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H I G H L I G H T S

• Household CO2 emissions in 47 prefectures of Japan were decomposed into six drivers.

• Demographics, household energy usage, and emission intensities were considered.

• Prefectural differences in driver importance were clarified for 1990–2015.

• Only seven prefectures reduced emissions through changes in energy usage.

• Local policy interventions need to consider differences among drivers to be effective.
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A B S T R A C T

This study investigated insights into reducing energy-related CO2 emissions in households by examining in-
dividual socio-economic drivers at a sub-national level. Specifically, the logarithmic mean Divisia index tech-
nique was used to decompose CO2 emission trends into six drivers in all 47 prefectures of Japan during the
period from 1990 to 2015. Drivers included the change in the number of households (household effect), dis-
tribution of households (distribution effect), household size (size effect), per-capita household energy con-
sumption (consumption effect), household energy choice (choice effect), and sectoral CO2 emission intensity
(intensity effect). The results showed that, in contrast to size and the distribution effects, the number of
households had a positive, significant effect on CO2 emissions, indicating that recent demographic trends are
responsible for the increase in CO2 emissions observed in most of the prefectures during the study period. With
regard to effects related to consumption and choice, CO2 emissions due to changes in lifestyle dropped in only
seven prefectures and reductions due to changes in sectoral energy choice were seen in only two prefectures in
2015. The intensity effect boosted the emissions of these prefectures the most in 2015 because of the shutdown
of nuclear power plants due to the Great East Japan Earthquake. Further, we identified those prefectures that
needed to reduce their per-capita energy consumption level in order to attain the reduction targets for household
CO2 emissions in 2030 from 2015, given projected changes in demographic trends and recent and projected
emission intensities. In order to achieve reductions in total CO2 emissions in line with the Paris Agreement, it is
important to prioritize national and local policy interventions for the transfer of new household energy tech-
nologies, upgrade household appliances, and encourage people to limit energy consumption in light of the
differences in these key drivers in each prefecture.

1. Introduction

Mitigation of climate change is one of the most critical global
concerns. To address the issue, in November 2016, the Government of

Japan ratified the Paris Agreement, which aimed to control greenhouse
gas (GHG) emissions and limit the increase in global average tem-
perature from the pre-industrial level to 2 °C by 2100. As part of its
commitment to the Paris Agreement, Japan agreed to a 26% reduction
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in GHG emissions by 2030 compared to 2013 levels [1]. According to
recent estimates, Japan is the fifth largest GHG and carbon dioxide
(CO2) emitter in the world [2]. Consequently, the responsibility for
achieving the reduction target pledged by Japan is significant for global
climate mitigation. Considerable socio-economic restructuring will be
required to achieve the reduction target, as the target markedly exceeds
the previous goal set out in the Kyoto Protocol (i.e., a 6% GHG emission
reduction during 2008–2012 compared with 1990 levels).

Reduction of CO2 emissions in particular should be prioritized be-
cause they account for approximately 90% of the GHG emissions gen-
erated by Japan. The structure of energy-related CO2 emissions by
sector (Scope 1+ Scope 2) is as follows. The industrial sector has been
Japan’s largest emitter of CO2, but its emissions have decreased since
1990 [3]. Conversely, energy-related CO2 emissions from the re-
sidential sector have exhibited an increasing trend in the period
1990–2013, even though the government launched initiatives such as
the “Team Minus 6%” campaign which was directed at saving energy in
line with the Kyoto Protocol [4]. Although residential CO2 emissions
started to decrease during 2014–2015, further reductions are con-
sidered urgent in order to satisfy the requirements of the stricter
emission target (39.4% reduction by 2030 compared to the national
target pledged for the Paris Agreement) [5]. In order to overcome the
obstacles posed by residential sector emissions, meticulous policy
measures focused on reducing emissions need to be implemented. Im-
portantly, such measures need to consider the major socio-economic
drivers governing the changes in past emissions.

This study aims to investigate how residential CO2 emissions have
varied in response to driving forces, and to examine the importance of
implementing regional abatement to reduce residential CO2 emissions
in Japan, as a case of a nation which is facing a variety of demographic
issues and high levels of urbanization. Japan has one of the most ra-
pidly aging population in the world, and a very low fertility rate
compared to other nations [6]. For example, the proportion of people
over the age of 65 in the total population was 27.3% in 2015, while the
average proportion of elderly people in other economically developed
nations was 17.6% [7]. However, the degree of demographic changes
within this aging society varies among prefectures. The population of
the three most urbanized areas in Japan1 accounted for 53.9% of the
total population in 2015, and these populations are expected to keep
increasing while those of other areas decrease [8]. On the other hand,
the rate of aging is, and will remain, higher in rural prefectures than in
more urbanized regions [9]. It is therefore important to assess the im-
pact of population concentration in an aging society on changes in re-
sidential CO2 emissions across prefectures. Further, we also aim to
identify what kind of abatement should be prioritized in order to reduce
the emissions by individual prefectures more effectively based on the
results. However, no studies have examined trends in residential CO2

emissions in Japan, although a few studies have been conducted on
Japanese CO2 emissions from the service sector [10] and the transport
sector [11].

Index decomposition analysis (IDA) has been demonstrated as being
effective in identifying the key drivers of direct environmental burdens
[12]. The first application of IDA was to assess energy consumption by
the industrial sector before 1980 [13]. Since then, numerous studies
have examined the drivers for energy consumption and energy-related
CO2 emissions at national levels (e.g., China [14], UK [15], Spain [16],
US [17], South Korea [18], Iran [19], Latvia [20], The Philippines [21],
and Colombia [22]). With respect to regional differences in economic
growth, energy efficiency, mix of energy resources, and demographics,
some studies have attempted to compare the drivers of change in CO2

emissions among nations or prefectures in certain areas using IDA. Ang
and Goh [23] performed a comparison among ASEAN countries with
respect to different drivers of carbon intensity related to electricity
generation, and highlighted policy changes that should be implemented
in order to reduce national CO2 emission. Chapman et al. [24] identi-
fied the key drivers for changes in CO2 emissions and energy portfolio
trends in six Northeast Asian countries. Fernández González et al. [25]
found different trends in the decomposition results for changes in CO2

emissions by the EU27 group of nations during 2001–2008. Moutinho
et al. [26] integrated 21 European countries into four groups geo-
graphically, and showed the forces driving their emissions, particularly
stressing the impact of changes in the structure of the mix of means of
producing energy. Román-Collado and Morales-Carrión [27] analyzed
the drivers for changes in regional CO2 emissions during 1990–2013 in
groups of countries with a focus on differences in income growth and
emissions in Latin America, and suggested policy changes for achieving
optimal emission reduction for the drivers for each group. At the sub-
national level, China has mainly shed light on its vast territory, which
has significant regional differences in natural resource endowments and
levels of industrialization and economic development, and so differing
factors driving CO2 emissions across regions [28]. Jiang et al. [29]
demonstrated how the emission reduction targets of individual pro-
vinces should be customized by considering the economic development
of each prefecture and previous studies on decomposing national, re-
gional, and provincial CO2 emissions in China. Similarly, Li et al. [30]
and Wang and Feng [31] analyzed the individual drivers for changes in
energy-related CO2 emissions for the 30 provinces in China, and found
different trends in the drivers at the national and provincial levels.
Wang et al. [28] examined differences in the industrial aggregate
carbon intensity among the 30 provinces, and revealed that the regions
with higher levels of economic development perform better.

Although fewer studies have been conducted to date than in other
sectors [13], IDA has been adopted to examine the factors underlying
CO2 emissions by the residential sector. O’Mahony et al. [32] broke
down residential CO2 emissions in Ireland for the period 1990–2007
and found that improvements in energy intensity and the emission
coefficient could reduce total emissions despite a significant increase in
the number of households. Xu et al. [33] presented a decomposition
analysis for residential CO2 plus methane and nitrogen monoxide
emissions for the period 1996–2011, as well as emissions from other
final-demand sectors in China. They found that increased per-capita
energy use was the dominant driver in increased emissions, and that
this was due to extended life expectancy and changes in lifestyle.
Donglan et al. [34] examined differences in energy-related CO2 emis-
sions between urban and rural residential areas in China from 1991 to
2004. They found that changes in energy intensity and income dis-
tribution played large roles in the decline in household CO2 emissions
in urban China and its increase in rural China. In addition, they showed
that the effect of population on CO2 emissions was opposite in urban
and rural China. Zang et al. [35] working at the regional level, which
has not yet been addressed sufficiently, highlighted the effects of ur-
banization and household demographics, income, and emission coeffi-
cient on CO2 emissions in Shanxi, China from 1995 to 2004. Feng et al.
[36] elucidated both national and regional CO2 emissions associated
with household consumption in China from 1952 to 2002 with respect
to the effects of changes in population, household expenditures, and
CO2 emissions, using an impact, population, affluence, and technology
(IPAT) framework [37]. Other studies have presented the structure of
embodied (direct and indirect) CO2 emissions associated with house-
hold consumption by structural decomposition analysis (SDA) [38]
using input-output tables for the UK [39], US [40], and China [41], for
example.

As shown by Donglan et al. [34] and Feng et al. [36] above, con-
sidering regional differences in population growth and rises in income
level at a local scale is important for further reducing energy-related
CO2 emissions in a nation’s residential sector. Xu and Ang [42] also

1 Based on the reference by the Ministry of Internal Affairs and
Communications, the Tokyo area (Tokyo, Kanagawa, Saitama, and Chiba pre-
fectures), Kinki area (Osaka, Kyoto, Hyogo, and Nara prefectures), and Tokai
area (Aichi, Gifu, and Mie prefectures) are the most urbanized areas in Japan.
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identified demographics, climate, technology, lifestyle and structure as
key indicators of how residential energy consumption relates to CO2

emissions. These indicators vary and should be therefore underpinned
by regional differences when implementing emission abatement.
Trends in how key drivers for energy-related CO2 emissions differ re-
gionally in nations other than Chin have not yet been sufficiently
documented.

Against this backdrop, this study investigates how much residential
CO2 emissions are affected by changes in population and household
structure, energy consumption behavior, and CO2 emission intensity
across all of Japan’s 47 prefectures using IDA. To the best of our
knowledge, this case study in Japan is the first attempt to highlight
regional differences in drivers that strongly affect energy-related CO2

emissions in the residential sector at a sub-national level in a developed
nation. Further, we present insights for continued CO2 emission re-
duction in Japan and other nations which are likely to experience si-
milar demographic and energy trends by applying IDA to all of the
regions. The reminder of this paper is organized as follows: Section 2
explains the methodology and data, Section 3 presents the results and
discussion, and Section 4 concludes the paper.

2. Methodology and data

Several approaches can be used in implementing IDA to assess en-
ergy-related CO2 emissions, including the Shapley-Sun decomposition
method [43], the Laspeyres index, the arithmetic mean Divisia index
(AMDI), and the logarithmic mean Divisia index (LMDI) [44,45]. In this
study, we used the LMDI approach to decompose energy-related CO2

emissions from residential sectors in the 47 Japanese prefectures in
consideration of the availability of perfect decomposition (without re-
sidual terms) and the results obtained from a number of previous stu-
dies [12].

2.1. Decomposition of the household CO2 emissions of 47 prefectures

Xu and Ang [42] proposed two major consumption units for
households and energy end-uses, and posited a hybrid model combining
these that can be used as an activity indicator of residential energy
consumption. In Japan, growth in the total number of households has
occurred more rapidly than the increase in the total population [46].
This trend varied among prefectures and occurred primarily because of
an increase in one- and two-person households, combined with the
effect of an aging society with fewer children [47]. Considering both
changes in the population and changes in the number of households as
energy consumption units is thus important when analyzing the struc-
ture of household CO2 emissions at a prefecture level.

We selected changes in the number of households as the indicator,
and decomposed the household CO2 emissions by prefecture as follows:
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where C denotes the household CO2 emissions by prefecture. H and Hi

denote the total number of households in a prefecture, and the number
of households by attribute i, respectively. Pi denotes the number of
people belonging to household attribute i. Ei and Eij denote the energy
consumption by attribute i, and the energy consumption for energy
commodity j by attribute i, respectively. Cij denotes the CO2 emissions
generated from energy commodity j by attribute i. The upper summa-
tion limits M and N represent the number of household attributes and
energy commodities, respectively. In this study, we defined i=1 to 6
for six age groups (cohorts) of householders (1: ≤34, 2: 35–44, 3:
45–54, 4: 55–64, 5: 65–74, 6: ≥75) (M=6), and j=1 to 5 to denote
five residential energy commodities (1: “kerosene,” 2: “liquefied pet-
roleum gas (LPG),” 3: “city gas,” 4: “electricity,” 5: “heat supply”)
(N= 5). There are 47 prefectures in Japan. On the right-hand side of

Eq. (1), Si=Hi / H refers to the distribution of households in the pre-
fecture (e.g., the proportion of older households to total households in a
rural prefecture is more than that in an urban area). Wi= Pi/Hi de-
scribes the household size (average number of people in the household).
Ii= Ei/Pi is the per-capita energy consumption, and Vij= Eij/Ei refers to
the energy choice (e.g., gas is used more often than kerosene as a fuel
for heating households). Uij= Cij/Eij denotes CO2 per unit of energy
consumption, i.e., the CO2 emission intensity. Note that Uij for all i is
the same because it is not possible to identify which energy source was
used by each household. H, Si, and Wi represent factors reflecting the
impact of demographic trends, with a focus on trends in both household
composition and population. Ii and Vij reflect changes in consumer
behavior of energy consumption. Finally, Uij indicates the energy mix
for the residential sector, being influenced by changes in the way en-
ergy is produced, particularly household electricity.

Based on Eq. (1), we decomposed changes in energy-related CO2

emissions from residential sectors into six different factors by pre-
fecture: overall number of households (household effect), distribution
of householder age (distribution effect), household size (size effect),
per-capita energy consumption (consumption effect), household energy
choice (choice effect), and sectoral CO2 emission intensity (intensity
effect). We identified each one’s effect on energy-related CO2 emissions
by prefecture using Eqs. (2)–(8) for the multiplicative decomposition
approach [45].
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where the superscripts T and 0 indicate the target year and base year,
respectively. Due to limitations in data availability, the target years for
analysis were set as 1990 (T=0), 1995 (T=1), 2000 (T=2), 2005
(T=3), 2010 (T=4), and 2015 (T=5). Dtot represents the ratio of the
total CO2 emissions in year T to that in the base year. Dhouse, Ddist, Dsize,
Dcons, Dchoice, and Dint denote the household effect, distribution effect,
size effect, consumption effect, choice effect and intensity effect, re-
spectively. Those effects and Dtot always take positive values. Ratios
higher (lower) than unity for the household effect, size effect, con-
sumption effect, and intensity effect indicate an increase (decrease) in
the number of households, household size, and per-capita energy con-
sumption. Ratios higher (lower) than unity for the distribution effect
and choice effect imply shifts towards an increase (decrease) in the
proportion of carbon-intensive households and energy commodities
used in households, respectively. Finally, ratios higher (lower) than
unity for the intensity effect generally imply an increase (decrease) in
the share of fossil fuels used in electricity generation.
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2.2. Dataset

H for each year was retrieved from the national population statistics
database [46]. The other demographic data, Hi and Pi, were calculated
using Population Census data and consumer expenditure survey data
[48] as follows. The NSFIE describes monthly consumption ex-
penditures for energy commodity k (“gas”, “electricity”, “other heating
costs”) per household for household attributes according to the age of
the householder. The total number of households in the NSFIE is in-
consistent with H, because the former values are based on survey data.
Hi could therefore be determined by multiplying the number of
households in the NSFIE by H, as follows:

= ×
∑ =

H H h
h

i
i

i i1
M

(9)

where hi denotes the number of household attributes i in the NSFIE. Pi
was estimated using Eq. (10), because the summed product of Hi and
the average household size by attribute, si, ∑ = H si i i1

M , is inconsistent
with the total population, P, in the Population Census of Japan (2016).
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In order to determine Ei and Eij, we calculated the annual market
share of energy item k among households in each prefecture from the
NSFIE (e.g., households with inhabitants≥ 65 years-old are more likely
to purchase electricity than households with inhabitants aged
35–44 years-old in Tokyo), as shown by

=
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where eik denotes the consumption expenditure for energy item k by
attribute i in the NSFIE. Then, we obtained the market share of energy
commodity j, Qij, from Qik, by associating “gas,” “electricity,” and
“other heating costs” with “liquefied petroleum gas (LPG)” and “city
gas,” “electricity,” and “kerosene” and “heat,” respectively. Data for the
amount of energy consumed (Ej) and the relative CO2 emission intensity
(Uj) for commodity j were obtained from the energy statistics (Energy
Consumption Statistics by Prefecture). Eij was calculated by multiplying
Ej by Qij. Thus, Ei represents ∑ = Ej ij1

N . Uij is assumed to be equal to Uj.

2.3. Demographic and energy consumption trends during 1990-2015

Here we demonstrate the trends in the drivers for all prefectures
(i.e., at a national level) during the period 1990–2015. As shown in
Table 1, the total number of households increased continuously until
2015, even though the total population started declining after 2005.
Due to increased age and decreased fecundity, the proportion of
households with householders aged ≤34 and 35–64 decreased by 5.8%
and 5.6%, respectively. On the other hand, the proportion of

households with householders aged ≥65 increased from 5.4% to 16.7%
from 1990 to 2015. Reflected in these demographic trends is a decrease
in the average household size, which shifted from 2.99 to 2.36 people, a
decrease of about 21%. Conversely, per-capita consumption of energy
increased from 1990 to 2005, before decreasing slightly in 2010, partly
because of the global economic crisis during 2007–2009. In 2015, per-
capita energy consumption decreased again by 17.5 GJ/y, although this
was still 5.0% higher than in 1990. This large decrease from 2010 levels
was likely influenced by changes in people’s perceptions of energy-
saving measures after the Great East Japan Earthquake in 2011 [49].
Thus, compared to 2005, the way in which people used household
energy in Japan appeared to improve with respect to energy con-
sumption. Interestingly, in terms of household energy composition,
electricity became more widely used, and other energy sources, such as
gas, kerosene, and other heating use declined. This trend implies that
kerosene, which used to be popular for heating, was being replaced by
heaters using LPG and city gas. Moreover, compared to gas heaters,
electric appliances, such as heaters and air-conditioners, have become
more pervasive in recent decades.

2.4. Estimation of future consumption effect for each prefecture in 2030

The Government of Japan committed to a 39.4% reduction in
household CO2 emissions by 2030 compared to 2013 levels, as part of
the Paris Agreement [5]. This target can be translated to mean a 32.0%
reduction compared to 2015 levels. For this reduction target, we used
the IDA described in Section 2.1 to examine how much each prefecture
should reduce its household CO2 emissions on a per-capita basis under
the following three extreme conditions.

First, we assumed that all prefectural CO2 emissions will be reduced
by 32.0% in 2030 compared to 2015 levels. We then estimated the size
of the total population and age of householders in each prefecture for
each year until 2035 [50]. The demographic data were capable of es-
timating the household effect, distribution effect, and size effect for the
period 2015–2030. Next, we assumed that household energy choice
among prefectures will be constant. In other words, the choice effect is
1 for all prefectures in 2015–2030.

In order to estimate future CO2 emission intensities, we considered
the following three cases. The first, or “outlook case,” assumes the
emission intensity based on the future composition of electricity gen-
eration in 2030 that is predicted to meet the emission reduction target
for the Paris Agreement in the Long-term Energy Supply and Demand
Outlook [51]. According to the outlook, renewable energy technologies
such as photovoltaic generation will grow to 22–24%, resulting in a
lower CO2 emissions due to electricity generation in 2030 than in 2013.
The emission intensity can be approximated to be 2.56×10−3 t-CO2/
GJ.2 We therefore replaced the emission intensity associated with

Table 1
Demographic and energy statistics for Japan in 1990–2015.

Year

1990 1995 2000 2005 2010 2015

Total number of households [×103 households] 40,670 43,900 46,782 49,063 51,017 52,154
Total population [×103 people] 1,21,545 1,23,646 1,24,725 1,24,973 1,24,573 1,22,858
Fraction of households aged ≤34 years [%] 20.5 20.8 20.3 18.6 16.1 14.7
Fraction of households aged 35–64 years [%] 74.2 72.7 71.2 70.1 69.8 68.6
Fraction of households aged ≥65 years [%] 5.4 6.5 8.4 11.3 14.1 16.7
Average household size [people] 2.99 2.82 2.67 2.55 2.44 2.36
Per-capita energy consumption [GJ/y] 16.7 19.8 20.7 21.9 21.1 17.5
Fraction of energy provided by electricity [%] 53.2 54.5 55.2 58.5 62.0 61.7
Fraction of energy provided by LPG and city gas [%] 25.0 23.7 23.2 20.3 20.4 22.6
Fraction of energy provided by kerosene and heat [%] 21.8 21.8 21.6 21.2 17.7 15.7

2 The amount of electricity generation and the amount of its CO2 emissions
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electricity generation in 2015 among prefectures with this value under
the assumption that all of the regions’ electricity generation composi-
tion would be the same. In addition, we also assumed that the elec-
tricity generation methods employed in 2030 would be the same as the
methods employed in 2010 (“2010 case”) and 2015 (“2015 case”). This
is because we want to examine the impact of the drastic change in the
composition of electricity generation due to the shutdown of almost all
nuclear power plants since 2011, based on those two years. Thus, the
intensity effects between 2015 and 2030 were determined based on the
emission intensity for the three different methods of electricity gen-
eration and those for kerosene, LPG, city gas, and heat in 2015. Finally,
we estimated the consumption effect using the values of the other ef-
fects and CO2 emissions in 2015–2030 based on Eqs. (2)–(8).

2.5. Limitations of this study

This study has the following limitations due to the lack of data that
can be applied to the above methodology. One limitation was a dis-
crepancy in the timescales used for the demographic data and energy
data. NSFIE data and Population Census data are published every five
years, while Energy Consumption Statistics by Prefecture data are
available annually. We also assumed that data for the market shares of
energy commodities between 1994 and 2014 were equal to those be-
tween 1990 and 2015. Specifically, we used the NSFIE in 1994, which is
the oldest available data source, to explain the market shares in 1990.
In addition, we obtained consumption expenditures for energy com-
modities for households with two or more people on the NSFIE. In other
words, Iij and Vij do not reflect the consumption patterns of energy
commodities in one-person households in each prefecture.

It is also essential to take into account not only Scopes 1 and 2 but
also Scope 3 for CO2 emissions generated through supply chains asso-
ciated with household consumption (i.e., household carbon footprint
[52]) at the regional level in order to examine further opportunities to
reduce emissions. Examining the differences in the key drivers for
household carbon footprint at the sub-national level using structural
decomposition analysis could extend the perspectives of this study, al-
though the data limitation should be overcome (i.e., time-series of
embodied emission intensity at the prefectural level are not available).

Finally, for estimating future consumption effects by prefecture in
2030 under projected demographic trends, we assumed that the choice
effect will not change from 2015 to 2030. This implies that people’s
preferences for household energy would not change, perhaps because
energy prices and technologies were constant in 2015. Macroeconomic
policies and conditions such as quantitative easing and deflation could
affect energy prices and people’s income, which may result in changes
in household energy usage that contribute to the consumption and
choice effects. However, this study does not consider these exogenous
factors due to the difficulty of estimation based on rigid evidence.

3. Results and discussion

3.1. Drivers of changes in household CO2 emissions in Japan from
1990–2015

Fig. 1 shows the time-series impact of the six factors examined in
this study on changes in total CO2 emissions for Japanese households
for the period 1990–2015, quantified using the LMDI. The results show
that total household CO2 emissions in Japan increased in all of the

targeted periods except in 2005–2010. Changes in the number of
households (household effect) have continued to increase CO2 emis-
sions since 1990. In contrast, changes in household size (size effect) and
the distribution of households (distribution effect) contributed to a
sustained decrease in CO2 emissions, which is likely due to the influ-
ence of recent demographic trends such as an increase in one-person
households and a reduction in household size due to an aging society
with fewer children. Changes in per capita energy consumption (con-
sumption effect) as well as the household effect were important drivers
underlying the increase in CO2 emissions until 2005. However, subse-
quently, CO2 emissions due to the consumption effect dropped from
2005 to 2015, implying that households attempted to save energy and
use more energy-efficient appliances. As mentioned above, household
energy savings were likely affected by changes in consumer behavior in
response to the financial crisis in 2008 and the Great East Japan
Earthquake in 2011. Changes in sectoral energy choice (choice effect),
the decision of which household energy commodity people are likely to
use, contributed to increases in CO2 emissions from 1990, but these
were relatively small. In other words, household energy efficiency did
not improve through changes in energy resource consumption and their
associated CO2 emission intensities. Finally, changes in sectoral CO2

emission intensity (intensity effect) boosted CO2 emissions after 2000,
mainly because the emission intensity for electricity started to increase
from that time. The intensity effect was the largest driver for CO2

emissions in 2015, mainly because all of Japan’s nuclear power plants
were taken off-line in 2011 due to the Great East Japan Earthquake. As
a result, dependency on fossil fuels increased rapidly.

3.2. Regional trends in household CO2 emission between 1990 and 2015

None of the prefectures’ CO2 emissions dropped to levels lower than
in 1990 during 1995–2015, even though 2015 was three years after the
target date proposed by the Kyoto Protocol. Fig. 2(a) shows changes in
the proportion of emissions by prefecture between 1990 and 2015.
Among the 47 prefectures, Fukui, Ishikawa, Shiga, Ehime, and To-
kushima Prefectures showed the largest emission increases of 102, 98.6,
91.4, 85.6 and 81.8%, respectively (Fig. 2(a)). Conversely, changes in
emissions from Nagano, Shimane, Okinawa, Yamanashi, and Mie Pre-
fectures were the lowest at 19.9, 25.9, 27.3, 29.5, and 33.0%, respec-
tively. Thus, the difference in the proportion of increases in emissions
between Fukui (the highest) and Nagano (the lowest) was more than
fivefold.

Let us now elaborate on the breakdown of household CO2 emissions
by prefecture in 1990–2015, as shown in Fig. 2(b)–(g) (retrieved from
the results for 2015 in Fig. A2). The household effect by prefecture
(Fig. 2(b)) had a positive and significant effect on CO2 emissions in all
prefectures, especially in Okinawa (49.6%), Shiga (47.4%), Saitama
(42.1%), Chiba (39.1%), and Aichi (37.4%). These results clearly
showed the impact of household density on CO2 emissions, particularly
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Fig. 1. Decomposition of energy-related CO2 emissions from households and
driving forces from 1990 to 2015 compared with 1990 levels.

(footnote continued)
are estimated to be approximate 1.065 trillion kWh and 360 million t-CO2/y,
respectively [51]. The national emission intensity due to electricity generation
in 2010 and 2015 were 3.43×10−3 t-CO2/GJ and 2.39×10−3 t-CO2/GJ,
respectively. Therefore, the estimated intensity is between the values for 2010
and 2015.
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in Shiga, Saitama, and Chiba, which have been developed as “bedroom
communities” for workers in the urban prefectures of Tokyo and Osaka.
Aichi is one of the most economically powerful prefectures in Japan,
and its population and number of households have been increasing
[46]. These trends imply that CO2 emissions will likely increase, not
only in the heavily urbanized regions, but also in the surrounding
suburban prefectures as they experience rapid population concentra-
tion. Although Okinawa is not an economically urbanized prefecture, it
is the only prefecture that has undergone a natural increase in its
number of households and its population. In contrast, the distribution
effect by prefecture (Fig. 2(c)) caused decreasing CO2 emissions in all
prefectures except Ishikawa (0.8%), Kanagawa (0.3%), and Kyoto
(0.1%), although the increase in emissions from these three prefectures
was negligible. The largest decrease due to the distribution effect was
apparent in Yamaguchi Prefecture (−7.2%), followed by Ehime
(−6.3%), Shimane (−5.3%), Tochigi (−5.2%), and Iwate (−5.2%)
Prefectures. There was no large difference in the degree of increase in
young (≤34 years-old) and elderly (65–74 and ≥75 years-old) house-
holds compared to other prefectures. These trends were generally re-
flected in the size of the drop in middle-aged households (35–44,
44–54, and 55–64 years old), which were likely to consume more en-
ergy due to their high income and household size compared to other
households. Examining the household size effect by prefecture
(Fig. 2(d)), it can be seen that CO2 emissions decreased in all

prefectures. The most marked size effect was observed in Yamagata
Prefecture (−22.1%), followed by Fukushima (−22.0%), Akita
(−21.7%), Miyagi (−21.3%), and Niigata (−21.3%) Prefectures.
While Fukushima ranked 15th lowest in 2010 compared to 1990 levels,
its large drop by 2015 was likely attributable to a decrease in young and
middle-aged households with children after the Fukushima nuclear
power plant accident. Nearly 50,000 mostly younger people living in
Fukushima moved to other prefectures after the accident [53], mark-
edly decreasing its average household size between 2010 and 2015.

The largest consumption effect by prefecture (Fig. 2(e)) was ob-
served in Fukushima Prefecture (33.2%), followed by Iwate (29.5%),
Aomori (29.0%), Miyazaki (24.2%), and Akita (18.7%) Prefectures.
Most prefectures experienced an increase in their CO2 emission due to
the consumption effect. Prefectures in the Northeast region (where the
five listed above are located) were marked higher than prefectures in
other regions. However, there were seven prefectures where the con-
sumption effect caused a reduction in CO2 emissions in 1990–2015. For
example, Kanagawa Prefecture reduced CO2 emissions by −9.9%, fol-
lowed by Yamanashi (−7.7%), Tokyo (−7.6%), Hyogo (−5.9%), and
Osaka (−5.8%). Importantly, most of these prefectures are in the most
urbanized areas in Japan. In order to investigate the consumption ef-
fect, we compared the results obtained for Kanagawa and Fukushima
Prefectures, which have the lowest and highest contributions from the
consumption effect, respectively. Fig. 3 shows a breakdown of the

(a) Total emission change 

(c) Distribution effect (b) Household effect (d) Size effect 

(f) Choice effect (e) Consumption effect (g) Intensity effect 

Fig. 2. (a) Changes in total household CO2 emissions by prefecture in 1990–2015 and impacts of the six study factors on household CO2 emissions by prefecture in
1990–2015: (b) household effect, (c) distribution effect, (d) size effect, (e) consumption effect, (f) choice effect, and (g) intensity effect.
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changes in both per-capita energy consumption and total CO2 emissions
for each household attribute between 1990 and 2015 in (a) Kanagawa
and (b) Fukushima Prefectures. For Kanagawa Prefecture, the per-ca-
pita energy consumption for most of the attributes decreased, except in
≥75-year-old households. This trend is mainly associated with a de-
crease in kerosene and LPG consumption and an increase in city gas
consumption. A reduction in electricity consumption was observed
among three age cohorts of householders (35–44, 45–54, and
65–74 years-old). The ≤34 and 65–74 year-old households could de-
crease city gas consumption by using electricity. The contribution of
lifestyle changes for these age groups was therefore considered to be
relatively small. On the other hand, in Fukushima Prefecture, among all
of the household attributes examined, the per-capita energy consump-
tion increased, mainly due to an increase in electricity consumption and
a decrease in the average household size. However, this trend was al-
ready observed between 1990 and 2010 in this prefecture, as well as in
Iwate and Miyagi Prefectures, which were the most seriously damaged
by the Great East Japan Earthquake in 2011. Thus, the earthquake did
not have a negative impact on electricity consumption in the pre-
fectures affected by the earthquake.

We next turn to the choice effect by prefecture (Fig. 2(f)). CO2

emissions increased in Fukui (12.7%), Toyama (9.4%), Ishikawa
(9.2%), Okayama (6.8%), and Yamaguchi (6.8%), but choice also
contributed to a slight reduction in emissions in two prefectures (Oki-
nawa and Mie). The increase in the range of emissions by prefecture
due to the choice effect, however, was quite small compared to the
consumption effect. Finally, the results obtained for the intensity effect
by prefecture (Fig. 2(g)) showed an increase in CO2 emissions in all
prefectures, especially in Kagawa (77.6%), Kochi (77.0%), Tokushima
(76.0%), Ehime (74.0%), and Fukui (69.0%). This is mainly dependent
on the regional characteristics of electric power generation by elec-
tricity companies in the regions they serve. While the contributions of
the other effects on emissions were not marked, total emissions for
Fukui, Kagawa, Tokushima, and Ehime Prefectures showed the highest
growth due to the intensity effect.

3.3. Potential for reducing household CO2 emissions through lifestyle
changes and changes in demographic trends

Of the six factors that contribute to household CO2 emissions
(Fig. 2), the consumption effect and the choice effect depend on con-
sumer behavior in household energy usage. On the other hand, the
household effect, the distribution effect, and the size effect represent
exogenous impacts of demographic trends on emissions in the pre-
fectures, implying that it would be quite difficult to control those effects
by implementing policy changes and changing consumer behavior.
Further, the intensity effect is influenced largely by the structure of
electric power generation in a region. We therefore attempted to
identify which prefectures succeeded in mitigating household CO2

emissions in 1990–2015 by adopting “greener” consumer behavior, i.e.,
through exogenous factors, such as changing demographic trends and/
or the structure of power generation.

Table 2 summarizes the impact of changes in demographic trends
(household effect× distribution effect× size effect) and lifestyle shifts
(consumption effect× choice effect) on household CO2 emissions by
prefecture. “Region” in Table 2 refers to the main areas of Japan, which
are mostly serviced by one large electricity company. As shown in
column (a) in the table, the household CO2 emissions in 33 prefectures,
i.e., 70% of all prefectures, declined in 2015 compared with 1990 levels
due to demographic trends. Interestingly, CO2 emissions increased in
some prefectures (e.g., Kyoto and Nara), even though their populations
declined. On the other hand, CO2 emissions increased markedly in most
prefectures with economic centers, such as Tokyo, Kanagawa, Aichi,
Fukuoka, and Osaka. Furthermore, CO2 emissions rose considerably in
prefectures with “bedroom communities” that service adjacent eco-
nomic centers (e.g., Shiga, Saitama, and Chiba Prefectures). It is

therefore essential for the inhabitants of these prefectures to further
reduce their CO2 emissions by implementing energy-saving behavior
and improving energy efficiency, as they are most likely to absorb
immigrants from other prefectures (even though the total population in
Japan is shrinking). As for the impact of changes in lifestyle (column (b)
in Table 2), only seven prefectures – Kanagawa, Tokyo, Yamanashi,
Hyogo, Okinawa, Osaka, and Hiroshima Prefectures – decreased their
CO2 emissions. In other words, 85% of prefectures did not succeed in
achieving a less energy-intensive lifestyle compared to 1990. Overall,
CO2 emissions by prefecture in northern Japan (e.g., those in the
Hokkaido and Tohoku regions) tended to increase markedly compared
to other regions, which was particularly evident for Fukushima, Iwate,
and Aomori. Commuter prefectures also increased their CO2 emissions,
reflecting a developing demographic trend, implying that it will become
more important for those prefectures to mitigate increases in emissions
associated with lifestyle shifts by improving consumption activities
related to increased immigration. Finally, there are prefectures whose
CO2 emissions are larger than 1990 levels due to the impact of demo-
graphic trends of lifestyle shifts shown in column (c) in Table 2 (i.e.,
column (a) × (b)); these include Kanagawa, Tokyo, Okinawa and
Osaka. This implies that the efforts implemented by these prefectures to
mitigate their CO2 emissions were negated by increases in both
household number and population. Thus, for the other prefectures,
declines in CO2 emissions associated with lifestyle shifts and their effect
on energy usage would be negated due to general changes in demo-
graphic trends. A drastic reassessment of household energy consump-
tion is therefore required in most prefectures in Japan.

3.4. Consumption effect requirements in prefectures to achieve emission
reduction targets based on the Paris Agreement by 2030

Finally, we estimated the consumption required to attain the re-
duction targets for household CO2 emissions in 2030 compared to 2015
levels (−32.0%), given projected changes in demographic trends and
recent and projected emission intensities. With respect to the trajec-
tories of demographic trends projected by the Population Census, both
the population and household composition are projected to decrease in
all prefectures. Fig. 4 depicts the range of consumption effects necessary
to achieve emission reduction targets by prefecture in accordance with
the “2010 case,” the “2015 case,” and the “outlook case.” In the figure,
diamond and circular symbols indicate the required consumption effect
when the emission intensity for electricity generation is based on the
2010 and 2015 levels, respectively. Green lines denote the required
consumption effect from the Long-term Energy Supply and Demand
Outlook. If the value of the required consumption effect is positive in
the figure, the per-capita energy consumption needs to be reduced from
the 2015 level to meet the reduction target. On the other hand, the
reduction target would be achieved in prefectures in which the value of
the required consumption effect is negative, even if their per-capita
energy consumption is assumed to be constant at the 2015 level.

In the event that emission intensities in 2030 are the same as those
in 2010 (the “2010 case”), the values obtained for the consumption
effect are expected to be negative for most prefectures. The prefectures
would therefor achieve their emission reduction targets even if per-
capita energy consumption does not change from its 2015 level. It
should be noted that the 11 prefectures (e.g., Hiroshima, 34 in Fig. 4) in
which the emission intensity for electricity generation did not change
much between 2010 and 2015 are required to make efforts to decrease
their consumption effect even if their emission intensity in 2030 is
identical to the 2010 level. In contrast, the values of the consumption
effect are positive in all prefectures except for Akita (-2.9%), when we
assume an emission intensity in 2030 equal to that in 2015 (i.e., in-
tensity effect= 1) (“2015 case”). This implies that the reduction target
could not be achieved only through the expected decreases in demo-
graphic trends, even in those prefectures that experienced a decrease in
household number and population in 2015.
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Finally, if the emission intensity in 2030 projected by the
Government of Japan (“outlook case”), consumption effect values are
positive in 24 prefectures. Therefore, it is imperative that those pre-
fectures encourage consumers not only to review their household en-
ergy usage but also to introduce more energy-efficient goods to lower
their energy consumption. In particular, Aichi (17.3%), Shiga (16.9%),
Kanagawa (14.9%), Tokyo (13.6%), Mie (9.8%), Saitama (9.6%), and
Chiba (9.5%), each with a 10% or more reductions in the consumption
effect, need huge efforts to improve their household energy usage.
Aichi, Kanagawa, and Tokyo Prefectures, however, showed a very small
increases or even decreases in their CO2 emissions due to the con-
sumption effect during 1990–2015, as shown in Fig. 2. This implies that
it is necessary especially for those prefectures to review their household

energy usage to lower consumption but also to prioritize the penetra-
tion of greener electricity generation systems, particularly renewable
energy beyond the target considered by the government.

4. Conclusion and policy implications

This study examined six socio-economic drivers for energy-related
CO2 emissions from households in the 47 prefectures of Japan since
1990 using index decomposition analysis. Firstly, we identified how
recent demographic changes in Japanese households (the household
effect, household distribution effect, and household size effect) con-
tributed to CO2 emissions within prefectures, as these factors are almost
impossible to regulate through initiatives focusing on policy or

Table 2
Contributions of demographic trends and lifestyle shifts (from 1990) to energy-related CO2 emissions from
households in 2015.

The five highest and lowest values are shown in bold and shaded grey, respectively.
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consumer activities. As shown in the results and discussion section,
between 1990 and 2015, demographic trends have accelerated in-
creases in total CO2 emissions. Since the total number of households is
projected to keep increasing until 2020, it is essential to consider the
impact of future demographic trends on CO2 emissions, even though the
total population has already decreased from 2011 levels [50]. Specifi-
cally, we showed that demographic trends in the heavily urbanized
regions and “commuter prefectures,” or bedroom communities, were
responsible for driving CO2 emissions increases, and also that emissions
in more than half of all prefectures decreased. On the other hand, for
changes in energy usage (the consumption effect and choice effect)
brought about by changes in policy related to CO2 emissions, only seven
of the 47 prefectures showed emission decreases. This implies that even
the positive contribution of changes in energy usage to emission re-
duction was canceled out by the negative impact of demographic trends
in heavily urbanized regions like Tokyo. For example, despite the lar-
gest reduction of 10.1% due to changes in energy usage in Kanagawa
Prefecture, its demographic shifts increased CO2 emissions by 13.9%.
Similarly, while the largest contribution of demographic trends de-
creasing CO2 emissions was 18.9% in Akita Prefecture due to high
population outflows and a dominance of older households, energy
usage patterns in the prefecture increased CO2 emissions by 22.0%
during the same period. These differing trends among prefectures de-
monstrate that even if a universal mitigation target for CO2 emissions
was adopted throughout the nation, specific policy measures need to be
developed for each prefecture to further reduce emissions resulting
from the different key drivers. Specifically, the following policy inter-
ventions could be prioritized based on the results:

– For those prefectures in which the effect of changes in energy usage
had a large impact on increasing emissions while demographic shifts
had the effect of decreasing emissions (i.e., 33 out of 47 pre-
fectures), implementing policy interventions to promote shifts to-
ward greener lifestyles is particularly necessary. For example, it is
essential to encourage consumers residing in these prefectures to
achieve energy savings by using more energy-efficient household
appliances. However, compared to less energy-efficient ones, the
high initial cost of energy-efficient appliances can hinder their
adoption by consumers. To overcome this problem, implementing a
subsidy policy for household electric appliances, such as the Home
Appliance Eco-Point System executed from 2009 to 2011 in Japan,
could contribute to further reductions in CO2 emissions in those

prefectures. Given the demographic trends present in most of these
prefectures, such a subsidy policy would likely be effective as senior
consumers in small towns were more responsive to the previous Eco-
Points System than young consumers [54]. From a lifecycle per-
spective, implementing policy measures that promote the early re-
placement of less energy-efficient air-conditioners would also be
effective in reducing residential CO2 emissions [55,56]. Fostering
consumers’ knowledge about GHG emissions as well as energy
savings would also be helpful to encourage them to use less
household energy [57].

– For those prefectures in which the effect of demographic changes
increased CO2 emissions despite changes in energy usage decreasing
emissions, development of greener housing with improved heat in-
sulation [58], rooftop solar photovoltaic panels [59], and the use of
energy-efficient appliances [60] in line with the previous domestic
energy plan need to be prioritized [61]. This is because improving
energy use through lifestyle changes would have less potential in
those prefectures where the consumption effect is already com-
paratively small. To this end, the Government of Japan recently
published the Net Zero Energy House (ZEH) Roadmap to achieve
substantial household energy saving [62]. A ZEH is defined as a
house that attains an annual net energy consumption of around zero
(or less) through the adoption of energy-saving appliances as men-
tioned above; this standard will be adopted for more than half of all
newly constructed houses by 2020. However, although the im-
portance of subsidies and promotion activities as they relate to the
construction of ZEHs is noted in the roadmap, how these measures
will be implemented is not specified. By considering the effects of
demographic changes on CO2 emissions, the results of this study
could be used to earmark those prefectures that most urgently re-
quire ZEHs.

– For commuter prefectures such as Saitama and Shiga, the combi-
nation of demographic trends and energy usage increased CO2

emissions significantly. In these prefectures, relatively more atten-
tion should be given to implementing the abovementioned im-
provements in housing and household appliances.

As shown by the data obtained for the intensity effect, the impact of
changes to the structure of electric power generation on household CO2

emissions was particularly significant in all prefectures, particularly
those dependent on energy derived from nuclear power. As described in
the results and discussion section, under the same levels of per-capita
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energy consumption in 2015 and energy intensities in 2010, more than
half of the prefectures could meet the reduction targets for household
CO2 emissions as set out in the Paris Agreement. However, it seems
quite unlikely that Japan’s nuclear power plants will resume operation
at the same levels as before the Great East Japan Earthquake in the near
future [63]. The Japanese government expects improvements in elec-
tricity generation toward 2030 in line with the Paris Agreement. It
would be impossible, however, for each prefecture to achieve emission
reduction targets without intense effort to improve household energy
saving and emission intensity even if the current demographic trends
that could contribute to emission declines become more significant.
Therefore, promoting renewable energy more widely and establishing
related policy schemes such as a feed-in-tariffs (FIT) become highly
important [64]. Infrastructures with new grid technologies should also
be developed to achieve more efficient distribution of electricity [65].
From the consumer’s side, the nuclear plant shutdowns prompted lib-
eralization of the electric utilities market in April 2016, which enabled
consumers to select which electric utility company they wanted to use
to supply their household with electricity. If consumers can purchase
household electricity created by power generation facilities that have
lower associated CO2 emission intensities, such as energy produced
using renewable energy resources, then the impact of the intensity ef-
fect would be reduced. In order to promote such a reduction, it is ne-
cessary to foster an understanding among consumers regarding the

differences in the structure of power generation and the associated CO2

emissions, as well as providing consumers with economic incentives to
select low-carbon electricity [66]. Overall, in order to achieve sub-
stantial reductions in emissions, it is important for society to under-
stand renewable energy from both supply and demand perspectives
[67]. Educating consumers could be easier at the prefectural govern-
ment level than at the national government level, which is a good
reason for analyzing regional trends in emission drivers.

Finally, clarifying the structure of energy-related household CO2

emission trends at the sub-national level, as presented in this study, can
help decision makers in local governments to better understand how
policy and technology interventions can be employed to mitigate pre-
fectures’ emissions. Doing so can lead to effective measures that further
reduce long-term emissions to achieve emission mitigation targets
under the Paris Agreement in Japan as well as other in nations ex-
periencing similar demographic and industrialized trends.
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Appendix A.

Figs. A1 and A2 depict the geographical locations of the 47 prefectures in Japan and a breakdown of the time series of the six factors considered
in this study by prefecture for the period 1995–2015, compared with 1990 levels.

ID prefecture name ID prefecture name

Hokkaido Shiga

Aomori Kyoto

Iwate Osaka

Miyagi Hyogo

Akita Nara

Yamagata Wakayama

Fukushima Tottoei

Ibaragi Shimane

Tochigi Okayama

Gunma Hiroshima

Saitama Yamaguchi

Chiba Tokushima

Tokyo Kagawa

Kanagawa Ehime

Yamanashi Kochi

Niigata Fukuoka

Toyama Saga

Ishikawa Nagasaki

Fukui Kumamoto

Nagano Oita

Gifu Miyazaki

Shizuoka Kagoshima

Aichi Okinawa

Mie

Fig. A1. Geographical locations of the 47 Japanese prefectures.

Y. Shigetomi et al. Applied Energy 228 (2018) 2321–2332

2330



References

[1] Prime Minister of Japan and His Cabinet. Statement by the Prime Minister on the
acceptance of the Paris Agreement 2016<http://japan.kantei.go.jp/97_abe/
statement/201611/1219866_11019.html > .

[2] Janssens-Maenhout G, Crippa M, Guizzardi D, Muntean M, Schaaf E, Olivier JGJ,
et al. Fossil CO2 & GHG emissions of all world countries; 2017. doi: 10.2760/
709792.

[3] MOE. Greenhouse Gas Inventory Office of Japan: The GHG Emissions Data of Japan
(1990–2015); 2016.

[4] Tan CK, Ogawa A, Matsumura T. Innovative climate change communication: team
minus 6%. GEIC Work Pap Ser 2008:1–30.

[5] MOE. Japan’s Plans for Mitigation in Climate Change 2016<http://www.env.go.
jp/earth/ondanka/keikaku/onntaikeikaku-zentaiban.pdf > .

[6] Chomik R, Piggott J. Population ageing and social security in Asia. Asian Econ
Policy Rev 2015;10:199–222. https://doi.org/10.1111/aepr.12098.

[7] Cabinet Office Government of Japan. Korei Shakai Hakusho 2017; 2017.
[8] MIC. Joho Tsushin Hakusho 2015; 2015.
[9] Japan COG of. Annual Report on the Aging Society; 2017. p. 1–6.
[10] Okamoto S. Impacts of growth of a service economy on CO2 Emissions: Japan’s

Case. J Econ Struct 2013;2. https://doi.org/10.1186/2193-2409-2-8.
[11] Lu IJ, Lin SJ, Lewis C. Decomposition and decoupling effects of carbon dioxide

emission from highway transportation in Taiwan, Germany, Japan and South
Korea. Energy Policy 2007;35:3226–35. https://doi.org/10.1016/j.enpol.2006.11.
003.

[12] Ang BW. LMDI decomposition approach: a guide for implementation. Energy Policy
2015;86:233–8. https://doi.org/10.1016/j.enpol.2015.07.007.

[13] Xu XY, Ang BW. Index decomposition analysis applied to CO2 emission studies. Ecol
Econ 2013;93:313–29. https://doi.org/10.1016/j.ecolecon.2013.06.007.

[14] Ouyang X, Lin B. An analysis of the driving forces of energy-related carbon dioxide
emissions in China’s industrial sector. Renew Sustain Energy Rev 2015;45:838–49.
https://doi.org/10.1016/j.rser.2015.02.030.

[15] Hammond GP, Norman JB. Decomposition analysis of energy-related carbon
emissions from UK manufacturing. Energy 2012;41:220–7. https://doi.org/10.
1016/j.energy.2011.06.035.

[16] Cansino JM, Sánchez-Braza A, Rodríguez-Arévalo ML. Driving forces of Spain׳s CO2

emissions: a LMDI decomposition approach. Renew Sustain Energy Rev
2015;48:749–59. https://doi.org/10.1016/j.rser.2015.04.011.

[17] Vaninsky A. Factorial decomposition of CO2 emissions: a generalized Divisia index
approach. Energy Econ 2014;45:389–400. https://doi.org/10.1016/j.eneco.2014.

H
ou

se
ho

ld
 e
ffe

ct
D

is
tr

ib
uti

on
 e
ffe

ct
Si

ze
 e
ffe

ct
Co

ns
um

pti
on

 e
ffe

ct
Ch

oi
ce

 e
ffe

ct
In

te
ns

ity
 e
ffe

ct
1995 2000 2005 2010 2015

Fig. A2. Time-series analysis of the six study factors by prefecture for the period 1995–2015, compared with 1990 levels.

Y. Shigetomi et al. Applied Energy 228 (2018) 2321–2332

2331

http://japan.kantei.go.jp/97_abe/statement/201611/1219866_11019.html
http://japan.kantei.go.jp/97_abe/statement/201611/1219866_11019.html
http://refhub.elsevier.com/S0306-2619(18)31085-7/h0020
http://refhub.elsevier.com/S0306-2619(18)31085-7/h0020
http://www.env.go.jp/earth/ondanka/keikaku/onntaikeikaku-zentaiban.pdf
http://www.env.go.jp/earth/ondanka/keikaku/onntaikeikaku-zentaiban.pdf
https://doi.org/10.1111/aepr.12098
https://doi.org/10.1186/2193-2409-2-8
https://doi.org/10.1016/j.enpol.2006.11.003
https://doi.org/10.1016/j.enpol.2006.11.003
https://doi.org/10.1016/j.enpol.2015.07.007
https://doi.org/10.1016/j.ecolecon.2013.06.007
https://doi.org/10.1016/j.rser.2015.02.030
https://doi.org/10.1016/j.energy.2011.06.035
https://doi.org/10.1016/j.energy.2011.06.035
https://doi.org/10.1016/j.rser.2015.04.011
https://doi.org/10.1016/j.eneco.2014.07.008


07.008.
[18] Jeong K, Kim S. LMDI decomposition analysis of greenhouse gas emissions in the

Korean manufacturing sector. Energy Policy 2013;62:1245–53. https://doi.org/10.
1016/j.enpol.2013.06.077.

[19] Mousavi B, Lopez NSA, Biona JBM, Chiu ASF, Blesl M. Driving forces of Iran’s CO2

emissions from energy consumption: an LMDI decomposition approach. Appl
Energy 2017;206:804–14. https://doi.org/10.1016/j.apenergy.2017.08.199.

[20] Timma L, Zoss T, Blumberga D. Life after the financial crisis. Energy intensity and
energy use decomposition on sectorial level in Latvia. Appl Energy
2016;162:1586–92. doi: 10.1016/j.apenergy.2015.04.021.

[21] Sumabat AK, Lopez NS, Yu KD, Hao H, Li R, Geng Y, et al. Decomposition analysis of
Philippine CO2 emissions from fuel combustion and electricity generation. Appl
Energy 2016;164:795–804. https://doi.org/10.1016/j.apenergy.2015.12.023.

[22] Román R, Cansino JM, Rodas JA. Analysis of the main drivers of CO2 emissions
changes in Colombia (1990–2012) and its political implications. Renew Energy
2018;116:402–11. https://doi.org/10.1016/j.renene.2017.09.016.

[23] Ang BW, Goh T. Carbon intensity of electricity in ASEAN: Drivers, performance and
outlook. Energy Policy 2016;98:170–9. https://doi.org/10.1016/j.enpol.2016.08.
027.

[24] Chapman A, Fujii H, Managi S. Key Drivers for cooperation toward sustainable
development and the management of CO2 emissions: comparative analysis of six
Northeast Asian countries. Sustainability 2018;10:244. https://doi.org/10.3390/
su10010244.

[25] Fernández González P, Landajo M, Presno MJ. The driving forces behind changes in
CO2 emission levels in EU-27. Differences between member states. Environ Sci
Policy 2014;38:11–6. doi: 10.1016/j.envsci.2013.10.007.

[26] Moutinho V, Moreira AC, Silva PM. The driving forces of change in energy-related
CO2 emissions in Eastern, Western, Northern and Southern Europe: The LMDI ap-
proach to decomposition analysis. Renew Sustain Energy Rev 2015;50:1485–99.
https://doi.org/10.1016/j.rser.2015.05.072.

[27] Román-Collado R, Morales-Carrión AV. Towards a sustainable growth in Latin
America: a multiregional spatial decomposition analysis of the driving forces be-
hind CO2 emissions changes. Energy Policy 2018;115:273–80. https://doi.org/10.
1016/j.enpol.2018.01.019.

[28] Wang J, Hu M, Rodrigues JFD. An empirical spatiotemporal decomposition analysis
of carbon intensity in China’s industrial sector. J Clean Prod 2018;195:133–44.
https://doi.org/10.1016/j.jclepro.2018.05.185.

[29] Jiang J, Ye B, Xie D, Tang J. Provincial-level carbon emission drivers and emission
reduction strategies in China: combining multi-layer LMDI decomposition with
hierarchical clustering. J Clean Prod 2017;169:178–90. https://doi.org/10.1016/j.
jclepro.2017.03.189.

[30] Li H, Zhao Y, Qiao X, Liu Y, Cao Y, Li Y, et al. Identifying the driving forces of
national and regional CO2 emissions in China: based on temporal and spatial de-
composition analysis models. Energy Econ 2017;68:522–38. https://doi.org/10.
1016/j.eneco.2017.10.024.

[31] Wang M, Feng C. Decomposition of energy-related CO2 emissions in China: an
empirical analysis based on provincial panel data of three sectors. Appl Energy
2017;190:772–87. https://doi.org/10.1016/j.apenergy.2017.01.007.

[32] O’ Mahony T, Zhou P, Sweeney J. The driving forces of change in energy-related
CO2 emissions in Ireland: a multi-sectoral decomposition from 1990 to 2007.
Energy Policy 2012;44:256–67. doi: 10.1016/j.enpol.2012.01.049.

[33] Xu X, Zhao T, Liu N, Kang J. Changes of energy-related GHG emissions in China: an
empirical analysis from sectoral perspective. Appl Energy 2014;132:298–307.
https://doi.org/10.1016/j.apenergy.2014.07.025.

[34] Donglan Z, Dequn Z, Peng Z. Driving forces of residential CO2 emissions in urban
and rural China: an index decomposition analysis. Energy Policy 2010;38:3377–83.
https://doi.org/10.1016/j.enpol.2010.02.011.

[35] Zang X, Zhao T, Wang J, Guo F. The effects of urbanization and household-related
factors on residential direct CO2 emissions in Shanxi, China from 1995 to 2014: a
decomposition analysis. Atmos Pollut Res 2017;8:297–309. https://doi.org/10.
1016/j.apr.2016.10.001.

[36] Feng K, Hubacek K, Guan D. Lifestyles, technology and CO2 emissions in China: a
regional comparative analysis. Ecol Econ 2009;69:145–54. https://doi.org/10.
1016/j.ecolecon.2009.08.007.

[37] Ehrlich P, Holdren J. Impact of population growth. In: Riker RG, editor. Popul.
Resour. Environ., U.S. Government Printing Office, Washington D.C.; 1972, p.
365–77.

[38] Lenzen M. Structural analyses of energy use and carbon emissions – an overview.
Econ Syst Res 2016;28:119–32. https://doi.org/10.1080/09535314.2016.1170991.

[39] Guan D, Hubacek K, Weber CL, Peters GP, Reiner DM. The drivers of Chinese CO2

emissions from 1980 to 2030. Glob Environ Chang 2008;18:626–34. https://doi.
org/10.1016/j.gloenvcha.2008.08.001.

[40] Feng K, Davis SJ, Sun L, Hubacek K. Drivers of the US CO2 emissions 1997–2013.
Nat Commun 2015;6:7714. https://doi.org/10.1038/ncomms8714.

[41] Yuan B, Ren S, Chen X. The effects of urbanization, consumption ratio and con-
sumption structure on residential indirect CO2 emissions in China: a regional
comparative analysis. Appl Energy 2015;140:94–106. https://doi.org/10.1016/j.
apenergy.2014.11.047.

[42] Xu XY, Ang BW. Analysing residential energy consumption using index decom-
position analysis. Appl Energy 2014;113:342–51. https://doi.org/10.1016/j.
apenergy.2013.07.052.

[43] Sun JW. Changes in energy consumption and energy intensity: a complete de-
composition model. Energy Econ 1998;20:85–100. https://doi.org/10.1016/S0140-
9883(97)00012-1.

[44] Ang BW. Decomposition analysis for policymaking in energy: which is the preferred
method? Energy Policy 2004;32:1131–9. https://doi.org/10.1016/S0301-4215(03)
00076-4.

[45] Ang BW. The LMDI approach to decomposition analysis: a practical guide. Energy
Policy 2005;33:867–71. https://doi.org/10.1016/j.enpol.2003.10.010.

[46] MIC. Preliminary Counts of the 2015 Population Census of Japan, 2015<http://
www.stat.go.jp/data/kokusei/2015/kekka/pdf/gaiyou.pdf > .

[47] National Institute of Population and Social Security Research. Annual Population
and Social Security Surveys; 2017.

[48] MIC. National Survey of Family Income and Expenditure, 2014.
[49] MOE. Results of Survey for Actions to Reduce Household Energy and CO2 emissions

(summer), Japan 2012; 2013.
[50] National Institute of Population Social Security Research. Household Projections by

Prefecture in Japan: 2010-2035; 2014<http://www.ipss.go.jp/pp-pjsetai/j/
hpjp2014/gaiyo/data.asp> .

[51] METI. Long-term Energy Supply and Demand Outlook; 2015<http://www.meti.
go.jp/english/press/2015/pdf/0716_01a.pdf > .

[52] Shigetomi Y, Nansai K, Kagawa S, Tohno S. Fertility-rate recovery and double-in-
come policies require solving the carbon gap under the Paris Agreement. Resour
Conserv Recycl 2018;133:385–94. https://doi.org/10.1016/j.resconrec.2017.11.
017.

[53] MIC. Social Indicators by Prefecture 2016; 2016<https://www.e-stat.go.jp/stat-
search/files?page=1&toukei=00200502&tstat=000001080035&second=1&
second2=1> .

[54] Nakano S, Washizu A. Changes in consumer behavior as a result of the Home
Appliance Eco-Point System: an analysis based on micro data from the Family
Income and Expenditure Survey. Environ Econ Policy Stud 2017;19:459–82.
https://doi.org/10.1007/s10018-016-0145-6.

[55] Nishijima D. The role of technology, product lifetime, and energy efficiency in
climate mitigation: a case study of air conditioners in Japan. Energy Policy
2017;104:340–7. https://doi.org/10.1016/j.enpol.2017.01.045.

[56] Nishijima D. Product lifetime, energy efficiency and climate change: a case study of
air conditioners in Japan. J Environ Manage 2016;181:582–9. https://doi.org/10.
1016/j.jenvman.2016.07.010.

[57] Pothitou M, Hanna RF, Chalvatzis KJ. Environmental knowledge, pro-environ-
mental behaviour and energy savings in households: an empirical study. Appl
Energy 2016;184:1217–29. https://doi.org/10.1016/j.apenergy.2016.06.017.

[58] Golbazi M, Aktas CB. Energy efficiency of residential buildings in the U.S._
Improvement potential beyond IECC. Build Environ 2018;142:278–87. doi: 10.
1016/j.buildenv.2018.06.029.

[59] Wang G, Zhang Q, Li H, McLellan BC, Chen S, Li Y, et al. Study on the promotion
impact of demand response on distributed PV penetration by using non-cooperative
game theoretical analysis. Appl Energy 2017;185:1869–78. https://doi.org/10.
1016/j.apenergy.2016.01.016.

[60] Mizobuchi K, Takeuchi K. Replacement or additional purchase: the impact of en-
ergy-efficient appliances on household electricity saving under public pressures.
Energy Policy 2016;93:137–48. https://doi.org/10.1016/j.enpol.2016.03.001.

[61] METI. Japan’s Strategic Energy Plan 2014; 2014<http://www.enecho.meti.go.jp/
en/category/others/basic_plan/pdf/4th_strategic_energy_plan.pdf > .

[62] METI. ZEH Roadmap Overview; 2015<http://www.meti.go.jp/press/2015/12/
20151217003/20151217003-1.pdf > .

[63] World Nuclear Association. Nuclear Power in Japan, updated July 2017, 2017.
[64] Kuramochi T. Review of energy and climate policy developments in Japan before

and after Fukushima. Renew Sustain Energy Rev 2015;43:1320–32. https://doi.
org/10.1016/j.rser.2014.12.001.

[65] Yildiz B, Bilbao JI, Dore J, Sproul AB. Recent advances in the analysis of residential
electricity consumption and applications of smart meter data. Appl Energy
2017;208:402–27. https://doi.org/10.1016/j.apenergy.2017.10.014.

[66] Chapman A, Itaoka K. Curiosity, economic and environmental reasoning: public
perceptions of liberalization and renewable energy transition in Japan. Energy Res
Soc Sci 2018;37:102–10. https://doi.org/10.1016/j.erss.2017.09.026.

[67] Matsumoto K, Shiraki H. Energy security performance in Japan under different
socioeconomic and energy conditions. Renew Sustain Energy Rev
2018;90:391–401. https://doi.org/10.1016/j.rser.2018.03.070.

Y. Shigetomi et al. Applied Energy 228 (2018) 2321–2332

2332

https://doi.org/10.1016/j.eneco.2014.07.008
https://doi.org/10.1016/j.enpol.2013.06.077
https://doi.org/10.1016/j.enpol.2013.06.077
https://doi.org/10.1016/j.apenergy.2017.08.199
https://doi.org/10.1016/j.apenergy.2015.12.023
https://doi.org/10.1016/j.renene.2017.09.016
https://doi.org/10.1016/j.enpol.2016.08.027
https://doi.org/10.1016/j.enpol.2016.08.027
https://doi.org/10.3390/su10010244
https://doi.org/10.3390/su10010244
https://doi.org/10.1016/j.rser.2015.05.072
https://doi.org/10.1016/j.enpol.2018.01.019
https://doi.org/10.1016/j.enpol.2018.01.019
https://doi.org/10.1016/j.jclepro.2018.05.185
https://doi.org/10.1016/j.jclepro.2017.03.189
https://doi.org/10.1016/j.jclepro.2017.03.189
https://doi.org/10.1016/j.eneco.2017.10.024
https://doi.org/10.1016/j.eneco.2017.10.024
https://doi.org/10.1016/j.apenergy.2017.01.007
https://doi.org/10.1016/j.apenergy.2014.07.025
https://doi.org/10.1016/j.enpol.2010.02.011
https://doi.org/10.1016/j.apr.2016.10.001
https://doi.org/10.1016/j.apr.2016.10.001
https://doi.org/10.1016/j.ecolecon.2009.08.007
https://doi.org/10.1016/j.ecolecon.2009.08.007
https://doi.org/10.1080/09535314.2016.1170991
https://doi.org/10.1016/j.gloenvcha.2008.08.001
https://doi.org/10.1016/j.gloenvcha.2008.08.001
https://doi.org/10.1038/ncomms8714
https://doi.org/10.1016/j.apenergy.2014.11.047
https://doi.org/10.1016/j.apenergy.2014.11.047
https://doi.org/10.1016/j.apenergy.2013.07.052
https://doi.org/10.1016/j.apenergy.2013.07.052
https://doi.org/10.1016/S0140-9883(97)00012-1
https://doi.org/10.1016/S0140-9883(97)00012-1
https://doi.org/10.1016/S0301-4215(03)00076-4
https://doi.org/10.1016/S0301-4215(03)00076-4
https://doi.org/10.1016/j.enpol.2003.10.010
http://www.stat.go.jp/data/kokusei/2015/kekka/pdf/gaiyou.pdf
http://www.stat.go.jp/data/kokusei/2015/kekka/pdf/gaiyou.pdf
http://www.ipss.go.jp/pp-pjsetai/j/hpjp2014/gaiyo/data.asp
http://www.ipss.go.jp/pp-pjsetai/j/hpjp2014/gaiyo/data.asp
http://www.meti.go.jp/english/press/2015/pdf/0716_01a.pdf
http://www.meti.go.jp/english/press/2015/pdf/0716_01a.pdf
https://doi.org/10.1016/j.resconrec.2017.11.017
https://doi.org/10.1016/j.resconrec.2017.11.017
https://www.e-stat.go.jp/stat-search/files?page=1%26toukei=00200502%26tstat=000001080035%26second=1%26second2=1
https://www.e-stat.go.jp/stat-search/files?page=1%26toukei=00200502%26tstat=000001080035%26second=1%26second2=1
https://www.e-stat.go.jp/stat-search/files?page=1%26toukei=00200502%26tstat=000001080035%26second=1%26second2=1
https://doi.org/10.1007/s10018-016-0145-6
https://doi.org/10.1016/j.enpol.2017.01.045
https://doi.org/10.1016/j.jenvman.2016.07.010
https://doi.org/10.1016/j.jenvman.2016.07.010
https://doi.org/10.1016/j.apenergy.2016.06.017
https://doi.org/10.1016/j.apenergy.2016.01.016
https://doi.org/10.1016/j.apenergy.2016.01.016
https://doi.org/10.1016/j.enpol.2016.03.001
http://www.enecho.meti.go.jp/en/category/others/basic_plan/pdf/4th_strategic_energy_plan.pdf
http://www.enecho.meti.go.jp/en/category/others/basic_plan/pdf/4th_strategic_energy_plan.pdf
http://www.meti.go.jp/press/2015/12/20151217003/20151217003-1.pdf
http://www.meti.go.jp/press/2015/12/20151217003/20151217003-1.pdf
https://doi.org/10.1016/j.rser.2014.12.001
https://doi.org/10.1016/j.rser.2014.12.001
https://doi.org/10.1016/j.apenergy.2017.10.014
https://doi.org/10.1016/j.erss.2017.09.026
https://doi.org/10.1016/j.rser.2018.03.070

	Driving forces underlying sub-national carbon dioxide emissions within the household sector and implications for the Paris Agreement targets in Japan
	Introduction
	Methodology and data
	Decomposition of the household CO2 emissions of 47 prefectures
	Dataset
	Demographic and energy consumption trends during 1990-2015
	Estimation of future consumption effect for each prefecture in 2030
	Limitations of this study

	Results and discussion
	Drivers of changes in household CO2 emissions in Japan from 1990–2015
	Regional trends in household CO2 emission between 1990 and 2015
	Potential for reducing household CO2 emissions through lifestyle changes and changes in demographic trends
	Consumption effect requirements in prefectures to achieve emission reduction targets based on the Paris Agreement by 2030

	Conclusion and policy implications
	Acknowledgements
	Appendix A.
	References




