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Abstract: In order to meet climate change mitigation goals, nations such as Japan need to
consider strategies to reduce the impact that lifestyles have on overall emission levels. This study
analyzes carbon footprints from household consumption (i.e., lifestyles) using index and structural
decomposition analysis for the time period from 1990 to 2005. The analysis identified that households in
their 40s and 50s had the highest levels of both direct and indirect CO2 emissions, with decomposition
identifying consumption patterns as the driving force behind these emissions and advances in
CO2 reduction technology having a reducing effect on lifestyle emissions. An additional challenge
addressed by this study is the aging, shrinking population phenomenon in Japan. The increase in the
number of few-member and elderly households places upward pressure on emissions as the aging
population and declining national birth rate continues. The analysis results offer two mitigatory
policy suggestions: the focusing of carbon reduction policies on older and smaller households, and the
education of consumers toward low-carbon consumption habits. As the aging, shrinking population
phenomenon is not unique to Japan, the findings of this research have broad applications globally
where these demographic shifts are being experienced.

Keywords: CO2 emissions; carbon footprint; household consumption; index decomposition analysis;
structural decomposition analysis; aging society; Japan

1. Introduction

To meet the global climate change mitigation target of limiting global warming to just 1.5 ◦C [1],
an extensive effort toward reducing carbon emissions throughout our lifestyles is critical. Leading this
effort is particularly essential for developed nations, which are more likely to emit larger amounts of
carbon dioxide (CO2) and other greenhouse gases (GHG) and who have access to cleaner technologies
than developing nations. Consumption-based accounting [2,3] quantifies not only direct or territorial
emissions due to fuel combustion but also indirect emissions generated through the supply chains of
goods and services, allowing for the consideration of broader abatement options from both the demand
and supply sides [4]. This is known as a “cradle-to-gate” (i.e., from raw material extraction to final
consumption) assessment. From this point of view, our lifestyle (household consumption) has been
highlighted as playing a dominant role in cradle-to-gate GHG emissions, as measured through national
carbon footprints (CF) [5–7]. Globally, almost 65% of CF are induced by household consumption [8].
In order to achieve a low-carbon future, drastic changes are needed not only in industrial supply
structures but also in our daily lifestyle structures.
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Japan, selected as the target nation for this study, is among the most industrialized GHG-emitting
nations [9]. In line with Japan’s Paris Agreement goals, GHG emissions need to be reduced by 26% by
2030 compared with 2013 levels. To achieve this, it is necessary to implement effective measures with
respect to technological innovation and envisaged demographic shifts [10,11]. Japan’s CF structure
has been analyzed, identifying that household consumption is dominant, similar to other developed
nations [12]. Further, previous research has analyzed the household CF in Japan, identifying key
consumption and behavior domains for effective reduction [13–18]. However, this precedential research
did not examine time trends of household CF or the crucial supply and demand drivers.

This study sheds light on structural changes in Japanese household CF to elucidate levers which
enable the reduction of CF and enable an understanding of how supply and demand drivers underpin
these CF. In addition, this research focuses on demographic trends as a demand driver of changes in
CF due to an aging, shrinking population—a serious issue faced in Japan and other nations, which may
affect consumption and resultant CF values [13,18,19]. For instance, Shigetomi et al. [11] evaluated
the impact of demographic trends on energy-related CO2 emissions from residents during 1990–2015
using decomposition analysis, indicating that as the number of single households increased, especially
older households, a commensurate increase in emissions was observed.

In order to analyze the underpinning factors of CF, this study adopts index decomposition
analysis (IDA) [20] and structural decomposition analysis (SDA) [21] on a time-series data set of both
direct and indirect CO2 emissions induced by Japanese households. To date, IDA has been applied
mainly to examine the driving forces of energy consumption and its relation to CO2 emissions by
sector [22,23]. SDA has clarified the determinants of lifecycle emissions within CF, utilizing input–output
table data [24,25]. These two approaches have been utilized to analyze key determinants of home
energy-related CO2 emissions [26–28] and household CF [29–31], respectively, regarding the carbon
emission intensity, supply chain structure, consumption volume and composition, and population.

Studies relevant to Japan have assessed energy-related CO2 emissions at the national level [32],
specific to services [33], transport [34], manufacturing [35], and residential sectors [11], identifying
the key drivers for reducing emissions by sector. For instance, related to household consumption,
Shigetomi et al. [11] examined the trends in residential energy-related CO2 emissions across 47
regions in Japan during 1990–2015 using the regional energy balance tables, demographic census and
consumer expenditure survey, demonstrating the importance of prioritizing national and local policy
interventions of the supply and demand sides in light of the differences in the key drivers in each
region. They do not consider, however, the upstream (indirect) CO2 emissions created by the overall
household consumption via the supply chain. To the best of our knowledge, this study highlights the
structural changes in Japanese household CF detailing both direct and indirect energy-related CO2

emissions for the first time. This novel research uncovers insights for mitigating household CF with
respect to both supply and demand factors and demographics, notably an aging, shrinking society.

The research is organized as follows: Section 2 describes the methods and data employed to
calculate household CF and to estimate the contribution of drivers toward structural changes. Section 3
presents the results and discussion. Finally, Section 4 concludes with detailed policy implications and
a future outlook based on the obtained results.

2. Materials and Methods

Here, the materials and methodology are defined, including the quantification and decomposition
approaches, data utilized, and the methodological and data limitations.

2.1. Quantification of Carbon Footprint by Household Consumption

Household CF is defined as the sum of direct carbon emissions induced by driving a passenger
motor car, cooking and household heating (D), and indirect (embodied) carbon emissions generated
through the supply chain due to household consumption (S). D is calculated using Equation (1).



Energies 2019, 12, 3745 3 of 18

D =
∑

k

∑
b

edir
k fkb, (1)

where edir
k represents the direct CO2 emissions per consumption expenditure for energy item k. fkb

denotes the household’s final consumption by attribute b for energy item k. Next, S is quantified by
Equations (2) and (3).

S =
∑

i

∑
b

eind
i fib, (2)

eind
i =

∑
j

qiLi j, (3)

where eind
i represents the upstream CO2 emissions per consumption expenditure (embodied CO2

emission intensity) for commodity i 3 k. j denotes the commodity sector. It is estimated by using qi

and Li j =
(
I −Ai j

)−1
which denote the vector containing the direct CO2 emissions per unit production

output for commodity i and upstream requirements per unit production, respectively. Lij is an element
of the Leontief inverse matrix [36] obtained from the input–output table.

2.2. Index Decomposition Analysis and Structural Decomposition Analysis

To comprehend the contribution of various indicators to the changes in household CF by using
IDA and SDA, we decomposed both the direct CO2 emissions derived from home energy and the
indirect CO2 emissions generated through the supply chain of goods and services (commodities)
purchased by households, as shown in Equations (4) and (5).

D =
∑
k

∑
b

edir
k

fkb
fb

fb
pb

pb
Hb

Hb
H H

=
∑
k

∑
b

edir
k ykbwbsbdbH

, (4)

S =
∑
i

∑
b

qiLi j
fib
f ′b

f ′b
pb

pb
Hb

Hb
H H

=
∑
i

∑
b

qiLi jyibw′bsbdbH
, (5)

where H and p represent the total number of households and population, respectively. Both ykb and yib
refer to consumption patterns (e.g., medical services are more heavily consumed by elderly households
than younger households). wb and wb’ represent the average per-capita consumption volume for
energy items and that for all commodities, respectively. sb represents the average number of members
in each household (i.e., family size). db describes the distribution of households (i.e., the proportion
of younger households to total households). Thus, Equations (4) and (5) are based on Equations (1)
and (2), with household final consumption decomposed into the five factors in line with consumption
pattern, consumption volume, family size, household distribution, and number of households. Overall,
six drivers are considered for direct CO2 emissions, and seven drivers for indirect CO2 emissions.

When D and S shift from year t to year t + 1, there are no unique solutions for how the
decomposition should be solved. To quantify the contributions of each factor, this study used
the Shapley–Sun decomposition approach (S-S method) [37] for D, and the Dietzenbacher and Los
decomposition approach (D-L method) [38] for S, cognizant of identical decomposition without any
residues and the commonality of results [24]. For example, the total difference of Equation (4) can be
represented by Equation (6).

∆D =
∑
k

∑
b

∆edir
k ykbwbsbdbH + edir

k ∆ykbwbsbdbH + edir
k ykb∆wbsbdbH

+edir
k ykbwb∆sbdbH + edir

k ykbwbsb∆dbH + edir
k ykbwbsbdb∆H

(6)
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where ∆ indicates the difference operator. Equation (6) converts six multiplicative terms in the first term
of Equation (4) into six additive terms. Each additive term in Equation (6) denotes the contribution
to changes in D induced by a targeted factor while all other factors are constant. For instance, the
first term in Equation (6) refers to the effect on direct CO2 emissions of changes in direct emission
intensity, while consumption patterns, consumption volume, family size, household distribution, and
total number of households are constant between t and t + 1. Each of the contributions were estimated
by taking the average of the 6! = 720 decomposition equations possible [37]. Here, the effects on direct
CO2 emissions that are related to the first, second, third, fourth, fifth, and sixth terms in Equation (6)
are referred to as the intensity effect (direct), consumption pattern effect, consumption volume effect,
family size effect, household distribution effect, and household number effect, respectively.

In a similar manner, the total difference of Equation (5) can be demonstrated by Equation (7).

∆S =
∑
i

∑
b

∆qiLi jyibwbsbdbH + qi∆Li jyibwbsbdbH + qiLi j∆yibwbsbdbH

+qiLi jyib∆wbsbdbH + qiLi jyibwb∆sbdbH + qiLi jyibwbsb∆dbH
+qiLi jyibwbsbdb∆H

(7)

Finally, each of the contributions were estimated by taking the average of the 7! = 5040
decomposition equations possible [38]. Here, the effects on indirect CO2 emissions that are related
to the first, second, third, fourth, fifth, sixth, and seventh terms are referred to as the intensity effect
(indirect), supply chain effect, consumption pattern effect, consumption volume effect, family size
effect, household distribution effect, and household number effect, respectively.

2.3. Data

This study uses the time-series Japan input–output tables (TJIO) consisting of the economic
transaction (Lij) and household final demand structures (

∑
b fib) for 1990, 1995, 2000, and 2005 based

on the 2005 price with 397 common commodities. Hence, the data are comparable among periods.
Further, we disaggregated the commodities within petroleum products into six detailed commodities
including gasoline, light oil, kerosene, liquefied petroleum gas (LPG), and other petroleum products
(i.e., lubricants) by using the Comprehensive Energy Statistics [39]. To identify the relationship between
household CF and demographic trends, the final household demands from the TJIO were divided into
consumption expenditures for six age groups of the highest income earner in the household (29≤, 30–39,
40–49, 50–59, 60–69, ≥70) for each year using the national survey of family income and expenditure
(NSFIE) [40]. Then, the consumption share by attribute, summation of each final consumption type
by commodity and the difference between the producer-based price and consumer-based price were
considered as detailed in a previous study [14]. eind

i was obtained based on Equation (3). qi was
calculated by dividing sectoral CO2 emissions obtained from the 3EID [41] by total output utilizing the
TJIO. b denotes the age of the highest income earner (1: ≤29, 2: 30–39, 3: 40–49, 4: 50–59, 5: 60–69,
6: ≥70).

2.4. Limitations

The approach used in this study has several limitations with regard to the data and methodology
employed. First, to conduct SDA, it is necessary to prepare time-series data on both household
consumption expenditures and environmental burden intensities that are consistent with the IO table
and to deflate according to the base year price information. In this regard, this study used the TJIO
covering the periods 1990–1995–2000–2005. We recognize that the latest year analyzed in this study is
more than 10 years in the past; however, it is currently impossible to prepare more recent deflated
data for consumption expenditure and embodied CO2 emission intensity. The latest domestic IO table
describes the economic transactions accounting for household consumption expenditures in 2011,
and the embodied CO2 emission intensity values for 2011 have already been published. However,
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it is relatively difficult to deflate consumption expenditures and intensities due to the disconnection
between commodity sectors and their definitions.

3. Results and Discussion

The results and discussion are divided into the three sections of overall trends in emissions, changes
within sectors and age groups, and the decomposition of the driving forces underpinning emissions.

3.1. Overall Trends of Total Direct and Indirect CO2 Emissions

CO2 emissions induced by Japanese household consumption from 1990 to 2005 are shown in
Table 1. Both direct and indirect CO2 emissions showed a significant growth trend during the analyzed
period. In terms of overall emissions, indirect CO2 emissions levels remain nearly four times those of
direct CO2 emissions. The annual average increase of direct CO2 emissions is relatively small, and
emissions in 2005 are slightly lower than those in the year 2000. However, indirect CO2 emissions
continuously increased, with an annual average increase of 6.6 Mt in 1990–2005. In terms of the growth
rate of emissions, that of direct emissions was higher than that of indirect emissions during the studied
period (see Table 1). These characteristics will be elaborated by observing the trends in direct and
indirect CO2 emissions by sector, as presented in the following section.

Table 1. Compositions of Japanese household carbon footprints (CF) in 1990–2005

Year Average
Annualized

Increase

Growth Rate
(between 1990

and 2005)1990 1995 2000 2005

Direct CO2 emissions (Mt-CO2) 103.6 124.2 143.6 142.5 2.6 37.5%
Indirect CO2 emissions (Mt-CO2) 473.5 542.6 537.9 572.3 6.6 20.9%

Total CO2 emissions (Mt-CO2) 577.2 666.9 681.5 714.8 9.2 23.8%

3.2. Changes in Direct and Indirect CO2 Emissions in Different Sectors and Age Groups

The total direct and indirect CO2 emissions are disaggregated into sectors and household age
groups to evaluate their impact on CO2 emissions. Fourteen sectors are considered: “food and
non-alcoholic beverages,” “alcoholic beverages and tobacco,” “clothing and footwear,” “housing,”
“furnishings,” “medicals,” “private vehicles,” “public transport,” “information and communication,”
“recreation and culture,” “education,” “restaurants and hotels,” “consumable goods,” and “margins,
religions and other services.” These sectors are determined based on the “Classification of Individual
Consumption by Purpose.”

Figure 1 presents the trends in total direct CO2 emissions by sector and average direct CO2

emissions per capita across age groups. To observe the impact of demographic factors on carbon
emissions in an aging society in greater detail, we examined the per capita CO2 emissions as well as
the per household emissions across different age groups. Here, we focus on the per capita emissions
(Figure 1b), because the per household emissions are affected by the average family size and composition
of households attributed to each age group. The results of per household direct and indirect emissions
are detailed in Appendix A.

Private vehicles and housing are the only two sectors that generate direct CO2 emissions from
households, as fossil fuels are used for these activities. For instance, the private vehicles sector includes
gasoline and light oil, while the housing sector includes kerosene, LPG, coal products, and city gas.
As shown in Figure 1a, the private vehicles sector accounts for a large proportion of direct CO2

emissions throughout the analyzed period, impacting the high growth rate of direct emissions, as
referred to above. From 1990 to 2005, Japanese car ownership rose from 57.99 million to 78.28 million
vehicles—an increase of approximately 35% [42]. With this increase in car ownership, the growth rate
of gasoline consumption was much larger than for other fuels. Consequently, the direct emissions for
the private vehicles sector increased significantly compared to those for the housing sector.
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Considering different age groups, direct CO2 emissions (per capita) from the private vehicles
sector are concentrated within two age groups—40s and 50s—as shown in Figure 1b. For those in their
40s, this may be due to work and family needs. With the increase of household savings in these age
groups, many families tend to own their own cars and use them frequently. The 50s age group has
the highest direct CO2 emissions across all age groups, possibly because the annual income in the 50s
is higher than that of other age groups [40]. In addition, with the increase in family members, the
household size has also expanded to a certain extent when compared to others, potentially expanding
the demand for private vehicles, particularly large-sized cars. As for the direct CO2 emissions from the
housing sector, these are also concentrated in the 40s and 50s age groups. This may be because more
people in their 40s and 50s are married and living with their children, and they tend to live in relatively
large, energy-consuming houses. Furthermore, the changes in direct CO2 emissions in different age
groups also showed certain peculiarities, such as CO2 emissions gradually increasing for householders
in their 20s, reaching their peak in the 50s and then subsequently declining.
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Figure 1. Sectoral composition of direct CO2 emissions from 1990–2005. (a) Total (Mt-CO2/y) and (b)
per capita by age group (t-CO2/y). Inverted triangles denote the noteworthy household age groups as
detailed in the main text.

The change in indirect CO2 emissions in different age groups is similar to that of direct CO2

emissions (see Figures 1b and 2b). Considering the order of growth in sectoral indirect emissions, we
selected food and non-alcoholic beverages, housing, and public transport sectors for discussion here,
as shown in Figure 2a. First, the indirect CO2 emissions generated by the housing sector were mainly
concentrated in the three age groups of the 40s, 50s, and 60s, as demonstrated by Figure 2b. The reason
behind the similarity between direct and indirect CO2 emissions of those in their 40s and 50s is that
residents modify their houses to meet the needs of family life and child-rearing. For the 60s age group,
a consideration of the living environment and living conditions for old-age life could increase the cost
of housing and lead to the production of more indirect CO2 emissions.
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Figure 2. Sectoral composition of indirect CO2 emissions from 1990–2005. (a) Total (Mt-CO2/y) and (b)
per capita by age group (t-CO2/y). Inverted triangles denote the noteworthy household age groups as
detailed in the main text.

Indirect CO2 emissions from the food and non-alcoholic beverages sector were also concentrated
in the 40s, 50s and 60s age groups. In the 40s and 50s age groups, the expansion of household size may
lead to an increase in food consumption, which could increase indirect CO2 emissions. As for the 60s
age group, elderly people tend to spend more money on high-quality, expensive food compared to the
other age groups. In addition, although the household size is smaller than the 40s and 50s age groups,
it is still larger than the age groups of the 20s, 30s, and 70s. These factors combined make the 60s age
group the third-largest indirect CO2 emitter on a per capita basis.

Indirect CO2 emissions from the public transport sector were concentrated in the 20s and 50s age
groups. Compared with other age groups, the proportion of private vehicle possession in the 20s age
group is relatively low, leading to an increased use of public transport, which could increase indirect
CO2 emissions from this sector. People in the households with in the 50s age group produced the
highest CO2 emissions from both private vehicles and public transport sectors. Generally, people in
the 50s age group have the highest annual income, and with the expansion of household size, families
are more likely to use private vehicles alongside the children of these families using public transport
for attending school.

While the overall CO2 emissions of the public transport sector are increasing, the growth rate is not
as fast as that of the private vehicles sector. In addition, there are different trends in indirect emissions
from the private vehicles and public transport sectors by age group. In 2005, indirect emissions for
the private vehicles sector for those in their 20s decreased by 21%, while those in other age groups,
particularly the 30s and 60s, increased by 13–35% compared to 1990. The reasoning for such a decline
in the 20s age group is that they were more likely to purchase smaller, less expensive vehicles such
as lightweight automobiles (known as kei-cars in Japan) due to financial aspects. On the other hand,
because age groups from the 30s to 50s are more likely to be involved in child-raising activities, family
life has led to an increased demand for private transport. Furthermore, due to the demographic shift
related to an aging, shrinking population leading to a postponement of childbearing age, those in their
60s also have experienced an increase in their use of private vehicles.

For public transport, growth trends were evident across all age groups. Among them, the growth
is particularly significant for those in their 20s and 40s. In the 20s age group, the reduction in the use of
private vehicles led to an increase in public transport demand. The use of public transport in the 40s
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age group also increased, which is likely due to the expansion of travel needs for work and school as
well as an increase in the use of private vehicles, although at a lower rate than for the 30s, 50s, and 60s.

On average, annual income increases from the 20s to the 50s, subsequently declining and leading to
an increase in consumption and savings, creating upward pressure on CO2 emissions [40]. Meanwhile,
because of the decline in income after the 50s, indirect CO2 emissions also tend to decline. Further,
the household size expands from the 20s to the 50s, while post 50s, the household begins to shrink as
children become independent and establish their own households, which is likely linked to the peak in
CO2 emissions observed for the 50s age group.

3.3. Decomposition Results

3.3.1. Driving Forces of Total Direct and Indirect CO2 Emissions

Figure 3 shows the results of examining the factors affecting direct CO2 emissions during 1990–2005
using the IDA.
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Among factors, the intensity effect was the main driver in reducing direct CO2 emissions, while
the consumption pattern was the main driver which increased emissions. The negative impact of the
intensity effect on direct CO2 emissions has progressed over time, indicating that Japan has made
substantial progress in the carbon reduction technology used in daily life since 1990.

Figure 4 describes the direct CO2 emissions by household energy item. The consumption of
gasoline increased significantly prior to 2000, which is one of the reasons for the growth of direct
CO2 emissions driven by the consumption pattern during this period. After 2000, along with the
slowdown of the growth of gasoline consumption, the positive impact of the consumption pattern has
also weakened. In addition, the total number of households in Japan increased from 40.67 million to
49.06 million between 1990 and 2005 [11], promoting a positive impact of the number of households on
direct CO2 emissions. The positive effect of consumption volume on direct CO2 emissions weakened
consistently between 1990 and 2005. This is probably related to the increase of small-scale households
which could reduce their energy consumption to a certain extent. Moreover, the negative impact of
household size and household distribution on direct CO2 emissions is gradually increasing, which is
likely due to the influence of recent demographic trends such as an increase in one-person households
and a reduction in household size because of an aging society with fewer children.
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Figure 4. Trend in the direct CO2 emissions by energy item.

Considering the effects of household size, the number of households and household distribution
in 1995, 2000 and 2005, we find that the sum of these effects gradually decreased direct CO2 emissions.
This suggests that if Japan maintains an aging society with a low birth rate, direct CO2 emissions
generated by the household sector will gradually decrease.

As for indirect CO2 emissions, both the total emissions and change in emission levels were higher
than for direct CO2 emissions, and the sectoral composition of indirect CO2 emissions is more diverse.
Further, the change in driving forces of indirect CO2 emissions are relatively complex. Figure 5 shows
the SDA result for indirect CO2 emissions in 1990–2005. Indirect CO2 emissions grew rapidly from 1990
to 1995 with growth slowing down during 1995–2000 and slightly accelerating thereafter. This may be
due to the post-bubble economy in which Japan adopted government intervention policies to stimulate
the recovery of the economy and increase residential consumption, resulting in an increase in indirect
CO2 emissions between 1990 and 1995. With the change in policy direction from economic stimulus
to economic constraint (including raising the consumption tax and increasing medical expenses in
1997) [43,44], the growth rate of indirect CO2 emissions slowed down in 1995–2000. After 2000, due to
the effect of the internet bubble in the United States [45], Japan was forced to introduce looser monetary
policies to stimulate economic development which increased its indirect emissions to some extent.
With the increase in the number of households, the positive impact of the number of households on
indirect CO2 emissions has gradually increased, becoming one of the main factors promoting indirect
CO2 emissions post-2000. The positive impact of the supply chain structure on indirect CO2 emissions
increased slightly before 2000, shifting to a negative effect after 2000. This may be caused by the
transformation and maturing of enterprise, eliminating excess employment, equipment and debt
through a severe restructuring process from the late 1990s to the early 2000s. From the 1990s, along
with an emphasis on environmental protection and energy saving (e.g., the Kyoto Protocol adopted in
1997), the impact of the supply chain structure toward CO2 emissions became negative, which reflects
the great development of low-carbon technology in the whole supply chain. The negative impact of
the intensity effect on indirect CO2 emissions increased from 1990 to 2000 and weakened thereafter.
After the bubble economy, economic recovery may be an important reason for the change in intensity
effect. The impact of the consumption pattern on indirect CO2 emissions changed from negative to
positive from 1995 to 2000, turning to negative once more after 2000, although this impact was relatively
small. Because of the economic stimulus policy post-bubble economy, the choices of consumers tended
to be toward high-quality and environment-friendly consumption, causing the consumption pattern to
inhibit indirect CO2 emissions. However, during the period of economic constraint policies, consumers
tended to choose goods with a high performance and low price, reducing the environmental awareness
of consumption, resulting in a positive consumption pattern impact.
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Figure 5. Driving forces of indirect CO2 emissions during 1990–2005. ∆intensity is the intensity effect,
∆supply chain is the supply chain structure effect, ∆pattern is the consumption pattern effect, ∆volume
is the consumption volume effect, ∆size is the household size effect, ∆distribution is the household
distribution effect, and ∆household is the household number effect.

Summarizing the effect of household size, the number of households and household distribution
in 1995, 2000 and 2005 and observing the changes, it was identified that the effect is gradually changing
toward the positive and increasing. This shows that if Japan maintains an aging society with a low
birth rate, the indirect CO2 emissions generated by households will continue to grow.

3.3.2. Driving Forces of Indirect CO2 Emissions of Key Sectors

By observing the changes in indirect CO2 emissions in different sectors, this study identified four
sectors with significant growth (amount) in indirect CO2 emissions from 1990–2005. These are the
housing, medical, private vehicle and public transport sectors. We emphasize discussion about the
decomposition results for these four sectors, as shown in Figure 6, because we consider it essential
with regard to the relationship between an aging, shrinking population and increasing household CO2;
those for the other 10 sectors and additional insights for the two most remarkable sectors showing the
highest and lowest growth rate (i.e., the information and communication and clothes and footwear
sectors, respectively) are detailed in Appendix A.
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and 2005 for four selected sectors. ∆intensity is the intensity effect, ∆supply chain is the supply chain
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∆size is the household size effect, ∆distribution is the household distribution effect, and ∆household
is the household number effect. (a) Housing sector, (b) public transport, (c) private vehicles, and (d)
medical sector.

First, the housing sector (Figure 6a), which produced the largest indirect CO2 emissions at any
time between 1990 and 2005, increased consistently between 1990 and 2005. The technology and
size effects are the main drivers which reduce indirect CO2 emissions. The rapid development of
energy-related technologies has greatly reduced the indirect CO2 emissions from housing. At the
same time, with the growth of single-member families, the proportion of small-scale households has
gradually increased [46]. Compared with average-sized households, small-scale households utilize a
lower number of consumables and appliances (e.g., air-conditioners, etc.), leading to a lower level of
indirect CO2 emissions. The number of households, consumption volume, and consumption pattern
were the main drivers of CO2 emissions growth. From 1990 to 2005, the number of households in Japan
expanded. At the same time, the increase in single-member households has increased the demand for
housing, further expanding consumption volumes. Therefore, the positive impact of the number of
households and consumption volume on indirect CO2 emissions increased. As for the consumption
pattern, residents seeking a better quality of life tend to invest in quality of life outcomes, leading to an
increase in indirect CO2 emissions.

The public transport sector is the second-largest indirect CO2 emitter among the four sectors.
As shown in Figure 6b, changes in consumption volume and the number of households were the main
drivers which promoted the growth of indirect CO2 emissions in this sector. The number of households
in Japan continued to grow from 1990 to 2005, increasing the positive effect, while, due to economic
situation changes, residents might choose public transport in order to reduce living costs. An increase
in environmental awareness has also prompted people to use more public transport. In addition,
indirect CO2 emissions have been restricted to a large extent by the household size and household
distribution effects. The reason for this may be that small-scale households may prefer to travel by
lower-cost public transport when compared to private transport, with the same trend shown by the
elderly. Moreover, the development of low-carbon technologies has also greatly reduced the CO2

emissions associated with the public transport sector.
The private vehicle sector is one of the main sources of direct CO2 emissions from households

(see Figure 1), while this sector also has a strong impact on indirect CO2 emissions. With the increasing
number of households in Japan [46], the demand for private cars is also expanding [42], causing the
number of households and consumption volume effects to become important drivers in promoting
indirect CO2 emissions in this sector, as shown in Figure 6c. The supply chain effect has increased
indirect CO2 emissions, which is likely due to economic globalization, causing the production
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and manufacture of automobiles to be regionally diversified, whereby technological differences in
production and transport between regions may place upward pressure on indirect CO2 emissions.
The consumption pattern has become the main driver restricting indirect CO2 emissions, perhaps
because people have become more likely to use public transport due to the abovementioned reasons,
although many households still have a need for a private vehicle. With increasing awareness of
environmental protection, households are willing to consider the purchase of environmentally friendly
automobile models. Meanwhile, with the development of automobile manufacturing technology,
consumers are more willing to buy fuel-efficient vehicles. Household size and household distribution
effects had a stable, inhibitory effect on indirect CO2 emissions, mainly because an aging society and
the increase in households with less members reduced the consumption of private vehicles.

Although the medical sector has the lowest indirect CO2 emissions among the four sectors
analyzed, it has the highest growth rate, at 73% (Figure 6d). Considering the current situation of Japan’s
aging society, the medical sector has a great impact on the lives of elderly people. Therefore, it is of
great practical significance to analyze the influencing factors of indirect CO2 emissions in the medical
sector. Consumption patterns and consumption volume have strongly contributed to the increase in
indirect CO2 emissions as elderly households increase. In the context of an aging society, Japan’s elderly
population continues to grow, leading to the continued expansion of national medical expenditure.
Furthermore, the proportion of imported drugs has been gradually increasing [42], which is also the
main reason for the decreasing impact of supply chain structure on indirect CO2 emissions. Though
the impact of technology on indirect CO2 emissions changed during 1990–2005, it has always been
negative. This is probably due to the continuous development of medical manufacturing technologies
which are more environmentally conscious. Finally, the household size also plays an important role in
inhibiting indirect CO2 emissions. The decrease in household size (i.e., a relative increase in the share
of small households in the total households) has greatly reduced household consumption of medicine
and consequently reduced indirect CO2 emissions to a certain extent.

4. Conclusions

This study identified the driving forces of direct and indirect household CO2 emissions (i.e.,
household CF) both overall and at the sectoral level using IDA and SDA. In the analysis, emissions
from different age groups were also considered. The main findings from our analysis are as follows:

1. Among household-related CF during 1990–2005, indirect CO2 emissions kept increasing from
1990, although direct CO2 emissions slowed down between 2000 and 2005.

2. Per capita CO2 emissions of direct and indirect emissions by household age group showed similar
distributions during the studied period. Emissions begin to rise from the 20s and decline after
peaking in the 50s. In addition, the level of both direct and indirect emissions per capita did not
change radically during the analyzed 15-year period.

3. The two decomposition analyses for direct and indirect CO2 emissions showed that the effects of
changes in household size due to the trend away from nuclear family structures and production
technology progress restrained indirect CO2 emissions to a large extent. On the other hand, the
results also showed that if Japan continues to follow current consumption and demographic
trajectories (i.e., the aging society becoming an ‘aged’ society), both of those emissions will
increase regarding the contributions from related drivers.

4. Decomposition analysis for the sectoral CF showed that the main factors leading to the increase
in indirect CO2 emissions were the increase in the number of households and consumption
volume. Regarding aging and a reduced birth rate, the increase in small-scale households has
increased the overall number of households in Japan due to changing family structures, which
has expanded household consumption volume per capita—an important driving force behind
increasing household CF.
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Based on these findings, the following conclusions are offered to contribute toward achieving
Japan’s future carbon reduction target. It is necessary to comprehensively consider the household
CF, and, considering the impact of an aging society on Japan’s overall CO2 emissions, more practical
measures should be taken to reduce CO2 emissions by sector. Specifically, the following policy
implications are proposed based on our findings.

First, carbon-reduction policies in an aging society should consider demographic influences.
Under an aging society with an increase in the proportion of elderly people, the proportion of young
people will gradually decrease. Therefore, household-related sectors need to pay more attention to
the CO2 emissions from consumption by elderly people. In addition, from the perspective of factors
affecting CO2 emissions within sectors, the increase in small-sized households greatly increase CO2

emissions. Thus, for further CO2 emission reductions, enterprises in household-related sectors should
adjust their business orientation to meet the needs of small-scale households.

Second, consumers should be encouraged to consume responsibly; i.e., by choosing
environmentally friendly products or restricting the irresponsible consumption of goods and services
(e.g., less food waste). As a first step toward doing so, considering the fact that the indirect CO2

emissions of residents’ lives are higher than their direct CO2 emissions, it is imperative that householders
are made aware of this fact. This educational aspect will be essential in order to reduce indirect CO2

emissions as well as promoting low-carbon production for industry. The government should expand
financial support for enterprises to develop low-carbon technologies to alleviate financial pressures and
stimulate enterprise to invest in related research and development. From the consumer side, the key is
to develop green-consumption awareness and to encourage the purchase of environmental-friendly
commodities. For example, for household products, which account for a large proportion of households’
indirect CO2 emissions, financial support should be provided when purchasing environmentally
friendly products. Moreover, a healthy lifestyle is of great significance for residents to reduce potential
CO2 emissions; for instance, healthy living habits can keep the body in good condition, which is likely
to reduce certain medical expenses and decrease the indirect CO2 emissions from the medical sector.

In addition to policy implications from the domestic perspective, there is also an important
implication from the international perspective. Although the aging society is a serious issue in
Japan, this issue is also emerging in developed countries. Even for developing countries, China
is also beginning to experience an aging society. Therefore, achieving the goal of CO2 mitigation
under the constraints of an aging society has important practical significance for many countries.
In order to reduce per household emissions, policy encouraging multi-generational households may
be appropriate. A complementary policy for per capita emission amelioration may be to encourage the
sharing economy, whereby individual consumption is offset by shared facilities and conveniences (i.e.,
car sharing, etc.). As illustrated above, such a demographic shift would gradually change toward the
positive and increase indirect CO2 emissions to a level which is higher than direct emissions, which is
associated with an increase in the number of households rather than population. Thus, it should be
noted that efforts for recovering the population and labor force through policy measures will eventually
lead to an increase in overall CO2 emissions. On the basis of clarifying influential factors toward the
CF, particularly those for sectors which presented an increasing trend such as food, public transport,
private transport, and the medical sector, the implementation of carbon reduction schemes are crucial.
Furthermore, the government needs to formulate fit-for-purpose carbon reduction policies based on
the characteristics of CF for different age groups. Finally, because the aging society issue occurs over a
very long time-span, CO2 emission reduction policies should be continuously adjusted according to
the evolution of demographic changes.
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Appendix A

Figure A1 depicts direct and indirect CO2 emissions per household during the period 1990–2005.
Among age groups, both direct and indirect CO2 emissions per household for those in their 50s were
estimated to be the largest, followed by those in their 40s during all periods. This is mainly because
their average household income and family size were larger than for other households (e.g., in 2005,
the average household income and family size in their 50s and 40s are 7.83 and 7.25 M-JPY/y and 2.87
and 3.17 people/household, respectively). While indirect CO2 emissions for those in their 60s were the
third largest for the 15 years investigated, their direct CO2 emissions were fourth—smaller than for
those in their 30s from 1990 to 2000. In 2005, emissions in the 60s group increased to become larger
than for the 30s. Comparing the per household results to the per capita results, as presented in Figures
1b and 2b, the largest emissions were seen from those in their 50s. However, the orders of magnitude
of indirect CO2 emissions for those in their 40s and 60s differs between per household and per capita
results, as seen in the emissions levels for 1990 and 2005. This is also observed for direct CO2 emissions
for households aged between their 20s and 70s. These differences between per household and per
capita are most affected by the average family size and composition of households (as described in the
body of this study).
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Figure A1. Sectoral composition of per household CO2 emissions by age group (t-CO2/y) from 1990 to
2005. (a) Direct and (b) indirect.

Figure A2 depicts a sectoral-level decomposition analysis for indirect CO2 emissions, except
for the sectors discussed in Section 3.3.2. Note that the highest and lowest growth rates of indirect
emissions were shown in the information and communication and clothing and footwear sectors,
respectively. The growth rate in the information and communication sector was 267%, while that in the
clothing and footwear sector was −31% during the studied period. The reasons behind these changes
can be explained as follows. In the information and communication sector, the pattern effect was the
major factor underpinning an increase in emissions (Figure A2e). From the end of the 20th century, the
world, including Japan, began to enter into the information technology age, and computers and the
internet began to spread. At the same time, mobile phones also became more common. This means
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that information and communication technology penetrated into daily life, and the consumption of
such technologies has rapidly increased, having a commensurate effect on indirect emissions.

In the clothing and footwear sector, the pattern effect was also the main factor responsible for
reducing indirect emissions (Figure A2c). During the studied period, the outsourcing of production in
this sector to developing Asian countries reduced production costs (as a result, the supply chain effect
became positive during this period). At the same time, fast fashion became popular (Uniqlo, etc.).
These complementary phenomena resulted in a lower consumption of apparel and led to a reduction
in indirect emissions.
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