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1 Introduction

Road transport is a leading source of greenhouse gases and local air pollutants. The

associated health, economic, and societal consequences are substantial and well docu-

mented (OECD 2014; World Health Organization 2025). An increasingly popular policy

tool to handle these external costs is the creation of Low Emission Zones (LEZs): urban

areas that restrict access to vehicles that fail to meet certain environmental standards.

Introduced in 2008 in several German cities, LEZs are now found all over Europe and in

many cities around the world, including Shanghai, Beijing, Haifa, Seoul, and Jakarta.1

Even some U.S. cities have begun experimenting with more targeted versions of LEZs,

particularly for freight and last-mile delivery.

An often overlooked aspect of LEZs is the significant variation in their design, par-

ticularly concerning the geographic scope of the covered area and the types of restricted

vehicles. For example, the LEZ in Berlin, implemented in 2008, spans 88 km2, restricts

some, but not all, gasoline and diesel cars, and imposes different geographic restrictions

among its restricted cars. In contrast, the LEZ in Madrid, known as Madrid Central and

implemented a decade later, covers a much smaller area, of just 5 km2, but restricts all

gasoline and diesel cars, making no geographic distinction among them.

Such wide variation raises important policy-design questions, which motivate this

paper: What is the optimal LEZ size, and should some cars be restricted more, or later,

than others? A central goal of a LEZ is to achieve sustained reductions in air pollution

by creating incentives for drivers to switch to cleaner modes of transportation, whether

cleaner cars or public transit (Ayuntamiento de Madrid 2018, arts. 22–23, p. 139).2 Given

this goal, we show that the answers to the above questions follow a bang-bang logic: a

LEZ should be either as large as politically feasible or not implemented at all. Moreover,

when less-polluting vehicles such as hybrids are to be restricted, it is optimal to restrict

them in the same way as other restricted cars, but later.

Using Madrid’s LEZ as both motivation and evidence, we initiate our analysis by

assessing its impact on the adoption of hybrids and electric vehicles (EVs), which, along

with liquefied petroleum gas or compressed natural gas vehicles (LPG/CNG), are exempt

from the restriction. Looking at sales of new cars and comparing Madrid to other cities in

Spain, we estimate a synthetic difference-in-differences model (Arkhangelsky et al. 2021)

and show that Madrid’s LEZ was effective in accelerating the adoption of hybrids and

LPG/CNG vehicles, and to a lesser extent EVs, while also reducing the sales of new

1By 2024, 363 LEZs were active in 15 European countries, including 175 in Italy, 77 in Germany, and 36
in Spain (Delgado-Lindeman et al. 2025).

2This goal is consistent with EU policy, under which LEZs are an important instrument for cities seeking to
comply with EU air-quality standards (Ayuntamiento de Madrid 2018, p. 134). It is also consistent with
the findings of Bernardo, Fageda, and Flores-Fillol (2021), who, using data from several European LEZs
over the period 2008–2016, find that LEZs reduced pollution but not congestion, which they attribute
to extensive-margin adjustments toward cleaner cars rather than intensive-margin adjustments, i.e.,
reductions in vehicle use.
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gasoline and diesel cars.

These findings raise policy questions that reach beyond Madrid’s LEZ design. Was

it wise to fully exempt LPG/CNG and hybrid cars? Two alternatives arise. A spatial al-

ternative would restrict these cars less stringently than gasoline and diesel cars—barring

them from a smaller zone, as in Berlin’s tiered design. A temporal alternative would treat

them as transition technologies: unrestricted for now, but with an announced timetable

under which they later face the same restrictions as gasoline and diesel cars. Both alter-

natives would make EVs more attractive relative to them, but through different channels,

and at different costs to their current owners and to drivers thinking of switching away

from gasoline. So the natural question is: How do the two alternatives compare, and

when is either preferable to Madrid’s full exemption of LPG/CNG and hybrids?

We shed light on these and related questions with a simple dynamic model of three

horizontally differentiated car types (gasoline, hybrids, EVs) that also differ in their emis-

sion rates. Hybrids—which represent any intermediate technology such as LPG/CNG—

pollute less than gasoline cars but more than EVs. The model formalizes the bang-bang

rationale: all restricted vehicles should be treated equally, and the LEZ should be either

as large as possible or not implemented at all if it falls below a minimum scale. Within

this rationale, hybrids may still qualify as a transition technology—kept as unrestricted

as EVs for some time, and then as restricted as gasoline cars. This transition-technology

design, however, may require commitment from the planner.

Unlike price-based instruments, such as taxes and tradable quotas, which operate

under an efficient rationing rule, LEZs operate under an inefficient (e.g., proportional)

rationing rule, leading to quasi-convex welfare functions.3 To see this, imagine a social

planner who introduces a small pollution tax on dirty vehicles. The welfare impact of this

tax is confined to the marginal drivers who switch to cleaner cars in response to the tax.

Importantly, social welfare is unaffected by the tax impact on inframarginal drivers—

those who do not switch. Initially, the welfare loss to switchers from moving away from

their preferred (i.e., no-intervention) car is smaller than the social welfare gain from

reduced emissions. The planner finds it optimal to increase the tax up to its Pigouvian

level, where the (concave) welfare function reaches its maximum level. Importantly, unless

set far above its Pigouvian level, a tax always increases social welfare, no matter how

small.4

Because LEZs involve inefficient rationing, they differ fundamentally from price-

based instruments; under some conditions, even the best LEZ may be worse than having

no LEZ. To see this, consider a small LEZ that restricts only gasoline cars. Unlike a tax, a

LEZ imposes a welfare cost on every inframarginal driver who continues driving gasoline

cars. These individuals will have to change their transport mode (e.g., to public tran-

3See Tirole (1988) for more on rationing rules.
4Shadow costs of public funds may affect the optimal tax in either direction according to a Ramsey
formula but never eliminate it (Laffont and Tirole 1996).
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sit), reroute around the LEZ, or cancel trips altogether. If the number of inframarginal

individuals is large, the welfare losses borne by them can be large relative to the net

welfare gains from the few marginal individuals who switch from gasoline cars to hybrids

or EVs. This makes a small LEZ a potentially bad idea—unless it can be expanded above

a minimum scale, large enough to leave few inframarginal drivers restricted.

This minimum scale is the LEZ size that achieves the same welfare as the no-

intervention outcome. We show that when pollution harm is not too large, or substitution

toward cleaner cars is weak, the minimum scale may not exist, so implementing no LEZ is

the best option. In contrast, when pollution harm is relatively large, and substitution is

strong, the minimum scale can be small, even zero, meaning that almost any LEZ would

be beneficial. Even then, the quasi-convexity of the welfare function calls for the largest

possible LEZ.

This bang-bang logic—to reduce the number of inframarginal consumers of restricted

cars as much as possible—also explains why all restricted cars should be treated equally,

i.e., subject to the largest politically feasible LEZ. We also show that, in many cases, hy-

brids should be treated as a transition technology : initially exempt from the restrictions,

but subject to them at a later stage. Anticipating the declining value of hybrids, and pro-

vided the planner can commit to the announced future restrictions, some individuals may

choose to switch away from hybrids before the restrictions take effect.5 Consequently,

fewer hybrids remain in circulation by the time the restriction arrives, reducing the cost

of imposing it. In this sense, a LEZ with a transition technology works more like a price-

based instrument: it affects consumer choices at the margin without destroying value for

inframarginal consumers before the restriction becomes active.6

We conduct an empirical evaluation of Madrid’s LEZ, focusing on new-car adoption

and welfare. Because car prices and preferences cannot be projected far ahead, we esti-

mate impacts around policy implementation and ask whether, at that time, the necessary

conditions for even considering a LEZ were met. That is, we ask whether there was a

minimum scale above which some LEZ design could improve welfare. We focus on house-

holds buying a new car, since that is where fleet composition changes: a second-hand

purchase mostly reallocates the existing stock. Our welfare estimates account for the

private costs of switching away from households’ preferred options, the utility loss borne

by those who continue to buy restricted cars, and the lifetime externalities of the chosen

vehicles.

In the spirit of Berry, Levinsohn, and Pakes (1995), we estimate demand for new cars

using registration data covering new cars sold in Spain from 2015 to 2019, together with

5Some switch to electric vehicles, while others move to gasoline cars; the latter case is less relevant, as
gasoline cars are already restricted.

6Our definition of a transition technology differs from alternative notions, which are often based on the
idea that electric vehicles remain too expensive or unfamiliar to serve as a viable outside option for many
gasoline drivers. Under that view, hybrids should remain unrestricted until these concerns dissipate.
While our definition is not in conflict with that view, it is fundamentally different.
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their prices and characteristics. Consumers’ preferences for cars, and their willingness to

pay to avoid the LEZ, vary with income and other consumer characteristics. Consistent

with our motivating evidence, we find that some consumers switch from gasoline and

diesel cars toward hybrids, LPG/CNG cars, and EVs. But the resulting externality

savings fall well short of the private losses: consumer surplus falls substantially more than

the reduction in externality costs. The private cost of tightening the restriction exceeds

the emission benefit throughout the range of intensities we evaluate, so a larger LEZ

would not have helped; nor would extending the restrictions to LPG/CNG vehicles and

hybrids, which raises the share of gasoline and diesel cars without materially increasing

EV adoption.

These negative results could be reversed under a LEZ design that also restricts

LPG/CNG and hybrids, if the following conditions are met: a substantially higher social

cost of emissions combined with a larger restricted zone, or stronger substitution toward

EVs. All this suggests that, at least in Madrid, the necessary conditions for considering a

LEZ in the first place were not satisfied. It also points to a broader conclusion: for a LEZ

to improve welfare, there must be fewer drivers buying gasoline and diesel cars, and the

barriers to adopting cleaner ones must be lower. For EVs, these barriers include limited

access to charging, short perceived driving range, and long charging times (Rosales-

Tristancho et al. 2022).

It is important to point out that these negative results abstract from any local

benefits that a LEZ may bring to residents and businesses within the restricted area,

such as safer streets and improved public space. This raises the broader question of

who ultimately determines LEZ design. This paper takes the stance of a planner who

cares about overall welfare. A narrower perspective is that of a decision maker who cares

mostly about the welfare of residents in the restricted area. A local constituency may

evaluate a small LEZ quite differently, and possibly quite favorably, than such a planner.

The wide variation in LEZ size that we observe—with Berlin and Madrid providing good

examples—may partly reflect these different perspectives. Our contribution should be

understood from the broader perspective: how best to use the LEZ instrument when the

objective is overall welfare.7

Our paper contributes to four strands of the literature. First, we contribute to

the vast literature on car markets. Closest to our work are the papers by Adda and

Cooper (2000) and Gillingham et al. (2022), which pay explicit attention to both new

and second-hand units and market dynamics. However, we depart from both papers in

important ways. Adda and Cooper (2000) consider a single type of car, abstracting from

any horizontal differentiation—both in preferences and pollution rates—which lies at the

core of our framework. Gillingham et al. (2022), by contrast, offer a rich framework with

various degrees of differentiation (in preferences and pollution) but, by focusing on sta-

7And in doing so, we completely abstract from the political-economy question of why cities opt for LEZs
as opposed to more efficient instruments.

5



tionary equilibria, abstract from aggregate shocks that may evolve over time and generate

transition dynamics. Unlike both papers, we study how a market with differentiated cars

adjusts over time to a LEZ. This adjustment matters for policy design, especially when

hybrids can be treated as a transition technology.8

Second, we contribute to the growing literature evaluating the performance of LEZ

programs around the world.9 Several papers document the positive health impacts of

LEZs, driven by reductions in local air pollution (e.g., Klauber et al. 2024; Beshir and

Fichera 2022; Margaryan 2021; Gehrsitz 2017), although these benefits come at the cost

of restricted mobility (Sarmiento, Wägner, and Zaklan 2023). Others provide reduced-

form evidence on the effects of LEZs on traffic, finding reductions in congestion within the

restricted area (Galdon-Sanchez et al. 2023) that are often temporary, negative spillovers

to adjacent areas (Tassinari 2024), or simply no effects (Bernardo, Fageda, and Flores-

Fillol 2021; Garson et al. 2026).

Only a few papers study the effects of LEZs on the adoption of lower-emission

vehicles, which are central to the policy-design questions at the core of our analysis. An

early exception is Wolff (2014), who shows that German LEZs induced residents living

close to restricted areas to increase their adoption of low-emission vehicles. More recently,

also in the context of German LEZs, Aydin, Gehrsitz, and Traxler (2024) find that highly

polluting vehicles were replaced by cleaner gasoline cars.10 These empirical findings are

consistent with the theoretical model we develop in this paper, as well as with the evidence

on Madrid’s LEZ that motivates it. However, none of these papers evaluate whether the

effects of induced low-emission vehicle adoption are large enough to offset the welfare

costs associated with restricted mobility and distorted choices.

Third, we contribute to the extensive literature comparing the performance of dif-

ferent policy instruments, typically categorized as either price-based (e.g., taxes, tradable

quotas) or command-and-control (e.g., emissions and technology standards). While LEZs

clearly fall within the command-and-control (CAC) category, they differ from other in-

struments in this group due to the bang-bang rationale underlying their optimal design.

Under most standard CAC instruments, the “marginal-inframarginal” tradeoff at the

core of a LEZ design does not arise. As a result, the welfare function remains concave,

and the bang-bang rationale does not apply (see, e.g., Baumol and Oates 1988; Ellerman

8Our theory also connects to the work of Gavazza, Lizzeri, and Roketskiy (2014) on trade frictions in the
second-hand market. We abstract from vertical differentiation, which is essential to generate trade in
their model; nevertheless, second-hand-market trade may still emerge in our setting with the introduction
of a LEZ or a tax.

9LEZs impose differential restrictions across vehicles, unlike some early programs that applied uniformly to
all cars and proved counterproductive (e.g., Davis 2008; Gallego, Montero, and Salas 2013). Differential
treatment also features in the vintage-specific restrictions studied by Barahona, Gallego, and Montero
(2020).

10Other papers have analyzed the impacts of alternative instruments on fleet composition, including con-
gestion pricing (e.g., Isaksen and Johansen 2021; Börjesson et al. 2012).
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et al. 2000).11

Relatedly, Almagro et al. (2024), Durrmeyer and Mart́ınez (2026), Ater et al. (2026),

and Cook and Li (2025) quantify the welfare effects of different urban-transportation

policies—road pricing, transit fares, and service frequencies in Chicago; tolls and license-

plate bans in Paris; usage-based congestion pricing in Tel Aviv; and dynamically priced

highway lanes in Seattle, respectively. All four papers hold the private vehicle fleet fixed

and focus on short-run margins. Cook et al. (2025) find that, over its first 18 months, New

York City’s congestion pricing raised traffic speeds but had little effect on air quality. By

contrast, we study a policy instrument whose central welfare tradeoff operates through a

long-run margin: the adoption of lower-emission vehicles.

Finally, we contribute to the literature on time inconsistency in environmental pol-

icy, although through a distinctive channel: in our setting, the commitment problem

does not arise under taxes—it arises only under a LEZ design that involves transition

technologies. This stands in contrast with the standard framing (e.g., Laffont and Tirole

1996; Helm, Hepburn, and Mash 2003), where time inconsistency stems from the plan-

ner’s ex post incentive to renege on ex ante (optimal) regulatory commitments—whether

taxes or standards—once agents have invested in irreversible abatement technologies or

R&D. Ours does not follow this expropriation logic but, rather, a pure discounting one:

when hybrids are not so dirty, the initial announcement of their future restriction fails to

induce enough switching toward cleaner options to reduce the number of inframarginal

hybrid users sufficiently to justify restricting them ex post.12

The remainder of the paper is organized as follows. Section 2 provides background

on Madrid Central, describes the data sources, and presents motivating evidence of its

impact on green vehicle adoption. Section 3 develops a dynamic model of car choice and

examines the implications for the optimal LEZ design. Section 4 presents the structural

estimation, and Section 5 conducts the counterfactual analysis. Section 6 concludes.

Additional results and proofs are relegated to the Appendix.

2 Madrid Central

The Madrid City Council implemented traffic restrictions on polluting vehicles, lim-

iting access to a 472-hectare area (approximately 5 km2) covering the historic center and

the city’s main commercial and leisure districts—known as Madrid Central (MC).13 The

11One exception in CAC regulation that has some of our bang-bang flavor is the vintage-specific restric-
tions analyzed by Barahona, Gallego, and Montero (2020), where the optimal design involves a vintage
threshold that separates cars subject to no restriction from those subject to the maximum feasible re-
striction.

12It also differs from other commitment problems involving durable goods (e.g., Coase 1972; Kahn 1986)
in that the no-commitment LEZ solution need not be unique.

13See MC’s map in Figure A.1 in the Appendix.
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policy was announced in May 2018, and was implemented from November 2018 onward.14

The primary motivation for the regulation was to reduce nitrogen dioxide (NO2)

emissions, as Madrid had been persistently violating European Union air-quality limits.

The European Commission had issued a final warning to Spain, and the city responded by

introducing MC as part of an updated clean air plan. This paper examines whether MC

induced the adoption of cleaner vehicles and whether the resulting environmental benefits

were large enough to offset both the private welfare losses from shifting consumers away

from their preferred vehicle choices and the disutility associated with restricted access for

those who kept on buying polluting vehicles.

Under the 2018 MC regulation, vehicles were labeled according to their emissions

characteristics. Vehicles with ZERO or ECO labels—covering qualifying LPG/CNG,

hybrid, and electric vehicles—could enter the restricted zone freely.15 For non-residents,

conventional gasoline and diesel cars with an emissions label could enter only to park in an

authorized public or private facility, while unlabeled cars required a specific exemption.

Our empirical analysis reports outcomes for four vehicle groups: gasoline/diesel cars,

including both labeled and unlabeled vehicles; exempt LPG (liquefied petroleum gas)

and CNG (compressed natural gas) vehicles; hybrids, including plug-in and non-plug-

in models; and electric vehicles (EVs), including battery-electric and fuel-cell vehicles.

Residents of the MC area could continue to circulate with their existing vehicles regardless

of their emissions label. Special access rules applied to residents’ guests, people with

reduced mobility, taxis, ride-hailing services, and delivery vehicles.

2.1 Data

We use several data sources. Vehicle registrations come from the Spanish Directorate-

General for Traffic and cover every new and existing vehicle registered in Spain between

2015 and 2019.16 For each record, we observe the vehicle’s emissions standard, make-

model, engine size, fuel type, powertrain, and tailpipe CO2, along with the zip code

where it is registered or moved to. These records distinguish three events: new-car reg-

istrations, second-hand transfers,17 and scrappage.18 We aggregate observations to the

14Formal enforcement, with e90 fines per violation, began on March 16, 2019. Until then, violators were
notified by mail without penalties. While March 2019 is the relevant treatment date for analyzing car
usage, the May 2018 announcement serves as the key reference for assessing impacts on vehicle (i.e.,
durable-good) adoption—the primary focus of this paper.

15ZERO covers battery-electric, fuel-cell, and extended-range electric vehicles, as well as plug-in hybrids
with an electric range of at least 40 km. ECO covers non-plug-in hybrids, plug-in hybrids with shorter
electric ranges, and natural gas or LPG vehicles, provided they meet the C-label emissions standards.
For conventional gasoline and diesel cars, C covers gasoline vehicles meeting Euro 4–6 standards and
diesel vehicles meeting Euro 6; B covers gasoline vehicles meeting Euro 3 and diesel vehicles meeting
Euro 4–5. Vehicles that do not meet these requirements remain unlabeled.

16We restrict the sample to natural persons and exclude leasing from new registrations.
17We focus on incoming transfers between provinces, for which we observe the destination zip code where
the car is registered; we observe only the province of origin.

18These are old cars no longer registered in Spain, either scrapped or moved abroad (e.g., to North Africa).
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quarterly zip-code level, dropping the six zip codes that make up Madrid Central, and

normalize registrations by zip-code population, expressing them per 10,000 residents.19

Retail prices come from JATO’s database. Demographic and income data come from

MBR MarketData at the zip-code level for 2017. Finally, annual steel prices, built from

daily New York Mercantile Exchange quotes, are used in Section 4 as an instrument for

car prices.

Table 1 summarizes the sample. Madrid’s zip codes are dense and comparatively

rich: 2,092 households per square kilometer on average, e16,066 of purchasing power per

capita, and 26% of households in the top income quintile, against 468 households per

square kilometer, e11,917, and 12% across the rest of Spain. Madrid also records 3.43

hybrid and 0.15 EV registrations per 10,000 residents each quarter, against 1.07 and 0.02

in the rest of the country, respectively.

2.2 Comparing Madrid to similar zip codes

To evaluate Madrid Central, we compare Madrid’s zip codes with similar zip codes

outside Madrid province. Of the 10,520 zip codes outside Madrid province, we choose

the closest on the following demographics: log household density, purchasing power per

capita, the shares of households in each income quintile, and average household size. We

select them using the K-nearest-neighbor matching method with replacement based on

the Mahalanobis distance (Rubin 1980; Jann 2020). For each treated Madrid zip code

i ∈ T , the matched set NK(i) is the subset S of the control pool C with |S| = K that

minimizes the Mahalanobis distance between i and the controls in S:

NK(i) = arg min
S⊂C
|S|=K

∑
j∈S

(xi − xj)
⊤Σ−1(xi − xj), (1)

where xi and xj collect these variables for treated zip code i and control zip code j, and

Σ is their covariance matrix. We consider four specifications with K ∈ {5, 10, 25, 100}
neighbors.

Columns (3)–(6) of Table 1 report the same statistics for the matched groups. The

fewer neighbors we retain, the closer they are to Madrid: household density averages 780

at 100-nn and 1,499 at 5-nn, against 2,092 households per square kilometer in Madrid,

and purchasing power per capita e13,306 and e14,804 against e16,066. The top-quintile

share follows the same pattern. On registrations, Madrid records 3.43 hybrids and 0.15

EVs per 10,000 residents each quarter, compared with 1.88 and 0.06 in the five-neighbor

group, and 29.18 second-hand transfers versus 46.10.

Figure 1 plots quarterly averages per 10,000 residents for Madrid and the 5- and

100-nearest-neighbor comparison groups. Panel (a) shows registrations of gasoline and

19Residents inside the LEZ are not subject to its restrictions, and the area is too small to serve as a control
group, which is why we drop them.
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Table 1: Summary statistics for Madrid and comparison zip codes

(1) (2) (3) (4) (5) (6)
Madrid Non-Madrid 100-nn 25-nn 10-nn 5-nn

Panel A: New cars (per 10,000 residents)

Total 43.19 34.00 36.96 38.68 39.14 39.48
(42.57) (45.11) (41.67) (38.59) (36.84) (34.44)

Gasoline/Diesel 37.78 32.47 35.11 36.59 36.88 37.13
(38.12) (43.50) (40.06) (37.08) (35.28) (32.81)

LPG 1.08 0.12 0.17 0.21 0.23 0.25
(1.88) (0.79) (0.86) (0.92) (0.93) (0.92)

Hybrids 3.43 1.07 1.37 1.62 1.77 1.88
(5.15) (3.77) (3.86) (3.87) (3.84) (3.84)

EVs 0.15 0.02 0.03 0.04 0.05 0.06
(0.42) (0.17) (0.21) (0.25) (0.27) (0.28)

Panel B: Scrappage (per 10,000 residents)

Total 30.27 39.38 38.46 37.55 36.47 35.25
(31.90) (58.88) (53.21) (48.65) (45.34) (40.28)

Gasoline/Diesel 30.24 39.38 38.45 37.55 36.46 35.24
(31.90) (58.88) (53.21) (48.64) (45.34) (40.28)

Panel C: Second-hand transfers (per 10,000 residents)

Total 29.18 57.69 54.50 51.32 48.31 46.10
(51.52) (77.48) (69.60) (63.55) (58.65) (54.15)

Gasoline/Diesel 28.83 57.46 54.23 51.03 48.01 45.78
(51.39) (77.33) (69.43) (63.35) (58.45) (53.86)

Panel D: Zip code characteristics

Log household density 5.29 2.81 3.50 4.03 4.31 4.59
(2.59) (2.31) (2.48) (2.52) (2.56) (2.59)

Purchasing power (000s e per capita) 16.066 11.917 13.306 14.065 14.483 14.804
(4.117) (3.116) (3.070) (3.179) (3.276) (3.429)

Share HH quintile 1 (lowest) 0.16 0.28 0.23 0.20 0.19 0.18
(0.08) (0.12) (0.09) (0.08) (0.08) (0.08)

Share HH quintile 2 0.18 0.22 0.21 0.20 0.20 0.19
(0.05) (0.04) (0.04) (0.04) (0.04) (0.04)

Share HH quintile 3 0.20 0.20 0.21 0.21 0.20 0.20
(0.03) (0.04) (0.02) (0.02) (0.02) (0.02)

Share HH quintile 4 0.21 0.18 0.20 0.21 0.21 0.21
(0.03) (0.05) (0.03) (0.03) (0.03) (0.03)

Share HH quintile 5 (highest) 0.26 0.12 0.16 0.18 0.20 0.21
(0.15) (0.09) (0.09) (0.10) (0.11) (0.11)

Avg. household size 2.61 2.44 2.48 2.50 2.52 2.54
(0.34) (0.31) (0.26) (0.25) (0.25) (0.25)

Zip codes 290 10,520 5,496 2,811 1,571 948

Notes: The table presents summary statistics of quarterly car registrations per 10,000 residents per
zip code, divided into three types: new cars, scrappage, and second-hand car transfers. Column (1)
reports the statistics for zip codes in Madrid, column (2) reports those for all non-Madrid zip codes,
while columns (3)–(6) report those for the 100, 25, 10, and 5 nearest neighbors (nn). We report
the mean and standard deviation in parentheses, alongside the number of zip codes. LPG denotes
LPG/CNG. Outcomes are winsorized at the 99.5th percentile over the full panel.

diesel vehicles, which fall faster in Madrid than in the comparison groups after the LEZ

announcement. Panels (b), (c), and (d) show registrations of LPG/CNG vehicles, hybrid

vehicles, and EVs, respectively, which rise faster in Madrid than in the control zip codes,

even before the announcement. Panels (e) and (f) show scrappage and second-hand
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transfers.

Across several of these outcomes, the pre-announcement trends for Madrid differ

from those in the control zip codes, making a simple comparison of their paths hard to

interpret as causal. To recover the causal impact of the LEZ on each of these outcomes,

we use the synthetic difference-in-differences (SDID) estimator of Arkhangelsky et al.

(2021). SDID relaxes the requirement that Madrid and the unweighted control zip codes

follow parallel pre-trends. Instead, it constructs a synthetic control for the average zip

code in Madrid by reweighting the matched untreated zip codes and time periods so that

the pre-treatment path of the synthetic control closely matches that of Madrid. Under

the weaker assumption that such a reweighted control group follows parallel trends with

Madrid in the absence of the LEZ, the SDID method delivers a consistent DiD-type

estimate of the policy effect.

The SDID estimator combines insights from standard difference-in-differences and

synthetic control methods to estimate the average treatment effect τ̂ sdid through a weighted

two-way fixed effects regression:

(τ̂ sdid, µ̂, α̂, β̂) = arg min
τ,µ,α,β

(
N∑
i=1

T∑
t=1

(Yit − µ− αi − βt −Witτ)
2 ω̂sdid

i λ̂sdidt

)
, (2)

where Yit denotes the outcome in zip code i and quarter t, measured per 10,000 residents.

We consider new registrations of gasoline/diesel cars, LPG/CNG, hybrids, and EVs, as

well as total second-hand transfers and total scrappage. The terms αi and βt represent

zip code and quarter fixed effects; Wit equals 1 for Madrid province zip codes in post-

treatment quarters and 0 otherwise.

The estimator employs two sets of data-driven weights: unit weights ω̂sdid
i reweight

control units to match pre-treatment trends of treated units, while time weights λ̂sdidt

balance pre- and post-treatment periods to improve counterfactual prediction. This dual

weighting reduces reliance on strict parallel trends assumptions. We treat Madrid zip

codes as the treated units. The donor pool is the matched set of equation (1). Our

preferred specification—presented in Table 2, column (4)—uses 5 neighbors. Standard

errors are bootstrapped using 100 replications.20

2.3 Impact on new-car registrations

Figure 2 presents the core results from our SDID analysis on new-car registrations.

The graphs display the quarterly trends for Madrid zip codes (the treated group) against

their synthetic counterparts, which are weighted averages of control zip codes from the rest

20As a robustness check, we also add covariates as control variables following Arkhangelsky et al. (2021);
results are virtually unchanged (Table A.1, column (5)), as expected for time-invariant controls. Our
conclusions also hold under the placebo-based inference of their Algorithm 4, which reassigns treatment
to donor-pool units and uses the dispersion of the resulting placebo estimates for inference (Appendix A,
Table A.1).
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(a) New gasoline/diesel registrations
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(e) Scrappage
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(f) Second-hand transfers

Figure 1: Quarterly average for new registrations, scrappage, and second-hand transfers

Notes: These figures show quarterly trends comparing Madrid with its 5- and 100-nearest-neighbor
groups: (a) new gasoline/diesel vehicle registrations, (b) new LPG/CNG registrations, (c) new hybrid
registrations, (d) new EV registrations, (e) vehicle scrappage, and (f) second-hand vehicle transfers. All
outcomes are measured per 10,000 residents per zip code. The vertical line marks the Madrid Central
announcement in May 2018.

of Spain. For all six outcomes—new gasoline/diesel cars, LPG/CNG, hybrids, EVs, scrap-

page, and second-hand transfers (which are mostly gasoline/diesel cars)—the synthetic

control group tracks the trends in Madrid during the pre-treatment period. In contrast,

after the announcement of Madrid Central, a clear divergence emerges for new registra-

tions. On the one hand, registrations for LPG/CNG (Panel (b)), hybrids (Panel (c)),

and EVs (Panel (d)) in Madrid rise sharply above their synthetic controls. On the other
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hand, registrations for polluting gasoline/diesel cars (Panel (a)) fall relatively more in

the treated zip codes than in the control ones.
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0

1

2

3

4

LP
G

pe
r 

10
k 

po
p.

2015q1 2018q2 2019q4
Year-Quarter

Madrid
Synthetic control

(b) LPG/CNG

0

2

4

6

8

H
yb

rid
s

pe
r 

10
k 

po
p.

2015q1 2018q2 2019q4
Year-Quarter

Madrid
Synthetic control

(c) Hybrids

0.0

0.2

0.4

0.6

E
V

s
pe

r 
10

k 
po

p.

2015q1 2018q2 2019q4
Year-Quarter

Madrid
Synthetic control

(d) EVs

25

30

35

40

45

50

S
cr

ap
pa

ge
pe

r 
10

k 
po

p.

2015q1 2018q2 2019q4
Year-Quarter

Madrid
Synthetic control

(e) Scrappage

20

30

40

50

60

T
ra

ns
fe

rs
pe

r 
10

k 
po

p.

2015q1 2018q2 2019q4
Year-Quarter

Madrid
Synthetic control

(f) Second-hand transfers

Figure 2: Madrid zip codes vs. their synthetic zip codes

Notes: Panel (a) shows results for gasoline/diesel cars, Panels (b)–(d) for LPG/CNG, hybrids, and EVs,
and Panels (e) and (f) for scrappage and second-hand transfers, using specification (4) in Table 2 (results
are very similar across specifications). The vertical line marks the announcement of Madrid Central in
May 2018. Panels show SDID estimates with synthetic controls. Treated units are matched zip codes in
Madrid province, outside Madrid Central; controls are the synthetic-weight combinations of non-Madrid
zip codes picked as the control group according to equation (1).

Table 2 quantifies the average post-treatment effects across four SDID specifications

with different donor sets. The results confirm the visual evidence from the figures, showing

that Madrid Central led to a significant reduction in new gasoline/diesel cars, alongside a

statistically significant increase in new registrations of LPG/CNG vehicles, hybrids, and
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EVs. In the preferred specification with 5-nearest-neighbor controls without covariates,

column (4), the policy is associated with a quarterly reduction of 3.94 new gasoline/diesel

registrations per 10,000 residents and an increase of about 1.49 LPG/CNG, 1.59 hybrid,

and 0.14 EV registrations. The estimates are qualitatively similar across the alternative

specifications using 100, 25, and 10 nearest neighbors.

Compared to registrations in the announcement quarter, the estimated effects corre-

spond to a reduction of 10 percent for gasoline/diesel cars and to increases of 67 percent

for LPG/CNG vehicles, 34 percent for hybrids, and 87 percent for EVs.

Table 2: SDID results: Impact on new-car registrations, transfers, and scrappage

(1) (2) (3) (4)
Specification 100-nn 25-nn 10-nn 5-nn

Panel A: Gasoline/Diesel

Madrid × Post -4.59∗∗∗ -4.34∗∗∗ -4.36∗∗∗ -3.94∗∗∗

(0.54) (0.55) (0.68) (0.66)

Panel B: LPG

Madrid × Post 1.61∗∗∗ 1.50∗∗∗ 1.50∗∗∗ 1.49∗∗∗

(0.09) (0.10) (0.09) (0.12)

Panel C: Hybrids

Madrid × Post 2.09∗∗∗ 1.85∗∗∗ 1.69∗∗∗ 1.59∗∗∗

(0.15) (0.18) (0.18) (0.20)

Panel D: EVs

Madrid × Post 0.18∗∗∗ 0.17∗∗∗ 0.15∗∗∗ 0.14∗∗∗

(0.02) (0.02) (0.02) (0.03)

Panel E: Second-hand transfers

Madrid × Post -1.67∗ -1.16 -0.45 -0.58
(1.00) (1.07) (0.98) (1.11)

Panel F: Scrappage

Madrid × Post -0.77 -0.18 -0.55 -0.59
(0.73) (0.74) (0.67) (0.65)

Observations 115,700 62,000 37,160 24,680
Control zip codes 5,496 2,811 1,571 948

Notes: The table reports SDID estimates for quarterly new-car reg-
istrations (Panels A–D), second-hand transfers (Panel E), and scrap-
page (Panel F) per 10,000 residents at the zip-code level; standard
errors are computed via 100 clustered bootstrap replications follow-
ing Algorithm 2 in Arkhangelsky et al. (2021). Columns (1)–(4) use,
respectively, 100, 25, 10, and 5 nearest neighbors. All specifications
include unit and year-quarter fixed effects and SDID unit and time
weights. Sample counts apply to all panels; control zip codes include
the full matched pool. LPG denotes LPG/CNG. Stars denote signif-
icance at the 10 (∗), 5 (∗∗), and 1 (∗∗∗) percent levels.
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2.4 Impact on second-hand car transfers and scrappage

Panels (e) and (f) of Figure 2 show scrappage and second-hand transfers. Unlike

new registrations, their gap to the synthetic control stays similar to where it was before

the announcement. Table 2 confirms this: in the preferred specification, column (4),

the quarterly effects are −0.58 second-hand transfers (Panel E) and −0.59 scrapped cars

(Panel F) per 10,000 residents, neither statistically different from zero.

Taken together, our motivating evidence suggests that Madrid Central promoted

the adoption of LPG/CNG and hybrid vehicles and—though to a lesser extent—electric

vehicles, while reducing the registration of new gasoline and diesel cars. In contrast,

the policy had no significant effect on the scrappage of existing polluting vehicles or on

incoming second-hand transfers. As we discuss further in Section 4, these null effects

indicate that it is appropriate to focus on the policy’s impact on new-car registrations

within Madrid, without concern that the effects spilled over into the second-hand or

neighboring markets.

3 A Dynamic Model of Car Choice

Our motivating evidence provides a clear picture of the effects of Madrid’s LEZ

but does not allow us to infer the counterfactual outcomes under alternative policy de-

signs—scenarios that are relevant beyond the specific case of Madrid. For example, is

it optimal to exempt hybrids from the LEZ restrictions? Is it preferable to restrict

hybrids, though with less stringent limits than those applied to gasoline and diesel vehi-

cles—perhaps by imposing a larger restricted area for the latter, as implemented in Berlin?

Alternatively, could the gradual introduction of restrictions on hybrids—announced in ad-

vance but applied with a delay—enhance the relative appeal of EVs without imposing

immediate costs on hybrid owners?

While these alternative strategies might accelerate the transition toward electric

mobility, whether they are socially optimal remains an open question, given the social

costs imposed by the restrictions. To explore these issues, we develop a dynamic model

of vehicle choice that allows us to evaluate the effects of different LEZ designs.

3.1 Preliminaries

Our simple dynamic model has infinitely lived drivers and three types of vehicles—

electric (E), hybrid (H) and gasoline/diesel (G)—offered at three distinct and equidistant

points on a unit circle. A unit mass of drivers is uniformly distributed on the circle. A

driver located at x ∈ [0, 1], who at the beginning of a given period holds a car of type

j = E,H,G and age a = 1, 2, . . . , Tj, where Tj is the (endogenous) age of the oldest car
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of type j in the market, derives a surplus of

uja(x) = vja − γ|x− xj|, (3)

where vja is the value the individual obtains from driving the car during one period, which

is decreasing with age (i.e., vja > vja+1), x
j marks car j’s “location” (with xE = 0, xH =

1/3 and xG = 2/3), and γ > 0 is the (per-period) horizontal-differentiation parameter

(i.e., the transportation cost). We assume that the market is always fully covered, i.e.,

all drivers hold on to one vehicle in each period, and no more than one, in equilibrium.

This boils down to assuming that values of vja are sufficiently large.21

Vehicles also differ in how much they pollute each period. Given our focus on

adoption (extensive margin), we assume that car use (intensive margin) is unaffected by

a policy shock; hence, a vehicle’s total emissions can be proxied by its emissions rate. This

implies that the way to reduce pollution in our setting is by inducing drivers to switch

to cleaner vehicles, not to drive less.22 A gasoline vehicle of age a emits eGa = ea units of

pollution per period, with ea+1 ≥ ea, while a hybrid vehicle of age a emits eHa = αea per

period, with α ∈ (0, 1). Electric vehicles are emission-free, i.e., eEa = 0. The social cost

of a unit of emission is normalized to 1, so emissions capture the social cost of pollution.

3.2 The no-intervention outcome

Consider first the case in which drivers face no environmental policies. Let U j
a be

the value (i.e., lifetime utility flow) of an individual located at x with a car of type j and

age a. As in Adda and Cooper (2000), the set of Bellman equations that must hold in

steady-state equilibrium is given by

U j
1 (x) = uj1(x)− pj1 + δU j

2 (x)

. . .

U j
a(x) = uja(x) + δU j

a+1(x) (4)

. . .

U j
Tj
(x) = ujTj

(x) + δU j
1 (x) + δzj,

21This “Salop” framework, with its uniform distribution of consumers and full coverage, is sufficient but
not necessary for the results that follow. We adopt it to communicate our insights in the clearest possible
way, at times with corner solutions (e.g., when no single unit of a particular type is sold in equilibrium).
We adopt a more flexible (horizontal-differentiation) framework in the structural analysis following this
section, where we allow for an arbitrary number of vehicles, of different characteristics.

22This assumption is consistent with the findings of Tassinari (2024) for the LEZ in Madrid and of Bernardo,
Fageda, and Flores-Fillol (2021) and Garson et al. (2026) more generally. Nevertheless, we relax it in
Appendix B, showing that results remain qualitatively unchanged when we let restricted cars be driven
either more or less, proportionally (or inversely proportionally) to the LEZ’s size. The increase in
driving is consistent with rerouting, while the reduction in driving is consistent with a greater use of
public transit.
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where δ < 1 is the discount factor, pj1 is the price of a new (i.e., age 1) car, and zj is its

scrap value. Note that the car is scrapped at the beginning of Tj + 1 (or end of Tj).
23

Given that individuals only differ in their horizontal preferences, there is no reason

for them to trade their second-hand cars while in steady state. Individuals hold on to

their cars until they are scrapped, at which point they acquire another one, either brand-

new or second-hand. This implies that the price of second-hand cars adjusts so, in steady

state, it satisfies the indifference condition

U j
1 (x) = U j

a(x)− pja, (5)

for a > 1.24 Solving the Bellman equations, we arrive at the following lemma.

Lemma 1 The lifetime value of holding on to a car of type j for an individual located at

x is given by

U j
1 (x) =

1

1− δTj

[∑Tj

a=1
δa−1uja(x) + δTjzj − pj1

]
,

where uja(x) is given by (3) and Tj is the age of the oldest type-j car in the market.

The terms in brackets correspond to the net present value of owning a type-j car, a

cycle that repeats every Tj periods. For Tj + 1 to be the optimal scrapping age, age-Tj

cars must not be scrapped and age-Tj +1 cars must never be kept. These two optimality

conditions respond to the values of the primitives (i.e., vja, p
j
1, z

j, and δ). For example,

it can be shown (see Appendix D) that if it is optimal to scrap cars at age 3, then the

following two conditions must hold

vj2 >
1

1 + δ

(
vj1 + δvj2 + zj − pj1

)
> vj3. (6)

The inequality on the left says that individuals want to run their cars for more than

one period, whereas the inequality on the right indicates that running the car for an

additional (i.e., third) period is not worthwhile. In this case, it is better to scrap the car

and get a brand-new one (or, equivalently, acquire a “one-period-old” car and run it only

for one period).

Let us denote by x̃jk the location of drivers who are indifferent between owning

vehicle j and k ̸= j, i.e., U j
1 (x̃

jk) = Uk
1 (x̃

jk). Drivers located between x̃jk and x̃jl, with

23Note that for simplicity we are assuming that all cars survive until they are scrapped at the end of
their lives, but we could easily let them exit the market at some exogenous rate due to crashes, fatal
malfunctioning, etc., a rate that may vary with the vehicle’s type and age. For example, if we denote by
ξja the probability that a car of type j and age a survives to the next period, the corresponding Bellman
equation would change to U j

a(x) = uja(x) + ξjaδU
j
a+1(x) + (1− ξja)δ(U

j
1 (x) + zj).

24This condition can be conveniently rewritten as

pa = va + δUa+1 − U1,

which is expression (3) in Adda and Cooper (2000).
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l ̸= j, k, will own a type-j vehicle, so from Lemma 1 we obtain that the total demand for

new type-j vehicles is equal to

qj1 =

∫ x̃jl

x̃jk

dx =
1

3
+

1

2Γ
(2(Vj + Zj − Pj)− (Vk + Zk − Pk)− (Vl + Zl − Pl)) , (7)

for j, k, l = E,H,G and j ̸= k, l, and where Γ = γ/(1 − δ), Vj =
∑Tj

a=1 δ
a−1vja/(1 − δTj),

Zj = δTjzj/(1 − δTj), and Pj = pj1/(1 − δTj). The demand for j is decreasing in its own

(lifetime) price Pj and increasing in its (lifetime) service value Vj and (lifetime) scrap

value Zj. Moreover, because vehicle types are substitutes, demand for j is increasing in

Pk and Pl, and decreasing in Vk, Vl, Zk and Zl.

Since equation (7) also corresponds to the per-period demand for second-hand cars,

total welfare, in present value terms, is given by

W =
∑

j=E,H,G

(
(Vj + Zj − Cj − Ej)qj1 −

∫ x̃jl

x̃jk

Γ|x− xj|dx

)
, (8)

for j, k, l = E,H,G and j ̸= k, l, and where Ej =
∑Tj

a=1 δ
a−1eja/(1 − δTj) is j’s (lifetime)

emissions harm, and Cj = cj/(1− δTj) is its (lifetime) production cost, with cj being the

unit cost.25

3.3 Policy intervention: Low Emission Zones

We are interested in how Low Emission Zones influence the adoption of low-emission

vehicles. Since our focus is on addressing environmental externalities, we assume vehicles

are sold at cost (equivalent to assuming they are sold at a constant, uniform markup).26

3.3.1 LEZs vs. taxes

As a benchmark for evaluating the performance of LEZs, consider taxes.27 Both

types of interventions—taxes and LEZs—affect the market-equilibrium outcome, although

in different ways. This follows from the demand expressions in (7). Taxes work by moving

(lifetime) prices Pj away from Cj. For example, if each period a Pigouvian tax τ ja = eja

25Note that cars can have different lifetimes.
26Allowing car dealers to earn oligopoly rents in this way has no welfare implications and thus does not
affect the optimal policy design. Introducing market power through other mechanisms, however, would
not be neutral in this respect.

27Other price-based instruments could also be considered, such as subsidies for the purchase of new low-
emission vehicles and for the earlier retirement of polluting ones. Note, however, that these alternative
instruments do not replicate the work of taxes. Subsidies for the purchase of low-emission vehicles
may fail to implement the first-best by extending their lifespans beyond the first-best level. Scrappage
subsidies may help shorten the lifespan of existing gasoline cars in the short run, but in the long run,
permanent scrappage subsidies could have the undesirable effect of making the purchase of new gasoline
cars attractive to more individuals, despite their shorter lifespans.
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is added to the registration of a vehicle of type j, then Pj = Cj + Ej.28

A LEZ policy—which resembles a proportional rationing scheme—works differently

by reducing the (lifetime) service value of the restricted car from vja to (1− sja)v
j
a, where

sja < 1 is the size of the LEZ affecting vehicle j of age a.29 The size of the LEZ should

be interpreted broadly, not only in terms of its geographic coverage, but also in terms of

the hours of the day and days of the week during which it is active.30 One could argue

that two different LEZs, of size sG affecting gasoline cars and of size sH affecting hybrids,

could replicate the work of two different (lifetime) taxes, τG and τH . This is true in terms

of market shares of new cars, as can be inferred from equation (7), but not in terms of

welfare.

The key distinction lies in how LEZs and taxes affect consumers. LEZs work by lim-

iting the use of restricted vehicles, reducing welfare not only for marginal consumers—who

switch to a less preferred (but unrestricted) option—but also for inframarginal consumers

who continue to hold on to restricted vehicles. In contrast, taxes influence decisions at the

margin without destroying welfare for inframarginal users (aside from the tax payment

itself).31 As a result, the difference between taxes and LEZs boils down to efficient versus

inefficient rationing. This difference is central to the design of a LEZ.32

To better understand how to arrive at the optimal LEZ design, we proceed sequen-

tially by first studying the case of short-lived vehicles—lasting only one period, after

which they are scrapped. This case serves to highlight the bang-bang logic of the opti-

mal LEZ design. Yet, as with any intervention in a durable-good market, it might take

time for the composition of the car fleet to adjust to its new (steady-state) equilibrium.

Given this gradual adjustment, one can entertain the idea that the optimal LEZ design

could also evolve alongside the fleet until reaching the new steady-state equilibrium. To

analyze this, we next consider the case of long-lived vehicles, which allows uncovering po-

tential dynamic components of the optimal LEZ design, i.e., the emergence of transition

technologies and the importance of commitment.

Without loss of generality, we simplify the analysis by assuming that cars are sym-

metric except for their pollution levels: all cars have the same production cost c, provide

the same service value va given their vintage, and have the same scrap value z. We also

assume that pollution is age-independent, i.e., ea = e for all a.

28Note that Tj may have also changed (i.e., decreased) as a result of the tax.
29We adopt this multiplicative form here for tractability. In the next section, we adopt a more flexible
form, for example, by allowing the LEZ impact to vary by income.

30Recall that our working assumption is that policies do not affect the intensive margin; that is, they do
not influence driving intensity and therefore impact emissions solely through changes in vehicle adoption.
Under our baseline assumption, welfare losses stem not from fewer trips but from less desirable ones—for
example, longer detours to avoid the LEZ, or shopping trips redirected outside the LEZ instead of within
it.

31We assume that the tax collection is rebated as a lump sum to individuals and thus does not distort
overall efficiency.

32This difference would also extend to the intensive margin—specifically, driving behavior. Gasoline taxes
discourage the least valued trips, leading to efficient rationing, while LEZs restrict all trips indiscrimi-
nately, regardless of their value, resembling proportional rationing.
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3.3.2 Equilibrium with short-lived vehicles

We first consider short-lived vehicles, which last one period. Under the symmetry

assumptions above, each vehicle type accounts for one-third of the market in the absence

of intervention. Introducing a LEZ changes these shares depending on which vehicle types

it restricts and how extensively it restricts each type.

A LEZ’s design has two dimensions: its stringency (i.e., the type of cars that are

restricted; either no cars, only gasoline cars, or both gasoline cars and hybrids), and its

size, s ∈ [0, s̄], where s̄ is the largest LEZ that is (politically) feasible to implement. We

let s̄ ≤ smax ≡ γ/3v1, which is the size of a LEZ that would completely displace gasoline

cars from the market.33

For now, we restrict attention to LEZ designs that treat all restricted vehicles equally,

so sG = sH = s if both gasoline cars and hybrids are restricted. We later allow restrictions

to vary by vehicle type. Since EVs are pollution-free, it is never optimal to limit their

access to the LEZ. Hence, without loss of generality, we set vE1 = v1.

The next proposition characterizes, for a given LEZ of size s, which vehicles (if any)

should be restricted. Note that, due to its inefficient rationing, a LEZ design can never

implement the first-best (FB) solution. Instead, Pigouvian taxes τ j = ej implement the

FB solution by pricing cars at their social cost: pG1 = c+ e, pH1 = c+ αe, and pE1 = c.34

Proposition 1 (LEZ restrictions with short-lived vehicles) Consider a LEZ of size s ∈
[0, γ/3v1]. Define the emission thresholds

eLEZ
G (s) ≡ 2γ − 3v1s

3(2− α)
, eLEZ

H ≡


2γ

3(2α− 1)
, α ∈ (1/2, 1),

+∞, α ∈ (0, 1/2],

so that eLEZ
G (s) < eLEZ

H for all α ∈ (0, 1). Then it is optimal to:

(i) restrict no vehicle if e ≤ eLEZ
G (s);

(ii) restrict only gasoline cars if eLEZ
G (s) < e ≤ eLEZ

H ; and

(iii) restrict both gasoline and hybrid vehicles if e > eLEZ
H .

33A LEZ that also restricts hybrids would completely displace both gasoline and hybrid cars if it were
any larger than γ/3v1, the size at which their drivers become indifferent between their car and an EV.
It seems realistic, however, to restrict attention to LEZs not larger than γ/3v1, or more generally, not
larger than Γ/3V , as gasoline cars would be fully displaced. Looking at larger LEZs would only introduce
additional cases without adding new insights.

34There is only one case, highly unrealistic and of little interest, where it could potentially replicate the
FB: when the FB solution includes only electric vehicles in the market and authorities can deploy a
sufficiently large LEZ, essentially banning gasoline cars and hybrids from circulation altogether.
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The LEZ thresholds are depicted in Figure 3.35 Restricting gasoline vehicles only

entails a trade-off. On the one hand, gasoline-car users suffer a loss as they cannot access

the restricted area. On the other hand, there is a reduction in emissions as consumers

substitute hybrids and EVs for gasoline cars. Therefore, for a given LEZ size s, it is

optimal to restrict gasoline cars when their emissions are high relative to the cost of

reducing choice (proxied by γ). The critical emission threshold eLEZ
G (s) also depends on

the size of the LEZ: a bigger LEZ reduces the market share of gasoline cars, thus reducing

the mass of drivers who are restricted from entering the LEZ. Hence, for small s, the mass

of (inframarginal) gasoline-car users is large, and it is not optimal to restrict them (nor

hybrid users) unless their emissions are substantial. In this case, the welfare loss inflicted

on inframarginal gasoline users is more than compensated by the emission-reduction gain

from marginal gasoline users who switch to cleaner cars.

α

e

1
2

1

eLEZ
G (s)

eLEZ
H

Only gasoline cars
restricted

G+H
restricted

No car restricted

Figure 3: Optimal restrictions for a given LEZ size

Notes: The figure illustrates the optimal restrictions for a LEZ of given size s, as a function of the

emissions rate e and the hybrid efficiency parameter α ∈ (0, 1). The curve eLEZ
G (s) separates the region

in which no car is restricted (below) from the one in which only gasoline cars are restricted (above); the

curve eLEZ
H separates the region in which only gasoline cars are restricted (below) from the one in which

both gasoline and hybrid cars are restricted (above). The dashed vertical line at α = 1/2 marks the

asymptote of eLEZ
H : for α ≤ 1/2, restricting hybrids is never optimal.

Similarly, restricting hybrid vehicles (in addition to gasoline cars) entails a trade-off

35Note that as α → 1, when e ∈
(
eLEZ
G (s), eLEZ

H

)
, the optimal policy is to restrict only gasoline cars,

even though hybrid and gasoline cars pollute (almost) the same. Both thresholds are continuous in α,
and at α = 1 they differ by eLEZ

H − eLEZ
G (s) = v1s. The reason is that the two restrictions achieve

the same emission reduction (driven by the drivers who switch to EVs) but impose the usage loss on
different masses of drivers. Once restricted, gasoline cars lose market share to both hybrids and EVs, so
the restriction only binds on the remaining 1/3− sv1/γ gasoline drivers. Extending it to hybrids leaves
total transportation costs unchanged but raises the mass of restricted drivers by a full 1/3, as it now
also binds on all hybrid drivers, including those who had switched from gasoline cars.
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between the welfare loss of constraining hybrid users and the impact on emissions. How-

ever, unlike gasoline cars, restricting hybrids does not necessarily lead to lower emissions:

some sales are shifted to cleaner electric vehicles, but others to more polluting gasoline

cars as hybrids lose their advantage relative to gasoline cars. In particular, if hybrids

are sufficiently clean relative to gasoline cars, i.e., if α < 1/2, the second effect implies

that net emissions would increase. Hence, in this case, it is never optimal to restrict

hybrids from accessing the LEZ (as the threshold eLEZ
H tends to infinity). Otherwise, if

α > 1/2, net emissions would decrease, making it optimal to restrict hybrids, but only

when the emission reduction is high relative to the cost of limiting car choice (proxied

by γ). The emission threshold does not depend on the size of the LEZ directly, given

that, conditional on restricting gasoline cars (for which s has to be sufficiently large), the

welfare gain from also restricting hybrids is proportional to s.

Having characterized the optimal access to a LEZ of a given size, we now characterize

its optimal size.

Proposition 2 (Optimal LEZ with short-lived vehicles) Let s̄ ≤ smax ≡ γ/3v1 be the

largest (politically feasible) LEZ. There exists a threshold size s̃ such that it is optimal to

have:

(i) no LEZ if either e ≤ eLEZ
G (smax), or eLEZ

G (smax) < e ≤ eLEZ
G (0) and s̄ < s̃;

(ii) a LEZ of the maximum possible size s̄ restricting gasoline vehicles only if either

eLEZ
G (smax) < e ≤ eLEZ

G (0) and s̄ > s̃, or eLEZ
G (0) < e ≤ eLEZ

H ; and

(iii) a LEZ of the maximum possible size s̄ restricting both gasoline vehicles and hybrids

if e > eLEZ
H .

As illustrated in Figure 4 and formally shown in the proof of the proposition, welfare

is everywhere convex in the size of the LEZ. This contrasts sharply with welfare under

taxes, which is everywhere concave. This difference explains why the optimum under

taxes is interior—namely, Pigouvian taxes—whereas under a LEZ it follows a bang-bang

logic: either implement no LEZ (i.e., s = 0) if it cannot be made large enough, or

implement the largest feasible LEZ (i.e., s = s̄).36 In sum, intermediate-sized LEZs are

never optimal.

This bang-bang logic reflects the fact that the larger the LEZ, the lower the sales of

restricted vehicles. As a result, restricting access to these vehicles becomes increasingly

attractive, since the associated utility loss affects fewer inframarginal users. Thus, a LEZ

is socially beneficial if it is strict enough to shift purchase decisions away from polluting

vehicles, even at the cost of reducing value for inframarginal consumers. If emissions are

large enough, any gain on marginal sales compensates for the inframarginal loss. This

36Note that s̃ = 0 for e = eLEZ
G (0), so if eLEZ

G (0) ≤ e < eLEZ
H , any LEZ restricting gasoline cars leads to

welfare gains.
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W

s
smaxs̃

e = eLEZ
G (smax)

eLEZ
G (smax) < e < eLEZ

G (0)

eL
EZ

G
(0) ≤ e < eL

EZ
H

eL
EZ

H
≤ e

Figure 4: Optimal LEZ size

Notes: This figure depicts welfare as a function of the LEZ size s. Each curve corresponds to a different

value of the emissions rate e, with higher values of e represented by lower curves. Welfare is everywhere

convex in s: increasing s lowers the value of each restricted car, but as s grows, the share of restricted

vehicles declines. Dots mark the two bang-bang candidates, s = 0 and s = smax. The dashed horizontal

lines indicate the welfare levels at s = 0 for the top two curves; s̃ is the size at which the second curve

returns to its s = 0 level.

explains why, when e is large enough, it is always optimal to create a LEZ and make it as

large as possible. However, if emissions are not high enough (like the two upper curves

in Figure 4), the LEZ has to be large enough so that the impact on the marginal sales

compensates for the loss of inframarginal users, whose mass is lower the larger the size of

the LEZ. The planner should therefore implement the largest feasible LEZ if it is large

enough to increase welfare (part (ii) of the proposition), and otherwise introduce no LEZ

(part (i)).

It is important to emphasize that the bang-bang result in Proposition 2 is not an

artifact of the uniform distribution of consumer preferences along the circle. Although

that distribution implies that welfare is convex in s over the entire relevant domain, the

bang-bang logic only requires welfare to be quasi-convex in s. As we illustrate in Appendix

E, this condition is consistent with a broader class of preference distributions. In the

empirical analysis, where substitution patterns are generated by a discrete-choice model

with generalized extreme value utility shocks, the relevant quasi-convexity condition is

assessed numerically by evaluating welfare over a wide range of LEZ sizes.

One could extend our theory to assess whether the social planner could gain from

a LEZ design that considers different sizes for hybrids and gasoline cars, say sG and sH .

Convexity of the welfare function, however, implies that this is never optimal: hybrids
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should be treated like either electric vehicles (sH = 0) or gasoline cars (sH = sG).

Corollary 1 If it is possible to set sH ∈ [0, sG], the optimal LEZ involves either sH = sG

or sH = 0.

This result invites another question: in a dynamic environment, where the fleet

adjusts gradually to a policy shock, could it be optimal to treat hybrids like electric

vehicles for some time, after which they should be treated like gasoline cars? And, would

it be credible to do so in the absence of commitment? Positive answers to these questions

would make hybrids a transition technology according to our theory.37 We explore this

possibility next by extending the vehicles’ lifetimes beyond one period.

3.3.3 Equilibrium with long-lived vehicles

Let t = 0, 1, 2, . . . ,∞ denote time. At t = 0, the fleet is in its no-intervention steady

state, as characterized in Section 3. Suppose that at t = 1, the planner may decide to

intervene in the market by imposing a LEZ. Suppose also that all cars last for two periods

regardless of their type, or whether a LEZ policy is in place. This means that they are

scrapped at the end of the second period or the beginning of the third.38

In this two-period cycle, it will take at most three periods for the fleet composition

to reach its new steady state after the introduction of a LEZ in period t = 1 (it will take

only two periods if the LEZ design is time-invariant). This new steady state need not

be stationary. Even in the absence of vertical differentiation, trade in the second-hand

market may generate oscillations after the introduction of a LEZ. In particular, holders

of second-hand gasoline cars with relatively weak preferences for them may prefer to sell

immediately and buy a new unrestricted car, rather than wait until their gasoline vehicles

are scrapped. To facilitate the exposition, we abstract from this oscillatory equilibrium

in what follows by assuming trade frictions large enough to suppress second-hand-market

trading. The frictions documented by Gavazza, Lizzeri, and Roketskiy (2014) motivate

this assumption. More importantly, reducing trade frictions does not qualitatively change

our results; it only alters the emission thresholds that characterize the optimal LEZ

restrictions. See Appendix D for details.

In this context, the planner’s welfare function for a LEZ sja,t ∈ [0, s̄], denoting the

restriction upon a vehicle j = E,H,G of vintage a = 1, 2 in period t ≥ 1, can be written

as

37As we will see below, our view of transition technology differs sharply from that based on changes in the
relative cost of electric vehicles over time.

38Formally, we are assuming that expression (6) holds at all times, with vja = (1− sja)va. If anything, (6)
shows that, assuming sa = sa+1 = s, drivers would have incentives to hold on to their restricted vehicles
longer, since sv1 + δsv2 > (1 + δ)sv3. The intuition is that new gasoline cars have become relatively
more expensive given their lower quality throughout, so drivers want to replace them less frequently, if
anything.
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W =
∑∞

t=1
δt−1wt = w1 + δw2 +

δ2

1− δ
w3, (9)

where wt is given by

∑
j=E,H,G

(∫ x̃jl
1,t

x̃jk
1,t

(vj1,t − c− γ|x− xj| − ej)dx+

∫ x̃jl
2,t

x̃jk
2,t

(vj2,t + δz − γ|x− xj| − ej)dx

)
,

(10)

vja,t = (1−sja,t)va, and x̃
jk
a,t is the location that separates individuals driving type-j vehicles

from those driving type-k vehicles.

Because cars survive until they are scrapped, the location of the indifferent driver

remains unchanged as the cars get older, i.e., x̃jk2,t+1 = x̃jk1,t for all t ≥ 1. We also know

that at t = 3 the fleet reaches its steady state, so x̃jk1,t−1 = x̃jka,t = x̃jka,t+1 for all a and

t ≥ 3. To find x̃jk1,t, we use the set of Bellman equations (4) adjusted to account for the

LEZ policy.39

Consider a LEZ policy introduced at t = 1. During this first period, second-hand

cars affected by the policy will outnumber their new counterparts. This implies that, in

equilibrium, the price of these second-hand cars must fall enough to make their drivers

indifferent between them and new cars. If the policy is adjusted at t = 2—for example, by

adding more restricted cars or extending its size—new and second-hand cars of each type

will continue to be in different proportions. Only at t = 3 will new and second-hand cars

of each type be present in equal numbers, marking the point at which the fleet reaches

its new steady state.40

Thus, if at t = 1 the social planner commits to a time-invariant LEZ of size s, the

short-lived analysis from Proposition 1 extends to this dynamic environment with only

minor notational changes. For now, we assume that the planner can credibly commit to

her announcement and make no policy adjustments at t = 2. Below, we discuss whether

and when a lack of commitment may be a problem. To simplify notation from now on, we

assume that all individuals, including the social planner, discount the future at δ = 1/2.

Our next proposition is the analogue of Proposition 1, extended to the case of vehicles

with a two-period lifespan.

Proposition 3 (Time-invariant LEZ with long-lived vehicles) Consider a time-invariant

LEZ of size s < smax ≡ Γ/3V = γ/(2v1 + v2) introduced at t = 1. There exist emission

39Note that the price of second-hand units is still obtained from (5), even during the transition from one
steady state to the next.

40Note that for individuals driving second-hand cars during the transition to the new steady state, the
location x̃jk2,1, and also x̃jk2,2 if the LEZ design varies over time, does not necessarily correspond to the one
that makes them indifferent between driving either type of car. Suppose that j is restricted at t = 1 but
k is not. If at t = 0, individuals located at x̃jk2,0 = x̃jk1,0 were indifferent between driving either type of
car, at t = 1 individuals driving second-hand j cars are strictly worse off than their counterparts driving
second-hand k cars. Despite this, individuals driving second-hand j cars will continue to drive them for
one more period, after which they will switch to a new (or second-hand) k car.
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thresholds eLEZ
G , decreasing in s and increasing in α, and eLEZ

H > eLEZ
G , independent of s

and decreasing in α, such that it is optimal to:

(i) restrict no vehicle if e ≤ eLEZ
G ;

(ii) restrict only gasoline cars if eLEZ
G < e ≤ eLEZ

H ; and

(iii) restrict both gasoline and hybrid vehicles if e > eLEZ
H .

In a dynamic environment, the planner has the option to commit to a LEZ that

evolves over time. In principle, the LEZ can evolve in both stringency (i.e., the type

of cars that are restricted) and size. It is not difficult to anticipate from Propositions

1 and 2 that the short-lived analysis regarding gasoline cars remains unchanged: if it is

optimal to restrict gasoline cars from the very first day, it is optimal to restrict them to

the maximum extent.

This parallel does not extend to hybrids. It may be optimal to treat them gradually

(i.e., as a transition technology)—yet still within a bang-bang logic—by keeping them

unrestricted like electric vehicles for some time, after which they become as restricted as

gasoline cars.41 As the next proposition establishes, in our dynamic environment where

cars last for two periods, this translates into placing no restriction on hybrids during the

first period, t = 1, and applying the gasoline-level restriction from the second period

onward.

Proposition 4 (Hybrids as a transition technology) Consider a LEZ of size s < smax,

introduced at t = 1. There exist transition-technology (TT) emission thresholds eLEZ
TTL <

eLEZ
H and eLEZ

TTU > eLEZ
H , where eLEZ

G and eLEZ
H are defined as in Proposition 3, such that

it is optimal to:

(i) restrict no vehicle if e ≤ min{eLEZ
G , eLEZ

TTL};

(ii) restrict only gasoline cars from t = 1 onward if min{eLEZ
G , eLEZ

TTL} < e ≤ eLEZ
TTL ;

(iii) restrict gasoline cars from t = 1 onward, and treat hybrids as a transition technology

(i.e., as electric cars during t = 1, and as gasoline cars from t = 2 onward) if

eLEZ
TTL < e < eLEZ

TTU ; and

(iv) restrict both gasoline cars and hybrids from t = 1 onward if e ≥ eLEZ
TTU .

41In principle, gasoline cars could also be treated as a transition technology, with restrictions potentially
phased in over a different horizon than for hybrids (although that would require extending the model
to allow cars to last at least three periods). We rule out this possibility to avoid a proliferation of
cases without adding much economic insight. This exclusion can also be justified on political-feasibility
grounds: a LEZ that restricts no vehicle at the time of its introduction would be difficult to present as
a meaningful policy intervention.

26



The top and middle rows in Figure 5 depict the relevant emission thresholds in

Propositions 3 and 4, respectively. To convey intuition about the emergence of hybrids

as a transition technology, consider two LEZ designs: a time-invariant design introduced

at t = 1, with an emission threshold eLEZ
H —determining whether hybrids should be

restricted from t = 1 onward or not at all; and an alternative LEZ design, still announced

at t = 1, with a lower emission threshold eLEZ
TTL < eLEZ

H determining whether hybrid

cars should be restricted from t = 2 onward or not at all.42 According to our theory, it

is optimal to treat hybrids as a transition technology whenever e ∈
(
eLEZ
TTL , e

LEZ
TTU

)
, that

is, whenever e falls between the lower and upper transition-technology (TT) thresholds.

Within this range, hybrids are not polluting enough to require immediate restriction, but

they also fall short of being clean enough to remain unrestricted indefinitely.

e
eLEZ
G eLEZ

H

restrict no car restrict only G restrict G & H

Time-invariant

Time-varying
e

eLEZ
G eLEZ

TTL eLEZ
TTU

no car only G restrict G & treat H as TT G & H

e
eLEZ
G eLEZ

TTW eLEZ
TTS eLEZ

TTU

no car only G weak TT strong TT G & H

No commitment

Figure 5: Emission thresholds for different LEZ designs

Notes: For given parameters, these diagrams show the thresholds for e corresponding to each type of

LEZ solution under three cases: a time-invariant LEZ, a time-varying LEZ, and a setting in which the

planner lacks commitment to implement the LEZ once it has been announced. For the time-varying case

we only present the most relevant scenario, i.e., eLEZ
G ≤ eLEZ

TTL .

Why does a transition technology emerge? Announcing at t = 1 that hybrids will

be restricted in the future has immediate and future effects. It has an immediate impact

on car choice: in anticipation of their lower future value, some individuals switch right

away from hybrids, even if they are not yet restricted.43 As a result, there will be

fewer inframarginal consumers driving hybrids tomorrow—fewer than if hybrids were left

unrestricted indefinitely—when the restriction becomes active. With fewer (second-hand)

hybrids on the road tomorrow, the future restriction on hybrids becomes less costly to

42These are the only two relevant LEZ designs to consider. It is easy to see that announcing the restriction
on hybrids to begin at t = 3 instead of t = 2 is strictly dominated by the other two designs.

43Some individuals switch to electric vehicles while others switch to gasoline cars. The shift to gasoline
cars is less relevant, however, as they are already restricted. In fact, hybrids’ market share goes down
from 1/3 + (2v1 + v2)s/6γ to 1/3 + (2v1 − v2)s/6γ, though it remains above 1/3, the no-intervention
share.
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implement. The mere announcement that hybrids will be restricted in the future brings

the LEZ instrument—at least with respect to hybrids and for a limited time (in our

case, one period)—closer to a price instrument: it affects consumer choices at the margin

without destroying value for inframarginal consumers, i.e., those who continue driving

hybrids in t = 1.

Note that when eLEZ
TTL ≥ eLEZ

G the range
(
eLEZ
TTL , e

LEZ
TTU

)
in Proposition 4 is shrinking

in s, thereby reducing the range within which hybrids qualify as a transition technology.

The reason is that a larger LEZ leaves fewer inframarginal consumers affected by the

LEZ to protect, reducing the need for a transition technology to ease their pain. In a

way, the size of the LEZ and the option to treat hybrids as a transition technology act

as substitutes.44

Our definition of a transition technology differs sharply from alternative notions,

which are often based on the idea that electric vehicles are still too costly or unfamiliar

to serve as a viable outside option for many gasoline drivers (Holland, Mansur, and Yates

2021). Under this alternative view, hybrids should remain unrestricted until these con-

cerns dissipate. While our definition is not in conflict with that view, it is fundamentally

different. For one, it is developed in a context in which primitives (i.e., costs, preferences,

and pollution rates) do not change over time. For another, it applies specifically in the

context of a LEZ, not of a FB intervention. Furthermore, these alternative notions do

not have bite in a FB context—if anything, taxes on polluting cars should be even higher

to account for potential learning-by-doing and network externalities associated with the

adoption of electric vehicles. For the same reason, alternative notions should have no bite

in a LEZ context either.45

Our notion of transition technology is also distinctive in its durable-good nature. As

in other durable-good problems (e.g., Coase 1972), the social planner may need commit-

ment to implement the LEZ design advanced in Proposition 4, at least for certain values

of e.46 It is clear that commitment is not required in case (i), when e ≤ eLEZ
G . Since no

cars are restricted in this case, the world at t = 2 is not different than that at t = 1.

Commitment is also unnecessary in cases (ii) and (iv). In case (ii), where only gasoline

cars are restricted, the planner has no incentive to revise the LEZ design at t = 2 for two

reasons. First, there are fewer second-hand gasoline cars, so fewer inframarginal drivers

would be hurt if the restriction is maintained. Second, there are more second-hand hy-

brids, so extending the restriction to hybrids would now harm more inframarginal drivers.

A similar logic applies to case (iv), when both gasoline and hybrid cars are restricted from

t = 1 onward: by t = 2, there are fewer inframarginal drivers of either type, leaving no

44On the other hand, if s is sufficiently small and α sufficiently large—greater than 10/11—such that
eLEZ
TTL ≤ eLEZ

G , then hybrids should be restricted whenever gasoline cars are, whether at t = 2 under a
transition-technology mode, when e ∈

(
eLEZ
TTL , e

LEZ
TTU

)
, or at t = 1, when e ≥ eLEZ

TTU .
45It is important to emphasize that the bang-bang rationale behind our notion of transition technology
is not an artifact of the assumption that cars last only two periods, nor of the assumption that a car’s
scrapping age does not respond to policy interventions.

46No such commitment is needed for the time-invariant design in Proposition 3, which is time consistent.
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reason to lift the restriction on either group.47

The story is different in case (iii), when the planner announces a LEZ scheme in

which hybrids are treated as a transition technology. In this case, the planner wants to

restrict hybrids at t = 2, as promised, as long as

e ≥ 4γ(v1 + v2) + (2v1 − v2)v2s

3(2v1 + v2)(2α− 1)
≡ eLEZ

TTS ∈
(
eLEZ
H , eLEZ

TTU

)
, (11)

where “TTS” stands for “strong” transition-technology threshold. Hence, the planner

suffers from a time-inconsistency problem whenever e < eLEZ
TTS . In this case, given the

number of (second-hand) hybrids still on the road at t = 2, the planner no longer finds it

optimal to impose the restriction she had committed to at t = 1: from today’s vantage

point, the discounted future benefit of the restriction no longer outweighs the cost to

inframarginal hybrid drivers.

The planner may have a strong reputation for keeping her promises—as the monop-

olist in Ausubel and Deneckere (1989), for example—but what if she does not? Borrowing

from the durable-good monopoly literature, one can think of different ways in which the

planner could solve her time-inconsistency problem. One way to restore commitment, at

least partially, is by placing some restriction upon hybrids in t = 1, e.g., by establishing

an initially smaller LEZ from which hybrids are restricted, i.e., sHa,1 < sHa,t>1 = sG = s.

This further reduces the number of hybrids, thereby making it less costly to impose the

restriction in period t = 2.

Proposition 5 (A no-commitment LEZ) If the planner lacks commitment, there still

exists a no-commitment transition-technology LEZ design that departs from the scheme

in Proposition 4 as follows:

(i) if e ∈
[
eLEZ
TTL , e

LEZ
TTW

)
, where eLEZ

TTW < eLEZ
TTS , then remove any restriction imposed on

hybrids (zone of no transition technologies);

(ii) if e ∈
[
eLEZ
TTW , e

LEZ
TTS

)
, then place a milder restriction on hybrids in t = 1, i.e.,

sHa,1(e) < sG = s, that is decreasing in e, while maintaining their restriction in

t = 2 (zone of “weak” transition technologies); and

(iii) if e ∈
[
eLEZ
TTS , e

LEZ
TTU

)
, then maintain the restrictions imposed on hybrids (zone of

“strong” transition technologies).

As summarized in the bottom row of Figure 5, lack of commitment reduces the

range for transition technologies to emerge in equilibrium but does not completely elimi-

nate it. This resembles the partial commitment of the durable-good monopolist in Kahn

47As formally shown in the proof of Proposition 5, in case (ii), when e < eLEZ
TTL , it is optimal to revise

the policy at t = 2 and extend the restriction to hybrids if e ≥ eLEZ
(ii) > eLEZ

H , which cannot happen.

Similarly, in case (iv), when e > eLEZ
TTU , it is optimal to revise the policy at t = 2 and lift the restriction

on hybrids if e ≤ eLEZ
(iv) < eLEZ

H , which cannot happen either.
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(1986). But unlike in Kahn (1986)—or in Coase (1972) for that matter—where the

no-commitment solution is unique, here the planner may end up worse off than in Propo-

sition 5.48

To see this, suppose gasoline emissions e are slightly above the “strong” threshold

eLEZ
TTS . According to Proposition 5, it is an equilibrium for the planner to impose the

restriction on hybrids at t = 2 if, at t = 1, drivers believe she will do so. However, there

exists another equilibrium. It is also an equilibrium for the planner to renege on her

announcement and impose no restriction on hybrids at t = 2 if, at t = 1, drivers expect

her to renege and not impose the restriction at t = 2. In fact, this “more pessimistic”

no-commitment equilibrium exists whenever

e ≤ 4γ(v1 + v2) + (2v1 + v2)v2s

3(2v1 + v2)(2α− 1)
≡ eLEZ

TTS′ ∈
(
eLEZ
TTS , e

LEZ
TTU

)
. (12)

The existence of this alternative equilibrium further narrows the range in which transition

technologies may emerge absent commitment, making the ability to commit even more

valuable.

4 Empirical Analysis

The next two sections take the model to the data. We ask whether, at the time of

implementation, Madrid satisfied the necessary conditions—in consumer preferences and

vehicle externalities—for a LEZ to be worth considering at all, and, if not, what would

have to change for those conditions to hold. We focus on the time-invariant optimal

design of Proposition 2.49 We estimate demand for new cars in Madrid and compute

cars’ externality costs to evaluate Madrid’s LEZ against alternative policies and designs.

At Madrid’s estimated preferences and damages, the conditions for the LEZ to be welfare-

improving fail. In Section 5, we ask how far each would have to move for them to hold.

We make two simplifications to keep the exercise tractable. First, we estimate im-

pacts around the policy implementation, which avoids projecting car prices and consumer

preferences far into the future. Second, we model only households in the market for a

new car, since they are the relevant margin through which the policy can induce adoption

of cleaner vehicles. This leaves out households outside the new-car market that drive old

restricted cars. Since the LEZ makes them worse off, our estimates understate its wel-

fare cost. The remaining margins—reduced driving, earlier scrappage, and second-hand

48Multiplicity arises in our context because the buyers of a potentially restricted vehicle never exit the
market, as the valuation of their durable good depends on the planner’s future actions.

49We do not take the time-varying designs to the data—hybrids as a transition technology, and the value
of commitment (Propositions 4 and 5). They govern how a LEZ should be phased in, a question that
arises only when a time-invariant LEZ is worth having in the first place (see Figure 5).
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transfers—are also left out.50

4.1 Model

We extend the model of Section 3 by allowing for heterogeneous consumer preferences

over car models, in addition to heterogeneous preferences over vehicle types (gasoline,

diesel, LPG/CNG, hybrid, and electric), generating richer substitution patterns across

products and letting us exploit granular price variation to identify demand elasticities

in the spirit of Berry, Levinsohn, and Pakes (1995).51 This empirical specification can

be viewed as a higher-dimensional counterpart of the horizontal differentiation structure

in our previous theoretical analysis, where, for tractability, consumers and vehicles are

located in a low-dimensional Hotelling/Salop taste space. Here, horizontal differentiation

is captured by heterogeneous preferences over many make–model–type combinations.

A product is a pair (m, j) of a make–model m and one of five types j: gasoline,

diesel, LPG/CNG, hybrid, or electric. From Lemma 1, the lifetime utility that individual

i derives from purchasing a new car of make–model m and type j in city c at quarter t

can be written as

U imjct =
1

1− δTmjct

Tmjct∑
a=1

δa−1uimjcta + δTmjctzmjct

− pmjt

1− δTmjct
, (13)

where pmjt is the purchase price at time t, which is set at the national level, δ is the

discount factor, Tmjct is the expected scrapping age, zmjct is the expected scrap value,

and uimjcta is the per-period flow utility from driving the vehicle at age a.

An important assumption behind equation (13), which certainly does not hold in

practice, is that all individuals are expected to hold on to their cars until their scrapping

age, at which point they are expected to replace them with the same car. This is because,

for tractability, our theory abstracts from vertical preferences. One way to relax this

assumption is to allow new-car buyers to hold on to their cars for shorter periods of

time, with the terminal age Tmjct representing this shorter holding period—which could

even vary across consumers—and the terminal value zmjct representing the resale price

of the second-hand unit at that time. We do require, however, that both the holding

period and the resale value be invariant to policy. Our motivating evidence supports this

assumption: scrappage and second-hand transfers show no significant changes. This is

also consistent with the theory. As explained in Appendix D, if a LEZ lowers the value

of all affected vintages by roughly the same amount, the resale price and scrappage age

50Section 2 finds no significant effect on scrappage or on transfers out of Madrid, and Galdon-Sanchez
et al. (2023) and Tassinari (2024) find no overall effect on Madrid’s traffic beyond the first few months
after implementation.

51This framework is also used by Miravete, Moral, and Thurk (2018) and Miravete and Moral (2025) to
estimate car demand in the Spanish market. Their focus is on the impact of trade-related policies on car
demand and its persistence over time.
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of all affected second-hand units are virtually unchanged.

Another dimension absent from equation (13) is the possibility that preferences for

cleaner cars may be changing over time. As long as these trends are not affected by the

policy—unlike consumer choices, which are expected to respond to it—they can also be

incorporated. Accounting for both shorter holding periods and policy-invariant preference

trends, we reparameterize lifetime utility as follows:52

U imjct = vimjct − αi pmjt − ϕi LEZjct + ϵimjct, (14)

where αi is the marginal utility of income, ϕi is the disutility from LEZ restrictions,

LEZjct is an indicator equal to one for gasoline and diesel cars in Madrid during the post-

policy period, and ϵimjct is an idiosyncratic taste draw. We assume that ϵimjct follows the

generalized extreme value distribution of a nested logit with a single nest containing all

inside goods, and denote the within-nest correlation by ρ. We normalize the value of the

outside option—not buying a new car this quarter—to zero.

The term vimjct collects all remaining utility components, which are unaffected by

the policy:

vimjct = β′
ixj + ζ bjct + ηm + ηcj + ηjt + ξmjct, (15)

where xj contains indicators for the five vehicle types, with heterogeneous coefficients

βi defined in (16); ηm, ηcj, and ηjt denote make–model, city–type, and type–quarter

fixed effects; bjct, with coefficient ζ, is an indicator for diesel cars in Madrid from 2017

onwards;53 and ξmjct is a product–market unobservable, observed by consumers but not

by the econometrician.54

The heterogeneous parameters are defined as:log(αi)

log(ϕi)

βi

 =

 µα + πα yi + σανi

µϕ + πϕ yi + ψ1
ϕdi + ψ2

ϕd
2
i + σϕνi

πβ yi

 , (16)

where yi denotes the logarithm of the average income of consumer i’s zip code, measured in

thousands of euros, di is the logarithm of its distance to Madrid Central, and νi ∼ N (0, 1)

captures unobserved preference heterogeneity. Adding rich individual-level heterogeneity

matters for two reasons. First, heterogeneous preferences over car types generate richer

substitution patterns. Second, and specific to our setting, heterogeneous LEZ costs allow

52As in the theory, we are assuming that the policy shock—whether a LEZ or a tax for that matter—is
not anticipated by consumers.

53In December 2016, the mayors of Madrid, Paris, Athens, and Mexico City pledged at the C40 Mayors
Summit in Mexico City to ban diesel vehicles from their cities by 2025. The indicator absorbs the
resulting shift away from diesel, which could otherwise be confounded with the effect of the LEZ.

54Note that the discounting terms 1− δTmjct and δTmjct in equation (13) are absorbed by the shocks ϵimjct

and ξmjct in (14) and (15), respectively. Since these shocks are unrelated to the policy, this reduction is
valid as long as the holding horizon Tmjct is invariant to the policy intervention, as discussed above.
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the inframarginal buyers who continue buying restricted cars to bear smaller losses than

those who switched would have borne.

The demand model implies a money-metric measure of consumer surplus for poten-

tial new-car buyers. In city c and quarter t, average expected consumer surplus under a

given LEZ regime is the nested-logit log-sum, deflated by the marginal utility of income:

CSct(LEZ) =

∫
wi

1

αi

log

1 +

(∑
j

∑
m

exp

(
vimjct − αipmjt − ϕi LEZjct

1− ρ

))1−ρ
 di,

(17)

where wi is the share of the market’s households living in consumer i’s zip code, so

the weights integrate to one. The LEZ enters directly through ϕi LEZjct, as consumers

derive less utility from driving restricted vehicles, both lowering their surplus and inducing

substitution toward cleaner alternatives at the margin. We net the surplus in (17) against

the vehicle externality costs detailed below in Section 4.2.4 when evaluating welfare in

the counterfactuals of Section 5.

4.2 Estimation

4.2.1 Identification

We estimate the model by the generalized method of moments, following Berry,

Levinsohn, and Pakes (1995).55 Identification of demand requires instruments for prices

and either instruments for quantities or micro data linking consumers’ characteristics to

their choices (Berry and Haile 2014, 2024). We use both. In our setting, we require an

additional assumption to identify the disutility from the LEZ restrictions, analogous to the

parallel-trends assumption of a difference-in-differences design. We discuss the instrument

for prices, the disutility from the LEZ restrictions, the instruments for quantities, and

the micro-moments in turn.

Instrument for prices. A key challenge in demand estimation is price endogeneity, as firms

may set prices in response to unobserved demand shocks ξmjct. Following Li, Xiao, and

Liu (2015), we instrument for prices with κmjt, the interaction between vehicle weight and

the annual average steel price. This instrument can be interpreted as a shift-share design,

where the common cost shock—the steel price—constitutes the shift, and vehicle weight

provides predetermined, product-level exposure shares. Identification comes from differ-

ential price movements across vehicles with different weights in response to a common

input cost shock. The identifying assumption is that, conditional on fixed effects, changes

in unobserved demand shocks are not systematically correlated with vehicle weight, so

that heavier and lighter vehicles do not experience differential demand trends that coin-

55We refer the reader to Conlon and Gortmaker (2020) and Conlon and Gortmaker (2025) for detailed
guides on best practices, including those we adopt here.
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cide with changes in steel prices. This assumption is analogous to the exogenous-shares

condition in the shift-share literature (Goldsmith-Pinkham, Sorkin, and Swift 2020).

Disutility from LEZ restrictions. We identify the parameters governing the disutility from

the LEZ restrictions from differential changes in demand across vehicle types, locations,

and time. Identification relies on comparing changes in demand for restricted vehicles

(gasoline and diesel) relative to unrestricted vehicles (LPG/CNG, hybrid, and electric),

in Madrid relative to other cities, before and after the policy implementation. The identi-

fying assumption is that, absent the LEZ, unobserved demand shocks would have evolved

similarly across vehicle types in Madrid and other similar cities over time. Conditional

on the fixed effects, any differential post-policy change in demand for gasoline and diesel

vehicles in Madrid is therefore attributed to the LEZ restrictions. This identification

strategy is analogous to a difference-in-differences design embedded in a discrete-choice

demand model.

Instruments for quantities. We complement the previous variation with five additional

instruments for quantities. Following Gandhi and Houde (2019), we build instruments

that reflect the degree of differentiation of each product in its market. The first two

instruments are the differences between a product’s cost shifter, κmjt, and the average cost

shifter of all products in its market and of the products of its type, 1
|Jct|

∑
(m′,j′)∈Jct

(κmjt−
κm′j′t) and

1
|Jjct|

∑
(m′,j)∈Jjct

(κmjt − κm′jt), where Jct is the set of products in market ct

and Jjct its subset of type j.56 We build two additional instruments by counting the

number of products available in the market within one sample standard deviation, σx,

of a product’s characteristic, xmjct, given by
∑

(m′,j′)∈Jct\{(m,j)} 1{|xm′j′ct − xmjct| < σx},
for x given by car weight and power. An important assumption behind the validity of

these two instruments is that unobserved demand shocks, ξmjct, have mean zero given the

weight and power of all products in the market and the fixed effects. This assumption is

standard in the literature (Berry and Haile 2014). Finally, we use a Madrid post-policy

indicator as an additional instrument. Assuming that ξmjct does not explain the post-

policy shift in aggregate new-car demand in Madrid relative to other cities, the model

attributes that shift to the policy, which helps identify substitution between new-car

purchases and the outside option.

Micro-moments. We use micro-moments to capture heterogeneity in price sensitivity,

LEZ disutility, and car-type preferences. We divide consumers into two groups according

to whether their zip code’s average income exceeds e20,000. Following Petrin (2002),

we match moments generated by the model to their empirical counterparts. For each

income group, we match the purchase probability, the average price paid by buyers, and

the shares of diesel, LPG/CNG, hybrid, and electric cars among buyers. We also match

the share of restricted cars among buyers in each income group, separately in Madrid

56These instruments follow the formula for recentered instruments proposed by Borusyak, Bravo, and Hull
(2025).

34



and the other cities and before and after implementation, and the share of unrestricted

cars among Madrid buyers in each income group. The last four moments match the

pre–post change in the log odds of a restricted purchase among Madrid buyers within

distance bands of 0–3, 3–10, 10–20, and 20 km or more to MC. Appendix A, Table A.2,

lists the 26 micro-moments. We estimate the preference parameters jointly using these

micro-moments and the aggregate moment conditions.

4.2.2 Estimation sample

We estimate the model using the new-car registration data introduced in Section 2.

As in that section, we exclude the zip codes inside Madrid’s LEZ, whose residents are

exempt from the restrictions. We aggregate the data to the make–model–type–city–

quarter level and estimate over 2015–2019.57 The estimation sample comprises 677 make–

model×type products across 126 markets—the 7 provinces (Madrid, Barcelona, Valencia,

Seville, Alicante, Málaga, and Murcia) over 18 quarters—for 46,603 product–market ob-

servations.58 We set the size of each city–quarter market to 1.1 times the maximum

number of sales observed across all sample years for that city and quarter-of-the-year.59

The 7-city sample accounts for 48.2% of national new-car sales over this period, with

Madrid alone at 14.8%. Table 3 summarizes the estimation sample.

Conventional internal-combustion-engine vehicles dominate the market: gasoline

and diesel cars account for 93.5% of new-car sales, LPG/CNG for 0.9%, hybrids (Hs) for

5.4%, and electric vehicles (EVs) for 0.2%. Not buying a new car—the outside option—

accounts for 14.6% of the market. Hybrids and EVs are more expensive: sales-weighted

average prices are e25 thousand for a conventional combustion car, e20 thousand for

an LPG/CNG car, e32 thousand for a hybrid, and e49 thousand for an electric vehicle.

High-income zip codes account for 7.0% of the market–zip-code cells in our sample.

4.2.3 Demand estimates

Table 4, Panel A, reports the estimated demand parameters. They imply an average

own-price elasticity of −5.27 (median −4.63), in line with previous studies for Spanish,

European, and U.S. automobile markets.60 Price sensitivity declines with income. The

57We exclude the two quarters between the announcement and implementation of Madrid Central.
58We work at the province level but refer to these units as “cities” throughout, for consistency with the
theory of Section 3.

59We follow Miller and Weinberg (2017), who set market size to a fixed multiple of the maximum observed
sales in each market. Two details differ: our multiplier, 1.1, is smaller than their 1.5; and we take
the maximum within each city and quarter-of-the-year rather than within each region alone, so that
market size tracks the pronounced seasonality of car sales. As they note, the nesting parameter limits
the sensitivity of estimated elasticities to this assumption, which applies here too given our nested-logit
structure.

60Berry, Levinsohn, and Pakes (1995) and Grieco, Murry, and Yurukoglu (2024) report own-price elasticities
ranging from −3.1 to −6.8 for the U.S. market. For France, D’Haultfœuille, Durrmeyer, and Février
(2019) report average elasticities between −3.9 and −6.4. For Spain, Miravete, Moral, and Thurk (2018)
and Miravete and Moral (2025) report elasticities between about −2 and −7.
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Table 3: Estimation sample: descriptive statistics

Panel A: Sample

Product–market observations 46,603
Markets (city × quarter) 126
Cities 7
Quarters (2015–2019) 18
Make–models 360
Products (make–model × type) 677

Panel B: Market shares (%, avg. per market)

Of market Of sales

Gasoline 43.1 50.5
Diesel 36.8 43.1
LPG 0.76 0.9
Hybrid (H) 4.59 5.4
Electric (EV) 0.16 0.2
Outside option (no purchase) 14.6 —

Panel C: Prices (000s e, sales-weighted mean / median)

All products 25.0 / 23.4
Gasoline 21.5 / 20.3
Diesel 28.3 / 27.1
LPG 20.3 / 18.6
H 31.9 / 29.3
EV 48.9 / 39.6

Panel D: Consumers

Market × zip code cells 30,420
High-income zip codes (%) 7.0
High-income households (%) 9.2

Notes: Natural-person new-car registrations, excluding leasing, over the
7-city sample, 2015–2019, excluding the second and third quarters of
2018 and zip codes inside Madrid’s LEZ. Panel B reports market shares
averaged across markets, both as a share of the whole market (summing
to 100 with the outside option) and as a share of sales; Panel C reports
sales-weighted prices in thousands of euros. LPG denotes LPG/CNG.
In Panel D, “high-income” denotes zip codes with average income above
e20,000.

estimated model reproduces the 26 micro-moments closely (Appendix A, Table A.2).

The ratio ϕi/αi gives the willingness to pay (WTP) upon purchasing a new car to

avoid LEZ restrictions, expressed in thousands of euros. Figure 6 shows WTP running

from e4,052 at the 25th WTP percentile to e6,640 at the 75th, with a median of e5,190.

The nesting parameter is estimated at ρ = 0.78, which implies that consumers

substitute mostly among cars rather than out of the new-car market, so that buyers

displaced from a restricted vehicle tend to buy a different car instead.
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Table 4: Estimation results

Panel A: Demand parameters

Price (α) µα -2.268 πα -0.395 σα 0.098
(0.190) (0.064) (0.126)

LEZ program (ϕ) µϕ 1.644 πϕ -1.231 σϕ 0.413
(7.305) (1.243) (9.903)

ψ1
ϕ 0.193 ψ2

ϕ -0.055

(1.133) (0.238)

Nesting (ρ) ρ 0.780
(0.038)

Car types (β) πβG
0.117 πβD

-0.039 πβL
0.166

(0.178) (0.185) (0.230)

πβH
0.332 πβEV

0.539
(0.188) (0.305)

Panel B: Other statistics

Average own-price elasticity -5.27
WTP for LEZ avoidance (ϕi/αi) Q25: 4.05 Q50: 5.19 Q75: 6.64

Panel C: Lifetime externality cost (thousands EUR)

Type Mkt. Share (%) Mean Median

Gasoline 44.1 11.141 10.977

Diesel 16.6 12.493 12.261

LPG 5.9 10.934 10.668

Hybrid 14.1 9.072 8.680

EV 0.9 3.783 3.783

Notes: Panel A reports demand parameter estimates; prices, WTP, and the income levels inside
logarithms are in thousands of euros. Vehicle-type coefficients are the components of πβ in
(16), with L denoting LPG/CNG (LPG in Panel C). Panel C reports mean and median lifetime
externality costs by vehicle type for Madrid in the post-policy period; EV costs consider a CO2

rate of 5.7 g/km and local damages (accidents and local pollution, excluding noise); H costs
consider their observed tailpipe CO2 rates and, for local damages, a weighted average between
gasoline and EV cost rates with a 63% gasoline share.

4.2.4 Externality costs

To value vehicle externalities, we follow Allcott et al. (2024) and aggregate global

air pollution (i.e., CO2 emissions), local air pollution, noise, and accidents over the ve-

hicle’s lifetime. Like them, we abstract from discounting, taking marginal damages to

be constant in real terms over the vehicle’s lifetime. Damages are estimated at the city

level without accounting for potential differences in air-pollution exposure across neigh-

borhoods. Also, we assume marginal damages to be invariant to the magnitude of the

intervention, which is appropriate for global externalities but probably conservative for

local externalities. Thus, the lifetime externality cost of product (m, j), in thousands of
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Figure 6: Distribution of WTP for LEZ avoidance

Notes: Distribution of willingness to pay for avoiding LEZ restrictions (ϕi/αi, in thousands of euros)
across Madrid zip codes and taste draws, weighted by households. Appendix Figure A.2 shows the
distributions of αi and ϕi.

euros, is

Externality costmj =
1

1,000

emj × L× SCC

1,000,000︸ ︷︷ ︸
CO2

+ ℓj ×
L

100︸ ︷︷ ︸
local damages

 , (18)

where emj is the vehicle’s observed tailpipe CO2 rate in g/km, L = 240,000 km is the

assumed lifetime mileage (Green NCAP 2022),61 SCC is the social cost of carbon at

e204 per ton (U.S. Environmental Protection Agency 2023), and ℓj is the local-damage

rate (accidents, local pollution, and noise) in euros per 100 km, which we take as e2.05

for gasoline, e2.77 for diesel, e2.10 for LPG/CNG, and e1.46 for electric cars, from

European Commission et al. (2020). Following Plötz et al. (2021), we assume that hybrids

operate on gasoline for 63% of kilometers driven and on electricity for the rest, so ℓH =
63
100

ℓgas +
(
1 − 63

100

)
ℓEV = e1.83. EVs have no tailpipe emissions, so we assign them the

current carbon footprint of electricity generation in Spain, which gives an emissions rate

of 5.7 g/km (30 g/kWh × 19 kWh/100 km; Red Eléctrica de España 2026).62

Panel C of Table 4 and Figure 7 report lifetime externality costs by vehicle type for

Madrid in the post-policy period. Diesel exhibits the highest externality cost, at e12.49

thousand on average, followed by gasoline at e11.14 thousand, LPG/CNG at e10.93

thousand, hybrids at e9.07 thousand, and EVs at e3.78 thousand. We assume that a

household choosing the outside option of not buying a new car avoids the total lifetime

61This is a fleet-average lifetime and abstracts from heterogeneity in vehicle survival: cars scrapped early
accumulate fewer kilometers, and hence lower lifetime emissions, than this figure implies.

62This rate implicitly assumes that the vehicle is charged uniformly across hours; charging concentrated
during the day (night), when the grid is cleaner (dirtier), would imply a lower (higher) emissions rate.
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externality cost of the car it would otherwise have bought. In reality, however, this is true

only if the household stops driving altogether, for example by switching to public transit.

If instead the outside option is to postpone the purchase of a new car for some time,

during which the household continues driving its current car, we would be overestimating

the emission benefits of the LEZ.63

Lifetime externality cost (thousands of euros)
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Figure 7: Distribution of lifetime externality costs by vehicle type

Notes: Kernel density estimates of the lifetime externality cost across make–model–type observations,
weighted by market shares in Madrid post-policy. LPG denotes LPG/CNG.

4.3 Marginal welfare decomposition

Before turning to the full counterfactual analysis, we characterize the marginal wel-

fare effect of the LEZ by taking derivatives of welfare with respect to the LEZ intensity.

To ease exposition, we denote gasoline and diesel cars jointly by G. We measure the LEZ

intensity by a scalar λ ≥ 0 that multiplies the LEZ disutility of each restricted vehicle, so

that a restricted car loses utility ϕiλ under a LEZ.64 Given a LEZ’s inefficient rationing,

the derivative of welfare with respect to λ can be decomposed into two components. By

the envelope theorem, the private cost is borne by the inframarginal drivers who continue

to purchase restricted cars, while the social benefit comes from the marginal drivers who

switch to cleaner alternatives. We first quantify where switchers go (the diversion ratios),

and then combine both forces into a first-order welfare decomposition.

63For some households with multiple cars, taking the outside option could instead mean keeping fewer cars
and using them more intensively.

64A larger restricted area, for example, raises the intensity because it increases detour distances and the
share of a driver’s trips affected by the restriction.
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4.3.1 Diversion ratios

We compute diversion ratios from a marginal increase in LEZ intensity. The diver-

sion ratio to type k is the share of the marginal loss in G demand that k absorbs,

DRG→k =
∂Sk/∂λ

− ∂SG/∂λ
, (19)

where Sk and SG are the market shares of type k and of restricted (i.e., G) cars, respec-

tively.65

Table 5: Diversion of G demand: nested logit, SDID, and plain logit

Nested logit SDID Plain logit
(ρ = 0.78) (ρ = 0, ∝ shares)

To hybrid (H) 56.0 40.2 36.0

To electric (EV) 3.0 3.5 2.2

To LPG 26.9 37.8 15.2

To outside option 14.1 18.5 46.6

Notes: Model columns report the fraction of the marginal loss in gaso-
line and diesel (G) demand diverted to each alternative under a marginal
tightening of the LEZ, computed for Madrid in the post-policy period.
“Nested logit” uses the estimated ρ = 0.78; SDID uses column (4) of Ta-
ble 2; “Plain logit” assumes homogeneous preferences and sets ρ = 0, so
diversion is proportional to market shares. LPG denotes LPG/CNG.

We report the estimated diversion ratios in Table 5. A marginal tightening of the

LEZ sends 56.0% of lost G demand to hybrids, 3.0% to EVs, and 26.9% to LPG/CNG,

while only 14.1% leaves the new-car market. For comparison, the SDID estimates in

column (4) of Table 2 imply that 40.2% of the fall in gasoline and diesel registrations

reappears as hybrids, 3.5% as EVs, and 37.8% as LPG/CNG, while 18.5% leaves the

new-car market.66 For reference, the table also reports diversion implied by a plain logit

with homogeneous preferences (ρ = 0). Its derivatives collapse to ∂Sk/∂λ = ϕSk SG, so

diversion is proportional to shares and the outside option absorbs 46.6%, compared with

18.5% in the SDID estimates and 14.1% in our model.

65Individual i’s share of type k is Sk,i =
∑

(m,j)∈k simj , and the market share in (19) is Sk =
∫
wi Sk,i di,

with wi being the weights in (17); SG,i and SG are defined the same way over the restricted products G.
Let Scar,i =

∑
m,j simj denote the share of all inside goods and SG|car,i =

∑
(m,j)∈G smj|car,i the share

of G within the nest. The cross-derivatives are then ∂Sk,i/∂λ = ϕi Sk,i

[
ρSG|car,i + (1− ρ)SG,i

]
/(1− ρ)

for k ∈ {LPG/CNG,H,EV} and ∂S0,i/∂λ = ϕi S0,i SG,i for the outside option k = 0, so the total loss
in G demand is −∂SG,i/∂λ = ϕi SG,i ςi, where ϕi is the LEZ disutility and ςi ≡

[
1 − ρSG|car,i − (1 −

ρ)SG,i

]
/(1− ρ) is the diversion intensity.

66The SDID diversion ratios divide the estimated effect of MC on each exempt type’s registrations by the
absolute value of its effect on gasoline and diesel registrations. The outside-option ratio is the residual.
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4.3.2 The marginal welfare effect

Average consumer surplus (CS) is given by (17), now with the LEZ disutility of

each restricted product scaled by λ. By the envelope theorem, the switching of marginal

drivers has only a second-order effect on consumer surplus, so the marginal effect on

surplus is given by the direct disutility borne by inframarginal restricted-car buyers:

∂ CS

∂λ
= −

∫
wi
ϕi

αi

SG,i di. (20)

This term is negative and scales with the willingness-to-pay–weighted share of consumers

who continue to buy restricted cars.

The emission benefit, by contrast, comes entirely from the switchers. Let Ek,i be

driver i’s average lifetime externality cost among the cars of type k, weighted by their

choice probabilities, with E0,i = 0 for the outside option. Note that, because driver i’s

choice probabilities among inside goods satisfy the independence of irrelevant alternatives

(IIA) and the LEZ lowers the utility of all restricted cars by the same amount, the

restriction leaves the individual-level shares of cars within each type unchanged. As a

result, Ek,i does not depend on λ. The marginal reduction in externality costs is then

− ∂E

∂λ
=

∫
wi

(
−∂SG,i

∂λ

)
︸ ︷︷ ︸
fall in demand

for restricted cars

∆Ei︸︷︷︸
av. emission saving
per displaced car

di, (21)

where ∆Ei ≡
∑

k∈{LPG/CNG,H,EV,0}DRG→k,i

(
EG,i − Ek,i

)
, with DRG→k,i driver i’s diver-

sion ratio, defined as in (19) with their own shares. The fall in demand for restricted cars

is −∂SG,i/∂λ = ϕi SG,i ςi, where ςi ≡
[
1− ρ SG|car,i − (1− ρ)SG,i

]
/(1− ρ) is the diversion

intensity of footnote 65.

With welfare defined as W̄ = CS − E, the marginal welfare effect of the LEZ’s

intensity is

∂W̄

∂λ
= −

∫
wi
ϕi

αi

SG,i di︸ ︷︷ ︸
private cost (inframarginal)

+

∫
wi ϕi SG,i ςi∆Ei di︸ ︷︷ ︸

emission benefit (marginal switchers)

. (22)

At the current LEZ (λ = 1), the decomposition gives a private cost of e3.22 thousand

and an emission benefit of e0.51 thousand per potential new-car buyer. This results in

a negative net marginal effect of −e2.71 thousand.67

Equation (22) shows why the two sides sit so far apart. The cost scales with the

drivers who do not switch, given by the inframarginal share, SG,i, weighted by their

67This figure is consistent with the total welfare change of −e3.20 thousand computed in Section 5, which
is the integral of the marginal effect from λ = 0 to 1. Due to the convexity of the welfare function, we
expect the marginal effect at λ = 1 to be lower in magnitude than the integral.
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willingness to pay, ϕi/αi, while the benefit scales with those who do, given by ϕiSG,iςi.

This is the inefficiency highlighted in Section 3. To move a few marginal drivers to

cleaner cars, the LEZ imposes a welfare cost on every inframarginal driver who keeps a

restricted car. Quantitatively, the share of inframarginal drivers is large—at the current

LEZ, 60.7% of potential buyers in Madrid still buy a gasoline or diesel car—and their

average willingness to pay to avoid the LEZ is high (e5,305). On the other hand, the

demand displaced at the margin is small, and it flows mostly to hybrids (56.0%) and

LPG/CNG (26.9%), whose lifetime externality costs are not that different from those of

gasoline and diesel cars.

The analysis so far evaluates the marginal effect at the current intensity (λ = 1).

The theory of Section 3 shows that welfare is convex in LEZ intensity, so a larger LEZ

might in principle reverse the sign of the marginal effect. We show next that, at our

estimates, welfare decreases with intensity at every λ.

Note that, driver by driver, both terms of (22) are proportional to ϕiSG,i, the disu-

tility borne by inframarginal drivers. Each util of that disutility costs driver i an amount

1/αi in money and displaces ςi units of demand for restricted cars. Each displaced car

saves ∆Ei in money. A euro of driver i’s private cost therefore buys αi ςi ∆Ei euros of

emission savings. Let w̃i ≡ wi ϕi SG,i. The marginal welfare effect in (22) is negative if

and only if the LEZ buys less than one euro of emission savings per euro of private cost:∫
w̃i ςi∆Ei di∫
w̃i α

−1
i di

< 1. (23)

At λ = 1, each euro of private cost buys 16 cents of emission savings.

Two results, proved in Appendix F, extend the inequality in equation (23) to every

LEZ intensity. First, we show that ∆Ei(1)/(1− ρ) ≥ ςi(λ)∆Ei(λ) for every driver i and

intensity λ, where ∆Ei(1) is driver i’s emission savings per displaced car at the current

intensity (Appendix F.1). This implies that, at any intensity, a euro of driver i’s private

cost buys at most αi ∆Ei(1)/(1 − ρ) euros of emission savings. Second, we show that,

at our estimates, this ceiling is below one euro for virtually all drivers (Appendix F.2).68

Condition (23) therefore holds at every λ ≥ 0, so welfare decreases with LEZ intensity

everywhere.

5 Counterfactual Analysis

As Section 3 makes clear, unlike a tax, which is always worth considering, a LEZ is

worth considering only under certain conditions: when pollution damages are sufficiently

68Weighted by w̃i at λ = 1, its average is 55 cents, with a 99.9th percentile of 78 cents (Appendix
Figure F.1). The few drivers whose ceiling exceeds one have a high LEZ disutility and leave restricted cars
quickly, so at high intensities most of the weight falls on drivers whose ceiling is below one. Appendix F.2
shows that these exceptions cannot overturn the inequality of equation (23).
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large or substitution toward cleaner cars is sufficiently strong. Section 4.3 showed that

neither condition holds at our baseline estimates. This section puts magnitudes on that

conclusion by examining how far vehicle external costs and consumer preferences must

depart from their baseline estimates for a LEZ to deliver positive benefits.

5.1 Welfare effects of LEZ policies

We evaluate five scenarios: (i) no LEZ; (ii) the current LEZ, which restricts gasoline

and diesel vehicles; (iii) a LEZ that also restricts LPG/CNG; (iv) a LEZ that additionally

restricts hybrids (Hs); and (v) as a benchmark, a Pigouvian emissions tax in place of the

LEZ. Panel A of Table 6 reports market shares by vehicle type, externality costs, and the

changes in consumer surplus and in total welfare relative to no LEZ,69

∆W = (CS− E ext + Tax)− (CS− E ext)0.

Madrid’s LEZ successfully shifts buyers from gasoline and diesel cars toward un-

restricted cars. However, consumer surplus falls by e3.68 thousand against a e0.48

thousand reduction in externality costs, for a net welfare change of −e3.20 thousand.

Note that this calculation counts only the new-car market, so it is a lower bound on the

overall loss.

Panel (a) of Figure 8 plots the welfare change as the LEZ intensity λ rises from 0

to 10, where λ = 1 is the current policy. Under the current LEZ design, welfare falls at

every intensity, as Section 4.3 predicts.
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Figure 8: Welfare under the LEZ, by policy intensity

Notes: Change in welfare as the LEZ disutility ϕi is scaled by a multiplier running from 0 to 10 in
Panel (a), from 0 to 15 in Panel (b), and from 0 to 4 in Panel (c), where price sensitivity is scaled by
4; the vertical line marks the current policy. Panel (a) uses the estimated parameters, Panel (b) scales
externality damages by 4, and Panel (c) scales αi and ϕi by 4. Each panel shows three LEZ designs:
restricting gasoline and diesel cars, also restricting LPG/CNG, and additionally restricting hybrids.

69Since consumer surplus is identified only up to an additive constant, we report its change relative to no
LEZ.
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Table 6: Counterfactual results

Fleet G LPG H EV ∆CS E ext. Tax ∆W

Panel A: Baseline

No LEZ 0.840 0.734 0.027 0.074 0.005 – 9.43 – –

LEZ on combustion 0.817 0.607 0.059 0.141 0.009 -3.68 8.95 – -3.20

LEZ on combustion and LPG 0.815 0.633 0.024 0.149 0.009 -3.91 8.93 – -3.41

LEZ on combustion, LPG and hybrid 0.811 0.703 0.026 0.071 0.010 -4.48 9.06 – -4.11

Pigouvian tax 0.783 0.650 0.026 0.093 0.013 -9.00 8.55 8.55 0.43

Panel B: Externality damages scaled by 4

No LEZ 0.840 0.734 0.027 0.074 0.005 – 37.72 – –

LEZ on combustion 0.817 0.607 0.059 0.141 0.009 -3.68 35.81 – -1.77

LEZ on combustion and LPG 0.815 0.633 0.024 0.149 0.009 -3.91 35.72 – -1.90

LEZ on combustion, LPG and hybrid 0.811 0.703 0.026 0.071 0.010 -4.48 36.24 – -3.00

Pigouvian tax 0.566 0.284 0.014 0.121 0.147 -29.48 19.46 19.46 8.24

Panel C: Price sensitivity scaled by 4

No LEZ 0.840 0.734 0.027 0.074 0.005 – 9.43 – –

LEZ on combustion 0.776 0.211 0.185 0.360 0.019 -2.32 7.82 – -0.71

LEZ on combustion and LPG 0.761 0.247 0.008 0.483 0.023 -2.66 7.40 – -0.63

LEZ on combustion, LPG and hybrid 0.706 0.549 0.019 0.060 0.078 -3.91 7.40 – -1.88

Pigouvian tax 0.574 0.302 0.015 0.128 0.129 -7.45 5.08 5.08 1.98

Notes: Monetary values for Madrid in thousands of euros per potential new-car buyer. Each
panel reports the same five scenarios: no LEZ, the current LEZ restricting gasoline and diesel
(combustion) cars, a LEZ also restricting LPG/CNG (LPG), a stricter LEZ additionally restricting
hybrids, and a Pigouvian emissions tax. Fleet: share of potential buyers purchasing a new car.
G, LPG, H, and EV: whole-market shares of gasoline and diesel cars combined, LPG/CNG cars,
hybrids, and electric vehicles. ∆CS: change in consumer surplus relative to no LEZ within the
same panel, per potential new-car buyer, including those who opt for the outside option. E ext:
externality cost. Tax: revenue from the Pigouvian tax. ∆W : change in total welfare relative to no
LEZ within the same panel. Panel B rescales damages only, so the shares in its no-LEZ and three
LEZ rows are unchanged from Panel A; its Pigouvian-tax row differs, because the optimal tax rate
scales with damages. Panel C scales αi and ϕi by 4.

5.2 When could the LEZ work?

In this subsection, we explore conditions under which a LEZ could generate positive

welfare gains. We discuss two changes that could make a LEZ more effective: higher

externality damages and stronger substitution across cars.

5.2.1 Higher externality damages

We multiply externality damages by 4. Our estimates imply only a modest damage

gap between gasoline cars and hybrids, so the emission savings of the LEZ are small.

Higher damages increase the benefits of the LEZ. Because only the valuation of damages

changes, the three LEZ rows in Panel B of Table 6 have the same market shares as in

Panel A. At its current intensity, the welfare effect of the existing LEZ improves but

remains negative, while the stricter designs still do worse.

Panel (b) of Figure 8 considers a more intense LEZ. As our theory predicts, welfare is

quasi-convex in the LEZ’s intensity. With higher damages, the curve becomes U-shaped.
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A tighter restriction initially destroys surplus faster than it generates emission savings,

but eventually the latter begins to dominate. A LEZ that only restricts gasoline and

diesel cars reaches its minimum near −e2.59 thousand at an intensity of about 3 times

the current intensity and then rises. The stricter design that also restricts hybrids crosses

zero only at roughly 11 times the current intensity. This threshold shows how unlikely

a LEZ is to generate welfare gains under Madrid’s conditions, even before counting the

losses imposed on owners of second-hand restricted cars.70

5.2.2 More price-elastic demand

The performance of a LEZ also depends on how much demand it displaces and on

how much surplus that displacement destroys. Both are governed by αi/(1 − ρ), which

sets the slope of the residual demand curve.71 We scale it by 4, raising the mean own-

price elasticity from −5.27 to −19.74, well outside the range previous studies report for

automobile markets. In particular, we scale both αi and ϕi by 4, so that willingness to

pay to avoid the LEZ, ϕi/αi, stays at its baseline estimate.72

Panel C of Table 6 reports the result. At the current intensity, all three LEZ designs

still deliver negative net benefits. Since ϕi/αi stays the same, a driver who keeps a

restricted car loses as much as in the baseline counterfactual. However, many more

drivers switch. At the estimated αi, the LEZ leaves most of the gasoline and diesel fleet

in place. At the scaled αi, the same LEZ removes most gasoline and diesel cars from the

fleet, yet the surplus those buyers give up is rather small.

Figure 8 sets the two exercises—higher externality damages and flatter demand—

side by side. In both, welfare first falls and then rises, consistent with the bang-bang logic

of Section 3. The design that also restricts hybrids eventually raises welfare in both, but

the exercises differ in how intense the LEZ must be. More serious damages make each

switch more valuable but leave substitution just as difficult, so this design raises welfare

only beyond 11 times the current intensity. Flatter demand makes substitution cheaper,

so the same design raises welfare at a much lower intensity.73

70Note that only in a scenario with welfare gains like this one would it be worth considering the benefits
of treating hybrids as a transition technology.

71The same object governs substitution between cars. Raising the price of car k by one thousand euros
moves the share of any other car j by αi sij

[
ρ sk|car,i+(1−ρ) sik

]
/(1−ρ), the same bracket that governs

diversion in footnote 65: a price change and a disutility change both shift utility.
72We re-invert the mean utilities so the no-LEZ fleet reproduces its estimated shares.
73Note that Panels (b) and (c) of Figure 8 show that restricting gasoline/diesel cars, LPG/CNG, and
hybrids can generate positive welfare gains even when restricting gasoline/diesel cars alone does not.
The analogous outcome for gasoline/diesel cars and hybrids is ruled out by our theory model with
uniformly distributed consumers (see, for example, Propositions 1 and 2). This is explained by the richer
substitution patterns allowed by the empirical demand system. Importantly, the same possibility can
arise in our theoretical framework with a non-uniform distribution of consumers, while preserving the
quasi-convexity of the welfare function. See Appendix E for an example.
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6 Conclusions

We have shown, both theoretically and empirically, that LEZs differ fundamentally

from price-based instruments (e.g., taxes, tradable quotas). A tax on polluting cars, no

matter how small, is always socially beneficial as a way to induce drivers to switch toward

cleaner vehicles, unless, of course, it is set too far above its Pigouvian level. A LEZ that

restricts polluting cars, by contrast, may not be worth considering in the first place. It

must be stringent enough to induce substantial switching while leaving sufficiently few

inframarginal users affected by the restriction; otherwise, no LEZ may be preferable. Our

estimates suggest that this was the case for Madrid’s LEZ. Although the policy shifted

some buyers toward cleaner cars, the surplus losses it generated far exceeded the gains

from the emissions it saved. Our counterfactual analysis clarifies what it would take for

a LEZ in Madrid to be welfare-improving: LPG/CNG and hybrids would also have to

be restricted, externality damages would have to be much larger, or the residual demand

for polluting vehicles sufficiently flat to generate stronger substitution toward cleaner

alternatives.

These findings also speak to the role of combining LEZs with other instruments.

In Weitzman’s (1974) prices-versus-quantities framework, for example, combining instru-

ments may be optimal because the planner faces a friction: policy cannot be continuously

adjusted as new information arrives. That friction is absent from our framework. If price-

based instruments are available, there is no intrinsic reason to combine them with an

inefficient rationing instrument such as a LEZ, unless they cannot be set at their optimal

levels. In such a case, prices can play a supporting role by reducing the number of infra-

marginal users. By making polluting vehicles less attractive, or cleaner vehicles easier to

adopt, they may help satisfy the necessary conditions under which a LEZ becomes worth

considering.

While our focus in this paper has been strictly on a LEZ’s ability to induce drivers

to switch toward cleaner vehicles, it is important to recognize that such policies may also

generate local benefits for residents and businesses within the restricted area, including

improvements in urban amenities. To the extent that these benefits are quantitatively im-

portant, the relatively limited geographic scope of Madrid’s LEZ may have represented an

adequate way to strike a balance between local welfare gains and city-wide welfare losses

associated with restricting vehicle access. Quantifying this broader tradeoff, however, is

beyond the scope of this paper.
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Appendix A: Additional figures and tables

Figure A.1: Madrid Central map
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Table A.1: SDID results: Impacts on new, second-hand, and scrappage registrations

(1) (2) (3) (4) (5)
Specification 100-nn 25-nn 10-nn 5-nn 5-nn + cov.

Panel A: Gasoline/Diesel

Madrid × Post -4.59∗∗∗ -4.34∗∗∗ -4.36∗∗∗ -3.94∗∗∗ -3.94∗∗∗

(0.83) (0.79) (0.83) (0.78) (0.78)

Panel B: LPG

Madrid × Post 1.61∗∗∗ 1.50∗∗∗ 1.50∗∗∗ 1.49∗∗∗ 1.49∗∗∗

(0.04) (0.05) (0.05) (0.05) (0.05)

Panel C: Hybrids

Madrid × Post 2.09∗∗∗ 1.85∗∗∗ 1.69∗∗∗ 1.59∗∗∗ 1.59∗∗∗

(0.13) (0.14) (0.14) (0.12) (0.12)

Panel D: EVs

Madrid × Post 0.18∗∗∗ 0.17∗∗∗ 0.15∗∗∗ 0.14∗∗∗ 0.14∗∗∗

(0.01) (0.01) (0.02) (0.02) (0.02)

Panel E: Second-hand transfers

Madrid × Post -1.67 -1.16 -0.45 -0.58 -0.57
(1.52) (1.19) (1.09) (1.35) (1.35)

Panel F: Scrappage

Madrid × Post -0.77 -0.18 -0.55 -0.59 -0.59
(1.17) (0.85) (0.90) (0.80) (0.80)

Observations 115,700 62,000 37,160 24,680 24,680
Control zip codes 5,496 2,811 1,571 948 948

Notes: The table reports SDID estimates per 10,000 residents for quarterly new reg-
istrations (Panels A–D), second-hand transfers (Panel E), and scrappage (Panel F);
standard errors are computed via 100 clustered placebo replications following Algo-
rithm 4 in Arkhangelsky et al. (2021). Columns (1)–(4) use, respectively, 100, 25, 10,
and 5 nearest neighbors without covariates; column (5) adds zip-code covariates (log
households, log purchasing power per capita, average household size, and household
income-quintile shares) to the 5-nearest-neighbor specification. All specifications in-
clude unit and year-quarter fixed effects and SDID unit and time weights. Sample
counts apply to all panels; control zip codes include the full matched pool. LPG de-
notes LPG/CNG. Stars denote significance at the 10 (∗), 5 (∗∗), and 1 (∗∗∗) percent
levels.
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Table A.2: Micro-moments in the data and in the estimated model

Data Model

Low income High income Low income High income

Panel A: Purchases

Purchase probability (%) 85.08 87.87 85.23 87.67
Average price paid (thousand e) 24.68 28.11 24.76 27.67

Panel B: Car types among buyers (%)

Diesel 43.58 36.69 43.45 37.23
LPG/CNG 0.94 0.93 0.92 1.09
Hybrid 4.97 9.19 4.97 10.06
EV 0.15 0.44 0.15 0.57

Panel C: Restricted and unrestricted cars among buyers (%)

Restricted, Madrid, pre-policy 93.74 89.93 93.68 89.56
Restricted, Madrid, post-policy 76.60 69.87 75.05 72.77
Restricted, other cities, pre-policy 96.35 93.06 96.41 92.14
Restricted, other cities, post-policy 90.28 85.95 90.55 82.05
Unrestricted, Madrid, both periods 10.80 15.27 11.19 14.92

Panel D: Change in the log odds of a restricted purchase, Madrid

0–3 km -1.20 -1.17
3–10 km -1.49 -1.39
10–20 km -1.47 -1.57
20 km or more -1.48 -1.54

Notes: The table reports the 26 micro-moments used in estimation, in the data and at the estimated
parameters. Low- and high-income consumers live in zip codes with average income up to and above
e20,000, respectively. Panels A–C report moments for each income group: the purchase probability
and the average price paid by buyers, the shares of car types among buyers, and the shares of restricted
cars among buyers in Madrid and in the other cities, pre- and post-policy, together with the share of
unrestricted cars among Madrid buyers over both periods. Panel D reports, for Madrid buyers in both
income groups, the change in the log odds of a restricted purchase from the pre- to the post-policy
period, by distance from the zip code to Madrid Central. The post-policy period starts in the fourth
quarter of 2018, when Madrid Central was implemented.
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Figure A.2: Distributions of price sensitivity and LEZ disutility

Notes: Distributions of αi (Panel (a)) and ϕi (Panel (b)) in equation (16) across Madrid zip codes and
taste draws, weighted by households, as in Figure 6, which shows their ratio. Both are in utility units:
αi per thousand euros of price, ϕi for a car subject to the LEZ restrictions.
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Appendix B: When the LEZ affects driving

Consider short-lived vehicles where the LEZ not only limits access but also changes

(reduces or increases) driving intensity. We might explain the reduction by greater use

of public transit, while the increase might be due to more rerouting around the LEZ.

Specifically, for a LEZ of size sj, emissions from a type-j vehicle are given by (1−sj)ej

(or ej/(1 − sj)); that is, larger LEZs lead to less (more) driving and, therefore, lower

(higher) emissions. Incorporating this expression into the welfare function and comparing

the partial derivatives of welfare with respect to the LEZ sizes for gasoline and hybrid

vehicles shows that it remains optimal to restrict gasoline cars first, as in the baseline

model.

Here, we consider the case where driving is reduced. First, consider the case in which

hybrids are unrestricted, sH = 0, and assess the second-order derivative with respect to

the LEZ size affecting gasoline cars, sG = s,

∂2W

∂s2
= v1

v1 − 2e

γ
.

And for sG = sH = s,
∂2W

∂s2
= v1

v1 − e (1 + α)

γ
.

Since v1 has to be large enough for cars to be welfare-improving and for drivers to be

willing to buy them (full-coverage assumption), these two derivatives are positive, showing

that, as in the baseline model, the welfare function is convex, leading to bang-bang

solutions.

To assess whether to restrict gasoline cars or not, we compare welfare with and

without restricting them. We use W
(
sH , sG

)
to denote welfare as a function of the size

of the LEZ for hybrids and gasoline. Equating W (0, 0) = W (0, s) (no LEZ against

gasoline only) and solving for the emission threshold,

ẽLEZ
G = v1

2γ − 3v1s

2γ − 3v1α + 6v1(1− s)
.

Compare this with our baseline threshold

ẽLEZ
G − eLEZ

G = −2

3

(2γ − 3v1s)(γ − 3v1s)

(2− α) (2γ − 3v1α + 6v1(1− s))
< 0,

which is negative for s < γ
3v1
.

Note that if hybrids are not restricted and gasoline cars are, gasoline cars are not

that harmful relative to the baseline as they are driven less. Hence, the emission threshold

shifts in.
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Likewise, equating W (0, s) = W (s, s) (gasoline-only LEZ against both restricted)

and solving for the emission threshold,

ẽLEZ
H = 2γ

v1
2γα + 3v1α− 3v1(1− s) + 3v1α(1− s)

.

Comparing it with the baseline threshold,

ẽLEZ
H − eLEZ

H = −2

3

γ

2α− 1

2γα + 3sv1 (1− α)

2γα + 3sv1 (1− α) + 3v1 (2α− 1)
,

which is negative in the relevant case where α > 1/2. Again, the emission thresholds shift

relative to the baseline, as hybrids become less harmful when their usage is restricted.

In sum, the baseline model’s bang-bang structure remains intact, even when LEZ

restrictions affect not only car values (extensive margin) but also driving intensity (in-

tensive margin). This extension simply shifts the emission thresholds, making the LEZ

policy more welfare-enhancing than in the baseline case.
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Appendix C: Proofs

C.1 Proof of Lemma 1

Iterating the Bellman equations (4) from age a = 1 to age Tj and using the condition

that, at the end of period Tj, the driver scraps the car and starts a new cycle, i.e.,

U j
Tj
(x) = ujTj

(x) + δU j
1 (x) + δzj, one obtains

U j
1 (x) =

∑Tj

a=1
δa−1uja(x)− pj1 + δTjzj + δTjU j

1 (x).

Solving for U j
1 (x) yields the expression in the lemma.

C.2 Proof of Proposition 1

Part (i). Let vG = (1 − sG)v1 and vH = (1 − sH)v1. Assuming for now that vG and

vH are such that all models are sold in equilibrium, take the derivative of the welfare

expression (8) with respect to vG and vH to obtain (recall that vE = v1)

∂W

∂vG
=

1

6γ
(6vG − 3vH − 3v1 + 2γ − 3(2− α)e) (C.1)

∂W

∂vH
=

1

6γ

(
6vH − 3vG − 3v1 + 2γ − 3(2α− 1)e

)
(C.2)

respectively. These expressions show that welfare is convex in vG and vH , and that their

difference
∂W

∂vG
− ∂W

∂vH
= − 3

2γ

(
(1− α) e+

(
vH − vG

))
(C.3)

is negative when evaluated at vH = vG = v1. This indicates that any LEZ policy must

start by restricting gasoline vehicles first.

To assess when this is the case, we compare welfare levels with and without restrict-

ing gasoline vehicles only by a LEZ of size s. Writing the welfare function as W
(
sH , sG

)
for convenience, with sH = 0 and sG = s, we obtain

W (0, 0)−W (0, s) =
v1s

6γ
(2γ − 3v1s− 3 (2− α) e)

which indicates that having no LEZ is optimal, as opposed to a LEZ of size s, when

e ≤ eLEZ
G (s) ≡ 2γ

3(2− α)
− v1s

2− α
.

Part (ii). Suppose that e > eLEZ
G (s). To assess the benefit of adding hybrids to the LEZ

restriction, we compare welfare levels with and without restricting them, conditional on
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gasoline cars already being restricted. Simple algebra yields

W (0, s)−W (s, s) =
v1s

6γ
(2γ − 3 (2α− 1) e)

which indicates that adding hybrids to the LEZ is optimal when

e ≥ eLEZ
H ≡ 2γ

3 (2α− 1)
.

Note that both thresholds are continuous in α, and that at α = 1 they differ by

eLEZ
H − eLEZ

G (s) = v1s > 0: even when hybrids and gasoline cars pollute the same, there

is a range of emission levels in which only gasoline cars should be restricted. To see

why, consider α = 1. Relative to no LEZ, restricting gasoline cars reduces emissions

by e sv1/2γ (the mass of drivers who switch to EVs), imposes a usage loss sv1 on the

1/3 − sv1/γ remaining gasoline drivers, and raises transportation costs by s2v21/2γ, for

a net cost of sv1/3 − s2v21/2γ. Adding hybrids achieves the same emission reduction,

e sv1/2γ, and leaves total transportation costs unchanged (in both cases, two of the three

indifference points shift by sv1/2γ), but raises the mass of restricted drivers by exactly

1/3, from 1/3−sv1/γ to 2/3−sv1/γ, for a cost of sv1/3. The difference in costs, s2v21/2γ,

divided by the emission gain per unit of e, sv1/2γ, gives the gap v1s between the two

thresholds. For α < 1, the emission gain from adding hybrids is smaller, as the sv1/2γ

drivers who switch from hybrids back to gasoline cars raise emissions by (1 − α)e each,

while those who switch to EVs reduce them by αe; hence the term (2α − 1)e sv1/2γ in

W (0, s)−W (s, s).

Also note that, for α > 1/2, eLEZ
H > eLEZ

G (s) for all s, as expected. Restricting

hybrids pays only if 3(2α − 1)e > 2γ, which fails for every e when α ≤ 1/2, so the

threshold eLEZ
H tends to infinity.

Part (iii). It follows from parts (i) and (ii).

C.3 Proof of Proposition 2

Consider the threshold s̃(e) given by eLEZ
G (s̃) = e. We evaluate welfare W (sH , sG)

at various solutions for given sH and sG.

Part (i). Suppose e < eLEZ
H . We know from Proposition 1 that it is optimal to set sH = 0.

Let sG = s and consider two cases. First, consider e < eLEZ
G (smax) = γ

3(2−α)
< eLEZ

G (s). In

this case,W (0, 0) > W (0, s) for any s ≤ smax, so it is optimal not to create a LEZ, i.e., set

s = 0. Second, consider eLEZ
G (smax) < e < eLEZ

H . Note that ∂2W (0, s) /∂s2 = v21/γ > 0,

so W (0, s) is convex in s (see also the proof of Proposition 1). This implies that we need

to compare welfare evaluated at both extremes: W (0, 0)−W (0, s̄) > 0 if

e < eLEZ
G (s̄) ≡ 2γ

3(2− α)
− v1

2− α
s̄,
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which requires

s̄ <
2γ − 3 (2− α) e

3v1
≡ s̃.

Part (ii). By the same logic as above, if eLEZ
G (smax) < e < eLEZ

H and s̄ > s̃ then

W (0, 0)−W (0, s̄) < 0 so the optimal size of the LEZ is s̄.

Part (iii). Last, if e > eLEZ
H , conditionally on having a LEZ of size s, the optimal

policy is to restrict both hybrids and gasoline vehicles (by Proposition 1). The welfare

function W (s, s) is convex in s, so the optimum is attained at a corner. From the proof

of Proposition 1 above, we know that W (0, s̄) < W (s̄, s̄) whenever e > eLEZ
H . Moreover,

part (ii) with e > eLEZ
H > eLEZ

G (0) implies that W (0, 0) < W (0, s̄). Combining both

inequalities yields W (s̄, s̄) > W (0, 0), so the largest feasible LEZ, s̄, restricting both

gasoline and hybrid vehicles is optimal.

C.4 Proof of Corollary 1

By contradiction. Suppose there exists some ŝH ∈ (0, sG) such that W (ŝH , sG) >

max{W (0, sG),W (sG, sG)}. Compute the derivative

∂W (sH , sG)

∂sH
=
v1(−2γ − 3e+ 6αe+ 6v1s

H − 3v1s
G)

6γ
,

which is linear and increasing in sH (with slope v21/γ > 0). Hence W (sH , sG) is convex

in sH and its maximum over [0, sG] is attained at one of the two endpoints, sH = 0 or

sH = sG, contradicting the supposition that an interior ŝH ∈ (0, sG) yields strictly higher

welfare.

Equivalently, consider the two possible orderings of the endpoint values:

Case 1: W (0, sG) > W (sG, sG). Since W is convex in sH , the derivative ∂W/∂sH eval-

uated at sH = ŝH cannot be positive: otherwise, convexity would imply W (sG, sG) >

W (ŝH , sG), contradicting W (ŝH , sG) > W (sG, sG). But then the derivative is nonposi-

tive at ŝH and, by convexity, also along the entire interval [0, ŝH ]. Hence W (0, sG) ≥
W (ŝH , sG), contradicting W (ŝH , sG) > W (0, sG).

Case 2: W (sG, sG) > W (0, sG). The argument is symmetric: convexity of W in sH

implies W (ŝH , sG) ≤ max{W (0, sG),W (sG, sG)}, again a contradiction.

Moreover, the negative cross-derivative

∂2W (sH , sG)

∂sH∂sG
= − v21

2γ
< 0

reinforces the bang-bang logic: a larger sG reduces the marginal benefit of restricting

hybrids, so the optimal sH remains at a corner.
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C.5 Proof of Proposition 3

It follows the proof of Proposition 4 while imposing sH1 = sH2 = s, leading to

thresholds

eLEZ
G ≡ 4γ(v1 + v2)− (2v1 + v2)

2s

3(2v1 + v2)(2− α)
<

4γ(v1 + v2)

3(2v1 + v2) (2α− 1)
≡ eLEZ

H .

C.6 Proof of Proposition 4

The location of the indifferent consumer between the different types of cars will vary

over time and with whether cars are new or second-hand. Denote by x̃jka,t the location

of the consumer that at time t ≥ 1 is indifferent between a car type j = E,H,G of age

a = 1, 2 and a car type k ̸= j of the same age a. Note that during the transition (i.e.,

t < 3), x̃jk1,t is likely to differ from x̃jk2,t; what makes an individual indifferent between a

new and a second-hand car of the same type is that the price of the second-hand unit

adjusts accordingly, that is, according to (5).

Because cars survive until they are scrapped, we have that x̃jk2,t+1 = x̃jk1,t for all t ≥ 1.

We also know that at t = 3 the fleet reaches its steady state, so x̃jk1,t−1 = x̃jka,t = x̃jka,t+1 for

all a and t ≥ 3. To find x̃jka,t, we use the set of Bellman equations adjusted to account for

a LEZ policy affecting gasoline cars and possibly hybrids.

A driver who buys a new car at t = 1 drives it during t = 1 and t = 2, scraps it at

the end of t = 2, and at t = 3 chooses again among all car types, facing the steady-state

restrictions. Let V3(x) ≡ maxk U
k
1 (x) denote the value of that choice, evaluated at the

restrictions in place from t = 3 onward. Since V3(x) does not depend on the car bought

at t = 1, every t = 1 choice has the same continuation δ2V3(x).

For example, to find x̃EH
1,1 , consider first drivers of electric vehicles (recall that x

E =

0),

UE
1 (x) = v1 − γ|x− xE| − c+ δUE

2 (x)

and

UE
2 (x) = v2 − γ|x− xE|+ δz + δV3(x).

Allowing hybrids to face different restrictions today (t = 1) and tomorrow (t ≥ 2), we

similarly have (recall that xH = 1/3)

UH
1 (x) = (1− sH1 )v1 − γ|x− xH | − c+ δUH

2 (x)

and

UH
2 (x) = (1− sH2 )v2 − γ|x− xH |+ δz + δV3(x),

where sHt is the size of the LEZ affecting hybrids in period t, with sH2 ≥ sH1 (recall that

sHt = sH2 for all t ≥ 3). Since the continuation δ2V3(x) is common to both choices, x̃EH
1,1

10



solves UE
1 (x) = UH

1 (x), or

v1 + δv2 − (1 + δ)γ|x− xE| = (1− sH1 )v1 + δ(1− sH2 )v2 − (1 + δ)γ|x− xH |,

so only the first ownership cycle matters for the choices made at t = 1.

To obtain x̃EH
1,2 , the location of the indifferent consumer between hybrids and EVs in

period t = 2, we proceed in the same way. A driver who buys at t = 2 faces the restriction

sH2 during both periods of the car’s life, and again faces a common continuation from t = 4

onward, so x̃EH
1,2 solves the analogous condition with sH1 replaced by sH2 .

We skip the derivation of the remaining indifference locations, namely, x̃EG
1,1 , x̃

EG
1,2 ,

x̃HG
1,1 and x̃HG

1,2 , which follow the same steps. These indifference locations will be a function

of the primitives and the LEZ design, which is given by the triplet (sG, sH1 , s
H
2 ). Note that

since gasoline cars are restricted from t = 1 onward, x̃EG
1,1 = x̃EG

1,2 , reducing the number of

indifference locations to the following five (after setting δ = 1/2)

x̃EH
1,1 =

1

6γ

(
γ + 2v1s

H
1 + v2s

H
2

)
,

x̃EH
1,2 =

1

6γ

(
γ + (2v1 + v2)s

H
2

)
,

x̃HG
1,1 =

1

6γ

(
3γ + (2v1 + v2)s

G − 2v1s
H
1 − v2s

H
2

)
,

x̃HG
1,2 =

1

6γ

(
3γ + (2v1 + v2)s

G − (2v1 + v2)s
H
2

)
, and

x̃EG
1,t =

1

6γ

(
5γ − (2v1 + v2)s

G
)
.

Note that x̃EH
1,2 − x̃EH

1,1 = v1(s
H
2 − sH1 )/3γ ≥ 0: under a transition-technology (TT) design,

some drivers who buy a hybrid at t = 1 switch to an EV when they replace it at t = 3;

others switch to a gasoline car when they replace it at t = 3.

Plugging these indifference locations into the welfare function (9), we obtain an

expression that can be conveniently written as a function of the LEZ design as follows,

W (sG, sH1 , s
H
2 ) = W1(s

G, sH1 , s
H
2 ) + δW2(s

G, sH1 , s
H
2 ) +

δ2

1− δ
W3(s

G, sH2 ).

Note that in writing this expression we are taking advantage of the fact that the indif-

ference locations for new cars completely determine car ownership for second-hand units.

Individuals who are found to be switching cars in response to the LEZ intervention, from

a restricted to an unrestricted one, will only switch when their existing cars are ready to

be scrapped, at the end of their second period of life, not before. It can be shown that

these individuals are strictly better off driving their cars until their scrappage age rather

than selling them earlier and switching to their new best option.

The rest of the proof follows that of Proposition 1. We compare welfare across
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the four relevant designs: no LEZ, (0, 0, 0); restricting only gasoline cars, (s, 0, 0); the

transition design, (s, 0, s); and restricting both gasoline cars and hybrids from t = 1

onward, (s, s, s). All pairwise welfare differences are linear in e.

First, as in Proposition 3, restricting only gasoline cars yields higher welfare than

no LEZ if and only if e > eLEZ
G , with

W (s, 0, 0)−W (0, 0, 0) =
(2− α)(2v1 + v2)s

2γ

(
e− eLEZ

G

)
.

Second, the transition design yields higher welfare than restricting only gasoline cars if

and only if e > êLEZ
TTL , with

W (s, 0, s)−W (s, 0, 0) =
(2α− 1)(v1 + v2)s

2γ

(
e− êLEZ

TTL

)
where

êLEZ
TTL ≡ 2γ(v1 + v2) + v1v2s

3(2α− 1)(v1 + v2)
. (C.4)

Third, summing the two expressions above, the transition design yields higher wel-

fare than no LEZ if and only if e > eLEZ
TT0 , where

eLEZ
TT0 ≡ 6γ(v1 + v2)− (4v21 + 3v1v2 + v22) s

3 (3v1 + v2 + αv2)

=
(2− α)(2v1 + v2) e

LEZ
G + (2α− 1)(v1 + v2) ê

LEZ
TTL

(2− α)(2v1 + v2) + (2α− 1)(v1 + v2)
.

Since α ∈ (1/2, 1), both weights are positive, so eLEZ
TT0 lies between eLEZ

G and êLEZ
TTL .

Two cases arise.

Case A: êLEZ
TTL ≥ eLEZ

G . Then eLEZ
G ≤ eLEZ

TT0 ≤ êLEZ
TTL . For e ≤ eLEZ

G , no LEZ yields

higher welfare than restricting only gasoline cars and than the TT design (as e ≤ eLEZ
TT0 ).

For eLEZ
G < e ≤ êLEZ

TTL , restricting only gasoline cars yields higher welfare than both

no LEZ and the TT design. For e > êLEZ
TTL , the TT design yields higher welfare than

restricting only gasoline cars, which in turn yields higher welfare than no LEZ.

Case B: êLEZ
TTL < eLEZ

G . Then êLEZ
TTL < eLEZ

TT0 < eLEZ
G . For e ≤ eLEZ

TT0 , no LEZ

yields higher welfare than both the TT design and restricting only gasoline cars. For

eLEZ
TT0 < e ≤ eLEZ

G , the TT design yields higher welfare than no LEZ, which in turn yields

higher welfare than restricting only gasoline cars. For e > eLEZ
G , the TT design yields

higher welfare than restricting only gasoline cars, which in turn yields higher welfare than

no LEZ. Hence, restricting only gasoline cars is never optimal.

12



Combining both cases, the lower threshold is

eLEZ
TTL ≡

ê
LEZ
TTL , if êLEZ

TTL ≥ eLEZ
G ,

eLEZ
TT0 , if êLEZ

TTL < eLEZ
G ,

so that no vehicle is restricted if e ≤ min{eLEZ
G , eLEZ

TTL}, and only gasoline cars are re-

stricted if min{eLEZ
G , eLEZ

TTL} < e ≤ eLEZ
TTL , an interval that is empty in Case B. Since êLEZ

TTL

is increasing and eLEZ
G is decreasing in s, Case B arises when s is sufficiently small, pro-

vided that êLEZ
TTL < eLEZ

G at s = 0, i.e., α > (6v1 + 4v2)/(6v1 + 5v2) > 10/11. In both

cases, eLEZ
TTL ≤ max{eLEZ

G , êLEZ
TTL} < eLEZ

H .

Last, comparing the TT design with restricting both gasoline cars and hybrids from

t = 1 onward, the latter yields higher welfare if and only if e ≥ eLEZ
TTU , with

eLEZ
TTU ≡ 2γ(v1 + v2)− v1v2s

3v1(2α− 1)
> eLEZ

H ,

which follows the same steps found in the proof of Proposition 1, so it is omitted. Since

eLEZ
TTU > eLEZ

H > eLEZ
TTL , the four cases in the proposition follow.

C.7 Proof of Proposition 5

At t = 2, taking as given the composition of the second-hand fleet inherited from

t = 1, the planner re-optimizes over sH2 ∈ [0, sG]. By the same convexity argument used

in the proof of Corollary 1, this optimization has a bang-bang solution: either sH2 = 0 or

sH2 = sG. We check each of the four cases in Proposition 4.

Case (i). In this case, no vehicle is restricted, so there is nothing to revise; the policy is

trivially time consistent.

Case (ii). When only gasoline cars are restricted, the planner would revise the policy at

t = 2 and extend the restriction to hybrids only if

e ≥ 4γ(v1 + v2) + (2v1 + v2)v2s

3(2v1 + v2)(2α− 1)
≡ eLEZ

(ii) > eLEZ
H .

But this case applies only when e ≤ eLEZ
TTL < eLEZ

H < eLEZ
(ii) , so this revision never occurs.

Case (iii). In this case, hybrids are treated as a transition technology: unrestricted at

t = 1 and restricted from t = 2 onward. The planner keeps her promise at t = 2 if and

only if, given the (larger-than-steady-state) mass of second-hand hybrids, the marginal

benefit of restricting hybrids exceeds the marginal cost. Solving this condition yields the

threshold eLEZ
TTS in (11). Thus, commitment is required whenever e < eLEZ

TTS .

Case (iv). When both gasoline and hybrid cars are restricted from t = 1 onward, the

13



planner would revise the policy at t = 2 and lift the restriction on hybrids only if

e ≤ 4γ(v1 + v2)− (2v1 + v2)v2s

3(2v1 + v2)(2α− 1)
≡ eLEZ

(iv) < eLEZ
H .

But this case applies only when e ≥ eLEZ
TTU > eLEZ

H > eLEZ
(iv) , so this revision never occurs

either.

Hence, the only case in which the planner has an incentive to deviate from her t = 1

announcement is case (iii) of Proposition 4, for values of e ∈ (eLEZ
TTL , e

LEZ
TTS ). In the absence

of commitment, the planner can partially restore credibility by imposing a smaller LEZ

on hybrids at t = 1, sHa,1 < sG, which reduces the mass of second-hand hybrids on the

road at t = 2 and thus the cost of restricting them. Given sHa,1, the planner keeps her

promise at t = 2 if and only if

e ≥
4γ(v1 + v2) + (2v1 − v2)v2s− 4v1v2s

H
a,1

3(2v1 + v2)(2α− 1)
,

so the smallest credible restriction at t = 1 is

sHa,1(e) =
3(2α− 1)(2v1 + v2)

4v1v2

(
eLEZ
TTS − e

)
,

which is decreasing in e and satisfies sHa,1(e) ∈ (0, sG) if and only if e ∈ (eLEZ
(iv) , e

LEZ
TTS ). At

e = eLEZ
(iv) < eLEZ

H , this design coincides with restricting both types from t = 1 onward,

which is dominated by restricting only gasoline cars; at e = eLEZ
TTS > êLEZ

TTL , where the

latter is given by (C.4), it coincides with the transition-technology design in Proposition

4, which dominates restricting only gasoline cars. The threshold eLEZ
TTW is the value of e at

which the weak transition design, with the smallest credible sHa,1, gives the same welfare as

restricting gasoline only, i.e., at whichW
(
s, sHa,1(e), s

)
= W (s, 0, 0). The three cases in the

proposition then follow by comparing e to the ordered thresholds eLEZ
TTL < eLEZ

TTW < eLEZ
TTS .
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Appendix D: Additional results for the car-choice model

D.1 Preliminaries

This appendix develops a simpler version of the car-choice model of Section 3, with

two vehicle types: gasoline cars, G, and electric vehicles, E. The purpose is to show how

prices and quantities adjust during the transition from the no-intervention equilibrium to

the new post-intervention equilibrium, and to clarify the role of trade frictions, particu-

larly in the emergence of transition technologies. For what we need to illustrate, nothing

is lost by considering two types of cars rather than three.

There is a unit mass of consumers uniformly distributed on a Hotelling line x ∈ [0, 1].

Gasoline cars are located at x = 0 and electric vehicles at x = 1. All cars last for two

periods and are then scrapped for value z. The flow value of a car of age a = 1, 2, 3, . . . is

va, with va > va+1. As in the text, each gasoline car emits e, regardless of its age, while

electric vehicles are pollution-free. Consumers discount the future with discount factor

δ < 1. To simplify the exposition, we assume that new gasoline cars and electric vehicles

have the same production cost, cG = cE ≡ c, which is the price at which new cars are

sold (c may include a constant markup).

A LEZ affects gasoline cars by reducing their age-specific flow value from va to

va − La, where La ≥ 0 is allowed to differ across vintages. In the text we use La = sva,

but here we adopt a more general form, in part to see more precisely how a LEZ might

affect prices of second-hand units and scrappage age.

The figure below illustrates the allocation. In the absence of intervention, the indif-

ferent consumer is denoted by x̃. After the LEZ is introduced, the corresponding indif-

ferent consumer in the new steady state can be denoted by x̂ < x̃. Consumers located

between x̂ and x̃ are central for the transition: absent trade, they continue holding their

gasoline cars until scrappage; with frictionless trade, they may sell them immediately and

switch to electric vehicles.

x location

LEZ No-intervention

NEW CARS

SECOND-HAND CARS

0 1x̂ x̃

Figure D.1: Allocation of car types by location and intervention regime
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Throughout this appendix, we will make two assumptions. The first is that the

LEZ shifts some, but not all, consumers away from gasoline cars. This requires γ, the

differentiation parameter, to be large enough relative to the LEZ impacts on gasoline

drivers. Formally, we assume

γ >
L1 + δL2

1 + δ
.

The second assumption ensures that the resale-friction cutoff is nontrivial, so that there

exists some µc ∈ (0, 1) separating the no-trade and trade regimes. Formally, we assume

that

L2 <
c+ δz −∆v

1 + δ
,

where ∆v ≡ v1 − v2 > 0.

D.2 No intervention

In the no-intervention equilibrium, both new and second-hand vehicles of each type

are unrestricted. Let U j
a(x) denote the continuation value of a consumer located at x

who holds a type-j car of age a, for j ∈ {G,E} and a ∈ {1, 2}.
For electric-vehicle owners,

UE
1 (x) = v1 − γ(1− x)− c+ δUE

2 (x),

UE
2 (x) = v2 − γ(1− x) + δUE

1 (x) + δz.

For gasoline-car owners,

UG
1 (x) = v1 − γx− c+ δUG

2 (x),

UG
2 (x) = v2 − γx+ δUG

1 (x) + δz.

The no-intervention cutoff x̃ is defined by

UG
1 (x̃) = UE

1 (x̃).

Since cG = cE = c, symmetry implies x̃ = 1/2. Thus one half of the market uses gasoline

cars and the other half uses electric vehicles.

Second-hand prices clear the market by making consumers indifferent, within a

vehicle type, between buying a new unit and buying a one-period-old unit. Thus,

U j
1 (x) = U j

2 (x)− p̃j2, j ∈ {G,E}.
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Because the two technologies have the same cost,

p̃G2 = p̃E2 =
c+ δz −∆v

1 + δ
≡ p∗2.

In the no-intervention equilibrium, second-hand cars trade at the same price regardless

of their type.

For cars to last exactly two periods, consumers must prefer using a one-period-old

car rather than scrapping it immediately, but must prefer scrapping a two-period-old car

rather than keeping it for a third period. Let v3 denote the value of a car of age 3. The

two-period scrappage condition is

v2 >
v1 + δv2 + z − c

1 + δ
> v3. (D.1)

The first inequality ensures that cars are held for more than one period. The second

ensures that they are scrapped at the beginning of the third period.

D.3 Time-invariant LEZ with trade frictions

Let frictions in the second-hand market be such that no trade in second-hand units

takes place. Below we will be precise about how trade frictions reduce trade in the second-

hand market. At the beginning of period t = 1, the planner introduces a time-invariant

LEZ that restricts gasoline cars. It is optimal for the planner to do so if

e > eITF
G ≡ γ

L1 + L2

L1 + δL2

− L1 + δL2

2(1 + δ)
,

where the superscript ITF denotes time-invariant LEZ with trade frictions. A gasoline

car of age a now delivers flow value va − La, while electric vehicles remain unrestricted.

In the post-intervention allocation, the cutoff x̂ is defined by

UG
1 (x̂) = UE

1 (x̂).

Solving the two sets of Bellman equations gives the cutoff

x̂ =
1

2
− L1 + δL2

2γ(1 + δ)
. (D.2)

Thus the LEZ shifts consumers away from gasoline cars and toward electric vehicles.

Second-hand prices again clear by making consumers indifferent, within each vehicle

type, between buying a new unit and buying a one-period-old unit. For electric vehicles,

nothing changes: p̂E2 = p∗2. For gasoline cars, the LEZ changes the relative value of new
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and second-hand units:

p̂G2 =
c+ δz −∆v − L2 + L1

1 + δ
= p∗2 +

L1 − L2

1 + δ
.

This expression shows how the age profile of the LEZ loss affects used-car prices. If

L1 = L2, the LEZ lowers the value of new and second-hand gasoline cars equally, and the

second-hand gasoline price remains unchanged, p̂G2 = p∗2. Interestingly, if La = sva, so

L1 > L2, the LEZ reduces the value of new gasoline cars more than that of second-hand

ones, raising the relative price of the latter.

The two-period scrappage condition for gasoline cars must also be adjusted. If the

LEZ loss for a potential age-three gasoline car is L3, then gasoline cars continue to be

scrapped after two periods if

v2 − L2 >
v1 + δv2 + z − c

1 + δ
− L1 + δL2

1 + δ
> v3 − L3. (D.3)

When L1 = L2 = L3 = L, this condition is exactly the no-intervention condition (D.1)

shifted down by the common loss L, so the scrappage age is unchanged. By contrast,

if L1 > L2 > L3, as under a proportional loss La = sva, the right-hand inequality may

fail if s is large enough: the LEZ can make it optimal to keep gasoline cars for longer,

because the policy narrows the quality gap between new and old gasoline cars.

We now turn to the role of trade frictions during the transition. At t = 1, the

economy inherits the no-intervention allocation. Thus consumers in the interval (x̂, x̃)

hold one-period-old gasoline cars even though, under the new LEZ, they would prefer to

be electric-vehicle users.

Let second-hand-market frictions take the following reduced form. Buyers pay price

p, but sellers receive only a fraction µp, with µ ∈ [0, 1]. Any other division of transaction

costs delivers the same results. The case µ = 1 corresponds to a frictionless second-hand

market, while lower values of µ capture larger resale frictions.

Consumers to the left of x̂ are willing to buy a second-hand gasoline car up to the

price p = p̂G2 . A consumer x ∈ (x̂, x̃) who holds a one-period-old gasoline car at the time

the LEZ is introduced compares two options. If they keep the gasoline car for one more

period, they obtain

v2 − L2 − γx+ δz + δUE
1 (x).

If they sell the gasoline car immediately and switch to a new electric vehicle, they obtain

µp̂G2 + UE
1 (x).

Therefore, they sell if and only if

µp̂G2 + UE
1 (x) ≥ v2 − L2 − γx+ δz + δUE

1 (x).
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Equivalently, the set of early switchers is [xµ, x̃], where

xµ = x̂+
(1− µ)p̂G2

2γ
≤ x̃.

Hence, the mass of LEZ-induced early switchers is

m(µ) = (x̃− xµ) =

[
L1 + δL2

2γ(1 + δ)
− (1− µ)p̂G2

2γ

]
≥ 0.

Thus, frictions are large enough to suppress second-hand-market reallocation if and

only if

m(µ) = 0,

or equivalently, if

(1− µ)p̂G2 ≥ L1 + δL2

1 + δ
.

This condition is the formal sense in which frictions need not be prohibitively large. They

only need to make the resale wedge larger than the discounted average LEZ loss borne

by a gasoline car over its remaining two-period cycle. In terms of µ, the condition can

be written as

µ ≤ µc ≡ 1− L1 + δL2

(1 + δ)p̂G2
. (D.4)

When L1 = L2 = L, we have p̂G2 = p∗2, and the condition reduces to (1− µ)p∗2 ≥ L, or

µ ≤ 1− L

p∗2
.

This is the condition we assume in Section 3. The frictions documented by Gavazza,

Lizzeri, and Roketskiy (2014) range from 15% for one-year-old cars to almost 80% for cars

twenty years old. If anything, the assumption is reinforced by the fact that we abstract

from vertical differentiation. It would be hard to find drivers with strong preferences for

gasoline cars who, when ready to buy a new model, would instead be willing to buy old

second-hand units, say, cars more than ten years old.

Under condition (D.4), the consumers in (x̂, x̃) do not sell their gasoline cars im-

mediately. They instead keep them until scrappage and switch only when they replace

their vehicles. Hence, the adjustment from the inherited no-intervention allocation to the

post-LEZ allocation occurs through the gradual replacement of the vehicle stock, rather

than through immediate reallocation in the second-hand market. It is important to em-

phasize that for our results in the text to follow, we just need a fraction of the consumers

in (x̂, x̃) to keep their cars until scrappage; in reality, those holding cars that are ten or

more years old.
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D.4 Time-invariant LEZ with no frictions

We now consider the opposite case, in which the second-hand market is frictionless,

µ = 1. Buyers and sellers face the same transaction price, and the resale wedge disappears.

The post-LEZ cutoff remains unchanged, given by (D.2). The second-hand prices

that clear the market are the same as in the post-intervention steady state:

pE2,t = p∗2,

and

pG2,t = p̂G2 = p∗2 +
L1 − L2

1 + δ
,

for all t ≥ 1.

With no resale wedge, all consumers in (x̂, x̃) who hold one-period-old gasoline cars

at the time of the LEZ introduction sell immediately and switch to new electric vehicles.

The reason is that, at the buyer price p̂G2 , the seller receives the full price. Since xµ = x̂

when µ = 1, the mass of early switchers is

m(1) = x̃− x̂ =
L1 + δL2

2γ(1 + δ)
.

Let qt denote new electric-vehicle purchases in period t. Since cars last two periods,

the stock of electric vehicles in period t is the sum of new electric vehicles bought in

period t and one-period-old electric vehicles bought in period t− 1: qt + qt−1. Under the

LEZ, the desired electric-vehicle stock share is

α ≡ 1− x̂ =
1

2
+
L1 + δL2

2γ(1 + δ)
.

Therefore, equilibrium requires

qt + qt−1 = α

for all t ≥ 1. Since the economy starts from the no-intervention steady state, the initial

mass of new electric-vehicle purchases is q0 = 1/4. It follows that

q1 = α− q0 =
1

4
+
L1 + δL2

2γ(1 + δ)
,

q2 = α− q1 =
1

4
,

and, by iteration,

q2k+1 =
1

4
+
L1 + δL2

2γ(1 + δ)
, q2k =

1

4
,

for all k ≥ 0. New gasoline-car purchases move in the opposite direction: gt = 1/2− qt.
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Thus, with a frictionless second-hand market, the LEZ generates an oscillatory tran-

sition in new-vehicle purchases. The stock of electric vehicles is constant at the post-LEZ

level α, but its age composition alternates over time. In odd periods, the market absorbs

an unusually large cohort of new electric vehicles; in the following period, that large

cohort appears as a large supply of second-hand electric vehicles, reducing new electric-

vehicle purchases. Prices need not oscillate. The cycle is driven by cohort dynamics and

second-hand-market reallocation, not by cyclical price movements. This is not different

from the cohort dynamics emphasized by Adda and Cooper (2000).

The two-period scrappage conditions remain those stated above. Electric vehicles

continue to be scrapped after two periods if (D.1) holds, while gasoline cars continue to be

scrapped after two periods if (D.3) holds. Provided these conditions hold, the frictionless

equilibrium is well defined with a two-period vehicle lifetime.

D.5 Gasoline cars as a transition technology

The discussion above also clarifies why treating gasoline cars as a transition tech-

nology may depend critically on second-hand-market frictions. In the no-trade case, an

announced future restriction can affect current new-car purchases while protecting current

gasoline owners from an immediate loss. The policy therefore has a transition-technology

logic: gasoline cars are left unrestricted initially, but consumers anticipate their lower fu-

ture value and some switch toward electric vehicles before the restriction becomes active.

When frictions are such that no trade in second-hand cars takes place, it is optimal for

the planner to treat gasoline cars as a transition technology if e ∈ (eV TF
TTL , e

V TF
TTU ), where

eV TF
TTL ≡ 2γ(1 + δ)(L1 + L2)− L2

1 − 2δL1L2 − δL2
2

2(1 + δ)(L1 + L2)

< eITF
G <

2γ(1 + δ)(L1 + L2)− L2
1 − 2δL1L2

2(1 + δ)L1

≡ eV TF
TTU

and the superscript VTF stands for time-varying LEZ with trade frictions; otherwise, if

e ≤ eV TF
TTL it is optimal to never restrict them, while if e ≥ eV TF

TTU it is optimal to restrict

them from t = 1 onward.

This transition-technology logic weakens when second-hand-market frictions fall.

To see this most clearly, consider the symmetric-loss case L1 = L2 = L. As shown

above, the mass of consumers in (x̂, x̃) who sell their second-hand gasoline car and switch

immediately to an electric vehicle is

m(µ) =

(
L− (1− µ)p∗2

2γ

)
≥ 0.
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Since the total mass of consumers between the old and new cutoffs is

x̃− x̂ =
L

2γ
,

the residual mass of gasoline owners who remain locked in because of resale frictions is

ℓ(µ) ≡ L

2γ
−m(µ) = min

{
L

2γ
,
(1− µ)p∗2

2γ

}
.

This residual locked-in mass is the source of the transition-technology rationale. Delaying

the restriction is valuable only to the extent that it avoids imposing immediate losses

on gasoline owners who cannot otherwise reallocate through the second-hand market.

As the second-hand market becomes frictionless, µ → 1, this mass converges to zero:

limµ→1 ℓ(µ) = 0. Thus, in the frictionless limit, gasoline owners who would be hurt

by the restriction can sell their cars and switch immediately to electric vehicles. The

announcement of a future restriction no longer needs to protect a locked-in stock of

gasoline users; the second-hand market performs the reallocation instead. This implies

that for any µ < 1, some gasoline owners remain locked in, and the transition-technology

logic remains.

It can also be shown that in the limit, as µ→ 1, the cutoffs eV TF
TTL and eV TF

TTU converge

to

eINF
G =

γ(1 + δ)(L1 + L2)

2(L1 + δL2)
− L1 + δL2

2(1 + δ)
,

where the superscript INF stands for time-invariant LEZ with no frictions. Not surpris-

ingly, eINF
G < eITF

G . With no frictions, the second-hand market immediately reallocates

gasoline cars toward consumers less affected by the LEZ, reducing the welfare cost of

introducing a LEZ in the first place.
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Appendix E: Quasi-convexity of the welfare function

The first section of this appendix shows that the bang-bang logic in Proposition 2

extends beyond the uniform distribution of consumers around the circle. For simplicity,

here we consider just the case in which the LEZ restricts gasoline cars but not hybrids.

Extending the analysis to hybrids follows the same steps. We provide sufficient conditions

on the distribution of consumers that ensure quasi-convexity of welfare in s ∈ [0, s̄].

We then present a series of illustrations based on mixtures of normal distributions and

a multiple-peaked density for which the bang-bang logic fails. Finally, we provide an

example in which the welfare ordering implied by our model with uniformly distributed

consumers is reversed: restricting both gasoline and hybrid cars can be welfare-enhancing

even when restricting gasoline cars alone is not. Importantly, the bang-bang logic of LEZ

design remains intact.

E.1 Quasi-convexity conditions

Consider the Salop model with its three short-lived vehicle types: electric vehicles

E, hybrids H, and gasoline cars G. These technologies are located at 0, 1/3, and 2/3,

respectively, on a circle of unit circumference. Consumers are located at x ∈ [0, 1] ac-

cording to a continuous distribution F , with density f . Recall that external damages are

0 for each electric vehicle, αe for each hybrid, and e for each gasoline car.

The consumer indifferent between electric and hybrid vehicles is located at xEH =

1/6, between hybrids and gasoline cars is located at xHG(s) = 1/2+ sv/2γ, and between

gasoline cars and electric vehicles is located at xGE(s) = 5/6− sv/2γ. Thus,

qE(s) = F (xEH) + 1− F (xGE(s)),

qH(s) = F (xHG(s))− F (xEH),

and

qG(s) = F (xGE(s))− F (xHG(s)).

Social welfare is therefore given by

W (s) =

∫ xEH

0

uE(x)f(x) dx+

∫ xHG(s)

xEH

uH(x)f(x) dx

+

∫ xGE(s)

xHG(s)

uG(x; s)f(x) dx+

∫ 1

xGE(s)

uE(x)f(x) dx− αeqH(s)− eqG(s),

where uj(x) is the surplus a consumer located at x obtains from driving a type-j car.

Differentiating with respect to s, and using the indifference conditions at xHG(s) and
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xGE(s), gives

W ′(s) = v

[
(1− α)e

2γ
f(xHG(s)) +

e

2γ
f(xGE(s))− qG(s)

]
.

The term −vqG(s) is the direct utility loss imposed on consumers who continue to use

gasoline cars. The first density term captures the externality benefit from marginal

switches from gasoline to hybrid vehicles; the second captures the benefit from marginal

switches from gasoline to electric vehicles.

The second derivative is

W ′′(s) =
v2

2γ

[
f(xHG(s)) + f(xGE(s)) +

(1− α)e

2γ
f ′(xHG(s))−

e

2γ
f ′(xGE(s))

]
.

Therefore, welfare is convex in s ∈ [0, s̄] if

2γ
[
f(xHG(s)) + f(xGE(s))

]
+ (1− α)ef ′(xHG(s))− ef ′(xGE(s)) ≥ 0.

This condition, which clearly holds for the uniform distribution, is sufficient for a bang-

bang solution, but it is stronger than necessary.

We now state a weaker sufficient condition. Let

J = [xHG(0), xGE(0)] =

[
1

2
,
5

6

]
.

This interval contains every gasoline segment [xHG(s), xGE(s)] for s ∈ [0, s̄], since xHG(s)

increases and xGE(s) decreases with s. Assume that f(x) is positive and continuously

differentiable on a neighborhood of J , and that

ℓ(x) ≡ log f(x)

is concave on J , so f(x) is log-concave. Equivalently,

ℓ′(x) =
f ′(x)

f(x)

is nonincreasing on J . This restriction applies only to the region spanned by gasoline

demand. It does not require the density to be uniform, symmetric, or globally log-concave

around the circle.

Define

rHG(s) ≡
f(xHG(s))

qG(s)
, rGE(s) ≡

f(xGE(s))

qG(s)
.

These ratios measure the density at each margin relative to the mass of consumers who

continue to choose gasoline cars.
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Proposition. If f(x) is positive and log-concave on J , then W (s) is quasi-convex on

[0, s̄].

Proof. Since

q′G(s) = − v

2γ

[
f(xHG(s)) + f(xGE(s))

]
,

we have, using ℓ′(x) = f ′(x)/f(x), that

r′HG(s) =
vf(xHG(s))

2γqG(s)2
[ℓ′(xHG(s))qG(s) + f(xHG(s)) + f(xGE(s))] .

Similarly,

r′GE(s) =
vf(xGE(s))

2γqG(s)2
[−ℓ′(xGE(s))qG(s) + f(xHG(s)) + f(xGE(s))] .

Log-concavity of f(x) implies that ℓ′(x) is nonincreasing. Therefore, for every x ∈
[xHG(s), xGE(s)],

ℓ′(xHG(s)) ≥ ℓ′(x) ≥ ℓ′(xGE(s)).

Multiplying by f(x) > 0 and integrating over [xHG(s), xGE(s)] yields

ℓ′(xHG(s))qG(s) ≥
∫ xGE(s)

xHG(s)

ℓ′(x)f(x) dx =

∫ xGE(s)

xHG(s)

f ′(x) dx

= f(xGE(s))− f(xHG(s)) ≥ ℓ′(xGE(s))qG(s).

Hence,

ℓ′(xHG(s))qG(s) + f(xHG(s)) + f(xGE(s)) ≥ 2f(xGE(s)) > 0,

and

−ℓ′(xGE(s))qG(s) + f(xHG(s)) + f(xGE(s)) ≥ 2f(xHG(s)) > 0.

It follows that

r′HG(s) > 0, and r′GE(s) > 0.

Using these ratios, the first derivative of welfare can be written as

W ′(s) = vqG(s)
[
R(s)− 1

]
,

where

R(s) ≡ e

2γ
[(1− α)rHG(s) + rGE(s)] .

Since both rHG(s) and rGE(s) are strictly increasing, we have R′(s) > 0. Therefore,W ′(s)

can change sign at most once, and if it does, it changes from negative to positive. Hence

welfare is either monotone or first decreases and then increases. In either case, for any
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s0, s1 ∈ [0, s̄] and any λ ∈ [0, 1],

W (λs1 + (1− λ)s0) ≤ max{W (s0),W (s1)}.

Thus, W (s) is quasi-convex on [0, s̄].

E.2 Illustrations

Log-concavity is a standard shape restriction satisfied by many common densities.

Bagnoli and Bergstrom (2005), for example, have obtained log-concavity for distribu-

tions such as normal, logistic, extreme-value, exponential, and Laplace; Weibull, power

function, gamma, and beta are log-concave for shape parameters of at least one. The

examples below consider different combinations of normal distributions that generate

quasi-convexity in the welfare function.

To start, suppose that γ = 4, v = 1.7, e = 0.7, α = 0, and, as shown in Fig-

ure E.1, Panel (a), consumers are distributed along the circle according to a mixture

of three normal densities, each centered halfway between two adjacent vehicle locations,

with standard deviation σ = 0.1. This is an example in which consumers exhibit weak

preferences for a particular type of vehicle. A large fraction of consumers are indifferent

between two types of cars, all else equal. As shown in Figure E.1, Panel (b), the welfare

function is convex everywhere in LEZ size s, even as gasoline cars exit the market, i.e.,

as s approaches γ/3v ≈ 0.78.

Consider now reducing σ by half, to 0.05. Now consumers exhibit even weaker

preferences for a particular type; that is, most consumers are located halfway between two

vehicle locations, as shown in Figure E.1, Panel (c). As shown in Figure E.1, Panel (d),

welfare exhibits local concavity but continues to be quasi-convex in LEZ size.

We now move the centers of the density from the midpoints between technologies to

the vehicle locations, while keeping σ = 0.05. In this case consumers exhibit very strong

preferences for a particular vehicle type: most of the mass is concentrated around the

electric, hybrid, and gasoline vehicle locations, as shown in Figure E.1, Panel (e). Welfare

is convex throughout the relevant policy range. The optimal endpoint, however, depends

on the magnitude of the pollution externality. With the externality set at its original

level, e = 0.7, the optimal policy is not to implement a LEZ, as shown in Figure E.1,

Panel (f). However, if the externality more than doubles, to e = 1.5, then, as indicated in

Figure E.1, Panel (f), it is optimal to implement the largest possible LEZ, when gasoline

cars are fully displaced from the market.

We close the subsection by illustrating what would be required, in terms of consumer

preferences, for the welfare function to lose its quasi-convexity. When consumer prefer-

ences are captured by a multiple-peaked distribution like the one in Figure E.1, Panel (g),

welfare need not be quasi-convex. As shown in Figure E.1, Panel (h), in this case, with
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Figure E.1: Illustrations

Notes: Each row shows a density of consumers, f(x), and the welfare it implies,W (s), for LEZ sizes from
0 to smax = γ/3v; EVs, hybrids, and gasoline cars are located at x = 0, 1/3, and 2/3. Panels (a)–(h)
restrict gasoline cars, with γ = 4, v = 1.7, α = 0, and e = 0.7, except for the dashed line in Panel (f),
where e = 1.5, and Panel (h), where e = 0.5 and the dotted line marks the optimal LEZ. Panels (i) and
(j) use the example of Appendix E.3, in which the LEZ restricts gasoline cars only (G only) or hybrids
as well (G and H).
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e = 0.5, the optimal LEZ policy is no longer bang-bang; it is rather an intermediate-size

LEZ.

E.3 Reverse welfare ordering

It is possible that restricting both gasoline/diesel cars and hybrids generates positive

welfare gains, while restricting gasoline/diesel cars alone does not. This possibility is

ruled out by our Salop model with uniformly distributed consumers, but it can arise

under more general preference distributions while preserving the quasi-convexity of the

welfare function.

Consider short-lived vehicles and let γ = 1, v = 1.5, e = 1, α = 0.94, so the max-

imum feasible LEZ size is smax = γ/3v = 2/9. Suppose that consumers are distributed

according to the mixture

f(x) = 0.15 + 0.25N(0.25, 0.042) + 0.60N(0.61, 0.042),

normalized over [0, 1]. Thus, most consumers are located near the gasoline car location,

while a smaller mass is located between the electric and hybrid locations. Figure E.1,

Panel (i) plots the corresponding density. Under no intervention, most consumers choose

gasoline cars, 65%, and most of the remaining 35% choose hybrids. When only gasoline

cars are restricted to the maximum extent possible (i.e., s = smax), substitution occurs

primarily toward hybrids, which in this example are only slightly cleaner than gasoline

cars. As a result, the environmental gains are not large enough to compensate for the

private losses from the restriction, leading to a net welfare loss of 6%. By contrast, when

both gasoline cars and hybrids are restricted to the maximum extent possible, the induced

substitution toward electric vehicles is strong enough to generate a net welfare gain of

11%.

Importantly, as shown in Figure E.1, Panel (j), both welfare functions remain quasi-

convex in LEZ size over the interval s ∈ [0, smax]. Hence, the bang-bang logic is preserved,

even though the welfare ordering between a gasoline-only LEZ and a LEZ that also

restricts hybrids differs from that of the symmetric model with uniformly distributed

consumers.

28



Appendix F: Marginal welfare effect decomposition

In this appendix, we show that the marginal welfare effect of the LEZ’s intensity is

negative at every intensity λ ≥ 0. We first show that ∆Ei(1)/(1− ρ) ≥ ςi(λ)∆Ei(λ) for

every driver at every intensity, by tracing how each driver’s benefit of a util changes with

λ. We then show that, at our estimates, 1/αi ≥ ∆Ei(1)/(1− ρ) for virtually all drivers,

and that the few driver types for which it fails cannot overturn the sign.

F.1 The benefit of a util at every intensity

Let G and G̸ denote the sets of restricted products (gasoline and diesel cars) and

unrestricted products (LPG/CNG, hybrid, and electric cars). We consider the markets

in which the restriction applies and suppress market subscripts. As in Section 4.3, every

product in G loses utility ϕiλ, with λ = 1 in Madrid Central. We split the sum inside

the surplus formula (17) into the sums over G and G̸,

ΛG
i (λ) ≡

∑
(m,j)∈G

exp

(
vimj − αipmj − ϕiλ

1− ρ

)
, ΛG̸

i ≡
∑

(m,j)∈G̸

exp

(
vimj − αipmj

1− ρ

)
,

so that ΛG
i (λ) = ΛG

i (0) e
−ϕiλ/(1−ρ), while ΛG̸

i does not depend on λ. With Λi ≡ ΛG
i +ΛG̸

i ,

the probability that consumer i buys a car is Scar,i = Λ1−ρ
i /(1 + Λ1−ρ

i ). Conditional on

buying one, they buy a restricted car with probability SG|car,i = ΛG
i /Λi. Both probabilities

are the shares defined in footnote 65. The probabilities that they buy a restricted car,

buy an unrestricted car, or buy no new car are then SG,i = Scar,iSG|car,i, SG̸,i = Scar,i(1−
SG|car,i), and S0,i = 1− Scar,i, respectively.

By footnote 65, the demand that driver i diverts to each unrestricted type is pro-

portional to its share. Among the drivers who switch away from restricted cars when λ

increases, the shares going to unrestricted cars and to the outside option are given by the

diversion ratios

DRG̸,i =
ρ (1− SG|car,i) + (1− ρ)SG̸,i

(1− ρ) ςi
, DR0,i =

S0,i

ςi
.

The saving per displaced car in (21) is then ∆Ei = EG,i − DRG̸,iEG̸,i, where EG̸,i is

driver i’s average lifetime externality cost among unrestricted cars, weighted by their

choice probabilities. Like EG,i, it does not depend on λ. Collecting terms in (22), the

marginal welfare effect is

∂W̄

∂λ
=

∫
wi ϕi SG,i

(
Hi −

1

αi

)
di, Hi ≡ ςi ∆Ei, (F.1)

where Hi is the emission benefit of a util, as in condition (23). We assume that EG,i ≥
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EG̸,i ≥ 0 for every driver, which holds at our estimates. Since DRG̸,i ≤ 1, the saving per

displaced car is then nonnegative, ∆Ei ≥ EG,i − EG̸,i ≥ 0.

Lemma F.1 For each driver i, as λ increases: (i) the diversion intensity ςi increases and

stays below 1/(1− ρ); (ii) the diversion ratio to the outside option, DR0,i, decreases, so

the saving per displaced car, ∆Ei, cannot increase; (iii) the benefit of a util, Hi, increases.

Consequently, Hi(λ) ≤ ∆Ei(1)/(1 − ρ) at every λ ≥ 0, where ∆Ei(1) is the saving per

displaced car at λ = 1.

Parts (i) and (ii) pull the benefit of a util in opposite directions. As restricted

cars become a smaller share of driver i’s choices, each util of disutility displaces more of

their restricted demand. A displaced buyer also becomes less likely to leave the market.

Leaving saves the full damage of a restricted car, while switching to an unrestricted car

saves only the difference in damages. Part (iii) shows that the first force dominates.

Above the current intensity, parts (i) and (ii) bound the two factors of Hi. Below it, part

(iii) keeps Hi below its value at λ = 1.

Proof. Raising λ lowers ΛG
i , and hence Λi, while ΛG̸

i is unchanged. (i) The numerator of

ςi lies between zero and one, so 0 < ςi < 1/(1− ρ). Raising λ lowers Scar,i and SG|car,i =

ΛG
i /Λi, and hence SG,i, so ςi rises. (ii) Using 1− SG|car,i = ΛG̸

i /Λi, SG̸,i = ΛG̸
i /(Λ

ρ
i + Λi),

and S0,i = 1/(1 + Λ1−ρ
i ), the ratio of the two diversion ratios is

DRG̸,i

DR0,i

=
ρ (1− SG|car,i) + (1− ρ)SG̸,i

(1− ρ)S0,i

=
ΛG̸

i

(
ρΛ−1

i + Λ−ρ
i

)
1− ρ

,

which rises as Λi falls. Since the two diversion ratios sum to one, DR0,i falls. Hence

∆Ei = EG,i −DRG̸,iEG̸,i cannot rise. (iii) Rewrite

Hi =
(EG,i − EG̸,i)

[
ρ (1− SG|car,i) + (1− ρ)SG̸,i

]
+ (1− ρ)EG,i S0,i

1− ρ
.

As λ rises, Λi falls, which raises 1−SG|car,i, SG̸,i, and S0,i. The coefficients are nonnegative,

so Hi increases. Finally, for λ ≥ 1, parts (i) and (ii) and ∆Ei ≥ 0 give Hi(λ) =

ςi(λ)∆Ei(λ) ≤ ∆Ei(1)/(1 − ρ). For λ < 1, parts (iii) and (i) give Hi(λ) ≤ Hi(1) ≤
∆Ei(1)/(1− ρ). □

Proposition F.1 Suppose that 1/αi ≥ ∆Ei(1)/(1 − ρ) for every driver, with strict in-

equality for a set of drivers of positive weight. Then ∂W̄/∂λ < 0 at every λ ≥ 0.

Proof. By Lemma F.1 and this condition, Hi ≤ ∆Ei(1)/(1 − ρ) ≤ 1/αi at every λ ≥ 0,

with the second inequality strict for a set of drivers of positive weight. Since ϕiSG,i > 0,

the integrand in (F.1) is nonpositive for every driver and negative on that set. □

Proposition F.1 requires, for each driver, that the ceiling αi ∆Ei(1)/(1 − ρ) be at

most one. By Lemma F.1, a euro of driver i’s private cost never buys more than this
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ceiling in emission savings, at any intensity. Because the comparison holds driver by

driver, it does not depend on how the composition of restricted-car buyers changes with

λ.

F.2 Evaluation at our estimates

We evaluate the condition of Proposition F.1, 1/αi ≥ ∆Ei(1)/(1−ρ), for each driver

in Madrid used in estimation and in the welfare calculations of Section 5. The assumption

EG,i ≥ EG̸,i ≥ 0 holds for every driver. Figure F.1 plots the distribution of the ceiling

αi∆Ei(1)/(1−ρ), weighted by w̃i. The condition holds wherever the ceiling is below one,

and it fails only for drivers in the extreme upper tail of the taste shock νi. Because νi

raises both αi and ϕi, these drivers are so price sensitive that a util of disutility is worth

little money to them. Their combined weight, as a share of potential buyers, is 7×10−21.

,i"Ei(1)=(1 ! ;)
0 0.2 0.4 0.6 0.8 1 1.2

D
en
si
ty

Figure F.1: Ceiling on emission savings per euro of private cost

Notes: Density of αi ∆Ei(1)/(1 − ρ), the most emission savings, in euros, that a euro of driver i’s
private cost can buy at any intensity, across drivers in the Madrid markets after the policy, weighted
by w̃i = wi ϕi SG,i at the current intensity. The condition 1/αi ≥ ∆Ei(1)/(1 − ρ) holds to the left of
the dashed line at one euro. Gaussian kernel, with Silverman’s bandwidth computed from the weighted
distribution.

A negligible weight at the current intensity does not settle the sign at every intensity

on its own. As λ grows, the restricted demand that remains comes increasingly from

drivers with low ϕi, so exceptions with low ϕi could eventually dominate. The exceptions

here have high ϕi, so their restricted demand vanishes rapidly as the LEZ tightens. The

next proposition makes this precise.

Proposition F.2 Let hi ≡ ∆Ei(1)/(1−ρ)−1/αi, which is positive exactly for the drivers

who violate the condition of Proposition F.1. Let ϕ∗ ≡ inf{ϕi : hi > 0} be the lowest LEZ

disutility among these drivers. With S̄G,i ≡ ΛG
i (0)/

[
(ΛG̸

i )
ρ+ΛG̸

i

]
, which bounds driver i’s

31



restricted share at every intensity, define

P+ ≡
∫
hi>0

wi ϕi hi S̄G,i di, P− ≡
∫
hi<0, ϕi≤ϕ∗

wi ϕi |hi|SG,i(0) di.

Then ∂W̄/∂λ ≤ (P+ − P−) e
−ϕ∗λ/(1−ρ) for every λ ≥ 0. The marginal welfare effect is

therefore negative at every λ ≥ 0 whenever P+ < P−.

P+ bounds the positive contribution of the drivers who violate the condition. P−

measures the negative contribution of the drivers who satisfy it and whose restricted

demand fades no faster than that of any violator.

Proof. Since SG,i = Scar,iSG|car,i = ΛG
i /(Λ

ρ
i + Λi), Λ

G
i (λ) = ΛG

i (0) e
−ϕiλ/(1−ρ), and Λi falls

with λ without dropping below ΛG̸
i ,

SG,i(0) e
−ϕiλ/(1−ρ) ≤ SG,i(λ) ≤ S̄G,i e

−ϕiλ/(1−ρ). (F.2)

By Lemma F.1, ∂W̄/∂λ ≤
∫
wi ϕi SG,i hi di. For drivers with hi > 0, apply the upper

bound in (F.2) and e−ϕiλ/(1−ρ) ≤ e−ϕ∗λ/(1−ρ). Drop the negative terms with ϕi > ϕ∗. For

the remaining negative terms, apply the lower bound and e−ϕiλ/(1−ρ) ≥ e−ϕ∗λ/(1−ρ). □

At our estimates, P+/P− ≈ 10−19. Under the numerical integration used here,

the marginal welfare effect is therefore negative at every λ ≥ 0, so welfare decreases

monotonically in the LEZ’s intensity.
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