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Online Appendix: Who Benefits When Firms Game Corrective Policies? - Mathias
Reynaert and James M. Sallee

Sample selection process

Self-reported odometer readings are sometimes missing or clearly incorrect. We
eliminate unreliable data through a data selection process detailed here.

Our data selection process first eliminates a number of drivers (accounts) that
have unreliable information or too few observations. With the accounts that re-
main, we then consider several ways to account for mismeasurement in odometer
readings for individual transactions. Specifically, we first limit the sample to
gasoline- or diesel-fueled vehicles, which eliminates 6.7 million transactions. Sec-
ond, we drop vehicles that use the wrong type of fuel for their engine in more than
1% of the visits, e.g., putting diesel fuel in a vehicle that is labeled as gasoline in
our data. Inconsistencies might be in the data because drivers use their card for
a different vehicle, or these observations might be mistakes in the assignment of
vehicle type. This drops 7.5 million transactions. Third, we pose some minimum
requirements on the driving patterns of the drivers that produce the transactions.
We drop drivers that never report an increase of more than 150km in their odome-
ter reading (2.5 million transactions).40 We drop car models with fewer than 10
drivers, and drivers with fewer than 10 fuel station visits (1.3 million transac-
tions). We drop drivers that did not report driving more than 5,000km in total
or reported driving more than 500,000km in total (11.3 million). Having isolated
a set of drivers (accounts) with ample data, within those accounts we drop indi-
vidual transactions in two steps. First, we drop transactions where the odometer
difference is lower than 100km or higher than 3000km (7.6 million). Second, we
drop transactions that result in a fuel consumption that is outside 1.25 times the
interquartile range of estimated fuel consumption for each car model in the data
(5.1 million). This results in the final dataset of 24 million observations.

The EU emission standard and member state taxes

The discussion in this section is based on Reynaert (2017). The European
regulation on emission standards for new passenger cars, Regulation (EC) No.
443/2009, sets a mandatory fleet average of κ =130 grams CO2 per kilometer.
Denoting the sales of each product j by qj and the emissions of each product by
ej , the target for a firm is as follows:∑

jεfleet qj(ej − f(wj))∑
jεfleet qj

≤ 130.

40Note that the range of a combustion engine is easily more than 800km.
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The attribute basing f(wjm) = a(wj−w0) adjusts the emissions of each vehicle by
the distance in the vehicle weight wj from a shifting point w0 (the pivotal weight
point). The shifting point w0 is a mass of 1370 kg and the difference in weight from
that point is multiplied by a = 0.046. The target is set for each producer’s fleet of
new vehicles sold in a calendar year and the trading of excess emissions between
producers is not allowed. Manufacturers can obtain lower average emissions by
gathering super credits. These credits are given for vehicles that emit less than
50 g/km. There are also separate standards for small manufacturers making less
than 30,000 vehicles per year. Both of these exceptions count for a very small
share of the total market. There is no banking system for excess emissions over
time.

When producers exceed the standard they have to pay premiums for excess
emissions. The premium is e5 per unit sold for the first excess g/km and increases
to e95 per unit above 134 g/km. A manufacturer obtaining a sales weighted
emission of 146 g/km, the average in 2007, would face a significant penalty of
e1,280 per vehicle (against an average sales price of e22,250). The regulation
was proposed by the European Commission in 2007 and became a European law
in 2009. In 2012, 65% of manufacturer’s sales had to comply with the emission
standard. This rose to 75% in 2013 and 80% in 2014, and the standard was fully
binding from 2015 onward. Every firm succeeded in reaching the full target by
2014.

On top of the EU wide emission standard, all European member states have
fiscal policies in the vehicle market. The national policies are a combination
of value added tax, registration taxes, annual taxes, fuel taxes, road taxes and
emission zones. These taxes differ substantially between member states and there
are also changes over time. A full discription of these taxes is out of scope, we
recommend ACEA tax reports as a source for more information on these tax
systems (the mere description of these taxes takes several pages per country).
Using the ACEA data source, Gerlagh et al. (2018) show that several countries
have increased the extent to which these taxes are base on CO2 emissions. Several
examples are a bonus malus system in France announced in 2008, Spain included
CO2 emissions in a complicated formula that determines registration taxes in
2008, Germany changed the formula of annual taxes in 2009, and the Netherlands
changed tax formulas in 2010.

Empirical Bayes Correction of on-road ratings

We start by decomposing the total variance in the sample V ar(rnij) = σ2
r into

three components: variance in performance of vehicles σ2
j , drivers σ2

i , and pump

visits σ2
n. We estimate the variance between pump visits of the same driver as:

σ2
n =

1

N − I

N∑
n

(rnij − rij)2,
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in which rij is the mean fuel consumption of driver i, N is the total number of
observations and I is the total number of drivers. Next, we estimate the covariance
between drivers of the same vehicles as:

σ2
j = cov(rij , rkj).

The estimated covariance is obtained as a weighted average of covariances between
randomly sorted pairs (i, k) of drivers of the same car. We weigh each pair of
drivers (i, k) by the sum of their visits. Finally, we obtain σ2

i as the remaining
variance: σ2

i = σ2
r − σ2

n − σ2
j . The precision of the estimated gap for each driver

is then defined as:

hi = 1/(σ2
i + σ2

n/ni),

so that drivers with a high number of visits have a higher precision. We ob-
tain precision weighted means per car as the weighted average of rij with hi as
weights. Second we shrink these precision weighted means with an estimate of
their reliability:

ψj = σ2
j /(σ

2
j + 1/

∑
i

hji),

where the reliability is defined as the signal σj over the total variance. We use the
per vehicle shrunken on-road estimates r̂j to construct an alternative estimate of
the gap defined in (2) and to inform us about the distribution of the gap between
vehicles.

Table F.3 describes the variation in the on-road fuel consumption (σ2
d) across

release years, as well as its decomposition across three components: variation
across refueling transactions for the same driver (σ2

n), variation across drivers
of the same vehicle (σ2

i ) and variation across vehicles (σ2
j ). We decompose the

variation separately for each release year and describe the mean and standard
deviation across release years in the table.

More than 25% of the variance is attributable to within driver variance. This
variance is due to driving conditions, stockpiling effects and errors in odometer
reporting. We find that the variance across drivers of the same car σ2

i is 0.21.
This is an economically large number; it means that the on-road fuel consumption
is estimated to be 0.28 liter/100km higher at the third quartile than at the first
quartile of drivers in the same car.41 A policy that would shift a driver from the
third quartile of the fuel consumption gap to the first quartile would decrease fuel
consumption by 3%. These numbers are interesting from a policy perspective
as they give an indication of the extent to which fuel consumption and emis-

41If we assume that conditional on car j, r has a normal distribution, the interquartile distance is
1.349*σ2

i .
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sions can be reduced by teaching and incentivizing drivers to drive a vehicle more
efficiently.42 The remaining part of the variance σ2

j is the co-variance between
drivers of the same car and can be seen as the information available to estimate
the car specific component of on-road fuel consumption. We estimate this to be
1.35, which is more than 60% of the total variance. Table F.3 also shows that the
variance components are relatively stable over time; each component has a low
standard deviation across release years. There is variation in the size of the fuel
consumption gap between cars and between drivers, but this variation is stable
over time. Given this variance decomposition we turn next to the estimates of the
distribution of rj and dj for each release year. Table F.4 reports the unweighted
mean estimate of rj and r̂j , obtained with the empirical Bayes correction. The
mean value of both rj and r̂j are decreasing over the release years. In all years
the corrected means are lower than the raw means, because on average vehicles
with high rj have less precise underlying data, but overall shrinkage and precision

weighting has small effects. The resulting gap d̂j is estimated to be an impre-
cise 10% up until 2006. From 2007 onwards we see a significant increase in the
performance gap, consistent with the previous estimates.

Proofs

PROPOSITION 1: In the absence of policy (λ = 0), buyer surplus falls with the
level of gaming. Specifically:

dBS

dg
≈ − ρ(1− α)βD︸ ︷︷ ︸

price effect

+ (1− α)2β2D′g︸ ︷︷ ︸
choice distortion

≤ 0.

We derive this by starting with the definition of buyer surplus as the integral
under the inverse demand curve. Because the true attribute of the good x is
unaffected by gaming, we can analyze buyer surplus using the true demand curve.
The standard portion of buyer surplus is the integral from the final price, denoted
p∗ up to infinity. Denote by p̃ the upfront purchase price that would induce
a sophisticated consumer to purchase the amount of the good that is in fact
purchased at price p∗ by the consumer with perception (1 − α). The choice
distortion can be written as the difference between the revenue generate between
p∗ and p̃ and the consumer value generated between those points.

42Significant variation across drivers of identical cars is consistent with results reported in Ashley
Langer and Shaun McRae (2014), who analyze extremely detailed driving data from a few dozen drivers
of an identical car, the Honda Accord. In contrast, our data come from a large sample and cover many
models.
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BS =

∫ ∞
p∗

D(z + βx)dz︸ ︷︷ ︸
BS of correct quantity

+

∫ p∗

p̃
D(z + βx)dz︸ ︷︷ ︸

Value of excess quantity

−
∫ p∗

p̃
D(p̃+ βx)dz︸ ︷︷ ︸

Cost of excess quantity

.

(D.1)

Differentiation of equation D.5, in which p∗ and p̃ are endogenously determined
by g, yields the result. Note that the inside of the third integral is a constant
with respect to the variable of integration, so it can be pulled out of the integral,
leaving only the constant 1 inside. Specifically:

dBS

dg
= −D(p∗ + βx)

dp∗

dg
+

{
D(p∗ + βx)

dp∗

dg
−D(p̃+ βx)

dp̃

dg

}
−
{

(p∗ − p̃)D′(p̃+ βx)
dp̃

dg
+D(p̃+ βx)

(
dp∗

dg
− dp̃

dg

)}
.(D.2)

Using the pass through coefficient ρ, a change in g scales to a change in tax by
(1−α)β, so dp∗/dg = ρ(1−α)β. This simplifies the first term to yield the result.

For the second term in D.2, note that p̃ = p∗ − (1− α)βg by definition. Then,
substitute a first-order Taylor approximation to write demand at p̃ as a function
of demand at p∗ and D′ × (p̃− p∗):

D(p∗ + βx)
dp∗

dg
−D(p̃+ βx)

dp̃

dg

=D(p∗ + βx)
dp∗

dg
−D(p∗ + βx− (1− α)βg)

dp̃

dg

≈
{
D(p∗ + βx− (1− α)βg) +D′(p∗ + βx− (1− α)βg)(1− α)β

} dp∗
dg
−D(p∗ + βx− (1− α)βg)

dp̃

dg

=D(p∗ + βx− (1− α)βg)

(
dp∗

dg
− dp̃

dg

)
+D′(p∗ + βx− (1− α)βg)(1− α)β

dp∗

dg

(D.3)

Now consider the third term in D.2. After substituting p̃ = p∗ − (1− α)βg, we
see that the term that multiplies the difference in derivatives will cancel in the
third term of D.2 and the second-term, defined using D.3. This means that D.2
can be written:

dBS

dg
= −D(p∗ + βx)ρ(1− α)β +D′(p∗ + βx− (1− α)βg)(1− α)β

dp∗

dg

−
{

(p∗ − p̃)D′(p̃+ βx)
dp̃

dg

}
.(D.4)
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Substitute p∗ − p̃ = (1 − α)βg and dp̃/dg = (ρ − 1)(1 − α)β, which follows from
differentiating the definition of p̃ and using the pass through result for p∗. Then,
simplification yields the final result:

dBS

dg
= −D(p∗ + βx)ρ(1− α)β +D′(p∗ + βx− (1− α)βg)(1− α)βρ(1− α)β

−
{

(1− α)βgD′(p̃+ βx)(ρ− 1)(1− α)β
}

= −D(p∗ + βx)ρ(1− α)β +D′(p∗ + βx− (1− α)βg)(1− α)2β2ρ

− (1− α)2β2gD′(p̃+ βx)(ρ− 1)

= −D(p∗ + βx)ρ(1− α)β + (1− α)2β2gD′(p̃+ βx).

Note that, with the local linear demand assumption, the derivative of D evaluated
at either p̃ or p∗ is the same. �

PROPOSITION 2: In the presence of a binding standard (λ > 0), a change in
gaming affects buyer surplus as follows:

dBS

dg
≈ (−ρ(c′ − αβ)− β)D︸ ︷︷ ︸

price effect

+ (1− α)2β2D′g︸ ︷︷ ︸
choice distortion

.

Proposition 2 is derived in a similar way to Proposition 1, but we define surplus
using integrals over the demand function starting with full prices f . (This same
could have been done in the prior proof, yielding the same result.) Recall that
f = p+ βx and f̃ = p+ βx− (1− α)βg.

BS =

∫ ∞
f∗

D(z)dz︸ ︷︷ ︸
BS of correct quantity

+

∫ f∗

f̃
D(z)dz︸ ︷︷ ︸

Value of excess quantity

−
∫ f∗

f̃
D(f̃)dz︸ ︷︷ ︸

Cost of excess quantity

.

(D.5)

Differentiating, using the same Taylor approximation as above to simplify,
yields:

dBS

dg
≈ −D(f∗)

df∗

dg
+D′(f∗)(f∗ − f̃)

(
df∗

dg
− df̃

dg

)
.

Substitute the pass through result described in the text: df∗/dg = ρ(c′(x) +
αβ) + β). Substitute the definition of f̃ , which shows that f∗ − f̃ = (1 − α)βg.

And substitute df∗

dg −
df̃
dg = (1− α)β:
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dBS

dg
≈ −D(f∗)(ρ(c′(x) + αβ) + β) +D′(f∗) {(1− α)βg} {(1− α)β}

= −D(f∗)(ρ(c′(x) + αβ) + β) +D′(f∗)(1− α)2β2g.(D.6)

This yields the result. �

Estimation Details

We estimate the parameters θ using the following GMM objective:

min
θ
ξjZ

′ωZξj

in which Z is a matrix of instruments and ω is a weighting matrix.

We use a panel containing sales, prices and characteristics for all new vehicle
sales in seven European countries between 1998 and 2007.43 We only use data
from before 2008 to estimate demand, so that our estimates come from a period
in which the performance gap was stable. We thus assume variation in xj is in-
formative about actual fuel cost differences. The vector ∆j contains information
on horsepower, weight, footprint (a measure of vehicle size), height and a dummy
specifying if the car is of a foreign brand (e.g., Fiat in France). Additionally, we
include fuel type by market dummies, dummies for the number of months a vehi-
cle was on sale in a country-year, country fixed effects, a linear time trend, body
type fixed effects, vehicle class fixed effects and brand fixed effects. We divide
prices by income per capita in each country-year, so that price sensitivity varies
with income in the market. We need instruments for price and for the standard
deviations of the random coefficients. We instrument for prices using both cost
shifters and sums of characteristics instruments, which follows Berry, Levinsohn
and Pakes (1995). The sums of characteristics instruments are the sum of fuel
costs, horsepower, weight, footprint and height across all other products in the
market and across all other products within the same firm in the market. We
also include the number of competing products and the number of products in the
same firm. The cost shifters are the log of labor costs in the country of produc-
tion and a dummy specifying if the vehicle is sold in the country of production.
For the standard deviations, we use approximately optimal instruments that are
constructed using a two-step procedure as described in Mathias Reynaert and
Frank Verboven (2014). We estimate considerable heterogeneity in the taste for
horsepower, weight and footprint. Vehicles perceived as foreign are less attractive
for consumers. Cars with four doors are preferred over cars with two doors.

43The seven countries are: Belgium, France, Germany, Great Britain, Italy, Netherlands and Spain.
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Additional Tables

Table F.1— Summary statistics

Mean St. Dev.
Car Characteristics
Fuel Consumption (L/100km) 6.65 1.73
Vehicle Weight in kg 1,354 245
Diesel Engines 0.46 0.50
Drivers per car 107 219

Driver Characteristics
Pump visits 134 80
Total liters purchased 6,015 3,666
Total distance (km) 111,726 53,942

Pump Visit Characteristics
Liters per visit 45.3 10.8
Odometer increase per visit 671 192

The table gives summary statistics for the 2,696 vehicles, 266,616
drivers and 23,989,576 pump visits in the sample.

Table F.2— Summary statistics: Netherlands and Travelcard

Mean St. Dev. Mean St. Dev.
TravelCard Netherlands

Price (euro) 31,672 13,367 40,767 29,676
Fuel Consumption (L/100km) 6.74 1.60 7.89 2.46
Vehicle Weight in kg 1,344 230 1,409 308
Diesel Engines 0.45 0.50 0.36 0.48

Summary statistics for the TravelCard sample and the full dutch market between 1998
and 2011.
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Table F.3—Variance decomposition

σ2
d σ2

i σ2
j σ2

n

Mean 2.11 0.21 1.35 0.56
Standard deviation 0.57 0.03 0.45 0.11

Variance decomposition (%) 100 10.36 62.34 27.30
Standard deviation 2.54 6.76 4.40

σ2
d is the total variance in rnij , σ2

i is the variation attributable to dif-

ferences across individuals driving the same vehicle, σ2
j is the covariance

between drivers in the same vehicle, σ2
n is the variation across refueling

visits of the same driver in the same vehicle. The variance decomposition
is performed separately for each release year, and the mean and standard
deviation across years are reported in table.
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Table F.4—Estimated vehicle gaps by release year, with and without empirical Bayes cor-

rection

Release Unweighted rj r̂j Shrinkage d̂j TS d̂j
1998 7.91 7.87 0.99 7.85

(1.41) (1.39) (0.00) (7.82)
1999 7.90 7.88 0.99 8.70 1.16

(1.49) (1.46) (0.01) (6.90) (1.29)
2000 7.96 7.94 0.99 8.60 -0.17

(1.44) (1.43) (0.01) (7.36) (0.88)
2001 7.73 7.72 0.99 11.15 2.10

(1.44) (1.41) (0.00) (7.12) (0.98)
2002 7.63 7.60 0.99 11.02 1.86

(1.58) (1.57) (0.00) (9.17) (1.58)
2003 7.83 7.80 0.99 11.01 3.21

(1.61) (1.56) (0.00) (9.18) (1.47)
2004 8.31 8.29 0.99 9.52 2.90

(1.68) (1.64) (0.00) (9.58) (1.47)
2005 7.87 7.82 0.99 12.56 6.37

(1.71) (1.59) (0.01) (9.14) (1.57)
2006 8.10 8.06 0.99 12.55 11.57

(1.57) (1.53) (0.00) (8.17) (4.99)
2007 7.71 7.68 0.99 17.66 10.04

(1.37) (1.34) (0.00) (9.67) (1.48)
2008 7.46 7.45 0.99 17.57 12.14

(1.36) (1.34) (0.00) (9.00) (1.28)
2009 7.24 7.21 0.99 22.34 21.73

(1.30) (1.28) (0.00) (10.07) (2.01)
2010 7.15 7.13 0.99 26.38 27.24

(1.33) (1.32) (0.00) (10.68) (2.23)
2011 6.92 6.90 0.99 29.74 27.16

(1.24) (1.21) (0.01) (10.29) (1.35)
2012 6.64 6.62 0.99 37.46 38.92

(1.08) (1.06) (0.01) (11.05) (2.84)
2013 6.23 6.23 0.99 44.23 45.72

(0.92) (0.89) (0.01) (11.34) (1.79)
2014 6.18 6.15 0.98 52.90 48.68

(1.20) (1.13) (0.02) (12.04) (2.46)

Table reports mean and standard deviations for the distribution of estimated on-
road consumption rj , Bayes corrected on-road consumption r̂j , shrinkage factor

and Bayes corrected efficiency gap d̂j by release year. The final column gives the
efficiency gap estimated from a two stage procedure. The first step regresses the
gap on driver by vehicle fixed effects with time controls, the second step regresses
the driver by vehicle effects on release year.
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Table F.7—Estimation Results

Mean Taste St. Dev.
Coeff. St. Error Coeff. St. Error

Price/Inc. -6.51 (0.45)
Fuel Cost -0.53 (0.01) 0.05 (0.03)
Horsepower 1.48 (0.21) 1.78 (0.10)
Weight 0.22 (0.21) 4.32 (0.16)
Footprint 0.88 (0.05) 0.58 (0.04)
Foreign -0.92 (0.03) 0.02 (0.16)
Height 0.02 (0.02)
Doors 0.50 (0.11)

The table shows estimated taste parameters from a random coeffi-
cient logit estimation on the the car market for seven EU countries
using data from 1998 to 2007. Taste distributions are assumed to be
normal, and mean and standard deviations are estimated for selected
characteristics. Additional controls are fuel type by market dummies,
months for sale if less than 12, country fixed effects, linear time trend,
body type fixed effects, vehicle class fixed effects and brand fixed ef-
fects. Model is estimated using a two-step GMM using approximate
optimal instruments with sum of characteristics and cost shifter instru-
ments for prices.

Table F.8—Diversion Ratios

Own Price Elast. Outside Good FC Q1 FC Q2 FC Q3 FC Q4
Fuel Cons Q1 -4.47 0.45 0.15 0.21 0.12 0.08
Fuel Cons Q2 -4.78 0.41 0.15 0.22 0.13 0.09
Fuel Cons Q3 -5.30 0.37 0.16 0.23 0.13 0.10
Fuel Cons Q4 -7.36 0.29 0.17 0.26 0.16 0.13

The table shows the average own price elasticity in each of the fuel consumption quartiles in the vehicles included
in the counterfactual (Netherlands, year 2007). Column II gives the average diversion ratio to the outside good,
while Column III-VI give diversion ratios from the row fuel consumption quartile to the column fuel consumption
quartile. The diversion ratio is defined as (∂sk/∂pj)/ | ∂sj/∂pj | so that Column II-VI sum up to 1.

Additional Figures
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Table F.9—Diversion Ratios specification IV Table 2

Own Price Elast. Outside Good FC Q1 FC Q2 FC Q3 FC Q4
Fuel Cons Q1 -4.24 0.03 0.28 0.38 0.20 0.11
Fuel Cons Q2 -4.55 0.02 0.27 0.37 0.20 0.14
Fuel Cons Q3 -5.04 0.01 0.25 0.37 0.22 0.15
Fuel Cons Q4 -7.01 0.00 0.21 0.35 0.23 0.20

The table shows the average own price elasticity in each of the fuel consumption quartiles in the vehicles included
in the counterfactual (Netherlands, year 2007) when the demand is estimated with a low 10% outside good share.
Column II gives the average diversion ratio to the outside good, while Column III-VI give diversion ratios from
the row fuel consumption quartile to the column fuel consumption quartile. The diversion ratio is defined as
(∂sk/∂pj)/ | ∂sj/∂pj | so that Column II-VI sum up to 1.

Table F.10—Consumer surplus changes from gaming under alternative policies

Policy Target
3% 5% 10%

Attribute-Based Standard
Total 33.19 208.27 608.74
Choice Distortion -17.77 -16.72 -13.47
Price Effect 50.96 224.99 622.22

Flat Standard
Total 3.92 107.93 398.69
Choice Distortion -17.58 -16.93 -15.01
Price Effect 21.50 124.86 413.70

Fuel Tax
Total -24.59 -24.94 -25.80
Choice Distortion -17.42 -17.66 -18.23
Price Effect -7.16 -7.29 -7.57

This Table presents consumer surplus changes when there
is industry wide 5% gaming and policies with varying strin-
gency: in Column (1) the target is a 3% reduction in
emissions, Column (2) a 5% reduction (as in the previ-
ous Tables) and Column (3) a 10% reduction. The first
panel shows the consumer surplus changes when firms game
and there is an attribute-based standard, the second panel
shows the effect of gaming when there is a flat standard,
the third panel shows the effect of gaming when the policy
is a fuel tax rather than a standard.
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Figure G.1. Release year coefficients from fixed effect regressions

Note: Figure plots coefficients from a regression of the performance gap (dnij) on release year fixed
effects. Coefficients correspond to regressions (3),(4),(7),(8),(9) and (10) and from Table F.5.
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Figure G.2. Release year coefficients from fixed effect regressions

Note: Figure plots coefficients from a regression of the performance gap in li/100km, on release year
fixed effects. Coefficients correspond to regressions from Table F.6.
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Figure G.3. Gap between on-road and official fuel consumption per firm in levels

Note: Figure shows estimated coefficients and standard errors from regressing the performance gap in
levels on three sets of model release years (early, middle and late) per automaker, the data is restricted
to the ten brands with most observations.
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Figure G.4. Gap between on-road and official fuel consumption per weight quartile

Note: Figure shows estimated coefficients and standard errors from regressing the performance gap on
three sets of model release years (early, middle and late) per weight quartile.
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Figure G.5. Gap between on-road and official fuel consumption per weight quartile

Note: Figure shows estimated coefficients and standard errors from regressing the performance gap in
levels on three sets of model release years (early, middle and late) per weight quartile.


