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ABSTRACT OF THE DISSERTATION
Exploratory Dynamic Models of Alternative Fuel \ehicle Adoption
By
Jae Hun Kim
Doctor of Philosophy in Civil and Environmental Engineering
University of California, Irvine, 2015

Professor Will Recker, Chair

Identifying socioeconomic characteristics and vehicle characteristics, including a market share

of a specific vehicle, influencing on a choice of a vehicle is important for forecasting demands
for alternative fuel vehicles (AFVs). Over the time, how changes in these characteristics will
affect on the demands is also important. And by connecting with supply, how changes in
demands for AFVs will make an effect on the supplies becomes important. This paper forecasts
market shares of AFVs in demands and supplies.
First, in a demand part, a dataset of National Household Travel Survey in 2009 is used to identify
factors which influence on a choice of AFVs by logit models. And then by using coefficients
from the logit models, a dynamic normative model is proposed to forecast demands for Toyota
Prius, a sort of hybrid vehicles, with respect to changes in characteristics such as a gas price and
a vehicle price. Because a dynamic normative model is a simulation model with unknown values
of parameters, these values are randomly defined to track the changes in market shares of Prius
based on an annual vehicle market share data.

Next, in a supply part, proportions of hydrogen fuel cell vehicles (HFCVs) with respect to the

Xii



density of hydrogen refueling stations are estimated by logit models. And then by using these
results, a competition model is proposed to forecast supplies for HFCVs. Forecasting supplies for
HFCVs is based on demands which is forecasted from a dynamic normative model.

Last, it is found that supplies of HFCVs from the competition model exceed affordable numbers
of themselves for the market, because the demands for HFCVs from a dynamic normative model
don’t consider affordable numbers of HFCVs for the market. Therefore, to connect results from
two models, feedback methods are used.

The results indicate that the market share of AFVs will exceed that of ICEs when: 1) a gasoline
price is increased, 2) a vehicle price of AFVs is decreased, 3) the initial market share of AFVs is

large, and 4) the density of refueling stations is increased.
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1. Introduction

1.1 Alternative fuel vehicles

Alternative fuel vehicles (AFVs) are vehicles that use fuels other than gasoline to operate.
AFVs include electric vehicles (EVs), hybrid electric vehicles (HEVS), plug-in hybrid electric
vehicles (PHEVs) and hydrogen fuel cell vehicles (HFCVs). Because AFVs don’t use gasoline to
operate, there are minimal, if any, harmful emissions associated with their use. And, compared to
vehicles powered by internal combustion engines (ICEVs) using gasoline, AFVs typically
produce less noise during driving. However, as yet, they have not penetrated vehicle markets
significantly, principally because of the following: 1) AFVs are generally more expensive than
comparable ICEVs, 2) compared to gasoline vehicles, AFVs typically have shorter range and
poorer performance than comparable ICEVs, and 3) the number of refueling/recharging stations
for AFVs is far fewer than that of gas stations and, for many AFVs, virtually nonexistent.

The introduction of AFVs to the market has been a relatively recent occurrence—one that has
generally preceded the deployment of the infrastructure necessary for their widespread adoption.
In an effort to encourage people to purchase them despite the marginal infrastructure, several
incentives, such as High Occupancy Vehicle (HOV) lane eligibility, have been enacted. However,
compared to typical ICEVs, ownership of AFVs (beyond that of the Toyota Prius Hybrid, which
currently is the best-selling car in California) is not widespread, mainly because of the relatively
high prices of vehicles and the hesitancy of buyers to invest such substantial resources in
technologies that have not yet been widely adopted. These concerns are heightened by limited
range, in the case of BEVs, and the availability of refueling stations, in the case of HFCVs.
Moreover, although the Toyota Prius electric hybrid is currently widespread, the presence of full

AFVs is virtually non-existent in today’s market, making the choice of owning an AFV an
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individual choice with no peer reinforcement. Of course, there have been efforts in reducing
vehicle price, as well as in improving range, increasing fuel availability, and providing incentives.
And with these efforts, it is expected that AFVs ultimately will penetrate the market in sufficient
numbers to be a competitive alternative to ICEVs. Then, a critical question of interest that should
be asked is “when?” The time for sufficient penetration of AFVs may be short or long, depending
on the conditions (e.g., changes in vehicle price, increased range, increased number of peers
selecting AFVs, and so on) under which they operate. Then, changes in which factors, and by
what amount, will produce an environment in which AFVs penetrate more easily in a short time?

This is the focus of this research.

1.2 Objectives

The purpose of this research is to identify factors that are conducive to significant market
penetration of AFVs. Possible factors include both intrinsic (e.g., vehicle price, range, operating
cost, and so on) and extrinsic (e.g., household income, gender, education level, etc.) influences,
as well as the influences of societal norms and trends.
The objectives in achieving this purpose are the following:

- ldentify influential factors related to vehicles, households, and society

- Propose a simulation model that can forecast the initial stages of dynamic market

penetration of AFVs
- Propose and set several scenarios for simulation
- Use the model to identify the influences of the various factors on market penetrations of

AFVs

By achieving the objectives above, the influence on market penetration of AFVs relative to
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changes in each factor will be observed for a number of different scenarios. From the results of
these scenarios, factors that are conducive to sustainable levels of AFV penetration will be

identified.

1.3 Expected contributions

This research focuses on the impact of changes in various factors on the potential for AFVs’
market penetration. Rather than estimating coefficients and evaluating goodness of fit of the
dynamic models proposed here, the emphasis is on identifying conditions for which AFVs may
be a sustainable alternative to conventional ICEVs. It is expected that the results of the research
will provide guidelines for determining the infrastructure necessary for significant numbers of
AFVs to be supported. More generally, it is also expected that the models introduced in this

study will provide a point of departure for forecasting demands for hypothetical alternatives.

1.4 Outline

In Chapter 2, literatures that focus on available datasets related to AFVs are reviewed, and the
factors that may affect the choice of AFVs are discussed. After that, the literature that has
focused on models for forecasting demands for AFVs (i.e., discrete choice and simulation models)
is reviewed. In Chapter 3, coefficients of several variables are estimated by logit models to
observe influences on the choice of AFVs. In Chapter 4, with these coefficients and a model
using stimuli and response from changing variables, changes in market share of Toyota Prius
over time are demonstrated. In Chapter 5, expected demands for HFCVs are observed with
respect to the density of hydrogen refueling stations. In Chapter 6, with demands obtained from

Chapter 5 and a model assuming competitions between ICEVs and HFCVs, changes in market



share of HFCVs from a supply standpoint are observed. The results obtained from combining
from these two different models are shown in Chapter 6. And in Chapter 7, the conclusions and

the expected contributions of this study are discussed.



2. Literature Review

2.1 Datasets for forecasting the use of hypothetical vehicles

Although some HEVs (e.g., Prius, Civic Hybrid, and so on) and BEVs (e.g., Honda Insight) are
already on the road, AFVs remain largely hypothetical vehicles to the mass market, principally
because of their own scarcity as well as the scarcity of the infrastructure needed to support their
widespread adoption. Typically, a survey of a household’s travel is used to forecast the vehicle
used for travel. However, survey data, or revealed preference (RP) data, typically addresses only
the vehicles that are currently operated on the road. As noted, AFVs are far outhumbered by
ICEVs, and so travel survey data does not contain enough data for forecasting the use of these
vehicles. Consequently, under current conditions, RP data cannot be used for forecasting the
potential demand for AFVs.

In order to overcome this drawback of RP data, stated preference (SP) methods have been used
in the majority of work related to AFVs. While RP survey methods deal with existing alternatives,
SP methods deal with hypothetical alternatives, usually by characterizing the alternatives in
terms of specific attributes that can then be used to “construct” the utility or value of a
hypothetical alternative. In this way, SP methods can be used to predict people’s preferences for
AFVs. For example, Golob et al. (1993) attempted to predict demands for electric and clean-fuel
vehicles by using SP survey data drawn from the South Coast Air Basin of California.

Similar to RP data, SP data also has significant drawbacks in application to AFVs. Chief among
these is that people’s choices as indicated on the SP survey are not necessarily coincident with
real choices made in the future when the alternative will be introduced. So, it is important to
make data obtained from SP questions similar to real world situations, or at least to minimize the

gap between survey data and real world choices. Considering this, Brownstone et al. (1996) tried
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to predict choices of AFVs by using SP choices conditioned on current RP data. And Brownstone
et al. (2000) tried to estimate the demand for AFVs by jointing California households’ SP data
with RP data for automobiles.

Because both the structure and the focus of SP surveys are different from those of RP surveys,
jointing these two datasets raises certain accuracy issues. Bhat and Castelar (2002) addressed
four issues derived from jointing RP and SP data: inter-alternative error structure, scale
difference, unobserved heterogeneity effects, and state-dependence and heterogeneity in state-
dependence. They argue that for accurate results from joint RP-SP data, these issues should be
considered simultaneously, since they seem to have significant interactions. They also conclude
that the flexible, or open, form rather than closed form of estimation models is necessary for
accurate results using joint datasets. Although calculations using closed form models are
relatively easy, for joint datasets they can result in unacceptable estimations because they ignore

the issues indicated above.

2.2 Factors that may influence the use of AFVs

As already mentioned, for the large part, AFVs are hypothetical vehicles. Therefore, specifying
factors that are likely to influence the adoption and use of these vehicles is important. In order to
forecast vehicle use in the future, Train (1986) developed simulation models for one base year
scenario and six future scenarios, in which some variables were changed. Through the
simulations, he found that gasoline price and vehicle price would have the greatest influence on
the use of AFVs, while the influence of employment status was small. Bunch et al. (1993)
conducted an SP survey to analyze demand for AFVs in California, by providing respondents the

information about fuel price, vehicle price, range, emissions, performances and fuel availability



for AFVs and gasoline vehicles. Golob et al. (1994) specified endogenous variables (i.e., VMT,
driver’s age, gender and employment status) and exogenous variables (vehicle characteristics and
household characteristics) for their structural equation model of vehicle use. Golob et al. }(1997)
extended this work to forecasting the use of AFVs by including such SP variables as range
between refueling. Brownstone et al. (1994) and Potoglou and Kanaroglou (2007) found that
reduced monetary costs, relieved purchase tax and low emissions rates would increase the
number of households choosing AFVs, while such incentives as free parking and HOV lane
eligibility had insignificant effects. They also found that fuel availability was a concern when
households considered choosing AFVs. Yeh (2007) found that the adoption of AFVs and
alternative fuels is influenced by: 1) technologies and fuel choices (cost, range, fuel availability,
reliability, and safety), 2) context (social, economic, cultural, and spatial characteristics), and 3)
impacts (economic, health, environmental, energy, and land-use changes).

Although some AFVs (specifically, HEVs) are already on the road, most people do not know
much about these vehicles at this point in time. Because of this, when choosing vehicles, people
may be expected to rely more heavily on the opinions and experiences of other people who
already own AFVs than they would in a similar situation involving ICEVs. The “neighbor” effect,
introduced by Mau et al. (2008), can be one of factors that may influence vehicle choice. Mau et
al. (2008) and Axsen et al. (2009) tried to forecast the use of AFVs by performing two steps: 1)
provide information about HEVs (e.g., articles, vehicle brochures and market conditions) to
potential respondents, and then 2) perform a vehicle choice survey with these respondents.

Another factor that can be considered for forecasting the use of AFVs is their symbolism to
vehicle owners. Heffner et al. (2007) focused on the symbolism of HEVs and then speculated on

the role that symbolism may play in the future markets for Fuel Cell \ehicles (FCVs). According



to them, people sometimes use automobiles to predict owners’ intelligence, life satisfaction, and
behavior toward others. And for people, HEVs not only symbolize the idea of saving fuel costs,
but also describe their owners as intelligent, sensible people who made smart choices in their
lives. The work provided guidance on how FCVs can penetrate markets by using symbolism,
based on the results from HEVs. However, it did not address how these symbolisms could be

included in forecasting choice and the use of AFVs.

2.3 Models for forecasting demands of AFVs
2.3.1 Discrete choice models

Logit models have been used frequently for forecasting vehicle choice. However, standard logit
models based on revealed preferences are valid only for alternatives that are in common use.
Because AFVs are vehicles that are not in common use yet, probabilities of choosing AFVs
cannot be estimated through standard logit models. To address this shortcoming, several studies
have developed methods that can forecast the choice probability of AFVs. One way is to use
standard logit models that include additional data. Bunch et al. (1993), Golob et al. (1993),
Golob et al. %(1997) and Potoglou and Kanaroglou (2007) tried to forecast demand for AFVs
with logit models using SP data. Greene (2001) developed nested logit models using estimates
other than those from SP data (i.e., purchase price elasticity, fuel cost per mile, maintenance cost,
battery replacement cost, the value of range, value of home-based refueling/recharging,
acceleration performance, and so on).

Others have based studies on different versions of the basic logit model. Beggs et al. (1981)
developed an ordered logit model that uses individual data of ranked choice. It used a property of

the conditional distribution of extreme random variates to extend the basic logit formulation to



the ranked case. The property is that the utility distribution of the most favored choice is
independent of the ordering of the less favored choices even when the exact ordering is used to
condition on. With this property, Beggs et al. rewrote the formulation of probability as that of
conditional probability of choice. Brownstone (2000) developed a mixed logit model using an
error term (not &), which has zero mean and is independently and identically distributed. This
error term is interpreted as an error component that induces heteroskedasticity and correlation
over alternatives in the unobserved portion of utility. The choice probabilities obtained through a
mixed logit depend on parameters; the coefficients of variables and the fixed parameter of the
distribution for error term, while those through the standard logit depend only on the former.
This leads to a problem when calibrating derivatives of the log likelihood function. The inclusion
of the latter removes the guarantee of global concavity and so the Hessian matrix is not
guaranteed to be positive definite. This results in computationally slower estimation.

Dagsvik et al. (2002) developed a stochastic model for ranking as a means to find potential
demand for AFVs. They also provided random utility models with serially dependent utilities.
According to them, the utilities of an alternative may be correlated across experiments even if the
corresponding attributes differ. The reason for this may be that an individual’s state of mind and
perception capacities vary more or less slowly over time, and as a result, preference evaluations
in the last and current experiments may tend to be more strongly correlated than are preference
evaluations in experiments that are more remote in time. By reflecting this, they presented an
extension of I1A to the case where choices take place over time, which was proposed in Dagsvik
(2000). They interpreted the formulation as follows: in the particular case that the past choice
sets are constant, but where the choice set in the current period is expanded to include new

alternatives that were never feasible before, the probability of choosing an alternative among the



new alternatives that enter the choice set is independent of the choice history. In other words,
even if previous choices provide information about the preferences over the alternatives in the
“old” choice set, these choices provide no information about the utility of the “new” alternatives.
Ahn et al. (2008) tried to forecast household choice of AFVs by using the multiple discrete-
continuous extreme value model (MDCEV), which had been developed by Bhat (2005). The

MDCEV model defines utility over vehicle types as following:

U :i‘/’(xj)(mﬁ?’i)ai

=1

where K is the number of vehicle types in an alternative set, ://(xj)is the baseline utility

explained by the attributes x; of alternative j, m;

; Is the respondent’s stated expected usage of

alternative j, «.

; influences the rate of diminishing marginal utility and y determines the

translation. This function is valid if y/(xj ) >0 and 0<a; <1—this condition should be held to

ensure diminishing marginal utility—for all j. According to Bhat and Sen (2006), the term

determines if corner solutions are allowed (i.e., a household doesn’t own one or more vehicle
types) or if only interior solutions are allowed (i.e., a household is constrained by formulation to
own all vehicle types). From the utility structure above, a statistical model can be developed by
adopting a random utility specification. A multiplicative random element is introduced to the

baseline utility as follows:

w(x.6)=w(x )" =exp(B'x; +¢)

where ¢, captures unobserved characteristics that impact the baseline utility for vehicle type j.
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With this baseline utility function, the MDCEV model becomes:

K )
U :Z[exp(ﬁ'xj +‘91)}(mj +75)"
j=1
To ensure the condition that O<ea; <1, Bhat and Sen (2006) parameterized «; as

1

[1+ exp (-5, )]

specified as &, =¢9;yj, where 'y, is a vector of household characteristics and 6, is a

. And, to allow the satiation parameters to vary across households, &; is

corresponding vector of parameters. Using the utility above, the probability that the household

owns i of the K vehicle types is calculated as follows:

P(m>0andm, =0; i=12,..1ands=1+1..,K)

) e

nl]i‘j;i] and V, = ', +1net, + (e, ~1)-In(m, +7,).

where c, =(

When i=1 (i.e., only one vehicle type is chosen by the household), the model above becomes the

standard MNL model.

2.3.2 Effect of refueling/recharging stations

Keles et al. (2008) proposed a different approach to forecasting market penetration of HFCVs

11



using an analysis based on agent behavior. They postulated that an important variable influencing
the attractiveness of HFCVs is the refueling effect, representing the impact of the available
hydrogen infrastructure, i.e., the share of filling stations offering hydrogen fuel. In their model,
its evaluation depends on the development of hydrogen filling stations modeled in the filling
stations module. They focused on an analysis of infrastructure extension based on the number of
available urban and highway filling stations, where the dominating element is the share of urban
fueling station providing hydrogen fuel. Expectedly, they found that the new number of refueling
stations depends on the demand for hydrogen fuel—if the existing stations cannot satisfy demand,
new stations will be constructed to match the number needed to serve the excess demand. They
further introduced the system element “social attractiveness” as an indicator for the influence of
the social environment on the decisions made by private consumers in order to calculate the
private demand caused by urban as well as interurban traffic. They postulated that the decision of
an individual to buy a HFCV depends on the pressure or pull exerted by his/her social
environment, especially during the introduction phase.

Schwoon (2006) proposed a series of agent-based and evolutionary models to examine the
possible transition to HFCVs. In the model, the total utility a consumer k obtains from buying car

is:

it

it (Ci't ) +(1- 5, )- SN, (Ci,t )] -RFE, | (Ci,t)
[ p(c;, )-(1+tax (1-FCV ))}\%wn\

UE: (Ci,t) = I:

In the model form, because price is a crucial determinant of the buying decision, government is

assumed to impose a value added tax (tax,) on ICEVs to stimulate the diffusion of HFCVs. The
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effectiveness of such a tax depends on the responsiveness of utility toward (after tax) price

changes, which is defined by the elasticity ¢

own *

If the absolute value of ¢_,,, is high, the impact

wn
of the tax on utility and, therefore, on technology choice is also high. The numerator evaluates
the utility that the consumer can derive from the features of a specific car. The utility is assumed

to be a weighted average of the direct utility U, , associated with the characteristics of the car

and the social need SNy, (i.e., the impact of neighbors on decisions), jointly scaled by a

variable called the refueling effect (RFE, ;). The “social need” effect reflects the presumption

that the emotional decision of whether or not to buy a futuristic and unfamiliar HFCV might be
guided by decisions of neighbors. Such a social need SN, is defined by the share of the
product type in the neighborhood (including the deciding consumer), i.e., in the case of a FCV, it
is the number of neighbors driving a FCV plus 1, divided by the total size of the neighborhood,
including the deciding consumer. The weight £, varies over individuals and is taken from a
random draw from a normal distribution within the boundaries 0.4 and 1 in the central case.
Refueling, i.e., the sufficient availability of hydrogen—a major concern for every consumer
considering a HFCV—is captured by the variable RFE, as being essential to total utility in the
case of a HFCV. The refueling effect changes over time if a considerable hydrogen infrastructure
gets installed. Furthermore, people are assumed to differ in their individual refueling needs. Put
together, RFE is constructed as a function of fuel availability at time t, represented by the share

of filling stations that provide hydrogen (s, ,,) and individual driving patterns ( DP, )

RFE, (Ci,FCV,t ) =1-FCV DR, 'exp(7SH z,t)

where y <0is a parameter determining the importance of fuel availability. Refueling is assumed
13



irrelevant for ICEVs. Individual driving patterns are assumed to vary between 0 (only short trips
in familiar areas) and 1 (many long distant trips in unknown areas) and are fixed over time. On
the supply side, it is assumed that fuel station companies increase the share of stations as HFCVs

enter the market. If the share of newly registered HFCVs is larger than the share of stations,
infrastructure grows by the highest amount that is technologically feasible (g;}5 ). Otherwise the

share of stations develops as

_ H max max max exog
Szt = Shze T m|n|:gH2 ’V(SFCV,t _Slrcv,t-l)+ Oh2 ]

where si%, is the maximum share of newly registered HFCVs up to time t and g;}5° is a

demand-independent increase in the share, which is greater than zero in the “exogenous
hydrogen” scenarios. In general, this equation states that the build-up of stations accelerates if, in
the current period, the share of newly registered HFCVs reached a new maximum. Then, the
difference in maximum shares affects the share of stations by the factor v.

Miyagawa (2013) tried to find a relationship between the density of refueling stations and
refueling availability. His work is based on the random probability of refueling within a specified
distance. In order to find refueling availability related to the density of refueling stations, he
developed models using the Poisson distribution for three cases: a driver can refuel at 1) both

origin (O) and destination (D), 2) either O or D, and 3) neither O nor D.

2.3.3 Dynamic normative model
Landahl (1938) introduced a neural stimuli-response model to explain the basic neural

mechanism of a human. He assumed the case in which two stimuli of the same object are
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simultaneously presented for a given time. Then, the following equations are proposed:

((jj—f =AE-a¢ 1)

where,
E: the intensity of excitation from a stimulus

¢ : the excitation factor

With equation (1), Landahl proposed that the excitation factor ¢ increases with time at a rate
A which is proportional to the excitation intensity E and decreases at a rate « which is
proportional to its own concentration. The solution of the equation for constant E is:

AE at
&= 7 (l— e ) (2)

where we take £=0 for t=0 as the initial condition, and where t is the time required for
stimulus to take an effect.
Based on Landahl’s work, Recker (2012) developed a dynamic normative model for vehicle

choice. The basic formulation of the model is as follows:

a (?j_cto + o(t) = Q(t) 3)

where @ is the level of excitement in the neural center in reaction to a particular stimulus of
strength Q,and « is a growth rate parameter that is inversely proportional to the rate at which

the final level of neural excitement is achieved. For constant Q, the equation has the negative
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exponential growth rate as a solution.

In his application of the model to vehicle choice, Recker assumed that stimuli consist of
intrinsic and extrinsic components. Intrinsic stimuli address the perception of changes in a
vehicle’s characteristics including annual gas cost, and extrinsic stimuli address the perception of
changes in proportions of people who will choose a specific vehicle.

In the case of the intrinsic utilities of the alternatives, the dynamics are dictated by exogenous
changes to the existing attribute levels X° att=t,, bringing them to new levels X, fort>t,.

Although such changes typically occur instantaneously (e.g., introduction of new models,
addition of refueling stations, fuel cost increases, improvements in battery technology), the
concordance of an individual’s perception of the changes with the actual changes may take some
time to develop as a result of a learning process. Denoting by ,; an individual’s perception of
the change in the level of the utility of intrinsic attribute j of alternative k, the appropriate
dynamic relationship is given by Equation (4).

dao,
a, —

. +, () =B, (X5 —Xg)-H({t-t) , vx; e X ,VkeA

(4)
Wy (t.)=0

where H(:) is the heaviside function, the g, are the unit partwise utility weights associated with
attribute j, and where a,; is an unknown parameter that is inversely proportional to the rate at
which the individual’s perception finds concordance with the true value of x,,. The solution to
this equation is

@y (t) =B, - (% —xg) - [L-e ], 1>t (5)
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It is assumed that the normative component, or extrinsic component of utility can be

represented as V,’(p,), where p, represents the proportion of the individual’s peer group

choosing alternative k. Define by f,(®,) the joint density function for @, at time t=t,.

Then, the expected proportion choosing alternative k atsome time t>t becomes:

pe(t) = j j j L@, +3®, (1)]- f, (®,)-dD, (6)

®, =V, -V, k=l

As a first-order approximation, and consistent with assumptions regarding the intrinsic
components of utility, the strength of the stimulus to respond to normative influences is assumed
simply to be proportional to p, , the proportion of persons in an individual’s peer group who can
be expected to choose alternative k at any time t. Then, under similar assumptions regarding
the dynamics governing response to these external stimuli,

b, ddﬁwka)=z[pk(t)—pk(to)]-H<t-to) . VkeA @)

v (t,)=0

where A is an unknown proportionality constant whose magnitude and sense are direct
functions of an individual’s motivation to comply to social “norms,” and where b, has a similar
definition to its counterpart in Equation (4).

With a utility at the initial time, intrinsic stimuli @,;, and extrinsic stimuli v, , the final utility

of alternative k is defined as Equation (8).
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Vi =Vk0 + Za’kj + Uy (8)
j

In this research, we apply the dynamic normative model above to a dataset of market share for

vehicles in order to determine the values of parameters a,;, b, and 4, that best track changes

in demands for each vehicle.

2.3.4 Competing species model

Models discussed in the previous sections focus on demand and are based on travel survey data
obtained at a fixed specific time. These models are generally unsuited in forecasting changes in
demand for AFVs and ICEVs over time when the supply side conditions react to demand. As the
purpose of this research is to identify those factors, including those associated with changing
supply-side conditions, that influence the market penetrations of AFVs over time, it is necessary
to take another modeling approach to fulfill this purpose—dynamic simulation models are
particularly useful for this purpose.

Although they have not been used in the vehicle demand field, predator-prey models and
competing species models—drawn from mathematical biology—may provide a useful platform.
Predator-prey models are based on the relationships between predator and prey in natural
environments (e.g. birth, death, and so on). The basic structure of a predator-prey system is

shown in Figure 1.
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Figure 1. Predator-prey system
Source: Whelan (1994)

In the system shown in Figure 1, if the birth rate of a prey is more than its death rate, the
number of prey increases infinitely. However, because a predator kills the prey for survival, the
number of the prey never infinitely increases and may even decrease. And, if the number of this
prey is too small, the numbers of predators decrease because they don’t have enough food to
maintain the current number. With repetition of this interaction, the numbers of predator and prey
can achieve a balance, or equilibrium (which may be extinction of one, or both). In order to
formulate predator-prey system, the following factors need to be considered; number of predator
and prey, birth and death rate, and interaction between predator and prey.

According to Smith (1974), in the predator-prey system, there are oscillations in the numbers of

predator and prey because of birth and death rates. However, when there are competitive
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interactions between two species, no oscillation is produced. The concept of competing species is
based on competitions among species for survival. Within the predator-prey system, there are
competitions among predators for a limited amount of prey. In these competitions, the predator
fulfilling certain conditions can take more prey and so can survive. The Lotka-Volterra equation
is one of the most well-known competing species models. The basic formula is as follows (May

and Leonard (1975)):

%: I}Ni(t){l—iaiij(t)} ©)

where N, (t) is the number of individuals in the ith species at time t, r, is the intrinsic growth
rate of ith species, and «; is the competition coefficient measuring the extent to which the jth

species affects the growth rate of the ith.
With equation (9), May and Leonard specified the three-competitor system by making

assumptions that 1) r=r,=r,=r; 2) with respect to competition, competitor 2 affects
competitor 1 as competitor 3 affects 2 as 1 affects 3, (i.e., o, =, =0, =a); 3) similarly

a,, =0, =ay, = f; and 4) rescale the populations N, sothat ¢, =1 and rescale t so that r=1.

%: N, [1-N, —aN, - AN,] (10)
%: N, [1- BN, =N, —aN,] (11)
%: Ny [1-aN, - BN, —N,] (12)

In an analogy to competing species models, in vehicle markets, ICEVs and AFVs become
20



predators, and customers become preys. And, in order to be chosen by a sustainable number of
customers, ICEVs and AFVs should compete by innovating themselves. However, because
vehicles are not life forms, they cannot control their number in isolation—maximum numbers of
vehicles supportable need to be defined. By using these concepts, Redmond (2011) introduced a
modified Lotka-Volterra equation, in order to forecast the growth of AFVs in the immediate
future.

Zn:“ij N; ()
B _pnof1-E — (13)

where N, is the number of alternative i, K, is the maximum number of alternative i that can

i
be supported, r, is the increase rate of alternative i, and «; are the values of interactions
between iandj (¢ =1).

The degree of market penetration for vehicles will also be influenced by such external factors as
number of customers (considering “birth” and “death”), and the number of refueling or
recharging stations. Because AFVs are a new technology, the number of customers and refueling
stations are crucial for their market penetration. In particular, the number of refueling stations
depends on the demand for AFVs themselves, and so does the number of AFVs. If the number of
refueling stations increases, the demand for AFVs will likely also increase. And then the number
of stations increases again as a response to this increasing demand. In short, AFVs and stations
are in a “chicken and egg” problem. This can be explained with the concept of mutualism.

Because AFVs and refueling stations cannot survive without each other, this relationship can be
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defined as an obligate mutualism, which is classified in Boucher (1985). Focusing on this,
Redmond (2011) tried to forecast the growth of AFVs, ICEVs and refueling stations; in the
following equations, three alternatives are considered; Hydrogen Fuel Cell Vehicles (HFCVs)

(i=1), Battery Electric Vehicles (BEVs) (i=2), and Internal Combustion Engines (ICEs) (i=3).

aN.O _ () 1 2 (% =) N, O +7aPO) [i=1,2 (14)
dt Ki(t)

dN, (t) :riNi(t)'Ki(o—Ni(t)+0iRi(t)} P12 (15)
dt i K (t)

dR (t) _ T +o KO -RO+AN® | _

T—piRi (t)_ T, +oK (D) }’ 1=1,2 (16)

where N, is the number of alternative i, P is the population of the study area, R. is the number

of refueling stations for alternative i, K. is the maximum number of alternative i that can be

supported, I',, is the number of refueling stations in the initial condition, r, is the increase rate
of alternative i, p, is the increase rate of refueling stations, «; are the values of interactions
between i and j (¢; =1), S are the values of interactions for refueling stations, y is the
proportionality constant (vehicles per person), 6. is the influence of alternative i on others, and

o, Isa parameter whose value should be given.

In the predator-prey model described above, changes in one or more factors of the competing
vehicles will alter the ratios of their respective choices by customers. Then, the principal
question is: which factors sway customers to choose certain vehicles, or to change to AFVs?

Here, we propose that the answer to question can be guided by a stimuli-response model.
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2.4 Summary

There are a number of factors that are presumed to influence the demand for, and the market
penetrations of, AFVs. These factors include those related to the vehicles themselves and those
related to households and their positions in society. Using these factors, the demand for AFVs
can be forecast by using discrete choice models based on SP data. However, discrete choice
models are static models, and so dynamic models are necessary to forecast the change of market
penetrations over time. Focusing on this, a dynamic normative model based on an individual’s
stimuli-response was reviewed.. After that, a predator-prey or competing species model, which is
from mathematical biology, was also reviewed. Based on these literature reviews, the model for

this research will be provided in the next section.

23



3. Dynamic normative model

3.1 Formulation

Based on the work by Landahl (1938), Recker (2012) developed a dynamic normative model to
capture the influences of the so-called “bandwagon effect” as it applies to the growth in the
demand for popularized choices. The basic formulation of the model is in the form expressed by

Equation (17):

a%—‘t% o(t) = Q(t) (7

where @ is the level of excitement in the neural center in reaction to a particular stimulus of
strength Q,and « is a growth rate parameter that is inversely proportional to the rate at which
the final level of neural excitement is achieved. For constant Q, equation (17) has the negative
exponential growth rate as a solution.

Recker assumed that stimuli consist of intrinsic and extrinsic components. Intrinsic stimuli
address the perception of changes in a vehicle’s characteristics including annual gas cost, and
extrinsic stimuli address the perception of changes in proportions of people who will choose a
specific vehicle.

In the case of the intrinsic utilities of the alternatives, the dynamics are dictated by exogenous
changes to the existing attribute levels X° att=t,, bringing them to new levels X, fort>t,.

Although such changes typically occur instantaneously (e.g., introduction of new models,
addition of refueling stations, fuel cost increases, improvements in battery technology), the
concordance of an individual’s perception of the changes with the actual changes may take some
time to develop as a result of a learning process. Denoting by @,; an individual’s perception of
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the change in the level of the utility of intrinsic attribute j of alternative k, the appropriate
dynamic relationship is given by Equation (18).

da,; e
akj_tkj+a)kj(t):ﬂj-(ij—ij)-H(t-to) , Vij ka ,Vk e A

d (18)

@, (t.)=0

where H(:) is the heaviside function, the g, are the unit partwise utility weights associated with
attribute j, and where a,; is an unknown parameter that is inversely proportional to the rate at
which the individual’s perception finds concordance with the true value of x,. The solution to
this equation is

2% (t) = ﬂj : (X:J - X;j)'[:l-_ei(H )/akj] , t>1. (19)

It is assumed that the normative, or extrinsic, component of utility can be represented as

V. (p.), where p, represents the proportion of the individual’s peer group choosing alternative

k. Define by f, (®,) the joint density function for @, at time t=t . Then, the expected

proportion choosing alternative k at some time t >t can be represented as:

pO=[ [ -~ [ L0 +50, 0] 1,(®;)-do;. 20)

—00 —00 —00

o, =V, -V, , k=l

As a first-order approximation, and consistent with assumptions regarding the intrinsic

components of utility, consider that the strength of the stimulus to respond to normative
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influences is simply proportional to p, , the proportion of persons in an individual’s peer group
who can be expected to choose alternative k at any time t. Then, under similar assumptions
regarding the dynamics governing response to these external stimuli,

do, _ _ . -
b, U0 =) -p LI HE-) | vkeA (21)

v (t)=0

where A is an unknown proportionality constant whose magnitude and sense are direct

functions of an individual’s motivation to comply, and where b, has a similar definition to its

counterpart in Equation (18).

With a utility at the initial time, intrinsic stimuli @, , and extrinsic stimuli v, , the final utility

of alternative k is defined as Equation (22).

U, =U§+Za}kj +0, (22)
j

From data for market share for vehicles and the dynamic normative model above, the values of

parameters a,, b, and A, that can track the changes in demands for each vehicle can be

found.

3.2 Dataset
Data from the National Household Travel Survey (NHTS) 2009 is used to help establish: 1)
relative importance of various factors in choice of vehicles among comparable ICEVs and

market-ready AFVs (HEVs), and 2) whether or not the hypothesis of the “bandwagon” effect for
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AFVs is plausibly valid. Our analysis focuses on consumer choice among four vehicles: Honda
Civic, Toyota Corolla, Honda Civic Hybrid and Toyota Prius—the latter two being the
predominant examples of AFVs present in the marketplace. Our key hypothesis is that the data
will support that the choice of Toyota Prius (which is readily identifiable as an AFV) has been
significantly affected by a dynamic “bandwagon” effect that is not present in the choices among
other comparable vehicles and, in particular, not present in the case of the choice of Honda Civic
Hybrid which is virtually indistinguishable from its Honda Civic ICE counterpart.

A sample of households in the NHTS 2009 that purchased Honda Civic, Toyota Corolla, Honda
Civic Hybrid or Toyota Prius anytime during the years from 2003 through 2008 was chosen for
this phase of the analysis. This time period was taken to coincide with the introduction of the
Honda Civic Hybrid to the market as a 2003 year model, although Toyota Prius had been
introduced prior to this. Although the NHTS data does not have the vehicle purchase year, the
period that a vehicle has been owned and the date that the diary was completed are given. In our
analysis, the vehicle purchase year is calculated by subtracting the period of owning a vehicle
from the date of the diary. Because of lack of precise information, it was assumed that vehicle
characteristics (e.g., price, fuel economy) of each vehicle reported pertained to those of a new
vehicle of the model year of the year of purchase; i.e., equivalent to assuming that all vehicles
were purchased new. The distribution of vehicle purchases contained in our analysis dataset is

shown in Table 1; Table 2 provides corresponding data for the whole US population.
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TABLE 1 Sample Market Share of Vehicles in Year 2003 Through 2008

Year Honda Toyota Civic Toyota Total
Civic Corolla Hybrid Prius

2003 118 166 28 32 344
2004 174 220 42 93 529
2005 213 283 41 177 714
2006 305 368 69 221 963
2007 362 411 70 360 1,203
2008 365 355 71 270 1,061
Total 1,537 1,803 321 1,153 4,814

TABLE 2 US Market Share of Vehicles in Year 2003 Through 2012

Year Honda Toyota Civic Toyota Total
Civic Corolla Hybrid Prius

2003 277,872 325,477 21,800 24,600 649,749
2004 283,625 333,161 25,571 53,991 696,348
2005 282,551 341,290 25,864 107,897 757,602
2006 285,387 387,388 31,251 106,971 810,997
2007 298,520 371,390 32,575 181,221 883,706
2008 307,992 351,007 31,297 158,574 848,870
2009 244,603 296,874 15,119 139,682 696,278
2010 252,882 266,082 7,336 140,928 667,228
2011 216,532 240,259 4,703 136,463 597,957
2012 310,753 290,947 7,156 147,503 756,359
Total 2,760,717 | 3,203,875 | 202,672 | 1,197,830 | 7,365,094

Source: www.goodcarbadcar.net, www.afdc.energy.gov/data/tab/vehicles/data_set/10301

There are total 4,814 sample observations available for use in the analysis, each of which
contains (either explicitly, or via calculation): vehicle mpg, gas price ($/gal.), vehicle price
(MSRP-$1,500 rebated price of state incentive for HEVS), drivers’ education level and gender.
For the extrinsic part of utility (i.e., the potential “bandwagon” influence), the dataset of market
share for these vehicles in the whole U.S. area is used as a variable in the model. The concept
used here is that the visual presence of the vehicle in the market place can be used as a surrogate
for the stimulus associated with the effects of imitative behavior. Comparative analyses are

performed on the following pairs of vehicles: Honda Civic vs. Honda Civic Hybrid, Honda Civic
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vs. Toyota Corolla, Toyota Corolla vs. Toyota Prius, and Honda Civic Hybrid vs. Toyota Prius.
Prior to the choice analysis used to confirm/reject our prime hypothesis and to identify relative
weights of the components of utility (intrinsic as well as extrinsic) affecting vehicle choice, we

present some summary statistics.

1) Honda Civic vs. Honda Civic Hybrid

The relative market shares of Honda Civic and Honda Civic Hybrid from 2003 to 2012 are
displayed in Table 3 (for the sample) and in Table 4 (for the US). From these tables, it can be
seen that, compared to Honda Civic, the Honda Civic Hybrid has had a substantially lower
market share both in the sample, as well as in the population—we note that the market share in
the sample is almost double that in the population; a factor that may be attributable to owners of
hybrid vehicles being more internally motivated to participate in the travel survey. Although
sales of the Honda Civic Hybrid have remained relatively constant (with respect to Honda Civic)
during the years for which we have sample data (2003-2008), we note a rather precipitous drop

in its market share post 2008 (Table 4, Figure 2).

TABLE 3 Sample of Civic and Civic Hybrid in NHTS 2009

. Rate (%)
P“;‘;gfse Civic HC'E)’:iCd Total | Civic | Civic
y Hybrid

2003 118 28| 146 | 80.8 19.2
2004 174 42| 216 | 80.6 194
2005 213 41| 254 | 839 16.1
2006 305 69| 374 | 816 18.4
2007 362 70| 432 | 83.8 16.2
2008 365 71| 436 | 83.7 16.3
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TABLE 4 Market Share of Civic and Civic Hybrid in Year 2003 Through 2012
Market share
Civic (%)

Year Civic Hybrid Total

Civic
Hybrid
2003 | 277,872 | 21,800 | 299,672 92.7 7.3
2004 | 283,625 | 25571 | 309,196 91.7 8.3
2005 | 282,551 | 25,864 | 308,415 91.6 8.4
2006 | 285,387 | 31,251 | 316,638 90.1 9.9
2007 | 298,520 | 32,575 | 331,095 90.2 9.8
2008 | 307,992 | 31,297 | 339,289 90.8 9.2
2009 | 244,603 15,119 | 259,722 94.2 5.8
2010 | 252,882 7,336 | 260,218 97.2 2.8
2011 | 216,532 4,703 | 221,235 97.9 2.1
2012 | 310,753 7,156 | 317,909 97.7 2.3

Civic

Honda Civic vs. Honda Civic Hybrid

100

90

80

70

60

50

—Civic

40 —Civic Hybrid

Proportion (%)

30

20

10

2002 2004 2006 2008 2010 2012 2014
Year

Figure 2. Honda Civic vs. Honda Civic Hybrid Market Trend

2) Honda Civic vs. Toyota Corolla

The sample from NHTS 2009 and the market share of Honda Civic and Toyota Corolla are
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shown in Table 5 and Table 6. As seen in Table 5, the relative proportion of Civic in our sample
has steadily increased since 2003, surpassing that of Corolla in 2008. In contrast in the market
(Table 6 and Figure 3), except for year 2012, Corolla has possessed a steady slightly larger

market share than Civic.

TABLE 5 Sample of Civic and Corolla in NHTS 2009

Pu\r((;r;?se Civic | Corolla | Total Civ?c?te ((;/((;)rolla
2003 118 166 284 415 58.5
2004 174 220 394 442 55.8
2005 213 283 496 42.9 57.1
2006 305 368 673 45.3 54.7
2007 362 411 773 46.8 53.2
2008 365 355 720 50.7 49.3

TABLE 6 Market Share of Civic and Corolla in Year 2003 Through 2012
Market share
Year Civic | Corolla | Total (%)

Civic | Corolla
2003 | 277,872 | 325477 | 603,349 46.1 53.9
2004 | 283,625 | 333,161 | 616,786 46.0 54.0
2005 | 282,551 | 341,290 | 623,841 45.3 54.7
2006 | 285,387 | 387,388 | 672,775 42.4 57.6
2007 | 298,520 | 371,390 | 669,910 44.6 55.4
2008 | 307,992 | 351,007 | 658,999 46.7 53.3
2009 | 244,603 | 296,874 | 541,477 45.2 54.8
2010 | 252,882 | 266,082 | 518,964 48.7 51.3
2011 | 216,532 | 240,259 | 456,791 47.4 52.6
2012 | 310,753 | 290,947 | 601,700 51.6 48.4
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Figure 3. Toyota Corolla vs. Toyota Prius Market Trend

3) Toyota Corolla vs. Toyota Prius
The sample from NHTS 2009 and the market share of Corolla and Prius are in Table 7 and
Table 8. It can be seen that the market share of Prius has steadily increased over the years (Figure

4), although it has been smaller than that of Corolla.
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TABLE 7 Sample of Corolla and Prius in NHTS 2009

0
Pu\r((;r;?se Corolla | Prius | Total Corgi?z:e (ﬁ)r S
2003 166 32 198 83.8 16.2
2004 220 93 313 70.3 29.7
2005 283 177 460 61.5 38.5
2006 368 221 589 62.5 37.5
2007 411 360 771 53.3 46.7
2008 355 270 625 56.8 43.2

TABLE 8 Market Share of Corolla and Prius in Year 2003 Through 2012
Market share
Year | Corolla | Prius Total (%)
Corolla | Prius
2003 | 325,477 | 24,600 | 350,077 93.0 7.0
2004 | 333,161 | 53,991 | 387,152 86.1 13.9
2005 | 341,290 | 107,897 | 449,187 76.0 24.0
2006 | 387,388 | 106,971 | 494,359 78.4 21.6
2007 | 371,390 | 181,221 | 552,611 67.2 32.8
2008 | 351,007 | 158,574 | 509,581 68.9 31.1
2009 | 296,874 | 139,682 | 436,556 68.0 32.0
2010 | 266,082 | 140,928 | 407,010 65.4 34.6
2011 | 240,259 | 136,463 | 376,722 63.8 36.2
2012 290,947 | 147,503 | 438,450 66.4 33.6
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Figure 4. Toyota Corolla vs. Toyota Prius Market Trend

4) Honda Civic Hybrid vs. Toyota Prius

The sample from NHTS 2009 and the market share of Civic Hybrid and Prius are in Table 9 and
Table 10, respectively. The relatively dramatic fate of these two HEVs is demonstrated clearly in
these tables; the trend shown in Figure 5 offer encouragement that our hypothesis regarding the

bandwagon effect is plausible.
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TABLE 9 Sample of Civic Hybrid and Prius in NHTS 2009

Purchase | Civic Prius | Total CivI?ct:?l S
Year Hybrid Hybrid Prius
2003 28 32 60 46.7 53.3
2004 42 93 135 31.1 68.9
2005 41 177 218 18.8 81.2
2006 69 221 290 23.8 76.2
2007 70 360 431 16.3 83.7
2008 71 270 341 20.8 79.2

TABLE 10 Market Share of Civic Hybrid and Prius in Year 2003 Through 2012

Market share
(%)

Civic .
Year Hybrid Prius Total Civic
Hybrid
2003 21,800 | 24,600 | 46,400 47.0 53.0
2004 25571 | 53,991 | 79,562 32.1 67.9
2005 25,864 | 107,897 | 133,761 19.3 80.7
2006 31,251 | 106,971 | 138,222 22.6 774
2007 32,575 | 181,221 | 213,796 15.2 84.8
2008 31,297 | 158,574 | 189,871 16.5 83.5
2009 15,119 | 139,682 | 154,801 10.0 90.0
2010 7,336 | 140,928 | 148,264 4.9 95.1
2011 4,703 | 136,463 | 141,166 3.3 96.7
2012 7,156 | 147,503 | 154,659 4.6 95.4

Prius
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Figure 5. Honda Civic Hybrid vs. Toyota Prius Market Trend

3.3 Discrete Choice Analysis

As stated in previous sections, data involving choice between general AFVs (beyond HEVS) are
simply nonexistent. Here, we perform an analysis using discrete choice models to try to gain
“order of magnitude” estimates of the roles of various intrinsic characteristics of the vehicles
(e.g., fuel efficiency), socio-demographic characteristics (e.g., income), and extrinsic factors (i.e.,
market share) on purchase choices involving AFVs. Specifically, we use data from NHTS 2009
to estimate binary choice models for three cases: Honda Civic vs. Honda Civic Hybrid, Toyota
Corolla vs. Toyota Prius, and Honda Civic Hybrid vs. Toyota Prius. We use these models to: 1)
infer the relative magnitudes of various characteristics in determining choice outcomes, and 2)

test verification of our hypotheses regarding the dynamic effects of the “bandwagon”
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phenomenon and to gauge its relative magnitude compared to other, intrinsic, characteristics in
the formulation of utility. We test this latter effect by including a “market share” variable which
IS cast as a surrogate for the impact of popularity on the choice—the idea being that the greater
the vehicle’s percentage in the population of vehicles the greater the likelihood of an individual

encountering (and identifying) the vehicle as being “popular.”

3.3.1 Honda Civic vs. Honda Civic Hybrid

Although visually virtually indistinguishable, Honda Civic and Honda Civic Hybrid are
different vehicles; Civic Hybrid runs with electricity as well as gasoline, although its
performance is same as that of a gasoline vehicle. In this case, one of decision factors for
choosing vehicles will be how many “in the neighborhood” already choose Civic Hybrid, for
which we use the market share of Civic Hybrid (by year of purchase) as an explanatory variable.
Here, we would expect to reject the hypothesis that market share, or popularity, is a significant

determinant of choice since the outward distinction between the two is negligible.

In the following, we use the shorthand notations: A = {Civic, Civic Hybrid} ={C, CH}, with

descriptive attributes, X={C, G,P, E,S}, where C =constant G =annual gas cost/household

income, P =vehicle price/household income, E =education level, and S =gender (1 for male

and O for female); M, is used to designate an alternative specific constant.

Assuming an annual travel distance of 15,000 miles, using mpg and gas price, annual gas cost
can be calculated with Equation (23).

15,000miles

Annual gas cost ($)= x gas price ($/gal.)

(23)
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The corresponding static deterministic utilities are then

VC :ﬂCCC +ﬂ’pCH +ﬁGGC +ﬂPPC +ﬂEEC +ﬁSSC

Veu = BsGen + B Pen

where C. =1 and where p, isthe market share of Civic Hybrid.

The results of the estimation are displayed in Table 11; variable coefficient t scores are shown in

parentheses.

(24)

TABLE 11 Coefficients of Discrete Choice Model: Civic vs. Civic Hybrid

Model: Civic vs. Civic Value of Coefficient M,
Hybrid Coefficient Symbol Civic Civic Hybrid

Constant 0.243748 B 1 0
(0.1179)

Market share of -43.541694 A 1 0

Civic Hybrid (-0.7830)

Annual gas cost/household -175.749725 B N.A. N.A.

income (-15.1699)

Vehicle price/household -80.821102 Bo N.A. N.A.

income (-17.3419)

Education level -0.125358 Be 1 0
(-1.3661)

Gender -0.064565 B 1 0
(-0.3519)

Likelihood -400.73

R squared 0.53139

Likelihood Ratio test 908.82

Then, based on the estimation shown in Table 11,

V. =0.244—43.542p,, —175.750G, —80.821P, —0.125E —0.065S,

V,,, =-175.750G, —80.821p,,
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As expected, the results indicate that the effect of imitative behavior (bandwagon), as represented

in the surrogate variable p,, tests insignificant for this choice situation.

3.3.2 Toyota Corolla vs. Toyota Prius

This case is the same as Civic vs. Civic Hybrid, with the market share of Prius used as a

variable. Utilities for these vehicles are as Equation (26).

Veo = BcCeo +40p + BsGeo + FoFeo + PeEco + B5Sco

Ve = B:Gp + P (29)

where C., =1 and where p, isthe market share of Prius. The estimation results are displayed

in Table 12.

TABLE 12 Coefficients of Discrete Choice Model: Corolla vs. Prius

Model: Corolla vs. Prius Value of Coefficient M,

Coefficient Symbol Corolla BriLs

Constant 1.269303 Be 1 0

(4.2429)

Market share of -10.139152 A 1 0

Prius (-13.9814)

Annual gas cost/household -153.448539 B N.A. N.A.

income (-15.2407)

Vehicle price/household -50.508068 Bo N.A. N.A.

income (-23.2628)

Education level -0.269733 Be 1 0
(-5.2190)

Gender -0.065641 B 1 0
(-0.6072)

Likelihood -1116.7

R squared 0.43513

Likelihood Ratio test 1720.4
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Then, based on the estimation from Table 12,

V., =1.269-10.139p, —153.449G,, —50.508P., —0.270E, —0.066S,
V, =-153.449G, —50.508P,

(27)
Here, we see that the market share of the Prius has a relative positive impact on the probability of
choice of Prius (equivalently decreasing the utility of Corolla), confirming our hypothesis of the

bandwagon effect.

3.3.3 Honda Civic Hybrid vs. Toyota Prius

The Honda Civic Hybrid and Toyota Prius are HEVs. Similar to their conventional counterparts,
Civic and Corolla, they also are similar in performance and price. Moreover, both have less gas
cost than do ICEs. In this case, we propose that the market share of one of these HEV’s will be
an influential factor on the choice between these two vehicles; the market share of Prius is used

as a variable. Utilities for these vehicles are as Equation (28).

Ven = BeCon + A0 + PGopy + o Fery + PeEcri + BsScn

Ve =5:Gp 29

where C., =1 and where p, is the market share of Prius.
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TABLE 13 Coefficients of Discrete Choice Model: Civic Hybrid vs. Prius

Model: Civic Hybrid vs. Value of Coefficient M,
Prius Coefficient Symbol Civic Hybrid Prius
Constant 3.090622 Be 1 0
(4.4606)
Market share of -4,741397 A 1 0
Prius (-6.0791)
Annual gas cost/household 14.507632 B N.A. N.A.
income (0.8894)
Vehicle price/household N.A. N.A. N.A. N.A.
income
Education level -0.189312 Be 1 0
(-2.9367)
Gender 0.242450 B 1 0
(1.8827)
Likelihood -749.52
R squared 0.029729
Likelihood Ratio test 45,931
Then, based on the estimation from Table 13,
Ve, =3.091-4.741p, +14.508G,, —0.189E,, +0.242S_, (29)

V, =14.508G,

Once again, we see that the market share of the Prius has a relative positive impact on the
probability of choice of Prius (equivalently decreasing the utility of Civic Hybrid), confirming
our hypothesis of the bandwagon effect. However, as expected the influence of the bandwagon

effect for these two HEVSs is less than in the case of Prius vs. the Corolla ICE.

3.3.4 Summary
The results above generally support the hypothesis that there is a “bandwagon” effect on an
individual’s choice of a distinctively different HEV; it is found that the market share of a vehicle

has a significant effect on a choice of the opposite vehicle, except for the case of Civic vs. Civic
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Hybrid—two vehicles that are virtually indistinguishable to the motoring public. In the next
section, we present a potential mechanism for capturing such effects, focused on using the results
obtained for the case of Toyota Corolla and Toyota Prius as a base for our comparison of

dynamic, imitative behavior.

3.4 Fitting the dynamic normative model

Consider the case of two alternatives, A={Corolla,Prius}={C, P}, with five descriptive

attributes, X={C, G,P,E,S}, where C =constant G =annual gas cost/household income,
P = vehicle price/household income, E = education level, and S = gender. Define
{Cg, G2,P?, ECO,SCO} and {Cé Gg, P, E;,Sé}as the values of the intrinsic descriptive attributes
of the Toyota Corolla at time t=0 and t=t , respectively; similarly, define
{Cs, Gp, P ER,Sptand {Cp, G, Py, Er,S; | as the values of the intrinsic descriptive attributes
of the Toyota Prius at time t=0 and t=t" , respectively. (NOTE:
C.=C,,E’=E,,S =S,; k=C,P.) Also denote p.(0),0-(0) as the initial values of the

market shares of Corolla and Prius, respectively. Then,
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¢C,P=VC_VP

B={bc O}’ ‘P(t)={%(t)},
0 b Ly (t)

@(t){pc(t)} _ [J L(®.)- f(DF)ddg
Pp(t) 1
—pc(t) (34)
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VieA
1k

(35)
Assume V¢ ~ N (Vg 0. ), V& ~N(Vy,0,). Then
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Then

e*((Dc *CT)C)Z/ZU&P

fo (@) =@2n) Vork -

°= {bc O } ] {UC}
0 b, Up
0 - PV 36
o (t)} B (27[)’1/20'5'1,3 . j (1+ e_¢°(t)) ' g (Pe®e) /ZUC"’d(Dg (36)

O(t) =
® LP B -

1-pc(1)

Or, substituting Equation (23),

00

o)\ 71 T2y 2
o (t):| ~ (27[)7]/20-6,1}3 . j (1_'_e_(r(t)J'(Uc(t)_UP(t))+®C)j _e—(‘bc‘q)c) /Zo'c.qu)g

() =
® |:pP (t) s

1-pc(t)

Also, recall

BZ—T+‘I’=/1-69(‘I’)~H(t—tO)

Y(t)=0

doe

b, 0 dt Uc | pet)=pc(t,)
] dv, | M‘” {pp(t)—pp(to)]H“‘“)

dt
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Finally,

—00

e ® 1-pc (t)

doe
bC 0 ) dt + |:UC:|:2/. |:pc(t)_pc(to)
0 b, ||do, U Pe(t) = pp (t,)
dt

]H(t—to)

Or, since from Equations (37b)

do.

{pc(t)}:;tl_ |:bc 0] T + 4L {Uc:|+{pc(to)}
Pp(t) 0 b dﬂ Up Pe(t,)

dt

we obtain the following integro-differential equations for v, (t), vggy (1)

d& i 2 I ~(#(t)+(ve () -vp (1)) +0 ) -
b. 0 | dt + v (1) _2 (2r) O-C,P'I(l_'_e j
0 by % Lp () -
dt L
_21 pc(to) :|
_1_pC (to)
Or,
do.

o)\ 1 L FoN2y0 2
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(37h)
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0 b ||dy, vp(t)] 1-9(ve.05) 1-pc(t,)

dt
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where

< ~(e(0)+ (v (0)-vp (1)) +02 ) - 21202
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—o0

with given parameters:

ﬁC!ﬂG!ﬂPlﬂE!ﬂSyCé1CCOIC;’CS!GS’GCO’G;’GS’P(:’PCO’P;’P;’EE’ECO'E;’Eg’
Sé yS((:) ’S; ’Sg ’aC,C ’aC,G ’a‘C,P ’aC’E,aC‘S,aP‘C laP,G yaP’P ’aP,E’anS !bC abP 11)
Oc, Op, \7(30’ \7PO’ pe(ty), po(t,)

3.4.1 Numerical solutions

As discussed previously, exact solutions to equations (38) are difficult, if not impossible to
obtain. Here we employ a simple numerical finite difference discretization scheme to obtain
approximate solutions to the demonstration example. Specifically, equations (38) are represented

by their difference approximations:

e () — v (t—At)

_bc 0_' At + ve(t) ~2 j(UC’UP) —ﬂ,_ pc(t,)
L 0 bP_ UP(t)_UP(t_At) Up(t) - l_j(UC7UP) _1_pc(to)
L At
b O_'_Uc(t)_uc(t_At)__*_At v (1) — At j(Uc’UP) _—EA'[ pc(t,)
|0 by [u(D)—vp(t—AY) | vet)] T |19 (ve,0p) 1-pe(t,)

0 bo+At]|o.(®)] [0 by |op(t-At) 1- p. ()

—Uc(t)}{bcmt 0 } {mr[ I (ve,0p) '_M{ pc(t) }{bc O]{U(:(t—m)}}
| 0p (1) 0 b, +At 1-9(vc,0p) 1-p(t,)| | O by | |v.(t—At)

b +At 0 ]{uc(t)}__bc oHuc(t—At)‘~M{ I (Ve,0p) ] Pe®)
) )
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where

7(1) = A (€2 ~C)(1-e % )4 i (GC -G (e U | g (B - R (Lo Y (LB (1-e U ) (80 -2 (1 )

-4 (Ca—C} )(1—e*“*‘°)a* )— s (Gs —Gg)(l—e’“’“’a*‘; )— A Pf)(l—e’("“’)a;P )— B (Er-E7 )(1—e*<"‘“”“* )—ﬂs (ss-sp )(1—e*(‘*‘v>aﬁis )

For this particular case, since C)=C,,E’=E,,S =S,;k=C,P:

7(1) = e (G -G )[1-e I i g (RD-RE (1 )

-8, (GP -G )(1_e—u40>ap?e )—ﬁp (Pp -P; )(1_67(17‘0)?,;? )

With this formulation, the change in demand by stimuli from several factors (e.g. gas price, and
market share of vehicles) will be examined for several scenarios.
3.4.2 Basic Scenario Parameters

As a basic scenario, the following is assumed: gas price at the initial time step (2003) is
$1.36/gal., and that at the final time step (2012) is $3.64/gal.; a $1,500 rebate is applied to Prius
and Civic Hybrid at the final time step. Here, and in other scenarios presented under Section 3.4,
for demonstration purposes, the values for Education, Ex, and Gender, Sy, are held fixed at values
5 (Graduate or Professional degree) and O (=female) , respectively. And, the value of dt is

assumed as 0.01. Other initial conditions are displayed in Table 14.

TABLE 14 Values of Variables for Civic Hybrid, Corolla, and Prius

Civic Hybrid Corolla Prius
MPG 45.35 32.05 49.65
Price $26,135 $18,515 $25,700
$24,635 with rebate $24,200 with rebate
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With these basic assumptions, the parameters of the dynamic normative model are adjusted to

“best” match the observed dynamic changes in demand for the respective vehicles. In the model,

the values for the various relative importance weights in the utility functions and the value of the

dynamic parameter, 4, are those determined by the estimation of the corresponding discrete

choice model.

3.4.3 Corolla (CO) vs. Prius (P) Dynamics

The values of parameters that provide the best match to the empirical evidence are in Table 15.

And, the results are shown in Figure 6.

TABLE 15 Values of Parameters for Corolla vs. Prius

Corolla Prius
ac 35 100
ar N.A. 1
b 2500 2500
S 0.4 0.3
q)go 2.7
A -10.1
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Figure 6. Results for Corolla vs. Prius

The results indicate that the dynamic normative model, in conjunction with the discrete choice

assumptions, track the growth in the market share of the Toyota Prius Hybrid with reasonable

accuracy.

3.4.4 Civic Hybrid (CH) vs. Prius (P)

The values of parameters are in Table 16. And, the results are shown in Figure 7.

TABLE 16 Values of Parameters for Civic Hybrid vs. Prius

Civic Hybrid Prius
dc -2.7 1
b 200 200
S 0.1 0.5
q>gH -0.1
A -4.7

53



0.9

0.8

0.7

Market Share
o o
n o

14
P

0.3

0.2

0

0.1 +

2003

Prob(CH)
= Prob(P)
~==rhoP

= rhoCH
e Civic Hybrid

Prius

Here again, although not quite as conclusively as in the case of Prius vs. Corolla example, we see
that the dynamic model is able to capture the general trend of the relative market shares of Prius
vs. Civic Hybrid over the study period. The results above show that dynamic normative models
for each case are able to track the market trends from year 2003 through 2008. To test sensitivity,

these models are applied to several scenarios in the next section.

3.5 Sensitivity analysis

In the following sections, we examine the sensitivity of the dynamic normative model relative

to key factors.

3.5.1 Changing the initial points for market share

In this section, we test the sensitivities of the dynamic trends relative to the initial state of the

Figure 7. Results for Civic Hybrid vs. Prius




market. Specifically, the initial values for market share of each vehicle are changed to find
influences on the changes in market trend over the years. Except for s and ®°, the values of

parameters for the dynamic normative models remain equal to those in the previous section.
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Figure 8. Market Trends Corolla (CO) vs. Prius (P) with @Z, =14, o2, =0.8, p3 =0.2
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Figure 10. Market Trends Corolla (CO) vs. Prius (P) with @2, =0.4, p3, =0.6, pp =0.4
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Figure 11. Market Trends Civic Hybrid (CH) vs. Prius (P) with®?,, =0.4, o2, =0.6, pp =0.4
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Figure 13. Market Trends Civic Hybrid (CH) vs. Prius (P) with
D, =-14,p%, =0.2,p3=0.8

From the results above, the dynamic market trends for both Corolla vs. Prius and Civic Hybrid
vs. Prius shows sensitivity to changes in their initial positions in the market. In more detail, the
changes in market share of Prius show a faster crossing to a dominant market share with respect
to changes in the initial market share of Corolla than with those of Civic Hybrid. The reason of
this result can be explained as: although the vehicle price of Prius is higher than that of Corolla,
the benefits of saving operating cost with choosing Prius is larger than the benefit obtained from
choosing Corolla. On the other hand, Civic Hybrid and Prius have similar advantages in saving
operating cost. Therefore, the changes in market share between Prius and Corolla occur faster
than those between Prius and Civic Hybrid. And the greater the initial market share of Prius, the
larger this effect would be on changes in market share due to the bandwagon effect. In
conclusion, the larger initial market share of Prius, the faster the pathway to having a greater

market share than that of the other vehicle.

3.5.2 Changing gas prices

In the base (default) case, gas price ($/gal.) in the initial time step is $1.36, and that in the final
time step is $3.64. In the case considered here, the gas price in the final time step is changed to
find influence on market trend over the years. The initial market shares of each vehicle and

values of parameters for the dynamic normative model remain equal to the base case.
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Figure 14. Market Trends Corolla vs. Prius with Gas Price of $4.09/ gal.
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Figure 15. Market Trends Civic Hybrid vs. Prius with Gas Price of $4.09/ gal.
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Figure 16. Market Trends Corolla vs. Prius with Gas Price of $4.49/ gal.
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Figure 17. Market Trends Civic Hybrid vs. Prius with Gas Price of $4.49/ gal.

As expected, from the results above, the market trends between Corolla vs. Prius show a
sensitivity to rising gas price—a price of gas of at least about $4.50 per gallon appears necessary
for Prius to overtake Corolla in terms of market share. On the other hand, the market trends
between Civic Hybrid vs. Prius show almost no change with respect to raising gas price. As
mentioned in the previous section related to initial market shares, the reason for this result can be
explained by the difference in the benefit of saving operation cost between the two vehicles. In
other words, Prius and Corolla have different characteristics in mpg which has a direct effect on
operating cost, and so changes in gas price would likely produce a change in market shares
between these two vehicles. However, Prius and Civic Hybrid have similar characteristics in mpg,
which means that these two vehicles have similar benefits of saving operation cost. Therefore,

changes in gas price would not be expected to make a significant effect on market shares
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between Prius and Civic Hybrid.

3.5.3 Changing vehicle prices

In the base (default) case, a $1,500 rebate is applied to Civic Hybrid and Prius; the effect is one
in which the prices of these vehicles become those in which $1,500 is subtracted from MSRP.
Here, two scenarios are presented; i) No rebate for Civic Hybrid and Prius, and ii) $5,000 rebate.

The results are presented with the base scenario for comparison purposes.
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Figure 18. Market Trends without Rebates
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64



iii) $5,000 rebate
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Figure 20. Market Trends with Rebates of $5,000

The results show that the higher the rebate in vehicle price, the larger and more rapid the change

in the market trend of Prius.

3.5.4 Gender effects

To compare the sensitivity of choice of vehicle between males and females, changes in the
market share of vehicles with respect to gender are analyzed by separating the dataset of people
who own Toyota Corolla and Toyota Prius (total 2,959 samples) by gender. In the dataset, the

distribution by gender is shown in Table 17.
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TABLE 17 Distribution of Respondents by Gender

Year Male Female
Number Percentage (%) Number Percentage (%)
Corolla Prius | Corolla | Prius Corolla Prius Corolla Prius
2003 54 16 77.1 22.9 112 16 87.5 12.5
2004 55 43 56.1 43.9 165 50 76.7 23.3
2005 111 83 57.2 42.8 172 94 64.7 35.3
2006 130 89 59.4 40.6 238 133 64.2 35.8
2007 142 144 49.7 50.3 270 217 55.4 44.6
2008 127 106 54.5 45.5 228 164 58.2 41.8
Total 619 481 1,185 674
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Figure 21. Market Trends Between Corolla and Prius in Males
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Figure 22. Market Trends Between Corolla and Prius in Females

a) Male

In order to best track the changes in the graph of male respondents, the values of parameters for
the dynamic normative model are as in Table 18, and the results are shown as Figure 23. In Table
18, the values of a; for Corolla and Prius are 10 and 100, with an assumption that male drivers
of Corolla are more sensitive to the change in gas price than those of Prius. In the case of a,, it
is not applied to Corolla because the vehicle price of Corolla is not reduced by rebates. The
values of s are defined to reduce the gap between results from a logit model and those from a
dynamic normative model. And the value of ®Z is defined to reduce a gap between the initial

market share (Year 2003) from the vehicle sales data and the initial market share which is

derived from a dynamic normative model.
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TABLE 18 Values of Parameters for Males

Corolla Prius

ac 10 100

ar N.A. 1

b 800 800

S 0.5 0.3

q)oco 1.3

A -10.1
@ ° == Prob(Co)
% - ___/_'_ ——ProbiP)
s -’_._.____________—-—-'—'—'__-——- ——rhoCo

e
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Figure 23. Change in the Market Share of Corolla and Prius in Males

b) Female
Similarly, in order to track the changes in a graph of females, the best values of parameters for
the dynamic normative model are as in Table 19, and the results are shown in Figure 24. In Table

19, the values of a; for Corolla and Prius are 5 and 100, with an assumption that female drivers
of Corolla are more sensitive to the change in gas price than those of Prius. In the case of a,, it

is not applied to Corolla because the vehicle price of Corolla is not reduced by rebates. The
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values of s are defined to reduce the gap between results from a logit model and those from a
dynamic normative model. And the value of ®Z, is defined to reduce a gap between the initial

market share (Year 2003) from the vehicle sales data and the initial market share which is

derived from a dynamic normative model.

TABLE 19 Values of Parameters for Females

Corolla Prius
5 100
N.A. 1
1000 1000
0.5 0.3
@2 1.9
A -10.1
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Figure 24. Change in the Market Share of Corolla and Prius in Females

The results above show that there are only minor differences in the sensitivity of the “best”
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model parameters to fit the dynamics of choice of Prius between the male group and the female
group.

Table 20 shows the comparison of model parameters for males and females. In Table 20, by
comparing a value of a; for males who choose Corolla to that for females who choose the
same vehicle, it is found that the value for males is larger than that for females. From this, it
could be said that females who choose Corolla are more sensitive with a change in gas price than

males who choose the same vehicle.

TABLE 20 Comparison of Fitted Model Parameters for Males vs. Females

Corolla Prius
Males Females Males Females

ac 10 5 100 100
ar N.A. N.A. 1 1

b 800 1000 800 1000
S 0.5 0.5 0.3 0.3

@ 1.3 1.9
A -10.1 -10.1 -10.1 -10.1

3.5.5 Education effects

To examine the influence of education level on the sensitivity to choice of vehicle, the change
in the market share of vehicles with respect education level is analyzed by first separating the
dataset of people who drive Toyota Corolla and Toyota Prius by education level. According to

NHTS, the education level is defined as Table 21.
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TABLE 21 Codes of Education Levels and Their Descriptions

Code

Description

1 Less than high school graduate

2 High school graduate
3 Some college or Associate’s degree
4 Bachelor’s degree

5 Graduate or Professional degree

a) Less than high school graduate (code 1)

In the dataset, the distribution of people in code 1 is in Table 22.

TABLE 22 Distribution of People (Code 1)

Year Number Percentage (%) Total
Corolla Prius | Corolla | Prius

2003 5 0 100 0 5
2004 3 1 75 25 4
2005 7 3 70 30 10
2006 9 0 100 0 9
2007 9 2 81.8 18.2 11
2008 8 1 88.9 11.1 9
Total 41 7 48
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Figure 25. Market Trends between Corolla and Prius in Code 1 Group

The values of parameters for the dynamic normative model are in Table 23, and the results are

shown in Figure 26.

TABLE 23 Values of Parameters (Code 1)

Corolla Prius
ac 3 1000
ar N.A. 1
b 2500 2500
S 0.4 0.3
q)oco 4.1
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Figure 26. Change in the Market Share of Corolla and Prius (Code 1)

b) High school graduate (code 2)

In the dataset, the distribution of people in code 2 is in Table 24.

TABLE 24 Distribution of People (Code 2)

Year Number Percentage (%) Total
Corolla Prius | Corolla | Prius

2003 36 1 97.3 2.7 37
2004 50 4 92.6 7.4 54
2005 62 14 81.6 18.4 76
2006 68 17 80 20 85
2007 85 28 75.2 24.8 113
2008 96 17 85 15 113
Total 397 81 478
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Figure 27. Market Trends between Corolla and Prius in Code 2 Group

The values of parameters for the dynamic normative model are in Table 25. And the result is

shown in Figure 28.

TABLE 25 Values of Parameters (Code 2)

Corolla Prius
ac 1 1000
ar N.A. 10
b 2500 2500
S 0.5 0.3
q)oco 3.6
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Figure 28. Change in the Market Share of Corolla and Prius (Code 2)

c) Some college or Associate’s degree (code 3)

In the dataset, the distribution of people in code 3 is in Table 26.

TABLE 26 Distribution of People (Code 3)

Year Number Percentage (%) Total
Corolla Prius | Corolla | Prius

2003 54 2 96.4 3.6 56
2004 56 14 80 20 70
2005 80 25 76.2 23.8 105
2006 122 31 79.7 20.3 153
2007 125 67 65.1 34.9 192
2008 104 74 58.4 41.6 178
Total 541 213 754
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Figure 29. Market Trends between Corolla and Prius in Code 3 Group

The values of parameters for the dynamic normative model are in Table 27. And the result is

shown in Figure 30.

TABLE 27 Values of Parameters (Code 3)

Corolla Prius
ac 0.5 1000
ar N.A. 1
b 5000 5000
S 0.5 0.3
q)oco 3.3
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Figure 30. Change in the Market Share of Corolla and Prius (Code 3)

d) Bachelor’s degree (code 4)

In the dataset, the distribution of people in code 4 is in Table 28.

TABLE 28 Distribution of People (Code 4)

Year Number Percentage (%) Total
Corolla Prius | Corolla | Prius

2003 34 12 73.9 26.1 46
2004 61 21 74.4 25.6 82
2005 70 56 55.6 44.4 126
2006 83 74 52.9 47.1 157
2007 99 105 48.5 51.5 204
2008 78 78 50 50 156
Total 425 346 771
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Figure 31. Market Trends between Corolla and Prius in Code 4 Group

The values of parameters for the dynamic normative model are in Table 29. And the result is

shown in Figure 32.

TABLE 29 Values of Parameters (Code 4)

Corolla Prius
ac 11 100
ar N.A. 1
b 1000 500
S 0.4 0.3
D, 1
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Figure 32. Change in the Market Share of Corolla and Prius (Code 4)

e) Graduate or Professional degree (code 5)

In the dataset, the distribution of people in code 5 is in Table 30.

TABLE 30 Distribution of People (Code 5)

Year Number Percentage (%) Total
Corolla Prius | Corolla | Prius

2003 37 17 68.5 315 54
2004 50 53 48.5 51.5 103
2005 64 79 44.8 55.2 143
2006 86 100 46.2 53.8 186
2007 94 159 37.2 62.8 253
2008 69 100 40.8 59.2 169
Total 400 508 908
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Figure 33. Market Trends between Corolla and Prius in Code 5 Group

The values of parameters for the dynamic normative model are in Table 31. And the result is

shown in Figure 34.

TABLE 31 Values of Parameters (Code 5)

Corolla Prius
ac 11 100
ar N.A. 0.3
b 2500 2500
S 0.4 0.3
q)oco 0.8
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Figure 34. Change in the Market Share of Corolla and Prius (Code 5)

The results above show that, in the case of education level, the higher the education level, the
more positive toward a choice of Prius—people associated with codes 4 (Bachelor degree) and 5
(Graduate degree), in particular, appear to be early adopters of the Prius. This result conforms to
the expectation that, generally, people with higher educate levels are more aware of new
technologies and more predisposed to choose alternatives that are socially responsible than are
less educated. Under an assumption of rational economic behavior, these people are aware of the
benefits of driving them (e.g., saving operating cost). So, higher educated people adapt to AFVs
faster than do less educated counterparts. The comparison shown in Table 32 also indicates that

different models for each market segment (by education level) may be warranted.
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TABLE 32 Comparison of Fitted Model Parameters by Education Level

Corolla Prius
Code1l | Code2 | Code3 | Code4 | Code5 | Codel | Code 2 | Code 3 | Code 4 | Code 5
ac 3 1 0.5 11 11 1000 | 1000 | 1000 100 100
ar N.A. N.A. N.A. N.A. N.A. 1 10 1 1 0.3

b | 2500 | 2500 | 5000 | 1000 | 2500 | 2500 | 2500 | 5000 | 500 | 2500
s | 04 | 05 | 05 | 04 | 04 | 03 | 03 | 03 | 03 | 03
®, | 41 | 36 | 33 1 0.8

A -10.1 | -10.1 | -10.1 | -10.1 | -10.1 | -10.1 | -10.1 | -10.1 | -10.1 | -10.1

3.6 Summary

In this chapter, a dynamic normative model is developed and then applied to a number of
different cases to forecast changes in market shares of vehicles over the time. The results show
that a sensitivity of change in market share for a specific vehicle is influenced by several factors;
the initial market share for the vehicle, gas price, a price of the vehicle, a gender of a driver, and
an education level of a driver. In other words, a) the greater the initial market share for a
specific vehicle, the greater the sensitivity to choosing this vehicle, b) the higher the gas price,
the more sensitivity toward choosing a vehicle, c) the lower the vehicle price (which is affected
by a rebate for AFVs), the more sensitivity toward choosing a vehicle, d) in the case of gender,
there is no significant difference in the sensitivity to a choice of vehicle between a male group
and a female group, but females driving ICEs are more sensitive to the change in gas price than
males driving ICEs, and e) the higher the education level, the more sensitive in choosing a

vehicle.
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4. Demand for AFVs and the density of refueling stations

In this chapter, the change in the market trends of AFVs vehicles will be examined with respect
to the change in the density of refueling stations. In the analysis, we assume a hypothetical
HFCV and, using the models developed previously in which the parameters for Corolla and Prius
are applied to generic ICEs and HFCVs, respectively, apply value of time associated with
refueling as an additional cost to HFCVs. Specifically, we find the density for which market

trends become stable.

4.1 Refueling availability vs. the density of refueling stations
A simplified relationship between the density of refueling/recharging stations and refueling
availability can be explained with a Poisson distribution. Assume that there is a region S with

distance of r as Figure 35:

Figure 35. A Simple Region of S

And let 6 denote the density of refueling stations, assumed to be uniform random. Then the
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probability that region S contains exactly x stations, Pr(x, S), is given as:

Pr(x,S) = @exp(—éS) (39)

Next, consider that there is an additional region dS . Then the probability that region dS contains

exactly x stations, Pr(x,dS), is given as:

Pr(x,dS) = (5dS) exp(—odS) = (27;5)(—rldr)x exp(—2zordr) (41)

x!

The probability that region S contains exactly 0 stations, Pr(0,dS), is given as:

5ds)’ 0
Pr(0,dS) = % exp(—odS) = @ exp(—2zordr) = exp(—2zordr) (42)

The probability that region S contains at least 1 station, Pr(>1,dS), is given as:

Pr(=1,dS) =1—exp(—2zordr) =1—(1—2z5rdr) = 2zordr (43)

Then the probability Pr(r) that the distance between a point selected randomly and the closest
station is r is given by the joint probability that there are O stations up to a distance r from the

point and that there is at least 1 station in the annulus defined by dr.
Pr(r) = exp(—zor?) - 2zordr = 275t exp(—zor®)dr (44)

And, the expected value of r, E(r), is given as:
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25

E(r) :TrPr(r) :27r5Tr2exp(—7r5r2)dr L (45)

So, the expected roundtrip distance traveled for refueling is

E (Refueling Distance) = —— (46)

S

4.1.1 Operating cost for vehicles with respect to the density of refueling stations

The operating cost for a vehicle consists of a fuel cost and the time cost for searching a

refueling station. If a vehicle is assumed to run D, miles in a year, the annual fuel cost C,-

becomes:

_ D, miles

C
AF mpg

x fuel price ($/gal.) (47)

The annual distance traveled includes both the distance needed to access activities, D, , and the
distance needed for refueling, Dy, i.€.,

D,=D,, +D; (48)
Then the annual fuel cost can be rewritten as:

CAF = DAF. CF = ( Dact + DR )C?F (49)

where F is the mpg for a vehicle, and C_ is the price of a fuel.
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Let R* denote the range of a vehicle. Then, the range available for trips (other than refueling), R,
IS given as:

1

1
5 (R

*

R=R

(50)

Let d denote the average length of a trip. Then, the latest trip, kmax, before refueling is given as:

v 1

k., =INT (Ej _iNT| Vo (51)
d d

Since the latest trip for refueling must take place no earlier than the first trip,

R*_i R*_i
INT s >o:—ﬁz1: R-L sy — JOR —/sd >1

d d NG

And the residual range, R, , available to seek refueling is given as:

R, =R—k_d (52)

max max

From the equation above, the term k., d becomes miles traveled before refueling. Then the

number of refueling activities in a year becomes:
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N Dact _ Dact g > 1 (53)

Refueling = kmaxd - INT(RJd ’
d

And, the expected annual travel distance for refueling activities, D, , becomes:

- E(Refueling Distance) = D

1
D, =N = (54)
INT(E)d Vs

Refueling

With an assumed speed of 'V, mph, an annual travel time for refueling activity, T, , becomes:

T, = De = DaFC\: ii (55)
Vavg INT (djd \/g Vavg

And, with an assumption that the average travel time cost is C,; ($/hr), an annual travel time
cost for refueling activity, C,,, becomes:

Dact

o

1
V

avg

CTA = CTT 'TR = CTT :

(56)

-

Then the total annual operating cost,C,,, which is the sum of the annual fuel cost plus the

annual refueling travel time cost, can be expressed as:

CH

act
FH

+DR)C—H= 1+

1 1
Annual fuel cost=C,. =(D,, ——————=|D
Py INT((F;)d Vs

(57)
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Annual refueling travel time cost=C,, =C; -

C 1
- CTT ’ _:l : Dact
9

_.L[ .,
act
H INT(RJd Js IRy Vaa

So, finally, the total operating cost as a function of refueling station density is given as:

C

COA_(F_HJFRHF] Dt
H

where

Ry = ;Ri {Ii—“JrCTT-Vi:l:Hydrogen Refueling Factor
INT[Jd O |L™ o

d

R=R - ; N21
N

o= *1 5

(R-d)
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Equation (62) represents the operating cost as a function of refueling station density and other

factors related to the AFV characteristics (e.g., range, fuel economy).

4.2 Saturation refueling station densities for ICE vs. HFCV

The formulation of operating cost for a vehicle described in the previous section is applied to
the case between ICEs and HFCVs. In this application, it is assumed that the range and mpg for
HFCV are defined as 300 mi. and 61mpg, respectively. The price for HFCV is originally
assumed as $30,000, and an initial tax rebate of $5,000 is applied to that price—the effective
price becomes $25,000. The price of hydrogen fuel is assumed as $1/1.8kg (1.8kg=1gal.).
(http://heshydrogen.com/hydrogen-fuel-cost-vs-gasoline/). In contrast to the HFCV, an ICE
essentially can be refueled anywhere because of the vast number of refueling stations. Therefore,
the cost incurred by the density of refueling stations is applied to HFCV only. Market shares for
HFCVs with respect to the density of refueling stations are examined for several cases. The
probability of choosing HFCVs and that of choosing ICEs are calculated using the choice
probabilities prescribed by a binary logit model with coefficients estimated for Prius and Corolla,

respectively; dynamics are those prescribed by the dynamic normative model.

4.2.1 Base Case

As shown in the previous section, the density of refueling stations for HFCVs must be larger
than 2.31x10°stations/mi*. Using this as a limit, we ran the dynamic model for various
densities (and, corresponding expected costs of refueling) in order to determine refueling station
densities for which HFCVs become a practical alternative.
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The base case scenario reported in this section entails that in which a $5,000 rebate is applied
and the bandwagon effects are included. Values of variables for the model are assumed as shown

in Table 33 and Table 34.

TABLE 33 Values of Characteristic VVariables for ICE and HFCV

ICE HFCV
Fuel price ($/gal.) 4.09, 4.49, and 5.99 1
Average annual distance 15,000 (D,) 15,000 (D,)
driven (mi.)
mpg 32 61
Vehicle price ($) 18,515 25,000 ($5,000 of rebate is
applied)
Range (mi.) N.A. 300

TABLE 34 Values of Other Variables

Variable Value
Initial market share of HFCV 0.072

d (mi.) 32

V., (mph) 30

C,; ($/hr) 25
Household income ($) 100,000
Education level 5
Gender 0

In Table 34, the initial market share of HFCV is assumed as 0.072 because HFCVs have not
been released on the market yet. And an average length of trip, d, is randomly assumed.

The results are shown in Figure 36. In Figure 36, the density saturation points where the market
trend for HFCVs effectively don’t increase are approximately 0.0734 ($4.09/gal.), 0.0704

($4.49/gal.), and 0.067 ($5.99/gal.).
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Figure 36. Market Shares for HFCV with $5,000 Rebate

4.2.2 No bandwagon effect is applied
In this case, the values of parameters are same with those in the base case, except for the initial
market share of HFCV, which is set at 0. Additionally, the bandwagon effect is removed from the

dynamic model. The results are shown in Figure 37.

91



0.9

0.8

0.7

0.6

0.0692

Proportion

e $4.09/gal.
0.0719 ——54.49/gal.
$5.99/gal.

0.5

04 +—

03 — e

NV

[ 0.0742

S Density
cccocococeoceec”ocooccecaoce cSeScccoceoeo S © (stations/sq mi.)

0799

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Figure 37. Market Trends for HFCV without Bandwagon Effect (100% Saturation Values)

In Figure 37, the saturation points where the market trends don’t increase is observed to be
about 0.0742 ($4.09/gal.), 0.0719 ($4.49/gal.), and 0.0692 ($5.99/gal.). These results contrast to
those in Figure 35 (scenario including bandwagon), where the density saturation points where the
market trend for HFCVs effectively don’t increase are 0.0734 ($4.09/gal.), 0.0704 ($4.49/gal.),
and 0.067 ($5.99/gal.). From these results, the bandwagon effect on the ultimate saturation
density is seen to be about 1%, 2% and 3% for the three gasoline prices, respectively. However,
although the saturation densities are not affected much by the bandwagon effect, the proportions
at saturation are significantly higher with the bandwagon effect than without.

Other applications were run to find densities for reaching 25%, 50%, and 75% of saturation

values. The results of these analyses are shown in Figures 38, 39 and 40.
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Figure 38. Market Trends for HFCV without Bandwagon Effect (25% Saturation Values)
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Figure 39. Market Trends for HFCV without Bandwagon Effect (50% Saturation Values)
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Figure 40. Market Trends for HFCV without Bandwagon Effect (75% Saturation Values)

As shown above, all three cases with different gas price show similar density of refueling
stations for reaching 25% of saturation values. However, as the graphs reach 50% and 75% of

saturation values, densities of refueling stations begin to show differences among themselves.

4.2.3 No Rebate is applied

In this case, the values of parameters are same with those in the base case, except for the

vehicle price of HFCV which is defined as $ 30,000, i.e., no rebate is applied to HFCV.
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Figure 41. Market Trends for HFCV without Rebate

The results, shown in Figure 41, indicate that the saturation point where the market trends for
HFCVs don’t increase are about 0.0705 ($4.09/gal.), 0.068 ($4.49/gal.), and 0.0659 ($5.99/gal.).
Because the price of the HFCV is higher than the price of ICE, the effect without rebate on
market share of HFCV is lower than a base scenario. The lower the price of HFCVs, the faster
increase in market share of HFCVs with respect to density of refueling stations. This means, for
example, if a target market share of HFCVs is defined as 20%, the density of refueling stations
required for this target in the base scenario is 0.0007 with gas price $5.99/gal., and the density of

refueling stations in no rebate scenario is 0.0434 with $5.99/gal. gas price.

4.2.4 Effect of the initial market share of HFCVs on saturation density

In this section, the influence of the initial market share of HFCVs on market trends for HFCVs
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as a function of density of refueling stations and on the corresponding saturation densities of

refueling stations are analyzed. Variables for the models are assumed as:

TABLE 35 Values of Characteristic Variables for ICE and HFCV

ICE HFCV
Fuel price ($/gal.) 4.09 1
Average annual distance 15,000 (D,) 15,000 (D,y)
driven (mi.)
mpg 32 61
Vehicle price (3$) 18,515 25,000 ($5,000 rebate)
Range (mi.) N.A. 300

TABLE 36 Values of Other Variables

Variable Value

Initial market share of HFCV | 0, 0.05, 0.1,
0.2,and 0.3

d (mi.) 32

V., (mph) 30

C,; ($/hr) 25

Household income ($) 100,000

The results are shown in Figure 42. In Figure 42, it can be seen that the greater the initial market

share of HFCVs, the smaller the saturation density of refueling stations. The reason can be

explained by the bandwagon effect; i.e., when the initial market share of HFCVs becomes larger,

more people react to the popularity of HFCVs. Therefore, the larger initial market share of

HFCVs, the more people buy HFCVs, providing an increasing density of home locations with

HFCVs, and a corresponding lower density of stations required for saturation.

96



0.0645
0.9 /

NV
/
/

0.6

Proportion

0.5 —0.05

0.0772

 —
|

Density

Q 00 ™~ (] LAl — 00 M~ W Mmoo a wn M o (=)}
B2EEO3083 58 ESZBEITERLSZROR22 28I 0YCE]

o m oM [x2] . .
& 83 c5888888E888°23333388358388838385855 35 (stations/sqmi.)

Figure 42. Market Trends for HFCV with Initial Market Share

4.3 Operating cost with respect to cost of gasoline and refueling station density

In this section, we analyze expected operating costs as a function of refueling station density and
make a comparison to the monetary break-even point with regular gasoline. We consider two
scenarios: 1) $4.09/gal. cost of gasoline and 2) $4.49/gal. cost of gasoline. Each scenario is

examined based on the following values of variables:

TABLE 37 Values of Characteristic Variables for ICE and HFCV

ICE HFCV
Fuel price ($/gal.) 4.09 and 4.49 1
Average annual distance 15,000 (D,) 15,000 (D,y)
driven (mi.)
mpg 32 61
Vehicle price ($) 18,515 25,000 ($5,000 of rebate is
applied)
Range (mi.) N.A. 300
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TABLE 38 Values of Other Variables
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Figure 44. Operating Cost for HFCV against $4.49/gal. of Gas Price

In Figure 43, the operation cost for HFCV becomes lower than that for ICE after a density of
0.0008. And in Figure 44, the operation cost for HFCV becomes lower than that for ICE after a

density of 0.0006.

4.4 Market share and operating cost with respect to refueling station density and
the cost of hydrogen

In this section, we analyze expected operating costs as a function of the price of hydrogen and
refueling station density and make a comparison to the monetary break-even point with regular

gasoline, priced at $4.09/gal., and based on the following values of variables:
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TABLE 39 Values of Characteristic VVariables for ICE and HFCV

ICE HFCV
Fuel price ($/gal.) 4.09 1,2,4,and 6
Average annual distance 15,000 (D,) 15,000 (D,)
driven (mi.)
mpg 32 61
Vehicle price ($) 18,515 25,000 ($5,000 of rebate is
applied)
Range (mi.) N.A. 300

TABLE 40 Values of Other Variables

Variable Value
Initial market share of HFCV | 0.072

d (mi.) 32

V., (mph) 30

C,; (%/hr) 25
Household income ($) 100,000

The market trends for HFCV are shown in Figure 45. In Figure 45, the saturation point where

the market trend effectively doesn’t increase further is 0.0734 ($1.00/gal.), 0.0747 ($2.00/gal.),

0.0755 ($4.00/gal.) and 0.0776 ($6.00/gal.).

And the operating costs for HFCV and ICE ($4.09/gal. of gas price) are shown in Figure 46. In

Figure 46, the operation cost for HFCV becomes lower than that for ICE after the density of

0.0008 ($1.00/gal.), 0.0011 ($2.00/gal.), 0.0026 ($4.00/gal.), and 0.0118 ($6.00/gal.).
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Figure 46. Operating Costs for HFCV against That of ICE with $4.09/gal.

4.5 Summary

In this chapter, several scenarios with respect to the density of refueling stations have been
analyzed. The results show that: a) the higher gas price, the more proportion of HFCVs with the
same density of refueling stations, b) without bandwagon effect, the proportion of HFCVs with a
specific density is lower than that with bandwagon effect, c) in the case of no bandwagon effect,
the densities of refueling stations with several gas prices are almost same at 25% of saturation
value, and as reaching 50%, 75% and 100% of saturation values, the densities begin to be
different, d) the lower vehicle price of HFCVs, the more proportions of HFCVs with same
density of refueling stations, and e) the higher price of hydrogen fuel, the smaller the proportion
of HFCVs with same density of refueling stations. And they also show that as a proportion of
HFCVs with a specific density of refueling stations becomes greater, the density of refueling
stations required in a saturation status becomes smaller. In conclusion, with a specific density of
hydrogen refueling stations, a proportion of HFCVs is influenced by gas price, bandwagon effect,

vehicle price of HFCVs, the initial market share of HFCVs, and the price of hydrogen fuel.
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5. A competition model to account for changes in the supply of

refueling stations

Because HFCVs are still on the precipice of introduction, the forecasted demands for these
vehicles, which are found in the previous chapter, are subject to: a) supply of vehicles by
manufacturers, and b) supply of refueling stations. In this chapter, a competition model is
introduced as a model forecasting supply of vehicles, which makes outputs based on demands for
vehicles and supply of refueling stations. Demands of vehicles, which are derived from a
dynamic normative model, are used in this model as inputs. And also affordable proportions of

vehicles which are found in Chapter 4 are used in the model.

5.1 A competition model

A formulation of a competition model is based on the work by Redmond (2011).

Zn:“ij N; ()
dN, (1) _ =
=N )] 1 (63)

Auto = {ICE, HFCV }
i, j e Auto

where

N, = A market share of vehicle i, which is estimated from a dynamic normative model
K, = An affordable market share of vehicle i with respect to the density of refueling/recharging

stations, which is calculated from a logit model in Chapter 4. For ICE, the value is 1.
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r.= A natural increase rate of vehicle i

a; = Avalue of interaction between i and j (o =1)
For HFCVs, K is the probability of choosing these vehicles with respect to the density of
refueling stations; its value can be calculated directly from the logit choice model.

The increase rate of vehicle i over time t, r(t), can be obtained as:

(1) — pt)—p(t-1) 64
r (1) S (t-D) (64)

where p.(t) is a forecasted demand for a vehicle, which in this research is calculated from the
dynamic normative model. For HFCVs, the value of p,(t) represents an approximation of what

the “natural” rate of increase would be for these vehicles.

In the case of refueling stations, HFCVs and refueling stations are in an obligate mutualistic
relationship. As Boucher (1985) said, an obligate mutualist can only survive by association with
the other species. In other words, a survival of HFCVs depends on refueling stations for HFCVs,
and vice versa. Therefore, a model for the interdependency of HFCVs and refueling stations can
come from the mutualism model. Redmond (2011) derived this model from a modified

competition model:

N () _ Nl(t){Kl - Nl(t)+eN2(t)}

dt K, )
dN, (t) _ erz(t){Kz - Nz(t)+ﬂN1(t)}

dt K,
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By graphing these equations, the zero growth lines can be found. And, by setting the equation
(65) to zero (for zero growth) and solving, the following equilibrium values, N; and N;, can
be found:

N, =K, +6ON;

. ) (66)
Nz = Kz +ﬂN1

By adapting these models to HFCVs and refueling stations for HFCVs, the following equations

can be found:

dNa: ® _ FON, (t){ K, (t) - NKi(t) +OR (t)}
(1) ©7)
dRi(t) _ L () -Rit) + BN, (1)
T =n(OR (t)|: 0 }
where

N; = A market share of vehicle i with respect to a density of refueling stations

R. = Density of refueling stations for alternative i

I",= Affordable density of refueling stations for alternative i

n. = Increase rate of refueling/recharging stations

6, = Influence of alternative i on others in Auto={ICE, HFCV}, which increases N, at
equilibrium

.= Values of interactions for refueling stations, which makes a delay to the growth of R,

The increase rate of refueling stations, 7, , is:
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R(t)~R (t-1) )
R(t-1)

n,(t) =

The density of stations required to support K.(t) HFCVs, T, is given by:

[ =T,+cK(t) (69)

where
I",, = initial density of refueling stations

o, = parameter with specified value

Then, equation (67) is rewritten as:

AN (®) _ FON (t){Ki(t)—Ni(tHHiRi(t)}

dt Ki (1)
(70)
dzm ama{“f* KD—R®+ANﬁq
t + oK, (t)

With equation (70), the market share of vehicle i in the time step t+1 can be obtained as:

N, (t+1) = Ni(t)+max[dN‘(t) dN"R(t)J (71)

dt ' dt
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5.2 Change in market trends with a competition model: ICE vs. HFCV
5.2.1 Base scenario

In this section, the market trends between Toyota Corolla and Honda Clarity FCX (an HFCV
that, while developed, has yet to be released) are forecast considering both supply and demand.
Because Corolla (Gasoline) and Clarity FCX (Hydrogen fuel) use different fuels, the density of
refueling stations for HFCVs is considered in the competition model. Since HFCVs have not yet
been released into the market, it can be expected that when finally released, the market share for
them will be obviously small compared to that for ICEs. So, in the analyses presented, the initial
market shares of ICEs and HFCVs are assumed as 0.928 and 0.072, respectively. In this first set
of examples, we do not couple the supply of refueling stations to the demand; rather, the initial

density of refueling stations, p, for HFCV is assumed as 0.0006, which can be calculated from:

Number of recharging stations 110 stations
Avrea of California State 163,696 mi.

The conditions analyzed are in Table 41 and Table 42.

TABLE 41 Values of Characteristic Variables for ICE and HFCV

ICE HFCV
Fuel price ($/gal.) Initial: 1.36 1
Final: 3.64
Average annual distance 15,000 (D,) 15,000 (D,)
driven (mi.)
mpg 32 61
Vehicle price ($) Initial: 18,515 Initial: 30,000
Final: 18,515 Final: 25,000
Range (mi.) N.A. 300
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TABLE 42 Values of Other Variables

Variable Value

Initial market share of HFCV | 0.072

d (mi.) 32

Vavg (mph) 30

Cyr ($/hr) 25

Household income ($) 100,000
Education level 5

Gender 0

Density of refueling station for | Initial: 0.0006
HFCV Final: 0.0788

Further, the increase rate for the density of refueling stations, 7, is assumed as 0.01 at the initial

time step.

Parameters for a dynamic normative model and a competition model are in Table 43 and Table

44,

TABLE 43 Values of Parameters for Dynamic Normative Model (ICE vs. HFCV)

ICE HFCV
ac 35 100
ar N.A. 1
b 2500 2500
S 0.5 0.3
q)fCE 2.7

TABLE 44 Values of Parameters for Competition Model (ICE vs. HFCV)

Q\cE,IcE

Cprcv vrev | e HRCY Cyrey IcE

Brrcy Orcy Ohrcv

1

1 0.1 0.1

0.1 2.8 0.39

The market trends between ICE and HFCV with the conditions and parameters above are shown

in Figure 47. In Figure 47, it is observed that demands (rho) for ICEs and HFCVs change

differently from supplies (Sup) for ICEs and HFCVs over the years. In the case of ICEs,
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although demand for ICEs is decreasing, there continues to be a large number of these vehicles in
the market. In the case of HFCVs, on the other hand, demand for HFCVs is increasing; however,
the level of supply for HFCVs is limited by an affordable market share for them based on the
density of hydrogen fueling stations. Therefore, although there is a high demand on HFCVs, the

supply level of these vehicles is low because of their affordable market share.
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Figure 47. Demand and Supply between ICE and HFCV

5.2.2 Effect of gas prices on supply and demand
In this scenario, values of all variables are fixed as those in a basic scenario except for gas

prices at the final time step. The results are shown in Figure 48 and Figure 49.
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Figure 49. Demand and Supply between ICE and HFCV with $4.49/gal. of Gas Price

Figure 48 and Figure 49 show that the higher a gas price becomes, the greater the increase in
both supply and demand for HFCVs (as well as a corresponding decrease in supply and demand

for ICEs.)

5.2.3 Effect of final density of refueling stations on supply and demand

In this scenario, values of all variables are fixed as those in a basic scenario except for densities
of refueling stations for HFCVs at the final time step. The densities of refueling stations for
HFCVs are increased up to 0.01/mi® and 0.48/mi® at the final time step. The results are shown

in Figure 50 and Figure 51.
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Figure 50. Demand and Supply for ICE and HFCV with Final Density of 0.01/mi?
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Figure 51. Demand and Supply for ICE and HFCV with Final Density of 0.48 /mi®

Figure 50 and Figure 51 show that a change in the density of refueling stations at the final time

step has no measurable effect on a demand and a supply for HFCVs and ICEs.

5.2.4 Effect of final prices of hydrogen fuel on supply and demand
In this scenario, values of all variables are fixed as those in the base scenario except for prices
of hydrogen fuel at the final time step. The results are shown in Figure 52, Figure 53, and Figure

54,
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Figure 53. Demand and Supply for ICE and HFCV with $2/gal. of Hydrogen Fuel Price
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Figure 54. Demand and Supply for ICE and HFCV with $5/gal. of Hydrogen Fuel Price

Figure 52, Figure 53, and Figure 54 show that a higher price of hydrogen fuel at the final time
step has only a slightly negative influence on demand for HFCVs. But, in the case of supply for
HFCVs, a higher price of hydrogen fuel at the final times step has a large negative effect,

because supplies of HFCVs are limited by their affordable market shares.

5.2.5 Effect of the change in price of HFCVs on supply and demand

In this scenario, values of all variables are fixed as those in the base scenario except for prices
of HFCVs at the final time step. Analyses are performed for three prices of HFCVs: $30,000,
$25,000 and $20,000. In the case of $30,000, it is assumed that no rebate ($5,000) is applied to a

HFCV’s original price. And so there is no change in a vehicle price for a HFCV over the time.
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For $25,000, a rebate of $5,000 is applied to a HFCV’s original price, which is same as a base
case. And for $20,000, it is assumed that a rebate of $10,000 is applied to a HFCV’s original

price. Figure 55, Figure 56 and Figure 57 show the results.
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In Figure 55, the demand of HFCVs, rho_HFCYV, increases up to about 0.34, but the supply of
HFCVs, Sup (HFCV), is fixed at 0.07 which is lower than rho_HFCV. In Figure 56, rho_ HFCV
increases up to 0.84, and Sup (HFCV) increases up to 0.43. And in Figure 57, rho_ HFCV
increases up to 0.98, and Sup (HFCV) increases up to 0.54. These results show a dramatic
change in the dynamic trends for both the demand and supply of HFCVs as the price of HFCVs
increases; at a price of $30,000 HFCVs never achieve a dominant position in the market and
supply remains relatively constant. This is in stark contrast to the case in which the price of the
HFCV is $20,000, where the results indicate that HFCVs are projected to achieve a stable

dominant share of the market within a period of five years.

5.3. Summary

In this chapter, competition models are applied to several scenarios related to ICE vs. HFCV.
The results show that: a) the higher the gas price for ICEs, the more positive effect on both the
demand for, and supply of, HFCVs, b) a change in density of refueling stations for HFCVs at the
final time step has no measurable effect on the demand and supply trends for HFCVs, c) in the
case of hydrogen fuel price, as the price goes higher, there is a slightly negative effect on the
demand for HFCVs while there is a large negative effect on the supply of HFCVs, and d) as the
vehicle price of HFCVs becomes lower, there are positive effects on both supply of, and demand
for, HFCVs. Among these results, it is found that changes in demands or supplies for HFCVs are
largely influenced by the prices of gasoline fuel and hydrogen fuel, and a vehicle price of HFCVs.
This implies; although a performance of HFCVs (i.e., mpg and range) is better than ICEs,
changes in fuel prices or a vehicle price of HFCVs should be considered to make HFCVs to be

competitive.

117



6. Connecting demand and supply

In the previous chapters, we propose a dynamic normative model to forecast demand for a
vehicle, and a competition model that forecasts the supply conditions for the vehicle. One of
factors influencing on a supply for a specific vehicle i is an affordable demand of the vehicle,

K. (t) . However, although a dynamic normative model estimates a demand for a vehicle i, p,(t),
which doesn’t consider K. (t). And in a competition model, an increase rate of vehicle i relies on

P, (t) . So sometimes a supply of vehicle i exceeds K, (t), as shown in Figure 58.
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Figure 58. Demand and Supply for ICE and HFCV with K_HFCV

A graph in Figure 58 is same as that in Figure 47, and a graph of an affordable demand for
HFCVs, K_HFCV, is added. In Figure 58, a graph of Sup (HFCV) exceeds that of K HFCV at

about 2.5 years, although it isn’t supposed to do actually.
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To forecast demand for a vehicle based on its supply (and vice versa), two models need to be

connected. In this chapter, we propose a feedback model that connects demand for a vehicle,

o, (1), with a feedback of K (t).

6.1 Feedback: PID controller

In order to apply a feedback, we first define a variable F,(t) as the feedback for demand of
vehicle i received from K, (t). A plausible formulation for F,(t) can be written as:

F (t) = p.(t) + Feedback (72)

We then assume that the increase rate of vehicle i, r,, can be written as:

_RMO-FRE-1) (73)

K (t) F-1)

To find F(t), a PID controller method is used for a feedback from an affordable market share of

vehicle i, K,(t). The formulation of the PID controller is as equation (74).

Feedback = Pe, (t) + I'f; e (r)dzr+ D%ei (t)

&) =K,{® - ()

(74)

where P is a tuning parameter for proportional gain, | is a tuning parameter for integral gain, and
D is a tuning parameter for derivative gain. The several values for these parameters will be
examined in this work.

The output from a PID controller is added to p, (t) to adjust the difference between K (t) and
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P, (), and make an output of F (t).

F.(t) = o (t) + Pe, (1) + |j;ei (z)dz+ D%ei(t)

e (t) = K, (1)~ 5,1

(75)

In the following sections, several subtypes of PID controllers are applied to the case of ICE vs.

HFCYV, and results are presented for different values of their respective parameters.

6.2 P controller

The P controller is defined as

F () = p,(t) + Pe (1)

(76)
e (t) =K (t)—p (1)

In the following, results are presented for different values of the tuning parameter, P.
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Figure 59. Demand and Supply for ICE and HFCV with P=0.5
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Figure 60. Demand and Supply for ICE and HFCV with P=0.2
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c) P=0.1
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Figure 61. Demand and Supply for ICE and HFCV with P=0.1
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d) P=0.01

0.9

bt
@

e
3

e
E

—F_HFCV
—F_ICE

| [ I ——SuplICE)
| ———Sup(HFCV)

——K_HFCV

Market Share
o
n

e
S

o
w

iR

e
)

0.1

Years

Figure 62. Demand and Supply for ICE and HFCV with P=0.01
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e) P=0.001
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Figure 63. Demand and Supply for ICE and HFCV with P=0.001

From Figure 59 to 63, the supplies of HFCV, Sup (HFCV), are smaller than affordable demands
for HFCV, K_HFCV, and the graphs of Sup (HFCV) go near to K_HFCV by the final time step.
In a simple P controller, as a value of P becomes smaller, the gap between a modified demand for
HFCVs, F_HFCV, and Sup (HFCV) becomes larger. And, by 0.001, the size of that gap stabilizes.
In the case of choice situation, as a value of P becomes smaller, F HFCV and Sup (HFCV)
increase and a gap between these graphs also becomes higher. And by a value 0.001, the graphs
of them become stabilized. Comparing to Figure 47, a graph of Sup (HFCV) is decreased from
0.42 to 0.36 at the final time step while a graph of F_HFCV shows no difference. However, a
graph Sup (ICE) is also decreased and almost tracks a graph of F_ICE. The result implies that

applying P controller makes a feedback effect on supplies and demands on ICEs and HFCVs, and
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as a P value becomes smaller, the effect becomes smaller and then stabilizes after a specific value.

6.3 | controller

The I controller is defined as
R0 =p0)+1] e (s -
&, (1) =K (1) - p(t)

In the following, results are presented for different values of the tuning parameter, 1.
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Figure 64. Demand and Supply for ICE and HFCV with 1=0.01
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Figure 65. Demand and Supply for ICE and HFCV with 1=0.005
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Figure 66. Demand and Supply for ICE and HFCV with 1=0.001
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d) 1=0.0001
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Figure 67. Demand and Supply for ICE and HFCV with 1=0.0001

From Figure 64 to 67, the supplies of HFCV, Sup (HFCV), are smaller than affordable demands
for HFCV, K_HFCYV, and the graphs of Sup (HFCV) go near to K_HFCV by the final time step.

In a simple | controller, as the value of | becomes smaller, the gap between F_HFCV and Sup
(HFCV) becomes larger. And, by a value 0.0001, there is no more change in the gap. In the case
of choice situation, as a value of P becomes smaller, F_ HFCV and Sup (HFCV) increase and a
gap between these graphs becomes higher. And by a value 0.0001, the graphs of them become
stabilized. Comparing to P controller, I controller makes smaller change on supplies and
demands for ICEs and HFCVs. And as an | value becomes smaller, the feedback effect also

becomes smaller and then the graph converges at a specific value.

129



6.4 D controller:

The D controller is defined as

d
F)=p )+ Daei (t)
et) =K t)—p ()

(78)

In the following, results are presented for different values of the tuning parameter, D.
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Figure 68. Demand and Supply for ICE and HFCV with D=0.01
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Figure 69. Demand and Supply for ICE and HFCV with D=0.005
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Figure 70. Demand and Supply for ICE and HFCV with D=0.001
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d) D=0.0001
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Figure 71. Demand and Supply for ICE and HFCV with D=0.0001

From Figure 68 to 71, the supplies of HFCV, Sup (HFCV), are smaller than affordable demands
for HFCV, K_HFCYV, and the graphs of Sup (HFCV) go near to K_HFCV by the final time step.
For values of D in the range 0.01 and 0.005, there is an initial “fuzziness” in the dynamics, as
shown in Figure 68 and 69; this is due to reactions to rates of change at small proportions—a
characteristic of D controllers. And, as shown in Figure 70 and 71, there is relatively no change
in the trends when values of D get smaller than about 0.001 to 0.0001. In the case of choice
situation, there is no significant change in F_HFCV, Sup (HFCV), F_ICE or Sup (ICE). Applying
D controller with variable D values makes no significant change in supplies and demands for
ICEs and HFCVs. And with D values larger than 0.001, there are fuzziness in graphs. Therefore,

it should be considered to apply D controller as a feedback.
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6.5 Pl controller

The PI controller is defined as
F(0) =0+ Pe)+1] &)z 79)
e (M=K 1~

In the following, results are presented for different values of the tuning parameters, P and I.

a) P=0.1, 1=0.01

1

09

0.8 1

0.7

e
@

——F_HFCV
—F_ICE

Market Share
o
n

Sup(ICE)
Sup(HFCV)

e
&

<
s

Figure 72. Demand and Supply for ICE and HFCV with P=0.1 and 1=0.01
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b) P=0.1, 1=0.0001
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Figure 73. Demand and Supply for ICE and HFCV with P=0.1 and 1=0.0001
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c) P=0.001, 1=0.0001
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Figure 74. Demand and Supply for ICE and HFCV with P=0.001 and 1=0.0001

In the case of choice situation, as values of P and | become smaller, F_ HFCV and Sup (HFCV)
increase. And a feedback effect on these graphs becomes smaller as values of P and | become

smaller.

6.6 PD controller

The PD controller is defined as

F(0)= 2+ Pa 0+ D e ()

e(t) =K ) -p()

(80)

In the following, results are presented for different values of the tuning parameters, P and D.
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a) P=0.1, D=0.001
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Figure 75. Demand and Supply for ICE and HFCV with P=0.1 and D=0.001
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b) P=0.001, D=0.001
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Figure 76. Demand and Supply for ICE and HFCV with P=0.001 and D=0.001

In the case of choice situation, as values of P and D become smaller, F_HFCV and Sup (HFCV)
increase. And a feedback effect on these graphs becomes smaller as values of P and D become

smaller.

6.7 ID controller

The ID controller is defined as

F (0= p®+1],e (@) +De )
et) =Kt -p)

(81)

In the following, results are presented for different values of the tuning parameters, I and D.
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a) 1=0.01, D=0.001
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Figure 77. Demand and Supply for ICE and HFCV with 1=0.01 and D=0.001
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b) 1=0.0001, D=0.001
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Figure 78. Demand and Supply for ICE and HFCV with 1=0.0001 and D=0.001

In the case of choice situation, as values of | and D become smaller, F_HFCV and Sup (HFCV)
increase. And a feedback effect on these graphs becomes smaller as values of | and D become

smaller.

6.8 PID controller

The PID controller is defined as

F(0)=p0+Pe O +1 & (e + D6 ()

e(t)=Kit)—p ()

(82)

In the following, results are presented for different values of the tuning parameters, P, | and D.
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a) P=0.1, 1=0.01, D=0.001
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Figure 79. Demand and Supply for ICE and HFCV with P=0.1, 1=0.01 and D=0.001
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b) P=0.1, 1=0.0001, D=0.001
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Figure 80. Demand and Supply for ICE and HFCV with P=0.1, 1=0.0001 and D=0.001
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c) P=0.001, 1=0.0001, D=0.001
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Figure 81. Demand and Supply for ICE and HFCV with P=0.001, 1=0.0001 and D=0.001

In the case of choice situation, as values of P, I, and D become smaller, F_ HFCV and Sup
(HFCV) increase. And a feedback effect on these graphs becomes smaller as values of P, I, and D
become smaller.

Figure 72 through Figure 81 show the results of applying various combinations of PID controller
to connect a dynamic normative model and a competition model. The results show that modified
demands and supplies for HFCVs vary with various values of P, I, and D. In general, as the
values of P, I, and D become lower, gaps between demand and supply becomes higher and
feedback effects on them become smaller. And when the values become; P=0.001, 1=0.0001 and
D=0.001, the graphs converge to same results, as shown in Figure 74, 76, 78, and 81, and there

are no more changes in the gaps.
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6.9 Summary
In this chapter, several types of feedback are applied, connecting the demand (an output from a
dynamic normative model) and the supply (an output from a competition model) of HFCVs. This

work is intended to attribute an affordable market share for HFCVs, K, (t), to a demand for

HFCVs which is calculated from a dynamic normative model and apply the modified demand to
a competition model. The results show that the feedback adjusts a supply of HFCV not to exceed
an affordable demand for HFCV. They also show that when the values of P, I, and D are high
(lower than 1), the gaps between demands and supplies for HFCVs are small. However, as these
values become lower, the gaps become larger and the feedback effects on demands and supplies
for HFCVs become smaller. And at specific values for each P, | and D, there are no more changes

in gaps.
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7. Conclusions

In this research, factors that are expected to make viable the penetration of AFVs into the market
have been examined. First, logit models are estimated to find the effect of various factors on
demand for vehicles, including fuel price, vehicle price, and bandwagon effects. Then, by using
the coefficients from logit models in conjunction with a dynamic normative model, the changes
in market shares of AFVs over time have been projected for several different scenarios. Next,
operating costs and expected demand for HFCVs are derived from calculated density of
hydrogen refueling stations in order to examine refueling effects on demand for HFCVs, and to
find saturation densities of stations for making HFCVs competitive. Then, a competition model
is applied to the dynamic normative model to observe the interactions between the demand and
supply sides of AFVs. Finally, feedback methods are applied to connect results from the two
models.

The results indicate that the market share of AFVs will exceed that of ICEVs when: 1) a gasoline
price is increased, 2) a vehicle price of AFVs is decreased, 3) the initial market share of AFVs is
large, and 4) the density of refueling stations is increased.

Because the choices of individuals to own either Prius, or Corolla or Civic Hybrid are revealed
in the dataset used in this study, the parameters for the choice models can be found to track the
changes in market trends for these vehicles up to now; these results are used as a surrogate for
the choice between AFVs and ICEVs. Specifically, the model results are applied to the
hypothetical choice between a HFCV and a conventional ICEV. However, since HFCVs haven’t
been introduced in the market sufficiently yet to ascertain the revealed preferences of travelers
toward their ownership and use, the results from the model certainly can, and should, be

questioned for accuracy of assumptions; it is intended as a first step in trying to build more
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accurate forecasts of the supply conditions that would be first necessary for HFCVs to gain a
foothold in the arena now dominated by ICEVs, at least partly because of the ubiquitous
presence of gasoline stations. In the future, it is expected that data related to people who own
these vehicles will be collected in sufficient numbers to obtain much more accurate forecasts of
behavior and use.

The competition model assumes a competition between two vehicles for more customers.
While the dynamic normative model tracks changes in market trends for vehicles on the demand
side, the competition model tracks it in a supply side. In this study, the results show that supply
of vehicles, which result from the model, trace demands for vehicles well. However, the
competition model also is a simulation model. And like the dynamic normative model, there are
many parameters that need to be defined or given. So, at least for reliability, the standard values
for these parameters will have to be defined, for both the dynamic normative model and the

competition model.

146



REFERENCES

Landahl, H.D., “A Contribution to the Mathematical Biophysics of Psychophysical
Discrimination”, Psychometrica, vol. 3. no. 2, 1938.

Smith, J.M., “MODELS IN ECOLOGY,” Cambridge at the University Press, 1974.

May, R.M. and Leonard, W.J., “NONLINEAR ASPECTS OF COMPETITION BETWEEN
THREE SPECIES,” SIAM Journal on Applied Mathematics, Vol. 29, No. 2, pp. 243-253, 1975.

Beggs, S., Cardell, S. and Hausman, J., “ASSESSING THE POTENTIAL DEMAND FOR
ELECTRIC CARS,” Journal of Economics, Vol. 16, pp. 1-19, 1981.

Boucher, D.H., “The Biology of Mutualism: Ecology and Evolution,” Croom Helm Ltd., 1985.

Train, K., “Qualitative Choice Analysis: Theory, Econometrics, and an Application to
Automobile Demand,” The MIT press, 1986.

David S. Bunch, Mark Bradley, Thomas F. Golob, Ryuichi Kitamura and Gareth P. Occhiuzzo,
“DEMAND FOR CLEAN-FUEL VEHICLES IN CALIFORNIA: A DISCRETE-CHOICE
STATED PREFERENCE PILOT PROJECT,” Transportation Res A., Vol. 27A, No. 3, pp. 237-
253, 1993.

Golob, T.F,, Kitamura, R., Bradley, M., and Bunch, D.S., “Predicting the market penetration of
electric and clean-fuel vehicles,” The Science of the Total Environment 134, pp. 371-381, 1993.

Brownstone, D., Bunch, D.S. and Golob, T.F., “A Demand Forecasting System for Clean-Fuel
Vehicles,” Presented at the OECD International Conference Towards Clean Transport: Fuel
Efficient and Clean Motor Vehicles, Mexico City, 28-30 March.

Golob, T.F, Kim, S. and Ren, W., “A Structural Model of \ehicle Use in Two-Vehicle
Households,” UCI-ITS-AS-WP-94-1, 1994.

147



Whelan, J.G., MIT System Dynamics Education Project: Modeling Exercises Section 1, 1994,

Brownstone, D., Bunch, D.S., Golob, T.F. and Ren, W., “A Transactions Choice Model for
Forecasting Demand for Alternative Fuel Vehicles,” Research in Transportation Economics, \Vol.
4., pp. 87-129, 1996.

'Golob, T.F., Bunch, D.S. and Brownstone, D., “A Vehicle Use Forecasting Model Based on
Revealed and Stated Vehicle Type Choice and Utilisation Data,” Journal of Transport Economic
and Policy, Vol. 31, No. 1, pp. 69-92, 1997.

Golob, T.F., Torous, J., Bradley, M., Brownstone, D., Crane, S.S. and Bunch, D.,
“COMMERCIAL FLEET DEMAND FOR ALTERNATIVE-FUEL VEHICLES IN
CALIFORNIA,” Transportation Res A., Vol. 31, No. 3, pp. 219-233, 1997.

Brownstone, D., Bunch, D.S. and Train, K., “Joint mixed logit models of stated and revealed
preferences for alternative-fuel vehicles,” Transportation Research Part B, Vol. 34, pp. 315-338,
2000.

Greene, D.L., “TAFV ALTERNATIVE FUELS AND VEHICLES CHOICE MODEL
DOCUMENTATION,” Center for Transportation Analysis Oak Ridge National Laboratory, U.S.
Department of Energy, 2001.

Bhat, C.R. and Castelar, S., “A unified mixed logit framework for modeling revealed and stated
preferences: formulation and application to congestion pricing analysis in the San Francisco Bay
area,” Transportation Research Part B, Vol. 36, pp. 593-616, 2002.

Dagsvik, J.K., “Discrete choice in continuous time: Implications of an intertemporal version of
the I1A property,” 2000, to appear in Econometrica, 2002.

Dagsvik, J.K., Wennemo, T., Wetterwald, D.G. and Aaberge, R., “Potential demand for
alternative fuel vehicles,” Transportation Research Part B, Vol. 36, pp. 361-384, 2002.

Bhat, C.R. and Sen, S., “Household vehicle type holdings and usage: an application of the
multiple discrete-continuous extreme value (MDCEV) model,” Transportation Research Part B,
\ol. 40, pp. 35-53, 2006.

148



Schwoon, M., “Simulating the adoption of fuel cell vehicles,” Journal of Evolutionary
Economics Vol. 16, No.4, pp. 435-472, 2006.

Potoglou, D. and Kanaroglou, P.S., “Household demand and willingness to pay for clean
vehicles,” Transportation Research Part D, Vol. 12, pp. 264-274, 2007.

Heffner, R.R., Kurani, K.S. and Turrentine, T.S., “Symbolism and the Adoption of Fuel-Cell
Vehicles,” The World Electric Vehicle Association Journal, Vol. 1, 2007.

Yeh, S., “An empirical analysis on the adoption of alternative fuel vehicles: The case of natural
gas vehicles,” Energy Policy Vol. 35, pp. 5865-5875, 2007.

Ahn, J., Jeong, G. and Kim, Y., “A forecast of household ownership and use of alternative fuel
vehicles: A multiple discrete-continuous choice approach,” Energy Economics, Vol. 30, pp.
2091-2104, 2008.

Keles, D., Wietschel, M., Most, D. and Rentz, O., “Market penetration of fuel cell vehicles-
Analysis based on agent behavior,” International Journal of Hydrogen Energy Vol. 33, pp.4444-
4455, 2008.

Mau, P., Eyzaguirre, J., Jaccard, M., Collins-Dodd, C. and Tiedemann, K., “The ‘neighbor effect’:
Simulating dynamics in consumer preferences for new vehicle technologies,” Ecological
Economics Vol. 68, pp. 504-516, 2008.

Axsen, J., Mountain D.C. and Jaccard, M., “Combining stated and revealed choice research to
simulate the neighbor effect: The case of hybrid-electric vehicles,” Resource and Energy
Economics Vol. 31, pp. 221-238, 20009.

Redmond, M.D., “Exploratory Ideas for Projecting the Growth of Alternative Fuel Vehicles; An
Ecological Perspective,” Thesis for Master of Science in Civil Engineering, University of
California, Irvine, 2011.

Recker, W. W., “Dynamic Normative Modeling Approach with Special Application to Alternative
Fuel Vehicle Futures,” 2012.

Miyagawa, M., “Density of alternative fuel stations and refueling availability,” International
149



Journal of Hydrogen Energy Vol. 38, pp. 12438-12445, 2013.

California Laws and Incentives, Alternative Fuels Data Center, U.S. Department of Energy,
http://www.afdc.energy.gov/laws/state_summary/CA

Alternative Fueling Station Counts, Alternative Fuels Data Center, U.S. Department of Energy,
http://www.afdc.energy.gov/fuels/data_methods_stations.html

Fuel Economy Guide for Model Year 2012, U.S. Department of Energy and U.S. Environmental
Protection Agency, www.fueleconomy.gov/feg/pdfs/quides/feg2012.pdf

Hydrogen Fuel Cost vs Gasoline, Hydrogen Energy Systems LLC.,
http://heshydrogen.com/hydrogen-fuel-cost-vs-gasoline/

150


http://www.afdc.energy.gov/laws/state_summary/CA
http://www.afdc.energy.gov/fuels/data_methods_stations.html
file:///C:/Users/Jae%20Hun%20Kim/Desktop/Paper/www.fueleconomy.gov/feg/pdfs/guides/feg2012.pdf
http://heshydrogen.com/hydrogen-fuel-cost-vs-gasoline/



