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ABSTRACT
This article explores consumer investment choice in long-term energy conservation technology and
assesses trade-offs in energy saving behaviour between the housing and transportation domains. The
long-term energy conservation choice problem is conceptualized as a portfolio choice problem.
Consequently, to measure trade-offs between investments in housing and transport options, a cross
effects choice design is developed in which respondents were shown one or more alternate ways to
reduce their current energy consumption: (1) investing in new technology in the house, such as solar
panels; (2) exchanging the current car for a more energy efficient car; (3) buying a new energy-efficient
car, such as EV or solar car; (4) moving house to reduce current travel distances. To help respondents
linking these options to their current energy consumption, a new Web-based survey system (SINA) to
implement and administer stated adaptation experiments was developed. The system was used to collect
two sets of data. First, data about out-of-home and in-home energy consumption, together with detailed
time use data, was collected. Second, using a cross effects design, respondents were asked to select a
portfolio of energy-saving strategies in response to different energy pricing policy scenarios. Results
reported in this paper are based on 572 respondents who completed the survey and responded to seven
adaptation questions based on their current energy expenditures. A random parameters logit model is
estimated to predict the probability of choosing a particular portfolio of energy-saving options. Estimation
results indicate that individuals from different socio-demographic groups exhibit varied preferences. The
saving option characteristics, especially cost related characteristics have significant effects on individuals’
preferences. Moreover, the results also showed significant effects of choice set composition on energy
saving options. Further, the energy pricing policies had showed mixed effects on individual’s preferences.

KEYWORDS
Energy saving adaptation;
mixed logit model; portfolio
choice; stated preference

1. Introduction

Governments and utility providers worldwide are responding
to increasing concerns about climate change, security of supply,
and volatile energy costs by introducing new investments.
According to the European Council Action Plan for Energy
Efficiency (European Commission, 2008; European Council,
2006 & 2007), by 2020 the adoption of cost-efficient, residen-
tial, energy-efficient technologies and conservation practices
may achieve a reduction of 27 percent in residential energy
consumption compared to the expected baseline growth. Smart
grids, smart metering, electric vehicle (EV) cars, solar-panel
vehicles, renewable generation, and mass market energy effi-
ciency and conservation programs are just a few of the major
initiatives underway. Many of these investments focus on
empowering consumers to manage their residential energy
usage more actively and efficiently. However, beyond the fact
that developing the technology is a challenge in its own right,
governments and industry also face the problem how to induce
consumers to invest in energy efficiency products and establish
behavioral change. Successful energy conservation should
include both investment in adequate new technology, and shifts

to activity–travel patterns that require less energy. Energy pric-
ing policies are deemed promising in influencing people’s atti-
tudes toward environmental issues and behavioral change. In
transportation-related energy conservation studies, an abun-
dant body of literature has documented the effects of energy
pricing policies on individual and aggregate energy consump-
tion. Reviews of prior research have examined energy demand
elasticities due to fuel price increases, focusing mainly on adap-
tation of driving behavior (Goodwin, 1992; Graham & Glaister,
2002, 2004; Hensher, 2008; Holmgren, 2007; Oum, Waters, &
Yong, 1992; Sterner & Dahl, 1992; Wardman & Grant-Muller,
2011).

Technological improvements in cars have highlighted the
need to not only consider adaptation in driving behavior, but
also study the purchase of energy-efficient and environmentally
friendly cars (G€arling et al., 2002). J€aggi, Erath, Dobler, &
Axhausen (2012) established a model that allocated car types to
agent-based simulations to estimate the effects of fuel price on
households’ fleet choice. Moreover, several travel demand stud-
ies about hybrid and electric cars have appeared in the recent
literature (Achnicht, 2012; Glerum & Bierlaire, 2012; Glerum,
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Themans, & Bierlaire, 2011; Jensen, Cherchi, & Mabit, 2012;
Mabit & Fosgerau, 2011; Rasouli & Timmermans, 2016). How-
ever, a limitation of these studies is their typical restriction to a
single energy-saving strategy only. In reality, individuals may
consider multiple energy-saving options, including both out-
of-home and in-home options, which are at the same time sub-
ject to time and money budgets. However, very few studies
have taken both out-of-home and in-home energy conservation
behavior into account.

Pinjari and Bhat (2011) used household-level energy con-
sumption data from the 2005 Residential Energy Consump-
tion Survey (RECS), collected by the Energy Information
Administration (EIA), to provide insight into the influence of
household, house-related, and climatic factors on households’
consumption patterns of different types of energy, including
electricity, natural gas, and fuel oil. Using revealed preference
analysis, they explained observed choice patterns in terms of
an underlying utility function that includes sets of physical
measures of the attributes of the choice options. However,
revealed preference analysis is known to have limited applica-
bility to unimplemented energy pricing policies. As an alterna-
tive to the revealed preference approach, the stated preference/
choice approach seems more appropriate for exploring new
energy pricing policies. J€aggi and Axhausen (2011) conducted
a stated preference study that included four alternatives: insu-
lating the house, installing a heat pump, buying a more effi-
cient car, and switching to public transport. Respondents were
asked to imagine a hypothetical market situation and select
one alternative among a choice set of investments with differ-
ent cost–benefit ratios. Despite the appealing approach, their
study has some potential limitations. First, they did not incor-
porate any constraints that may influence individual preferen-
ces and choices. Second, they did not take any context effects
into account, although the transportation choices tend to be
context-dependent. Third, only a single choice is allowed. It
restricts respondents to cope with the changing energy situa-
tion by choosing any combination of the provided adaptation
options.

To overcome these limitations, Yang and Timmermans
(2013) reported an experimental approach to analyze how con-
sumers respond to mixtures of energy conservation choices
under budget constraints and context effects. A mixture-
amount experiment with three attributes: saving energy at
home, saving energy by changing to an energy-efficient car,
and saving energy by changing to slow modes and three differ-
ent budget levels per month was designed. In addition, two
context attributes (season and luggage) were considered. Seven
mixtures of the simplex lattice design were used for the alloca-
tion process and a second-degree polynomial model was
estimated.

Although these previous studies have increased our under-
standing of energy-conversion behavior, this brief literature
review suggests that most previous studies have at least the fol-
lowing four limitations. First, similar to most conventional
applications of stated preference and choice models, combined
choices are not considered. Consequently, these studies do not
provide any information on consumer overall response, i.e., a
combination or portfolio of energy-saving actions. Second,
most of the previous studies did not manipulate the cost of

capital investment. Consequently, it will be hard for respond-
ents to compare the different adaptation options, some of
which are effective in the short-term, while other involve long-
term investment decisions. Third, consequences of the hypo-
thetical policy/situation on their current energy consumption
expense were not provided. Respondents may have difficulty
connecting the hypothetical policy scenarios to their current
energy consumption behavior. Fourth, only single-policy sce-
narios were considered. However, in reality, individuals/house-
holds are faced with a multitude of energy pricing policies,
such as fuel tax, electricity/gas tax, and carbon tax. These poli-
cies may have a combined influence on respondents’ behavioral
adaptation. Research on single policies may produce biased
results as consumer response to single energy price policies
may depend on other policies. However, very limited attention
has been paid to this issue until now.

To overcome these potential limitations of previous research
and study the investment and adaptation strategies between the
residential and transportation domains, this study uses cross-
effects design to estimate a model of a portfolio of energy-sav-
ing investment choices. Our study makes the following incre-
mental contributions to the literature. First, rather than
allowing respondents to express single choices to adapt to
energy pricing scenarios, respondents may choose any combi-
nation of experimentally varied energy-saving options. Instead
of using a standard multinomial discrete choice model, in
which combination of choice options are predefined (e.g.,
Goldberg, 1998; Manski & Sherman, 1980), we estimated a
portfolio choice model, based on pick any tasks, which esti-
mates cross effects to measure the effect of portfolio composi-
tion on choice probabilities. We will show how cross-effects
experimental designs allow the estimation of the effects of port-
folio composition. Second, instead of mixing short-term and
long-term adaptation options, we argue that studying the sepa-
rate effects of energy pricing policies on individual or house-
hold long-term investment decisions and manipulating the cost
of capital investment may be a more valuable approach for pre-
dicting energy conservation at the residential level. According
to a literature review of in-home energy conservation studies,
researchers found it is much easier to make a singular invest-
ment decision than to change daily behavior (Mills & Schleich,
2010). Moreover, energy saving resulting from technology
adoption tends to have long-term effects, while behavioral
measures may only have transitory effects (Barr, Gilg, & Ford,
2005; Black, Stern, & Elworth, 1985; Brechling & Smith, 1994;
Dillman, Rosa, & Dillman, 1983; Ferguson, 1993; Long, 1993;
Walsh, 1989). Third, to help respondents connect the hypo-
thetic policy situation to their current, daily situation, a dedi-
cated data collection system (SINA) was developed to collect
detailed energy consumption information both in-home and
out-of-home. Energy costs were calculated for each individual
before and after implementing the policy. The investment
choices/adaptations of each respondent are, therefore, based
on their knowledge of current energy expenses. Fourth, this
study covers both in-home and out-of-home energy conser-
vation behavior in reaction to possible multiple energy pric-
ing policy scenarios. That is, to overcome the single-policy
bias, combined energy price-related policies will be taken
into account: fuel tax, fuel-related CO2 tax, gas/electricity
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tax, gas/electricity-related CO2 tax, and public transporta-
tion fees.

The paper is organized as follows. The portfolio choice
problem and cross-effects designs are discussed in Section 2.
The data collection system design and the results of descriptive
analysis of the data are discussed in Section 3. Section 4
presents the model and estimated results by a random parame-
ters logit model. The paper is completed with a conclusion and
discussion.

2. Methods

2.1 Portfolio choice modeling

Assume a choice set consisting of four choice alternatives, A, B,
C, and D. Traditional choice experiments are concerned with
single choices. The experimental task is to choose a single alter-
native from the choice set (A, B, C, or D) that the respondent
likes best. Assuming a multinomial logit model, the probability
of choosing A out of (A, B, C, or D) P(A) is given by
p Að ÞD eVA6 eVA C eVB C eVC C eVD C eVNoneð Þ, where VNone is the
reference point of no choice. In contrast, the principle of port-
folio choice is to invite respondents to choose any combination
of choice options in a choice set, including none of them. They
may pick a single alternative, but they may also choose different
combinations of alternatives. Thus, the set of possible choice
options consists of A, B, C, D, AB, AC, AD, BC, BD, CD, ABC,
ABD, ACD, BCD, ABCD, and none of the alternatives. The
portfolio choice problem is particularly relevant to study com-
plementarities and substitution in interdependent choices. The
choice probabilities for the various combinations (under inde-
pendence) may be calculated as the product of the probabilities
of choosing (or not choosing) the component alternatives. In
other words, the sum of the probabilities for the combination
in which an alternative is present equals the marginal probabil-
ity of choosing the alternative in a set that consists of the alter-
native and no choice. The probabilities P(A) for “choose single
alternative” data using the traditional approach will equal the
probability under the combination approach plus an allocation
of shares of combinations. An example can be found in Wiley
& Timmermans (2009).

However, particular choice options may be substitutes or
provide synergy. For example, if alternative B offers all benefits
of alternative C, plus some additional benefits, it is reasonable
to expect that the inclusion of alternative B in the portfolio will
reduce the likelihood of selecting alternative C in addition. The
cross effect of B and C is negative. Vice versa, the cross effect is
positive if the combination of alternatives B and C increases
the utility of both.

To allow estimating the effect of the composition of the
portfolio on the utility of a single-choice option and the
corresponding choice probabilities, cross-effects designs are
useful. These designs are constructed such that they allow
the independent estimation of the effects of any other or a
combination of other alternatives in the choice set on the
utility of a particular choice alternative. Therefore, we pro-
pose a model that predicts the probability of choosing a
portfolio. The portfolio of investment decisions will be cho-
sen in the long-term adaptation experiment, conditional on

the availability of the investment choice options, in
response to the combination of energy pricing policies that
an individual faces and which results in a specific energy
price increase, considering the individual’s activity-travel
pattern repertoire and in-home energy consumption behav-
iour. Compared to most stated choice experiments, the
complexity of the experiment is much higher. On the other
hand, it is very similar to the decision that people have to
make in real life.

Let UF
ni be the utility that individual n derives from choice

option i in portfolio F. We assume that this utility consists of
the own utility of alternative i plus the cross effects of all other
choice options included in the portfolio on the utility of alter-
native i. The own utility of alternative i is a function of the vec-
tor of coded attributes of alternative i (Xni) multiplied by
coefficient vector u as shown in (Equation 1):

UF
ni D ani C

X
i 06¼i2F

anii 0 C eni DXniu
0 C

X
i 06¼i2F

anii 0 C eni (1)

where eni is a random term with zero mean that is IID (indepen-
dent and identically distributed) across the choice alternatives.
Note that this specification is based on the assumption that the
mutual dependencies in the choice alternatives can be captured in
terms of their known attribute values. The error terms are
assumed to be independently and identically distributed. If one is
not willing to make that assumption, or it is not reasonable to
make that assumption as, for example, in revealed preference stud-
ies, the model should allow for a pattern of variance and covarian-
ces among the error terms, which should be estimated.

The probability that portfolio F will be chosen is equal to
the product of choosing and not choosing the constituent
choice options. Thus, p Fð Þ could be expressed as (Equation 2):

p Fð ÞD
Y
i2F

p.i/
Y
i 0=2F

½1¡ p.i 0 /� (2)

For four choice alternatives A, B, C, and D, the probability
of the portfolio AB may be calculated as p ABð ÞD p Að Þ£
p Bð Þ£p C

� �£p D
� �

. The probability using traditional notion
is:

p ABð ÞD p ABC D
� �D eV

AB
nA

1C eV
AB
nA

£ eV
AB
nB

1C eV
AB
nB

£ 1¡ eV
AB
nC

1C eV
AB
nC

 !

£ 1¡ eV
AB
nD

1C eV
AB
nD

 !
(3)

As shown in Wiley & Timmermans (2009), an easier way

to express (Equation 2) is to use eV
F
ni6 26 ðeVF

ni6 2 C e¡VF
ni6 2Þ to

express the probability of choosing alternative i in portfolio F,

and e¡VF
ni6 26 ðeVF

ni6 2 C e¡VF
ni6 2Þ to denote the probability of not

choosing i. The advantage of this transformation is that the
estimated effects can be directly interpreted as the contribu-
tions to the utility value of the alternatives. As an example, con-
sider portfolio AB, the logit is
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Substituting the probability expressions and rewriting
(Equation 2) gives (5). Using this transformation, estimated
effects can be directly interpreted as the contributions to the
utility value of the alternatives.

p Fð ÞD
Y
i2F

exp VF
ni6 2

� �
exp VF

ni6 2
� �C exp ¡VF

ni6 2
� �

£
Y
i 0=2F

exp ¡VF
ni6 2

� �
exp VF

ni6 2
� �C exp ¡VF

ni6 2
� � (5)

(Equation 5) describes the details of the portfolio model. In
this study, we assumed that choice probabilities may be influ-
enced by socio-demographic variables and combinations of
energy pricing policies. The latter effects can be estimated by
including interactions in the utility function. Assume there are
K (K > 0) socio-demographic variables and P (P > 0) policies.
Let Sn define the vector of socio-demographic indicator varia-
bles of individual n and Zn the vector of coded policies individ-
ual n is exposed to. They differ across individuals, but not
within policy scenarios. Thus, the utility function was expanded
to (Equation 6):

UF
ni DXniu

0 C
X

i 0 6¼i2F
anii 0 C Snb

0 C Zng
0 C eni (6)

where b is the vector of parameters for the socio-demographic
variables and g is the vector of parameters for policies.

Moreover, because a stated adaptation experiment was used,
panel effects should be captured as well. We assumed that there
is some unobserved heterogeneity in individuals’ preferences
that might affect the choices in the experimental design. To
allow individual variation, we estimate a normal distribution
for each attribute parameter of each choice alternative: ui D uı
C vmi; where uı is the vector of population means of the attrib-
utes of choice alternative i, v is a vector of corresponding stan-
dard deviations of ui around uı , and mi is a vector of random
terms. Thus, we estimated (Equation 7):

UF
ni DVF

ni C eni D Xni uı C vmi

� �C X
i 0 6¼i2F

anii 0

C Snb
0 C Zng

0 C eni; mi »N 0; 1ð Þ
(7)

Denoting the density of v by f .v j u/, where u is the fixed
parameters of the distribution, the probability of portfolio F

being chosen is given by:

pn Fð ÞD
Z Y

i2F

exp VF
ni6 2

� �
exp VF

ni6 2
� �C exp ¡VF

ni6 2
� �

 

£
Y
i 0=2F

exp ¡VF
ni6 2

� �
exp VF

ni6 2
� �C exp ¡VF

ni6 2
� �

!
£f uÞduð (8)

2.2 Experimental design

In this study, we conceptualized long-term energy conservation
decisions as a portfolio choice problem. Consequently, to mea-
sure people’s preference for investments in housing and trans-
port options, a cross-effects choice design was developed in
which respondents were shown one or more alternate ways to
reduce their current energy consumption: (1) investing in new
technology in the house, such as solar panels; (2) exchanging
the current car for a more energy-efficient car; (3) buying a
new energy-efficient car, such as EV or solar car; and (4) mov-
ing house to reduce current travel distances.

2.2.1 Design approach
The aim of this study is to predict the probability that an indi-
vidual will choose one or more energy saving investment deci-
sions as a function of their varying attributes to adapt to
increasing energy prices that result from the accumulation of
one or more energy pricing policies. To achieve this aim, the
experimental design should (1) systematically generate energy
pricing scenarios that vary the intensity and mixture of increas-
ing energy prices of one or more policies to estimate how port-
folio adaptation choices depend on policy scenario; (2)
systematically vary the attribute levels of the different choice
options to allow estimating the part-worth utility of the attri-
bute levels; and (3) systematically vary the possible portfolio of
adaptive actions, ranging from the choice of a single-choice
options to the choice of all included choice options, to estimate
the cross effects and effects of portfolio composition. To that
end, the following strategy was adopted to construct the experi-
mental design and measure adaptation choices.

The context of the portfolio choice problem consists of the
different energy pricing policies. In this study, five different
energy pricing policies were distinguished: fuel price, fuel emis-
sion tax, public transportation fare, in-home energy cost, and
home energy environmental tax (based on current energy cost
at home). Each of these policies was assigned four levels. One
of the levels (0) indicated that the policy is not implemented.
The remaining three levels (C20%, C50%, C80%) indicate
energy costs compared to the current situation. Thus, the full
factorial design consists of 45 possible energy pricing scenarios.
Using an orthogonal fraction of this full factorial design, 16
policy scenarios were generated.

ln
p ABC D
� �

p ABC D
� �

( )
D ln

eV
AB
nA 6 2

eV
AB
nA 6 2 C e¡VAB

nA 6 2
£ eV

AB
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nB 6 2
£ e¡VAB

nC6 2
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AB
nC6 2 C e¡VAB

nC6 2
£ e¡VAB

nD6 2

eV
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nD6 2 C e¡VAB

nD6 2

e¡VAB
nA6 2

eV
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nA6 2 C e¡VAB

nA6 2
£ e¡VAB

nB 6 2

eV
AB
nB 6 2 C e¡VAB

nB 6 2
£ e¡VAB

nC6 2

eV
AB
nC6 2 C e¡VAB
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£ e¡VAB
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2.2.2 Choice options and their attributes
These scenarios constitute the context within which respondents
had to decide how to adapt to the price increase that resulted
from the combined policies by investing in one or more energy
conservation strategies. Based on a literature review of energy
conservation strategies, both in-home and out-of-home (Ach-
nicht, 2012; Barr et al., 2005; Brechling & Smith, 1994; Erath &
Axhausen, 2010; Ferguson, 1993; Jensen et al., 2012; Nair, Gus-
tavsson, & Mahapatra, 2010; Rasouli & Timmermans, 2016),
four options were selected: investing in energy-efficient/energy
production equipment at home such as a solar panel, investing
in exchanging the current car to an energy-efficient car, inves-
ting in a new/extra energy-efficient car such as a hybrid car or
EV, and investing in relocation of home or work to shorten the
total travel distance. These strategic choice options thus cover
facility investment, energy-efficient car investment, and reloca-
tion investment (shortening travel distance).

As shown in Table 1, each of these options was characterized
in terms of one or more attributes. Because several in-home
energy conservation studies concluded that that the adoption
of energy-efficient measures and behavioral practices typically
depend on costs (investments and energy using expenses), a
costs attribute was selected. However, the price of in-home
energy conservation products varies considerably as does their
efficiency gain. Therefore, payback time was selected as the
attribute for this choice option to indirectly measure the costs
of the investment decisions.

The second and third options, the two car investments, were
represented in terms of four attributes, highlighted in the litera-
ture (e.g., Achnicht, 2012; Jensen et al., 2012; Rasouli, &

Timmermans, 2016): capital price, operation costs per year,
energy expenditure savings based on the current total out-of-
home fuel costs, and benefits to the environment. For the final
choice option “relocation,” a single attribute “total reduction in
travel distance” was selected. The detailed design of the attrib-
utes and attribute levels is shown in Table 1.

Thus, the experimental design for varying the choice
options and their attributes involved four choice options and
a total of 1 C 2 £ 4 C 1 D 10 attributes. Each of these attrib-
utes was varied in terms of three levels. The full factorial
design of these 10 attributes, each with 3 levels, gives rise to
310 possible choice sets. This design would be too demanding
for any respondent to complete. Therefore, an orthogonal
fractional factorial design shown in Table 2, consisting of 27
choice sets, satisfying the conditions of orthogonality and
attribute balance was created.

2.2.3 Choice options availability design
As discussed, one of the sub-goals of this study was to investigate
the effects of the accumulation of energy pricing strategies. To
answer this question an experimental design that allows estimating
cross (and availability) effects is required. To that end, the design,
shown in Table 3—availability combination, was used to generate
all possible portfolio choices and estimate the cross effects. The
value 1 indicates the option is available in the portfolio and 0 indi-
cates the option is not available in the portfolio. For example, choice
set 4 includes two choice options, which are A (investing in energy-
efficient/energy production equipment at home) and B (investing
in exchanging the current car to an energy-efficient car). To esti-
mate the effects of the availability model for each choice option, the

Table 1. Selected options, attributes, and attribute levels.

Option Attribute Attribute level

Invest in in-home facility (A) Payback period and saving percentage 6 years (40% less than in-home energy expenditure)
8 years (60% less than in-home energy expenditure)
10 years (80% less than in-home energy expenditure)

Exchange existing car to an
energy-efficient car (B)

Capital price 5,000
10,000
15,000

Operation cost per year 10% less than current car
Same as current car
10% more than current car

Energy expenditure saving (% of total current out-of-home fuel cost) 20% less than current fuel cost
30% less than current fuel cost
40% less than current fuel cost

Benefit to the environment Low
Middle
High

Invest in a new/extra
energy-efficient car (C)

Capital price 10,000 euros
20,000 euros
30,000 euros

Operation cost per year 5% of capital price
10% of capital price
15% of capital price

Energy expenditure saving (% of total current out-of-home fuel cost) 20% less than current fuel cost
30% less than current fuel cost
40% less than current fuel cost

Benefit to environment Low
Middle
High

Invest in relocation (home or
work) to shorten the total
travel distance (D)

Total travel distance 25% less than current travel distance
50% less than current travel distance
75% less than current travel distance
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coding is presented in Table 3. For choice sets 2 and 4, the values of
VA2, VA4, VB4, and VAB4 are represented as below:

VA2 D CaATA ¡aBTA ¡aCTA ¡aDTA (9)

VA4 D CaATA CaBTA ¡aCTA ¡aDTA (10)

VB4 D CaBTB CaATB ¡aCTB ¡aDTB (11)

VAB4 D CaATA CaBTA ¡aCTA ¡aDTA

CaBTB CaATB ¡aCTA ¡aDTA
(12)

where aATA and aBTB are own effects, aBTA and aATB are the
availability effects of alternative B on A and alternative A on B.
If the choice alternative is not available in the portfolio, the
effects are negative such as aCTA and aDTA in (Equation 10).
With this (¡1, 1) coding, the own effect corresponds to the
mean. The availability effects are the main effects of adding the
respective other alternatives to a choice set. For example, for
choice set 4, aBTA is the differential effect (increase or decrease)
that the availability of alternative B in a choice set has on the
log-odds of choosing alternative A.

If alternative B offers all the benefits of alternative A,
and some additional benefits, then we may expect the avail-
ability of alternative B will reduce the likelihood of choos-
ing alternative A. Therefore, the parameter of aBTA would
be negative. On the other hand, the availability of alternative
B might provide a complementary benefit of alternative A.
The attractiveness of choosing both alternatives A and B
would be increased by the appearance of alternative B; people
might more likely choose the combination of AB. The cross
effect is positive in this case.

2.2.4 Choice tasks
To generate the choice tasks for respondents, first a scenario
was randomly selected from the 16 possible policy scenarios.
The increasing energy costs consequences of the selected sce-
nario were calculated for each respondent. To measure adapta-
tion, one of the 16 rows was selected at random to vary the
availability of different options and allow estimating the cross
effects in the portfolio choice. To profile the available choice
options, one of the 27 choice sets from the fractional factorial
design varying the attribute levels of the choice options was
randomly selected. If an option was not available, its selected
attribute levels were not used.

Respondents were invited to express their portfolio
choice for nine sets of possible portfolio choices, randomly
selected from the portfolio choice set design under a ran-
domly selected policy scenario. For each set, they were
asked to indicate which combination of available choice
options (investment strategies) they would choose to fully

Table 3. Choice option composition design of four options.

Availability combination Influence of choice set composition coding

Set A B C D ATA ATB ATC ATD BTA BTB BTC BTD CTA CTB CTC CTD DTA DTB DTC DTD

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 1 0 0 0 1 ¡1 ¡1 ¡1 0 0 0 0 0 0 0 0 0 0 0 0
3 0 1 0 0 0 0 0 0 ¡1 1 ¡1 ¡1 0 0 0 0 0 0 0 0
4 1 1 0 0 1 1 ¡1 ¡1 1 1 ¡1 ¡1 0 0 0 0 0 0 0 0
5 0 0 1 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0
6 1 0 1 0 1 ¡1 1 ¡1 0 0 0 0 1 ¡1 1 ¡1 0 0 0 0
7 0 1 1 0 0 0 0 0 ¡1 1 1 ¡1 ¡1 1 1 ¡1 0 0 0 0
8 1 1 1 0 1 1 1 ¡1 1 1 1 ¡1 1 1 1 ¡1 0 0 0 0
9 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 ¡1 ¡1 ¡1 1
12 1 0 0 1 1 ¡1 ¡1 1 0 0 0 0 0 0 0 0 1 ¡1 ¡1 1
11 0 1 0 1 0 0 0 0 ¡1 1 ¡1 1 0 0 0 0 ¡1 1 ¡1 1
12 1 1 0 1 1 1 ¡1 1 1 1 ¡1 1 0 0 0 0 1 1 ¡1 1
13 0 0 1 1 0 0 0 0 0 0 0 0 ¡1 ¡1 1 1 ¡1 ¡1 1 1
14 1 0 1 1 1 ¡1 1 1 0 0 0 0 1 ¡1 1 1 1 ¡1 1 1
15 0 1 1 1 0 0 0 0 ¡1 1 1 1 ¡1 1 1 1 ¡1 1 1 1
16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Table 2. Orthogonal fractional factorial design of 27 choice sets.

Options

B C

Choice sets A B1 B2 B3 B4 C1 C2 C3 C4 D

1 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 2 2 2 2 2 2
3 1 1 1 1 3 3 3 3 3 3
4 1 2 2 2 1 1 1 2 2 2
5 1 2 2 2 2 2 2 3 3 3
6 1 2 2 2 3 3 3 1 1 1
7 1 3 3 3 1 1 1 3 3 3
8 1 3 3 3 2 2 2 1 1 1
9 1 3 3 3 3 3 3 2 2 2
12 2 1 2 3 1 2 3 1 2 3
11 2 1 2 3 2 3 1 2 3 1
12 2 1 2 3 3 1 2 3 1 2
13 2 2 3 1 1 2 3 2 3 1
14 2 2 3 1 2 3 1 3 1 2
15 2 2 3 1 3 1 2 1 2 3
16 2 3 1 2 1 2 3 3 1 2
17 2 3 1 2 2 3 1 1 2 3
18 2 3 1 2 3 1 2 2 3 1
19 3 1 3 2 1 3 2 1 3 2
22 3 1 3 2 2 1 3 2 1 3
21 3 1 3 2 3 2 1 3 2 1
22 3 2 1 3 1 3 2 2 1 3
23 3 2 1 3 2 1 3 3 2 1
24 3 2 1 3 3 2 1 1 3 2
25 3 3 2 1 1 3 2 3 2 1
26 3 3 2 1 2 1 3 1 3 2
27 3 3 2 1 3 2 1 2 1 3
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or partly counteract the increased energy costs that stem
from the selected policy scenario. For example, a policy sce-
nario is to increase 50% of fuel price tax and 50% in-home
electricity and gas tax. The respondent will be asked under
this hypothetic situation, what they would prefer to choose
for the randomly selected choice portfolios.

2.3 Administration

To help respondents connect the hypothetic policies to their
current, daily situations, a dedicated survey system (SINA) was
developed and implemented. SINA is a Web-based data collec-
tion system written in Ruby on Rails, which is an open-source
web framework. The survey framework consists of four stages.
First, respondents are asked to complete personal/household
information related to their most used car and residential
energy consumption situation such as house type, electricity/
gas consumption and costs, whether city heating is used, and
how much. Second, details of their current activity–travel pat-
tern repertoire are collected. This repertoire consists of one or
more activity–travel scripts. For each script, fuel costs are calcu-
lated and presented to increase respondents’ awareness of the
extra travel costs caused by the new energy price polices for
their current repertoire. Besides out-of-home scripts, in-home
energy consumption behavior was collected as well. The tem-
perature setting and important appliances usage at home were
asked for each household. Third, respondents were asked if and
how they will change any out-of-home script and/or their in-
home energy consumption behavior in response to new energy
policies. At the final stage, the out-of-home and in-home
energy expenses were automatically calculated. It assists
respondents to complete their long-term investment adaptation
choice tasks.

To guarantee data quality and high response rates, respond-
ents were recruited through a Dutch survey company, which
maintains an approximately 10% sample of the Dutch popula-
tion with socio-demographic information. The socio-demo-
graphic information may be used to filter out or select the
target group of the population. We required potential respond-
ents to live in the Eindhoven or Rotterdam area, The Nether-
lands and use electricity, gas, or city heating at home. Potential
respondents were invited by email with a unique ID link to
enter the SINA survey system. Privacy of respondents was
assured by the survey company filtering out respondents’ email
addresses.

The data collection started on 5 May 2014 and finished on
14 May 2014. The survey was distributed among 5,000 poten-
tial respondents satisfying the selection requirements, who
were otherwise randomly selected from the panel. Finally, 572
respondents finished the survey, representing a response rate of
11%, which is relatively high considering the duration and
complexity of the survey. Moreover, respondents were exposed
for the first time to several new tasks and should comprehend
the underlying concepts: elicitation of scripts in the way they
organize their daily activity–travel patterns; the notion of a
portfolio choice under varying pricing policies and understand-
ing how the pricing scenarios will increase their energy costs,
considering their routine daily activity–travel pattern and how

to respond and adapt to this new situation. On average, the sur-
vey took 75 min to complete.

For calculating respondents’ travel costs and provide them
feedback on how much money the investment decisions will
save them, considering their personal activity–travel and energy
consumption behavior, additional information related to travel
cost was collected. Respondents were asked about their car
ownership, public transport card ownership, car-sharing situa-
tion, travel allowance, and fuel type and basic costs for their
most frequently used car.

3. Results

3.1 Descriptive results

The frequency distribution of socio-demographic characteris-
tics is presented in Table 4. As shown, 76% of the sample is
male, while only 24% is female. It suggests conventional gender
roles among respondents. Age, categorized into six groups,
shows an unbalanced distribution from the young to the

Table 4. Frequency distribution of socio-demographic characteristic.

Variable Percentage

Gender Male 0.764
Female 0.236

Age 18–24 0.017
25–34 0.107
35–44 0.150
45–54 0.184
55–64 0.269
>64 0.273

Marital status Single 0.524
Couples without children 0.128
Couples with children <12 years old 0.063
Couples with children >12 years old 0.276

Number of Children 1 0.392
2 0.485
�3 0.134

Household size 1 0.231
2 0.435
3 0.145
4 0.147
�5 0.042

Education Unknown 0.003
Elementary school 0.044
High school for general education 0.143
University oriented high school education 0.257
Tertiary education—MBO (vocational training) 0.229
Bachelor or above 0.324

Income (net per year) No income 0.163
<12,500 Euro 0.031
12,500–26,200 0.157
26,200–38,800 0.203
38,800–65,000 0.273
65,000–77,500 0.072
> 77,500 0.101

Work status Retired 0.271
Housewifenhousehusbandnelse 0.030
Unemployednjob-seekingnassistance 0.051
Incapacitated 0.040
Students 0.014
Employed 0.591

Work hours No work 0.023
<12 h /week 0.021
12–24 h/week 0.070
25–34 h/week 0.117
35–39 h/week 0.292
40 h/week 0.421
>40 h/week 0.056
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elderly. The distribution of marital status shows that singles are
over-represented in the sample, while couples with children
under 12 years of age are underrepresented. The distribution of
household size shows that over 90% of the respondents live in
households with less than five persons. As for education level,
the sample over-represents highly educated people as one may
expect. A relatively high percentage of households earn between
12,500 and 77,500 euros/year. The sample also over-represents
the retired group and people, who work more than 35 h/week.

Two possible explanations may account for this situation.
First, the respondents are the heads of households, who tend to
be the primary source of income for their households. Second,
the survey takes relatively long to complete. It is reasonable to
assume that retired person may have more patience and/or
time to finish the survey.

The variables related to the travel cost component are pre-
sented in a bar chart in Figure 1. The results indicate that about
21% of the respondents have a public transport card (student
discount card, and discount card for bus and train). Taking
into account the percentage car ownership, it indicates that
around 7% of the respondents are both car user and frequent
public transport user. Over 18% of the respondents mentioned
they have more than one car in their household. The informa-
tion of their most frequently used car shows that over 90% of
the respondents are still petrol and diesel car users. There are
only five respondents who are using hybrid cars, indicating that
energy-efficient products still have a relatively small market
share at the moment. Besides fuel type, respondents were asked
to provide information about their cars’ production year, aver-
age maintenance cost, insurance cost, and fuel consumption.
As shown, a small percentage of respondents do not know the
maintenance and insurance costs. For maintenance cost,
around 7% of the respondents indicated zero because their cars
are relatively new.

For calculating respondents’ current travel costs, respond-
ents were asked about their car ownership, public transport

card ownership, car-sharing situation, and travel allowance for
their most frequently used car (Figure 2). As shown, 87% of the
respondents have at least one car in their household. The per-
centage is slightly lower than the national statistic (about 92%).
Compared to the national statistics, the sample also over-repre-
sented respondents with only one car. Respondents without a
car were asked about their car-sharing situation. 85.5% of the
non-car respondents do not share a car. Those who share do
not tend to share expenditures. If they share the costs, the
monthly average is less than 50 euros. Travel allowance is a
complex variable in the Netherlands. Different companies and
organizations have various rules to compensate employees who
commute. It might influence respondents’ car use and their
adaptation behavior. The data indicate that 30.1% of the sample
receives a travel allowance. Their travel allowances differ from
around 50 euros/month to more than 300 euros/month.

3.2 Modeling results

Coefficients were estimated based on respondents’ choices. A
normal distribution was assumed for the random parameters.
Effect coding was applied to represent the attributes, using the
middle levels as the reference level. The most general model
would estimate effects for specific levels of the policy scenarios.
However, in this paper, we estimated a simplified model that
examined the effects of whether a specific policy was imple-
mented or not. Estimation results are based on 2000 Halton
draws.

The estimation results are presented in Table 5. The
pseudo R-squared of the final model is 0.54 and adjusted
R-square is 0.487, which are relatively good. The results
pertain to three components: effects of the attributes of
the choice options, cross effects of the options, and effects
of socio-demographic. To illustrate the overall policy
effects, scenario analysis was implemented and presented
in the last section.

Figure 1. Distribution of public transport card and basic car cost.
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3.2.1 Attribute effects
The parameter of “none of these choice options” is negative,
but not significant at the 5 percent probability level. For the
respondents who would like to invest in new energy-efficient
products, the results show that they are more likely to invest in
short-term payback period, energy-efficient products for their
house. The utility for investing in an energy-efficient car
decreases with increasing capital price, higher operation costs,
and decreasing benefits. All these effects are consistent with
anticipations and statistically significant at conventional levels.
The effects of the amount of the travel cost saving attribute,
however, do not show a consistent pattern. Although the utility
is highest for the highest cost reduction, the estimated part-
worth utility function is not monotonically decreasing for lower
savings levels. For investing in a new/additional energy-efficient
car, only effects of travel cost savings are in the anticipated
direction and monotonic. Respondents showed a preference for
a middle and high travel cost saving car. For the other attributes
of a new energy-efficient car, results indicate a mixed prefer-
ence. Regarding capital price and benefit to environment attrib-
utes, both the high and low levels have significant positive
effects on individual’s preference. However, parameters of
operational cost show that individuals are more likely to invest
in new energy-efficient cars with middle-level maintenance
costs. The parameters of the relocation option indicate the
trade-off of moving efforts and distance reduction benefits. It
shows that respondents prefer to relocate only if the reduction
in total travel distance is high.

The standard deviations of the random parameters show
significant individual heterogeneity in preferences for the
attributes related to all investment decisions. The higher the

standard deviation compared to the mean, the more variation
exists in the preference for the related choice attribute level in
the population.

3.2.2 Cross effects
The estimated cross effects are almost all significant, which
indicates that the inclusion of different choice options in the
portfolio has a significant influence on people’s final choice.
The majority of the effects are negative, suggesting substitution
between the choice options. To be more specific, results indi-
cate that including investing in new energy-efficient products
at home and relocation will decrease the utility of the other
choice options. Investing in changing the current car to an
energy-efficient car reduces the utility of purchasing an addi-
tional energy-efficient car or relocation. Investing in a new or
additional energy-efficient car has significant negative effects
on choosing the relocation option. However, it will increase the
utility of investing in changing the existing car into an energy-
efficient car.

3.2.3 Effects of socio-demographics
As for the socio-demographic variables, we use income level
high, couple with children above 12 years old, age below
34 years, and no travel allowance groups as reference groups.
The results presented are relative probabilities compared to the
reference groups. Results show that singles are less likely than
couples to choose the in-home appliance investment only
option, while respondents older than 65 years or partners with
children younger than 12 years of age and lower income house-
holds comparing to other groups are more likely to choose this
option. Couples, with children younger than 12 years old, are

Figure 2. Pie chart of car ownership, car sharing, and travel allowance distribution.
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Table 5. Parameter estimates and their significance.

Variable Coefficient Error z Prob.jzj>Z �

No change NONE ¡0.196 0.216 ¡0.910 0.364

Random parameters in utility function
In-home investment (A) Payback period—6 years (¡42%) 1.578��� 0.167 9.470 0.000

Payback period—8 years (¡62%) ¡0.940
Payback period—12 years (¡82%) ¡0.638��� 0.143 ¡4.450 0.000

Invest in change of the current car
to an energy-efficient car (B)

Capital price—5,000 1.247��� 0.148 8.430 0.000
Capital price—10,000 ¡0.807
Capital price—15,000 ¡0.440��� 0.136 ¡3.230 0.000
Operation cost—10% less 0.466��� 0.147 3.170 0.002
Operation cost—same ¡0.119
Operation cost—10% more ¡0.347��� 0.139 ¡2.490 0.013
Travel cost saving—20% 0.491��� 0.168 2.920 0.000
Travel cost saving—30% ¡1.906
Travel cost saving—40% 1.415��� 0.183 7.740 0.000
Benefit to environment—low ¡1.429��� 0.157 ¡9.120 0.000
Benefit to environment—middle ¡0.412
Benefit to environment—high 1.841��� 0.181 10.150 0.000

Invest in a new energy-efficient car (C) Capital price—10,000 1.153��� 0.263 4.380 0.000
Capital price—15,000 ¡2.418
Capital price—20,000 1.265��� 0.248 5.100 0.000
Operation cost—5% of capital price ¡0.305 0.230 ¡1.320 0.185
Operation cost—10% of capital price 2.627
Operation cost—15% of capital price ¡2.314��� 0.353 ¡6.560 0.000
Travel cost saving—20% ¡0.930��� 0.231 ¡4.020 0.000
Travel cost saving—30% ¡1.584
Travel cost saving—40% 2.514��� 0.322 7.800 0.000
Benefit to environment—low 0.831��� 0.238 3.500 0.001
Benefit to environment—middle ¡1.576
Benefit to environment—high 0.745��� 0.244 3.060 0.002

Invest in relocation (D) Travel distance reduction—25% ¡0.567��� 0.176 ¡3.220 0.001
Travel distance reduction—50% ¡1.033
Travel distance reduction—75% 1.590��� 0.174 9.120 0.000

Distribution of random parameters

St.dev (A) Payback period—6 years (¡40%) 1.660��� 0.276 6.020 0.000
Payback period—12 years (¡80%) 0.142 0.776 0.180 0.855

St.dev (B) Capital price—5,000 1.250��� 0.237 5.280 0.000
Capital price—15,000 0.163 0.761 0.210 0.830
Operation cost—10% less 1.026��� 0.263 3.890 0.000
Operation cost—10% more 0.241 0.373 0.650 0.517
Travel cost saving—20% 1.107��� 0.383 2.890 0.004
Travel cost saving—40% 1.716��� 0.276 6.220 0.000
Benefit to environment—low 0.244 0.808 0.300 0.763
Benefit to environment—high 1.308��� 0.288 4.540 0.000

St.dev (C) Capital price—10,000 2.428��� 0.436 5.570 0.000
Capital price—20,000 1.487��� 0.526 2.830 0.005
Operation cost—5% of capital price 1.581��� 0.576 2.740 0.006
Operation cost—15% of capital price 3.979��� 0.522 7.630 0.000
Travel cost saving—20% 0.666 0.596 1.120 0.263
Travel cost saving—40% 2.692��� 0.462 5.820 0.000
Benefit to environment—low 1.366 �� 0.592 2.310 0.021
Benefit to environment—high 2.165��� 0.470 4.610 0.000

St.dev (D) Travel distance reduction—25% 0.034 0.463 0.070 0.942
Travel distance reduction—75% 1.620��� 0.343 4.720 0.000

Cross effects of options

The availability of choice option A to option B ¡0.625��� 0.114 ¡5.570 0.000
The availability of choice option A to option C ¡0.930��� 0.170 ¡5.460 0.000
The availability of choice option A to option D ¡0.530��� 0.127 ¡4.170 0.000
The availability of choice option B to option A 0.058 0.103 0.560 0.575
The availability of choice option B to option C ¡0.856��� 0.175 ¡4.890 0.000
The availability of choice option B to option D ¡0.812��� 0.124 ¡6.550 0.000
The availability of choice option C to option A ¡0.072 0.100 ¡0.720 0.473
The availability of choice option C to option B 0.264 �� 0.108 2.440 0.015
The availability of choice option C to option D ¡0.806��� 0.117 ¡6.900 0.000
The availability of choice option D to option A ¡0.277��� 0.102 ¡2.700 0.007
The availability of choice option D to option B ¡0.272 �� 0.107 ¡2.540 0.011
The availability of choice option D to option C ¡0.127 0.153 ¡0.830 0.404

(Continued on next page )

142 D. YANG AND H. TIMMERMANS



less likely to choose changing the current car into an energy-
efficient car compared to other households. Investing in a new/
additional energy-efficient car is a more attractive option for
low/none income households than middle and high-income
groups. For the relocation option only, compared to the refer-
ence groups, individuals, aged between 34 and 65 in middle- or
high-income households are less likely to choose this option.
Only individuals who are younger than 34 or older than
65 years have a higher probability of choosing the relocation
option.

For the portfolio options, more than half of the significant
effects are negative, which indicates that energy-efficient prod-
uct combinations are less likely to be chosen. Respondents
between 34 and 65 years old are less likely to invest in both
energy-efficient products at home and changing the current
car to an energy-efficient car comparing to respondents who
are less than 34 years old. However, respondents above
65 years of age are more likely to invest in both in-home
energy products and a new/additional energy-efficient car.
Respondents from low/no income households are more likely
to choose the combination of in-home energy saving produc-
tions and relocation comparing to middle and high-income
groups. Single respondents are more likely to choose the com-
bination investment of changing the current car to an energy-
efficient car and investing in a new energy-efficient car

compared to couples. Moreover, respondents who have a
travel allowance are more likely to invest in the combination
of investing in energy-efficient products at home, changing
the current car into an energy-efficient car and investing in a
new energy-efficient car.

4. Scenario analysis

To illustrate the overall policy effects on people’s investment
choices, scenario analysis was conducted. As shown in Table 5,
three types of policies have significant effects on individual’s
long-term adaptation choice: fuel price policy, fuel emission
price policy, and public transit price policy. For comparing the
effects of various policies and their combined effects with the
zero policy situation, in this scenario analysis the zero policy sit-
uation was chosen as the benchmark. Seven scenarios were gen-
erated by these three policies, which are increasing only fuel
cost, only fuel emission cost, only public transit fee, both fuel
cost and fuel emission cost, both fuel cost and public transit fee,
both fuel emission cost and public transit fee, and all three costs.

To predict people’s choice under these different scenarios,
we took 2000 Monte Carlo draws for each respondent and each
choice alternative from each normally distributed variable. The
choice probability of each choice alternative was calculated by
averaging the probabilities across individuals. The probabilities

Table 5. (Continued )

Variable Coefficient Error z Prob.jzj>Z �

Interactions effects socio-demographic variables

A Income—none/low 0.484 �� 0.216 2.240 0.025
Single ¡0.923��� 0.278 ¡3.320 0.001
Couple with children 12C 0.908��� 0.294 3.090 0.002
Age 65C 0.564 �� 0.253 2.230 0.026

B Couple with children <12 ¡0.441 � 0.227 ¡1.950 0.052
C Income—none/low 0.504 � 0.292 1.720 0.085
D Income—none/low 0.759��� 0.291 2.610 0.009

Income—middle ¡0.678��� 0.259 ¡2.620 0.009
Income—high ¡0.081
Age <34 0.462
Age 34–65 ¡0.474 � 0.250 ¡1.900 0.058
Age 65C 0.941��� 0.327 2.870 0.004

AB Age 34–65 ¡0.782��� 0.309 ¡2.530 0.011
AC Couple with children <12 ¡1.125��� 0.458 ¡2.460 0.014

Age 65C 0.921 � 0.522 1.770 0.078
AD Income—none/low 1.023 �� 0.474 2.160 0.031
BC Age 65C ¡1.105 �� 0.550 ¡2.010 0.045
BD Single 1.286 �� 0.495 2.600 0.009

Couple with children <12 ¡0.934 �� 0.431 ¡2.170 0.030
CD Couple with children <12 ¡1.118 �� 0.527 ¡2.120 0.034
ABC Travel allowance 0.938 � 0.534 1.760 0.079

Income—none/low ¡1.913 � 1.083 ¡1.770 0.077

Interaction effects of policies

A Public transit policy 0.247 � 0.150 1.650 0.099
C Fuel price policy 0.561��� 0.209 2.690 0.007

Fuel emission policy ¡0.384 � 0.212 ¡1.810 0.071
AC Fuel emission policy ¡0.568 � 0.325 ¡1.750 0.081

Public transit policy ¡0.694 �� 0.306 ¡2.270 0.023
BC Fuel emission policy ¡0.636 � 0.333 ¡1.910 0.056
BD Fuel price policy 0.723 �� 0.301 2.400 0.016
CD Fuel price policy 0.868 �� 0.372 2.330 0.020
ABD Fuel price policy ¡0.925 � 0.554 ¡1.670 0.095
Observations 4,004 No. of respondents 572
Initial log-likelihood ¡11101.445 Final log-likelihood ¡5153.471
Pseudo R2 0.536 Adj. Pseudo R2 0.487

Note: ���, ��, �D Significance at 1%, 5%, 10% level, respectively.
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of choosing each choice alternative under each policy scenario
were compared with the benchmark scenario. The probability
differences are shown in Figures 3–5. Figure 3 shows the proba-
bility difference of choosing “none of these choice options” for
seven different policy scenarios compared with the benchmark
scenario. The results indicate that people are more likely to
invest in energy-saving options for most policy scenarios,
except for the only increasing fuel emission cost scenario and
the combined policy scenario of increasing fuel price and fuel
emission cost. More people are inclined to make adaptations in
case of the combined scenario of increasing fuel emission cost
and public transit fee.

To compare the probabilities of investing in energy saving
portfolios under different policy scenarios with the probabilities
under the reference scenario, Figures 4 and 5 present two bar

charts to visualize the probability differences for the single-
choice portfolio and combined-choice portfolios, respectively.
The positive values indicate that there is a higher percentage of
respondents who say they would invest in the portfolio under
the policy scenario than under the benchmark scenario. Vice
versa, the negative values indicate that a lower percentage of
respondents will make the investment under that portfolio.
Overall, people are more inclined to invest in single energy-sav-
ing strategies than in combined strategies under the various
energy policy scenarios. For single energy-saving investment
strategies, choice option C (Investing in a new energy-efficient
car, such as Electric Vehicle (EV) or solar car) is more preferred
under the policy scenarios (except the only fuel emission pol-
icy) than the benchmark scenario. Choice option A (Investing
in home energy-saving equipment) is more likely to be chosen

Figure 4. The bar chart of percentage difference between various policy scenario and benchmark scenario for single-investment portfolios.

Figure 3. The none adaptation percentage difference in seven scenarios comparing with reference scenario.
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under the policy scenarios (except the fuel price policy only)
compared with the benchmark scenario. For the combined
portfolios, results indicate that the combined policies have a
stronger influence on peoples’ investment choices than single-
policy scenarios. The fuel price policy and its combined policies
have stronger effects on people’s choice to substitute the exist-
ing car with a more energy-efficient car and the choice to relo-
cate. More specifically, people are more likely to invest in
portfolios BD (the combination of exchanging the current car
for an energy-efficient car and relocation) and CD (the combi-
nation of investing in a new energy-efficient car and relocation)
in the price policy scenarios compared with the benchmark sce-
nario. People are less likely to invest in portfolios AC (the com-
bination of investing in in-home energy-efficient equipment
and investing in a new energy-efficient car) and BC (the combi-
nation of investing in a new energy-efficient car and exchang-
ing the current car for an energy-efficient car) under all policy
scenarios.

5. Discussion

Overall, the results indicate that respondents are inclined to
compensate the increased energy costs triggered by the manip-
ulated energy pricing policy scenarios by investing in one or
more of the provided investment options. The characteristics of
the products, especially cost-related characteristics, influence
people’s adaptation preferences. Moreover, choice option avail-
ability seems to influence people’s adaptation preferences. In
general, there is little evidence of synergy between investment
decisions; rather the choice options tend to act as substitutes as
long as a single investment is sufficient to counterbalance the
increase in energy costs. Portfolio choices are systematically
related to socio-demographic variables and policy scenarios. In
particular, the fuel price policy showed a direct positive effect
on investing in products for reducing traveling expenses.

Methodologically, the current study is an example of a stated
choice experiment that has become quite complex in the

attempt to approximate actual decision-making in real markets.
The experiments systematically vary (1) pricing scenarios,
(2) availability and non-availability of particular choice options,
(3) portfolios, and (4) attribute levels, and calculate the likely
total costs that result from the effects of multiple policies.
Moreover, the travel-related costs are based on the elicitation of
scripts in activity–travel behavior. It increases our experience
of how cross effects may be used to estimate the effect of the
composition of the chosen set of alternatives on the probability
of choosing a particular portfolio and how it could be repre-
sented in conventional logit models.

From the perspective of measurement, the data collection
method is powerful and does justice to the complexity of deci-
sion-making compared to the often too hypothetical nature of
many stated choice experiments. However, the richer conceptu-
alization and implementation of the experiment also substan-
tially increases the complexity of the experimental task and
data requirements. Although the duration of this questionnaire
is relatively long compared to most stated adaptation experi-
ments, there is no evidence that respondents provided many
conflicting responses.

Additional work along these lines is needed to further
judge the feasibility and validity of such experiments and the
validity of the current model specification. First, larger sam-
ples and/or most efficient design strategies are needed to esti-
mate models that would allow estimating the effects of the
detailed specification of the policy scenarios, rather than the
activation or non-activation of the policy only. Second, the
current model assumed independently and identically distrib-
uted error terms for the utility of the (combined) choice
options. Although the mixed logit model was applied to cap-
ture the unobserved heterogeneity, the variance and correla-
tions in unobserved factors were not estimated. Covariances
between error terms of portfolios, especially similar portfolios,
were not fully captured or explored in the current study.
Third, the rebound effect was not taken into consideration in
this paper. It might be assumed that with the development of

Figure 5. The bar chart of percentage difference between various policy scenario and benchmark scenario for combination-investment portfolios.
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the new technology, the expected gains from existing technol-
ogies/solutions will be reduced. Further study, dedicated
experimental designs, and an elaborated model specification
are needed to explore the rebound effect.

6. Conclusion and policy implications

To understand how consumers respond to increasing fuel pri-
ces as a result of accumulated pricing policies by investing in
portfolios of house and transport related options, this paper
formulated and estimated a model of portfolio choice behavior.
Data to estimate the model were based on a cross-effects design
that was embedded in a design systematically varying policy
issues and an orthogonal attribute generating fractional facto-
rial design. Because pricing policies tend to have different rami-
fications for different people, depending on their repertoire of
activity–travel patterns and energy consumptions behavior, a
stated adaptation experiment survey system (SINA) was
designed to collect data on individual’s investment decisions
under different policy situations, based on calculations of the
impact of the policies on their energy costs and the cost recov-
ery effects of the considered portfolio choice. A random param-
eter logit model of portfolio choice was formulated to estimate
the effects of the attributes of the choice options, the cross
effects of portfolio composition, the effects of socio-demo-
graphic variables, and the effects of policies on individual’s
portfolio choice.

Given the increasing concern for energy and the environment,
it is important for urban planners and policymakers alike to
understand the pivotal role of individuals/households in any
reduction of both transportation-related and in-home energy
consumption by purchasing energy-efficient products in the
future. The findings of this and similar research projects can help
developing more efficient policies to induce consumers to invest
in energy-efficient products through understanding individual/
household long-term energy-savings preferences. The present
findings indicate that policymakers should be aware that individ-
ual/household long-term energy-efficient product investments
are a trade-off between out-of-home and in-home energy con-
sumption facilities under different circumstances. One policy
might trigger multiple investments or indirect investment.
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