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 The Present  

 
Car Ownership in US and NL 

 
 

Country	   N	  cars	  x	  
Hhld	  

0	  car	   1	  car	   2+	  cars	   Mileage	  

NL	   1.07	   ~	  30%	   ~	  50	  %	   ~	  20	  %	   ~10.000	  

US	   1.92	   8.7	  %	   32.2	  %	   59.1	  %	   ~	  20.000	  

Wash	  MA	   1.87	   7.8	  %	   26.7	  %	   65.5	  %	   21.922	  
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More numbers on the comparison across US and Europe 

•  The average U.S. vehicle travels 42% more miles than the average car in 
Germany.  

•  The average U.S. vehicle consumes 112.5% more fuel than its German 
counterpart (2,040 gallons vs. 960), and even 21.4% more than a Canadian 
car (1,680 gallons). 
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Introduction 
•  The American households are highly dependent on private vehicles – in 2009, the 

average vehicle ownership per household is 1.92, and there are only about 9% of 
the households who do not have a car.  

•  In the U.S., transportation contributes approximately 27 percent of total greenhouse 
gas emissions. 71 percent of the oil consumption directs to fuels used in 
transportation, in which 40 percent is used to fill up gasoline tanks in our personal 
vehicles. The use of private vehicles has strong relationship with traffic congestion, 
energy consumption and our environment. 

•  Therefore, it is very crucial to understand the people’s behavior on the wheels, 
particularly, how many vehicles they own, the types of the vehicles and how many 
miles they travel. 

•  In fact, households make those decisions simultaneously. As transportation 
modelers, we’d better to estimate the decisions in one system, in stead of separately, 
in order to best understand their travel behavior hence provide better reference for 
the policy makers.  

•  However, in the literature there are only a few studies that investigated the three 
choices jointly. 
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Literature Review 
•  Discrete-continuous models derived from conditional indirect utility function 

–  The models estimate the choice probabilities and the demand equations sequentially, 
not simultaneously . 

–  The estimates are consistent but not as efficient as full information maximum 
likelihood, because the unobserved component of utility and the error in the demand 
equation generally contain some common unobserved factors.  

•  Multiple Discrete Continuous Extreme Value (MDCEV) model 
–  Does not include vehicle holding decision. 
–  Requires fine classification of vehicles as one type of vehicle cannot be chosen 

twice by the household. 
–  The assumption of fixed total mileage budget for every household implies that it is 

not possible to predict changes in the total number of miles in response to policy 
changes. 

–  There is only a single error term underlying both discrete and continuous choices. 
•  Bayesian Multiple Ordered Probit and Tobit (BMOPT) Model 

–  The computation becomes intensive for a large number of vehicle categories, as the 
number of equations to be estimated increases  proportionally with the number of 
vehicle types.  

–  Ordered mechanism may not perform as well as unordered mechanism in modeling 
car ownership decisions. 
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Research Objectives 

•  Develop a mathematical framework to model the household choices on 
vehicle ownership, the types and annual mileage traveled; in particular, the 
model should be able to  
–  simultaneously estimate discrete (vehicle holding and types) and 

continuous (vehicle usage) decision variables; 
–  take into account a large number of alternatives in both the vehicle 

holding and the vehicle type choices; 
–  have no budget on the mileage traveled; 
–  capture the correlations of the unobserved factors between the discrete 

and continuous parts; 
–  have flexible specifications; and  
–  be sensitive to policy analysis. 
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Research Objectives (Con’t) 

•  Examine and compare the performance of ordered and unordered structures 
in discrete-continuous models.  

•  Apply the framework and develop the national models of vehicle 
ownership and use. 

•  Investigate the effects of improved public transportation services on 
household vehicle ownership and use 
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Framework of the Integrated Discrete Continuous Model 

•  The discrete choices:  
–  Number of vehicles in the household 
–  The type choice of each vehicle in the household 

•  The continuous choice: 
–  Annual miles traveled of the household 

Household	  

Number	  of	  vehicles	  
&	  the	  type	  of	  each	  

Annual	  miles	  traveled	  

0	  	  
1	  -‐	  Type1	  

3	  -‐	  Type1	  &	  Type2	  &	  Type3	  
4	  -‐	  Type1	  &	  Type2	  &	  Type3	  &	  Type4	  

2	  -‐	  Type1	  &	  Type2	  

Unrestricted	  
correla;on	  
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Unordered Discrete-Continuous Model 

•  The household is assumed to be rational and makes the vehicle holding and 
type choices that maximize its utility. 

•  The continuous choice annual miles traveled is in a linear form: 
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Unordered Discrete-Continuous Model (Con’t) 

•  The integrated discrete-continuous model: 

•  Estimation methods: 
–  Monte Carlo Simulation 
–  Numerical Computation (Genz, 1992)  
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Ordered Discrete-Continuous Model 

•  The ordered response structure uses latent variables to represent the vehicle 
ownership propensity of the household.  

•  The number of vehicles holding by the household (Y ) is determined by the 
value of latent variable yd, specifically: 

•  The error terms follow a bivariate normal distribution: 
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Model Comparisons 

•  Objectives: 
–  Compare the unordered and ordered discrete continuous models 
–  Compare two estimation methods for the unordered discrete continuous 

model 
•  Data sources: 

–  2009 National Household Travel Survey (NHTS) data – 1420 
observations in the Washington D.C. Metropolitan area 

–  Vehicle characteristics 
•  Choice set:  

–  Vehicle holding: 0, 1, 2, 3 and 4 car(s) 
–  Vehicle type: 120 alternatives for the type choice of each vehicle (12 

classes x 10 vintages) 
–  Vehicle usage: annual miles traveled 
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Model Comparisons (Con’t) 

unordered discrete-continuous 
model with simulation	  

unordered discrete-continuous 
model without simulation	  

Same as Model 2 except 
no logsum (utility from the 

type choices)	  
Ordered discrete-
continuous model	  
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Model Comparisons (Con’t) 

*Note: Model 1 is the unordered discrete-continuous model with simulation; Model 2 is the unordered discrete-
continuous model with numerical computation; Model 3 is the ordered discrete-continuous model; Model 4 is 
the same as Model 2 except excluding the "logsum" variable, which make it comparable to Model 3. 

unordered discrete-continuous 
model with simulation	  

unordered discrete-continuous 
model without simulation	  

Same as Model 2 except 
no logsum (utility from the 

type choices)	  

Ordered discrete-
continuous model	  
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Model Estimations (Con’t) 
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	  	  	  	  1	  car	  	  	  	  	  	  	  	  2	  cars	  	  	  	  	  	  	  	  3	  cars	  	  	  	  	  	  	  	  4	  cars	  	  	  	  	  Mileage	  

1	  car	  	  	  	  	  	  	  
2	  cars	  	  	  	  	  	  
3	  cars	  	  	  	  
4	  cars	  	  	  	  
Mileage	  

#cars	  	  mileage	  
#cars	  	  	  
mileage	  

	  	  	  	  1	  car	  	  	  	  	  	  	  	  2	  cars	  	  	  	  	  	  	  	  3	  cars	  	  	  	  	  	  	  	  4	  cars	  	  	  	  	  Mileage	  
1	  car	  	  	  	  	  	  	  
2	  cars	  	  	  	  	  	  
3	  cars	  	  	  	  
4	  cars	  	  	  	  
Mileage	  

	  	  	  	  1	  car	  	  	  	  	  2	  cars	  	  	  3	  cars	  	  	  	  4	  cars	  	  	  Mileage	  
1	  car	  	  	  	  	  	  	  
2	  cars	  	  	  	  	  	  
3	  cars	  	  	  	  
4	  cars	  	  	  	  
Mileage	  
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Model Applications (Con’t) 
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Findings from the Model Comparisons 

•  The advantage of the ordered structure over the unordered is that it offers a 
closed mathematical form for the choice probabilities and does not require 
simulations for the estimation. 

•  However, the unordered discrete-continuous models always performs better 
in terms of goodness of fit statistics and forecasting capabilities when 
compared to ordered discrete-continuous models.  

•  In terms of the unordered discrete-continuous models, the estimation based 
on numerical computation provides less running time and better model 
goodness of fit than the estimation with Monte-Carlo simulation. 

•  This analysis confirms that the unordered structure is better suited for 
vehicle holding and use decisions in the context of joint discrete-
continuous decisions. 
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National Models of Vehicle Ownership and Use 

•  This section develops a series of vehicle ownership and usage models for 
the entire United States, which is motivated by the lack of national vehicle 
ownership models in the literature, and the needs to determine vehicle/
driving demand in small areas with limited data availability. 

•  Hu et al. (2007) combined the 2001 NHTS data and 2000 census data to 
provide estimates of regional or local travel, including vehicle trips (VT), 
vehicle miles of travel (VMT), person trips (PT), and person miles of travel 
(PMT) by trip purpose and a number of demographics. 
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National Models of Vehicle Ownership and Use 

•  The models are estimated for four Census Regions (Northeast, Midwest, 
South and West;) and 3 area types (urbanized area, urban clusters and rural) 
with 2009 NHTS data.  
–  Household income, household size, number of worker, has children, 

own home, residential density, driving cost 
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Application with ACS Data for Local Counties/Areas 

•  Then the models are applied to small areas using 2009 American 
Community Survey (ACS) Public Use Microdata Sample (PUMS) files.  
–  San Diego County, CA – West, Urban 
–  Queens, NY – Northeast, Urban 
–  Nassau County, NY – Northeast, Urban 
–  PUMA 1900, TX – South, Rural 

•  Hill County, TX 
•  Navarro County, TX 
•  Limestone County, TX 
•  Freestone County, TX 
•  Navarro County, TX 

–  Fairfax County, VA – South, Urban 
–  Henrico Country, VA – South, Urban 
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Sample sizes of ACS and NHTS data 

•  San Diego County, CA 
–  ACS : 11653 obs. 
–  NHTS: 3712 obs. 

•   Queens, NY 
–  ACS : 6985 obs. 
–  NHTS: 251 obs. 

•   Nassau County, NY 
–  ACS : 4875 obs. 
–  NHTS: 265 obs. 

•  PUMA 1900, TX 
–  ACS : 894 obs. 
–  NHTS: 93 obs. 

•   Fairfax, VA 
–  ACS : 4033 obs. 
–  NHTS: 205 obs. 

•  Henrico, VA 
–  ACS : 1274 obs. 
–  NHTS: 379 obs. 
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Basic statistics  
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Population density (from U.S. Census) 

•  San Diego County, CA 
–  Population density: 680/sq mi 

•  Queens, NY 
–  Population density: 21,116/sq mi 

•  Nassau County, NY 
–  Population density: 4,669/sq mi 

•  PUMA 1900, TX 
–  Population density: 18-57/sq mi 

•  Fairfax, VA 
–  Population density: 2,738.5/sq mi  

•  Henrico, VA 
–  Population density: 1,323/sq mi  
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•  San Diego County, CA 
•  Total area: 4,525.52 sq mi  
•  Total population: 3,095,313 (2010 Census) 
•  Population density: 680/sq mi 
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Prediction results for 
San Diego County, CA 
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•  Queens, NY 
•  Total area: 178.28 sq mi 
•  Total population: 2,272,771 (2010 Census) 
•  Population density: 21,116/sq mi 
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Prediction results for 
Queens, NY 
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Summary of the Application Results 
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Findings from the National Models  

•  The system of models are estimated using 2009 NHTS data for each 
combination of four regions (Northeast, Midwest, South and West)  and 
three area types (urban, suburban and rural).  

•  The system of models is applied to six randomly selected counties/areas 
using the 2009 ACS PUMS data.  

•  The results from the model applications demonstrate the ability of the 
national models in providing accurate estimates for various city/area types. 

•  The national models are valuable both for the national level (to evaluate 
federal policies) and small areas (that lack of local household travel survey 
data).  

•  The results also demonstrate that the integrated discrete-continuous 
framework has good prediction capabilities in modeling household vehicle 
ownership decisions. 
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Measuring Transit Service Impacts on Vehicle 
Ownership and Usage 

•  Recent studies provide evidence that good public transportation might 
encourage people to reduce vehicle ownership and use. However, very few 
studies use advanced quantitative methods to investigate the relationship 
between public transit service and vehicle ownership and use.  

•  Study area: Washington D.C. Metropolitan area 
•  Data sources: 

–  2009 National Household Travel Survey (NHTS) data with geographic 
reference (U.S. Census Tract level) 

–  General Transit Feed Specification (GTFS) data was obtained from the 
Washington Metropolitan Area Transit Authority (WMATA). 

–  U.S. Census TIGER/Line shapefiles 
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Integrate NHTS with 
GTFS Data 
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Data Geo-Processing and Data Integration 
(Census Tract level) 

•  Spatial measurements of transit service     
  (main reference: Transit Capacity and Quality of Service Manual) 

–  percentage of bus stops coverage,  
–  percentage of metro routes coverage,  
–  total length of bus routes,  
–  total length of metro routes, and  
–  total number of bus stops. 

•  Temporal measurements of bus service 
–  the average duration  
–   the average headway 

•  Transit service index (TSI) [Keller, 2012] 
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Estimation results 
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Application results 
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• improved	  bus	  services:	  in	  this	  hypothePcal	  scenario	  every	  census	  tract	  zone	  has	  at	  least	  
50%	  bus	  stop	  coverage,	  15-‐minute	  average	  headway	  and	  6	  peak	  hours	  duraPon	  
(6:30AM	  -‐	  9:30AM	  and	  3:30PM	  -‐	  6:30PM).	  
• improved	  bus	  services:	  In	  the	  improved	  metrorail	  service	  scenario,	  the	  core	  area	  of	  
Washington	  	  Metropolitan	  area	  (urban	  size	  greater	  than	  1	  million)	  has	  at	  least	  50	  
percent	  metro	  route	  coverage.	  



Findings from the Transit Impacts Analysis 

•  This section estimates a discrete-continuous model for the Washington 
D.C. Metropolitan Area and analyzes the impact of improved bus and 
metro services on household ownership and use decisions in that area.  

•  The 2009 National Household Travel Survey data and the General Transit 
Feed Specification data are integrated, and then both spatial and temporal 
measurements of transit services are created on the Census Tract level.  

•  The results show that improved transit is a significant factor in household 
vehicle ownership choices and that the proposed methods are able to 
effectively predict changes in vehicle ownership and usage with respect to 
the transit improvements. 
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Conclusions 
•   An integrated discrete continuous choice model is developed to simultaneously 

estimate the household choices on vehicle ownership (discrete), the types 
(discrete) and annual mileage traveled (continuous). 
–  The model is able to include a large number of alternatives in both the 

vehicle holding and the vehicle type choices. 
–  The model allows unrestricted correlations of the unobserved factors 

between the discrete and continuous parts. 
–  The model accommodates flexible specifications. 
–  There is no budget constraint in the mileage traveled. 
–  The model can be applied for policy analysis. 
–  The model can generate reasonable estimates of the coefficients. 
–  The covariance matrix well explains the correlations between the 

unobserved factors from the utilities of the discrete choices and the demand 
function of the continuous choice. 

–  The non-simulation approach provides a better model fit. 
–  The performance of the model would be improved if the information about 

vehicle type choice is included. 
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Conclusions  (Con’t) 

•   A comparison of unordered and ordered structures in discrete-continuous 
framework is conducted with operational data. The results show that the 
unordered discrete continuous model is more appropriate than the ordered 
discrete continuous model in estimating household vehicle ownership and 
usage decisions. 

•  A system of national models on household vehicle ownership choices is 
developed with National Household Travel Survey data and American 
Community Survey data. Applications for six randomly selected areas 
demonstrate that the models are able to produce accurate estimates. 

•  The model is further applied using geographic data to study the impacts of 
improved transit service on household vehicle ownership choices in the 
Washington D.C. metropolitan area. Results show that transit service 
variables are significant factors in household vehicle ownership choices 
and that the proposed methods are able to effectively predict changes in 
vehicle ownership and usage due to transit service improvements. 
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The Future 



Background 

•  Discrete choice models are commonly used in transportation 
planning and modeling, but their theoretical basis and 
applications have been mainly developed in a static context.  

•  With the continuous and rapid changes in modern societies 
(i.e. introduction of advanced technologies, aggressive 
marketing strategies and innovative policies) it is more and 
more recognized by researchers in various disciplines that 
choice situations take place in a dynamic environment and that 
strong interdependencies exist among decisions made at 
different points in time.  
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Dynamics models in economics 

•  Dynamic discrete choice models have been firstly developed 
in economics and related fields.  

•  In dynamic discrete choice structural models, agents are 
forward looking and maximize expected inter-temporal 
payoffs.  

•  The consumers get to know the rapidly evolving nature of 
product attributes within a given period of time and different 
products are supposed to be available on the market. 

•  As a result, a consumer can either decide to buy the product or 
to postpone the purchase at each time period. This dynamic 
choice behavior has been treated in a series of different 
research studies.  
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Review of economics literature 

•  John Rust (1987)  --- bus engine replacement, single agent, two 
options, one purchase, homogenous attributes of the products, 
infinite-horizon. Nested Fixed Point method to estimate. 

•  Oleg Melnikov (2000) --- printer machine demand  one purchase,  
differentiated durable products, homogenous consumers. 

•   Szabolcs LŐrincz (2005) --- computer servers demand, persistency 
effects, choice between using the original product and upgrading its 
format  (operating systems). Dynamic nested logit model.  

•  Juan Esteban Carranza (2006) --- digital camera demand, 
heterogeneity over consumers’ preferences and dynamics of quality. 

•  Gowrisankaran and Rysman (2007) --- digital camcorder, repeat 
purchases, heterogeneous consumers and differentiated  products. 
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Each time period, the consumer decides to buy or postpone  

 

where: 

 Hypothesis: 

      is the payoff when postponing  

      is time period when consumer decides to buy (set 1) 

                      expected utility 
(Based on Bellman equation): 
 

 

       where: 

       is time period when consumer decides to buy 

β

itc

[] [ ]tt IEE |⋅=⋅

( ) ( ){ }, 1, max ,it it it it i tD v c v c E D v +
⎡ ⎤= +β ⎣ ⎦

jtjt uv
tℑ∈

=max

( ) ⎥
⎦

⎤
⎢
⎣

⎡
+= ∑

−

=
∈

−−
1

1 maxmax,,...
τ

τ
τ

τ
ββ

tk
ijJjt

t
it

tk
itiJtti uEccuuD

τ



	  
	  	  	  	  

	  

	  

	  

	  

	  

	  

	  	  	  	  	  	  	  	  	  

The evolution of the industry is represented by a so called random walk;  
dynamic variable      is supposed to follow a normal diffusion process, 
specified as a random walk with drift        
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The previous equation becomes: 
	  
	  
	  
This is standard optimal stopping problem. The stopping set is given 
when: 
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The parameters estimation can therefore be formulated as a 
traditional maximum likelihood problem: 
 
 
 
 
Decisions include: buy a car of type j, not buy a car. 
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Estimation methodology 



	  
	  
	  

	  

	  

	  
	  	  	  	  

	  
	  

	  

	  

	  

	  

	  	  	  	  	  	  	  	  	  

At	  t=0	   ( )0 0 1[ ]iW y c E Dβ= +

buy	   Not	  buy	  

{ }1 1 1 2[ ] max , [ ]i iE D E v c E D= +

t=1	  

1[ ]E D 1[ ]E D

buy	   Not	  buy	  

t=2	  

2[ ]E D 2[ ]E D2[ ]E D 2[ ]E D { }2 2 2 3[ ] max , [ ]i iE D E v c E D= +

t=3	  
3[ ] 0E D =

buy	   buy	  Not	  buy	   Not	  buy	  

Scenario tree 



DDCM applied to carownership 

•  What effect will the following factors have on the vehicle marketplace over 
the next five years: 
–  New vehicle technology 
–  Improvements in existing vehicle technology 
–  Greater availability of different energy sources 
–  Rising fuel prices 
–  Transportation and energy policy 
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Fuel Type Experiment 
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Results – Fuel Technology 
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Static Model- results 



	  	  
	  
	  

	  
	  
	  
	  
	  
	  
	  	  

, 1 0.103 2.617 (0,1.78)j t jty y N+ = − × + +

Choose	  electric	  car	  price	  as	  the	  dynamic	  variable	  

Dynamic model -results 



	  
	  
	  

	  

	  

	  
	  	  	  	  

	  
	  

	  

	  

	  

	  

	  	  	  	  	  	  	  	  	  

	  	  
	  
	  

	  
	  
	  
	  
	  
	  
	  	  

Gas	  car	   Hybrid	  car	  

Electric	  car	   	  Current	  car	  

Market shares - comparison 



	  
	  
	  

	  

	  

	  
	  	  	  	  

	  
	  

	  

	  

	  

	  

	  	  	  	  	  	  	  	  	  

	  	  
	  
	  

	  
	  
	  
	  
	  
	  
	  	  

•  New gasoline vehicles, hybrid and electric vehicles occupy smaller 
market shares (around 10% each) at the end of the five year period; 

•  All new typologies become more popular after the fifth time period; 
•  Static models are incapable of recovering peaks in the demand function; 
•  MNL model underestimates the market share of the "not buy", and 

dramatically overestimate the share occupied by electric vehicles in the 
next five years; 

•  Dynamic model overestimates the market share of the "not buy", but is 
capable to reproduce the descending trend for this alternative. 

Conclusions 
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