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Abstract

Peer Effects in Electric Car Adoption: Evidence from Sweden
I study peer effects in the diffusion of electric cars in Sweden. To identify peer effects, I use a shift-share IV design that

links the renewal of elapsing individual-level, car leasing contracts (i.e., shift) with the propensity to acquire an electric car
based on individual traits (i.e., share). I study three different peer groups: co-workers, family members, and neighbors. One
new electric car causes, in the next quarter, an additional .077 new electric car acquisitions in the workplace, .014 in the
family, and .111 in the neighborhood. These peer effects generate persistent shifts in the demand for electric cars rather than
pulling forward future planned purchases. I show that the new electric cars obtained by peers largely crowd out diesel and
petrol cars and that peer effects are associated with the transmission of information. Peer effects reduce carbon emissions
by encouraging peers to acquire electric and cleaner cars, drive less, and lower the number of cars. Finally, I document
how the empirical findings alter the design of optimal environmental policies.

Optimal Congestion Zone Pricing, Driving Behavior, and Vehicle Choice
Urban driving causes local congestion and emission externalities, motivating numerous cities to establish location-

based road pricing policies. This article provides a theoretical and empirical framework for optimal congestion charges
that explicitly targets local emission and congestion externalities. As an application, I implement the optimal congestion
formula by estimating the effect of the congestion zone on car ownership and driving behavior in Stockholm. To identify
these effects, I exploit a temporary exemption of alternative fuel cars and variation in individuals' exposure to tolls on
the road section between home and work using Swedish administrative microdata. I document that individuals exposed to
congestion charges on their way to work are .84 percentage points more likely to acquire an alternative fuel car but 1.1
percentage points less likely to adopt a fossil fuel car. Adopting an alternative fuel car corresponds to a substitution from
fossil fuel cars as the size of the fleet remains stable. The congestion charge resulted in an annual increase of 157 vehicle
kilometers traveled by commuters in alternative fuel cars and a decrease of 298 kilometers in fossil fuel cars, suggesting
that commuters partly substituted to alternative modes of transport. The empirical estimates imply an optimal congestion
charge, on average, of €.38 per entrance, with diminished driving in the congestion zone accounting for three-quarters of
the total charge.

Do We All Coordinate in the Long Run?
Players often fail to coordinate on the efficient equilibrium in laboratory weak-link coordination games. In this paper,

we investigate whether such coordination failures can be mitigated by increasing the number of rounds or altering per-
period stakes. We find that neither time horizon nor stakes affect equilibrium selection. In contrast to previous findings,
players are not more likely to play above the previous period’s minimum choice when the horizon is longer or per-period
stakes are lower. We also investigate which socio-demographic factors and behavioral traits correlate most strongly with
play both in the first round and in subsequent rounds. Cognitive ability as measured by a cognitive reflection test stands
out as the characteristic that is most strongly associated with efficient coordination.

Keywords: Behavioral Economics, Environmental Economics, Technology Adoption, Transportation, Government
Pricing & Policy, Experimental Economics.
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2.2. DATA 141

All vehicles that remained longer in the cordon zone were required to
pay the congestion fee.9

Figure 2.2: Toll Stations Stockholm

Notes: The map shows toll gates in and around the city center of Stockholm. The red dots
indicate where the control points are located.

Alternative Fuel Car Exemption.

At the time of the trial, it was decided that alternative fuel vehicles (i.e.,
ethanol, biogas, hybrid, and electric cars) were exempted from congestion
charges in Stockholm.10 The incentive policy of exempting alternative
fuel vehicles from the congestion tax was so successful that policymak-
ers became concerned that the congestion reduction effectiveness of the
greater pricing scheme was being weakened. As a result, the tax exemp-
tion was phased out beginning in January 2009 for all new alternative
fuel cars, less than 18 months after its introduction. However, the policy
remained in effect for all existing alternative fuel cars already exempted

9The reason for the Lidingö rule was that the only connection from Lidingö mu-
nicipality to the national road network runs through the inner city.

10Exemptions to the charge include emergency vehicles, buses, diplomatic vehi-
cles, disabled person vehicles, military vehicles, motorcycles and mopeds, and foreign-
registered vehicles.



142 CHAPTER 2. CONGESTION CHARGE

until August 2012. After 2009, the exemption privileges of alternative
fuel vehicles could no longer be transferred.

2.2.3 Vehicle Market and Driving in Stockholm

Evolution of Alternative Fuel Cars.

Historically, the Swedish vehicle fleet mainly consisted of cars that run
on petrol or diesel. However, since 2005, the registrations of ethanol-
powered cars have increased rapidly in Sweden, making them the first
alternative fuel type to reach the market.11 Figure 2.3 displays the share
of quarterly new alternative fuel cars relative to all new car registrations
by individuals between 2003 and 2020.12 The share of quarterly new
registrations of alternative fuel cars in Stockholm increased from close
to 0% in 2003 to around 40% in 2009. Most sold were ethanol, accounting
for more than 98% of new alternative fuel cars, while the remaining 2%
mainly run on CNG.13

11Alternative fuel cars can partly or fully run on alternative fuels rather than
gasoline and diesel. Among the most common are different types of electric cars (i.e.,
hybrid electric, electric, plug-in hybrid) and cars that run on ethanol, compressed
natural gas (CNG), or LPG.

12Figure A1 illustrates the corresponding market shares of newly registered cars.
13Table A1 summarizes the average new car characteristics of alternative and fossil

fuel cars at the vehicle-by-year level in 2007 and 2008. Regarding fuel efficiency, carbon
emissions, engine power, and service weight, new alternative fuel, and fossil fuel cars
are remarkably similar. The average new alternative fuel (fossil fuel) car requires 7.54
(7.27) liter fuel per 100 kilometers, emits 182.9 (179.4) grams CO2 per kilometer, and
travels around 13,205 (10,008) kilometers per year.
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Figure 2.3: Share of new alternative fuel cars in Stockholm
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Notes: The figure displays the share of quarterly new registrations of alternative fuel cars that
were registered by private individuals in Stockholm between 2003 and 2020. The trial period
is indicated through the gray bar between January 2006, and August 2006. The exemption
period of alternative fuel vehicles for the congestion zone is indicated through the two dashed
lines between January 2007 and December 2008.

2.3 The Optimal Congestion Charge

This section lays out a stylized model of the personal transportation
sector. It is useful for describing the key distortions and margins of choice
that constitute a simple model of urban travel.

2.3.1 Model of Urban Travel

My model of driver behavior builds on Anderson and Sallee (2016), and
aims to capture how congestion charges impact consumer’s vehicle pur-
chase and driving decisions. I first solve a model of consumer behavior
and then use the first-order conditions from the consumers’ problem to
write the optimal congestion charge in terms of policy elasticities.

In the model, a representative consumer maximizes private welfare
with respect to five choice variables: n is the total number of cars (on a
per capita basis), x captures vehicle quality (e.g., size and horsepower),
g is the vehicles fuel efficiency (liter per 100 kilometers), vc are the ve-
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hicle kilometers traveled on congestion zone trips, and vo are the vehicle
kilometers traveled on non-congestion zone trips. y is the representative
consumer’s exogenous income, pc and po are the per-kilometer private
marginal fuel cost. I also add two pre-existing taxes: τg is a gasoline
tax, and τm is a mileage tax (irrespective of where these miles occur).
I assume that the representative consumer has a quasi-linear utility in
transportation services and other goods such that welfare is given by the
following equation:14

max
x,g,n,vc,vo

B = µ(n)θ(x)[uc(vc) + uo(vo)] + y − nc(x, g)− n[pc + τg]gv
c

− n[po + τg]gv
o − nτmvo − n[τm + τc]v

c (2.1)

The term µ(n)θ(x)u(v) is transportation services generated through
the total number of cars, their average attributes, and their average
utilization, where µ’(·), θ’(·), u’(·) > 0 and µ’’(·), θ’’(·), u’’(·) ≤ 0. I in-
terpret µ(n)θ(x)u(v) as the quality-adjusted utility derived from driv-
ing, scaled by a function of market size. This utility implies that every
kilometer driven in a high-quality car is more enjoyable than one in a
low-quality car. The term nc(x, g) represents the total costs for n cars
with average attributes x and per-mile fuel consumption g. The term
n(pc + po)g(vc + vo) is total private expenditures on fuel.

The policymaker aims to maximize social welfare, which includes
emission and congestion externalities.15 Emission externalities for cordon
and non-cordon driving are ϕc and ϕo, respectively. Congestion external-
ities for cordon and non-cordon driving are γc and γo, respectively.

14The quasi-linear utility specification rules out income effects.
15When calculating trip-level externalities, I do not include accident externalities.

Although most estimates of externalities indicate that accident externalities account
for a significant portion of the overall social costs of driving (Parry and Small, 2005,
Anderson and Auffhammer, 2014), empirical evidence indicates that the social bene-
fits from reduced accidents in cordon zones are an order of magnitude smaller than
the benefits associated with reduced congestion and air pollution (Green et al., 2020).
This empirical evidence indicates that the type of driving curtailed by cordon pricing -
slow, daytime journeys in urban areas - is associated with fewer fatal traffic accidents.
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max
τc

W = µ(n)θ(x)[uc(vc + uo(vo)] + y − nc(x, g)− n[pc + τg + ϕc]gvc

− n[po + τg + ϕo]gvo − nγovo − nγcvc (2.2)

A substantial percentage of the theoretical and empirical literature
fails to jointly model gasoline economy (g), car attributes (x), kilometers
(v), and market size (n). However, interactions between these different
margins of choice play a vital role in predicting the effects of road pricing
policies. In Appendix 2.B, I derive the consumer’s and policymaker’s
first-order conditions.

2.3.2 Expression for the Optimal Congestion Charge

Plugging in the consumer’s first order conditions, the optimal congestion
tax becomes:

τc =

∂g
∂τc

(1)︷ ︸︸ ︷
[n[ϕcvc + ϕovo]] + ∂n

∂τc

(2)︷ ︸︸ ︷
[[ϕcg + γc − τm]vc + [ϕog + γo − τm]vo]
∂n
∂τc

vc + ∂vc

∂τc
n

+∂vc

∂τc

(3)︷ ︸︸ ︷
[n[ϕcg + γc − τm] +∂vo

∂τc

(4)︷ ︸︸ ︷
[n[ϕog + γo − τm]

∂n
∂τc

vc + ∂vc

∂τc
n

(2.3)

For the purpose of building intuition, I rearrange equation (2.3) and
assume no existing taxes on gas or mileage (τm = 0):
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τc = [ ∆G · ϕ︸ ︷︷ ︸
△Fuel Efficiency

+ ∆N · (ϕ+ γ)︸ ︷︷ ︸
△Fleet Size

+ ∆vc · (ϕc + γc)︸ ︷︷ ︸
△Inside Cordon

+ ∆v0 · (ϕo + γo)︸ ︷︷ ︸
△Outside Cordon

] · 1
∂n
∂τc

vc + ∂vc

∂τc
n

(2.4)

∆G, ∆N , ∆vc, and ∆vo refer to changes in fuel efficiency, fleet size,
and vehicle kilometers traveled inside and outside the cordon zone. ϕ

indicates the vehicle kilometers traveled weighted (within and outside the
congestion zone) emission externality, ϕ + γ indicate the total emission
and congestion externalities of each vehicle per congestion zone crossing,
and ϕ+γ indicate the emission and congestion externalities per kilometer.

Equation (2.4) shows that the optimal congestion charge is the com-
bination of four main terms. The first term, ∆G · ϕ, corresponds to the
marginal benefits of fuel-efficiency savings through adopting cleaner ve-
hicles and rises solely with the emission externality ϕ. This illustrates a
key difference to the other corrective terms: adopting cleaner cars only
reduces emission externalities, not pollution externalities. The second
term, ∆N · (ϕ+ γ), corresponds to the changes in emission and conges-
tion externalities through changes in the vehicle fleet size. Finally, the
third and fourth terms, ∆v · (ϕo+γo), correspond to changes in emission
and congestion externalities caused by driving inside and outside of the
congestion zone.

Suppose the optimal mileage tax is equal to the sum of marginal con-
gestion and pollution externalities. In that case, the optimal congestion
charge equals the marginal benefit generated through the change in fuel
efficiency.
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2.4 Empirical Design

To identify the causal effects of the congestion charge on individual-level
car ownership and driving behavior, I exploit quasi-random variation in
individuals’ exposure to higher toll rates on the road section between
home and work. To do this, I define two groups of individuals which I
refer to as paying commuters and non-paying commuters for the remain-
der of the article.16 Paying commuters are defined as individuals that
cross the congestion zone to or from Stockholm on their way to work
in 2006. This includes all individuals who reside within the congestion
zone and work outside and those who live outside the congestion zone
and work inside. Non-paying commuters are individuals who reside and
work outside the congestion zone and pass the Essinge bypass or the
Lidingö route on the (time-minimizing) route between home and work.
I use HERE Technology’s Routes API to identify the time-minimizing
route and travel time between the home and work address. The trimmed
sample results in 427,867 individual×year observations over six years
(2003-2008).

After the permanent implementation of the congestion charge in Au-
gust 2007, paying commuters confronted an increase in the cost of driv-
ing to work and a greater incentive to adopt alternative fuel vehicles
to be exempt from the congestion charge. This increased cost is a proxy
for policy exposure.17 The identification strategy then compares this two
groups’ car ownership and driving behavior before and after the policy in
a Difference-in- Differences (DiD) framework. I demonstrate that these
two types of commuting groups experienced similar trends before the
policy change, eliminating any time-invariant differences between them.
The DiD strategy hence aims to exploit variation along two dimensions:
(i) pre vs. post, (ii) paying commuters vs. non-paying commuters.

16Appendix 2.C.1 and 2.C.2 give additional details on the definition of treatment
and control groups and sample restrictions.

17Although individuals may be subjected to congestion pricing on non-work trips
as well, I expect that growing driving costs on the road segment between home and
work will significantly impact how individuals respond to the policy.
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2.4.1 Estimating Equation

To empirically estimate the impact of the congestion charges in Stock-
holm on driving behavior and adoption of alternative fuel cars, the DiD
framework in equation (2.5) can be written as:

yit = βpostt × ci + γpostt + θci + δXit + ϕn + εit, (2.5)

where i indexes the individual and t the year. yi,t is a placeholder for
the relevant outcome of interest (e.g., adoption of alternative fuel vehicle,
kilometers traveled) in a given year. postt is a dummy variable equal to 1
after the policy implementation, ci is a dummy variable equal to 1 if the
individual is classified s paying commuter. The vector Xi,q represents a
rich set of individual demographic variables, work-route specific controls,
and previous car attributes.18 ϕn indicates neighborhood fixed effects and
absorbs any time-invariant variation within Stockholm neighborhoods
shared by paying and non-paying commuters. εi,q captures individual i′s
error term. The coefficient of interest (β) reflects the DiD estimator and
measures how the implementation of the congestion zone influenced the
outcome of interest.19

Intuition for Identification.

Confounding factors typically make it challenging to evaluate traffic poli-
cies, as drivers are aware of the policy’s implementation date in advance
and may alter their commuting behavior accordingly, thereby diminish-
ing the estimated treatment effects. Stockholm, for example, expanded
public transportation services while implementing a congestion charge
(Eliasson et al., 2009). To address these identification concerns, I exploit

18The control variables include age, gender, disposable family income, gross salary,
employment status, self-employment dummy, married or cohabitant, having at least
one child, years of education, and commuting distance.

19For a synthesis of the recent difference-in-difference literature, see Roth et al.
(2022)
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exogenous variation in individuals’ exposure to tolls on the road section
between home and work.

To provide some intuition for the empirical design, Figure 2.4 displays
a commuting route for an individual who is exempted from the congestion
charges on the way to work (Panel a) and an individual that pays the
charges (Panel b). Suppose both individuals reside in the southwestern
region of Stockholm (Hägersten). However, the non-paying commuter’s
workplace is just outside the congestion zone in the northern area of
Stockholm (Solna centrum), whereas the paying commuter’s workplace
is just inside the congestion zone (Vasastan).

The time-minimizing way to work for an employee in Solna centrum
is direct via the Essinge bypass, eliminating the congestion charge. In
contrast, the quickest route for an employee in Vasastan involves driving
through the Stockholm city center and incurring congestion fees. The ex-
ogenous variation then takes advantage of whether or not the workplace
location lies within or outside the congestion charge.20 The objective
of the underlying identification technique is to compare the subsequent
adoption of alternative fuel vehicles and the driving patterns of paying
and non-paying commuters. Figure A5 gives an overview of the share of
paying commuters in Stockholm per neighborhood in 2006.

20I document in the robustness checks in Section 2.5.1 that firm-level differences
do not drive the results.
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Figure 2.4: Commuting example

(a) Non-paying commuters (b) Paying commuters

Notes: The figures display a commuting route for an individual who is exempted from the
congestion charges on the way to work (Panel a) and an individual that pays the congestion
charges (Panel b).

Identifying Assumption.

A key identifying assumption underlying the empirical strategy is that
the definition of paying and non-paying commuters in Stockholm would
have experienced parallel trends in car ownership and driving behavior
in the absence of the congestion charge introduction - conditional on
control variables and fixed effects. To examine the validity of the paral-
lel trends assumption, I estimate a version of my DiD estimator where
treatment effects are allowed to vary by year. By defining the year before
the announcement of the policy as the reference year (2006), the dynamic
DiD estimator can be written as:

yit =
∑

sϵ{T |s ̸=2006]

βtci×1[t = s] + θci + γpostt + + δXit + ϕn + εit,

(2.6)

where annual treatment effects are captured by βt. θ absorbs the 2006
level difference between paying and non-paying commuters in Stockholm.
Hence the annual treatment effects βt are identified from the annual de-
viations from 2006 levels. While the parallel trends assumption is in-
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herently untestable, I document that the trends in alternative fuel car
ownership and driving behavior for paying and non-paying commuters
for the years prior to the policy announcement in 2006 (βt ≈ 0) suggest
that the assumption is likely to hold.21

Interpretation of DiD Estimates.

The identification strategy compares the car ownership and driving be-
havior of a group exposed to the policy on the road segment between
home and work (i.e., the treatment group) relative to a group not charged
on their commute to work (i.e., the control group). Hence, the empirical
estimates should be interpreted as local average treatment effect (LATE)
relative to a sub-population of employed individuals who cross the cordon
zone on their way to work.

I anticipate that the estimated LATE represents a lower bound rela-
tive to the average population for at least two reasons. First, the design
excludes individuals who reside and work within the city center, do not
own a car, or are unemployed from the control group. Excluding these
individuals diminishes the results relative to the average population be-
cause they are typically less inclined to use alternative fuel vehicles and
drive less. Second, I utilize work-trip exposure to the congestion charge
as a proxy for policy exposure, even though the congestion charge may
also impact non-work visits. Hence, the empirical technique might be
viewed as a type of treatment intensity, assuming that persons who must
pay a congestion charge on their way to work will be exposed more in-
tensely than others. This implies that non-paying commuters are subject
to increasing driving costs, albeit to a smaller degree than those in the
treatment group. Thus, the calculated treatment impact should be un-

21Figure A6 displays the alternative fuel car ownership and driving behavior for
paying- (solid line) and non-paying commuters (dashed line). Panel A suggests that
the annual share of individuals owning an alternative fuel car increased from 0% in
2003 to approximately 5.1% for paying and 4% for non-paying commuters in 2008.
Panel B indicates that the vehicle kilometers traveled with alternative fuel cars in-
creased from 15 in 2003 to around 963 for paying and 752 for non-paying commuters
in 2008.
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derstood as a lower bound for the causal influence of the policy for the
sub-population.

Heterogeneous Effects.

To examine how different types of individuals respond to the congestion
charge, I estimate a version of the DiD estimator where I allow treatment
effects to vary by different socioeconomic groups. When k ∈ K denotes
group (e.g., income), the heterogeneous DiD can be written as:

yi,t =
∑
k∈K

[βkpostt× ci]×1[i ∈ k]+ γpostt + θci + δXit + ϕn + εi,t,

(2.7)

where the treatment effect for group k is captured by βk.

2.5 Empirical Results

2.5.1 Results on Car Ownership and Driving

Table 2.1 displays the average treatment effects for car ownership (Panel
A) and driving behavior (Panel B) for alternative fuel cars, fossil fuel
cars, and all cars. I restrict the post-period to 2007-2008 and the pre-
period to 2003-2005.

The estimate in column (1) indicates that the congestion charge in-
creased the adoption of new alternative fuel cars by around .23 percent-
age points. Relative to the annual baseline probability of adopting a new
alternative fuel car, paying commuters are around 43 percent more likely
to adopt a new alternative fuel car. In addition, the congestion charge
induced a .84 percentage point increase in the probability of owning an
alternative fuel vehicle post-implementation years (column 2). At the
same time, the policy decreased the average number of fossil fuel cars
by 1.1 percentage points (column 3), resulting in a slight decrease in the
total number of cars possessed (column 4). The findings indicate that
the congestion charge led to a substantial shift from fossil fuel cars to



2.5. EMPIRICAL RESULTS 153

alternative fuel cars, while the average number of cars owned by indi-
viduals is relatively stable. In addition to the effect on car ownership,
I document that paying commuters adopted more fuel-efficient vehicles,
while the impact on carbon emissions, vehicle service weight, and engine
size is insignificant (Table A6).

Panel B Table 2.1 suggests that paying commuters increased the
number of kilometers traveled with alternative fuel cars by about 156.9
kilometers in the post-implementation years (column 2). In addition, I
discovered that the policy reduced the number of kilometers traveled by
fossil fuel cars by 297.7 (column 3), resulting in a total reduction of 140.7
kilometers (column 4). The average commute distance of 17.1 kilometers
equates to a reduction of approximately 8.2 vehicle commutes per year.
The empirical evidence indicates that drivers primarily switched to al-
ternative fuel vehicles to avoid the congestion charges and reduced their
vehicle mileage in response to the congestion charge, which suggests that
drivers shifted towards alternative modes of transportation in the post-
implementation years.

Dynamics.

Figure 2.5 displays annual treatment effects estimated from the DiD
specification in equation (2.6). Panel (a) indicates that individuals ex-
posed to the Stockholm congestion charge were more than .92 percentage
points more likely to own an alternative fuel car by the end of 2008. In
addition, Panel (b) demonstrates that by the end of 2008, the average
distance traveled by alternative fuel vehicles increased by 155 kilometers.

As the exemption of alternative fuel vehicles started in August 2007,
so that 2007 is only partially treated, the treatment effects on ownership
of alternative fuel cars and kilometers driven are substantially larger in
2008 than in 2007. As the permanent implementation of the congestion
tax was announced in October 2006, individuals may also respond to the
policy announcement at the start of 2007.

The estimated coefficients for the pre-intervention period (2003-2005)
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are close to zero, supporting the validity of the parallel trends assump-
tion. I also document that paying and non-paying commuters in Stock-
holm are relativity similar across socio-demographic characteristics, com-
muting patterns, and outcome variables before the imposition of the con-
gestion zone.22

Figure A7 displays that the negative treatment effects on fossil fuel
cars are slightly larger than the positive effects on alternative fuel car
adoption, suggesting that individuals substituted from fossil fuel to al-
ternative fuel cars as opposed to adding an additional car to their fleet.

Figure 2.5: Dynamic estimates on AF vehicle ownership and driving
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Notes: Figure plots coefficients βt estimated from equation (2.6), where β2006 is normalized to
zero. Panel (a) shows the annual treatment effect on the probability of an individual adopting
a new alternative fuel car. Panel (b) shows the annual treatment effect on vehicle kilometers
traveled with alternative fuel cars. Standard errors are clustered at the neighborhood level.
The vertical dashed line denotes the implementation date (1st of August 2007).

22Table A2 highlights summary statistics for the imposed sample of paying and
non-paying commuters in 2006. Panel A shows that the average paying (non-paying)
commuter is around 45 (45) years, with about 13.4 (12.8) years of education, and
earns a gross salary of approximately 524 (474) thousand SEK conditional on being
employed. Paying commuters in Stockholm have slightly higher income and education
levels. In addition, 76% (74%) of paying (non-paying) commuters are married or
live with a cohabitant, 38% (31%) have at least one child, and around 5% (3%)
are self-employed. Panel B highlights the distance between work and residence for
paying and non-paying commuters is 17.1 and 20.04 kilometers, respectively. Panel
C illustrates that the total number of cars and fossil fuel cars is comparable for
both commuting groups. In 2006, the proportion of (new) alternative fuel vehicles
among paying and non-paying commuters was nearly zero. Paying- and non-paying
commuters own around 1.15 and 1.17 cars, and travel 14,818 kilometers and 16,178
kilometers per year.
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Predictions.

In Panel (a) of Figure 2.6, I observe that the share of toll-paying com-
muters in Stockholm that owned an alternative fuel car increased by
3.7 percentage points, from 1.5 percent in 2006 to 5.2 percent in 2008
(solid line).23 Without the congestion charge, I estimate that the share
of alternative fuel cars would have been 4.4 percent (dashed line). Con-
sequently, the congestion charge accounts for around 21 percent of the
increase in the adoption of alternative fuel cars. Equivalently in Panel
(b), the congestion charge can explain roughly 17 percent of the rise in
vehicle kilometers driven by alternative fuel cars.

Figure 2.6: Predicted vehicle ownership and driving behavior
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Notes: The solid line shows the share of individuals among paying commuters in Stockholm
that owned an alternative fuel car in the period 2003-2008. The dashed line shows the pre-
dicted share of individuals among paying commuters in Stockholm that would have owned
an alternative fuel car in the absence of the congestion charge, based on the treatment esti-
mates reported in Figure 2.5. The vertical distance between the two lines indicates the annual
treatment effects. The vertical dashed line denotes the implementation date (1st of August
2007).

23This can be deduced from the observed proportion of alternative fuel vehicles in
2006 and 2008, as shown in column (2) of Table 2.1.
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Heterogeneous Effects.

The Figure 2.7 illustrates significant heterogeneous treatment effects of
car ownership and driving behavior of alternative fuel cars, fossil fuel
cars, and the total number of cars along five socioeconomic dimensions:
income, family size, education, age, and commuting distance.

Panel (a) displays a strong gradient in alternative fuel adoption and
driving behavior in response to the congestion charge. While individuals
with an annual income of more than SEK 600k are 1.6 percentage points
more likely to adopt an alternative fuel car and drive 260 kilometers
more with alternative fuel cars, there is no effect for individuals with an
income of less than SEK 400k. In contrast, low-income individuals are
significantly more likely to expand their fossil fuel cars and increase their
usage. Individuals with a medium-range income adjust their commuting
by reducing their fossil fuel cars, and kilometers traveled. This suggests
that high-income individuals prefer to purchase an alternative fuel car in
response to the policy, while middle-income individuals prefer to change
their mode of transportation (e.g., public transit, cycling). The observed
heterogeneous pattern in the vehicle and driving adjustments could be
due to preferences and financial constraints.24

In Panel (b), I document that couples entirely drive the substitu-
tion to alternative fuel cars in response to the policy. In contrast, single
adult households without kids are more likely to adopt fossil fuel cars.
This may reflect that singles are more flexible in changing their mode
of transportation, and economies of scale make it more cost-efficient for
couples to invest in at least one alternative fuel car.

Panel (c) indicates that the treatment effect is increasing in edu-
cational attainment, with the largest impact on master and bachelor
graduates. As the total effect on the number of cars for these groups is

24First, differences in the margin of adjustment could reflect different preferences
for adopting a new technology, differences in the value of time, or differences in utility
from cycling or using public transit. Second, the heterogeneous pattern may also
reflect financial barriers to purchasing an alternative fuel car. Low-income individuals
may have a more limited opportunity set than high-income individuals, as fossil fuels
are the only used cars available.
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negative, individuals partly substitute to alternative fuel cars and change
their mode of transportation. This pattern could reflect preferences for
new technologies, and a higher awareness of environmental and climate
benefits of driving alternative fuel cars among higher educated individ-
uals.25

I also show a strong gradient in the relationship between alternative
fuel adoption and age in Panel (d), with individuals below 45 as the
most responsive group to the policy. In contrast, people close to retire-
ment reduce their driving due to the congestion charge. An individual’s
adaptation decision may also depend on the quality of transportation
substitutes. However, I find that the likelihood of adopting an alterna-
tive fuel vehicle is essentially the same for individuals with varying work
commutes in Panel (e).

25Previous literature also suggest that individuals tend to “undervalue” future fuel
savings when purchasing a vehicle (Allcott and Wozny, 2014), and this tendency
might weaken with education.
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(a) Income

(b) Family Status

(c) Years of Education
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Figure 2.7: Heterogeneous Diff-in-diff estimates

(d) Age

(e) Commuting Distance

Notes: The figures plot the coefficients βk estimated from equation (2.7) on car ownership and
driving behavior for each vehicle fuel type, where k refers to the group (e.g., income quintile).
Green indicates alternative fuel cars, blue for fossil fuel cars, and gray for all cars. Each panel
(a-e) plots coefficients estimates from a separate regression. The dependent variable for car
ownership is a dummy variable equal to 1 if the individual owns the type of car and 0 oth-
erwise. The dependent variable for driving behavior indicates the vehicle kilometer traveled
with the type of car. Groups are based on 2006 demographics. The sample is restricted to the
years 2003 to 2008, where 2007 to 2008 denotes the "post" period. 95%-confidence intervals
are indicated through whiskers and reflect robust standard errors, clustered by neighbor-
hoods.

Robustness Checks.

Next, I examine the sensitivity of my main results to various specifica-
tions of sample restrictions, treatment group definitions, and firm-level
fixed effects. Restricting the sample to individuals observed in all years
(2003-2008), the empirical estimates on alternative fuel adoption and
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kilometers traveled based on a balanced sample are very similar to the
main results (Table A7). I also show that the main results on alterna-
tive fuel adoption and driving behavior are robust to different treatment
group definitions. When I restrict the sample of paying commuters to
individuals residing outside the congestion zone, the effect on alternative
fuel adoption and kilometers traveled becomes slightly smaller (Table
A8). In contrast, if I define the treatment group as paying commuters
inside the congestion zone, the empirical findings become larger (Table
A9). This suggests that paying commuters in the city center are less
likely to adopt alternative fuel cars to respond to the congestion charge.

As my identification strategy exploits exogenous variation of whether
the workplace is located within or outside the congestion zone, a potential
threat may be that the vehicle policies of workplaces operating within
the congestion zone inherently differ from those outside. To mitigate
this concern, I document in Table A10 that including firm-level fixed
effects and various firm-specific characteristics has virtually no effect on
the coefficient estimates. In addition, I demonstrate in Table A11 that
excluding workplaces located more than three kilometers from the con-
gestion zone does not affect the coefficients, reaffirming that workplace
differences do not generate empirical findings.

2.6 Policy Implication

2.6.1 Mapping Empirical Results to Theory

To give an estimate of the optimal congestion charge derived in equation
(2.3), I combine the empirical estimates on car ownership and driving
behavior from Section 2.5 with estimates from the literature on vehicle
emission factors - the amount of a particular pollutant that a vehicle
emits while traveling a kilometer - and costs of emission and congestion
externalities. The sufficient statistics formulas for the optimal conges-
tion charge depend on several statistics, which are reported in Table
A12. Panel A presents treatment effects on car ownership and driving
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behavior estimated in Section 2.5, Panel B presents the vehicle emis-
sion factors and social costs of pollutants, Panel C presents estimates on
the costs of congestion externalities, and Panel D summarizes key pop-
ulation statistics. Appendix 2.E.1, 2.E.2, 2.E.3, and 2.E.4 provide more
details on the mapping of the empirical results to the theory, and the
computation of the emission and congestion externalities.

Equation (2.8) shows how these statistics enter the theoretical for-
mula from equation (2.3) for the optimal congestion charge per-person
and per-congestion zone crossing:

τc = (−.014l · .397BC
l

− .0024 · BC8.88 − .292km · .36 BC
km

− .051km · .14 BC
km

) · 1

−.377

τc ≈ BC.38 (2.8)

Table 2.2 gives an overview of the calculated social benefits and costs
of the congestion charge. My baseline calculation of the optimal conges-
tion charge equals BC.38 (≈ SEK 3.5).26 This calculation also provides
intuition for the key determinants of the optimal congestion formula.
The denominator is close to 1

3 , which divides by the margins that the
congestion zone directly impacts (i.e., the number of cars, and vehicle
kilometers traveled inside the congestion zone).

In the numerator, the fuel-efficiency motive accounts for around five
percent (BC.02) of the total congestion charge. This comes through dimin-
ished local emission externalities of improved fuel efficiency, which equals
.042l in fuel per congestion zone trip. The enhanced fuel efficiency results
from adopting alternative fuel cars and substituting vehicle kilometers
traveled with alternative fuel cars (see equation 2.15). The social benefits
of exempting alternative fuel vehicles from the congestion charge do not
justify a complete exemption. The fuel efficiency motive also clarifies that

26I convert Euro to Swedish kronor using the exchange rate from January 1, 2006
(9.42 BC

SEK
).
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shifting towards cleaner cars does not resolve congestion externalities.
Moreover, the fleet size motive corresponds to BC.06 of the conges-

tion charge. This results from a decline in the number of cars possessed,
with three-quarters attributable to decreased traffic and one-quarter to
reduced local emissions. Therefore, reduced car ownership had a three
times greater impact on the congestion charge than the adoption of al-
ternative fuel automobiles.

Finally, driving changes inside and outside the congestion zone ac-
count for BC.28 and BC.02 of the congestion charge, respectively. The fewer
vehicle kilometers in congestion and non-congestion zone trips by .292km

and .051km reduce externalities costs primarily through reduced conges-
tion. Consequently, substituting driving for alternative modes of trans-
portation explains 75 percent of the congestion charge.

Table 2.2: Baseline optimal tax calculation

Source Value

Fuel Efficiency BC.02

Effect on fuel efficiency (∆G) equation (2.23) −.042l

Weighted emission externalites (ϕ) equation (2.24) .397BCl

Fleet Size BC.06

Effect on fleet size (∆N) Table 2.1 −.0024

Total externality costs (ϕ+ γ) equation (2.27) 8.88BC

Cordon Zone BC.28

Effect on cordon driving (∆vc) equation (2.20) −.291km

Externality costs inside cordon (ϕc + γc) equation (2.25) .36 BCkm

Outside Cordon Zone BC.02

Effect on outside driving (∆vo) equation (2.21) −.051km

MC of Outside Externalities (ϕo + γo) equation (2.26) .14 BCkm

Optimal congestion charge (¤) BC.38
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2.6.2 Distributional Concerns

A common objection to congestion charges is that the benefits and costs
are distributed unevenly across socioeconomic classes. Figure A4 demon-
strates the distributional profile of the congestion charges in 2016, in-
dicating that congestion charges fall disproportionately on low-income
individuals. In Stockholm, the congestion charge accounts for approx-
imately .68 percent of the annual salary for the lowest income decile
and .16 percent for the highest income decile. Therefore, the congestion
fees constitute a non-negligible portion of the income, approximately
four times greater for low-income individuals. Similar regressive policy
patterns remain even after applying the sample restrictions outlined in
Section 2.C.2. Consequently, the congestion charge is regressive for all
Stockholm residents, not just those who own a vehicle and are subject
to it on their way to work.

Three additional dimensions influence the distributional profile of
the policy: substitution to other modes of transport, revenue recycling,
and exemption of alternative fuel cars. First, I demonstrate systematic
differences in how individuals adjust to the congestion fee in Section
2.5.1. Notably, I find that primarily middle-income individuals switch to
other modes of transportation, whereas low-income individuals continue
to use fossil fuel cars. This suggests that low-income individuals may be
more reliant on existing commuting patterns, and substituting to alter-
native modes of transportation may be more challenging. Second, the
net distributional effects of congestion fees depend on how the policy’s
proceeds are utilized. The congestion charge revenues were designated for
a new bypass around Stockholm and road investments (Eliasson et al.,
2014). However, as high-income individuals travel more by car, road in-
vestments may again benefit higher-income groups disproportionately.
Third, a charging system’s distribution of costs and benefits depends on
exemptions and discounts (Levinson, 2010, Ison and Rye, 2005). The so-
cial benefits of exempting alternative fuel cars in Stockholm are highly
centered among high-income groups. The exemption makes the conges-
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tion charge’s distributional profile even more regressive since primarily
high-income individuals adopt alternative fuel vehicles in response to the
policy.27 Hence, the substitution pattern to other transportation modes,
revenue recycling, and exemption of alternative fuel cars exacerbate the
regressive effect of the policy.

2.7 Conclusion

To combat local congestion and emission externalities, a fundamental
shift to sustainable modes of transportation will be necessary. Policies
incentivizing individuals to choose low-emission transportation alterna-
tives will be crucial to this transition. Congestion charges are one market-
based policy intended to resolve the local negative externalities associ-
ated with urban driving. This article provides a theoretical and empirical
framework for setting and evaluating optimal congestion charges, con-
sidering two key aspects of public policy debates surrounding congestion
zones: local congestion and emission externalities.

To shed light on the relevant choice dimensions that govern opti-
mal congestion charges, I derive a formula for the optimal congestion
charge that addresses local congestion and emission externalities. The
optimal congestion charge depends on the behavioral responses to the
policy on vehicle fuel efficiency, the total vehicle fleet, and the vehicle
kilometer traveled inside and outside the congestion zone. To estimate
the effect on car ownership and driving behavior, I study a congestion
charge permanently implemented in August 2007 in Stockholm. Using
quasi-random variation in individuals’ exposure to tolls on the road seg-
ment between home and work, I find that individuals exposed to the
congestion charge during their commute are .84 percentage points more
likely to adopt alternative fuel cars but 1.1 percentage points less likely
to own a fossil fuel car. In addition, the congestion charge resulted in

27In addition, the congestion charge is included in the “taxable benefit value” of
company cars, which are either exempt or can deduce the charge from their gross
income (West and Börjesson, 2020). This reinforces the regressivity, as most company
car drivers belong to the highest income bracket.
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an annual increase of 157 vehicle kilometers traveled by commuters in
alternative fuel cars and a decrease of 298 kilometers in fossil fuel cars.
The empirical results imply that congestion charges led to a substitu-
tion from fossil fuel cars to alternative fuel cars, explaining around 20
percent of the observed increase in alternative fuel car ownership and
driving and a shift towards alternative modes of transportation between
2006 and 2008. Furthermore, I document strong heterogeneous patterns
along several socioeconomic dimensions, with high-income individuals
primarily adopting new alternative fuel cars and low-income individuals
switching to alternative modes of transport.

Combining these behavioral responses to the policy with external
estimates on vehicle emission factors and emission and congestion exter-
nalities costs, I determine that the optimal congestion charge is BC.38 per
entrance. Three-quarters of this fee is attributable to decreased traffic
within the congestion zone, with the reduction of congestion externali-
ties constituting most of the charge. In contrast, the reduction in local
emission externalities through changes in the vehicle fuel efficiency and
size of the vehicle fleet account for approximately 5 and 15 percent of the
congestion charge. Due to low diminished local emission externalities, the
social benefits of exempting alternative fuel vehicles from the congestion
charge do not justify a complete exemption. Finally, I document strong
regressive patterns in road payments, which are exacerbated by the rev-
enue recycling of the policy, exemption of alternative fuel cars, and poor
substitution patterns to public transport of low-income individuals.
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Appendices

2.A Background

2.A.1 Vehicle Market

Figure A1: Share of newly registered cars in Stockholm
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Notes: The figures display the share (Panel a) and the total number (Panel b) of quarterly
new registrations of cars that were registered by private individuals in the Swedish vehicle
market between 2003 and 2020.

Table A1: New car characteristics by fuel type

Alternative fuel Fossil fuel

Mean Std. Dev. Mean Std. Dev.

A.Vehicle attributes

Fuel efficiency (l/100km) 7.54 1.47 7.27 1.89
Carbon emission (g/km) 182.90 33.16 179.40 45.85
Engine power (horsepower) 96.13 27.41 110.90 51.50
Service weight (kg) 1468.64 210.26 1510.21 360.75
Vehicle Kilometers Traveled 13205.93 12454.03 10008.64 9489.03

N(New Cars) 6917 37089

Notes: The table shows summary statistics of vehicle attributes (Panel A) for newly registered alter-
native fuel and fossil fuel cars in 2007 and 2008.
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2.A.2 Descriptive Statistics

Table A2: Summary statistics by commuter group in 2006

Paying Non-Paying

Mean Std. Dev. Mean Std. Dev.

A.Socio Demographic Variables

Age 45.62 10.09 45.00 10.01
Female 0.37 0.48 0.25 0.44
Gross Salary (in tho.) 524.38 559.31 474.11 311.29
Disposable Income (in tho.) 278.28 465.06 243.41 173.87
Annual Unemployment Days 0.00 0.00 0.00 0.00
Self-Employment (in %) 0.05 0.23 0.03 0.17
Married or Cohabitant (in %) 0.76 0.43 0.74 0.44
At Least 1 Child (in %) 0.38 0.48 0.31 0.46
Years of Education 13.36 2.49 12.77 2.44

B.Commute Variables

Distance Commute (km) 17.10 9.98 20.04 9.15

C.Outcome Variables

New Alternative Fuel Car (0/1) 0.01 0.08 0.00 0.07
Number of Alternative Fuel Cars 0.01 0.12 0.01 0.11
Number of Fossil Fuel Cars 1.13 0.41 1.16 0.43
Total Number of Cars 1.15 0.39 1.17 0.42
Vehicle Kilometers Traveled 14818.17 8501.21 16178.64 8969.54
Alternative Fuel Kilometers 17398.77 8774.73 16818.63 7629.04

N(Observation) 53379 13215

Notes: Table shows summary statistics for socio-demographic (Panel A), commute (Panel B), and outcome
variables (Panel C) for paying and non-paying commuters in 2006. Paying commuters are defined as indi-
viduals that cross the congestion to or from Stockholm on their way to work. Non-paying commuters are
individuals who reside and work outside the congestion zone and pass the Essinge bypass or the Lidingö
tunnel on the (time-minimizing) route between home and work.
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2.A.3 Congestion Charges

In January 2016, the charging levels were increased and ranged from 10
to 35 SEK per passage, which corresponded to an increase of 75% in the
peak but only 10% in the off-peak. The maximum charge for one day
also increased from 60 to 100 SEK. In addition, the congestion charge
was levied on the Essinge bypass.

In January 2020, the congestion tax in Stockholm was adjusted ac-
cording to the season - a high season and a low season were introduced.
This is because traffic flows and congestion in the road network are gener-
ally greater during late spring, summer, and autumn than during winter.
High season is from March 1 to the day before Midsummer’s Eve and
August 15 to November 30. Low season is the rest of the time. The
congestion charge is still differentiated whether you enter or leave the
inner city or use the Essinge bypass. However, the charge on the Essinge
bypass is slightly lower than the charge in the inner Stockholm city.

Figure A2: Congestion charges in Stockholm
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(b) Essinge
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Notes: The figures show toll rates for Stockholm (Panel A) and Essinge (Panel B) for the
period 2006 to 2020.
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Figure A3: Annual congestion charges
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Notes: The figure illustrates the average annual congestion charges per vehicle owner for each
neighborhood in Stockholm between 2016 and 2020.
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Figure A4: Congestion charges by share of salary
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Notes: The figure illustrates the Stockholm congestion charges as a share of income for each
income decile in 2016.
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2.B Deriving the Optimal Congestion Charge

The consumer’s first-order conditions are:

∂B

∂x
= 0 = µ(n)θ′(x)[uc(vc) + uo(vo)]− ncx (2.9)

∂B

∂g
= 0 = −ncg − n[pc + τg]v

c − n[po + τg]v
o (2.10)

∂B

∂vc
= 0 = µ(n)θ′(x)[u′c(vc)]− n[pc + τg]g − n[τm + τc] (2.11)

∂B

∂vo
= 0 = µ(n)θ′(x)[u′o(vo)]− n[po + τg]g − nτm (2.12)

∂B

∂n
= 0 = µ′(n)θ′(x)[uc + uo]− c(x, g)− [pc + τg]gv

c

− [po + τg]gv
o − τmvo − [τm + τc]v

c (2.13)

Taking the derivative of W with respect to the cordon price, I get an
optimality condition that traces the impact of the tax through each of
the consumer’s optimality conditions:

∂W

∂τc
= 0 =

∂n

∂τc
[µ′(n)θ(x)[uc(vc) + uo(vo)]− c(x, y)

−[pc + τg + ϕc]gvc − [po + τg + ϕo]gvo − γcvc − γovo

+
∂x

∂τc
[µ(n)θ′(x)[uc(vc + uo(vo)]− ncx]

+
∂g

∂τc
[−ncg − n[pc + τg + ϕc]vc − n[po + τg + ϕo]vo]

∂vc

∂τc
[µ(n)θ(x)[u′c]− n[pc + ϕc + τg]g − nγc]

∂vo

∂τc
[µ(n)θ(x)[u′o]− n[po + ϕo + τg]g − nγo]
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2.C Car Ownership

2.C.1 Definition of Control and Treatment Group

Paying commuters are individuals who crossed the congestion to or from
Stockholm on their way to work in 2006. This includes all individuals who
reside within the congestion zone and work outside and those who live
outside the area and work inside. Table A3 summarizes the classification
of paying- and non-paying commuters depending on the neighborhood
and workplace location. Non-paying commuters are defined as individu-
als who live and work outside the congestion zone and use the Essinge
bypass or the Lidingo tunnel on their (time-minimizing) way to and
from work. I exclude individuals who live and work outside of the con-
gestion zone from the non-paying commuters if their (time-minimizing)
route went through the city center as these individuals faced an increase
in congestion charges. Finally, I exclude individuals living and working
within the congestion zone because they are less likely to be affected by
the congestion charges.

The allocation of individuals to paying commuters and non-paying
commuters is based on toll payments in 2006 - the year before the conges-
tion charge in Stockholm was announced. Therefore, I consider 2003 until
2005 as a pre-period and 2007 until 2009 as a post-period. This control
and treatment group classification results in 342,163 paying commuters
and 85,704 non-paying commuters. 44,970 paying commuters reside in-
side and work outside, while 297,193 live outside and commute into the
congestion zone.
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Table A3: Treatment and control group

Workplace Location

Inside Outside

Neighborhood
Location

Inside Excluded Paying commuters

Outside Paying commuters
Non-paying commuters

via Essinge/Lidingö

2.C.2 Sample Selection

Based on the definition of paying and non-paying commuters in Stock-
holm, I restrict the sample in the following way:

1. Individuals must have existed in 2006.

2. Individuals must be employed.

3. Individuals must fall within the definitions of paying commuters or
non-paying commuters.

• Remove people working and living inside Stockholm.

• Remove individuals working and living outside Stockholm
who do not cross the cordon zone.

4. Individuals must have a commuting distance between 3 and 50
kilometers.

5. Individuals must be observed from 2006 until 2008.

6. Individuals cannot move within Stockholm between 2006 and 2008.

7. Individuals must own at least one and not more than 3 cars

As treatment is defined as a time-invariant attribute on the
individual-level, the individual must have existed in 2006 to be part of
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the analysis. Individuals must be employed to ensure that the person
likely commutes to a workplace. I consider work distances below 3
kilometers as walking and cycling distances less likely to be affected
by congestion charges. The 50 km cutoff ensures comparable work
distances for paying and non-paying commuters. Individuals cannot
have moved between 2006 and 2008 to ensure that all individuals are
assigned to the treatment or control group consistently and have not
self-selected out of the treatment group. I do not require individuals to
be observed during all years to be included in the sample (2003-2008),
meaning that the dataset is an unbalanced panel.28

Applying the sample restrictions listed above leaves me with a dataset
of 163,827 unique individuals over six years, resulting in 551,391 annual
observations. Table A4 shows how each sample selection criterion affects
the number of observations.

Table A4: Observations by year and sample selection criteria

Sample Selection Criteria Balanced
Sample

(1) (2) (3) (4) (5) (6) (7)

Years
2003 1,217,085 845,890 298,371 280,329 212,715 194,465 77,002 34,845
2004 1,236,578 859,827 301,500 283,150 209,222 188,195 75,721 34,845
2005 1,260,738 870,769 306,148 287,517 204,165 178,761 72,888 34,845
2006 1,293,780 903,686 315,007 295,840 192,484 157,645 66,594 34,845
2007 1,329,834 972,133 336,640 315,534 192,484 157,645 67,481 34,845
2008 1,366,838 993,526 345,715 324,067 192,484 157,645 68,181 34,845

Individuals 1,525,337 1,247,558 605,330 570,629 318,011 283,172 125,173 34,845
Total 7,704,853 5,445,831 1,903,381 1,786,437 1,203,553 1,034,356 427,867 209,070

Notes: This table shows how observations per year are reduced as various sample selec-
tion criteria are imposed. (1) All individuals in Stockholm; (2) Removing unemployed
individuals; (3) Removing individuals that do not fall within the definitions of paying
commuter or non-paying commuters; (4) Removing individuals with a commuting dis-
tance of less than 3km and more than 50km; (5) Removing individuals that are not
observed between 2006 and 2008; (6) Removing individuals that have moved within
Stockholm between 2006 and 2008; (7) Removing individuals without cars or more than
three cars. Column (7) is the final sample.

28Restricting the sample to individuals observed in all years significantly reduces
the number of observations (column 8). However, results based on a balanced sample
are similar to the main results.
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2.C.3 Description of Variables

The final database contains information at the individual-level restricted
to persons above 18. In the analysis, I focus on individuals as the unit of
observation and control for the following variables: Dummy variables for
being female, being self-employed, being married or having a cohabitant,
and having at least one child. A continuous variable for age, gross salary,
disposable income, annual unemployment days, and years of education.
Descriptions of the variables are included in Table A5.
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Table A5: Description of variables

Variable Description

Panel A: Outcome variables
NAFit Dummy variable indicating whether individual i purchases

a new alternative fuel car
AFit Dummy variable indicating whether individual i owns an

alternative fuel car
FFit Dummy variable indicating whether individual i owns a

fossil fuel car
Carit Number of cars that individual i owns
KMit Number of vehicle kilometers traveled of individual i
KMAF

it Number of vehicle kilometers traveled with alternative fuel
cars of individual i

KMFF
it Number of vehicle kilometers traveled with fossil fuel cars

of individual i
Panel B: Treatment variables
Ci Dummy variable if the individual is a paying commuter ; 0

if non-paying commuter
postt Dummy variable for 2007 and later
Panel C: Outcome variables
ageit Age of individual i
femaleit Dummy for being female
Salaryit Gross salary of individual i
Incomeit Disposable income of individual i
UNDit Annual unemployment days of individual i
SEit Dummy for being self-employed
Marriedit Dummy for being married or having a cohabitant
Childit Dummy for having at least one child
Educationit Years of education of individual i
Commuteit Distance between home and workplace of individual i
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2.C.4 Paying and Non-Paying Commuters by Area

The Figure A5 displays neighborhoods within 50 kilometers of Stockholm
by the share of paying commuters. Neighborhoods within the congestion
zone have a share of paying commuters that equals 100 percent, as I only
include commuters that cross the congestion zone on their way to work.
The percentage of paying commuters is particularly low near the Essinge
bypass in the Southwest of Stockholm and close to the island of Lidingö
in the west of Stockholm. Note that several neighborhoods close to the
city centers are too small to be visible.

Figure A5: Share of paying commuters
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Notes: The map displays the share of paying commuters in Stockholm by DeSO neighborhood
in 2006.
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Figure A6: Vehicle ownership and driving
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the implementation date (1st of August 2007).
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2.D Supporting Results and Robustness Checks

Table A6: Estimates for vehicle attributes

Vehicle Attribute

(1) Fuel (2) Carbon (3) Weight (4) Engine

A.Vehicle Ownership

Post x Paying Commuters -.0359* -.1941 -.7627 -.0478
(.0223) (.4055) (1.7933) (.2398)

Mean Dep. Variable (2006) 4.2 201 1420.7 99.7
Observations 359175 156678 359175 359175

Notes: The table plots the coefficient β estimated from equation (2.5) on four vehicle attributes. The out-
come of interests is equal to the changes in car characteristics per person: (1) fuel efficiency [liter/100km],
(2) carbon emission [gCO2/km], (3) service weight [kilogram], and (4) engine power [horsepower]. The
sample is restricted to the years 2003-2008, where 2007 and 2008 denote the "post" period. Standard
errors are clustered at the neighborhood level. *, **, ***: statistically significant with 90%, 95%, and 99%
confidence, respectively.

Figure A7: Estimates on fossil fuel cars

(a) Number of fossil fuel cars
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2.E Welfare Calculations

In this section, I implement the optimal congestion formula from equa-
tion (2.3) using my empirical results and supplementing it with costs of
pollutants and congestion from the literature.

2.E.1 Empirical Estimates

Effect on Fuel Efficiency.

To map the data to the model of urban travel, I calculate the kilometer-
weighted average of fuel economy as:

g =
∑
j∈J

gj ·KMj ·Nj

KMj ·Nj

g =
NFF ·KMFF · gFF + NAF ·KMAF · gAF

NFF ·KMFF + NAF ·KMAF
(2.14)

Equation (2.14) states that the fuel efficiency equals the kilometer-
weighted fuel efficiency of alternative fuel and fossil cars. As the conges-
tion charge only directly incentivizes the adoption and usage of alterna-
tive fuel cars, I categorize the fuel efficiency solely into fossil and alterna-
tive fuel cars and disregard changes in fuel efficiency within categories.
To obtain the change in fuel efficiency with respect to the congestion
charge, I take the derivative of g with respect to τc and assume that the
average fuel efficiency of fossil and alternative fuel cars is unaffected by
the policy (gj):

∂g

∂τc
=

∑
j∈J

KMj ·Nj [
∂KMj

∂τ ·Nj · gj + ∂Nj

∂τ ·KMj · gj ]

(
∑
j∈J

KMj ·Nj)2

−[
∂KMj

∂τ ·Nj +
∂Nj

∂τ ·KMj ] · gj ·KMj ·Nj

(
∑
j∈J

KMj ·Nj)2
(2.15)
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Inserting alternative and fossil cars into the derivative of fuel effi-
ciency, I obtain:

∂g

∂τc
=

11, 773 · (−2, 631.9)− (−297.9)88, 167.7

(11, 773)2

∂g

∂τc
≈ −.034 (2.16)

All of the derivatives in equation (2.15) are empirical objects that I
estimate; the constants are also directly observable from the data.

Effect on Vehicle Kilometers Traveled.

The individual vehicle kilometers traveled are equal to the sum of the
number and length of cordon crossings and non-cordon zone crossings:

KM = vc · tripsc + vo · tripso (2.17)

I observe the individual-level kilometers traveled (KM) and assume
that the average distance of a congestion zone trip (vc) equals the driv-
ing distance between a person’s neighborhood and workplace. To get
an estimate on the number of congestion and non-congestion zone trips
(tripsc, tripso), I use the fact that 46 percent of kilometer-weighted
trips are business-related (The Swedish National Travel Survey, 2007). I
calculate the number of trips in the congestion zone as follows:

.46 · KM = vc · tripsc

tripsc =
.46 · KM

vc

tripsc =
.46 · 15, 088km

17.1km
≈ 405.9 (2.18)
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The average person crosses the congestion zone 405.9 times per year
on their way to work, or commutes to work 202.9 days by car per year. I
further assume that the average distance traveled by car in The Swedish
National Travel Survey (2007) equals the average distance of a non-
congestion zone trip (vo). We obtain the number of non-congestion zone
trips:

.54 · KM = vo · tripso

tripso =
.54 · KM

vc

tripso =
.54 · 15, 088km

19km
≈ 428.8 (2.19)

Next, I back out the implied change in non-cordon trip length from
changes in vehicle kilometers traveled and changes in congestion zone
crossings. First, I quantify the effect of the congestion charge on the
average kilometer traveled inside the congestion zone. I use external es-
timates on the elasticity of congestion zone trips (∂trips

c

∂τc ) from Gibson
and Carnovale (2015) for passenger vehicles.

I take the partial derivative of the cordon zone crossing and assume
that the length of congestion zone trips does not change:

∂KM c

∂τ c
=

∂tripsc

∂τ c
· vc

∂KM c

∂τ c
= (−.0171 · 405.9) · 17.1km ≈ −118.7km (2.20)

Then I decompose the observed changes in vehicle kilometers traveled
into changes from cordon zone and non-cordon zone kilometers traveled.
I observe the derivative of vehicle kilometers traveled with respect to the
congestion charge in Table 2.1.
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∂KM

∂τ c
=

∂KMo

∂τ c
+

∂tripsc

∂τ c
· vc

∂KMo

∂τ c
=

∂KM

∂τ c
− ∂tripsc

∂τ c
· vc

∂KMo

∂τ c
= −140.7km − −118.7km ≈ 22km (2.21)

Equation (2.20) and (2.21) state that the congestion charges reduced
the average distance of cordon trips by .292 kilometers (−118.7

405.9 ) and the
average distance of non-cordon trips by .051 kilometers ( −22

428.8).

2.E.2 Emission Externalities

Fuel combustion and brake wear in passenger vehicles generate several
emission externalities. I assume that the emission externalities consist
of “global” pollutants, which contribute to climate change, and “local”
pollutants, which negatively impact the health of nearby residents (An-
derson, 2020, Currie and Walker, 2011).29 To quantify the social costs
of emission externalities, I combine my empirical estimates with vehicle
emission factors - the amount of a particular pollutant that a vehicle
emits while traveling a kilometer - and the social costs of the pollutant
from the literature. Table A12 summarizes the vehicle emission estimates
and costs of pollutants.

First, I rely on a recent report by the European Environment Agency
(2021) that provides fuel consumption-specific emission factors for the
main pollutants in Sweden.30 The main air pollutants include ammonia
(NH3), particulate matter (PM) and sulphur oxides (SO2), and global

29A growing literature has documented various channels through which air pollu-
tion has adverse effects on societal outcomes, such as low birth weight (Currie and
Walker, 2011), respiratory diseases (Jans et al., 2018), lower productivity in physical
and high-skilled work (Zivin and Neidell, 2012, Chang et al., 2016, Ebenstein et al.,
2016, Archsmith et al., 2018), criminal activity (Bondy et al., 2020).

30Although vehicle emission factors depend on several variables, including the type
of fuel consumed, fuel economy, vehicle age, and vehicle speed, I assume a constant
emission factor for each vehicle.
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pollutants include carbon dioxide (CO2).31 These pollution externalities
have been shown to make up the large majority of kilometer-weighted av-
erage emissions factors (Tarduno, 2022). The emission factor production
is based on a large number of assumptions concerning vehicle technol-
ogy mix (e.g., share of passenger cars), driving conditions (e.g., traveling
speeds), and even climatic conditions (e.g., temperature) (Zachariadis
et al., 2001). I use the fleet composition of Swedish vehicles in 2006 to
quantify the average emission externality.

Second, I quantify the social costs of pollutants following a recent
report by the European Environment Agency (2014) that provides costs
of air pollution in Europe between 2008 and 2012 based on a value of a
statistical life. The report’s methodology quantifies the damage costs for
the local pollutants following the European Commission’s DG Research
(Holland et al., 1999; Bickel and Friedrich, 2005) with further refinement
from the CAFE Programme (Holland et al., 2005a and 2005b; Hurley et
al., 2005). The dispersion modeling tracks pollutants through the at-
mosphere and follow their chemical reactions, enabling quantification of
effects linked to emissions, not simply to the atmospheric the concentra-
tion of the pollutant in the chemical state in which it was released.

To convert the carbon emission into a monetary equivalent, I use
the Swedish carbon tax rate as an approximation for the social cost of
carbon, which is currently set to SEK 1, 190 (≈ BC105.2) per ton of CO2.

To quantify the monetary equivalent of the emission externalities, I
then multiply the average vehicle emission factor by the social cost for
each pollutant:32

31The emission factor corresponds to the exhaust emission, not ultimate CO2.
32I convert kilogram into liter by assuming that that one kilogram of petrol

is equal to .72 liter (https://coolconversion.com/density-volume-mass/–1–liter–of–
petrol%2C-natural–in–kg).

https://coolconversion.com/density-volume-mass/--1--liter--of--petrol%2C-natural--in--kg
https://coolconversion.com/density-volume-mass/--1--liter--of--petrol%2C-natural--in--kg
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ϕ = (∆PM · (MCPM2.5 +MCPM10) + ∆CO2 ·MCCO2

+∆CNH3 ·MCNH3 +∆SO2 ·MCSO2) · (.72
kg

l
)

ϕ = (.009 + .33 + .11 + .103)
BC

kg fuel
· (.72kg

l
) = .397

BC
l

(2.22)

Equation (2.22) states that the total emission externality equals
BC.397 (≈ 3.7 SEK) per liter fuel. Relative to the average petrol price of
11.4 SEK in Sweden in 200633, the emission externalities corresponds
to around 32.8 percent of the average petrol price.

2.E.3 Congestion Externalities

Marginal congestion costs denote the costs that road users impose upon
one another when competing for scarce road space. Marginal costs of
road congestion vary significantly in space and time. The transporta-
tion economics literature canonically presents congestion externalities as
a function of traffic density, measured in vehicles per lane-mile (Small
and Verhoef, 2007).34 Congestion externalities are negligible when few
other vehicles are on the road but increase sharply with the number of
vehicles per lane-mile. To assign congestion externalities to trips, I follow
the External Costs of Transport study (2011), which provides external
congestion costs in European cities. They assign mean values to typical
traffic situations to indicate the magnitude and variability of marginal
congestion costs. The main driving factors of marginal congestion costs
are speed-flow relationships, road vehicle capacity demand, the value of
travel time (VOT), and the occupancy of vehicles in terms of passen-
gers and tons of freight (Maibach et al., 2008). I use the estimates for

33I use historical data on fuel prices from bensinstation.nu
(https://www.bensinstation.nu/historiska-br%C3%A4nslepriser/).

34More precisely, Yang et al. (2020) show that the marginal external cost of traffic
is convex in traffic density.

https://www.bensinstation.nu/historiska-br%C3%A4nslepriser/


198 CHAPTER 2. CONGESTION CHARGE

the average of all road types for small and medium urban areas for the
congestion externalities inside the cordon zone and the forecasts for mo-
torways for rural areas for congestion externalities outside the congestion
zone.

The average of all road types in small and medium urban areas ar-
rives at a value for passenger cars around BC.33 per kilometer and BC.11

per kilometer in rural areas.35 Based on an average congestion and non-
congestion zone journey length of 17.1km and 19km, respectively, I es-
timate a congestion externality of approximately BC5.64 and BC2.09 per
trip, which slightly exceeds peak-hour congestion pricing in Stockholm.

2.E.4 Mapping Empirical Results to Theory

Using the changes in fuel efficiency from equation (2.16), I compute the
total fuel savings per trip as follows:

∆G =
∂g

∂τc
· n · (vc + vo)

∆G = −.034
l fuel

100km
· 1.15 · (17.1km+ 19km)

∆G ≈ .014l (2.23)

Equation (2.23) indicates that the individuals save around .014l fuel
per cordon zone trip due to the improvement in fuel efficiency. To calcu-
late the costs of emission externalities, I calculate the vehicle kilometer
weighted average marginal emission externality:

35Marginal congestion costs rise with the size of agglomeration areas because large
urban areas attract traffic from surrounding towns, and a shift to outside roads is
often impossible.
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ϕ =
ϕcvc + ϕovo

vc + vo

ϕ =
(17.1km+ 19km) · .397BCl

36.1km

ϕ ≈ .397
BC
l

(2.24)

The vehicle kilometer weighted average marginal emission externality
in equation (2.24) is priced at BC.397 per liter.

The external emission and congestion externalities inside and outside
the cordon zone can be computed as:

ϕc + γc = ϕcg + γc

ϕc + γc = .397
BC
l
· 8.37 l

100km
+ .33

BC
km

ϕc + γc ≈ .36
BC
km

(2.25)

ϕo + γo = ϕog + γo

ϕo + γo = .397
BC
l
· 8.37 l

100km
+ .11

BC
km

ϕo + γo ≈ .14
BC
km

(2.26)

Equation (2.25) and (2.26) imply that the external emission and con-
gestion costs equal BC.36 and BC.14 from driving one additional kilometer
inside and outside the congestion zone.

ϕ+ γ = (ϕcg + γc)vc + (ϕog + γo)vo

ϕ+ γ ≈ BC6.16 + BC2.72 ≈ BC8.88 (2.27)
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Equation (2.27) implies that the total congestion and emission exter-
nality are around BC8.88 (≈ SEK 80.5) per congestion zone crossing.
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Table A12: Parameter estimates used for optimal congestion charge

Coefficient Descriptions Value Source

Panel A: Empirical estimates
∂g
∂τc Effect of congestion charge τ r on

fuel efficiency g

−0.034 equation (2.16)

∂n
∂τc Effect of congestion charge τ r on

vehicle fleet n

−.0024 Table 2.1, Panel A

∂vc

∂τc Effect of congestion charge τ r on
vehicle kilometers in cordon vc

−.292 equation (2.20)

∂vo

∂τc Effect of congestion charge τ r on
vehicle kilometers outside cordon vc

−.051 equation (2.21)

Panel B: Emission externalities
PM Emission of particulate matter

[ g
kg fuel ]

.25 European Environment
Agency (2021), Table A1-28

CO2 Emission from carbon dioxide
[ g
kg fuel ]

3162 European Environment
Agency (2021), Table A1-28

NH3 Emission from ammonia [ g
kg fuel ] 9.11 European Environment

Agency (2021), Table A1-28
SO2 Emission from sulfur dioxide

[ g
kg fuel ]

6.69 European Environment
Agency (2021), Table A1-28

PM2.5 Costs of fine particulate matter [BCkg
]

23.2 European Environment
Agency (2014)

PM10 Costs of particulate matter [BCkg ] 15.01 European Environment
Agency (2014)

CO2 Costs of carbon dioxide [BCkg ] 0.105

NH3 Costs of ammonia [BCkg ] 12.15 European Environment
Agency (2014)

SO2 Costs of sulfur dioxide [BCkg ] 15.44 European Environment
Agency (2014)

Panel C: Congestion externalities [ BCkm ]
γc Congestion externalities for inside

cordon driving
.33 External Costs of Transport

(2011), Table 38
γo Congestion externalities for outside

cordon driving
.11 External Costs of Transport

(2011), Table 38

Panel D: Registry Data
n Vehicle fleet per person 1.15 Table A2
vc Vehicle kilometers traveled within

congestion zone
17.1 Table A2

vo Vehicle kilometers traveled outside
congestion zone

19 Swedish National Travel
Survey (2007)

tripsc Number of trips inside congestion
zone

405.9 equation (2.18)

tripso Number of trips outside congestion
zone

428.8 equation (2.19)

g Average fuel efficiency [ l
100km ] 8.37
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Do We All Coordinate in the
Long Run?∗
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3.1 Introduction

Several scholars have claimed that inefficiencies arising from a failure
to play an efficient equilibrium are ubiquitous in many economic set-
tings. For example, coordination failure may hinder economic develop-
ment (Kremer, 1993), lead to bank runs (Diamond and Dybvig, 1983)
and affect business cycle dynamics (Bryant, 1983). It has also been ar-
gued that coordination failures are common within organizations (Knez
and Camerer, 1994). A frequently-used tool to study coordination failures
in the laboratory is the weak-link coordination game. In the weak-link
game, each player simultaneously chooses an effort level and the payoff is
increasing in the minimum effort of the group (Van Huyck et al., 1990).
Providing effort is costly, however, so players have an incentive not to
exceed the group minimum. Players hence face a trade-off between exert-
ing high effort to increase the group’s payoff and avoiding unnecessarily
high costly effort above the group minimum. Because the best response
is to play the group minimum, the game has as many pure strategy Nash
equilibria as there are effort levels.

The weak-link game is susceptible to coordination failure as the mere
suspicion that one other player provides low effort is an incentive to exert
low effort. In the laboratory, players typically play 10 rounds and gener-
ally fail to coordinate on the efficient equilibrium (Van Huyck et al., 1990,
1991, Cooper et al., 1990, 1992, Knez and Camerer, 1994, Goeree and
Holt, 2001, 2005). In sharp contrast, Berninghaus and Ehrhart (1998)
found that players manage to coordinate when they interact over more
rounds. In their experiment, players interact over 10, 30 or 90 rounds.
When players interact over 10 rounds, only one out of six groups coor-
dinates on the efficient equilibrium, whereas five out of six groups coor-
dinate efficiently when they interact over 90 rounds. To the best of our
knowledge, this finding has not been replicated, although related ideas
have been explored in the literature. For example, inspired by prisoners’
dilemma experiments in continuous time (Friedman and Oprea, 2012,
Bigoni et al., 2015), Leng et al. (2018) show that players do not coordi-
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nate efficiently when playing the weak-link game in continuous time.1

Intuitively, a longer horizon might make players more willing to sac-
rifice payoffs making above-minimum effort choices during a couple of
initial periods to improve coordination in the longer term. Along with
this intuition, we show in Section 3.C in the Appendix that, in the pres-
ence of strategic uncertainty, more game repetitions make strategies in-
volving early above-minimum choices more attractive relative to always
playing the previous period’s minimum.2 However, because Berninghaus
and Ehrhart (1998) keep the total stakes constant it is unclear whether
their findings are best explained by lower per-period stakes or longer
horizon. Lower per-period stakes could, for example, affect coordination
by increasing players willingness to experiment. In this paper, we set out
to test whether Berninghaus and Ehrhart’s (1998) findings are due to
longer horizon or lower stakes.

Although our study was designed to be powered to detect effect sizes
substantially smaller than those reported in Berninghaus and Ehrhart
(1998), we find that neither the time horizon nor per-period stakes affect
coordination. Our findings are not different from those in Berninghaus
and Ehrhart (1998) with respect to behavior in the first period. The
results rather differ in how players adjust after the initial period. In
our experiment, above-minimum players tend to adjust to the minimum
effort level in previous rounds irrespectively of stakes or horizon, whereas
Berninghaus and Ehrhart (1998) found that minimum players are more
likely to increase effort choices with a longer horizon.

1Another related study is Chaudhuri et al. (2009) who study up to nine non-
overlapping generations playing a weak-link game 10 times in each generation. Each
generation is allowed to pass on advice to the next generation. Most groups did
not coordinate efficiently in their experiment except for one treatment in which the
content of the advice was experimentally manipulated.

2An alternative motivation why the horizon could be relevant for coordination is
that subjects stuck in a bad equilibrium occasionally experiment by choosing a higher
effort level. If all subjects in a group happen to experiment simultaneously, which is
more likely to happen the longer the game is repeated, a more efficient equilibrium
would be reached. As pointed out by Crawford (1991, p. 53), however, the argument
can go the other way if players experiment by playing both above and below the
previous period’s minimum.
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We also study how demographic characteristics and behavioral traits
are related to coordination in the weak-link game. Previous experimental
research has primarily focused on structural determinants of coordina-
tion failures such as the payoff-risk ratio, group size, feedback, etc (see
the comprehensive review by Devetag and Ortmann, 2007). Less is known
about the role of behavioral and socio-demographic factors in coordina-
tion games.3 The individual characteristic most robustly related to high
initial period choices and final group coordination in our experiment is
cognitive ability (measured by a cognitive reflection test). Our study was
conducted in Copenhagen and we replicate Engelmann and Normann’s
(2010) finding that Danish subjects tend to make higher effort choices
in the initial period, but in our experiment it does not result in higher
coordination in groups with a higher fraction of Danish subjects.

3.2 Experimental Design

We study a simultaneous-move weak-link game with N = 4

players. In each round, player i ∈ {1, 2, 3, 4} chooses an effort level
ei ∈ {1, 2, 3, 4, 5, 6, 7}. Let e := (e1, e2, e3, e4) denote a (pure) strategy
profile, and e := min{e1, e2, e3, e4} the minimum effort level in a group.
The payoff function of player i is

πi(ei, e) = E+ae− cei, (3.1)

where a > c > 0 and E is a constant. Any strategy profile (e, ..., e) with
e ∈ {1, 2, 3, 4, 5, 6, 7} is a pure-strategy Nash equilibrium. These seven
equilibria can be Pareto-ranked with e = (7, 7, 7, 7) being the Pareto
dominant equilibrium and e = (1, 1, 1, 1) is dominated by all other equi-
libria.

Let eti denote player i’s effort choice in period t, et the group min-

3For example, behavior in coordination games has been linked to risk preferences
(Heinemann et al., 2009, Al-Ubaydli et al., 2013, Büyükboyacı, 2014, Neumann and
Vogt, 2009), patience (Al-Ubaydli et al., 2013), cognitive ability (Jones, 2008, Proto
et al., 2022, Al-Ubaydli et al., 2016) and trust (Devetag, 2009).
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imum in period t and πt
i the resulting payoff in period t. After each

round, players receive feedback only about their own payoff πt
i and the

group minimum et. Consequently, when making a choice in period t, each
subject has information about the time path of their own effort choices
{esi}s=1,...,t−1, the minimum effort level {es}s=1,...,t−1 in the group and
own payoff {πs

i }s=1,...,t−1. This feedback information environment follows
much of the experimental literature on coordination games (Van Huyck
et al. Van Huyck et al. (1990), Van Huyck et al. (1991),Van Huyck et al.
(1993)).

The experiment employs a 2×2 design, which varies the treatment di-
mensions along the time horizon (short/long) and stake size (low/high).
Subjects are randomly assigned within sessions to one of the four treat-
ments. The first treatment dimension varies the number of rounds. Sub-
jects play 10 periods in the short horizon treatment and 50 times in
the long horizon treatment. Because Berninghaus and Ehrhart (1998)
found that many groups managed to coordinate efficiently already after
30 rounds, we deemed 50 rounds to be sufficient for coordination.

The second treatment dimension varies the stakes in each round.
The payoff function parameters in the low stakes treatment are given
by El = 0.55, al = 0.15 and cl = 0.10 and for the high stake game
by Eh = 2.75, ah = 0.75 and ch = 0.50. The payoff tables for the low
and high stake treatment groups are shown in Tables 3.1 and 3.2. The
total payoff is simply the sum of payoffs in all rounds. Subjects in the
high stakes treatments can earn a maximum of 4.50 DKK per round (≈
$0.81), while subjects in the low stakes treatments can earn a maximum
of 0.90 DKK per round (≈ $0.16).4

4We convert Danish kroner to US dollars using the exchange rate from December
31, 2013 (0.18 USD/DKK).
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Table 3.1: Payoff matrix with low stakes (in DKK)

Minimum effort level e

Individual effort ei

7 6 5 4 3 2 1
7 0.90 0.75 0.60 0.45 0.30 0.15 0.00
6 0.85 0.70 0.55 0.40 0.25 0.10
5 0.80 0.65 0.50 0.35 0.20
4 0.75 0.60 0.45 0.30
3 0.70 0.55 0.40
2 0.65 0.50
1 0.60

Table 3.2: Payoff matrix with high stakes (in DKK)

Minimum effort level e

Individual effort ei

7 6 5 4 3 2 1
7 4.50 3.75 3.00 2.25 1.50 0.75 0.00
6 4.25 3.50 2.75 2.00 1.25 0.50
5 4.00 3.25 2.50 1.75 1.00
4 3.75 3.00 2.25 1.50
3 3.50 2.75 2.00
2 3.25 2.50
1 3.00

In contrast to Berninghaus and Ehrhart (1998), we vary per-period
stakes independently of the horizon. Their design keeps total stakes con-
stant so that the per-period payoff in the short horizon treatment is
three times the per-period payoff in the treatment with 30 rounds and
nine times larger than in the treatment with 90 rounds. Our high stakes
treatment has per-period payoffs which are five times larger than our low
stakes treatment, which corresponds to a five times longer horizon in the
long horizon treatment. This design feature allows us both to study the
effect of changing the horizon while keeping per-period stakes constant,
and the effect of increasing the horizon while keeping total stakes con-
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stant as in Berninghaus and Ehrhart (1998).
Figure 3.1 summarizes our four treatments. In the short horizon treat-

ments, subjects first play the weak-link game with low (Figure 3.1a) or
high stakes (Figure 3.1b) 10 times with a fixed group, which is indicated
by the red dotted lines. In the long horizon treatments, subjects first
play the game 50 times with a fixed group, with either low (Figure 3.1c)
or high stakes (Figure 3.1d). This summarizes the essential part of our
2 × 2 experimental design and in our analyses below, unless otherwise
is noted, we contrast the first 50 rounds in the long horizon treatments
to the first 10 rounds in the short horizon treatments. In the beginning
of the experiment, subjects were informed that the experiment would
consist of additional tasks after the first 10 or 50 rounds of the weak-
link game, but not what those tasks would consist of. We did not inform
subjects about those tasks because we did not want expectations about
future tasks to influence their behavior in the weak-link game.

In the short horizon treatments, it was announced after the tenth
round that subjects would play an additional 40 times and that they
would be randomly re-matched with new group members every 10 peri-
ods, which is represented by the vertical solid black lines in Figure 3.1a
and 3.1b. After 50 periods, subjects in all treatments are informed that
they will play an additional 10 periods with high stakes with the same
group members as in the last round.5

5In one of the sessions (session 0), the additional 10 rounds were not played.
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Figure 3.1: Treatment design
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Notes: The graphs present the four different treatments. The red dotted lines specify the
stake size in each round, the vertical solid black lines represent the re-matching to new group
constellations and the black dotted line indicate the start of unexpected last 10 rounds with
high stakes and fixed groups.

Our main motivation for letting subjects in the short horizon treat-
ment play an additional 40 periods is to equalize the duration of the
experiment across treatments, but it also allows us to check if there is
an effect of re-matching subjects. The unexpected last 10 periods are
included to ensure that subjects in the low stakes treatment get a suffi-
ciently high final payoff, but it also allows us to test whether potentially
successful coordination in treatments with low stakes would persist when
increasing stakes.

There are some differences between our experimental design and the
most closely related studies (Berninghaus and Ehrhart 1998, Engelmann
and Normann 2010). A detailed comparison is shown in Table A1 of the
Appendix, but the most important difference apart from our 2 × 2 de-
sign is that we use smaller groups, a different benefit-cost ratio (a/c)
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and a different fixed-to-variable benefit ratio (E/a). Our groups consist
of four members while Berninghaus and Ehrhart (1998) used groups of
eight. Lowering the group size shifts the empirical distribution of coor-
dination towards more efficient levels (Van Huyck et al., 2007) and also
makes above-minimum repeated-game strategies more attractive (this is
apparent from the analysis in Section 3.C in the Appendix). Previous
experimental literature also suggests that coordination failures are in-
fluenced by subject-pool effects. Particularly relevant in our context is
that Danish subjects have shown to be much more likely to coordinate
on the Pareto-efficient equilibrium even in the short run (Engelmann
and Normann, 2010). Because we ran our experiment in Copenhagen in
Denmark, we used a smaller variable benefit-cost (a/c) ratio of 1.5 to
make coordination more challenging. We set the fixed payoff E to avoid
negative payoffs. One additional difference compared to Berninghaus and
Ehrhart (1998) is how the time limit in each period was enforced. Bern-
inghaus and Ehrhart (1998) required subjects to choose within 10, 30 or
90 seconds and the default choice if no choice was made was the choice
from the preceding period. Subjects in their experiments were also al-
lowed to revise their decision within the time limit. In contrast, we did
not enforce a time limit, but subjects were encouraged to make a choice
within fifteen seconds.6 Once a choice was made it could not be revised.
We kept the per-period length constant across treatments to eliminate
potential effects arising from differences in time pressure across treat-
ments.

After subjects had finished the main part of the experiment, they
participated in an incentivized Ultimatum Game and were given the
opportunity to donate a share of their experimental earnings to Doc-
tors Without Borders. Subjects then filled out a non-incentivized sur-
vey designed to measure socio-demographic variables and various behav-

6We encouraged subjects to make a choice on time by having a clock in red color
on the screen that counts the remaining time before an effort choice should be made.
After the allotted 15 seconds had passed, the subject saw a red blinking text in the
right corner stating “Please reach a decision”.
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ioral traits that have previously been linked to behavior in coordination
games. The questionnaire elicits patience (adapted from Andersen et al.
2008), reciprocity (adapted from Dohmen et al., 2009), risk preferences
(adapted from Dohmen et al., 2011), trust (adapted from Fehr et al.
2003), cognitive ability (adapted from Frederick 2005) as well as socio-
demographic characteristics. We provide a more detailed description of
the elicitation methodology in Section 3.E in the Appendix. The post-
experimental survey also included open-ended questions asking subjects
about their motivation for how they behaved in the weak-link game.

The experiment was run at the laboratory facilities at the Centre for
Experimental Economics (CEE), University of Copenhagen, in 2013 us-
ing the experimental software z-Tree (Fischbacher, 2007). The total dura-
tion of each session was approximately 45 minutes including reading the
instructions, answering control questions, filling in the post-experimental
questionnaire and picking up the payment. The main part of the exper-
iment lasted about 15 minutes. The average earning of a subject was
equal to 127.90 DKK (≈ $23.14) corresponding to an hourly wage rate
of 170.53 DKK (≈ $30.86). For each session, the total and average do-
nation and profit are shown in Table A3 in the Appendix.

Before the start of the experiment, instructions about the experimen-
tal procedure were read aloud. If the number of participants exceeded
a multiple of four, subjects were asked to leave the experiment for a
show-up fee of 50 DKK.7 To make sure that participants understood the
rules of the coordination game and the corresponding payoff table, each
subject was required to correctly answer three control questions. Players
received payments for participation directly after the experiment.

Our experiment was conducted with 17 to 21 groups (68 to 84 sub-
jects) per treatment, consequently resulting in a total of 78 groups (312
participants). Table A2 in the Appendix shows the number of subjects
across the four treatments and eight sessions. Power calculations (re-

7In case there were not enough volunteers to leave the experiment, a randomly
assigned card was handed out to the subjects indicating which participants are part
of the coordination game and at what computer to work.
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ported in Section 3.D of the Appendix) show that given our sample size
and assuming a significance level of α = 0.05, we could have detected
the treatment effect in Berninghaus and Ehrhart (1998) of raising the
number of periods from 10 to 30 (δM = 4.5) with a power of more than
94%. Similarly, we could have detected the treatment effect of raising
the number of periods from 10 to 90 (δL = 5.66) with a power of more
than 99.9%.

3.3 Experimental Results

We first analyze the evolution of play graphically and the level of efficient
coordination in the final period across our four treatments. We then
proceed to analyze dynamic adjustments over time more carefully before
turning to an econometric analysis that also investigates which socio-
demographic factors and behavioral traits are conducive to coordination.

3.3.1 Main Results

Figure 3.2 displays the average chosen effort levels and the average group
minimum effort levels for the short (3.2a) and long horizon (3.2b) treat-
ments. Figures A1 to A4 show the corresponding graphs for each group
separately. Figure 3.2 reveals a typical pattern from earlier experimental
studies: players initially choose intermediate effort levels, which grad-
ually decline to low levels. There is no apparent difference between the
short and long horizon treatments. 3 out of 38 groups in the short horizon
treatments, and 4 out of 40 groups in the long horizon treatments, coor-
dinate on the Pareto dominant equilibrium (see Table A4). This starkly
contrasts the results reported in Berninghaus and Ehrhart (1998). In
their experiment, 1 out of 6 groups in the short horizon treatment (10
repetitions), 3 of 6 in the medium horizon treatment (30 repetitions) and
5 of 6 groups in the long horizon treatment (90 repetitions) successfully
coordinated on the Pareto-dominant equilibrium.
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Figure 3.2: Average and group minimum effort across horizons
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(b) Long horizon (50 repetitions)
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Weber (2006, footnote 5) interpret Berninghaus and Ehrhart’s (1998)
findings as the result of a change of incentives, suggesting that the results
are due to lower per-period stakes rather than a longer horizon. To an-
alyze whether the per-period stakes play a role for coordination, Figure
3.3 shows the average effort levels and average group minima for all four
treatments separately. For full disclosure, Figure 3.3 shows the results
also after the initial 10 or 50 rounds when subjects were rematched to
new groups. Visual inspection of Figure 3.3 reveals no apparent differ-
ence between the low and high stakes treatments. In the last period of
the first round of weak-link games (i.e. period 10 in the short horizon and
period 50 in the long horizon), 4 out of 36 groups in the low stakes treat-
ment, and 3 out of 42 groups in the high stakes treatment coordinate on
the Pareto dominant equilibrium.

Figure 3.3 also shows that all treatments display restart effects when
groups are reshuffled every 10 periods in the short horizon treatments, as
well as at the start of the last 10 periods (when groups were not reshuf-
fled). The restart effects are always temporary and average effort levels
decrease after a few periods. Table 3.3 shows some summary statistics for
each of the four treatments and reports Kruskal-Wallis tests for differ-
ences between treatments. Table 3.3 indicates that there are no substan-
tial differences in the best minimum effort level, the average minimum
effort level and the average effort level across treatments either when
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comparing first-period choices, after 10 periods or after 50 periods.

Figure 3.3: Average and group minimum effort across treatments
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(b) Short horizon - High stakes

1
2

3
4

5
6

7
Ef

fo
rt 

le
ve

l

0 5 10 15 20 25 30 35 40 45 50 55 60
Period

Average effort
Average minimum effort

(c) Long horizon - Low stakes
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(d) Long horizon - High stakes
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The degree of coordination is affected both by initial effort choices
and adjustments over time. Table 3.3 shows that players with low stakes
tend to revise their effort choices more often. The difference is statisti-
cally significant when comparing high and low stakes in the long horizon
treatments. To illustrate this difference, Figure 3.4 shows the activity
level, the percentage of players who change their effort level from one
period to the next conditional on not already having reached the Pareto
dominant equilibrium. (Again the figure shows all periods for full dis-
closure, but our statistical tests only use the initial 10 or 50 periods.)
The fact that subjects appear to be more willing to experiment with
low stakes could potentially affect coordination, but as noted above this
difference does not result in different levels of coordination when stakes
are lower.

Figure 3.4: Activity level across treatments
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To further investigate how players change effort levels over time,
we follow Berninghaus and Ehrhart (1998) and separately analyze the
learning directions of minimum and above-minimum players. Minimum
players are here defined as subjects that choose eti = et, whereas
above-minimum players choose an effort level above the minimum, or
the maximum effort level if the group had already coordinated on
the Pareto-dominant equilibrium. Table 3.4 shows how minimum and
above-minimum players adjust their strategies in the next period. A
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player can either reduce effort, keep effort unchanged or increase the
effort. For comparison, Table 3.4 also displays the corresponding results
from Berninghaus and Ehrhart (1998).

Table 3.4 reveals a striking difference between our results and Bern-
inghaus and Ehrhart (1998). Whereas we find small differences across
treatments, Berninghaus and Ehrhart (1998) report that minimum play-
ers are more likely to raise their effort level with a longer horizon, despite
the fact that they used a shorter period length in treatments with a longer
horizon and the last period’s choice was the default. Berninghaus and
Ehrhart (1998) also find that above-minimum players are less likely to
reduce their effort choices with a longer horizon, which is perhaps less
surprising given their default rule to implement the last period’s choice.
There is also a level difference between our study and Berninghaus and
Ehrhart (1998). In their experiment, minimum players are much more
likely to increase effort levels, and above-minimum players less likely to
reduce effort levels. Consequently, subjects in our study have a stronger
tendency to adjust to the group minimum rather than adjusting to above-
minimum play. This tendency does not vary systematically with the num-
ber of repetitions, whereas it does so in Berninghaus and Ehrhart (1998).
Because play in the initial period does not differ much compared to Bern-
inghaus and Ehrhart (1998), the difference in the degree of coordination
in the final period is likely to result from the differences in adjustments
shown in Table 3.4.

The post-experimental questionnaire included open-ended questions
asking subjects to motivate how they played in the experiment. We an-
alyze their responses in Section 3.G of the Appendix and we conclude
that subjects’ stated motivations align well with observed behavior. A
substantial fraction stated that they deliberately played low numbers in
the initial period and very few subjects reported that they tried to raise
their effort level in the following periods.
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3.3.2 Socio-demographics and Behavioral Traits

In this subsection, we examine what socio-demographic characteristics
and behavioral traits are related to behavior in the weak-link game. The
socio-demographic characteristics and behavioral traits are based on the
general questions in the post-experimental survey, the Ultimatum Game
and the donation request. For each behavioral trait, the survey questions
are combined into a single behavioral characteristic using the weighting
procedure of indices suggested by Anderson (2008) and the variable clas-
sification applied in Falk et al. (2016) and Falk et al. (2018).8 All non-
binary items are transformed into standardized units at the individual
level. The elicitation of the behavioral preferences and the construction
of the preference indices are illustrated in Sections 3.E and 3.F of the
Appendix. The behavioral measures and their corresponding weights are
summarized in Table 3.5.

Table 3.5: Summary of behavioral preference measures

Preference Item description Weight

Risk aversion Lottery choice sequence using the staircase method .5
Self-assessment: Willingness to take risk in general .5

Negative reciprocity Self-assessment: Willingness to take revenge .186
Self-assessment: Willingness to punish unfair behavior toward self .116
Self-assessment: Willingness to punish unfair behavior toward self .269
Ultimatum game: Minimum accepted amount .429

Altruism Donation decision .5
Ultimatum game: Proposed offer .5

Trust Self-assessment: General trust in people .318
Self-assessment: Ability to rely on other people .299
Self-assessment: Trust in strangers .383

Patience Intertemporal choice sequence using the staircase method 1

We first regress the individual initial period effort level (e1i ) on the

8Our survey module largely follows the experimentally validated approach mea-
suring risk aversion, time discounting, trust, altruism and reciprocity in these papers.
Based on an extensive experimental validation procedure, the weighted combination
of these survey items is shown to perform best in predicting actual experimental
behavior. The applied weights for the preference indices are quite similar to their
proposed weights.
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socio-demographic factors, behavioral attributes and the treatment vari-
ables in the first period (Table 3.6). Unsurprisingly given the results
presented above, the results of the regression analyses show that the two
treatment variables, stake size and horizon, as well as their interaction
are not pivotal for first-period effort choices. The fourth column of Ta-
ble 3.6 indicates that the first-period effort choices are related to several
socio-demographic and behavioral factors, but first period choices are
most strongly related to cognitive ability. Higher effort choices are also
negatively correlated with risk aversion, which is expected given that risk
increases with the chosen effort level in the weak-link game. Trust, but
not altruism, is positively correlated with initial effort choices. The as-
sociation between being Danish and effort choices shown in column two
of Table 3.6 is significant, but the regression coefficient becomes smaller
and not significantly different from zero once behavioral traits are con-
trolled for. This suggests that the high coordination success of Danes
found in Engelmann and Normann (2010) might partly be mediated by
differences in behavioral traits. For example, Danish subjects in our ex-
periment exhibit statistically significantly higher levels of altruism, trust
and patience, while showing a lower level of negative reciprocity.
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Table 3.6: Multiple regressions on individual first-period effort

Final Period Effort

(1) (2) (3) (4)

Treatment
High stakes 0.052 -0.024 0.102 -0.038

[0.630] [0.634] [0.624] [0.621]
Long horizon 0.265 0.120 0.243 0.053

[0.645] [0.654] [0.663] [0.668]
(High stakes) x (Long horizon) -0.123 -0.013 -0.110 0.119

[0.904] [0.907] [0.918] [0.910]
Socio-demographics
Danish -0.510∗ -0.648∗∗

[0.262] [0.284]
Male 0.213 0.228

[0.233] [0.228]
Economics -0.116 -0.135

[0.238] [0.248]
Experiment -0.027 -0.037

[0.250] [0.258]
Game theory -0.059 -0.001

[0.259] [0.256]
Age 0.042 0.008

[0.151] [0.152]
Parental education -0.058 -0.098

[0.136] [0.138]
Cognitive ability 0.260∗ 0.271∗

[0.139] [0.144]
Behavioral traits
Risk aversion 0.011 0.039

[0.123] [0.127]
Negative reciprocity 0.006 -0.068

[0.109] [0.119]
Altruism 0.047 0.048

[0.101] [0.101]
Trust 0.190∗ 0.258∗∗

[0.114] [0.115]
Patience -0.157 -0.176

[0.123] [0.128]

Treatment level Individual Individual Individual Individual
N (Individuals) 312 298 308 295
Period 10/50 10/50 10/50 10/50
Adjusted R2 -0.007 -0.015 -0.013 -0.011

Notes: OLS regressions of the first-period effort level conditioning on the treatment variables (column 1), in
addition to the socio-demographic factors (column 2), behavioral attributes (column 3) and all of the controls
(column 4). "Economics", "Experiment" and "Game theory" refer to dummy variables indicating whether
the subject reported having taken courses in economics, had previously participated in similar experiments or
had taken classes in game theory. Significance levels of p<0.1, p<0.05 and p<0.01 are indicated by */**/***.
Heteroskedasticity-robust standard errors are reported within parentheses.
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We also analyze correlates of effort choices in subsequent periods
in Section 3.G of the Appendix. We find that risk averse subjects are
less likely to play above the minimum, whereas more trusting players
are more likely to do so. In contrast to first-period choices, there is no
relationship between cognitive ability and above-minimum play. More-
over, whereas men tend to make lower first-period effort choices, they are
more likely to play above minimum in subsequent periods. In a final set of
analyses, we regress final-period group minimum on the group averages
of the behavioral and socio-demographic variables. The strongest (and
only statistically significant) predictor of final-period group minimum
effort is the average cognitive ability of the group.9

3.4 Concluding Remarks

Berninghaus and Ehrhart (1998) showed that coordination failures in the
weak-link game can be overcome if players interact over many rounds.
In their 90-period treatment, half of the groups managed to coordinate
efficiently despite having played below efficient levels in the initial pe-
riod. In our 50-period treatment, we only observe that play moves from
sub-optimal levels to the efficient equilibrium in 2 out of 40 groups.
Furthermore, we do not observe a difference when increasing the hori-
zon while decreasing per-period stakes (as in Berninghaus and Ehrhart,
1998) or when holding per-period stakes constant. There are other de-
sign differences between the experiments that could potentially explain
differences in results. For example, Berninghaus and Ehrhart (1998) vary
the period length with the horizon and the previous period’s decision is
implemented by default when the time limit expires.

In a related study, Leng et al. (2018) let subjects play a weak-link
game in (quasi-)continuous time, which can be thought of as a game

9This is in line with previous experiments showing that cognitive ability is posi-
tively correlated with cooperative behavior (Baghestanian and Frey, 2016, Al-Ubaydli
et al., 2016, Lohse, 2016, Jones, 2008, Proto et al., 2022), but contrasts with Al-
Ubaydli et al. (2013) who do not find that cognitive ability is related to successful
coordination.
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with a very large number of repetitions. In their experiment, players can
revise effort choices every 0.3 second during 60 seconds and then receive
the accumulated flow payoff. The game is repeated 10 times with fixed
groups. Leng et al. (2018) do not find higher degrees of coordination in
continuous time compared to a control treatment in discrete time. In
order to reconcile their findings with Berninghaus and Ehrhart (1998),
Leng et al. (2018) note that substantial strategy revisions are primarily
made at the beginning of each 60-second period. This restart effect means
that it is primarily the beginning of each 60-second period that provides
an opportunity to coordinate on a better equilibrium, so their continuous
time game is perhaps better thought of as a 10-round game than a game
with infinitely many rounds.

The lack of an effect of a longer horizon in our paper, and of the
continuous time treatments in Leng et al. (2018), could potentially be
explained by design differences compared to Berninghaus and Ehrhart
(1998). However, together these results demonstrate that increasing the
horizon or lowering per-period stakes is not a “quick fix” that always
works to improve coordination in weak-link games.



REFERENCES 225

References

Al-Ubaydli, O., Jones, G., and Weel, J. (2013). Patience, cognitive skill,
and coordination in the repeated stag hunt. Journal of Neuroscience,
Psychology, and Economics, 6(2):71–96.

Al-Ubaydli, O., Jones, G., and Weel, J. (2016). Average player traits as
predictors of cooperation in a repeated prisoner’s dilemma. Journal of
Behavioral and Experimental Economics, 64:50–60.

Andersen, S., Harrison, G. W., Lau, M. I., and Rutström, E. E. (2008).
Eliciting risk and time preferences. Econometrica, 76(3):583–618.

Anderson, M. L. (2008). Multiple inference and gender differences in
the effects of early intervention: A reevaluation of the abecedarian,
perry preschool, and early training projects. Journal of the American
statistical Association, 103(484):1481–1495.

Baghestanian, S. and Frey, S. (2016). GO figure: Analytic and strate-
gic skills are separable. Journal of Behavioral and Experimental Eco-
nomics, 64:71–80.

Berninghaus, S. K. and Ehrhart, K.-M. (1998). Time horizon and equi-
librium selection in tacit coordination games: Experimental results.
Journal of Economic Behavior & Organization, 37(2):231–248.

Bigoni, M., Casari, M., Skrzypacz, A., and Spagnolo, G. (2015). Time
horizon and cooperation in continuous time. Econometrica, 83(2):587–
616.

Brockhoff, K., Margolin, M., and Weber, J. (2015). Towards empirically
measuring patience. Universal Journal of Management, 3(5):169–178.

Bryant, J. (1983). A simple rational expectations Keynes-type model.
Quarterly Journal of Economics, 98(3):525–528.

Büyükboyacı, M. (2014). Risk attitudes and the stag-hunt game. Eco-
nomics Letters, 124(3):323–325.



226 CHAPTER 3. COORDINATION GAME

Chaudhuri, A., Schotter, A., and Sopher, B. (2009). Talking ourselves
to efficiency: Coordination in inter-generational minimum effort games
with private, almost common and common knowledge of advice. Eco-
nomic Journal, 119(534):91–122.

Cooper, R., DeJong, D. V., Forsythe, R., and Ross, T. W. (1992). Com-
munication in coordination games. Quarterly Journal of Economics,
107(2):739–771.

Cooper, R. W., DeJong, D. V., Forsythe, R., and Ross, T. W. (1990).
Selection criteria in coordination games: Some experimental results.
American Economic Review, 80(1):218–233.

Crawford, V. P. (1991). An "evolutionary" interpretation of Van Huyck,
Battalio, and Beil’s experimental results on coordination. Games and
Economic Behavior, 3:25–59.

Devetag, G. and Ortmann, A. (2007). When and why? A critical survey
on coordination failure in the laboratory. Experimental Economics,
10(3):331–344.

Devetag, M. G. (2009). Coordination and trust as prerequisites of coope-
tition. In Battista Dagnino, G. and Rocco, E., editors, Coopetition
Strategy: Theory, experiments and cases, chapter 14, pages 274–289.
Routledge.

Diamond, D. W. and Dybvig, P. H. (1983). Bank runs, deposit insurance,
and liquidity. Journal of Political Economy, 91(3):401–419.

Dohmen, T., Falk, A., Huffman, D., and Sunde, U. (2009). Homo recip-
rocans: Survey evidence on behavioural outcomes. Economic Journal,
119(536):592–612.

Dohmen, T., Falk, A., Huffman, D., Sunde, U., Schupp, J., and Wagner,
G. (2011). Individual risk attitudes: Measurement, determinants, and
behavioral consequences. Journal of the European Economic Associa-
tion, 9(3):522–550.



REFERENCES 227

Engelmann, D. and Normann, H.-T. (2010). Maximum effort in the
minimum-effort game. Experimental Economics, 13(3):249–259.

Falk, A., Becker, A., Dohmen, T., Enke, B., Huffman, D., and Sunde, U.
(2018). Global evidence on economic preferences. Quarterly Journal
of Economics, 133(4):1645–1692.

Falk, A., Becker, A., Dohmen, T., Huffman, D., and Sunde, U. (2016).
The preference survey module: A validated instrument for measuring
risk, time, and social preferences. IZA Discussion Paper.

Fehr, E., Fischbacher, U., Von Rosenbladt, B., Schupp, J., and Wagner,
G. (2003). A nation-wide laboratory: Examining trust and trustworthi-
ness by integrating behavioral experiments into representative survey.
CESifo Working Paper Series.

Fischbacher, U. (2007). z-tree: Zurich toolbox for ready-made economic
experiments. Experimental Economics, 10(2):171–178.

Frederick, S. (2005). Cognitive reflection and decision making. Journal
of Economic Perspectives, 19(4):25–42.

Friedman, D. and Oprea, R. (2012). A continuous dilemma. American
Economic Review, 102(1):337–63.

Goeree, J. K. and Holt, C. A. (2001). Ten little treasures of game
theory and ten intuitive contradictions. American Economic Review,
91(5):1402–1422.

Goeree, J. K. and Holt, C. A. (2005). An experimental study of costly
coordination. Games and Economic Behavior, 51(2):349–364.

Heinemann, F., Nagel, R., and Ockenfels, P. (2009). Measuring strate-
gic uncertainty in coordination games. Review of Economic Studies,
76(1):181–221.

Hoppe, E. I. and Kusterer, D. J. (2011). Behavioral biases and cognitive
reflection. Economics Letters, 110(2):97–100.



228 CHAPTER 3. COORDINATION GAME

Jones, G. (2008). Are smarter groups more cooperative? Evidence from
prisoner’s dilemma experiments, 1959–2003. Journal of Economic Be-
havior & Organization, 68(3-4):489–497.

Knez, M. and Camerer, C. (1994). Creating expectational assets in the
laboratory: Coordination in ’weakest-link’ games. Strategic Manage-
ment Journal, 15(S1):101–119.

Kremer, M. (1993). The O-ring theory of economic development. Quar-
terly Journal of Economics, 108(3):551–575.

Leng, A., Friesen, L., Kalayci, K., and Man, P. (2018). A minimum
effort coordination game experiment in continuous time. Experimental
Economics, 21(3):549–572.

List, J. A., Sadoff, S., and Wagner, M. (2011). So you want to run
an experiment, now what? Some simple rules of thumb for optimal
experimental design. Experimental Economics, 14(4):439–457.

Lohse, J. (2016). Smart or selfish–When smart guys finish nice. Journal
of Behavioral and Experimental Economics, 64:28–40.

Neumann, T. and Vogt, B. (2009). Do players’ beliefs or risk attitudes de-
termine the equilibrium selections in 2x2 coordination games? FEMM
Working Paper.

Oechssler, J., Roider, A., and Schmitz, P. W. (2009). Cognitive abilities
and behavioral biases. Journal of Economic Behavior & Organization,
72(1):147–152.

Proto, E., Rustichini, A., and Sofianos, A. (2022). Intelligence, errors,
and cooperation in repeated interactions. Review of Economic Studies,
89(5):2723–2767.

Szaszi, B., Szollosi, A., Palfi, B., and Aczel, B. (2017). The cognitive
reflection test revisited: Exploring the ways individuals solve the test.
Thinking & Reasoning, 23(3):207–234.



REFERENCES 229

Toplak, M. E., West, R. F., and Stanovich, K. E. (2011). The cognitive
reflection test as a predictor of performance on heuristics-and-biases
tasks. Memory & cognition, 39(7):1275–1289.

Van Huyck, J. B., Battalio, R. C., and Beil, R. O. (1990). Tacit coordina-
tion games, strategic uncertainty, and coordination failure. American
Economic Review, 80(1):234–248.

Van Huyck, J. B., Battalio, R. C., and Beil, R. O. (1991). Strategic
uncertainty, equilibrium selection, and coordination failure in average
opinion games. Quarterly Journal of Economics, 106(3):885–910.

Van Huyck, J. B., Battalio, R. C., and Beil, R. O. (1993). Asset mar-
kets as an equilibrium selection mechanism: Coordination failure, game
form auctions, and tacit communication. Games and Economic Be-
havior, 5(3):485–504.

Van Huyck, J. B., Battalio, R. C., and Rankin, F. W. (2007). Evidence on
learning in coordination games. Experimental Economics, 10(3):205–
220.

Weber, R. A. (2006). Managing growth to achieve efficient coordination
in large groups. American Economic Review, 96(1):114–126.



230 CHAPTER 3. COORDINATION GAME

Appendices

3.A Additional Tables

Table A1: Differences in experimental design

Reviewed studies

This study Berninghaus and
Ehrhart (1998)

Engelmann and
Normann (2010)

Period length 10/50 10/30/90 10
Stake size per round
[in BC]

(1)+(2): 0-0.60
(3)+(4): 0-0.12

(1): 0.23-1.46 (2):
0.08-0.49 (3):

0.03-0.16

(1)-(5): 0.13-1.74

Benefit-cost ratio (ac ) 1.5 2 2
Fixed-variable payoff
(Ea )

3.67 5 3

Subject pool University of
Copenhagen

University of
Karlsruhe

University of
Copenhagen

Default option No default Previous period No default
Feedback mechanism Minimum effort Minimum effort All/Minimum effort
Number of participants 312 144 170
Group size 4 8 4/6/9
Scale of action values 1-7 1-9 1-7
Number of treatments 4 3 5
Number of groups (per
treatment)

17-21 6 4-8

Total duration [in min] 60 40 45
Year of experiment 2013 Before 1998 2006
Decision periods [in
sec]

15 90/30/10 -

Revisions allowed Once Infinite -
Average payoff [in BC] 17.12 10.23 17.50
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Table A2: Number of subjects across treatments and sessions

Short horizon Long horizon

Session High stakes Low stakes High stakes Low stakes

0 24 - 28 -
1 12 12 8 12
2 8 12 8 12
3 12 8 12 8
4 - 12 12 8
5 12 12 - 24
6 - - 16 12
7 16 12 - -

Total 84 68 84 76

Table A3: Donations and profits across sessions (in DKK)

Session Donation Average donation Total profit Average profit Observation

0 619.25 11.91 8140.75 156.55 52
1 641.70 14.58 4804.40 109.19 44
2 322.20 8.06 4874.60 121.87 40
3 310.70 7.77 5914.30 147.86 40
4 281.00 8.78 3988.40 124.64 32
5 386.15 8.04 5047.75 105.16 48
6 312.35 11.16 3430.65 122.52 28
7 385.10 13.75 3704.10 132.29 28
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Table A4: Distribution of group minimum effort (e) in the last period

Treatment Distribution of e Average

1 2 3 4 5 6 7 e

Short horizon - Low stakes (17) 13 1 1 0 0 0 2 1.88
Short horizon - High stakes (21) 15 0 2 0 2 1 1 2.10
Long horizon - Low stakes (19) 13 0 3 0 1 0 2 2.16
Long horizon - High stakes (21) 14 1 1 2 0 1 2 2.24

Notes: The table illustrates the distribution of the groups’ final-period minimum efforts and
the average minimum effort level across subsets of treatments. The minimum effort level is
taken from period 10 for the short horizon and from period 50 for the long horizon. The
number in parentheses after each treatment represents the respective number of groups.
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3.B Additional Figures

Figure A1: Short horizon - low stakes
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Notes: The above figure displays the group minimum, indicated by the red line, for
the treatment with short horizon and low stakes. Individual effort deviations from the
minimum are represented by blue dots.
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Figure A2: Short horizon - high stakes
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Notes: The above figure displays the group minimum, indicated by the red line, for
the treatment with short horizon and high stakes. Individual effort deviations from the
minimum are represented by blue dots.
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Figure A3: Long horizon - low stakes
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Notes: The above figure displays the group minimum, indicated by the red line, for
the treatment with long horizon and low stakes. Individual effort deviations from the
minimum are represented by blue dots.
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Figure A4: Long horizon - high stakes
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Notes: The above figure displays the group minimum, indicated by the red line, for
the treatment with long horizon and high stakes. Individual effort deviations from the
minimum are represented by blue dots.
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3.C Repeated-game Strategies

The finitely repeated weak-link game has a very large set of equilibria.
In this section, we illustrate how the number of repetitions can affect
the expected payoff of different repeated-game strategies in the presence
of strategic uncertainty. For simplicity we focus on the following two
strategies. Both strategies prescribe play of the same effort level e < 7 in
the first period, but differ in what players do in the following periods. One
strategy, the minimum strategy, prescribes play of the previous period’s
minimum from the second period to the end of the game. The other
strategy, the above-minimum strategy prescribes play of 7 in the second
round for s < T − 2 rounds, and then play of the previous period’s
minimum until the end of the game. Note that both strategies constitute
equilibria of the repeated game because both will result in play of a stage
game equilibrium in all periods if all players follow the same strategy.

Let π(ei|e) be the payoff of the stage game to a player when playing
ei and the group minimum is e. We assume that there are two types of
players corresponding to each of the two equilibrium strategies. The prob-
ability that a player plays the above-minimum strategy is p and players
are sampled independently from an infinite underlying population.

The minimum strategy result in a payoff of π(e|e) in every round
irrespective of which of the two strategies the other players are playing.
The payoff of the above-minimum strategy depends on what the other
players do, but because the payoff only depends on the group minimum,
there are only two relevant states: at least one other player plays the
minimum strategy or all other players play the above-minimum strat-
egy. The probability of each state is

(
1− p3

)
and p3, respectively. The

expected payoff from playing the above-minimum strategy therefore is

(
1− p3

)
[π(e|e) + π(7|e)s+ π(e|e)(T − 1− s)]+p3 [π(e|e) + π(7|7)(T − 1)] .

In words, when faced with three above-minimum players, the outcome is
the efficient equilibrium from the second period to the end of the game.
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When at least one of the other players is a minimum player, however,
the payoff is instead the deviation payoff π(7|e) for s periods until play
returns to the initial-period equilibrium.

The expected payoff of the above-minimum strategy is higher than
the minimum strategy whenever

(
1− p3

)
[π(e|e) + π(7|e)s+ π(e|e)(T − 1− s)]

+ p3 [π(e|e) + π(7|7)(T − 1)] > π(e|e)T.

Solving for p3 gives:

p3 >
[π(e|e)− π(7|e)] s

π(7|7)(T − 1)− [π(7|e)s+ π(e|e)(T − 1− s)]
.

The expected payoff of the above-minimum strategy is higher than
the minimum strategy if the probability that others play the above-
minimum strategy is sufficiently high. The numerator shows that the
threshold depends on how costly it is to deviate from the first-period
equilibrium relative to the first-period payoff multiplied by the number
of rounds of possible deviations (s). Rewriting the denominator as

[π(7|7)− π(7|e)] s+ [π(7|7)− π(e|e)] (T − 1− s),

we see that the denominator is increasing in T , showing that the thresh-
old p is decreasing in T . This implies that the above-minimum strategy
becomes relatively more attractive the longer the stage game is repeated
in the sense that it is a better reply than the minimum strategy for a
larger set of initial beliefs about the opponents. Note also that the thresh-
old does not depend on stakes as multiplying all stage-game payoffs by
a constant does not change the threshold.
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3.D Power and Optimal Sample Size

We calculate statistical power at the group level and we focus on our
short horizon vs long horizon treatments. Under several simplifying as-
sumptions, List et al. (2011) show that the minimal detectable treatment
effect (δ̂) from a design with two treatments, significance level α and
power 1− β is

δ̂ = (tα/2 + tβ)

√
σ2
0

n0
+

σ2
1

n1
. (3.2)

Based on a significance level of α = 0.05 and setting statistical power to
1− β = 0.80, we have tα/2 = 1.96 and tβ = 0.84 using standard normal
tables. We can also use the equation (3.2) to back out the statistical
power of our experiment for effect size δ:

tβ =
δ√

σ2
0

n0
+

σ2
1

n1

− tα/2. (3.3)

To calculate the statistical power of our experiment, we retrieved data
from Table I in Berninghaus and Ehrhart (1998). They report three dif-
ferent summary statistics at the group level: best minimum action, aver-
age minimum action and the average action. Since the long horizon in our
experiment lies in-between the medium (M) and long horizon (L) treat-
ments of Berninghaus and Ehrhart (1998), we use their results for the
medium and long horizons (compared to their short horizon treatment)
as bounds on expected treatment effects in our experiment. The relevant
data from Berninghaus and Ehrhart (1998) and our power calculations
are displayed in Table A5.

Given the sample size in our experiment, we can detect the effect
size from Berninghaus and Ehrhart (1998) when increasing the horizon
from 10 to 30 rounds (δM = 4.5) with at least 94% power and the effect
size when comparing 10 to 90 rounds (δL = 5.66) with more than 99.9%
power. Table A5 also show the minimal effect size we can detect with
80% power. The minimal detectable effect size lies between 1.26 to 1.77
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depending on which measure of group effort is used and which treatments
from Berninghaus and Ehrhart (1998) that are used to compute the
standard deviations.

Because Berninghaus and Ehrhart (1998) simultaneously varied both
stakes and the horizon, a more conservative approach is to only compare
our short-horizon-high-stakes treatment to our treatment with long hori-
zon and low stakes. This results in a statistical power of at least 99.9%
based on the effect size from the 90-round treatment, and a power of
71% to more than 99.9% for the 30-round treatment depending on the
measure of group effort that is used.
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3.E Design of Preference Elicitation

Risk preferences: Following Dohmen et al. (2011) individual risk
attitude questionnaire, we elicit two variables of subjects’ risk aversion.
The first measure (Q2) asks subjects about their general willingness to
take a risk on a scale from zero to 10 (Risk aversion I: General Risk
Attitude), whereas the second (Q3) is a hypothetical lottery question,
which let subjects decide how much of their 100,000DKK lottery win
they would invest in an asset that either doubles or only returns half of
the initial investment with equal probability (Risk aversion II: Invest-
ment risk level). Both variables are designed such that a higher value is
associated with more risk-aversion.

Patience: Using a slightly modified version of the multiple price list
presented in Andersen et al. (2008), participants faced a choice between
1000DKK in one month (A) and (1000+Y)DKK in seven months (B).
The amount of (1000+Y)DKK began at 1025DKK and rose in 50DKK
increments to 1275DKK with six rows in total. Our patience measure
(Patience) reflects the number of items, in which the participant prefers
the option further away in the future.10 A high patience measure rep-
resents an individual that is willing to postpone their payoff for little
monetary incentives.

Negative reciprocity: Subjects’ inclination for (negative)
reciprocity is measured twofold. The first proxy (Q5b, Q5c, Q5e) asked
subjects on a 7-point scale how well different statements apply to their
personal inclination of negative reciprocity (Negative Reciprocity), while
the second measure approximates reciprocity through the minimum
accepted amount in an Ultimatum Game (Minimum Accept). In the
ultimatum game, subjects are asked to specify how to split 40 DKK (≈
$6.31) between themselves and another participant and to specify the
minimum amount that they would accept in the role of the recipient.

10An alternative way of measuring patience is discussed in Brockhoff et al. (2015).
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Pairs of subjects and ultimatum game roles are randomly determined
and subjects are paid accordingly.

Altruism: Utilizing the responses to the payoff-relevant tasks, we
measure the subjects’ altruism through the donation to a medical hu-
manitarian organization (Donation) and the proposed offer in the Ulti-
matum Game (Offer). The direct influence of individuals’ altruism on
the probability to agree upon an efficient equilibrium in coordination
games is as yet an open question.

Trust: Adapted from Fehr et al. (2003), the level of generalized trust
(Trust) is based on a three-item list, for which subjects have to indicate
their level of agreement on a 4-point scale. People are asked about their
general trust in people (Q4a), their ability to rely on others (Q4b) and
trust in strangers (Q4c). The trust variable is then simply computed as
the average of the reported trust level across the three responses.

Selfishness: The selfishness proxy (Selfishness) asks subjects if they
primarily think about their payoff or the group payoff as a whole (Q14)
on a 7-point scale.

Cognitive ability: We adopted the three-item “Cognitive Reflec-
tion Test” (CRT hereafter; Q6-Q8) from Frederick (2005) as a measure
for cognitive processing (Cognitive ability).11 The CRT is designed to
quantify people’s tendency to override an erroneous gut feeling and en-
gage in more extensive reflection to detect a more deliberate, correct
answer. Thus, the correct response requires the activation of system 2 to
overrule the immediate intuitive system 1, which would predict an incor-
rect answer. In our experimental setting, the CRT score simply reflects

11Note that the CRT is predictive of various measures of mental heuristics in-
cluding the gambler’s fallacy, understanding of the regression to the mean, the sunk
cost fallacy as well as for many measures of economic thinking such as temporal dis-
counting, risk preferences, numeracy and gambling preferences (Oechssler et al., 2009,
Hoppe and Kusterer, 2011, Toplak et al., 2011, Szaszi et al., 2017).
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the percentage of correctly solved questions.



3.F. CONSTRUCTION OF PREFERENCE INDICES 245

3.F Construction of Preference Indices

Given that most behavioral characteristics include multiple questions
related to a single behavior and to keep the number of control variables
limited, we construct indices for several groups following the classification
of behavioral variables in Falk et al. (2016, 2018). The computation of
behavioral preference indices weights follows the procedure proposed in
(Anderson, 2008) and is reproduced below:

First, each behavioral trait bjk, where the index j represents the
single behavioral preference and k the questions related to the behavior,
is re-coded such that higher factors correspond to a positive output.

Next, the covariance matrix
∑̂

j within each outcome group of the
behavioral traits j is calculated, which consists of the entries:

∑̂
jmn

=

Njmn∑
i=1

bijm − bjm

σb
jm

bijn − bjn

σb
jn

, (3.4)

where Njmn is the number of non-missing observations for questions m

and n of the behavioral preference j. The means for outcomes m and n for
the behavioral preference j are denoted by bjm and bjn and respectively,
the standard deviations are σy

jmand σy
jn for the same outcomes.

In a third step, the covariance matrix
∑̂

j is inverted and the Ander-
son weight wjk is defined for each question k of the behavioral preference
group j by summing the elements in the row of the inverted covariance
matrix according to that outcome:

∑̂−1

j
=


cj11 cj12 · · · cj1K

cj21 cj22 · · · · · ·
...

...
. . . . . .

cjK1
...

. . . cjKK

 , (3.5)

wjk =

Kj∑
l=1

cjkl, (3.6)
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where Kj is the total number of questions related to the behavioral pref-
erence group j. Then, each behavioral preference is constructed by sub-
tracting its mean, dividing by the groups’ standard deviation and weight-
ing it with the respective weights obtained through the procedure de-
scribed above. The preference indices are denoted by b̂ij as the transfor-
mation results in a generalized least squares estimator (Anderson, 2008).

b̂ij = (
∑
kϵKij

wjk)
−1

∑
kϵKij

wjk

yijk − yjk
σy
jk

, (3.7)

where Kij indicates the set of non-missing outcomes for observation i in
the behavioral preference group j. Finally, we standardize each preference
indices b̂ij .
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3.G Analyses of Behavioral Correlates

3.G.1 Socio-demographic characteristics and behavioral
traits

Unless players coordinate in the first period, successful coordination re-
quires that players play above the minimum effort level from the previous
period. To analyze this in more depth, Figure A5 displays the share of
effort choices eti below, equal to, or above the group minimum of the
previous period (et−1) across the four treatment groups over time. The
pattern during the first 10 or 50 rounds is similar across the four treat-
ments. The share of attempts to raise the minimum falls quickly while
the share of choices equal to the previous period’s minimum increases.
Very few choices are below the previous period’s minimum. The pattern
is repeated each time the game is restarted. If a larger fraction of players
were willing to play above the minimum, successful coordination would
have been more likely.
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Figure A5: Share of effort choices above, below or at the previous period’s
minimum
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(b) Short horizon - High stakes
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(c) Long horizon - Low stakes
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(d) Long horizon - High stakes
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Because play above the previous group minimum is required for suc-
cessful coordination, we further analyze which individual characteristics
predict persistent play above the group minimum by regressing an in-
dicator variable for above-minimum play on individual characteristics.
The results are shown in Table A6. The dependent variables indicate
whether a player played above the previous period’s minimum in all pe-
riods up to t. For example, the dependent variable in the second column
takes the value 1 if e2i > e1 and e3i > e2, and 0 otherwise. Among the
behavioral traits, risk aversion appears most robustly correlated with
persistent above minimum play. More risk averse subjects are less likely
to play above minimum, although the coefficient varies across specifica-
tions. Trust is predictive for subjects to play above the minimum from
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period 2 to 5. Intuitively, more risk-averse subjects want to avoid the
risk of choosing a higher effort level and more trusting subjects may
have greater faith in the other group members to also increase their
effort level.



250 CHAPTER 3. COORDINATION GAME

Table A6: Determinants of above-minimum play

Playing Above Minimum

(1) (2) (3) (4)

Treatment
High stakes -0.026 0.075 -0.029 -0.083

[0.096] [0.105] [0.090] [0.069]
Long horizon 0.029 0.047 0.108 0.047

[0.105] [0.114] [0.104] [0.085]
(High stakes) x (Long horizon) -0.064 -0.177 -0.055 0.031

[0.142] [0.142] [0.129] [0.103]
Socio-demographics
Danish -0.098 -0.042 -0.068 -0.081

[0.071] [0.079] [0.070] [0.051]
Male 0.052 0.175∗∗∗ 0.159∗∗∗ 0.135∗∗∗

[0.057] [0.054] [0.046] [0.037]
Economics -0.083 -0.105 -0.115∗∗ -0.157∗∗∗

[0.058] [0.063] [0.054] [0.044]
Experiment -0.043 -0.005 0.059 0.101∗∗

[0.060] [0.061] [0.050] [0.045]
Game theory -0.068 -0.099 -0.089 -0.015

[0.061] [0.071] [0.057] [0.047]
Age 0.061∗∗ 0.024 0.037 0.020

[0.025] [0.033] [0.032] [0.026]
Parental education 0.007 0.036 0.032 0.010

[0.030] [0.032] [0.028] [0.021]
Cognitive ability 0.033 0.008 0.039 0.031

[0.035] [0.034] [0.028] [0.022]
Behavioral traits
Risk aversion -0.057∗∗ -0.017 -0.056∗∗ -0.008

[0.027] [0.027] [0.024] [0.020]
Negative reciprocity -0.023 0.040 0.003 0.003

[0.028] [0.032] [0.024] [0.022]
Altruism 0.010 -0.015 0.007 0.043

[0.029] [0.028] [0.029] [0.027]
Trust 0.013 0.036 0.026 0.051∗∗

[0.031] [0.031] [0.027] [0.024]
Patience 0.015 -0.021 -0.017 -0.020

[0.032] [0.031] [0.027] [0.020]

Treatment level Individual Individual Individual Individual
Period 2 3 4 5
Observations 295 295 295 295
Adjusted R2 0.015 0.022 0.066 0.103

[]Notes: OLS regression for playing an effort level above the group minimum using the previous one to four
periods (column 1,2,3 and 4) conditioning the specified set of treatment variables, socio-demographic factors
and behavioral traits on the individual level. Significance level of p<0.1, p<0.05 and p<0.01 are indicated
by */**/***. Standard errors are clustered on the group level.
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Whereas risk aversion and trust are correlated both with initial pe-
riod choices and adjustments in the expected direction, the pattern is less
consistent for socio-demographic characteristics. For example, whereas
male subjects tended to make lower initial effort choices, they are more
likely to play above the minimum. There is no statistically significant re-
lationship between above-minimum play and cognitive ability. Unsurpris-
ingly given the graphical evidence shown above, there are no statistically
significant differences across treatments. We obtain very similar results
when regressing the above-minimum dummies on socio-demographic fac-
tors (Table A7) and behavioral traits (Table A8) separately. We also find
that the socio-demographic characteristics have considerably higher ex-
planatory power than behavioral traits in explaining above-minimum
play.
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Table A7: Socio-demographic factors of playing above minimum

Playing Above Minimum

(1) (2) (3) (4)

Treatment
High stakes -0.016 0.062 -0.027 -0.095

[0.094] [0.106] [0.090] [0.074]
Long horizon 0.024 0.050 0.102 0.029

[0.098] [0.112] [0.103] [0.086]
(High stakes) x (Long horizon) -0.084 -0.175 -0.068 0.027

[0.139] [0.140] [0.126] [0.102]
Socio-demographics
Danish -0.068 -0.046 -0.061 -0.050

[0.067] [0.072] [0.066] [0.045]
Male 0.069 0.193∗∗∗ 0.178∗∗∗ 0.139∗∗∗

[0.058] [0.054] [0.045] [0.038]
Economics -0.084 -0.111∗ -0.118∗∗ -0.165∗∗∗

[0.058] [0.062] [0.053] [0.045]
Experiment -0.066 -0.010 0.042 0.082∗

[0.057] [0.060] [0.049] [0.046]
Game theory -0.064 -0.098 -0.094∗ -0.045

[0.064] [0.071] [0.057] [0.047]
Age 0.066∗∗∗ 0.026 0.044 0.028

[0.024] [0.032] [0.031] [0.026]
Parental education 0.008 0.031 0.031 0.010

[0.030] [0.032] [0.028] [0.021]
Cognitive ability 0.035 0.008 0.037 0.035

[0.035] [0.034] [0.029] [0.022]

Treatment level Individual Individual Individual Individual
Period 2 3 4 5
Observations 298 298 298 298
Adjusted R2 0.016 0.029 0.064 0.090

Notes: OLS regression for playing above the minimum effort level from the previous period in period 2,3,4
and 5 (column 1,2,3 and 4) conditioning the specified set of treatment variables and socio-demographic factors
on the individual level. Significance level of p<0.1, p<0.05 and p<0.01 are indicated by */**/***. Standard
errors are clustered on the group level.
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Table A8: Behavioral traits of playing above minimum

Playing Above Minimum

(1) (2) (3) (4)

Treatment
High stakes -0.025 0.051 -0.009 -0.060

[0.091] [0.095] [0.083] [0.066]
Long horizon 0.049 0.035 0.145 0.080

[0.096] [0.102] [0.095] [0.085]
(High stakes) x (Long horizon) -0.096 -0.142 -0.075 -0.003

[0.135] [0.131] [0.117] [0.099]
Behavioral traits
Risk aversion -0.060∗∗ -0.020 -0.053∗∗ -0.008

[0.028] [0.028] [0.026] [0.023]
Negative reciprocity -0.027 0.040 0.003 0.008

[0.028] [0.033] [0.027] [0.022]
Altruism 0.011 -0.012 0.005 0.038

[0.027] [0.028] [0.029] [0.026]
Trust 0.010 0.053∗ 0.033 0.047∗∗

[0.029] [0.028] [0.026] [0.022]
Patience 0.005 -0.026 -0.024 -0.024

[0.031] [0.031] [0.028] [0.022]

Treatment level Individual Individual Individual Individual
Period 2 3 4 5
Observations 308 308 308 308
Adjusted R2 0.002 0.000 0.015 0.023

Notes: OLS regression for playing above the minimum effort level from the previous period in period 2,3,4
and 5 (column 1,2,3 and 4) conditioning the specified set of treatment variables and behavioral traits on the
individual level. Significance level of p<0.1, p<0.05 and p<0.01 are indicated by */**/***. Standard errors
are clustered on the group level.

Finally, we regress the final-period group minimum (period 10 in the
short horizon and 50 in the long horizon treatment) on behavioral and
socio-demographic variables. We perform these regressions at the group
level because there is a strong interdependence of choices within groups
after the initial periods. Table A9 shows the results when regressing the
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final-period group minimum on individual characteristics averaged at the
group level. The strongest predictor of final-period group minimum ef-
fort is the average cognitive ability of the group.12 A group with a high
average cognitive ability is more likely to coordinate on a better equilib-
rium, which is consistent with higher initial-period choices of cognitively
able subjects. To get an indication of the magnitude, the coefficient in
the fourth column implies that a one standard deviation increase of all
group member’s cognitive ability (approximately an increase of the aver-
age cognitive ability of four standard deviations) raises the group effort
by 1.6 points.

12This is in line with previous experiments showing that cognitive ability is posi-
tively correlated with cooperative behavior (Baghestanian and Frey, 2016, Al-Ubaydli
et al., 2016, Lohse, 2016, Jones, 2008, Proto et al., 2022), but contrasts with Al-
Ubaydli et al. (2013) who do not find that cognitive ability is related to successful
coordination.



3.G. ANALYSES OF BEHAVIORAL CORRELATES 255

Table A9: Multiple regression on group final period effort

Final Period Effort

(1) (2) (3) (4)

Treatment
High stakes 0.052 -0.329 0.119 -0.248

[0.639] [0.654] [0.619] [0.635]
Long horizon 0.265 -0.261 0.188 -0.247

[0.654] [0.703] [0.749] [0.772]
(High stakes) x (Long horizon) -0.123 0.288 -0.086 0.236

[0.917] [0.975] [0.979] [1.040]
Socio-demographics
Danish -1.362 -1.450

[1.124] [1.251]
Male 1.024 1.147

[1.041] [1.122]
Economics -1.225 -1.311

[0.966] [1.081]
Experiment 0.253 0.427

[1.026] [1.249]
Game theory 0.459 1.110

[0.896] [1.058]
Age 0.088 0.081

[0.526] [0.596]
Parental education -0.815∗ -0.772

[0.469] [0.494]
Cognitive ability 1.478∗∗∗ 1.598∗∗∗

[0.470] [0.500]
Behavioral traits
Risk aversion -0.009 0.062

[0.497] [0.564]
Negative reciprocity 0.095 0.502

[0.397] [0.447]
Altruism -0.104 0.267

[0.401] [0.433]
Trust 0.338 0.203

[0.535] [0.575]
Patience -0.382 -0.135

[0.485] [0.456]

Treatment level Group Group Group Group
N (Groups) 78 78 78 78
Period 10/50 10/50 10/50 10/50
Adjusted R2 -0.038 0.034 -0.099 -0.018

Notes: OLS regressions of the final period effort level conditioning on the treatment variables
(column 1), in addition to the socio-demographic factors (column 2), behavioral attributes
(column 3) and all of the controls (column 4) on the group level. Significance level of p<0.1,
p<0.05 and p<0.01 are indicated by */**/***. Standard errors are heteroscedasticity-robust.
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To further illustrate the correlation between individual characteris-
tics and final-period group coordination and to verify that Table A9 does
not mask any strong non-linear effects, Figure A6 shows the distribution
of final-period group minima plotted against treatment indicators and
individual characteristics. Consistent with the findings from Table A9,
it is only cognitive ability that appears related to more successful coor-
dination (ρ =.259 , p =.259 ). Notably, there is no positive correlation
between the share of Danes in a group and the final-period group mini-
mum, which contrasts with Engelmann and Normann (2010).
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Figure A6: Individual characteristics and final-period group minima
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Notes: The treatment variables are shown unmodified as binary, the binary socio-
demographic factors are categorized into quintiles and the standardized variables are grouped
into quintiles. The last period minimum effort level shows period 10 for the short horizon
and from period 50 for the long horizon.

Finally, to help interpreting the findings above, Table A10 displays
pairwise correlations between the socio-demographic characteristics and
behavioral traits that we found to be most robustly linked to behavior.

Table A10: Pairwise correlations between selected socio-demographics and be-
havioral traits

Danish Male Cognitive
ability

Risk
aversion

Trust

Danish 1.00
Male 0.13 1.00

Cognitive ability 0.29 0.21 1.00
Risk aversion 0.01 -0.12 0.06 1.00

Trust 0.27 0.01 0.15 -0.05 1.00
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3.G.2 Textual analysis of coordination behavior

To complement the analysis of subjects’ behavior during the experiment,
we also conducted exploratory analyses of subjects’ answers to some of
the open-ended questions in our post-experimental questionnaire.

Figure A7 shows how subjects motivated their choice in the initial
period (left panel) and their explanation for any revisions of their effort
choices during the experiment (right panel). We manually coded answers
into six categories. Whenever subjects provided multiple answers, we
identified the most relevant answer based on their effort choices during
the experiment.

Figure A7: Self-expressed motivations
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Notes: This figure presents data on subjects motivations for their behavior based on textual
responses to two open-ended questions in the post-experimental questionnaire. Motives of
the stated answers are manually categorized and represented in percentage terms. Maximum
and high effort is defined to range from effort level 5 to 7, medium and low effort from 1 to
4.

The figure in the left panel shows that the most common response was
some kind of motivation for choosing a high number in the initial period
(44.9%). But a large fraction of subjects (25.2%) also thought it was bet-
ter to choose a low number and a common motivation for the low choice
was that it was safer to play low. Some subjects (4.3%) stated that they
wanted to avoid being the minimum player, others emphasized that they
wanted to coordinate on the same number as others in the group (5.2%)
and some simply stated that they wanted to maximize earnings (7.5%).
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The residual category “Other Motivation” (12.8%) includes subjects that
were uncertain about what to do, whose explanation indicated a lack of
understanding (despite having answered the control questions correctly)
and some subjects simply stating that they chose effort randomly.

The right panel shows motivations for potential behavioral changes
over the course of the experiment. The most common answer (44.2%) was
that they decreased their effort choices during the experiment, which is
in line with the behavioral pattern. A sizable fraction (22.1%) indicated
that they did not change their behavior. The third most common answer
(14.2%) was that subjects tried to coordinate and choose the same effort
choice as other group members. Some players indicated that they tried to
raise the minimum by switching to a higher effort level (9.6%) and some
tried to experiment with different effort choices (4.3%). Finally, a small
fraction of subjects (5.6%) provided motivations that were incomplete or
did not show that they had understood the game.

Overall, the analysis of the open-ended questions aligns well with the
behavioral patterns in the data. A considerable fraction chooses lower
numbers initially, either deliberately or due to an incomplete understand-
ing. This is likely to result in a low group minimum in many groups. Few
players state that they tried to raise the minimum or experiment in later
periods, which can explain why almost no group managed to “climb the
ladder” to higher effort levels (see Figure A1 to A4).





Sammanfattning

Den här avhandlingen består av tre fristående uppsatser om
externaliteter och samordningsmisslyckanden. Fokuset på
beteendeexternaliteterna och vilken effekt detta har på den optimala
utformningen av politiken är ett genomgående tema i de tre
kapitlen. Medan kapitel 1 undersöker nätverksexternaliteternas
egenskaper avseende spridningen av elfordon och deras effekter på
optimala subventioner så undersöker kapitel 2 trafikstockningens och
utsläppsexernaliteternas beskaffenhet och deras effekt på den optimala
vägprissättningen. Den begreppsmässiga länken mellan dessa två kapitel
är hur nätverk och körrelaterade externaliteter påverkar utformningen
av en optimal miljöpolitik. Det primära fokuset i kapitel 3 är den
experimentella lösningen på samordningsmisslyckanden, vilket har
nära samband med nätverksbeslutsfattandet och körexternaliteter
som är beroende av varandra. Andra aktörers strategiska beteende
karaktäriserar externaliteterna i spelet med den svaga länken och kan
leda till ineffektiva utfall.

Efter att ha etablerat detta breda samband mellan uppsatserna
kommer jag nu att sammanfatta rönen och bidragen i varje enskild
uppsats.

Kamrateffekter vid införskaffande av elbilar – bevis från
Sverige (Peer Effects in Electric Car Adoption: Evidence from
Sweden)
I det första kapitlet tillhandahåller jag kausala beräkningar av kamrat-
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effekter vid införskaffandet av en ny viktig grön teknologi – elbilar –
inom kamratgrupper som spänner över viktiga aspekter i livet: arbet-
splatser, familjer och grannskap. Införandet av nya gröna teknologier är
nödvändigt för att uppnå våra klimatmål och social interaktion med kam-
rater kan fungera som en potentiellt viktig mekanism för denna övergång.
Det är viktigt för beslutsfattare att kvantifiera dessa kamrateffekter efter-
som en miljöpolitik som syftar till att stimulera nya miljövänliga teknolo-
gier måste inkorporera hur kamrateffekter påverkar det efterföljande in-
förandet i kamratgrupper.

För att studera kamrateffekter när det gäller införskaffandet av elbi-
lar har jag slagit samman flera stora administrativa datakällor som täcker
hela den svenska befolkningen och alla deras fordonsinköp. Det slutliga
datasetet består av samtliga fordon mellan 2012 och 2020 och inkluderar
information om sociodemografiska- och kamratgruppsegenskaper, bile-
genskaper, laddningsinfrastruktur och de ekonomiska implikationerna av
alla fordonsreformer. Dessa nya data gör det möjligt för mig att skapa
kamratgrupper vid arbetsplatser, familjer och grannskap.

Den största utmaningen relaterad till att identifiera kamrateffekter
är att ta itu med endogeniteten i kamraters beteende, vilket i detta sam-
manhang innebär att mitt fordonsval är korrelerat med mina kamraters
fordonsval. För att identifiera kamrateffekter så har jag ett samspel mel-
lan en exogen komponent som förskjuter införskaffandet av nya bilar
med en icke randomiserad del som enbart förutspår införskaffandet av
elbilar. Den exogena komponenten i min identifikationsstrategi grundas
på tanken att billeasingkontrakt ofta förnyas efter exakt tre år. Det är
därför hög sannolikhet för att en given person skaffar sig en ny bil i dag
på grund av att denne råkade underteckna ett leasingkontrakt för tre år
sedan. Detta instrument skulle emellertid ändra införskaffandet av alla
nya bilar istället för enbart elbilar. För att enbart ändra på införskaf-
fandet av elbilar länkar jag tidpunkten för förnyandet av kamraters leas-
ingkontrakt med ett ickerandomiserat mått på sannolikheten för varje
enskild persons införskaffande av en ny elbil.

Mina empiriska rön tyder på att om en av mina kamrater införskaffar
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en ny elbil så ökar min egen benägenhet att skaffa en ny elbil signifikant,
vilket gäller för kollegor, släktingar och grannar. Jag visar att elbilar
som införskaffats av kamrater i stor utsträckning tränger undan diesel och
bensinbilar, vilket tyder på att kamrateffekter även tränger ut efterfrågan
på konkurrerande teknologier. Dessa kamrateffekter genererar bestående
förändringar i efterfrågan på elbilar och speglar inte enbart en substi-
tution från framtida planerade inköp. Jag ger sedan talande bevis för
att dessa kamrateffekter är förenade med informationsöverföring snarare
än att fungera genom en ”preferenskanal”. Slutligen undersöker jag hur
kamrateffekter påverkar en persons bilrelaterade koldioxidutsläpp. En
ytterligare ny elbil stimulerar kamrater att införskaffa elbilar, men även
renare bilar rent allmänt, att köra mindre och att minska andelen ägda
bilar.

En nyckelfråga för beslutsfattare är hur man optimalt kan
utforma subventioner för nya framväxande gröna teknologier. Den
klassiska Pigouföreskriften tyder på att den optimala subventionen
är lika med skillnaden mellan de externaliteter som uppstår genom
att man införskaffar en elbil och den bil man annars skulle ha köpt.
Vid förekomsten av kamrateffekter så är den första underliggande
policyimplikationen att de optimala subventionerna för elbilar ändrar
sig uppåt eftersom beslutet att skaffa en elbil inte enbart bortser från
min egen externalitet utan även de som rör mina kamrater, som jag
kommer att påverka att köpa en elbil. För det andra bör beslutsfattare
tidigarelägga subventioner till de som skaffar en elbil på ett tidigt
stadium då de genererar en högre efterföljande efterfrågan på elbilar.

Detta kapitlet ger tre avsevärda bidrag till litteraturen om sociala
nätverk, konsumtionsbeteende och införskaffandet av ny teknik. Först
skapar jag ett nytt och unikt dataset som består av alla inköp av
fordon i hela Sveriges befolkning, vilket jag länkar till individer i
dessa kamratgrupper. För det andra utvecklar jag en ny metod
för att beräkna kamrateffekter som kombinerar endogen variation
i tidpunkten för anskaffandet av nya fordon med en prediktion av
en maskininlärningsmodell om den typ av fordon som individen
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införskaffar. För det tredje dokumenterar jag hur förekomsten av
kamrateffekter påverkar den optimala utformningen av ny grön teknologi.

Optimala trängselavgifter, körbeteende och fordonsval (Op-
timal Congestion Zone Pricing, Driving Behavior, and Vehicle
Choice)
I det andra kapitlet betonar jag de relevanta valdimensioner som styr op-
timala trängselavgifter. För att beskriva de urbana valen vad gäller sätt
att resa så omdanar jag fordonsbeslutsmodellen i Anderson och Sallee
(2016). I den här modellen kommer beslutsfattarna att välja en optimal
trängselavgift som riktar sig mot lokal trängsel (t ex minskad restid)
och utsläppsexternaliteter (t ex lokal och global förorening) som uppstår
innanför och utanför trängselzonen. Som resultat av detta så speglar
den optimala trängselavgiften effekten av prissättningen av trängsel på
(i.) den genomsnittliga bränsleeffektiviteten, (ii.) antalet ägda bilar, (iii.)
det antal kilometer som fordonet färdats på resor enbart inom trängsel-
zonen och (iv.) det antal kilometer som fordonet färdats på resor utanför
trängselzonen. Jag beräknar sedan dessa elasticiteter genom att använda
uttaget av en trängselavgift som mäter effekten på bilägande och bilkörn-
ing på individnivå.

För att identifiera de kausala effekterna av politiken på bilägande
och körbeteende studerar jag en trängselavgift som infördes permanent
i Stockholm i augusti 2007 som uttaxerade förare en inträdestull för att
köra in i centrala Stockholm uppgående till 10 – 20 kronor beroende på
tiden på dagen. Under de första 18 månaderna efter dess införande tilläm-
pades trängselavgiften endast på bensindrivna bilar, medan bilar med al-
ternativa drivmedel undantogs. Identifikationen utnyttjar det faktum att
två motorvägar med stor trängsel var undantagna från trängselavgifter.
Som en följd av detta minskade denna politik kostnaderna för att äga
och köra en bil med alternativt bränsle genom trängselzonen relativt en
bil med fossila bränslen.

Jag skapar en s k differences-in-differences design som jämför in-
förskaffandet av bilar med alternativt drivmedel och de fordonskilometer
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som individer som utsatts för tullar på vägen mellan hem och arbete har
färdats (betalande pendlare) med undantagna pendlare (icke-betalande
pendlare). För att implementera denna empiriska design kombinerar jag
svenska administrativa data vad gäller bilägande med information om
det geografiska läget för bostäder och arbetsplatser, vägnätet och tull-
grindarnas belägenhet, vilket gör det möjligt för mig att identifiera tull-
betalningarna för varje individ när denne reser mellan hem och arbete.

Individer reagerar på trängselavgiften genom att införskaffa bilar med
alternativt bränsle och genom att substituera med andra transportsätt.
Trängselavgiften ledde till en avsevärd förskjutning från fossildrivna bilar
till bilar med alternativa drivmedel, samtidigt som den totala storleken
på fordonsflottan förblev stabil. Vidare dokumenterar jag en minskning i
färdade individuella fordonskilometer vilket tyder på att förare bytte till
alternativa färdsätt åren efter införandet. De beräknade behandlingsef-
fekterna kan förklara ungefär 20 procent av införskaffandet och använd-
ningen av bilar med alternativt bränsle mellan 2006 och 2008.

Genom att använda de empiriska rönen rörande bilägande,
körbeteende samt uppskattningar av externa utsläpp och
trängselexternaliteter så motsvarar den optimala trängselavgiften
4,50 kronor för varje inträde. Tre fjärdedelar av denna avgift kan
hänföras till minskat körande inom trängselzonen där minskningen av
trängselexternaliteterna utgjorde större delen av avgiften. I kontrast
till detta utgör bränslebesparingarna av att införskaffa bilar med
alternativa drivmedel som är undantagna från trängselavgifterna endast
ca 30 öre av den totala avgiften. Samhällsfördelarna med att undanta
fordon med alternativa drivmedel från trängselavgiften rättfärdigar
inte ett totalt undantag. Slutligen visar jag att individer med låga
inkomster betalade ungefär fyra gånger mer än höginkomsttagare i
årliga trängselavgifter i proportion till deras disponibla inkomst, vilket
visar att politiken har avsevärda regressiva effekter.

Mina teoretiska resultat fyller ett viktigt hål i litteraturen
genom att härleda en allmän formel för optimala trängselavgifter
som redogör för de olika politiska målen, inklusive trängsel, lokal
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och global luftförorening och införskaffandet av rena bilar. Detta
kapitel anknyter till den empiriska litteraturen om effektiviteten
hos en s k näst-bästa politik för vägavgifter på trafikvolymer och
införskaffandet av rena fordon. Medan tidigare uppsatser mäter
effekten av trängselavgifter på trafikvolymen vid tullstationer och
införskaffandet av rena fordon på en aggregerad nivå kvantifierar jag
effekten av trängselavgifter på bilägande och körbeteende på individnivå.

Koordinerar vi alla på lång sikt? (Do We All Coordinate in
the Long Run?)

med Manja Gärtner och Robert Östling
I de tredje kapitlet studerar vi varför spelare ofta misslyckas med
att samordna vad gäller effekten på den effektiva jämvikten i
samordningsspel med svaga länkar i laboratoriemiljö. Specifikt så testar
vi huruvida sådana samordningsmisslyckanden kan mildras genom att
öka antalet omgångar eller ändra insatserna i varje period. Vi studerar
även vilka sociodemografiska faktorer och beteendeegenskaper som
samvarierar starkast med effektiv koordination.

Flera forskare har hävdat att ineffektiviteter till följd av missly-
ckande med att spela en effektiv jämvikt är allestädes närvarande i
många ekonomiska sammanhang. Ett ofta använt verktyg för att studera
samordningsmisslyckanden i laboratoriemiljö är samordningsspelet med
svaga länkar. Varje enskild spelare väljer samtidigt en ansträngningsnivå
och utdelningen ökar minimiansträngningen i gruppen. Det är emeller-
tid dyrt att tillhandahålla ansträngning så spelare får incitament att inte
överskrida minimum för gruppen. Spelarna står därför inför en avvägn-
ing mellan att utöva stor ansträngning för att öka gruppens avkastning
och undvika onödigt höga kostsamma ansträngningar över minimum i
gruppen.

Vi körde ett samordningsspel med samtidiga flyttningar med svaga
länkar med fyra spelare i Centre for Experimental Economics laborato-
rielokaler 2013. Experimentet använder en 2 x 2 design som varierar be-
handlingsdimensionerna utmed tidshorisonten (kort/lång) och insatsens
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storlek (låg/hög). Intuitivt så kan en längre horisont göra spelarna mer
villiga att försaka avkastning genom att göra val om ansträngningar över
miniminivån under ett par inledande perioder för att förbättra samord-
ningen på längre sikt. Lägre insatser i varje period kan, exempelvis,
påverka samordningen genom att öka spelarnas vilja att experimentera.

I laboratoriet spelar man normalt sett tio omgångar och misslyckas
generellt med att samordna kring den effektiva jämvikten. I skarp kon-
trast fann Berninghaus och Ehrhart (1996) att spelarna lyckas samordna
när de interagerar i flera omgångar. Eftersom Berninghaus och Ehrhart
(1998) håller de totala insatserna konstanta så att avkastningen i varje
period i den kortsiktiga behandlingen är betydligt högre än den långsik-
tiga behandlingen är det oklart om deras rön bäst förklaras av lägre
insatser i varje period eller på längre sikt. För att svara på denna fråga
varierar vår studie insatserna i varje period oberoende av horisonten.
Denna egenskap i designen gör det möjligt för oss både att studera effek-
ten av att ändra horisonten medan man håller insatserna i varje period
konstanta och effekten av att öka horisonten medan man håller de totala
insatserna konstanta.

Vi finner att varken tidshorisonten eller insatserna i varje period
påverkar samordningen. I vårt experiment väljer spelarna inledningsvis
insatser på mellannivå, men spelare som ligger över miniminivån ten-
derar att justera till miniminivån vad gäller ansträngning i kommande
omgångar, oberoende av insatser eller horisont. 3 av 38 grupper i den
kortsiktiga behandlingen och 4 av 40 grupper i den långsiktiga behan-
dlingen samordnar på den Paretodominanta jämvikten. Resultaten visar
att en ökning av horisonten eller en minskning av insatserna inte är en s
k quick fix som alltid fungerar för att förbättra samordningen i spel med
svaga länkar.

Vi studerar även hur de demografiska egenskaperna och beteendee-
genskaperna är relaterade till samordningen av spelet med svaga länkar.
Tidigare experimentell forskning har främst fokuserat på strukturella
bestämmandefaktorer för samordningsmisslyckanden såsom förhållandet
mellan avkastning-risk, gruppstorlek och återkoppling. Mindre är känt
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rörande den roll som beteende- och socio-demografiska faktorer spelar i
samordningsspel. Kognitiv förmåga är den mest robusta egenskapen som
är relaterad till höga initiala periodval och den slutliga gruppsamordnin-
gen i vårt experiment.
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