _ ] aGD O J _ O
+HBVv,+D'(G) Hvz)a—vf+(yv2+E(Pf) w; )

If (,8.\/2D +D'(G)) - 6’.\/5) >0, thenG, =cG, and therefore%%D =0. Consequently,

lel
V,’+D'(G,) -8V, |—2=0
vy +Die) -0V, )
and similarly
O
vy +E @D -avs) 2 =0

oV,
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a+BGY+y P +0(1-GY)+pll-PY)-C'1-v)) >0
thenV,’ =iV, and therefore‘% =i. Thus
:—\J/ =ifa+BGI+y P +00-G))+oli-B)-C'a-v))= 0

1

Similarly, we have

9 = (pvi+ DGy -6V )e 2 0
oG,

aJ e ( V2D+ E'(PZD)_wvz)CZ O
oR

Step 3:Proof of proposition 1.
For x=V,G,P, x{i;c;0) = x,{v":G" P":8: gi:c) = X’ are the solutions of the following
problem

Min CT(\/l;Gl;F};@;Zo)+36/1;Gl;P1;§;Za,i;c;0).

V;, Gy, RO[0;1]

subject to:

a+BG +yP +01-G")+gli-P")-C'a-v) =0
BV +D'(G") -6V =0
yVIO+E(PY)-gV” =0

V(i;c;L), GMi;c;1) and B(i;c;1) satisfy the optimality conditions
a+BGl+y R +6[-Gf)+pll-R7)-C't-V) +2L =0
BV +D'(G) -6V +¢ =
YN HE(R)-@V + 5 =0

Let us assume that proposition 1 is not true, @edshat happens.
- First, suppose thet{(i;c;1) =V.">V" G{i;c;1) = G- = G” and P{(i;¢c;1) = B> P". This
implies that one of the following three values
a+BGL+yR+ol-GlJ+ ph-FP)-c'a-v)
BV, +D'(G) -6V,
YN +E (P - V]

is strictly positive. Since we have shown that 1ffeorder derivatives of J are positive,
then one of the optimality conditions th&"(i;c;1), G-(i;c;1) and P(i;c;1) have to
satisfy, is not satisfied.

21



. Suppose tha¥,(i;c;1) =V,">V", G (i;c;1) =G <G” and P(i;c;1) = B”= P". Note first
that

IVEGE P8 giica)< IV G RS B gise)

In addition,
a;:T (V:GL:R%6:9) >0
6CT 0.0 =0

Therefore, because function CT is convex,

CT(V%GE P 6,¢) > CT(VGE R 6,9)
cannot hold.
Consequently, we have

<CT(\Z,€FDH¢)+J(\ZD,GE,PD 6 gi; c1)

which proves that the solutio”;G;; B” is not the optimal solution.

. Similarly, if we assume thatV/(i;c;)=V,’>V" GXi;c)=G’<G" and
R(i;c;:1) = R~ < P”, then we can show that
CT(V*GL: P69 + IVGE R 8, gici)
sCT(vl,Gl,aD,e,q))u(\Z,E Zm,cl)

R0
R"6;
Therefore, the solutiok,”;G.; B” is not optimal.

- Suppose that,(i;c;1) =V," < V" and G(i;c;1) = G” > G”. Note that this assumption
cannot hold, since then we would have
BV, +D'(G) -6V,">0
and becausg’ >0,
0J

VI+D'(GY) -6V +=——>0
BV, (G)) -6V, 3G

1
similarly, V,"(i;¢;1) =V,” < V" and B(i;¢;1) = B” > P’is not feasible.
End of the proof by contradiction.

Proof of Proposition 2.

We sketch out the proof for result (a). Resultg@m easily be proven using a similar
argument.

Let us start with the benchmark casec= arfdg=1
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We show that
VZDQ/D; G"P%6+¢,¢,0; O)s vo=V,4(0;0;1) sVZDQ/D; G P%0-¢,p; O;O)
GE(\/D;GD; PD;E—g;Eo;o;o)s G’=G{0,0,)
PZD(VD;GD; P~ 6+ g;&;o;o)s P°=RY0,0,1)< PZDQ/D;GD; P o- 8;@;0;0)

If ¢=1, then for the first period choice$,G", P” the constraint is binding faB, at 8- ¢
and for P at @+ & . We can show that

VAV G P 6+ £ 9,0) < v (012) < v

Gy, G P 8- £,9,01) = G(011) < G

Pyl Gr PY 6+ £:0101) = R(011) < P°

Similarly, if i =1 (with ¢ = 0), then forV",G", P” the constraint is binding for” at 6+ .
We can show that

ViV P PR 8 + £ 0%0)< V(1,0 sV
GA(101)< G”
RY(10;1)< P"

Lastly, if i =1 (with ¢ =1), then foN,(0;1;1), GX(0;1;1), RY(0;1;1) the constraint is binding

for V” at 8+ £. We can show that
V(12:1)< v(0,1,2)
G (1)< G(0:1:1)
R(131)< RY(012)
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