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Abstract
This study estimated the carbon footprint associated with the global final demand of automobiles
and auto-related petroleum of the U.S.A., Germany, and Japan, which account for 31% of the
stock of passenger cars in the world in 2009, during 1995 to 2009. I developed a comprehensive
new method that offers a deeper understanding of the structural change in the global final demand
of automobiles and discussed how the lifetime of automobiles of a specific country has
contributed to their CFs. While environmentally conscious automobile manufacturing through
technological innovation has advanced globally, the industry’s production structure runs counter
to carbon reduction and completely canceled out the effects of technological changes in emission
intensities. Suppressing demand for new cars through lifetime extension greatly reduced carbon
footprint, and had a similar or greater effect than technological changes in emission intensities of
suppliers directly and indirectly involved in automotive manufacturing.
Keywords: Life-cycle CO2 emissions, Passenger cars, Input-output analysis, Lifetime extension,
Structural decomposition analysis
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1. Introduction

In the EU action plan for the circular economy, which establishes low-carbon and sustainable
development of the economy, it is important to shed light on the ‘closing-loop’ of the product lifecycle through designing products with longer lifetimes and achieving greater re-use and recycling
(European Commision, 2015). Such circular strategies for products have impacts on both the
economy and the environment through the global supply chains of the products. Thus, it is crucial
to analyze the carbon footprint (CF) for the entire product life-cycle.

Environmentally extended input–output analysis (EEIOA), which is an application of input–
output analysis to environmental impact assessment, was pioneered by Wassily Leontief (1971)
and has been widely employed in life-cycle footprint analysis (Horvath and Hendrickson, 1998;
Kagawa et al., 2008; Wiedmann and Minx, 2008; Hertwich and Peters, 2009) and material flow
analysis (Nakamura et al., 2014; Ohno et al., 2017; Pauliuk et al., 2017). Aguilar-Hernandez et al.
(2018) reviewed current EEIOA studies of circular strategies and categorized them into four
groups: residual waste management, closing supply chains, product lifetime extension, and
resource efficiency.

Static EEIOA is used for measuring economic impact, productivity, or environmental burden
from a relatively normative and short-term perspective, while structural decomposition analysis
(SDA) is aimed at breaking changes of components down into certain driving forces from a
relatively positivistic and long-term perspective. Index decomposition analysis (IDA) uses
regional-level or national-level aggregated data. On the other hand, SDA is based on input–output
tables and so enables the analyst to include indirect demand effects induced by certain direct
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demand effects (Ang, 1994; Dietzenbacher and Los, 1998; Hoekstra and van der Bergh, 2003;
Lenzen, 2016; Su and Ang, 2012). Especially in the energy and environment field, SDA has been
conducted for multiple regions (Alcántara and Duarte, 2004; de Nooij et al., 2003; Unander et al.,
1999) by using multi-regional input-output tables (MRIO) as well as for the regional level by
using the national input-output tables of many countries (Baiocchi and Minx, 2010; Cao et al.,
2010; Lim et al., 2009; Munksgaard et al., 2000; Peters et al., 2007).

Some analyses have focused on consumption (final demand) versus technology (the Leontief
production structure and emission intensity) over time (Baiocchi and Minx, 2010; De Haan, 2001;
Roca and Serrano, 2007). The general findings of these studies is that GHG emissions have
increased due to the expansion of consumption but that the emissions were mitigated by
improvements in technology and efficiency over the study period.

An important problem is how circular strategies contributed to the climate mitigation. Such
strategies may reduce consumption and/or promote the innovation of technology and efficiency
improvements. For example, lifetime extension of automobiles in a particular country reduces car
replacement (i.e., final demand). This primary effect would spread widely over the automotive
parts required for their manufacture, the trade structure of the materials, the share of older model
vehicles in the country, and gasoline consumption through the global supply chain of the product.
Thus, a lifetime extension of a product reduces the demand of consumers for that product
(Serrenho and Allwood, 2016), and hence reductions of intermediate input and energy input for
the production of the product can be achieved (Kagawa et al., 2008; Nishijima, 2017). Therefore,
by uncovering the whole truth of the mechanisms of final demand, impact assessments of different
strategies can be performed.
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Since the supply chain for automotive manufacturing extends beyond the domestic industries
into the global market (Kagawa et al., 2015; Pavlínek and Ženka, 2011; Timmer et al., 2015;
Tokito, 2018), management of the global supply chain associated with automobiles is essential.
Nevertheless, to the best of my knowledge, previous studies on automobile lifetime analysis have
the following issues: (1) The scope of these automobile lifetime studies has been domestic,
whereas the supply chain of automobiles is global in scale; and therefore (2) It is unclear what
impact changes in product lifetime in a country have on the structure of final demand through the
global supply chain and CF associated with the global final demand.

To address these issues, this study focused on changes in the global final demand for automobiles
and auto-related petroleum induced by the automobile lifetime changes of countries. Using the
World Input-Output Database (WIOD) (Dietzenbacher et al., 2013; Timmer et al., 2015), I
develop a comprehensive new method that offers a deeper understanding of the structural change
in the global final demand of automobiles.

Specifically, I decomposed the final demand effects of automobile and petroleum induced by
changes in automobile lifetime of countries into 6 drivers: New car demand, Petroleum demand,
Car stock, Travel distance, International trade of cars, and International trade of petroleum
products. Using an extended SDA (E-SDA) model, this study focused on the three major countries
of the U.S.A., Germany, and Japan, which account for 31% of the stock of passenger cars in the
world in 2009 (International Organization of Motor Vehicle Manufacturers: OICA, 2018), and
estimated the CF associated with the global final demand of automobiles and petroleum of those
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three countries during 1995 to 2009. Based on the results, I discuss what role change in the
lifetime of automobiles has contributed to their CFs.

2. Methodology

2.1 Stock dynamic system for passenger cars

I assumed that the cumulative scrappage rate for the new passenger cars of a specific country c
that are newly registered in year 0 and deregistered in year t follows the Weibull distribution
function described by Eq. (1) ( e.g., Kagawa et al., 2011; McCool, 2012; Oguchi and Fuse, 2015).

  t mc 


F  t   1  exp   c  

   
c

t  0

1 

 c   c  1  c 
 m 

(1)

(2)

where mc represents a shape parameter and ηc represents a scale parameter. In Eq. (2), μc represents
the average vehicle lifetime derived from the Weibull distribution function and Γ is the gamma
function (McCool, 2012). The cumulative survival rate at year t for new cars newly registered at
year 0 can be formulated as  c  t   1  F c  t  . It should be noted that we have  c  0   1 ; in
other words, all new cars purchased in year 0 remain throughout year 0.
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The stock of passenger cars of country c in year t, S c  t;  c  , can be obtained using the
following equation as in (Nakamoto et al., 2019):

t 1

S c  t;  c   B c  t;  c    c  t  i;  c  B c  i;  c 

(3)

i 1

where Bc  t;  c  represents the number of new cars purchased in country c in year t and

 c  t  i;  c  is the cumulative survival rate for new cars in country c in year t that are newly
registered in year i, when the average lifetime of passenger cars of country c is the baseline.

In this study, I focused on passenger cars newly registered from 1987 to 2009 in the U.S.A.,
Germany, and Japan. I assumed that all vintages of passenger cars sold in country c follow the
same cumulative survival distribution. When the passenger cars are newly registered in initial
year 1, the number of cars in use for country c under the baseline average lifetime,  c , can be
estimated by solving the stock dynamic system of equations for each country, Eq. (3):

 S c 1;  c   B c 1;  c 

c
c
c
c
c
c
c
c

 S  2;    B  2;     1;   B 1;  

 S c  3;  c   B c  3;  c    c 1;  c  B c  2;  c    c  2;  c  B c 1;  c 




(4)

In this study, the stock of passenger cars in each year S c  t;  c  is taken to be at steady state,
even if cumulative survival rate changes from baseline  c  t;  c  to lifetime scenario  c  t;  c  .
According to this assumption, if the stock proportion of a vintage of passenger cars (cumulative
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survival rate) shifts from  c  t;  c  to  c  t;  c  along with the average lifetime of passenger
cars shifting from  c to  c , then the number of new passenger cars sold can be estimated
sequentially as follows:

 B c 1;  c   S c 1;  c 

c
c
c
c
c
c
c
c

 B  2;    S  2;     1;   B 1;  

 B c  3;  c   S c  3;  c    c 1;  c  B c  2;  c    c  2;  c  B c 1;  c 




(5)

In eq. (5), it is important to note that unless the number of car sales is smaller than the number of
scrap cars, the stock of passenger cars will increase over time. The amount of newly purchased
cars in country c in year t can be estimated as Bc  t;  c  .

2.2 Annual gasoline consumption and direct CO2 emissions

Annual gasoline consumption in liters of i-vintage cars in country c in year t,
d c t   c i 

 i  1, 2,

, t  , was calculated by multiplying the annual average travel distance in

country c in year t, defined as d c  t  (100km), by the fuel efficiency of i-vintage cars in country
c, denoted as  c  i  (L/100km). Although the annual travel distance might differ depending on
the vehicle type, automaker, and attributes of the car owner, I assumed that the annual average
travel distance of passenger cars in year t is the same irrespective of their vintage. Subsequently,
we can estimate the gasoline consumption generated by all vintages of the vehicle fleet on the
road in country c in year t as follows:
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t 1

q c  t ;  c   d c  t   c  t  B c  t ;  c    d c  t   c  i   c  t  i;  c  B c  i;  c 
i 1

q

c
new

 t;   q  t; 
c

c
stock

(6)

c

where  c  t  i;  c  Bc  i;  c  represents the number of i-vintage passenger cars in use and
q c  t;  c  denotes the total annual gasoline consumption of passenger cars in use in country c in
c
year t. In Eq. (6), qnew
t; c  represents the gasoline consumption generated by cars newly put

c
on the road in country c in year t and qstock
t; c  is defined as the gasoline consumption

generated by 1-vintage to t-1-vintage vehicles in country c in year t. The direct CO2 emissions of
c
a passenger car in the driving phase, Gdirect
t; c   epetroqc t; c  , is calculable by multiplying

the direct CO2 emission intensity (i.e., direct CO2 emissions generated per unit of gasoline
combustion on the road), e petro (kt-CO2/L), by the annual gasoline consumption, q c  t ; c  .

2.3 Indirect CO2 emissions associated with the life-cycle of automobiles

In the WIOD (Dietzenbacher et al., 2013; Timmer et al., 2015), the final demand vector in
country c for year t can be expressed as f c  t    f jsc  t 

 j  1,

, M  , where an element

f jsc t  of f c  t  represents the global final demand in country c for the products of industry j
of country s, and M denotes the number of industries. Now, we can estimate the ratio of the final
sc
demand for imported cars from country s to country c, f auto
 t  , to the domestic final demand for

all passenger cars (including domestic cars and imported cars) in country c (the Trade coefficient
N

of the “Transport Equipment” sector),

 f  t  , for year t as follows:
s 1

sc
auto

8



sc
auto

t  
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(7)

sc
auto

cc
where N denotes the number of countries and regions in the WIOD. Note that f auto
t   s  c 

N

represents the final demand for domestic passenger cars in country c, and that

  t   1 .
s 1

sc
auto

sc
Similarly, we can estimate the trade coefficient of the “Refined petroleum” sector  petro
t  .

By multiplying the average sales price (including domestic cars and imported cars) of a vehicle
c
in country c, pauto
 t  , by the number of new passenger car sales, Bc  t;  c  , we can obtain the

c
domestic final demand for passenger cars in value terms as pauto
t  Bc t;  c  . In the same

manner, the domestic final demand for auto-related petroleum products can be estimated as
pcpetro  t  qc  t; c  . From Eq. (7), the global final demand for passenger cars and auto-related

petroleum products in country c in year t can be formulated as follows:
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Note that the global final demand vector of Eq. (8) is considered as a function of average lifetime
of passenger cars  c . Therefore, we can assess the influence of changing the average vehicle
lifetime of a specific country on the global final demand vector.

Following the EEIOA (e.g., Nakamoto et al., 2019), the indirect CO2 emissions associate with
the global final demand of passenger cars and auto-related petroleum products in country c in
year t can be estimated as follows:

Qc  t ; c   e  t   I  A  t   f c  t ; c   e  t  L  t  f c  t ; c 
1

(9)

here e  t   eir  t  is the CO2 emission coefficient row vector indicating the direct CO2
emissions per unit production of industry i of country r in year t. I is the identity matrix,
A  t   aijrs  t  is the technical coefficient matrix expressing the input of industry i of country r
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required for unit production of industry j of country s in year t. L  t    I  A  t    Lrsij  t  is
1

called the Leontief inverse matrix based on the multi-regional input-output table in year t.
Therefore, the life-cycle CO2 emissions including the direct and indirect emissions in the preconsumer, production, and driving phases can be finally estimated as follows:

c
CF c  t; c   Qc  t; c   Gdirect
 t; c 

(10)

It should be noted that life-cycle CO2 emissions directly and indirectly caused by the scrapping
phase of end-of-life passenger cars were negligibly small (Kagawa et al., 2011).

2.4 Decomposition analysis of automobile gasoline consumption and its CO2 emissions

Based on the decomposition model for automobile gasoline consumption (Kagawa et al., 2012),
I decompose the change in the gasoline consumption of vehicles. By using the Logarithmic Mean
Divisia Index (LMDI) (Ang, 2015; Ang and Liu, 2007; Wood and Lenzen, 2006), the change in
the gasoline consumption generated by new cars on the road from year t-1 to year t in country c
given in Eq. (6) can be expressed as follows:

q

c
new



LM , c
new

ln

d c t 

d c  t  1



LM , c
new

ln

c
 d new
  c  S c
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(11)

Here, 

LM , c
new



c
c
qnew
t;  c   qnew
t  1;  c 

 t;    ln q t 1;  
c
new

ln q

c

c
new

c

c
is a weighting factor. d new
,  c , and S c

represents the effect of changes in the travel distance of a new car, the effect of changes in the
fuel efficiency of a new car, and the effect of changes in the number of new car sales, respectively.
c
c
Note that when we have qnew
t; c   qnew
t  1; c  , then

LM ,c
c
c
new
 qnew
t; c   qnew
t  1; c  .

To handle zero values in the LMDI approach, the strategies presented by (Ang et al., 1998; Ang
and Liu, 2007; Wood and Lenzen, 2006) are applied.

Next, I consider a decomposition analysis of the gasoline consumption generated by 1-vintage
to t-1-vintage vehicles. The change in the gasoline consumption of older vehicles between year t1 and year t in country c of Eq. (6) can be obtained as follows:

c
c
c
qstock
 qstock
 t; c   qstock
t  1; c 
t 1

 t 1 1

i 1

i 1

  d c  t   c  i   c  t  i;  c  B c  i;  c  



d c  t  1  c  i  c  t  1  i;  c  B c  i;  c 

(12)

Then, referring to (Kagawa et al., 2012), Eq. (12) can be transformed algebraically as follows:
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(13)

k c  t  1;  c 

where λ c  t  denotes the fuel efficiency vector for older vintage vehicles in year t.





k c  t;  c   khc  t;  c 

is the number of in-use cars vector, with h-th element expressing the

number of h-vintage vehicles in year t. The important point is that the fuel efficiency for older
c
c
vintage vehicles is assumed to remain at the initial value over time, λ  t   λ  t  1 . This

assumption leads to the result that the change in the gasoline consumption derived from a change
in the fuel efficiency of older vehicles is zero. Using the LMDI approach, Eq. (13) can be rewritten
as follows:

q

c
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ln

d c t 
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ln

khc  t;  c 
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(14)

c
 d stock
 K c

Here, the first term on right-hand side represents the effect of changes in the travel distance of an
older car, while the second term denotes the effect of changes in the number of cars in use. In
13

particular, 

LM , c
stock , h





c
c
c
c
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c
c
c
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ln qstock
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represents the logarithmic mean

weight of the annual gasoline consumption generated by h-vintage vehicles in years t-1 and t. If
c
c
c
c
LM ,c
c
c
c
c
, then we have  stock
.
qstock
, h  t ;   qstock , h  t  1;  
, h  qstock , h  t ;   qstock , h  t  1; 

Consequently, the change in the gasoline consumption of all vintages of vehicles between year
t-1 and year t in country c can be decomposed as follows:

c
c
q c  qnew
 qstock
c
c
 d new
  c  S c  d stock
 K c

(15)

From Eqs. (11)-(15), we can decompose the change in the direct emission associated with
c
petroleum consumption Gdirect
into factors as follows:

c
c
c
Gdirect
 Gdirect
 t; c   Gdirect
t  1; c 
c
c
c
c
c
 d direct
, new  direct  S direct  d direct , stock  K direct

(16)

c
c
c
c
c
where ddirect
, new , direct , S direct , ddirect , stock , and K direct on the right-hand side are the

direct gasoline emission changes owing to the travel distance of a new car, the fuel efficiency of
a new car, the number of new car sales, the travel distance of an older car, and the number of cars
in use, respectively. Recalling the definition of direct CO2 emissions in the driving phase,
c
Gdirect
t; c   epetroqc t; c  , these effects were easily calculated by multiplying the effects of
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change in the gasoline consumption of all vintages of vehicles from Eq. (15) by the direct CO2
emission intensity from gasoline combustion.

2.5 Extended structural decomposition analysis of the life-cycle CO2 emissions of automobiles

In additive decomposition, the change in the indirect CO2 emissions associate with the global
final demand from year t-1 to year t in country c of Eq. (9) can be expressed as follows:

Qc  Qc  t; c   Qc  t  1; c 
 e  t  L  t  f c  t; c   e  t  1 L  t  1 f c  t  1; c 

(17)

Accordingly, by using the LMDI, Eq. (17) can be transformed as follows:

Qc  E c  Lc  F c

(18)

where E c , Lc , and F c represents the effect of technological changes in the industrial
emission intensities, the effect of changes in the production structure, and the effect of changes in
the final demand, respectively. The mathematical formula for estimating each effect is presented
in Appendix 1.

To extend the decomposition analysis with a focus on product lifetime, I consider 6 elements
that constitute global final demand vector of Eq. (8). The Hadamard product (or element-wise
product) can be considered for detecting the elements in a global final demand vector as follows:
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(19)

 τ cauto  t  pacuto  t  B c  t ;  c   τ cpetro  t  p cpetro  t  q c  t ;  c 

where

is the Hadamard product and τ cauto  t  and τ cpetro  t  represent the trade coefficient

vectors for passenger cars and petroleum products extracted from the corresponding final demand
vectors.

Moreover, by combining Eqs. (15) and (19), we can extend the decomposition of the indirect
emission associated with petroleum consumption (e.g., petroleum refining). Hence, the final
demand effect F c underlying the change in CF from year t-1 to year t in country c can be
additionally decomposed as following separate effects: the trade coefficient of automobiles
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c
c
 auto
, the sales price of automobiles pauto
, the number of car sales B c , the trade

coefficient of petroleum  cpetro , the sales price of petroleum products pcpetro , the travel
c
c
indirect
distance of a new car dindirect
, the number of
, new , the fuel efficiency of a new car

c
c
new car sales Sindirect
, the travel distance of an older car dindirect
, stock , and the number of cars
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c
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e t  L  t  f cpetro t ;  c

(20)



The mathematical formula for calculating each effect is presented in Appendix 2.

In this study, the new car demand effect consists of the number of car sales effect and the sales
c
c
c
 Bc  Sdirect
 Sindirect
price of automobiles effect, pauto
. On the other hand, the petroleum

demand effect, or the demand for petroleum associated with travel by car in value terms, is defined
as the summation of the sales price of petroleum products effect and the fuel efficiency of a new
c
c
car effect, pcpetro  direct
. Finally, by reorganizing and consolidating some driving
 indirect

forces, the proposed Extended-Structural Decomposition Analysis (E-SDA) model with a focus
on product lifetime obtains 8 factors, defined as follows: technological changes in the industrial
emission intensities (E: E c ), changes in the production structure (L: Lc ), changes in the new
c
c
car demand (Car_demand: pcauto  Bc  Sdirect
), changes in the petroleum demand
 Sindirect

c
c
(Petro_demand: pcpetro  direct
), changes in the number of cars in use on direct and
 indirect
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c
c
 K indirect
indirect gasoline emission (Car_stock: K direct
), changes in the travel distance on direct

and

indirect

gasoline

emission

of

new

and

vintage

cars

(Travel_dist.:

c
c
c
c
ddirect
, new  ddirect , stock  dindirect , new  dindirect , stock ), changes in the international trade of cars
c
(Car_trade:  auto
), and changes in the international trade in petroleum products (Petro_trade:

 cpetro ) (Figure 1).

[INSERT FIGURE 1 ABOUT HERE]

3. Data sources

I collected and aggregated the data for the number of passenger car sales, B c , and the number
of cars in use, S c , for three countries (Germany, Japan, and the U.S.A.) for the study period of
1987 to 2009 provided by OICA, the Japan Automobile Manufacturers Association (JAMA),
FOURIN, which is a Japanese research company, and EnerData, which is a French research
company.

The total number of cars in use for the three countries (the U.S.A., Germany, and Japan) in 2009
was 232 million, which accounts for 31% of the stock of passenger cars in the world (OICA,
2018). As a case study, I focused on these three major countries that have highly reliable statistical
data. We can obtain implications that are crucial for future global transport policies from the
empirical results for these countries. I estimated the annual average travel distance, d c , by
dividing the annual national distance driven by all vehicles in kilometers by the number of cars
in use for each country during the study period (Table S1 of the Supporting Information).
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Following Nakamoto et al. (2019), I assumed that all passenger cars in use in a country in a year
have the same annual average travel distance. The data sources for the gasoline price pcpetro
(USD/L) and the passenger car fuel efficiency  c (L/100km) are the International Energy
Agency (IEA, 2014) and statistical data for each country (United States Environmental Protection
Agency (EPA), 2017; Das Umweltbundesamt (UBA), 2017; and Ministry of Land, Infrastructure,
Transport and Tourism, Japan (MLIT), 2010), respectively (Table S1 and S2). It should be noted
that I assumed for Germany that the fuel efficiencies of 1987-vintage to 1994-vintage cars follow
that of 1995-vintage cars and for Japan that the fuel efficiencies of 1987-vintage to 1992-vintage
cars follow that of 1993-vintage cars due to a lack of data.

By using the consumer price index (World Bank, 2017), I adjusted a dataset for passenger car
sales price in 2015 from IEA (IEA, 2017) to obtain the sales price (constant 2009 prices) during
1995 to 2009. The direct industrial CO2 emission coefficient vector of countries e and the direct
CO2 emission intensity for gasoline consumptions e petro  0.00231 (t-CO2/L) are respectively
those provided by Timmer et al. (2015) and the National Institute for Environmental Studies,
Japan (2010). In this study, the data in value terms during 1995 to 2009 (WIOD, the gasoline price
c
pcpetro (USD/L), and the passenger car sales price pauto (USD)) are normalized to constant 2009

prices (see Shironitta (2016) for a deflated WIOD).

4. Results and discussion

4.1 Carbon footprint of automobiles
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The solid lines in Figure 2 represent change in CF of automobiles between 1995 and 2009
estimated using Eq. (11). In this study, the 14 years from 1995 to 2009 were divided into four
periods: 1995–2000 (5 years), 2000–2005 (5 years), 2005–2008 (3 years), and 2008–2009 (1 year).
Thus, the analysis results for 2008–2009, when the impact of the economic crisis was particularly
great, were separated from the analysis results for 2005–2008. The estimation includes “indirect”
CO2 emissions generated by domestic final demand for cars in the relevant country (the U.S.A.,
Germany, or Japan) and “direct” CO2 emissions associated with gasoline consumption in the
relevant country. Note that in Figure 2, the footprint in 1995 is set to a reference value of 1. The
CF of automobiles for the three countries shows an upward trend with an average rate of increase
between 1995 and 2000 of 3.3%/yr, and an average rate of increase between 2000 and 2005 of
5.8%/yr (Figure 2). In addition, the rate of increase in CF was -12.4% between 2008 and 2009
due to stagnation of consumption associated with the economic crisis of 2009 (Figure 2). The CF
in the U.S.A., in particular, increased dramatically to 1.5 times the 1995 value ahead of the other
countries in 2003 (Figure 2). Meanwhile, due to sluggish growth in the number of new cars sold,
the CF in Japan remained relatively steady, reaching a peak in 2004 (Figure 2).

The dashed lines in Figure 2 indicate the CF when the average lifetime of passenger cars in the
relevant country is extended or shortened by just one year, in contrast to the baseline CF (solid
lines). The lifetime scenarios can be set by fixing the Weibull distribution shape parameter mc (see
Eqs. (1) and (2)) and changing the scale parameter ηc (see Eqs. (1) and (2)) to shift average lifetime
μc of passenger vehicles newly registered between 1987 and 2009 by −1 year or +1 year. The
dashed line above the solid line in Figure 2 indicates CF when average lifetime is shortened, and
shows that in all three countries (the U.S.A., Germany, and Japan) the CF of automobiles increases
as a result of a one-year shortening of average lifetime of passenger cars. Meanwhile, in all three
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countries, a one-year extension of average lifetime of passenger cars (dashed line below the solid
line in Figure 2) has the effect of reducing emissions compared to the baseline.

In the U.S.A., where the increase in emissions was particularly large, focusing on the 5-year
period from 2000 to 2005 when the increase in CF was striking, the average annual rate of increase
in CF is reduced by 1.1%/yr as a result of a one-year extension of average lifetime of passenger
cars. Past input–output life-cycle assessments (IO-LCAs) have revealed that extension of lifetime
of passenger cars in a specific country contributes to CF reduction (e.g., Spielmann and Althaus,
2007; Kagawa et al., 2008, 2011), and this study obtained similar results.

Using the E-SDA developed in this study, we can estimate the impact of changes in the stock
and flow of passenger cars associated with changes in lifetime of passenger cars in the relevant
country on global CF. Before that, the next section applies an SDA to changes in CF of
automobiles in the U.S.A., Germany, and Japan.

[INSERT FIGURE 2 ABOUT HERE]

4.2 Decomposition results of carbon footprint of automobiles

In the U.S.A., CF increased by 212 Mt-CO2-eq. between 1995 and 2000; however, the increase
gradually diminished between 2000 and 2005 and between 2005 and 2008 (Figure 3). Meanwhile
in Germany, CF gradually increased between 1995 and 2005, but the increase in CF between 2005
and 2008 was only 19 Mt-CO2-eq. (Figure 4). Using an SDA, I analyzed the drivers of change in
CF of automobiles, including indirect CO2 emissions generated by domestic final demand for cars
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in the relevant country and direct CO2 emissions associated with gasoline consumption in the
relevant country, between 1995 and 2009. Using Eq. (12), it is possible to decompose the drivers
of change in CF from Year t-1 to Year t into the following: the effects of changes in production
structure (L), the effects of changes in final demand (F), the effects of changes in direct emissions
associated with petroleum consumption (Petro_direct), and the effects of technological changes
in industrial emission intensities (E), (Figures 3, 4, and 5).

Looking at the drivers of change in CF of automobiles in the three countries, the effects of
technological changes in emission intensities (E) of suppliers directly and indirectly involved in
automotive manufacturing contribute to emissions reduction, and environmentally conscious
automotive manufacturing are advancing worldwide through technological innovation (Figures 3,
4, and 5). Importantly, between 1995 and 2008, the effects of changes in production structure (L)
in the three countries contribute approximately 30% of the emissions increase in the three
countries together, and completely canceled out the minus effects of technological changes in
emission intensities (E) in the three countries together (Figures 3, 4, and 5).

The effects of changes in final demand of passenger cars and gasoline (F) in the three counties
reached a peak between 2000 and 2005, and then declined due to stagnation of the new car market
in the relevant country. On the other hand, the effects of changes in direct emissions associated
with petroleum consumption (Petro_direct) in the three countries also contributed to the increase
between 1995 and 2008, and contributed to the decrease in 2009.

From Figures 3, 4, and 5, obtained using an SDA, we were not able to identify a substantial
difference in the drivers of change in CF of automobiles in the relevant countries. Furthermore,
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the decomposition results obtained from an SDA are lacking in specificity and must be interpreted
carefully. This is because the results of an SDA conceal the effects of economic trends,
improvements in product efficiency (e.g., internal combustion engines of cars), and introduction
of government policies (e.g., policies to promote energy-saving products). The next section
reveals the entire picture of the drivers of change in CF of automobiles through a detailed analysis
using the E-SDA, which is proposed herein, to solve this problem.

[INSERT FIGURE 3 ABOUT HERE]

[INSERT FIGURE 4 ABOUT HERE]

[INSERT FIGURE 5 ABOUT HERE]

4.3 Decomposition results from the E-SDA

To analyze in detail the drivers of change in CF of automobiles, I applied the E-SDA formulated
in Section 2. Using Eqs. (13)-(21), the effects of changes in final demand (F) and the effects of
changes in direct emissions associated with petroleum consumption (Petro_direct) can be
additively decomposed into 6 elements (Car_demand, Petro_demand, Car_stock, Travel_dist.,
Car_trade, and Petro_trade) (Figures 1, 3, 4, and 5).

Figures 3, 4, and 5 show that the effects of changes in new car demand (Car_demand)
associated with new car sales have a limited influence on changes in CF of automobiles in the
relevant country. According to each country’s statistical data (FOURIN, 2010; Kraftfahrt23

Bundesamt, 2010), the numbers of new cars sold in the U.S.A. and Japan reached their respective
peaks in 2000 and 2004 (8.85 million in the U.S.A. and 4.77 million in Japan) and gradually
decreased thereafter. The number of new cars sold in Germany was relatively stable at 3.30
million between 1995 and 2009 but increased greatly to 3.81 million in 2009. It is interesting that
whereas the U.S.A. and Japan were hit hard by the economic crisis and the effects of changes in
new car demand (Car_demand) contributed to decrease CF, in Germany, changes in new car
demand (Car_demand) contributed greatly to increase CF between 2008 and 2009. This is because
eco-car subsidy policies introduced by the German government in January 2009 were successful,
and the number of new cars sold domestically in Germany greatly increased (KraftfahrtBundesamt, 2010). The U.S.A. and Japan also introduced eco-car subsidy policies in the same
period, but their effects on demand were not as immediate or as large as in Germany.

The effects of changes in petroleum demand (petro_demand) associated with driving new and
old cars contributed greatly to decrease CF during 1995–2000 and 2008–2009 in Germany and
Japan (but only during 2008–2009 in the U.S.A.), and surprisingly, these decreases were greater
than the decreases due to the effects of technological changes in emission intensities (E) (Figures
4 and 5). However, the effects of changes in petroleum demand (petro_demand) between 2000
and 2008 in Germany and Japan (between 1995 and 2008 in the U.S.A.) constituted an important
driver in increasing CF. In other words, the effects of changes in petroleum demand
(petro_demand) have a large influence on changes in CF. During the analysis period, fuel
efficiency in Germany and Japan improved substantially compared to in the U.S.A. (MLIT, 2010;
UBA, 2017) and changes in the effects of changes in petroleum demand (petro_demand) stem
largely from the price of gasoline rather than fuel efficiency (IEA, 2014).
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The effects of changes in the number of cars in use (Car_stock) led to the great increase of CF
between 1995 and 2005 in Germany and Japan (until 2008 in the U.S.A.), and since then have
contributed slightly to decrease CF (Figures 3, 4, and 5). This result shows that, since 2005 (since
2008 in the U.S.A.), the number of cars scrapped in accordance with their lifetime has been greater
than the number of new cars sold. One feature of the effects of changes in travel distance
(Travel_dist.) is a relatively strong contribution to decrease CF of automobiles in Japan (Figure
5). As for the influence of changes in trade structure of passenger cars, the effects of changes in
the international trade of cars (Car_trade) and petroleum products (Petro_trade) were marginal
(Figures 3, 4, and 5).

The results of the E-SDA show that the detailed drivers making up the effects of changes in
final demand (F) and the effects of changes in direct emissions associated with petroleum
consumption (Petro_direct) do not all decrease CF in the three countries. Instead, the effects of
changes in petroleum demand (petro_demand) and the effects of changes in travel distance
(Travel_dist.), in particular, contribute to emissions reduction, and they offset increases due to the
effects of changes in the number of cars in use (Car_stock) and the effects of changes in new car
demand (Car_demand) (Figures 3, 4, and 5).

The final demand sector is sensitive to policies to promote consumer demand (e.g., policies to
shorten automobile lifetime along with the introduction of subsidies for eco-cars) and policies to
inhibit demand for new materials and products (e.g., promoting a circular economy associated
with extending automobile lifetime). A conventional SDA can only evaluate the effect of policies
by changes in final demand. By decomposing the final demand sector into additional drivers with
E-SDA, we can analyze the influence of policies such as those mentioned above on the relevant
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country’s production volume, energy consumption, and CF in more detail. Indeed, an increase in
new car demand expected as a result of the eco-car subsidy policy in Germany is indisputably
reflected in the analysis results (Figure 4).

4.4 E-SDA under the automobile lifetime scenarios

The influence of changes in lifetime of passenger cars (dashed lines in Figure 2) on changes in
CF in the relevant country were estimated by applying the E-SDA developed in this study, which
takes into account product lifetime. Figures, 6, 7, and 8 show the E-SDA results for the relevant
country under the lifetime change scenario during the analysis period, which was divided into
four periods. In all of the target countries, demand for cars was induced by shortening lifetime,
and CF increased (Figures, 6, 7, and 8). The eco-car subsidy system in Germany during the
economic crisis of 2009 greatly increased new car demand (Kraftfahrt-Bundesamt, 2010). Thus,
the scenario analysis results show that shortening automobile lifetime stimulates economic
activity. If we choose lifetime shortening (for example, an eco-car subsidy system) as a measure
to stimulate the economy, we must accept an increase in CF.

On the other hand, extension of lifetime resulted in an increase in old cars with relatively poor
fuel efficiency and increased the effects of changes in the number of cars in use (Car_stock) and
the effects of changes in petroleum demand (petro_demand), but these were exceeded by a
decrease due to the effects of changes in new car demand (Car_demand), and therefore CF
decreased (Figures, 6, 7, and 8). This reduction effect was particularly large in Germany and Japan.
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The E-SDA results for Japan between 2000 and 2005 in Figure 8 show that the effects of
technological changes in the industrial emission intensities (E) and the effects of changes in new
car demand (Car_demand) are -8.3 Mt-CO2-eq. and 3.2 Mt-CO2-eq., respectively, in the baseline
CF, but -8.2 Mt-CO2-eq. and -12.6 Mt-CO2-eq. in the +1 year lifetime extension scenario. The
important point here is that a similar or greater reduction in CF as the reduction due to the effects
of technological changes in industry (E) can be achieved by suppressing new car demand through
lifetime extension (Figures 6, 7, and 8). This indicates that not only a decrease of the emission
intensities of product manufacturing through technological innovation but the creation of a
circular economy (for example, automobile lifetime extension) are required for climate mitigation.

A lifetime extension of automobiles reduces the direct global and domestic demand of
consumers for automobiles, whereby reductions of intermediate input and energy input (i.e.,
indirect global and domestic demand) for the production of the product can be achieved. On the
supply side, as these indirect demands disappear, the relevant suppliers of the product will face
economical loss. In contrast, on the demand side, a shift in consumption expenditures from the
product to other goods and services may cause an overall increase in emissions in the country
(Kagawa et al., 2011). I do not address these rebound effects (of both the supply and the demand
sides), but instead I focus on the impact of changes in vehicle lifetimes on the life-cycle footprint
of automobiles through the global supply chain. An expanded analysis considering the rebound
effects (of both the supply and the demand sides) is important and challenging future work.

Conventional SDA using IO-LCA focuses on the effects of technological changes in industrial
emission intensities (E) and the effects of changes in production structure (L). Final demand,
which creates economic ripple effects, is a “black box,” and the dynamism of demand is not
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explicitly considered. In scenario analysis by controlling product lifetime (Kagawa et al., 2008;
Nakamoto, 2017; Nishijima, 2017), the final demand sector that causes those ripples (or, the
primary ripple) is notable, as well as the effects of technological changes in industrial emission
intensities (E) and the ripple effects associated with the effects of changes in production structure
(L). Now, using the E-SDA developed in this study, we have gained a new perspective in IOLCAs.

The case study in this research looked at changes in lifetime, but it is applicable to other policies
and strategies. Reducing average annual travel distance by promoting the use of public transport
could result in the effects of changes in travel distance (Travel_dist.) contributing negatively.
Alternatively, the introduction of gasoline tax and measures to improve fuel efficiency, such as
Corporate Average Fuel Economy (CAFE) standards, could have a large impact on the effects of
changes in petroleum demand (petro_demand).

I found that although the automotive supply chains have been spread globally (Kagawa et al.,
2015; Timmer et al., 2015), the impact of changes in trade structure of passenger cars on the CF
was very small (Figure 3-5). Further, combining structural path analysis (Defourny and Thorbecke,
1984; Lenzen, 2003; Strømman, Peters and Hertwich, 2009) or structural path decomposition
(Oshita, 2012; Owen et al., 2016; Wood and Lenzen, 2009) with E-SDA could provide useful
clues in explaining the influence that changes in trade structure (trade agreements such as the
North American Free Trade Agreement, Trans-Pacific Partnership, and EU) and supply chain
associated with final demand have on the effects of changes in production structure (L), the effects
of changes in the international trade of cars (Car_trade), and petroleum products (Petro_trade).
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[INSERT FIGURE 6 ABOUT HERE]

[INSERT FIGURE 7 ABOUT HERE]

[INSERT FIGURE 8 ABOUT HERE]

5. Conclusion

In this study, I carried out a life-cycle analysis that combined a multi-regional input–output
analysis and a stock-flow model based on a lifetime distribution model of cars in the U.S.A.,
Germany, and Japan. I also analyzed the influence of changes in automobile lifetime in the
relevant country on global CF by changing the average lifetime of passenger cars. Additionally, I
applied an extended SDA (namely, E-SDA) to changes in CF in the relevant country.

The SDA results showed that the effects of technological changes in emission intensities (E) of
suppliers directly and indirectly involved in automotive manufacturing contributed to a reduction
in emissions in the three countries between 1995 and 2009. While the environmental burden on
automobile manufacturing has decreased globally, the Leontief production structure (L) runs
counter to carbon reduction and completely canceled out the effects of technological changes in
emission intensities (E). The E-SDA increased the transparency of dynamism of demand in the
final demand sector, which causes economic ripples, and made detailed discussion possible.
Surprisingly, suppressing demand for new cars through lifetime extension greatly reduced CF,
and had a similar or greater effect than changes in industrial technology. I conclude that lifetime
extension aimed at creating a circular economy is important, as well as decarbonization of
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automobile manufacturing, in future policymaking in the transport sector directed toward
implementation of the Paris Agreement.

System design aimed at allowing car owners to drive their cars for longer is critically important
in extending automobile lifetime. In Japan, the expensive vehicle inspection program encourages
owners to replace their cars and shortens their economic lifetime (Nakamoto and Kagawa, 2018).
Designing incentives to keep cars longer invariably requires policy proponents to review existing
policies/systems and to create better environments around old cars by stimulating the market for
secondhand cars and the repair/maintenance market.

Appendix 1
The LMDI formulae for calculating each effect are as follows:
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denotes the CO2 emissions induced by the products

produced by industry i of country r that are directly and indirectly required for the products
produced by industry j of country s associated with the global final demand in country c in year
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Appendix 2
The LMDI formula for the effect of changes in the final demand can also be expressed as:
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In Eq. (A.4), the first term on the right-hand side constitutes the decomposition for the changes
in the final demand for passenger cars (fauto), while the second term expresses the decomposition
for the changes in the final demand for petroleum products (fpetro). It should be noted that the final
demand for other products except for passenger cars and petroleum products is zero in this study.
From Eqs. (9) and (19), the indirect CO2 emissions associate with the global final demand of
passenger cars and auto-related petroleum products in country c in year t can also be written as
follows:
c
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c
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Inserting qc  t; c   qnew
t; c   qstock
t; c  in Eq. (6) into the second term of Eq. (19) yields the

following the global final demand vectors for petroleum products related to new vehicles and
older vehicles in country c in year t:
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By integrating Eqs. (6), (13), and (A.6) into the second term of Eq. (A.5), the indirect emission
associated with petroleum consumption can be formulated as follows:
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Thus, the final demand effect Fc underlying the change in CF from year t-1 to year t in country
c can be additionally decomposed as follows:
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Defining the relevant weighting factors of ijLM , rsc ,  ijLM
, new , and  ij , stock , h from Eqs. (A.8)-

(A.17), the effect of technological changes in the industrial emission intensities can be further
decomposed as follows:
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Similarly, we can further decompose the effect of changes in the production structure as follows:
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Figure 1: Structure of Extended-Structural Decomposition Analysis (E-SDA)
Rectangles denote the factors of changes in CF and the ovals express corresponding equation
for the decomposition. The sum of factors surrounded by dotted lines denote the aggregation
factor. The Rectangles with dark color denote the result of Extended-Structural Decomposition.

42

+3.3%/ yr

+5.8%/ yr

+4.5%/ yr

+16.6%

+29.0%

+13.6%

-12.4%

Figure 2: Life-cycle CO2 emissions of automobiles during 1995 to 2009 (1995=1).
The solid lines show the baseline emissions for each country. The upper dotted lines denote the 1 year lifetime scenario, whereas the lower dotted lines denote the +1 year lifetime scenario.
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Figure 3: SDA and E-SDA of the carbon footprint of automobiles during 1995 to 2009
(U.S.A.).
The waterfall chart represents contributions of decomposition factors by SDA, whereas the bar
chart shows the extended decomposition of final demand (F) and direct emissions from
petroleum consumption (Petro_direct).
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Figure 4: SDA and E-SDA of the carbon footprint of automobiles during 1995 to 2009
(Germany).
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Figure 5: SDA and E-SDA of the carbon footprint of automobiles during 1995 to 2009 (Japan).
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Figure 6: E-SDA of the carbon footprint of automobiles during 1995 to 2009
under the automobile lifetime scenario (U.S.A.).
Left bars: -1 year lifetime scenario. Center bars: baseline scenario.
Right bars: +1 year lifetime scenario.
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Figure 7: E-SDA of the carbon footprint of automobiles during 1995 to 2009
under the automobile lifetime scenario (Germany).
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Figure 8: E-SDA of the carbon footprint of automobiles during 1995 to 2009
under the automobile lifetime scenario (Japan).
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