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1 Introduction

Numerous governments have in the past implemented policies aiming at influen-
cing the composition of the car fleet, motivated by goals of reducing green house
gas emissions. In this context, quantitative models play an important role in under-
standing and predicting the changes in demand in response to policy changes. The
literature on car related choice models is vast, but there appears to be an agreement
that it is important to consider car ownership (number of cars) and car usage (dis-
tance driven with each car) simultaneously at the household level. For instance,
increased fuel efficiency has a direct effect of reduced green house gas emissions,
but at the same time usage of the car may become less costly which may increase
driving distance, resulting in increased emissions. Another aspect is that a car is
a costly and durable good that can be used over a long period of time and sold
at a second hand market. Fuel cost expectations and the dynamics of replacing
cars are important aspects of household car ownership decisions. In this paper we
present a dynamic discrete choice model (DDCM) (Rust, 1987; Aguirregabiria and
Mira, 2010), that accounts for the forward looking behaviour of households when
making car transactions (increasing/decreasing the household fleet or changing its
composition).

The nature of a discrete choice (car ownership and fuel type) and continuous
choice (car usage) is a defining feature of our proposed model. In this paper we
specify a dynamic discrete-continuous choice model (DDCCM) that jointly mod-
els car replacement decisions, choice of fuel type and usage of each car within a
household. To the best of our knowledge, this is the first paper that brings together
the two methodologies of discrete-continuous choice and dynamic discrete choice
models, to jointly model a household’s decisions regarding ownership and usage of
up to two cars. As we explain in the following section, this is not the first dynamic
discrete choice model for car ownership. Existing models are however limited to
owning at most one car which is not realistic in the Swedish market where a large
share of the households own two cars (the share of three car households is however
very small and is neglected in this model).

In this context, one of the main issues is how to model the continuous choice
variables capturing the annual driving distances for each car in a household. De-
pending on variations in the fuel prices, households owning both a gasoline and a
diesel car can choose use one car more than the other. In this paper we address this
important aspect with a constant elasticity of substitution (CES) utility function.

This paper contributes to the literature by proposing a DDCCM model that
models households’ forward looking behaviour related to car transaction decisions
and choice of fuel type. We model the annual driving distance as a myopic choice
with a CES utility function that can capture the substitution between the cars for
two-car households. Moreover, we present estimation and cross-validation results
based on a combination of the Swedish population and car registers.

The paper is structured as follows. Section 2 reviews the literature on dynamic
car ownership models and joint models of car type and usage and Section 3 presents
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the methodological framework of the DDCCM. The empirical results are presented
in Section 4, and finally, Section 5 concludes.

2 Literature review

A comprehensive review of the vast literature related to car ownership, type and
usage choices is out of the scope of this paper (for reviews we refer the reader to
e.g. de Jong et al., 2004; de Jong and Kitamura, 2009). Even though many soph-
isticated studies have been published on static models, we focus here on the fairly
scarce literature directly related to our work, which deals with dynamic models
taking into account the forward-looking behavior of decision-makers. One of the
most notable studies is Schiraldi (2011). It focuses on the estimation of transac-
tion costs in a dynamic framework based on aggregate data and analyzes the effect
of a scrappage policy in Italy. Moreover Schiraldi (2011) models the price on the
second-hand market and provides an excellent review of related literature. Simil-
arly to Schiraldi (2011) we assume that a decision-maker maximizes the expected
discounted lifetime utility modeled by a value function that is the solution to the
Bellman equation. Moreover we make the same assumptions (actually dating back
to Rust, 1987) to deal with the ‘curse of dimensionality’ and obtain an operational
model. As opposed to Schiraldi (2011) where a consumer holding a car a given
year decides whether to hold, sell or scrap the car (if the consumer does not hold
a car he/she decides to continue that way or to buy one), we have a more complex
choice setting because a household can hold more than one car and we also model
the usage of each car. Unlike Schiraldi (2011) who allows for endogenous price in
second-hand market, we propose model for the demand side hence assuming that
supply variables are exogenous.

Related to our work is also the one by Xu (2011) who develops a dynamic dis-
crete choice model to explain car acquisition decisions and choice of fuel type. Car
usage is however not considered so there are no continuous choice variables. The
model is applied to stated preferences data collected in Maryland and corresponds
to a optimal stopping model similar to the one by Rust (1987). de Lapparent and
Cernicchiaro (2012) and Cernicchiaro and de Lapparent (2015) present a DDCM
to explain choices regarding car acquisition and usage. In their research. Unlike
in our model, they treat the cars in a two car-household as independent and they
have a simpler structure of the action space. These studies highlight the benefits
of dynamic models over traditional static ones: de Lapparent and Cernicchiaro
(2012) and Cernicchiaro and de Lapparent (2015) show that DDCMs have a bet-
ter in-sample fit than static discrete choice models and Xu (2011) shows that they
outperform static models in terms of recovering market trends.

Other modeling approaches have been considered in order to jointly model car
ownership and usage. For instance, a very interesting study is presented by Gilling-
ham (2012) who models cars’ monthly mileage conditional on vehicle type. He
integrates consumers’ expectations about the cars’ future resale prices and future
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gasoline prices after a six-year period.

It is in particular important to mention an ongoing research project at Univer-
sity of Copenhagen (Kenneth Gillingham, Fedor Iskhakov, Anders Munk-Nielsen,
John Rust and Bertel Schjerning) with an objective similar to ours, namely a discrete-
continuous dynamic choice model for transaction decisions and usage. Their present-
ation at the IRUC seminar (Copenhagen, December 2012) inspired us to view the
continuous choice variable of car usage as a myopic choice conditional on the dis-
crete choice variables. To the best of our knowledge of this so-far unpublished
work, the models have important differences because they consider the supply side
(endogenous prices) but limits the households can own at most one car. The latter
is a reasonable assumption in the Danish market but not the Swedish one.

There is also literature on duration models that model the time elapsed between
two car transactions. For instance, de Jong (1996) presents an interesting study
based on a system of models including a duration model for the time between car
replacement decisions and a regression model for annual car usage. The main
difference between the dynamic model presented here and a duration model is that
households are assumed to be forward-looking. This means that they optimize
their choices taking expected future utility into account. Moreover, socio-economic
characteristics are not assumed constant between transactions and we can model
several choices jointly.

3 The dynamic discrete-continuous choice modeling frame-
work

In this section we present the DDCCM framework. We start by stating the main
assumptions on which the model is based. Then we describe the model structure,
from the base components to the specification of the full model. One of the key
elements of the choice variable is the annual mileage of each car and we explain
in detail its specification. We end the section by discussing maximum likelihood
estimation of the model.

3.1 Main assumptions

The DDCCM is formulated as a discrete-continuous choice model that is embedded
into a dynamic programming (DP) framework. We model the joint decision of
vehicle transactions, mileage and fuel type, based on the following assumptions.

Decisions are made at a household level. In addition, we assume that each
household can have at most two cars. Larger household fleets may also be con-
sidered but at the cost of increased complexity. As pointed out by de Jong and
Kitamura (2009), it may be relevant to consider three car households for prediction
even though the current share in several markets (typically European markets) is
low.

CIRRELT-2015-23 5
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The choice of vehicle transaction and fuel type(s) is strategic, that is, we as-
sume that households take into account the future utility of the choice of these
variables in their decision process.

We consider an infinite-horizon problem to account for the fact that households
make long-term decisions in terms of car transactions and fuel type. For example,
individuals are assumed to strategically choose the fuel type of the car they pur-
chase according to their expectation of fuel prices in the next years, or they decide
to purchase only one car at present knowing that they might add another car in the
future years.

We make the simplifying assumption that when households decide how much
they will drive their car for the upcoming year, they only consider the utility of this
choice for that particular year without accounting for whether the residual value of
their car is affected by usage. In other words, the choice of mileage(s) is myopic,
that is, households do not take into account the future utility of the choice of the
current annual driving distance(s) in their decision process.

Similarly to de Jong (1996) we make the reasonable assumption that the choice
of mileage(s) is conditional on the choice of the discrete decision variables (i.e. the
transaction type and the fuel type).

3.2 Definition of model components

The DP framework is based on four fundamental elements: the state space, the
action space, the transition function and the instantaneous utility. In this section,
we describe each of these in detail.

The state space S is constructed based on the following variables.

e The age y., of car c of household 7 in year r. We set an upper bound for the
age Y, assuming that above this upper bound, changes in age do not affect
the utility or transition from one state to another. This implies that we have
yean €Y =1{0,1,...,Y}.

o The fuel type fu, of car c of household # in year ¢. A car ¢ can have any fuel
type fen € F ={0,1,...,F}, where 1,... F is the list of available fuel types
in the market of interest. The level 0 indicates the absence of a car.

As described in Section 3.1, each household can have at most two cars. Each
state sy, € S can hence be represented as

Stn = ()’Imaflzn,y2maf2m)a (D)

where the car denoted by the index 1 is the car which has been in a household
n’s fleet for the longest time, and the car denoted by the index 2 is the car which
entered the household in a later stage.

6 CIRRELT-2015-23
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For households who have access to company cars, the size of the state space
can be computed as

S| = (YIx(|F|-1)+1) 2
+ (YIx(Fl=1)+1) (€)
+ L 4)

The first term (2) consists of the number of possible states for two-car households
(the exponent 2 stands for the two cars in the household). The second term (3) is the
number of possible states for one-car households and the last term (4) represents
the absence of cars in a household. It is important to keep the size as low as
possible since we need to solve the DP problem repeatedly when estimating the
model parameters. To show that the definition of the above state space can be small,
we provide a small numerical example; assuming that cars can be at maximum 9
years old and that the market is composed of gasoline and diesel cars only, the size
of the state space reaches the reasonable size of 463.
The action space A is constructed based on the following variables.

e The transaction hy, € H in household n’s composition of the car fleet in year
t. Every year, the household can choose to increase, decrease or replace all
or part of the fleet, or do nothing. We additionally make the simplifying
assumption that a household cannot purchase more than one car per time
period. The enumeration (see Figure 1) leads to nine possible transactions.

e The annual mileage i, € R of each car ¢ chosen by household 7.
e The fuel type fu, € F of each car ¢ chosen by household .

Each action a;, € A can be represented as

am = (htn;ﬁ'lltmfltny”h%naf%n)- (5)

It is worth noting that we have a completely discrete state space, while the
action space is discrete-continuous. Moreover, all actions are not available from
all states. Hence, we have a;, € A(s;,) and the total number of discrete actions are
obtained by enumerating all possible actions from each particular state. Table 1
summarizes the number of discrete actions that can be attained for households with
0, 1 or 2 cars, depending on the type of transaction which is chosen. To give an
example, we assume that households can choose between two fuel types (gasoline
and diesel). In this case, a 1-car household that decides to increase the fleet of 1 car
has the choice between 2 possible actions, i.e. a gasoline or a diesel engine. In
the row ‘Sum’, the total number of possible discrete actions for households with
respectively 0, 1 or 2 cars are reported.

Given that a household 7 is in a state s;,;, and has chosen an action a;,, the
transition function f(S;41|8:,am) is defines the probability of ending up in next
state s;41,,. In our case the transition probability is assumed to be degenerate.
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Figure 1: The nine possible transactions in a household fleet

Assuming that aﬁ = (h, flm, me) gathers the discrete components of an ac-
tion ay, and ag, = (M1, M2 ) gathers the continuous components, the instantan-
eous utility is defined as

U(Stns @Sy, @or, Xty 0) = V51, Sy G Xeny €0(a5,), 0) + Ep(aby), (6)

where variable x;, contains socio-economic information relative to the household,
6 is a vector of parameters to be estimated. Expression v(s;,,a$,,a>  x, €c(a5), 0)
is a deterministic term, p(a?) and ec(a$,) are the random error term for the dis-
crete and continuous actions, respectively. Similarly as proposed by Rust (1987),
the instantaneous utility has an additive-separable form. We note that we include
ec(al)) in the general description of the model but we remove it in Section 3.4
because we assume deterministic utility for the continuous choice in this study.
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Transaction name Ocar | 1car | 2cars
hi: leave unchanged 1 1 1
hy: increase 1 2 2 -
hs: dispose 2 - - 1
hy: dispose 1st - 1 1
hs: dispose 2nd - - 1
he: dispose 1st and change 2nd - - 2
h7: dispose 2nd and change 1st - - 2
hg: change 1st - 2 2
hg: change 2nd - - 2
Sum 3 6 12

Table 1: Number of possible actions for households with 0, 1 or 2 cars (in the action space
generated by the discrete components of the choice variable).

3.3 Value function

As in a DDCM case (see e.g. Aguirregabiria and Mira, 2010), the value function
of the DDCCM is defined as

V(Stn7xtn79):maﬁ{u(stnaamaxtnye)_‘_ﬁ Z V(St+l,naxz+1.naG)f(st+1,n|smaatn)}

am <
m SI+1~,n€S

= max{v(sm,atcn,ale,xm, Sc(af’;,), 0)+ SD(a[L,)l)

am €A
+ﬁ Z V(sl+l,n7-xt+l,n7e)f(st-&-l,n‘stnvatn)} (7)

St+1,0€ES

In order to obtain a version of the Bellman equation that does not depend on
the random utility error term €p(al)), we consider the integrated value function
V (Stns X, 0), given as follows.

V(Sln7xtn76> :/V(sll’laxllﬁe)dGSD(gD(atDn)) (8)

where Gg,, is the CDF of ¢p.

In the case where all actions are discrete and the random terms ep(a”) are
i.i.d. extreme value, it corresponds to the logsum (see e.g. Aguirregabiria and Mira,
2010). We aim at finding a closed-form formula in the case where the choices are
both discrete and continuous. In fact, a closed-form formula is possible in the
special case where the choice of mileage of each car in the household is assumed
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myopic. This implies that individuals choose how much they wish to drive their
car(s) every year, without accounting for the expected discounted utility of this
choice for the following years.

Under the hypothesis of myopicity of the choice of annual driving distance(s),
the integrated value function is obtained as follows.

V(s 00:8) = [ V(sinssin,0)dGe(ep(af))

= /max{u Stns Qtny Xin, 0, €(rn)) +

am €A

B Z Vs,+17n,x,+1,,,,O)f(s,ﬂ,n]sm,am)}ng(SD(aﬁ))

St+1.n €S

= [ max{max{v(su,ag,, ap,xm, €c(ary), 0)} + ep(ary)

am am

+ B Z 14 St+17naxt+l7n7e)f(sl”rl,ﬂ|stn’agz)}dG£(gD(a£l))
st+l7nes

= logZexp{mgx{v(sm,aﬁ,,a37xtn,£c(atc,1),9)}
a[[z Aip

+ ﬁ Z V(St+1,naxt+l7nae)f(st+1,n|stnaa£l)} 9)
st+l7n€S

Similarly as in the case of a DDCM, the value function can be solved by iterating
on (9).

Since we model both acquisition and usage, we assume that v(-) of (9) is the
sum of a utility linked with the acquisition the vehicles v2 and a utility linked with

C
the usage of the car vy,

V(sn,aS,al X, €0(a5), 0) = V2 (50,02 X0, 0) +VE (st, a2, aS,, xin, €0(a), 0)
(10)
thus decoposing the utility specification into a discrete choice and a continiuous
choice component. We will in the following consider these in turn.

3.4 Utility specification of the continuous choice component

3.4.1 Optimal mileage for households owning two cars with different fuel
types

By assumption, each household can have at most two cars. This implies that for
two-car households, the annual mileage of each car must be decided every year.
That is, v(si,aS,, a2, X, €c(af,), 0) of (9) is maximized with respect to the two
annual driving distances. Given the additive form of (10), we only need to max-
imize expression VS, (sy,,al,aS,, xin, €c(al;,),0) with respect to aS,. For the sake
of simplicity, we assume in this model formulation that there is no random term
related to the continuous choice variable and we omit c(af).

If a household owns two cars, one car is generally driven more than the other
one, i.e. one is used for long distances while the other is used for shorter trips.
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We therefore make the assumption that the households do not choose how much to
drive each car independently, but rather the repartition of the total mileage that it
plans to drive across the two cars. Moreover, the use of both cars in the household is
highly dependent on fuel prices. Hence in the common case of a two-car household
owning both a car of a fuel f| and a car of a fuel f> (e.g. a diesel and a gasoline car),
the repartition of mileages might fluctuate depending on this economic feature.

In the abovementioned case, this motivates the use of a CES utility function
for the choice of mileages for cars of different fuel types within a same household,
since it allows to evaluate how likely households substitute the use of one car with
the other, when the difference between the fuel prices is changing.

Let us denote the mileages of the chosen cars with fuels f and f as 7, and
1 f,m, Tespectively. They are defined as follows.

ﬁ’lfltn ::”hltn'Ilfltn+ﬁ72tn'l2f1tn (11)

and
Mpyn = M fyrn + Mo - D fyins (12)

where I, is equal to c if car c € {1,2} is a car driven with fuel fj (e.g. gasoline),
0 otherwise, and I..4,;, = 1 — 1,1, 1s an indicator of whether the car ¢ is driven with
fuel f, (e.g. diesel).

The deterministic utility of driving is given by the following CES function

o=

VS (Sinya a5 Xin, , 0) = Gv(m%m+ﬁ1?2m) . (13)

Parameter p with p <1 and p # 0, is related to the elasticity of substitution
between the two cars, given by

1

=1, (14)

and the parameter 6, with 6, > 0 sets the scale of the utility.
The choice of 7, and g, must be made such that the budget constraint of
the household holds

pfltnﬁ'lf]tn +pf2tn’/hlel’l = Incl‘l’la (15)

where pf, := cons -plft is the cost per km of driving a car with fuel f e{fi. 2},
that is the product of the car consumption cons, and the price of a liter of fuel pl,
for that car. Variable Inc,, is the (scaled) share of the household’s annual income
which is used for expenses related to car fueling. It is based on a fixed budget share
of 8 % of the household disposable income', adjusted with a tax subsidy available
in the presence of diesel cars

0.08 - Disp Inc,,, + Niesel.t,n OcES dieser - 1000
100000

Inc;, = (16)

IThis value is obtained from the population and car register data.

CIRRELT-2015-23 11
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where Ngieselrn € {0,1,2} is the number of diesel cars owned by household n at
time ¢.

The optimal value of mileages for both cars is obtained by solving the following
maximization problem

max vg“ such that p g, f,in + P fpynfit fyrn = Incyy (17)

Ly tn 7 fyin

The above formulation of the CES utility fonction with the budget constraint
has the following advantages. First, the constraint enables us to solve the max-
imization problem according to one dimension only. Such an approach has been
considered by Zabalza (1983), in a context of trade-off between leisure and in-
come. Second, the use of a CES function is also convenient because the elasticity
of substitution is directly obtained from the estimate of parameter p.

The following analytical solution for 7y, can be obtained

Inc,, - pl/(1P)

~ % fatn
Mpym = T - (18)
p;ft/n(p ) + Pfgt/n( p))

which allows us to infer the value of the optimal mileage for the car with the other
fuel type

Inctn _ PhHin .«

' = m
flm pf]l‘n Pfltn fztn
1/(1—p
— Incl‘l’l Pfimn Inctn p(fzt/rE ) (19)
- - ) -1 1-
Pfiun  Phm p;%(p ))+p§‘§t/n( p))

Consequently, we obtain the optimal value for the deterministic utility of the
continuous actions:

1

_ p _ P\ B

o Incy, _ Ppin Pgl/,gp D) -Incy, N Inc;, 'Pg{,gp 1) P
o Phin Dfymn p(p/<pfl)>+p(p/(Pfl>) (p/(pfl)>+p(p/(pfl))

fitn fatn Pfin fotn
(20)

Then vt‘;* can be inserted back in (10) and the Bellman equation (9) becomes

V(Sln7xln79) = IOgZeXP{Van(Sl‘n7atDn7xln79)+Vtcn*(stn7a£uag1*axtnve)
D
A
+ B Y VsermXerrn 0)F (e ialsm ai)}, @D
S1+17nes
where a’* = (i} ,,5,). The integrated value function V can then be computed

by value iteration. Let us note that the optimal mileage(s) for car 1 and car 2 are
obtained by the following mappings.

ﬁlTln = ﬁ:l}]tn 'Ilfltn_‘_m;ztn'llfztn (22)
’/hzm = mjﬁtn ) 12f1tn + ’h}ztn ’ Ilfzfn (23)

12 CIRRELT-2015-23
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3.4.2 Optimal mileage for households with two cars of the same fuel

In the case when both cars in a household have the same fuel type, (19) and (18)
give

Incy,
2- pf]tn '

We assume that the parameter related to the elasticity between the two cars is dif-
ferent for this case and denote it by p; and the optimal utility of driving v&* is

~% o~k
My = My =

(24)

Inc
Vr = 0, (17}, P 4 iy, P )P = 9,21/ (25)
2. pfl tn

In the special case when p; = 1, i.e., if there were perfect substition between the
two cars, any combination of milage that satisfies (15) is an optimal solution to the
optimization problem (17), but the optimal utility is still be given by (25).

3.4.3 Optimal mileage for one-car householdsl

For one-car households with a car of fuel f}, the optimization problem reduces

max vg,, such that p ¢, £, = Incyy,. (26)
mfltn

The optimal mileage 71},, for the only car in the household is hence given by

;. ok Inc
Mion =M = 27)
1tn

and consequently the optimal utility of driving is

Vo = 6yt (28)

3.5 Utility specification of the discrete choice component

We now turn our attention to the discrete choices and we present the deterministic
part of the instantaneous utilities. The utility is divided into the CES utility func-
tion, transaction costs for buying, changing and disposing of cars, and ownership
Ccosts.

CES utility functions

The parameters of the CES utility functions are

CIRRELT-2015-23 13
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p in CES function when owning two cars of different fuel
0, CES scale when two cars with different fuel or one car

OcEesdiese/Parameter for additional cost associated with having a diesel car. Multiplied
with 1000 and the number of diesel cars and subtracted from the amount of
money available for fuel in the CES utility

6o Parameter for CES utility when having two cars with the same fuel

As estimating the substitution parameter p is rather complicated due to the
highly non-linear form of the utility, we define 6y = 6,2'/P: /2 rather than estim-
ating ps in (25). This means that the substitution parameter for two cars with the
same fuel is given by:

log(2)
ps =

= log(260) — log(6,) 29

Transaction costs

We assume that the transaction cost is different for different actions and in the fol-
lowing we present the specification for (i) disposing, (ii) buying and (iii) changing
a car.

Disposing of a car comes with a fixed transaction cost 6, and an age dependent
transaction cost 6;

6, Transaction cost for disposing or changing a car, dependent on 1/age of the
car.
6, Constant transaction cost of disposing or changing a car in any state.

Udispose (Stn) =0, (dl /ylln + dZ/yltn)
+ (dl + dz) 6,

where d; = 1 if car 1 is disposed or changed and d, = 1 if car 2 is disposed or
changed.

Buying a car comes with a constant transaction cost as well as utilities depend-
ent on the fuel type of the new car.

(30)

63 Utility of buying car (transaction cost). Transaction /A2, h6, h7, h8 and h9.
6, Constant utility for buying second car with different fuel from the first car.
0s Constant utility for buying second car with the same fuel from the first car.
010 Constant for buying a diesel car

14 CIRRELT-2015-23
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Upyy =63 + 64 - buy second car with different fuel from first
+ B5 - buy second car with same fuel as first 3D

+ 019 - buy diesel car

Finally, we assume that changing a car incurs an additional transaction cost
given by a constant

6s Utility of changing car (disposing and selling a car during same year). Trans-
action h2, h6, h7, h8 and h9.

Uchange = O - change one car (32)

Utility of owning/not owning a car

The utility of not owning any car is, as reference, fixed to zero. The cost for owning
one or two cars are given by

6, Constant for owning two cars with different fuel
6 Cost of owning a car, dependent on log of age of the car
69 Dummy for keeping a car of age 5 or larger.

Uown two cars =08 (log(yltn + 1) + log(yltn + 1))"‘
67 (own two cars of different fuel)+ (33)

O (ki - (Yien > 5) +ka(yam > 5))

where k| = 1 if car 1 is kept and k; is one if car 2 is kept.

3.6 Maximum likelihood estimation and validation

The parameters of the DDCCM are obtained by maximizing the log of the likeli-
hood function

P(agl|smaxtm 9)7 (34)

=

N
20) =11

n=1

=
Il
—

where N is the total population size, 7, is the number of years household 7z is ob-
served and P(a? |s;,xm,0) is the probability that household n chooses a particular
discrete action a>) at time ¢

P(aD|v N 9)7 Vel(stmatlznxmse)+V[C,‘l*(5msa£“asl*yxtm9)+ﬁZSHMQSV(SH»I.mxH»l.ns6).f(st+l.n‘5tn>ael)
tn|StnsXtn, V) =

Zﬂk, {Vf,)l(srma;Dmxtm 0)+ ng(»‘rnﬂ%“ﬁfﬂtm 0) +BZS,+]_,ZESV(St+l4n7-x1+l¢nr e)f(5t+17n\5tnvaff)z)}
(35)
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The simplest way to estimate this type of model is using the nested fixed point
(NXFP) algorithm proposed by Rust (1987) where the DP problem is solved for
each iteration of the non-linear optimization algorithm searching of the parameter
space. Given the model assumptions in this paper the DP problems can be solved
in short computational time which makes it possible to use NXFP and obtain para-
meter estimates in a reasonable computational time.

Before presenting empirical results in the following section, we note that we
have validated the maximum likelihood estimation of the model using several
samples of simulated data (for which the true model is known) and we show that
the parameter estimates are not significantly different from their true values (the
detailed results of the validation study are presented in Glerum et al., 2014).

4 Application on Swedish car fleet data

As an example of application, we consider the case of the evolution of private car
ownership within Swedish households from 1999 to 2008. For that purpose we use
data from two large registers: the Swedish population register and the register of
the whole Swedish car fleet.

The present section first describes how the households were selected among
the Swedish population. The model specification and estimation results are sub-
sequently presented. The last part of the section presents a policy scenario simulat-
ing the effect of the dieselization of the car fleet of 2009 (see Hugosson and Algers,
2012; Kageson, 2013).

4.1 Selection of the sample of Swedish households

We use a random sample of a stratum of the Swedish population for the sake of
model estimation. The subpoulation is defined such that it only contains house-
holds that (i) performed one type of actions as defined in Section 3.2 from 1999 to
2008 and that (ii) exclusively own private cars. The latter excludes households that
have access to a company car that can be used for private purposes. We exclude
these since we do not have any information about the company cars, such as fuel
type and odometer readings. A household is defined on the information available
in the population register which enables us to identify single individuals, married
couples with or without children and unmarried couples with children in common.
A household in our data set hence gathers the information relative to the cars be-
longing to each of its members, including children above 18 years living with their
parents.

One of the features of the DDCCM is its capability to capture substitution
between cars of different fuel types. In the application, we focus on substitu-
tion between gasoline and diesel vehicles only, due to the very small share of
alternative-fuel and hybrid vehicles in the Swedish car fleet. We present some
descriptive statistics for this subpopulation in Table 2.
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For model estimation we sample 5,000 households from this subpopulation,
out of these 5,000 we excluded households that were only partially observed over
the time period (1999-2008) and the resulting sample consists of 4,447 households
and 33,254 observations.

4.2 Estimation results

The estimated results are reported in Table 3 which contains two models, one where
we estimate the discount factor and one where it is fixed to zero (myopic decision-
maker). All parameter estimates have their expected signed and are significant. It
is interesting to note that the data allows us to identify the discount factor which
has been fixed in other studies. The value is 0.92 (significantly different from 1)
which supports the hypothesis of forward looking decision makers. The in-sample
fit is significantly better for Model 1 compared to Model 2. We can also note that
the parameter ratios are different for the two models. 8y and 6, from Table 3 yield
ps = 0.758 which is within the feasible interval between 0 and 1, more over it
is greater than p. This means that the substitution effect between two cars with
the same fuel type is smaller than that between two cars with different fuel, as
expected.

To interpret some of the other variables in terms of monetary value, let us first
study how the marginal utility changes when additional income become available
in the current year. The income of the current year enters the utility through the
CES function v$ . This utility is linear in income and the slope depends on (i) the
fuel prices and (ii) the number of cars the household own and their fuel type, as
can be seen from Equations (20), (25) and (28). Calculating the derivative of this
utility with respect to income spent on fuel is trivial. As an example, consider a

one car household:
Inc,,

VoF = 0,21}, = 6,—". (36)
p f 1tn

The derivative of the utility for household 7 in time ¢ with respect to income in the

current time step ¢ then becomes:

g 6,

Incy  prm

(37)

Remember that py,;, is the cost per kilometer of driving a car with fuel fi. It has
been assumed throughout this paper that the fuel consumption is 0.081/km. For a
household owning a gasoline car in year 2004 (see Table 2 for gasoline prices) we
therefore get

VE*

dlnc,,

= 1.12/(100,000kr). (38)

4.3 Out of sample validation

To test the performance of the model we do a cross-validation study on the data
(4447 households). More precisely we do repeated random subsampling selecting
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Table 3: Estimation results, the translations of transaction and ownership costs into SEK
are for a single car household owning a gasoline car in 2004.

Model 1 Model 2

Param. Estimate [SEK] Estimate [SEK]
(Rob. t-test ) (Rob. t-test )

B 0.92 -
(65.13)

p 0.75 0.98
(33.40) (116.63)

6, 0.90 2.58
(13.58) (13.23)

OcEsdieset 7123 -9.91
(-4.52) (-4.27)

6o 1.12 2.73
(12.49) (12.78)

6 -0.44 -39592 -0.09 -2917
(-3.25) -0.67)

6, -6.31 -563138  -3.70 -115499
(-36.69) -35.63)

0; -1.05 -93621 -3.27 -102052
(-10.15) (-40.32)

0, 0.77 68452 0.49 15162
(3.60) (2.36)

05 0.57 50996 0.16 5002
(6.63) (1.91)

6 4.08 363911 3.83 119621
(56.23) (56.68)

6, -0.12 -11099 -0.50 -15669
(-2.69) (-4.40)

O -0.49 -44065 -0.91 -28275
(-7.83) (-12.00)

69 0.42 37345 0.49 15262
(5.34) (6.00)

610 -2.91 -260010  -2.94 -91641
(-20.75) (-21.37)

LL 23173.70 23508.70
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Figure 2: Probability to dispose of a car conditional on the age of the car

80 % of the households into a training set that is used for estimation, and validating
the model on the remaining 20%. 31 such sub-sets were sampled and used in the
results reported below.

First let us consider the probability of car disposal. In Figure 2, the probability
to dispose of a car conditional on its age is as a transaction frequency according to
the data, Model 1 (B is free) and Model 2 (8 = 0). The overall shapes of all three
distributions are the same, and both models are better explaining the data for newer
cars. In addition, we note that Model 1 better fit the data than Model 2 for cars less
than 5 years old.

Tables 4 and 5 show the transaction frequencies in the data and according to
models 1 and 2. The error is quite small for all transactions, except for disposing
of two cars (transaction 3), but we note that in terms of absolute numbers, there are
very few observations of this transaction in the data.

Finally, as a measure of goodness of fit we have compared the log-likelihood of
the model on the training sets and the validation sets to see if the dynamic model
performs better than the static model. The difference in log-likelihood between
Model 1 and Model 2 is denoted ALL and is scaled by the log-likelihood of Model
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Table 4: Comparison when estimating and validating on the full sample.

Transaction Observed share Model 1 error Model 2 error

hl 79.942 0.111 0.500
h2 3.759 -0.039 0.017
h3 0.052 0.030 0.020
h4 2422 -0.127 -0.582
h5 1.086 0.051 0.081
h6 0.518 0.041 0.459
T 0.000 0.000 0.000
h8 10.577 0.031 -0.232
h9 1.645 -0.098 -0.262

1. The mean (and standard deviation of the mean) for this difference

ALL rainin,

100 . —=1raining 4 43805 40.01 (39)
LLl,training

100 Abvatidation _ 1 49835 1 05. (40)

LLl wvalidation

The difference between the two models remains as large on the validation sets as
on the training sets and in both cases the dynamic model performs better.

4.4 Policy scenario

In this section we report the analysis of a policy scenario, using the above estim-
ated model. We analyze a hypothetical policy that change the cost structure for
diesel cars. The choice of policy is motivated by the fact that the market share for
diesel cars has increased considerably, from 10 per cent in 2005 to 45 per cent in
2009 and 60 per cent in 2011 (Kageson, 2013). There are several reasons for this
increase. Firstly, the technological development of the diesel engine has brought
diesel cars to the market that are less noisy, more comfortable and more powerful
than before. This has made diesel cars more accepted and more models have been
launched on the Swedish market. Secondly, this technical development together
with environmental regulations have led to substantial improvements in emissions
of CO,, PM and NOx. Diesel cars are hence perceived as less polluting than before.
And thirdly, the taxation of diesel cars has been changed in a favorable way.

In 2006, the definition of a “clean cars” was changed so that it included diesel
and gasoline cars emitting less than 120 g CO, per km (in addition to flexifuel,
CNG, and electric cars that were already included). A notable effect of this change
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was that popular car models such as Volvo V70 and Volkswagen Passat equipped
with the smallest diesel engine suddenly fulfilled the definition of a clean car. These
clean cars enjoyed a purchase subsidy of 10 000 SEK between 2006 and 2009, an
incentive that was replaced in 2009 with a five year exempt from the annual vehicle
tax. The latter incentive favoured diesel cars in particular since the annual vehicle
tax is higher for diesel cars than for gasoline and alternative fuel cars. The annual
vehicle tax depends on fuel type and CO; emissions. For a diesel car emitting 119
g CO;, per km, the annual vehicle tax is 1520 SEK.

With this background in mind, the purpose of this subsection is to analyze how
much a yearly subsidy of diesel cars with 0 to 15000 SEK/year would influence the
predicted share of diesel cars in 2009 according to the model.

To implement such a subsidy in our model, we first note that when calculating
the utility of using a car, given by the solution to the optimization problem in
Equation (17), the share of the income a household spends on fuel each year is
assumed to be fixed. To calculate the change in utility of owning a diesel car after
the change in vehicle tax we will rather assume that it is the yearly budget on car
related expenses that is fixed. This means that, according to the model, a decreased
vehicle ownership cost implies larger spendings on fuel and the utility of owning a
car hence increases.

Figure 3 shows the policy effects of a fictitious subsidy for owning a diesel
car. The base level (for no tax change) is 3.6 diesel cars and 103.3 petrol cars
per 100 households. We note that the number petrol cars are decreasing, but the
increase in diesel cars is greater than the decrease in petrol cars. An increase in 0.9
diesel cars/100 households would mean a 25% increase in a single year due to this
subsidy. It should however be noted that given the initial low absolute number of
diesel cars, the total effect as measured by the absolute number of diesel cars in the
fleet is small.

5 Conclusion

This paper presents a methodology to model jointly car ownership, usage and
choice of fuel type. The main feature of the model is that we account for the
forward-looking behavior of decision-makers within a dynamic programming frame-
work. This is crucial in the case of demand for durable goods such as cars, since
the purchase of a car is affected by the utility gained from that car for the present
and future years of ownership. We present empirical results that supports the model
and we have an estimated discount factor of 0.92. We present both estimation and
validation results as well as prediction study analyzing a fictitious policy scenario.
In addition to the dynamic aspects of the model, the continuous choice variables
impose a major challenge. In particular since we consider that households can
own two cars. We deal with this using a CES function that allows us to model the
substitution between the usage of the two cars.

In order to obtain an operational model we have been forced to make a number
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Figure 3: The change in number of diesel cars and petrol cars in the fleet under policy
scenario

of simplifying assumptions. The strongest assumptions are associated with the
continuous choice variable. First, the annual milage is assumed to be a myopic and
deterministic choice. Second, we assume a budget that is exogenously defined.
While these assumptions are restrictive, they allows us to model the substitution
between cars.

Future research will be dedicated to applying the model to the register data as
it becomes available. In recent years a number of policies have been implemented
to increase the share of clean cars in the fleet. We plan to apply this model to study
these policies as well as predicting the effect of policies scenarios defined by the
Swedish government for the upcoming years.
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