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Abstract

Numerous studies have investigated the hotspots for reducing carbon emissions associated with
household consumption, including reducing household carbon footprints (CFs) and greener
lifestyle choices, such as living car-free, eating less meat, and having one less child. However,
estimating the effect of each of these actions requires the simultaneous consideration of lifestyle
choices and household characteristics that could also affect the household CF. Here, we quantify
the reduction in household CFs for 25 factors associated with individual lifestyle choices or
socioeconomic characteristics. This study linked approximately 42 000 microdata on consumption
expenditure with the Japanese subnational 47 prefecture-level multi-regional input—output table,
which are both the finest-scale data currently available. We improved the accuracy of household CF
calculations by considering regional heterogeneity, and successfully estimated the magnitude of
household CF reduction associated with individual lifestyle choices and socioeconomics. For
example, it was found that moving from a cold region to a region with mild climate would have
considerable potential for reducing the CO, emissions of a household, all other factors being equal.
In addition, a household residing in a house that meets the most recent energy standards emits
1150 kg less CO, per year than if they reside in a house that meets previous energy standards.
Ownership and use of durable goods also had the potential for reducing the CO, emissions of a
household; a normal-sized car, a personal computer, a compact car, and a bidet were associated
with CO, emissions of 922, 712, 421, and 345 kg per year, respectively. The findings therefore have
important implications for climate change mitigation and policy measures associated with lifestyle.

1. Introduction

The consumption of goods generates direct and
indirect (i.e. lifecycle) environmental and resource
impacts in their supply chains. In recent decades,
the impacts of goods and services have been widely
assessed in consumption-based accounting as ‘foot-
prints’ (Wiedmann and Lenzen 2018, Heinonen
et al 2020). Studies of environmentally extended
input—output analysis (IOA) have shown that daily
household consumption is the dominant contrib-
utor to greenhouse gas (GHG) footprints (i.e. car-
bon footprint (CF)), accounting for around two-
thirds of global carbon emissions (Hertwich 2011,
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Ivanova et al 2016). Numerous studies have there-
fore investigated the important consumption drivers
of the household CF and examined what per-
sonal actions could reduce this footprint effect-
ively, such as living car-free, eating less meat, and
having fewer children (Wynes and Nicholas 2017,
Vita et al 2019, Ivanova et al 2020). Some of
these studies focused on household characteristics
to identify which attributes of a household contrib-
ute most to household CFs, and most established
that higher-income households have larger footprints
than lower income households (Wiedenhofer et al
2018). These studies mainly examined the effect of
each household characteristic on the household CE.
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It is also important to consider the specific con-
sumption choices in conjunction with the household
attributes being controlled for. For instance, high-
income households in a city would increase their
CF by using more electric appliances, and decrease
their footprint by avoiding car travel because of
the well-developed public transport infrastructure in
cities.

Previous studies have examined the relationship
between household income and carbon and energy
footprints using econometric approaches (e.g. Lenzen
et al 2006, Baiocchi et al 2010, Wiedenhofer et al
2013, Jiang et al 2020). While these analyses provided
insights into reduction policies related to CFs, the
sample sizes used were small because only the average
expenditure in each area was utilized, which meant
that the spatial resolution was insufficient for accur-
ately characterizing factors that impact the house-
hold CF (Ivanova et al 2017). The use of aggregated
(e.g. country- or regional-level) data is problematic
because it can lead to misspecification and/or biased
estimates (Theil 1954, Orcutt et al 1968, Clark and
Avery 1976). To deal with these problems of data
aggregation, some studies used datasets containing
data from a large number (e.g. more than 1000) of
households (Ala-Mantila et al 2014, 2016, Baiocchi
et al 2015, Ottelin et al 2015, 2019, Fremstad et al
2018, Gill and Moeller 2018, Koide et al 2019, Li et al
2019), or large datasets were constructed for analysis
(Jones and Kammen 2014). For example, Fremstad
et al (2018) utilized a quarterly panel dataset with
approximately 28 000 households in the US and
found that CFs could potentially be reduced through
an economy of scale, which provides opportunit-
ies for carbon-intensive goods to be shared. Jones
and Kammen (2014) applied econometric mod-
els to approximately 30 000 household consump-
tion expenditures in national household survey data
linked to US postal codes. They also clarified the rela-
tionships between household CFs and US socioeco-
nomic and typological factors, such as population
density, the number of rooms in a house, and the age
of a house, all of which can influence consumption.
However, due to the national input—output model
adopted, the CF estimates obtained in these stud-
ies did not reflect differences between subnational
regions with regard to the technologies and supply
chains that produced the consumption goods and
services.

In this study, we examined the relationship
between household characteristics (e.g. socioeco-
nomic, geographic, and demographic measures) and
household CFs in Japan using a rich dataset. The
dataset was constructed by combining a subnational
multi-regional input-output model (MRIO) with
micro-survey data, which included 25 characteristics
for approximately 42 000 households. To our know-
ledge, this is the largest and most accurate dataset
currently available in Japan. We also set a goal of
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quantifying the CF reduction for each lifestyle choice.
The findings of this study can, therefore, provide
more detailed insights into the factors that potentially
affect the household CF, with useful policy implica-
tions for GHG emissions reductions associated with
changes in lifestyles as demand-side solutions (Seto
et al 2016, Creutzig et al 2018).

2. Methods

2.1. Data for detailed estimations of household CF
The household CF is derived from direct carbon
emissions from fossil fuel combustion (i.e. driving a
car) and indirect carbon emissions associated with
household electricity use and the production of goods
and services consumed through household supply
chains (i.e. passenger car manufacturing) (Weber and
Matthews 2008). In a review, Tukker et al (2010)
examined income level, household size (number of
family members per household), geographic location,
house type, automobile ownership, food consump-
tion patterns, international (and interregional) trade,
and social and cultural differences as the key determ-
inants of the household CF. In addition, they found
that for economically developed nations, the most
critical consumption categories affecting the house-
hold CF were food and beverages, mobility, hous-
ing, and products that use energy, such as household
appliances. This result has been corroborated by other
studies (Hertwich 2005, 2011, Huppes 2006, Tukker
and Jansen 2006, Ivanova et al 2016, 2017, Shigetomi
et al 2017). Based on these studies, we quantified
the spatial attributes of household CFs in Japan in
detail, and conducted a regression analysis of house-
hold energy and CFs based on previous studies.

The variables used for the regression analysis and
their definitions and sources are listed in table 1. The
household consumption expenditures used to estim-
ate the CF and most of the explanatory variables were
retrieved from the microdata of the Japanese National
Survey of Family Income and Expenditure (NSFIE)
for the year 2004, with special permission from the
Ministry of Internal Affairs and Communications,
Japan (MIC). The dataset consists of information on
60 058 households. The population density, Dens-
ity, was determined for each city where the house-
hold is located. The numerator of Density, i.e. total
population, was obtained from the 2004 Basic Res-
ident Registration of Japan (MIC 2011); in this way
the population data corresponded to the microdata of
the NSFIE. The denominator, i.e. area of each region,
was calculated using geographical information sys-
tem data provided by the National Land Numerical
Information, and downloaded from the Ministry of
Land, Infrastructure, Transport and Tourism (MLIT
2020). House type was classified as an apartment or
freestanding house; the dummy variable value for
House is 0 (apartment) or 1 (freestanding house).
Since the Japan Meteorological Agency (2017) does
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not report city-level temperatures, we estimated the
heating degree days (HDDs) and cooling degree days
(CDDs) for each prefecture as the simple average of
values observed at all the meteorological weather sta-
tions within a prefecture.

The NSFIE database lists the year that the house
was built (e.g. 2000). In Japan, the law of the stand-
ard for home energy saving was passed in 1980, and
the heat insulation requirements for housing were
amended; for example, energy conservation stand-
ards were updated in 1994, 1998, 2013, and 2016.
Thus, depending on the year when the house was
built, we used three dummy variables to distinguish
between the home energy standards. Built I, Built
II, and Built III take on a value of 1 if the house
was built during 1980-1993, 1994-1997, and 1998 or
later, respectively. The base group of these dummy
variables consists of houses built during 1955-1979.
Due to the survey design of the NSFIE, the year
of construction for a household is listed only if the
household owned their house and it was built in 1955
or later. Consequently, data were missing for 17 676
observations, and the number of observations used
in our main model was therefore 42 257. In order to
use as many observations as possible for each regres-
sion equation, those households with missing val-
ues were omitted from the analysis, which meant
that the number of observations ranged from 42 257
to 60 058 (see tables S4 and S6 (available online
at stacks.iop.org/ERL/16/064022/mmedia)). We also
analyzed the regression equations by using the smal-
lest ‘common’ dataset to examine whether omit-
ting households with missing values influenced our
regression results (see tables S8 and S9 in the support-
ing information (SI)).

To obtain the explained variables, we used an
MRIO model covering the 47 prefectures in Japan
(47MRIO) (Hasegawa et al 2015) to estimate the
CO; emissions embodied per unit of expenditure (CF
intensity). The MRIO model is a recent solution for
distinguishing the regional differences in technology
and supply chain structures. MRIO tables describe
economic transactions across multiple regions, and
have been adopted to quantify the CF, as well as car-
bon leakage from rapid development in the recent
decade (Wiedmann et al 2011, Inomata and Owen
2014, Lenzen et al 2017, Naegele and Zaklan 2019).
Most recently, Ivanova et al (2017) and Ottelin et al
(2019) used an MRIO model to conduct a regression
analysis for estimating household CFs across nations
in the European Union (EU). The 47MRIO comprises
80 commodities and 47 prefectures based on 2005
data. Although the targeted year is vintage, the model
describes the commodity sectors in more detail than
other interregional models (e.g. Chinese MRIO of Mi
et al 2018 has 30 economic sectors for 30 provinces).
Our analysis is the first to combine subnational MRIO
and micro-consumption data to analyze the CF of
households in Japan.

Y Shigetomi et al

2.2. Estimating household CFs using a regression
model

The household CE Qj;, due to consumption of com-
modity j by household i, was quantified based on
the IOA (i.e. Leontief demand-pull model; Miller and
Blair 2009) using equation (1):

Qij = eyfijs (1)

where, e,; refers to the total (i.e. direct and indir-
ect) CO, emissions per unit consumption expendit-
ure on commodity j in prefecture p where house-
hold i lives, and f;; to the consumption expenditure
on commodity j by household i. The data for f;; were
obtained from the NSFIE, while those for e, were
estimated based on the 47MRIO and sectoral direct
carbon intensities, which we will explain below.

The carbon intensity, e;, can be decomposed into
two terms, e = egj + e},j, where egj and eli,j are direct
and indirect emissions, respectively. To quantify the
direct intensity, egj, we considered only energy-related
commodities (i.e. gasoline, light oil, kerosene, lique-
fied petroleum gas, city gas, and coal products). The
national average direct carbon intensity (Nansai and
Moriguchi 2012) was applied due to the limited data
availability. For indirect emissions, e},j, we calculated,
for the first time, the 2005 carbon intensities for the 47
prefectures in Japan using the 47MRIO, the domestic
energy balance table by prefecture, and the results of
a direct survey of each prefectural government. After
determining the CF intensity for each prefecture and
each commodity, we matched 80 commodities that
determine the carbon intensity to 320 items on the
NSFIE (table S3). Then, consumption expenditures
were transformed from the purchaser price to the
producer price to make them consistent with the car-
bon intensity using the national margin table. Given
that the NSFIE is published every five years, we used
the NSFIE from 2004, the closest publication year
to the 47MRIO, to obtain the specific consumption
expenditures by household. The method used to cal-
culate the household CF used in this study is also elab-
orated (Kanemoto et al 2019, 2020).

Next, to examine the relationships between the
CF and the household characteristics selected for this
study, we used the regression equation formulated in
equation (2):

In(Q¢i) = fo +xiP +€i, (2)

where Q¢; = > Qjj denotes the CF of household i. C
jeC
indicates a cojnsumption category or a group of com-
modities. We adopted the following categories and
considered the differences among them in terms of
the drivers of CFs: (a) food and beverages, (b) elec-
tricity, (c) gas, (d) other heating (e.g. kerosene), (e)
durable goods, (f) consumable goods, (g) education
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(e.g. electricity related to school activities), (h) med-
ical (e.g. operation of medical equipment), (i) private
transport, (j) public transport, and (k) other services.
In this study, these 11 categories (C =1, ..., 11) were
determined by aggregating 320 commodity sectors
(G =1, ..., 320) listed in the Japanese NSFIE (MIC
2017) in line with the ‘classifications by goods and
services’ defined in the NSFIE (see table S3). Dur-
able goods cover home electric appliances, furniture,
recreational equipment, bicycles, and bags. Note that
passenger vehicles and their associated products and
fuels are classified as private transport. Consum-
able goods include nondurable items, except food
and beverages, medicines and supplements, and fuels.
Other services include non-goods not attributed to
(a)-(j) (e.g. commercial laundry, water supply and
sewerage, information and communication services).
x; = (x;) is the vector for the explanatory variables
for the attributes of household i. 5, and 3 are para-
meters to be estimated, and ¢; is an error term. The
explanatory variables selected in this study, and the
related hypotheses based on the previous studies, are
presented by domain in table 2 and in the SI (see
sections S1.2 and 1.3). We transformed the values for
income, savings, population density, and gross floor
area as well as CFs into their logarithmic forms. Note
that a value of 1 was added to income, savings, and
CF before taking the logarithm because those vari-
ables are 0 for some households. This would change
the basis of the rate of change from 1 to 0 (Wooldridge
2020).

3. Results and discussion

3.1. Regression analysis of the Japanese household
CF

The ordinary least squares (OLS) results obtained by
regression analysis are shown in table 3. Addition-
ally, to better clarify the relationship between the CF
and household characteristics, we applied the OLS
regression method to the household CFs for the 11
consumption categories. The estimation results are
presented in table S6. We also applied the seemingly
unrelated regression (SUR) for the purposes of com-
parison; we selected the SUR to consider possible cor-
relations between the error terms in the 11 regression
equations (see table S7). For both tables S6 and S7,
selected explanatory variables were excluded from the
regression equations if they were regarded as irrelev-
ant. For instance, the variables indicating the owner-
ship of vehicles were included only in the equations
for private and public services; all of the variables are
included in the equation for other services.

Overall, most of the coefficients in the main
model shown in table 3 were statistically significant.
We examined the robustness of the results obtained
using the main model in table 3, by excluding those
variables that were not significant (i.e. Motorbike,
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Microwave, Fridge, and Washer). The estimated coef-
ficients for the significant variables were not sub-
stantially changed and they remained significant, as
shown in table S5. We also calculated the variance
inflation factor (VIF) and confirmed that there was
no serious multicollinearity problem (i.e. VIFs were
<2.30). R-squared was approximately 0.385, which is
comparable with the adjusted R-squared reported in
a previous study (Koide et al 2019), which analyzed
Japanese CFs using microdata and the global MRIO
for Japan. Here, we summarize our most important
findings.

The coefficients for In(Income) and In(Income)?
were both significant and positive in the main model,
suggesting that the CF would increase progressively
with income growth. Note that the correlations for
the squared values of Income and Savings were used
in the regression equations to examine whether the
CF increases nonlinearly with income and might
decrease after a certain income threshold (Baiocchi
et al 2010, Ivanova et al 2017). Table 3 shows that
the CF increased monotonically with Income. Regard-
ing the elasticity of the CF with respect to income,
the estimates obtained using the sample mean were
significantly positive among all of the columns (See
table S2). Moreover, Savings showed a similar trend
to Income, which is associated with an increase in the
CE

Next, the coefficient for In(Density) was signific-
antly negative, which is consistent with the previ-
ous studies listed in table 2. An increase in popu-
lation density, which is a proxy for urbanization, is
estimated to generally reduce the household CFE. Con-
versely, looking at the results by consumption cat-
egory (table S6), population density was associated
with an increase in the CFs for food, education, and
public transport, which indicates the specific impacts
of urbanization on the household CF and identifies
targets for mitigation.

The coefficient for Built III was also significantly
negative, indicating that newer (i.e. more energy effi-
cient) houses are associated with a reduction in the
CE As expected, the coefficient for In(Floor) was sig-
nificantly positive, which is consistent with previous
studies (e.g. Lenzen et al 2006). The finding that the
coefficient for House was significantly negative was
surprising as this implies that living in a freestand-
ing house is superior to living in an apartment in
terms of the CE This is a unique, or probably unreal-
istic, result because a freestanding house should not
be superior to an apartment in terms of energy effi-
ciency, particularly in terms of air conditioning (see
table 2). Estimating the CF by consumption category
(table S6) showed that the coefficient for House was
significantly positive for other types of heating (e.g.
kerosene). This result is consistent with our assump-
tion that a freestanding house is less efficient than
an apartment for air conditioning. Conversely, the
coefficient for House was significantly negative for



Y Shigetomi et al

Environ. Res. Lett. 16 (2021) 064022

10P Publishing

(‘panunuoy)

(LT0T [v 12 eAOURAT ‘CTOT [V 12

*19YS31Y 2q 03 AJNI] ST SUTUOTITPUOD

I2JOYUIPIIM ‘T [(7 A2UInD) pue noyyz ‘8007 [v 42 INSuely) Ire wolj asn A31ous swoy ‘eseadur ST H A[JIuow oY) sy + daH
“10yS1y 9q 03 A[2YI] ST $12)BY I9YJO PUB SIA0)S
(1107 LouIno pue noyy ‘8007 [v 42 INSULIN) seS woy asn A310u0 SWIOY sBAIOUT S (ID) A[JIUoW 3y} Sy + aan SjewII] [0
(6107 1217
‘8107 [V 32 BAOUBAJ ‘QT()7 [V 42 PRISWAI] §] ()7 USWIUIRY] ‘soouerjdde pue asn A31oud swoy
pue sauo( ‘010 v 12 TY2201Rg ‘90()T [V 12 UIZUIT) a10w 21mMba1 p[nom suoo1 310w 10 seaIe 100]) 1318 + 1001
-asn Suneay pue ‘sed A3o11o9[e sonpal (Awrwump) 77 11mg
0 Pa302dxa ST YoIyM ‘UoTIR[NSUI 193329 2ARY JuIp[Iing (Awrwunp) g ying
(STOZ 7 12 IO F 107 USWWEY pUe SAuo() 10§ sprepue)s £310Ua 10yS1Y YIIM J[INQ SISNOY JOMIN F (Awrwump) 1 1ping
‘spIepuels Surp[ng JUsHYJe A319Ud 210U SE [[oM S
(6107 [v 12 ap1oY ‘SWI00I T[S A[[BIOUAS ‘pUE S[[EM IPISINO JoMdJ O} NP
‘810 [V 12 BAOUBAT 0T(7 [V 12 INPINT, ‘9007 [V 42 UIZUT) 9snoY AIeI[0S © UBY} UONB[NSUT 19))9q sey juauntede uy + (Awwunp) asnoyy  S3UI[[amp JO SOISLINIBIRYD [BIISAYJ
(6102 v 12 9p10Y ‘6107 'sjonpoid parmoejnuet pue dINsId| ‘pooj
10 32 1T ‘107 I2[[POIN PUE [[ID Q10T [V 42 UYD LT10T [V 12 woiy syoeduwr uoqred 12y3IY ALY SEIIE UBGIN TIAIMOL]
BAOUBAJ ‘91()7 [¥ 42 IpndIpno) ‘6107 [¥ 12 UIPNO ‘q8107 [V “Ayisuap uonendod 1oyS1y ym sasearour J1odsuery
12 UIPNQO ‘ST0OT [¥ 12 UTPNO F1(7 UdUWWEY pUe Sauof o11qnd 10§ 1Y) S[TYM PIdNPaI 3q P[NOM DUIPISAI pue
‘9107 [V 12 BURIN-BTY ‘FT0T [V 12 B[NURIN-B[Y ‘10T 110dsuen) ajearid 105 syusuwaarnbar A31ouy ‘uoneziueqn
10 12 XUTIA] ‘€107 [V 42 IJOYUIPIAIM 9007 [V 10 UZUIT) Jo 2213ap 10j £x01d [njasn e st Ly1suap uonendog F Apsuaq uonezrueqin
‘[oABI} 2INSI9]
SB [ONS SIS pue spood d[qeinp aIsuadxa jo saseyoind
dI0W UM pajerdosse a1e sduraes 1oySiH ‘uondwnsuod 10§
(6107) [v 12 9p10Y] 95UBMOT[E JO 92139P 31} $3JBIIPUT SFUTAES JO JUNOWE I, + s3u1avg
(6107 1v 32 3PIOY 6107 [V 42
I'T ‘QT0T I2[[QOIN PUe [[ID) ‘YT(0T [P 12 PAASWAI] Q10T [V 42 *QUIOdUT IYSIY B YIIM
BAOURAJ /()7 [V 10 BAOUBAT H [ ()7 USWIURY PUE SAUO[ ‘9T()7 $901A19$ pue spoog uo a1ow puads ues ajdoad asnesaq
[V 12 B[DURIN-B]Y 107 [V 12 [DUBIN-B[Y ‘C10T [V 10 XUIA] amjrpuadxe uondwnsuod pjoyasnoy Jo JUBUIULI)IP
0107 [P 42 INXPNL, ‘0T0T [V 12 TYdO0TRY 90T [V 10 UIZUT) aansod e 9q 0) POOISIOPUN ST JWOIUT P[OYISNOH + uL0oUJ SOTUIOU00
SIOUIYY Suruoseayy  103y2 PAdIpaI] J10)e21pU] surewro(J

JD proyessnoy a3 WGﬁNECwm 10J pasn S3uaIdJJa0d ﬁwuuw&umu pue so[qeLrea \AHOHMENAQNQ P23139[3S T 9IqeL

D~



Y Shigetomi et al

Environ. Res. Lett. 16 (2021) 064022

10P Publishing

1oprd
NI
AL
*9WOOUT P[OYISNOY YIIM ISBIIOUT P[OM SITUOIIII[D agpiag
pue saouerdde swoy Jo IoquINU YT, "Pasn ST AJIOLIOID od SOTUOMIIR
210U A} “PAUMO $OTUOIIII[? dwioy pue saduerdde 2AVMOIIIIN pue saouerjdde
(6107) 1v 12 9p10Y] S11309[9 JO Iaquunu ) 123813 3 Jet]) Pa3oadxa 1] + U0y swoy jo drysroumQ
(610C -asn J10dsueny orqnd jo Apuanbaiy oy soonpar sapIYPA 219410307
1V 12 9pIOY] ‘6107 P 12 I'T ‘810T IS[[QOIN PUe [[ID ‘€107 9eatrid jo drgs1oumo ‘os[y ‘aoUBUUIRW PUL [oN] YIIM NI121YaA
10 32 IJOYUPIIM ‘€107 [V 12 XUIN ‘0T0T [¥ 12 1NL,) pajenosse 10 Y3 sadueyd sa[OIYaA d)earid Jo Iaquunu Ay, F SN2IIYIA sap1yaA 2yearid jo diysioumQ
's1824 G9 UBY[} dI0W
pade oydoad ym spoyasnoy ur aseaIdur 0} AJdN] a1e sasuadxa
(6107 TEOIPIIN “1o8uo] a1e pardnodo ST asnoy a3 Jet) SIoy swmniep G9dojduaun)
[0 32 3P10Y ‘6107 ¥ 12 Suen ‘QT(T [V 12 BAOUBA ‘6T(07  9Y) 9snNeIq asn A310ud dwIoy aster 0} pajdadxa st pjoyasnoy e Godojdug
1p 32 UIPNQ ‘8107 P 12 UIPNQ ‘STOT [P 12 UIPNQ 9107 ut 9doad pafojdwaun Jo 1oquIinu 3y ], ‘UOTILINP3 0] PIIB[I ynpyAorduaun
1V 12 B[UBIN-B]Y ‘T 107 [V 12 R[IIUBIN-B[V ‘0T0T [V 12 IoyN], sarmIpuadxa 1918213 0) Ped] UIP[IYd 210w Temonted ynpyAojdug
‘0107 Jv 42 Tyd20TRg Q00T [V 42 INSUBIN ‘9007 [V 1o UIZUIT) uf ‘uondwnsuod pjoyasnoy saseaIout dz1s AJrurey 1o31e] v + Pty soryderdouraq
SIOUIYY Suruoseay 193333 PadIpaId J10)e21pU] surewro(J

(‘panunu0D) 7 AqeL



10P Publishing

Environ. Res. Lett. 16 (2021) 064022

Table 3. Regression results for total household CF using OLS

method.
Domains Variables
Economics In(Income) —0.299"""
(0.006)
In(Income)? 0.0478" "
(0.0008)
In(Savings) —0.0306
(0.0034)
ln(Savings)2 0.00525" "
(0.00036)
Urbanization In(Density) —0.00632" "
(0.00146)
Dwellings House —0.0821"
(0.00651)
Built I 0.00763"
(0.0045)
Built IT —0.0355"
(0.0059)
Built I11 —0.0767
(0.0057)
In(Floor) 0.0394 "
(0.0056)
Local climate CDD 0.000693 "
(0.000345)
HDD 0.000810" "
(0.000080)
Demographics Child 0.0332" "
(0.0019)
EmployAdult 0.0101"""
(0.0031)
UnemployAdult 00701
(0.0030)
Employ65 —0.0514
(0.0059)
Unemploy65 0.0178"""
(0.0032)
Ownership of VehicleNS 0.0615
private vehicles (0.0030)
VehicleK 0.0281 "
(0.0031)
Motorbike 0.00545
(0.00363)
Ownership of AirCon 0.0176" "
home appliances (0.0014)
and electronics Microwave 0.00738
(0.00631)
PC 0.0475 "
(0.0022)
Fridge 0.00549
(0.00352)
TV 0.00803" "
(0.00169)
Washer —0.0204" "
(0.0059)
Bidet 0.0230" "
(0.0029)
Constant 225377
(0.031)
Observations 42 257

Y Shigetomi et al

Table 3. (Continued.)

R-squared 0.385

BIC 33 641

Standard errors calculated by the Huber-White method are in
parenthesis.

The adjusted R-squared is equal to the R-squared, at least, up to
the third decimal place.

BIC is the Schwarz Bayesian information criterion.

* kK

p<0.01.
**p <0.05.
*p<0.1.

electricity. This does not necessarily imply that our
assumption is incorrect, because electricity is used for
avariety of purposes and not limited to air condition-
ing, but we were unable to clarify the reasons for this
result. It is therefore necessary to explore other factors
that affect the coefficient for House that reduce the
total household CF, such as the building structure and
other home equipment, which were not included in
this study.

Regarding the demographic factors, Child,
EmployAdult, UnemployAdult, and Unemploy65, were
all positively correlated with the household CF, which
is expected. The coefficient for UnemployAdult was
associated with the largest increase in the house-
hold CF and was followed by Child, Unemploy65, and
EmployAdult. On the other hand, the coefficient for
Employ65 was negative. Taken together, these differ-
ences are expected to reflect the length of time spent
at home. More detailed analyses are elaborated in
sections S2.1 and S2.2.

3.2. Effective lifestyle choices for carbon reduction
To determine which factors should be prioritized to
mitigate climate change in line with lifestyle choice,
we estimated the potential CF reduction achieved
under typical lifestyle choice scenarios based on the
regression results discussed above. For example, the
scenario ‘living in a more urbanized region’ is asso-
ciated with a change in population density between
two regions with other factors being equal. Details
of the analysis method are given in section S1.4
in the SI.

Figure 1 summarizes the potential household CF
reductions by lifestyle choice or socioeconomic char-
acteristics that were calculated based on the estima-
tion results obtained using the main model shown in
table 3.

Note that each of these potential reductions indic-
ate how lifestyle choice affects the decrease in the
household CF, under the assumption that all other
factors are kept constant. The potential reductions
vary across households because our regression is
nonlinear. We therefore estimated the potential
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*****Moving from a cold to a mild climate region

*Moving to newer energy standard house

Owning one less normal sized car (>660cc)
Reducing household income by 1 million JPY
Owning one less personal computer

Having one less child

Owning one less compact car (<660cc)

Owning one less bidet

****Moving from a hot to a mild climate region
Owning one less air conditioner

***|jving in a more urbanized region

Owning one less TV

**Living in a house with one less room

Lifestyle choice or socioeconomic characteristic

0 300 600 900 1,200 1,500 1,800
Predicted CF reduction potential [kg-CO,eq/hh - y]

Y Shigetomi et al

Figure 1. Predicted household CF reduction potential with respect to lifestyle choice and socioeconomic characteristics. Error
bars indicate 95% confidence intervals. ‘Compact car’ is defined as the smallest cars in Japan, with a length <3.4 m, width

<1.48 m, height < 2.0 m, and engine displacement <660 cc. ‘Normal-sized car’ is larger than a compact car, with an engine
displacement of >660 cc. * A household living in a house built before 1980 moves to a house built when the 1998 energy standards
were in place. **The size of one room is assumed to be 9.72 m?, which is the standard room size in a typical Japanese house.

*** A household moves from a region with the same population density as Nara-shi in Nara to that of Chuo-ku in Tokyo. ****A
household moves from a region with the same CDD as Naha-shi in Okinawa to that of Chuo-ku in Tokyo. ***** A household
moves from a region with the same HDD as Sapporo-shi in Hokkaido to that of Chuo-ku in Tokyo.

reductions using the sample mean (see sectionS1.4).
These lifestyle choices were selected based on those
examined in previous studies (Wynes and Nicholas
2017, Koide et al 2019, Ivanova et al 2020) and the
statistical significance in this study; for example, ‘hav-
ing one less child’ was identified as having the highest
impact on carbon reduction by Wynes and Nicholas
(2017). We do not recommend implementing these
actions without careful consideration of how these
actions will affect the other factors than CE

In figure 1, our estimates indicate that moving
from a cold region to a region with a mild climate
has the greatest effect on carbon reduction, with a dif-
ference of as much as 1435 kg-CO,/household-year
(hh-yr). Followed by this, the potential footprint
reduction that can be achieved by living in a house
with the newer energy standards also presented the
large potential reduction (figure 1). If a household
moves from a house built before 1980 (i.e. a house
constructed with no energy standards) to a house
built after 1998 (i.e. a house with the most recent
energy standards), then the potential footprint reduc-
tion would be 1150 kg-CO,/hh-yr, which repres-
ents the second largest CF reduction potential. On
the other hand, moving from a hot region to a
mild region has a much lesseffect on carbon reduc-
tion than moving from a cold region to a mild
region (265 kg-CO,/hh-yr). Note that in estimating
the reduction potential of local climate shown in
figure 1, regions with cold, hot, and mild climates are
those that have CDD and HDD values equal to those
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in Okinawa (the southernmost prefecture), Hokkaido
(the northernmost prefecture), and Tokyo (the cap-
ital, located around the center of Japan). These three
estimations indicate the importance of energy saving
for heating a house.

The third largest potential footprint reduction
(922 kg-CO,/hh-yr) was achieved by owning one
less normal-sized car. Owning one less compact car
also reduces the CF, but not by as much as one
less normal-sized car (421 kg-CO,/hh-yr). There-
fore, reducing the dependence on private transport
is essential for reducing the CE Policy changes to
support carbon mitigation by decreasing car owner-
ship could include improvements in public transport
infrastructure and implementing carpooling incent-
ives. In addition, encouraging the purchase of smaller
vehicles by increasing the tax on larger vehicles, such
as the car weight tax implemented in Japan since 1971,
would also be effective for reducing the household CE.

Ownership of electric appliances/home electron-
ics also had a positive impact on the CF (figure 1).
In particular, owning one less personal computer is
expected to reduce the CF by as much as the reduc-
tion potential that can be achieved by decreasing the
annual household income by 1 million JPY (~9042
US dollars) (712 and 775 kg-CO,/hh-yr, respectively).
Interestingly, owning one less bidet would reduce the
CF of a household by more than one air-conditioner
and a TV, perhaps because a bidet is likely to be
kept on all the time. It is recommended that people
decrease the frequency of use of these appliances by
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not leaving PCs in sleep mode for extended periods
or using bidets only during the winter.

In terms of demographic factors, this study sup-
ports the results of previous studies which showed
that reducing the number of children in a house-
hold is a positive driver for the household CFE. As
shown in figure 1, the CF reduction potential of hav-
ing one less child is 498 kg-CO,/hh-yr. Note that
this reduction potential would be offset by a num-
ber of potentially simpler lifestyle choices, includ-
ing owning one less car or owning one less personal
computer.

Finally, living in a more urbanized region is
defined as a move from a region with the same pop-
ulation density as Nara (a commuter city in a sub-
urban region) to Tokyo (the capital and most popu-
lous city in Japan) under the assumption that all of the
regional characteristics, except population density,
are the same. Such a choice is equivalent to a reduc-
tion potential of 239 kg-CO,/hh-yr. Related to the
changes associated with living in a house, a decrease
in the number of rooms does not appear to affect
CF reduction (we here assume that the floor area of
one room is 9.72 m?, which is the standard room
size in Japan) (figure 1). Note that although moving
to a freestanding house from an apartment is associ-
ated with a CF reduction, as shown in table 3, we did
not estimate this reduction potential and present it in
figure 1 because this finding warrants further clarific-
ation; see also the results for the robustness checks in
section §2.2.

3.3. Limitations

There are several limitations associated with calcu-
lating household CFs by combining the IOA with
the survey-based NSFIE data. First, we assumed that
the CF of one Japanese yen’s worth of an impor-
ted commodity was equivalent to that of the corres-
ponding domestic commodity. Second, the quality
of commodities consumed by households could not
be considered. For instance, distinguishing between
domestic and international air travel would affect
the household CF significantly (Czepkiewicz et al
2018). Third, government expenditure for public
welfare services, such as health care and educa-
tion, and capital formation were not included in
the estimates, resulting in the underestimation of
CFs induced by actual consumption (Heinonen et al
2020). These are general limitations associated with
IOA approaches, and some could be addressed if
the relevant data were available (Ottelin et al 2018a,
Berrill et al 2020, Schmidt et al 2019); however,
it is currently impossible to obtain some of these
data for each region. Another limitation related to
data availability is that the NSFIE and the 47MRIO
datasets are not perfectly matched with each other
with respect to geographical resolution (e.g. city
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versus prefecture) and time scales (e.g. 2004 versus
2005). Further, because the data used in our ana-
lysis are from 2005, this study does not consider
up-to-date technology, such as solar panels, electric
vehicles, and smart phones, that might affect cur-
rent household energy and CFs. These limitations
are associated with MRIO data availability. Future
research efforts will focus on addressing the afore-
mentioned limitations and expanding our analysis to
factors that drive household CFs in other nations and
globally.

4, Conclusion

This study analyzed the drivers of the Japanese house-
hold CF with respect to socioeconomics, demograph-
ics, urbanization, physical dwelling characteristics,
local climate, ownership of passenger vehicles, home
appliances and electronics, by combining microdata
for more than 42 000 households’ consumption and
an MRIO model for Japan. We successfully estimated
the magnitude of the household CF reduction asso-
ciated with individual lifestyle choices and socioeco-
nomic factors. We further provided new insights into
the lifestyle choices that have the greatest potential for
reducing a household’s CF by using CFs disaggregated
into multiple consumption categories. Identifying
these carbon-reducing lifestyle choices has import-
ant policy implications. For example, the findings
related to demographic factors are relevant to both
climate change policy and aging society policy in
Japan (Shigetomi et al 2014, Prime Minister of Japan
and His Cabinet 2016, Shigetomi et al 2018). More
broadly, our analysis provides quantitative informa-
tion on potential CF reductions as they relate to policy
measures. While having one less child is known to
reduce the household CF, we show that other, more
feasible, lifestyle choices, such as owning one less car,
could more effectively reduce the CE. Policies could be
established to support these lifestyle choices by means
of subsidies, taxation, and infrastructure improve-
ments.
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