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Abstract

If the pattern of appliance use varies between households, then we expect that appli-
ance replacement cycle also varies between households. Although many studies
identified early adopters of new energy-efficient products, few studies have exam-
ined households that have been using old energy-inefficient products and how their
characteristics are associated with product replacement. In this study, we initially
modify a survival function and develop an economic model to evaluate the impact
of household characteristics on appliance replacement. We subsequently apply the
model in microlevel data analysis from the Survey on Carbon Dioxide Emission
from Households obtained from the Ministry of the Environment of Japan. We use
information about age distribution of refrigerators (REFs) and examine how family
size, household income, and age of household’s head affect the replacement cycle
of REFs. Our empirical results reveal that (1) large-sized, (2) high-income, and (3)
young households replace REFs more rapidly. These findings suggest that policies
that encourage small-sized, elderly, and low-income households to replace old appli-
ances are needed.
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1 Introduction

Energy efficiency of home electric appliances has been improving annually. Par-
ticularly, households can lower their energy consumption by replacing old appli-
ances with new energy-efficient models. In line with this, governments have been
promoting appliance replacement for many years to reduce residential energy
consumption. For example, they have introduced labeling programs that enable
households to make product choices more easily based on the energy-efficiency
information of appliances. For instance, the US Environmental Protection Agency
(EPA) first introduced the Energy Star program in 1992 to help households easily
recognize energy-efficient products through Energy Star labels (USEPA 2020).
Following the implementation of Energy Star labels in the US, the Japanese gov-
ernment introduced the Energy Saving Labeling program in 1995, which enables
consumers to examine the energy efficiency of products through green/orange
marks. To further enhance the program’s function, the Japanese government
introduced the Unified Energy Saving Labeling Program in 2006. Under this new
labeling program, retailers need to indicate products’ energy efficiency by the
number of stars and report the estimated annual electricity bill. Therefore, con-
sumers require less cognitive skills to identify the energy efficiency of products
than before (Wang and Matsumoto 2020).

In recent years, some governments provided households with subsidies and a
stronger appliance replacement incentive. However, the effects of such subsidy
policies raised concerns. For example, the US Department of Energy developed
the State Energy-Efficient Appliance Rebate Program to support residential con-
sumers in purchasing energy-efficient appliances (Office of Energy Efficiency
and Renewable Energy 2015). Although this program spent approximately $300
million between 2009 and 2015, Houde and Aldy (2017) found that consumers
upgraded their old appliances with higher quality but less energy-efficient mod-
els. Similarly, the Japanese government implemented a rebate program, the so-
called eco-point program (EPP), between 2009 and 2011. The EPP provided sub-
sidies to households who purchased refrigerators (REFs), air conditioners (ACs),
and digital televisions (TVs) that are labeled with more than four stars under the
Unified Energy Saving Labeling Program (Ministry of the Environment 2009). As
the cessation of analog broadcasting was scheduled in 2011, the government pro-
moted the replacement of old analog TVs with new digital TVs through the EPP.
However, Yamaguchi et al. (2016) reported that the EPP expanded the market
share of energy-efficient TV models but incentivized consumers to purchase TVs
with large screen size. Their finding suggests that households will not replace an
old appliance with a new model only for energy-efficiency purpose.

In addition, previous studies about eco-subsidy programs reported that the
effect of such programs is limited, that is, only certain types of households
replaced old appliances with new energy-efficient models (Wang and Matsumoto
2019; Nakano and Washizu 2017). Wang and Matsumoto (2019) examined the
impact of subsidy programs on the selection of hybrid electric vehicle (HEV).
They applied the multinomial model to identify the types of households that
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switched from conventional gasoline vehicles to HEVs. The estimated results
demonstrate that certain types of households, for example, high-income house-
holds, small-sized households, switched to HEVs during the subsidy programs. In
other words, their findings imply that other households continue to use their old
appliances, regardless of the substantial amount of subsidy available.

One of the reasons why households continue to use old appliances can be con-
sidered as the existence of status quo bias (Blasch and Daminato 2018; Schleich
et al 2016). Blasch and Daminato (2018) examined how status quo bias affects
the replacement of old appliances; they found that the degree of status quo bias is
intimately associated with household socioeconomic characteristics, such as age,
income, and household type.

If the pattern of appliance use varies between households, then we expect that
the appliance replacement cycle also varies between households. Large-sized house-
holds replace washing machines more rapidly because they frequently wash large
bulk of clothes at once. In contrast, young people replace their smartphones more
frequently as they intend to do more tasks with it. Although certain households may
replace appliances for energy conservation, other households may pay less attention
to appliances’ energy efficiency and continue to use their old appliances until totally
depreciated.

Many studies identified early adopters of new energy-efficient products (Camp-
bell et al. 2012; van Rijnsoever et al. 2009), as well as the role of psychological
biases on replacement of appliances (Schleich et al. 2019). However, to the best of
our knowledge, only Fernandez (2000, 2001) has identified the relationship between
households’ socioeconomic characteristics and product replacement from the aspect
of appliance’s survival probabilities. Given that certain households do not replace
appliances despite the evident benefits, the relationship between households’ socio-
economic characteristics and appliance replacement cycle needs to be determined
for residential energy conservation. In this study, we first develop an economic
model to describe the survival probabilities of appliance and evaluate the impact of
households’ socioeconomic characteristics on home appliance replacement.

Fernandez (2000, 2001) studied Americans’ replacement habits of electric space
heaters and central air conditioners for the empirical analyses. In contrast, we tar-
geted REFs in this study. We believe REFs are much more suitable for the study
of appliance replacement than heaters and ACs. Although the usage of heaters and
ACs vary considerably between households, it is often difficult to know it.! In the
empirical section, we use microlevel data from the 2016 Survey on Carbon Dioxide
Emission from Households (Ministry of the Environment 2016). Survey respond-
ents in SCDEH 2016 were asked about the age of their REFs and their socioeco-
nomic characteristics. Based on the information about the age distribution of REFs,
we examine how family size, age of household’s head, and household income affect
the replacement cycle of REFs. Our empirical results reveal that (1) large-sized, (2)
high-income, and (3) young households replace REFs more rapidly.

! Detailed reasons regarding the appliance selection are discussed in Sect. 3.1.
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Fig. 1 a Example of survival function. b Example of steady-state vintage distribution

The remaining of this paper is structured as follows. In the next section, we propose
an economic model of home appliance replacement. We assume a maximum product
useful life and derive the age distribution of appliance in the steady state. We show how
households’ socioeconomic characteristics are associated with appliances’ survival
probability and age distribution. Then we apply the model to microlevel data analy-
sis based on SCDEH 2016. In Sects. 3 and 4, we summarize the data and specify the
empirical model, respectively. In Sect. 5, we report the empirical findings. Lastly, in
Sect. 6, we provide policy recommendations and the conclusion.

2 Economic model of product replacement cycle

For illustrative purposes, we initially present a simple model without utilizing house-
holds’ socioeconomic characteristics. We assume that each household owns only one
appliance with a maximum useful life of 2 years. Half of the products sold during a
market break in the first year whereas the other half operates until the second year. We
assume that households continue to use a product until totally depreciated. Therefore,
half of the households need to replace products at the end of the first year, whereas
the remaining half continues to use the products until the end of the second year. The
above-mentioned condition can be characterized by the survival function as follows:

0<t<1
1<t<?2,
t>2

s(t) =

ON— —
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Fig.2 a Survival functions. b Steady-state age distributions

where  is the product age. This survival function is illustrated in Fig. la.

Estimating the survival function directly is often difficult because participants in
the survey may not recall their products’ year of final use. Nevertheless, their prod-
ucts’ age and manufacturing year were commonly asked. Therefore, researchers can
generally use information about the number of households that use products with a
certain useful life.

In the above-mentioned example, researchers observe the share of households
using a brand-new product p(0 <t < 1) and those that use products in their sec-
ond-year of useful life p(1 <t < 2). In the steady state, we require the condition
of p(0 <t< 1)+ p(l £t <2)=1. Furthermore, if the total number of households
that own a product does not change over time, then —p(O <t<)=p <L t <2)
is required. By solvmg the system of equations, we obtam pO0<t<])= ; and
p(l1<t<2)= ; as the steady-state distribution of product age as shown in Fig. 1b.

If a product can be used for up to T years, then the survival function can be
described similar to Fig. 2a. Product usage varies between households; thus, we
expect that the shapes of survival functions also vary between households. The solid
curve indicates the survival function of type k households, who maintain a product
in good shape that gradually depreciates. On the contrary, the dotted curve indicates
the survival function of type / households, who do not use a product properly and
depreciate it rapidly. Among type k households, the share of households that use
brand-new products is

1
fgs(t;/lk)dt’

whereas the share of households that use a z-year-old product is
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s(t; )
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[ g s(t; A)dt

Figure 2b shows that the share of households that use a ¢-year-old product among
type k households is presented by the solid curve whereas those among type / house-
holds are presented by the dotted line. We define the share of households that use
the product whose age between a and b as follows:

fla;s(t;/lk)dt
/gs(t;ﬂk)dt‘

pla<i<bi) =

The strength of the above-mentioned approach is the inclusion of product use het-

erogeneity between households. For example, although large-sized households use

products frequently and thus replace them early, small households use products less

frequently and thus will not replace products for long periods. Parameter A in our
model reflects this difference in product use between households.

3 Data
3.1 Appliance selection

In this study, we use microlevel data from the SCDEH 2016. As a general govern-
ment statistical survey of households nationwide, the SCDEH 2016 is conducted
by the Ministry of the Environment of Japan and uses in-person and Internet sur-
veys (Ministry of the Environment 2019). The survey includes samples of 16,402
households (8802 households from in-person survey and 7600 households from the
Internet survey) in Japan. The survey contains information about household energy
usage, socioeconomic characteristics of subjects, dwelling conditions, and owner-
ship, age, and use of appliances; information about household energy usage was col-
lected every month during the sampling period (between October 2014 and Septem-
ber 2015), whereas the other information was obtained in August 2015.

Although households were asked about the age of ACs, REFs, and TVs in the
survey, we will focus on REFs in this analysis due to the following four reasons.
First, many households own multiple TVs and ACs; SCDEH 2016 shows that a Jap-
anese household owns 1.24 REFs, 1.96 TVs, and 2.32 ACs on average. Although
households were asked to specify their main TV and AC, the pattern of appliance
use becomes complex when multiple appliances are used. Second, the ownership
and use of ACs vary greatly between regions and among households with differ-
ent socioeconomic characteristics. Some households living in northern Japan do not
have AC. Households in Hokkaido, the northernmost region of Japan, only own 0.36
AC on average, which is much lower than the national average of AC ownership.
In addition, the survey reports that wealthy households use ACs more frequently.
Approximately 72.37% of households whose annual income exceeded JPY 10 mil-
lion use ACs for more than four hours a day in August whereas only 63.14% of
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Fig.3 Age distribution of refrigerators

households whose annual income is below JPY 2.5 million use ACs at that inten-
sity. Third, majority of ACs sold in Japan have space-heating function. Thus, the
same machine can be used for space cooling and heating. Nevertheless, households
may choose other options, such as kerosene stoves or city gas for space heating.
Although households living in relatively warm areas use ACs for space heating,
those living in cold areas use primarily kerosene for space heating. According to
SCDEH 2016, approximately 26.0% of households use ACs as a main space-heating
tool at the national level whereas only 0.79% of households in Hokkaido use it as the
main tool. In contrast, approximately 55.59% of households in Hokkaido use kero-
sene stoves as the main space-heating tool. Similarly, wealthy households use ACs
and city gas for space heating, but less wealthy households use kerosene. Therefore,
we need to consider households’ energy choice when discussing ACs’ replacement
cycle, thus making the analysis more complex.

Finally, with regard to TVs, analog broadcasting was replaced with digital broad-
casting on July 24, 2011. During the transition period, most households replaced
their CRT TVs with liquid—crystal-display TVs. We consider TVs as not an appro-
priate product for the present analysis due to their major technological advancement
and the impact of a huge policy intervention on TVs for the last two decades.

Figure 3 shows the distribution of production year (age) of the main REFs
reported in SCDEH 2016.% Approximately 62.1% of households use REFs manufac-
tured in the last 10 years. However, some households use extremely old REFs. For
instance, 2.7% of households stated that they continued to use REFs manufactured
more than 25 years ago.

As mentioned in Sect. 2, we assume that households purchase an appliance with
a maximum product useful life of T years and continue to use until it totally depreci-
ated. Therefore, households that purchased a used REF have to be removed from the

2 In SCDEH 2016, REF with the largest internal volume is defined as the main REF owned by the
household.
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Table 1 Descriptive statistics

Variable Unit Mean Standard Minimum  Maximum  Cases
deviation

Family size Person 2.83 1.38 1 9 10,013

Household annual income  JPY million 5.68 3.68 1.25 25 9113

Age of household’s head Years old 56.72 13.83 25 80 10,013

Note: a. The median age of each age group is used. The value is censored at 80 years above. b. The
median income is used. The value is censored at JPY 25 million and above

dataset. Since it is not known whether households purchased a used or new REF in
the SCDEH 2016, we remove the households that are likely to own a used REF in
the following steps.

We take account of the age of households’ head when setting the maximum prod-
uct useful life of REFs.> We assume that the maximum product useful life is cen-
sored according to the age of household’s head. Specifically, we set the censored
value to 10 years for households whose head’s age is between 20 and 29, 20 years
for those between 30 and 39 years, and 30 years for those between 40 and 49,
respectively. If the reported age of REF is beyond the corresponding censored value,
we assume that a household uses a used REF and removed it from the dataset. As a
result, the sample size was reduced to 10,013.

3.2 Descriptive statistics

In this study, we consider three types of household socioeconomic characteristics:
(1) family size, (2) household annual income, and (3) age of household’s head, which
are closely associated with household appliance replacement as well as household
investment in energy-efficient appliances (Blasch and Daminato 2018; Wang et al
2019; Belaida and Garcia 2016; Ward et al 2011; Murray and Mills 2011). Table 1
presents the descriptive statistics of these variables.

Although the data show 10,043 households, some of these households did not
answer the questions appropriately. As a result, the available data collected for
analyses for family size, household annual income, and age of household’s head are
10,013, 9113, and 10,013, respectively.

For the family size analysis, we choose single-person household as the base.
We examine whether replacement cycle rate increases or decreases along with the
increase in household members. Considering that large-sized households use larger
REFs and stock more food compared with small-sized households, they are expected
to replace their REFs more rapidly.

In the household income analysis, lowest income households are selected as
the base. We examine whether the replacement cycle becomes faster or slower as

3 Only 10,043 out of 11,632 households answered the age of households’ head. We focus on these
10,043 households henceforth in the remaining analyses.
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household income increases. Previous studies find that wealth constraint is an issue
among low-income households’ adoption of new technologies (Li and Just 2018).
Thus, we expect that the appliance replacement cycle becomes faster as household
income increases.

Finally, in the household head’s age analysis, household heads between 20 and
29 years old were selected as the base. We examine whether appliance replacement
cycle becomes faster or slower as the household head’s age increases. Given that
older households are more likely to use products for a long time, we expect that the
replacement cycle of REFs will be slower as the age of household’s head increases.

3.3 Kolmogorov-Smirnov test

Before conducting the model analysis, we conducted a two-sample Kolmogo-
rov—Smirnov test (K-S test) to investigate whether REFs’ replacement cycle var-
ies among different types of households. The K-S test is a non-parametric test
that examines the equality of distributions between two samples. After classifying
households based on family size, household income, and age of household’s head,
we conducted the K-S test to examine whether the age distributions of REFs differ
between groups.

We also conducted the K-S test among three family-size groups: single-person
households, medium-sized households composed of 2-3 persons, and large-sized
households composed of more than 4 persons.

With regard to household income, we conducted the K-S test between three
income groups: low-, middle-, and high-income households, with annual income
below JPY 2.5 million, between JPY 2.5 million and JPY 10 million, and over JPY
10 million, respectively.

Finally, with regard to age of household’s head, we conducted the K-S test
between four generation groups: young, middle-aged, mature-aged, and senior
households, with ages below 30, 30-49, 50-64, and over 65 years, respectively.

Table 2 shows the results of the K-S test on whether REFs’ age distributions dif-
fer between households with different socioeconomic characteristics. First, based on
family size, single-person and medium-sized households statistically significantly
differ at 10% level. On the contrary, single-person and large-sized households sta-
tistically significantly differ at 1% level. This finding implies that REFs’ age distri-
bution of single-person families differs from those of the other two types of house-
holds. Similarly, medium- and large-sized households statistically significantly
differ at 1% level. Therefore, age distributions of REFs differ between medium- and
large-sized households.

Low- and middle-income households and low- and high-income households both
statistically significantly differ at 1% level. However, we did not obtain a statistically
significant result between middle- and high-income households. These results sug-
gest that low-income households’ age distribution of REFs differs from those of the
remaining income groups.

Finally, with regard to age of household’s head, K-S test results suggest that the
age distributions of REFs differ in all comparison groups, excluding the comparison
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between mature-aged and senior households. These results suggest that REFs’
replacement cycle differs among age groups.

Non-parametric K-S test result clearly revealed that household socioeconomic
characteristics and REFs’ replacement cycle are significantly related. In the next
section, we propose a parametric model that shows how socioeconomic characteris-
tics influence the replacement cycle of REFs.

4 Empirical model

This study uses available information on the number of households that use prod-
ucts that have been previously used for certain years. Let pv(lki) denote the prob-
ability that household i =1, :--,n characterized by socioeconomic characterizes
k=1,--,K uses the product in the vintage group v =1,---,m. Here, 4 is the
variable that characterizes the shape of the survival function, and we assume that
A = @ + Pxy;, where x;; is the k th socioeconomic characteristics of household i, &
and f are the associated parameters. The likelihood estimation is given by

T X s Xl B) Hl I[Zv . D, a+/3xk,)] ()

where [ (v,-) is the index function taking a value of 1 when household i is in the
product-age group v, and zero otherwise. Using the definition in Sect. 2 and taking
log of it, we obtain the log-likelihood function as follows:

b
n m & tra + ﬁx i dt
Inf (X5 -+ s X = Xl s B) = 2[=1 1°g<2v=11(vi) . /T ( i) >

fo”'s(t;a + ﬁxk,»)dt
2)

where T, is the maximum product useful life that reflects the age of household’s
head, @ and b are lower and upper bounds of the product age of the group v,
respectively.

For empirical estimation, we consider a simple survival function as follows:

¢ a+pxy;
s() = <1—T> ; 3)

p

where 7, is the maximum product useful life solely determined by product physical
characteristics.

For this survival function, the share of households using a brand-new product
becomes

1 _l+a+ pxy
fg'”s(t;a + Py )dt T, .

The share that household i uses the product in the vintage group v is

P(it=0)=
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Table 3 Impact of household characteristics on appliance replacement

Variable Model 1 Model 2
Number of persons in family Household annual income
Coefficient Standard error Coefficient Standard error
a 2.1645 HEE 0.0660 2.2438 HHk 0.0561
p 0.1599 wAE 0.0225 0.0666 oAk 0.0090
Variable Model 3. Age of household’s head
Model 3-1. All households Model 3-2. Multi-person household
(N=10,013) (N=8260)
Coefficient Standard error Coefficient Standard error
a 3.9454 ok 0.6451 4.7265 ok 0.7316
b —0.0332 0.0219 —0.0565 wE 0.0249
b 0.0002 0.0002 0.0004 * 0.0002
Variable Model 3-3. Single-person household Model 3-4. Couple-only household
(N=1753) (N=2323)
Coefficient Standard error Coefficient Standard error
a 1.1865 1.3802 7.1450 oAk 1.5234
b 0.0424 0.0465 —0.1368 HHE 0.0496
b —0.0004 0.0004 0.0010 wE 0.0004

1+a+pxy; 1+a+pxy;
b -4 —(1=-2
/as(t;a + ﬁxki)dt 3 ( T,,) ( T )

pla<st<b)= = .
fg”'s(t;a + ﬁxk,»)dt 1— (1 -

oy G
>1+ P

v’i |§ﬂ

We insert Eq. (4) into the likelihood function of Eq. (1) to find optimal parameters @
and ﬁ . The lager § means that the survival rate of the product is low; thus, the replace-
ment cycle is faster.

We conduct the maximum likelihood estimation for family size, household annual
income, and age of household’s head. Previous studies argue that energy-efficiency
investment has a turning point; that is, an individual accelerates energy-efficiency
investment until s’/he reaches to a threshold age and starts to slow it down thereaf-
ter. Based on the findings of previous research, we consider the quadratic function
A = o+ Pix; + ﬂzxii for the estimation analysis of household’s head age. Finally, we
set T, = 36.
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5 Empirical result
5.1 Impact of household characteristics on appliance replacement

Table 3 presents the estimation results of Eq. (1). Models 1, 2 and 3 represent the
estimation results for family size, household annual income, and age of household’s
head, respectively.* The parameters a and f are statistically significant at the 1%
level in Model 1 and Model 2. The results suggest that family size and household
income affect the replacement cycle of REFs. The estimated parameter f is positive
in Models 1 and 2. This result implies that an increase in family size and household
income decreases the survival probability of REFs; large families and high-income
households replace REFs more rapidly.

The replacement cycle of REFs may be associated with life stage, for example, it
is common that households would replace a REF at the time of marriage or having
children. Furthermore, previous studies reported that there is an inverse u-shaped
relationship between age and energy efficiency investment (Wang et al. 2019;
Belaida and Garcia 2016). To evaluate life stage impacts on the replacement cycle,
we include the quadratic terms in the estimation of age of households’ head.

We compare the effect of the age of households’ head across different family
structures: all households (Model 3—1), multi-person households (Model 3-2), sin-
gle households (Model 3-3), and couple-only households (Model 3-4).

The estimated fs are statistically significant in Model 3-2, while they are not sta-
tistically significant in Model 3—-1 and Model 3-3. This result suggests that age of
households’ head does affect the replacement cycle of REFs for multi-person house-
holds but not for single-person households. In Model 3-2, f, is negative. This result
implies that an increase in the age of households’ head of multi-person households
increases the survival probabilities of REFs.

We focused on couple-only households and examined the effect of age of house-
holds’ head on the replacement cycle of REFs in Model 3—4. The estimated param-
eters signs are the same as in Model 3-2. However, the size of §, in Model 34 is
smaller than that in Model 3-2. These results suggest that the survival rate of REFs
for couple-only households is higher than multi-person households, namely couple-
only households replace REFs more slowly than multi-person households.

On the other hand, the estimated f,s are positive in both Model 3-2 and Model
3-4, whereas the size of f, in Model 3—4 is larger than that in Model 3-2. These
results suggest that although the increase in the age of households’ head decreases
the replacement cycle of REFs, such tendency would inverse when the households’
head reaches to a threshold age. Specifically, the calculated threshold age is 79 years
for multi-person households, while that for couple-only households is 69 years; cou-
ple-only households accelerate the replacement cycle of REFs at a relatively earlier

4 We further estimated these models for households with only one REF. The estimation results are simi-
lar to the results presented in Table 3. This fact implies that the ownership of REFs does not affect the
impact of family size/household income/age of household’s head on the replacement cycle of the main
REF.
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stage than multi-person households. It cannot be clearly said from the present data
analysis why such a U-shaped relationship is observed. One possible explanation
is the change in risk aversion. People become more concerned about risk factors as
they get older. Senior people will concern about the possibility of the breakage of an
old refrigerator more seriously and thus may replace it earlier.

5.2 Estimated survival probabilities for appliances

By substituting the estimated @ and [/7‘\ from the three models into Eq. (3), we obtain
REFs’ survival function for family size, household annual income, and age of house-
hold’s head.

We calculate the survival probabilities of REFs. Figure 4 shows a comparison
of the survival functions of single-person households with those of medium- and
large-sized households. The figure shows that the survival function for single-person
households is flatter than that for medium- and large-sized households. The survival
probabilities after 1 year are similar between the three household sizes: 96.34% (sin-
gle-person), 95.69% (medium-sized), and 93.98% (large-sized). However, the differ-
ence in the survival probability among the three types of households widens as the
year of use increases. This tendency is particularly clear between large-sized and the
other two types of households. The survival probabilities for single-person house-
holds are 82.03%, 64.99%, and 48.98% in the 5th, 10th, and 15th year, respectively.
On the contrary, the survival probabilities for medium-sized households are 79.15%,
60.11%, and 43.04%, respectively. Lastly, the survival probabilities for large-sized
households are 71.93%, 48.81%, and 30.49%, respectively. Therefore, large-sized
households replace REFs more rapidly than small-sized households.

With regard to household income, we compare the survival probabilities of REFs
among three income groups: low-, middle-, and high-income groups. Figure 5
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Fig.5 Survival function (income level comparison)

illustrates the survival functions of these three groups. The figure shows that low-
income group’s survival function is the flattest whereas that for high-income group
is the steepest. According to our estimation, the survival probabilities in the third
year are 81.09%, 86.55%, and 89.10% among the high-, middle-, and low-income
groups, respectively. The survival probabilities in the 10th year are 45.67%, 58.27%
and 64.93%, respectively. Those in the 15th year are 27.30%, 40.88%, and 48.91%,
respectively. These results suggest that high-income households replace REFs rap-
idly, unlike low-income households who continue to use old REFs.

Finally, as shown in Fig. 6a and b, we compared the survival probabilities of
REFs for multi-person households and couple households between three genera-
tion groups: young, middle-aged, and senior households.’ The figures show that the
survival function of the senior household is the flattest, whereas that of the young
household is the steepest both among multi-person households and couple house-
holds. The results suggest that young households tend to replace REFs more rapidly
than senior households. The three generation groups do not significantly differ in the
initial year. That is, the survival probabilities for multi-person households among
young, middle-aged, and senior households are 93.10%, 94.42%, and 95.83%,
respectively, whereas those for couple households are 91.01%, 93.85%, and 96.08%,
respectively. However, the difference between the three generation groups increases
as the year of use increases. The survival probabilities for multi-person households
among young households are 68.43%, 43.80%, and 25.48% in the 5th, 10th, and
15th year, respectively, whereas those for couple households are 60.67%, 33.70%,
and 16.51%, respectively. However, those for multi-person households among sen-
ior households are 79.77%, 61.14%, and 44.27% in the Sth, 10th, and 15th year,

5 Estimated parameters in Model 3—2 and Model 3—4 are used for the calculation, respectively.
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Fig.6 a Survival function (age of household head comparison: multi-person households). b Survival
function (age of household head comparison: couple households)

respectively, whereas those for couple households are 80.85%, 62.97%, 46.49%,
respectively. Therefore, young households are likely to replace REFs earlier com-
pared with senior households who are likely to continue to use old REFs.

5.3 Model fit

To evaluate the model’s accuracy, we compare the age distribution of the main REF
in SCDEH 2016 (observed distribution) with the one predicted from our estimation
result (predicted distribution). As shown in the results in Table 4, the smaller the
difference between the observed and predicted probabilities, the more accurate the
model becomes.

The model predicts well the age distributions of REFs purchased before 2006.
For example, the predicted shares of REFs purchased between 1996 and 2000 for
single-person, medium-, and large-sized households are 12.44%, 11.56%, and
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Table 4 The distribution of production years (i.e. vintage) of REFs: observed and predicted (100%)

Vintage group Family size

Single families Middle-size families Large-size families

Observed Predicted Observed Predicted Observed Predicted

Before 1990 0.0468 0.0509 0.0261 0.0375 0.0151 0.0165
1991-1995 0.0468 0.0798 0.0398 0.0685 0.0236 0.0440
1996-2000 0.1215 0.1244 0.1237 0.1156 0.0972 0.0916
2001-2005 0.1951 0.1734 0.1975 0.1711 0.2023 0.1588
2006-2010 0.3269 0.2261 0.3139 0.2340 0.3545 0.2467
After 2011 0.2630 0.3454 0.2989 0.3734 0.3074 0.4424
Vintage group Household income

Lowest-income households Middle-income households Higher-income house-
holds

Observed Predicted Observed Predicted Observed Predicted

Before 1990 0.0468 0.0508 0.0224 0.0331 0.0183 0.0127
1991-1995 0.0508 0.0796 0.0335 0.0643 0.0217 0.0379
1996-2000 0.1323 0.1243 0.1117 0.1120 0.0938 0.0843
2001-2005 0.1971 0.1734 0.1988 0.1697 0.2059 0.1537
2006-2010 0.3260 0.2262 0.3322 0.2366 0.3364 0.2486
After 2011 0.2472 0.3458 0.3014 0.3843 0.3238 0.4628
Vintage group Youngest households Middle-age households Oldest households

Observed Predicted Observed Predicted Observed Predicted

Age of household head (multi-person households)

Before 1990 0.0000 0.0108 0.0091 0.0204 0.0353 0.0401
1991-1995 0.0000 0.0344 0.0123 0.0495 0.0489 0.0709
1996-2000 0.0000 0.0799 0.0812 0.0977 0.1291 0.1175
2001-2005 0.0000 0.1503 0.2041 0.1626 0.1921 0.1717
2006-2010 0.2917 0.2494 0.3748 0.2444 0.3091 0.2324
After 2011 0.7083 0.4753 0.3186 0.4253 0.2855 0.3674
Age of household head (couple-only households)
Before 1990 0.0000 0.0038 0.0097 0.0155 0.0292 0.0450
1991-1995 0.0000 0.0185 0.0121 0.0424 0.0530 0.0751
1996-2000 0.0000 0.0556 0.0847 0.0898 0.1387 0.1209
2001-2005 0.0000 0.1274 0.1864 0.1576 0.2014 0.1726
2006-2010 0.2308 0.2478 0.3462 0.2472 0.3171 0.2295
After 2011 0.7692 0.5469 0.3608 0.4475 0.2606 0.3569

9.16%, respectively. These values are almost equal to those of the observed shares at
12.15%, 12.37%, and 9.72% (see Table 4). On the contrary, the model underpredicts
the share of new REFs (REFs purchased after 2011) but overpredicts the share of
relatively new REFs (REFs purchased between 2006 and 2010).

@ Springer



46 Environmental Economics and Policy Studies (2022) 24:29-48

6 Conclusion

Despite the promotion of new energy-efficient appliances by governments, certain
households continue to use old energy-inefficient home appliances. Households
continue to use old home appliances need to be identified to promote energy-effi-
cient home appliances. In this study, we developed an economic model that shows
how household socioeconomic characteristics determine appliance replacement
cycle. We applied the replacement model for the analysis of the microlevel data
from SCDEH 2016.

Empirical findings from this study can be summarized as follows. First, we
conducted a non-parametric K-S analysis to examine whether the replacement
cycle of REFs depends on family size, household income, and age of house-
hold’s head. Second, we conducted the parametric analysis based on the proposed
model. In both cases, we obtained fairly consistent results, that is, REFs’ replace-
ment cycle differs between households with varied socioeconomic characteristics.
Third, parametric analysis results revealed that the speed of REF replacement
becomes faster as the size and income level of households increase but becomes
slower as the age of household head increases.

Empirical evidence strongly indicates the need for governments to consider
the effects of household socioeconomic characteristics on households’ appliance
replacement behavior when promoting the energy-efficient appliances.

Many governments have implemented policies that improve the energy effi-
ciency of home appliances for the past several decades. Thus, the energy effi-
ciency of home appliances has improved drastically. For instance, the implan-
tation of Japan’s Top Runner Programme in 1998 has improved the increase in
energy efficiency of REFs by 43% on average from 2005 to 2010 (Wang and Mat-
sumoto 2020). However, not all households benefit from the energy-efficiency
improvement. Given the fact that small-sized, senior, and low-income households
are likely to use old energy-inefficient home appliances, promotion programs that
target these households are expected to be effective for residential energy saving.

The Japanese government introduced the Unified Energy Saving Labeling
Program to enable households recognize products’ energy efficiency through the
product energy efficiency indicated by the products’ number of stars and esti-
mated annual electricity bill. However, the program can influence household
behavior only when households replace appliances. The program will not influ-
ence the behavior of households who continue to use old appliances because they
will not recognize the energy losses that they incur from the use of old ineffi-
cient appliances. Households can reduce their electricity bill from using REFs by
approximately 63% if they replace REFs manufactured in 2007 with REFs man-
ufactured in 2016 (Agency for Natural Resources and Energy 2017). However,
households cannot recognize such information under the present program. There-
fore, additional programs need to be implemented that would enable households
to recognize energy saving benefit.

Although we presented a general algorithm to evaluate household socioeco-
nomic characteristics on product replacement, we applied a simple model for
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empirical analysis. This approach would result in slight underestimation of new
products’ survival probabilities. Thus, development of more sophisticated empiri-
cal models is recommended for future research.
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