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Chapter 1: Introduction

1.1 Climate impact of autqmobilés

Human activities have already caused global wa‘nﬁing of 1.0 °C above pre-industrial
levels (Figure ‘1.1). If wé, were to maintain today’s mass‘-prodﬁction and mass-
cohsumption society, thg 'global warming would reach 1.5 °C between 2030 and 2052
(IPCC, 2'018‘). By current accelerated global waﬁning, there is concern over the
unprecedented climate change and loss of biodiversity. For this reason, giobal warming
is an urgent issue to address fhl'ough effective CO3 emission reduction policies. AchicVing
the Paris Agreement goals as adopted at COP21 will require highly transparent climate

change countermeasures (UNFCCC, 2016).
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| Figure 1.1: Human-induced global warming chahge above pre-industrial levels

Source: Summafy for Policyrhakers. In Global Warming of 1.5°C (IPCC, 2018)



Considering glbbal CO; emissions in 2017 by sector, the tran_sportation’sectlor accounts
for 25% of the global CO, emissions, which is the-second largest volume after power
| generation secfor (F igure 1.2). In 2017, global petroleum' demand by road Vehicles and.
the numbﬁer‘ of car stoc‘k in the world are increased in 1.3 times and 1.6 times in
comparison with 2000 (IEA, 2018). These facts indicate that the automotive sector is of

particular concern.

Automotive CO, emissions come bétﬁ directly, from driving vehicles, and indirectly,
from various industries in each country through a massive global supply chain of the
materials and parts required for automotive manufacturing. Each éountry has an
obligation to lead initiatiyes mitigating the human contributions to climate change by
reigning in the CO; incidental to vehicle li’fe-cycles: thé carbon footprint of vehicles

(Pavlinek and Zenka, 2011; Timmer et al., 2015; Kagawa et al., 2015a; Tokito, 2018).
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Figure 1.2: Global CO; emissions in 2017 by regions and sector (Gt COy)

 Source: World Energy Outlook 2018 (IEA, 2018)



Recently, the situation around the automobile has been chahgihg greatly. In Japan, for
example, technological breakthroughs in the internal combustion engine, development of
next-generation vehicles such as hybrid vehicle and fuel cell vehicle, and distribution

' streamlining are driving down CO; emissions from vehicle driving (Japan Automobile

Manufacturers Association: JAMA, 201 6).

Although the diffusion of next-generation vehicles contribute to reduction of direct
COz emission at driving phase, the indirect CO; emissions (e.g., parts manufacturing and
production) from a next-generation vehicle larger than that from a gasoline vehicle

(Toyota, 2015)." The reason for this, states Toyota (2015), is that reduction in the
environmental burden of product lifecycle dqes not overridé the quality of prdduct, in an
early stage of product development (e.g., the commercial release of the fuel cell vehicle

“is within 5 yearé’ in Japa11). The production number of next-generation vehicles Will surely
increase‘ in the future (IEA, 201 8). For this reason, it is the pressing issue that reduction

of the indirect CO, emissions from next-generation vehicles.



1.2 Circular economy: prolonger use of durable goods

In action plan for the circular economy (EC, 2019), EC are getting more attention in

life-cycle assessments of products as follows:

“The circular economy should be made a backbone of the EU industrial strategy,
éna'bling circularity in new areas and sectoi's, life-cycle assessments of products should
become a norm and the eco-design framework should be broadened as much as

possible.’

With this kind of background, it is essential in debating policy to analyzé CO2
emissions for the entire product life-cyclé, from resource mining to vehicle disposal, and
not just the product usage phase (Ou et cnil.,'2010;‘ Melaina and Webster, 2011; Pauliﬁk et
al., 2011). There is particularly great inter.est'in how product lifetime extension would

impact CO; emissions across the full product life-cycle (Cooper, 2005). Previous studies
on Switzerland, Germany, and Japan (Spielmann and Althaus 2007; Wursthorn‘et al.
2010; Kagavx;a et al. 2011) have coﬁcluded that extendi‘ng vehicle lifetime will reduce

overall life-cycle CO, emissions and be beneficial for the environment.

Generally, a longer product lifetime means that consumers buy new prodﬁcts less often
(Serrenho and Allwood 2‘0 16; Nishijima 2017; Nakamoto 2017), in turn helping to reduc‘e
the CO; incidental to manufacturing new products (Bobba ei al. 2016; Bakker et al. 2014;
Emmenegger ef al. 2006). However, slowing the pace of product replacement will leave _

many older, less energy-efficient products in society, which will increase CO, emissions



incidental to product usage(Yu et al. 2010; Ardente and Mathieux 2014). If we were to
achieve higher standards i in energy efficiency, maybe dlssemmatmg a larger numbers of
energy-efﬁcicnt new products by shortening product lifetime would make the COz
reduction effects for product usage exceed the CO: increasing effect from product
manufactﬁring (Riidenauer and Gensch, 2005; Spitzley et al., 2005; Truttmann and
Rechberger, 2006; Coopér, 2010; Skelton et al., 2013). Thus, it is important to analyze
the role of the vehicle lifetime extension of countries in CO2 emissions for the entire |

product life-cycle at globe.



1.3. Structure of this dissertation

This Ph.D. dissertation comprises six chapters (Figure 1.3). Chapter 2 provides a
comprehensive review of relevant existing articles, identifies the contributions and
problems of the existing research, and describes the significance and objectives of the

present study.

Chapter‘3 spatially extended the vehicle life-cycle analysis of a single country and
developed a new method for vehicle life-cycle analysis by combining a 15-country
automotive stock-flow model based on the 15-couﬁtry automotive lifetime diStribution
. with global multi-regional input-output analysis. From the results; I revealed that roles of
bhanges in vehicle lifetime and fuel efficiency on global CO, emissions are vastly
'different between countries where vehicle li‘fetimes are longer and those where lifetimes

are shorter.

Chapter 4 estimated the carbon footpriﬁt-assoéiéted with the global final demand of
automobiles and auto-related petroleum of the U.S.A., Germaﬁy, and Japan, which
account for 31% of the stock of passengef cars in the world in 20009, during 1995 to 2009.
This chapter further developed a ct;mprehensive new method that offers a deeper
understanding of the structural change in the global ﬁﬁal demand of automobiles and
‘discussed how the lifeﬁime of automobiles of a sp;ebiﬁc country has contribu’tedvto their
- carbon footprints. Based on the results, I discuss what‘ role change in the lifetime of

automobiles has contributed to their carbon footprints.



Chapter 5 developed an integrated assessment framework by combining dynamic
discrete choice analysis with life-cycle environmental accountiﬁg analysis based on a
dynamic stock- model. From the empirical results, T suggest the modifying the regulation

policy with a focus on the car inspection system to induce car owners to keep their

automobiles longer.

‘Chapter 6 summarizes the analysis results obtained from Chapters 3 to 5, and presents

the conclusions of this dissertation. -

Chapter 1
Introduction

Chapter2

Literature review and research objective

Chapter3 : d
The role of vehicle lifetime extensions | [ Chanter 5
| of countries on global CO, emissions R : __<_p__: . _
- ‘ : ole of vehicle inspection policy i
v : climate mitigation: The case of Japan

Chapter 4
Spatial structural decomposition

analysis with a focus on product lifetime

_y ¥
. ' Chapter 6

Conclusions

Figure 1.3: Structure of this Ph.D. dissertation



The contents of Chapters 3, 4, and 5 in this dissertation have been published in the

following peer-reviewed journals as follows.

Chapter 3:
‘Nakamoto,‘ Y., Nishijima, D. and Kagawa, S. (2019) ‘The Role of Vehicle Lifetime
Extensions of Countries on Global COa Emissions’, Journal of Cleaner Production, 207,

1040-1046.

| Chapter 4:
- Nakamoto, Y. (2019) ‘Spatial Structural Decomposition Analysis with a Focus on Product

Lifetime’, Economic Systems Research, Provisionally Accepled.

Chapter 5:
Nakamoto, Y. and Kagawa, S. (2018) ‘Role of vehicle inspection policy in climate

mitigation: The case of Japan®, Journal of Environmental Management, 224, 87-96.



_ Chapter 2: Literature review and research objectives

2.1. Life-cycle assessment: Process model and IO model

Life-Cycle Assessment (LCA, [SO14040/44) was adopted as one of the international
standard for environmental management systems, known as ISO 14000 éeriés, by
International Organization for Standardization (ISO) in 1997 (Kliippel, 1999). In action
plan for the circular economy (EC, 2019), LCA is clearly writteu as ‘life-cycle |
assessments of products should become a norm’. Even though about 20 years have passed
since LCA was adopted in ISO, there is considerable attention being paid to LCA

(Hellweg and Canals, 2014; Mattila ef al., 2012; Canals et al., 2011).

LCA can be divided broadly into two approaches: Process model (physical base) and
Input-Output (10) model (monetary base). Process mbdel is a bottom-up approach, that
sums up the environmental burden from resource mining to product disposal (from cradle
to grave). On the other hand, IO model is a top-down approach, that is based on the iﬁput-
output tables (Hawkins ef al., 2007; chdrickson et al., 1998, 1997). In IO model, by
using the CO; emission intensities per industry and the direct and indirect inputs of
- required for unit production of a product, we can estimate the environmental impacts of

the product. The properties of Process model and 10 model are explained below.

Process model is featured by the detailed assessment of emissions from each life-stages
and inventories of a specific product. Due to this characteristic, companies are applying
LCA for the cleaner production of their products (Heijungs, 1994; Reich, 2005). For

instance, (Yokokawa et al., 2019) demonstrated environmental impacts of packaging- .
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derived changes, comparing a refrigerated milk witch have a polyethylene (PE) laminated

carton with a refrigerated milk witch have an aluminum and PE laminated carton.

However, in Process model, the selection of ‘system boundaries is arbitrary. If the
assessment canhpt take all environmental burdens from relevant supplies into account,
the life-cycle CO, emiss’ioﬁ of the product will be undr:restimated, (Lenzen, 2000; Suh et
al., 2004). Raynolds ‘es al. (2000) states that the identification the>entire life-cycle
emissions is impossible in Process model. Thus, it shorxld be noted that the life-cycle CO,
~ emission have systematic errbrs estimated by Process model. Moreover, Process model

relatively requires enormous amount of inventory data, cost, and time.

Meanwhile the input-outr)ut table used in 10 model, is a matrix that broad monetary
aggregates industries and commodities in a single country, showing the lmkages of goods
and services, and regulal ly updated by statistical bureaus (once in a fi Ive-year period in
J apan). Thereby, in theory, IO model specifies all of the direct and indirect inputs required
for unit production of a product. In other words, we can COmplgtely' estimate carbon
footprint of product in IO rnodel. In adrlition, 10 model relatively requires small amount

of data, cost, and time (Lenzen, 2000).

On the other hénd, as the average industrial technology ‘and' broa‘dly aggregated input-.
output structure are used in I0 model, the.result of LCA is relatively rough (Hertwich,
2005; Peters, 2008) Accordingly, the products that has the same price and belongs to the
same industry (e.g., a $20,000 car of motor company A and a $20,000 car of motor

company B), even if the design and functionality are different from each other (e.g., fuel

10



efficiency, horse power, and riding capacity), has the same input-output structures and the .
same life-cycle emissions. Additi‘onally, in IO model, system boundary is upstream of
production stages, and so the assessments cannot cover the emissions from downstream

of production stages (i.e., product use by the consumer or wastes by disposal activity)

(Lave et al., 1995). | ) B

This section will close by introducing the hybrid LCA model, that v-employing
characteristics of both Process r'nbodel and TO model, and complementing respective faults
(Kagawa and Inamura, 2001; Shao and Chen, 2013; Stromman ef l., 2009; Suh and
Huppes, 2005). At first, the hybrid LCA model analyzes detailed physical inventories of
a spe}ciﬁc product based on Process model. Next, based on IO model, the hybrid LCA
model calculates life-cycle emissions that could not cover by th¢ Pfocess model. This
comprehensive life-cycle analysis was proposed by Joshi (1999). As a case study, he also
estimated the CO> emissions of tﬁe .au_tomotive fuel tank through the entire life-cycle such
as tank manufacturing phase, use phase, .and waste and recycling phase. In this
dissertation, the estimation procedure of the carbon footprint of vehicles is baééd on the

hybrid LCA model.
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2.2. Studies on Environmentally Extended Input-Qutput Analjsis

Environinentally extended input—output analysis (EEIOA), which isﬁan application of
- input—output analysis to environmental im;ﬁact assessment, was pioneered by Wassily
Leontief (1.971) and has been widely adopted in e~nv‘ironmental impact assessmént (see,
for example, (Hamilton? 1997) on defore‘strat’ion, (Lange, 1998) oﬁ air pollu’ti'on,.wat‘er
use, and land use, (Wier and Héslei‘-, 1999) on nitrogen, .(Len‘zen' and Murray, 2001) o‘n
land use, (Dixpn et al., 2003; Emmerson et al., 1995; Roson and Sartori, 2015 ;'Zhang ét
al.,2012) on water use, and (Feng et al., 2015; Hoekstra ez al., 2016) on GHG). By using
the inputs for the product of each iﬁdustry, anditl.le CO; emission intensity of thcbrelevant
industry (e.g., CO2/ a million yen), we can estimate the direct and indirect environmental

burdens associate with the final demand of the product.

FuArthérmoré, EE.IOA has been widely employed not only in life-cycle footprint
a11a1ysis, but also in material and energy demand analysis, and in stock-flow aﬁalysis in
many countries and regions, and global. (see, forbxamﬂe, material: (Weinzettel and
Kova|1da, 2011; Wiedmann ez al., 2015; Wood et al., 2009), energy: (Lia;) et al., 2007,
Sun, 1998; Weber, 2009; Zhang and Lahr, 2014), waste: (Beylot, 2015; Liao ef al., 2015;
Nakamura and Kondo, 2006, 2002)). Wiedmann e al., (2015) estimated the material use
that is induced by the consumption of nations (material footprint: MF) and the raw
material equivalents (RMEs) of imports and exports of 186 countries. As a result, they
pointed out that the current material use of nations is grave situation, since there is great
differ}énce domestic material consumption (DMC) that is ﬁéed in many countries in pélicy

making and consumption based MF,

12



Static EEIOA is used for measuring economic.'impact, productivity, or environmental
burden from a relatively normative and short-term perspective, while structural
deconﬁposition analysis (SDA) is aimed at breaking changes of compohenté down into
certain dl‘iving forces from a relativcly positivistic and long-term perspective. Index
decomposition analysis (IDA) uses regional-le\)el or national-levei aggregated data. On
the other hand, SDA is based on input-output fables and so enables ﬂ1c analyst to include
indirect demand effects induced by certain direct 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 vconducted for multiple
regions (Alcéptara and Duarte, 2004; dé Nooijet al., 2003; Unander e/ al., 1 999) by using |
multi-regional input-output tables (MRIC) as well as for the regibnal level by using the
national ihput-outﬁut tables» of many countries (Bakiocchi and Minx, 2010; Cao et al.,
~2010; Lim et al.,'2009;vMunksgaal‘d etal., 2000‘; Peters et al., 2007). Some analyses have
focused on consumption (ﬁnal demand) versus technology (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 fo the expansion of consumpﬁon but that'the emissions were mitigated bby

improvements in technology and efficiency over the study period.

13



2.3. Product lifetime analysis

Product lifetime can be divided broadly into two categories: pﬁysz'cal lifetime that
" denotes the survival (failure) raie during production stage and- final waste ‘stage,' and
economic lifetime that represents the possession (replacement) rate during‘purc‘hase ofa
product and replace the bréduct (MUrakami etal.,2010; Oguchi ef al,, 2010, 2006; Tasaki k

et al., 2001) (see Figure 2.1).

System boundary Life stage
Resource [ Resource )
Mining B | Mining '
R A
parts . [ parts |
manufacturing | manufacturing | h
'" - »
Production crransaresss Production }...m,.,_....m...,,...,!m.;..’\
Physical
v _y . lifetime
S [ 18t owner A Economic
. lifetime of

new products |-

v \/
Use Pl 2nd owner | Economic
N | : lifetime of
lused products
¥ v :
[ R T

Final owner

§ § p ¥ . -y ('
Disposal . S A Disposal Lo, Y

%

Figure 2.1: definitions of product lifetime for durable goods.

Note: Modified from Murakami et al. (2010).
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Kagawa et al. (2011), for example, estimated the average physical lifetime of gasoline
passenger cars in Japan (number of years of survival from the time of new car purchase
to the time of disposal) to be 11.5 years. In contrast, acc;:)rding to a survey on passenger
car market trends (Japan Automobile Manufacturers Association; JAMA, 2016), the
economic lifétime of the average gasoline paséenger car in Japan (number of years of
ownership from thé time of new cér purchasé toilthe time of car x;eplacement) is 6.9 years.
Thus, the economic lifetime of vehicles is approximately only half the physical lifetime

of vehicles in Japan.

The phy&ical lifetime distribution analysis has been appliéd in a wide range of durable
goods or material such as personal computers, TV, air conditioner, refrig'erator,‘ and
‘build‘ings (Babbitt et al., 2009; Bayus L. B., 1988; Cox et ql., '2013'_; Echegqray, .2016;
Islam and Meade, 2000; Kim ez al., 2003;'Noﬁ1ura and Momos¢;/“2008; Miller et al., 2016;
Petridis et al., 2016; Tasaki et al., 2013; Weymar and Einkbeincr, 2016). When we
estiniate the number of surviving (failing) products in the product lifecycle analysis, the
relevant product lifetime is an impori'tantkparamet_er. Hence, the product lifetime enablé‘s
us to do dynamic LCA, or LCA that considering with agihg of the product, based on

stock-flow analysis of the product.

In vehicle life-cycle analysis that is based on product Iifétime, by controlling lifetime
distribution of vehicles, the analyst can estimate the reduction potentials through the more
diffusion of the greener vehicles and change in-the energy mix as a 'result of short-term
replacement of older cars (see (Hao et al., 201'1; Zhao and Heywood, 2017) in China,

- (Wursthorn et al., 2010) in Germany, (Alam et al., 201 7) in Ireland, (Singh and Stremman,

15



2013) in Norway, (Baptista ef al., 2012) in Portugal, and (Kromer et al., 2010) in USA).

Furthermore,: physz‘éal lifetimé distributions (e.g., Weibull distribution) ha‘vie been
employed widely in studies on material flow analysis (e.g., Nakamura ef al., 2014;
Pauliuk et al., 2017) and on estimating the amount of stock of various materials (e.g., iron
(Daigo et aZ., 2067), aluminum (Chgn and Graedel, 20’12), and copper (Spatari et al.,

2005)). Regarding to electrical appliances (particularly ICT products such as laptop and
‘,nmbile phone), there is péu*ticularly‘ great interest in material flow and stock analyéisof
E-waste, or electronic and eiectrical wastes, based on the product lifetime. (Aratijo et al.,k
2012; Dwivedy and Mittal, 2010; Jain and Sareen, 2006; Leigh et al., 2007; Nguyen et
- al., 2009; Pant, 2013; Poldk and Dréapalova, 2012; Steubing et al., 2010; Wang el al.,
2013; Yoshida et al., 2009). Yoshida et al. (2009) analyzed of material flow for the laptop
and desktop PCs in Japan. From the results, they found that an increase of démestic use

“and exports of used PCs has decreased the disposal rate of PCs in Japan.

Previous studies that have modeled product replacement purchases based on physical
lifetime distribution have not evaluated economic lifetime. In other words, such studies
h'ave‘not adequately described thé economic lifetime of products inased on the choice
behavior of consumers—that is, how consumers decide every term to either continue
using the same.product or to make a replacement’pﬁrchase. Thus, studies to date have
been unable to make effective policy proposals in relation td product demand policy:
- Numerous studies have been carried out on commodity markets using discrete choice
~models based on consumer theory (random utility theory)—e. g;, Rust '(198‘7); Chevalier

and Goolsbee (2005), Gordon (2009), Schiraldi (201.1), and Gavazza ef al. (2014)—but

16



thus far few studies have tried to assess the influence of adopting or modifying demand

policy for durable goods on global warming.

By applying EEIOA to the environmental impacts, and material and energy problerﬁs‘,
there has been much discussion on the policies to achieve thé sustainable development.
In particular, there is great interest in produ‘ct lifetime éxten'sion asa cifcu]ar strategy, that
is a policy to establish the circular economy (EC, 2015). Cuffent life-cycle stﬁdies based-
on product lifetime have concluded that, we can receive more environmental benefits
through the exteﬁdin g lifetime of older p1‘odU¢ts with less energy-efficient, than
disseminating avlarger'numbers of energy-efficient n¢§v products by shortening lifetime.
(see; for example, (Bakker et al., 2014) on refrigerator and laptop, (Bobba ef al., 2016)
on vacuum cleaner, (Emmenegger ef al., 2006; Yu et al., 2010) on mobile phone, (Ardente
and Mathieux, 2014) on washing machine, and (Aktas and Bilec, 2012) on buildings).
Aguilal'-Hefnlandez et al. (2018) states'that, a lifetime extension of a product reduces the
dem.and. of consumers for tha‘t~ product, and hence reductions of intermediate input and

energy input for the production of the product can be achieved.

Based on the case of éutomobiles, the indirect COz; emissions (e.g., part; manufacturing
and production) accounted for about 20%, 30%, and 70% of the overall life-cycle CO,
emissions from a gasoline Vehicie, a hybrid vehicle, and a fuel cell vehicle, resp¢ctively
(Toyota, 2015). Since increasing of indirect energy and material inputs through enhance
the value added (advanced functions, safety measures, etc.) on the vehicles,
‘environmental,managem,ent} systems of automobile industry have to change the direction

from the improving fuel efficiency to reducing the indirect emissions associate with the

17



global supply chains of products (Carbon trust, 2016). In this context, the vehicle lifetime

extension will expand of the scale of the indirect'impacts on the environment.

18



2.4, Contribut_ibn of this dissertation

_To the best of my knowledge, previous studies on automobile lifetime analysis have

the following issues:

(1) There are no international comparisons of what impact changes in pi'odnct lifetime
have on -the produét's ca.u'bon footprint. H

@) 1tis unclear what impact changes in produét lifetime in a country have on the structure'
of final demand through the global supply chain and carbon footprint associated with the

global final demand.
(3) There are no life—éycle analysis that have modeled vehicle replacement purchases
based on econoniic lifetime of vehicles.

(4) There are no highly transparent policies to achieve a lifetime extension of vehicles.

" To address these issues, this Ph.D. dissertation conducted environment input-output
life-cyvcle analysis focusing on changes in the global final demand for automobiles and

auto-related petroleum induced by the automobile lifetime changes of countries.

First, I spatially eﬁtended the vehicle life-cycle analysis of a single country and
developed a novel method for vehicle life-cycle analysis by combining a 15-country
automotive stock-flow model with global multi-regional input-output analysis (e.g.,
Lénzen et al., 2012; Kagawa et al., 2015a). Specifically, this dissertation focuses on
passenger vehicles sold and ownéd from 1995 to 2008 in the 15 countries (Ausfralia,

Austria, Canada, Denmark, Finland, France, Germany, Ireland, Italy, Japan, Netherlands,
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South Korea, Spain, UK., and U.S.VA.). Using the World Input-Oﬁtput Database (WIOD)
(.Timmer etal., 2015), I estimated the impact of changes in lifetime and fuel efﬁcieﬁcy
for vehicles owned in these countries on the carbon footprint associated with global
| vehicle supply-chains in 2008. From the results, I’ argue that roles of ;l1angcs in vehicle
lifetime and fuel efficiency on global CO; ‘e‘missio‘ns\ are yastly different between
countries where vehicle lifetimes are longer and those where {ifetimes are shorter.
~ Second, this dissertation 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 2609, during »1995
to 2009. Furthermore, 1 developed a comprehensive new methoﬁ 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.

Finally, I develop an integrated assessme.nt framework by combin_ing dynamic
discrete choice analysis with life-cycle environmental accéunting analyéis based on a
dynamic stock model. In particular, to achieve a product lifetime extension, I focused on
vehicle safety inspéction system and this system has an effect of shortening the economic
lifetimes of automobiles and increasing CO, emissions assoqiated with vehicle life~cycle.
-From the empirical results, I found that modifying the regulation pélicy with a focus on

.the car inspection system to induce car owners to keep their automobiles longer would

have environmental benefits.
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“Chapter 3: The Role of Vehicle Lifetime Extensions of Countries on

Global CO; Emissions
3.1. Introduction

Achieving the Paris Agreement goals as adopted at.. COP21 will require highly.
transparenf climate change cohntemﬁe@sures (UNFCCC, 2018). Looking at the wor_ldwidé
greenhouse gas (GHG) emis}sionsv, by sector for 2010, the transportation sector, at
approxiinately 14% bears much of the -rcsponsibilify for emissions (IPCC, 2014). The
automotive sector is of particular concern. Automotive CO; emissions come both directly,
from driving vehicles, and indirectly, from various industries in each country through a.
maésive global supply chain of the materials and ipa.rts, required for automotive
manufacturing. ];Zach country has an obligation to lead initiatives mitigating the human
contributions to cli.mate change by reigﬁing in the CO; incidental to vehicic life-cycles:
the carbon footprint of vehicles (Pavlinek and Zenka, 201 1; Timlﬁe’r ét al.,2015; Kagawa

et al., 2015a; Tokito, 2018).

Given the above situation, in Japan, for example, 'technological breakthroughs in the
iﬁtemal co‘mbustioln enginé, development of next-generation vehicles, and distribution
streamlining are driving downAC02 emissions from vehicle driving ,(Japa’n Automobile
Mgnufacturers Association: JAMA, 2016). The World gfeatly needs a shift from linear
economies to circular economies (European Commission, 2015). In action pIan for the |
circular economy, EC are getting more attention in closing supply chains and.resource

efficiency. With this kind of background, it is essential in debating policy on this shift to
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analyze CO; emissions for the entire product life-éycle, from resource mining to vehicle
disposal, an_d not just the product usage phase (Ou et al., 2010; Melaina and Webster,

2011; Pauliuk et al., 2011).

There is particularly great interest in how product lifetime extensiofi would impact CQ,
emissions across the full product life-cycle (Cooper, 2005). Prevnous studies on
Switzerland and Japan (Spielmann and Althaus, 2007; Kagawa et al., 2011) have
concluded that extending vehicle l,ifetim.e will reduce overall life-cycle CO, emissions

and be beneficial for the environment.

Generally, a longer product lif(;tilne means rthat consumers buy new products less often
(Serenho ‘and- Allwood, 2016), in turn helping to reduce the CO; incidental to
manufacturing new products. However, slowing tlie pace of product replacemcnf will
leave many older, less energy-efficient products in society, which will increase CO,
emissions inci'dental to product usage. It is possible that Switzerland .and_ Japan as
-mentioned above are spécial cases. Perhaps the redﬁctions in CO2 from product
manufacturing with extended product lifetimes would not exceed the increases in CO
from product usage. If we were to achieve higher sfandards in energy efﬁciency? maybe
- disseminating a larger numbers of energy-efficient new products by shortening product
lifetime would make the COz reduction éffects fof product usage exceed the CO,
, increasing effect from product rhanufacturing (Rudenauer and Gensch, 2005; Spitzley et

al., 2005; Truttmann and Rechberger, 2006; Cooper, 2010; Skelton et al., 2013).

To the best of our knowledge, we found the following issues: (1) there are no
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international comparisons of what impacf changes in product lifetime have on thé,
product's ca}bon footprint; and ‘(2) there are no estimates of what impact changes in
broduct lifetime in a relevant country have on carbon footprint of the global supply chain.
To address these two important issues, in this study, we used t‘he automotive lifetime
distributions as estimated by Oguchi and Fuse (2015) for 15 éountries. Based on this 15-
-counfry automotive lifetime distribution, we developed a novel method for vehicle life-
cycle analysis by cémbining a 15-country automotive stock-flow model With global

- multi-regional input-output analysis (e.g., Lenzen ef al., 2012; Kagawa et al., 2015a).

Spemf cally, this study focuses on passenger vehicles sold and owned from 1995 to
2008 in the 15 countries (Australla, Austrla Canada, Denmark, Finland, France, Germany,
Ireland, Italy, Japan, Nétherlands, Sduth Korea, Spain, UK., and US.A). Using the
World Input-Oufput Database (WIOD)i(Timmer et al., 2015), we estimated the impact of
changes in lifetime and fuel efficiency for vehicles owned in these countries on the carbon
footprint associated with g'lobél vehicle supply-chains in 2008. From the results, we argué
that roles of changes in vehicle lifetime apd fuel efficiency on global CO, emiséions are

vastly different between countries where vehicle lifetimes are longer and those where

lifetimes are shorter.
The remainder of this paper is organized as follows: Section 3.2 provides the

methodology; Section 3.3 describes the data used in this study; Section 3.4 discusses the

resﬁlts; and finally Section 3.5 concludes this chapter.
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3.2. Methodology

3.2.1 Stock-flow analysis for passenger cars based on the lifetime distributions

In,thi.s study, we focused on paésenger cars newly registered from 1995 to 2008 in 15
countries. Firstly, this study models the cumulative'smfappage_ rate .of new passenger cars
~as a cumulative distﬁbution function. Specifically, the cumulativé scrappage rate for‘néw
passenger cars of a specific country c that are newly registered in year 0 and deregistered
in year ¢ follows the Weibull distribution function described by Eq.(3.1) (e.g., Kagayva et

al., 2011; McCool, 2012; Oguchi and Fuse, 2015).

,E(f);lfexp{—[é]mc} (120) | (3_1)’

#.=nT (1 +miJ (3.2)

(4

Here, m. repreéents a shape parameter and 7, repreSents a scale parameter. z, inEq.
(3.2) represents average vehicle lifetime. of specific country ¢ derived from the Weibull
distribution function and T' in Eq. (3.2) is the gamma function (McCool, 2012). The

cumulative survival rate at year ¢ for new cars newly registered at year 0 is also easily
obtainable as ¢, (t ) =1-F (t). Tt should be noted that we have @, (0) =1; in other words,

all new cars purchased in year 0 survive in year 0.

As in previous studies (Kagawa et al., 2015b; Nishijima, 2017; Nakamoto, 2017), using
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the cumulative survival rate of new cars with baseline average lifetime of country ¢, 7,

the stock of passenger cars of country c in year ¢, -Sc'(t; ,Ec) , can be estimated as follows:

S.(60.)=B.(5A,)+ 2 . (t—i2)B. (i 14,) @3)

-1
i=1

, where ,Bc(t; ﬁc) représents the number of new cars purchased in country ¢ in year ¢ and

o, (t -1 ﬁc) is the cumulative survival rate for new cars in country c¢ in year ¢ that are

‘newly registered in year i, when the average lifetime of passenger cars of country c is the

baseline.

Subsequently, we explain how to solve the stock dynamic. equation, Eq. (3.3), by
assuming that passenger cars are newly registered in initial year 1. In addition, we assume
that all vintages of passenger cars sold in country ¢ follow the same cumulative survival

distribution. We have the following dynamic system of equations for each country:

S ( 'ut) B (1 'UC) )
S.(%1.)=B.(34)+¢.(LE)B.(LA,) (3.4)
S.(37.)=B.(37)+ 0. (LZ)B.(22.) + 0. (3 1) B. (LE.)

In this study, the stock of passenger cars in each year S, (t; ﬁc) is taken to be steady .
state. Thus, if the stock proportion of a vintage of passenger cars (cumulative survival

rate) shifts from ¢,(57,) to @, (t4,) in accordance with the average lifetime- of
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passenger cars shifting from 7, to ., then the number of new passenger cars sold can’

be estimated sequentially as follows:

B, (bp)=S.(L4,)
B (21.)=S.(ZA.)-p. (L) B, (L1, ' (3.5)
B.(3i)=S.37)-0. (L) B. (2 .) -0, (211,) B, 11,)

The amount of newly purchased cars in country c in year ¢ can be estimated as Be'(t; ,uc) .

3.2.2 Direct CO; emissions associated with driving passenger cars

Annual gasoline consumption in liters of i-vintage cars in country ¢ in year f,

g.(t2,()) (i=12,--,¢) was calculated by dividing the annual average travel distance |
in country ¢ in year ¢, defined as d, (t) (km), by the fuel efficiency of i-vintage cars in

country ¢, denoted by 4, (i) (km/L), where the bar indicates the baseline fuel efficiency

of i-vintage cars in country c in year .

- d,(t
8. (t;ia(i))= = (1 (3.6)
Here, it is assumed that the annual average travel distance of passenger cars in year 7 is
same irrespective of their vintage. From Eq. (3.6), we can estimate the gasoline

‘consumption generated by all vintages of vehicles on the road in country ¢ in year # as
follows:
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g. (t;ﬁ;,/i )=g.(64.5)B, (4 ﬁ;.)+121gc (62.0))e. (t-i;7,) B, (i;ﬁc) 37

where ¢, (t =1 ﬁC)BC (i; ﬁc) denotes the number of i-vintage passenger cars in use and
q, (t; a, ,TC) denotes the total annual gasoline consumption of passenger cars in use in

country ¢ in year £. The direct CO2 emissions of a passenger car associated with car

driving is calculable by multiplying the direct CO3 emission intensity (i.e., direct CO;

generated per unit of gasoline combustion on the road), € (Kt-CO2/L), by the annual

gasoline bgonsumption, q.(t yc,/ic) .

3.2.3 Indirect CO; emissions associated with the life-cycle of passenger cars

3

We can estimate the number of new passenger car sales in country c in year ¢, B, (t; ﬁc)
by using the stock-flow model formulated in section 3.2.1. By multiplying the average _
sales price (including domestic cars and imported cars) per vehicle in country c, Do (t) ,
by the number of new passenger car sales, Bc(t; ﬂc), we can obtain the domestic final

demand for passenger cars in value terms as p, ,,, (£)B,(67,). .

Now, by using the WIOD, we can estimate the ratio of the final demand for imported

cars from country b to country c, f,f’ “auo » t0 the domestic final demand for passenger cars

_(including domestic cars and imported cars) in country ¢ (the Trade coefficient of the
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N
“Transport Equipment” sector), Z 1. » for year ¢ as follows:
b=l

be
he f(' . aulo

. Cae TN (C=1,2,"‘,N) (38)

N
/' be
1, anto

h=|

C .
Wwhere N denotes the number of countries in the WIOD. Note that f*,, (b=c)

1, auto

N .
represents the final demand for domestic passenger cars in country c, and that Zr"“ =].

{, auto
b=1

Similarly, we can estimate the following trade coefficient of the “Refined petroleum”

sector.

~be.
he 1, peire

Tl, pero = N (C=]’2,""’N) (39)

be
Ju, petro

b=t

where f,f";,,,,,.,, represents the final demand for imported petroleum products from country

. N .
b to country ¢ in year f and Z f,f“',,u,,,o represents the domestic final demand for petroleum
. b=l ’ ’ - )

products in country ¢ in year f. Similar to above, L o (b=c), represents the final

=1,

. N
demand for domestic petroleum products in country ¢ and Zz’f’ petro
. . . b=1 '

From Egs. (3.8) and (3.9), the global final demand for passenger cars and petroleum

products in country c in year ¢ can be formulated as follows:
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i 1L 1 (3.10)

It should be noted that the global final demand vector of Eq. (3.10) is also considered

N

as a function of average lifétime(of\ passenger cars 4 and fuel efficiency of passenger
cars A. Therefore, we can assess the influence by the change in both average vehicle

lifetime and fuel efficiency of a specific country on the global final demand vector.

The indirect CO, emissions associate with the global final demand of passenger cars

and auto-related petroleum products in country ¢'in year ¢ can be estimated as follows:

Qc, indirect (t;luc > z’c) = el (I - Al )—l ‘fc (t;lur,’ /Ic ) | (3 : 1 1)

Based on a multi-regional input-output analysis, e, =(‘e,,l.) is the CO2 emissions
coefficient row vector indicating the direct CO; emissions per unit production of industry

iinyeart. I istheidentitymatrix, A, = (a,,,.jl) is the input coefficient matrix expressing
the input of industry i required for unit production of industry j in year . L, =(I-A, )_1
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is the Leontief inverse matrix based on the multi-regional input-output table in year ¢.
Therefore, the life-cycle CO: emissions including the direct and indirect emissions in the

pre-consumer, production, and driving phases can be finally estimated as follows:

Qc (t’/uc ’ ﬂ»'c ) = Q,_l‘ indirect (t’luc 7 z’c ) + e,n-u'oqc (thu(. 2 A’c ) (3 * 12)

In this study, life-cycle CO; emissions directly and indirectly caused by the scrappihg
phase of end-of-life passenger cars were neglected. It should be noted that the life-cycle

CO; emissions caused by the scrapping phase of end-of-life passenger cars are very small

(Kagawa et al., 2011).
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3.3. Data

We collected and aggfegated the data for the number of passenger car sales B for 15
countries (Australia, Austria, Canada Denmalk Finland, France, Germany, Ireland, Italy,
Japan, Netherlands, South Koxea Spam the U K., and the U.S.A.) for the study period of
1995 to 2008 provided by Japan Automoblle Manufacturers Assoc1at10n F OUR]N which

is a Japanese research company, the AUStrallan Bureau of Statistics, and Statlstgcs Canada.

Uéing the vehicle database provided by the Japan Automobile Manufacturcrs

. Association, the Australian Bureau of Statistics, Statistics Canada, and EnerData, which
is a French research company, we estimated the annual average travel distance d, (z‘) by

dividing the annual national distance driven by all vehicles in kilometers by the number
of cars in use for each country. Although the annual average travel distance might differ
depending on the vehicle type, auto mahufacturer, and attributes of the car owner, we

assumed that all passenger cars in use in a country have the same annual average travel

distance.

The data source for the gasoline price P, ,u, (USD/L) and the passenger car fuel

efficiency normalized to U.S. CAFE 4, (km/L) are from the International Energy |
Ageﬁcy (IEA, 2014) and the International Council on Clean Transportation (ICCT, 2018),
respectively. It should be noted that we assumed that the fuel efficiencies of 1995-vintage
to 1999-\’/intage cars follow that of 2000-vintage cars and that the’ fuél efficiency for

Australia follows that of the E.U. due to a lack of data.
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By using the consumer price index (World Bank, 2017), we adjusted a dataset for
passenger car sales price in 2015 from IHS Markit (Cuenot and Fulton, 2011) to obtain
the sales price during 1995 to 2008. We adopted the ‘averége’ passenger car sales price
- in OECD countries (29,000 USD in 2015) for the sales prices for Canada, Finland, Ireland,

and South Korea since those data were not available. The direct industrial CO; emission
coefficient vector of countries ¢, and the direct CO> emission intensity for gasoline
consumptions e,,,, =0.00231 (t-CO2/L) are respectively those provided by Timmerefal.

"(2015) and the National Institute for Environmental Studies, Japan (2010). The 15
countries were selected due to the availability and reliability of the above data and the

two parameters for the Weibull distribution in Table 3.1.

An irﬁportant study is to-estilﬁate lifetime of wide variety of vehicles of hybrid vehicles,
diesel vehicles, and others of countries, however the lifetime détabase has not been well
“estimated due to th¢ lack of reliable panel data of vehicles of countries. Therefore, we -
focﬁsed on the ‘average’ vehicles and treated diesel vehicles that have large market share
in the Europe and Korea as petro vehicles in this study due to the data limitétioh. This
expanded analysis with a focus of wide vaficty of vehicle models is an important-and

challenging future work.
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3.4. Results

3.4.1 Effects of changes in‘aver'age vehicle lifetime on stock and flow of passenger cars

First, using the passenger vehiqie lifetime distribution of the 15 countries, we analyzed
the impacts of change in avei'age vehicle lifetime for.each country (namely, the average
service life from new vehicle registration to scrapﬁing) on the amounts of vehicle stock
and flow in that country. Table 3.1 gives the average passenger vehicle lifetimes in 2008
for the 15 countries studied as estimated by ‘Oguchi and Fuse (2015) and the two
parameters for the Weibull distribution, shape parameter m, and scale parameter 77;.
On the ]_onger end, the average passenger vehicle lifetimes were 22.6 in Australia and 22.0
years in Finland; on the shorter énd, the same periods for Ireiand, Japan, and South Korea
were all approximately 13 years (Table. 3.1). Thus, average passenger véhicle lifetimes

are widely dispersed. (Table‘ 3.1).
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Table 3.1: Lifetime parameter used in this study

Country Average lifeline (years) ~ Shape parameter Scale paranicter Passenger cars per 1000 people
Australia ' 226 30 253 © 553
Austria 154 42 16.9 514
Canadu 154 44 16.9 » 587
Germany 137 31 153 509
Denmirk 116.7 35 18.6 383
Spain 18.0 47 19.7 481
Finland 220 . 29 24.7 460
France 152 42 - 16.7 ' 495
United Kingdom 135 39 14.9 i 503
Ireland 13.0 4.0 143 429
ltaly 14.1 : 4.0 156 - 607
Japan 13.3 34 14.8 450 -
Korea . - 130 2.7 14.6 513
Netherfands 15.1 37 167 468
United States _ 16.2 . 2.8 182" T 48
Average 158 - 3.6 17.6 4934
Varimnee 9.0 © 04 11.5 3,470
Standart deviation 30 0.6 34 - 59

Source: Oguchi and Fuse, 2015; OICA; UN Depurtment of Economic and Social Affuirs

In thivs study, we emulated Kagawa e/ al. (201 1), fixing the Weibull distribution shape
parameter m. from Table 3.1 and changing the scale parameter n. to shift average
lifetime 7, o'f passenger vehicles newly re.gistered between 1995 and 2008 from =5
years to +5 years. Figure 3.1 shows the 2008 passenger car stock in Australia for vehicles
newly registcfcd between 1995 and 2008 in each of the average lifetime change écenarios
estimated using Eq. (3.5). According to these results, changes in average lifetime
(extension and shortening) in Australia, where the average 'passenger vehicle lifetime is
very long, has an extremely limited impact upon the vehicle stock of each vintage (older
models held onto) and thus new Vehiclé units sold. In Finland, where the average
passenger Vehiclg lifetime is also long, the effects of changes in lifetirﬁe are similar (see

Figure S3.1 in the Appendix).

In contrast, change in lifetime has an outsized impact in the U.S.A., where the average

passenger vehicle lifetime is exactly at the world average, 15.8 years: shortening average
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passenger vehicle lifetime by 5 years increases the share of newly purchased 2008
vehicles from 6.7~% to 9.8% and, converéely, reduces the share of vehicle stock from
93.3% to 90.2% (Figure 3.2). Meanwhile, extending passenger vehicle lifetime by 5 years
in the U.‘S.A reduces the share of newly purchased 2008 vehicles from 6.7% to 5.4% and,

conversely, expands the share of older vehicles purchased before 2008 from 93.3% to

X

94.6% (Figure 3.2).

If we assume that technological breakthroughs will improve fuel efﬁciency in newer
vehicles, then shortening the buying cycle by shortening the average vehicle lifetime will .
put more relatively fuel-efficient vehicles on the road. Conversely, when fewer new
vehicles are purchased due to longer évefage lifetimes, more vehicles with relatively poor
fuel efficiencies will be driving the streets. Accordingly, extending the average lifétime ‘
should contribute to increasing the CO; emissions attributed to the fuel '0011$u;ﬁpti011 of
vehicles on the streets, as shown in the second term on the right-hand side of Eq. (3.12),
and decreasing the CO; emissions attributed to new vehicle sales, ‘which is included in
the first term on the right-hand side of Eq. (3.12). As‘ shown iﬁ Figure 3.2, it is possible
that, in countries such as the U.S.A., where éhange in passenger vehicle lifetime clearly
impacts vehicle ownership, changing passenger vehicle lifetime will help to reduce global

CO; emissions.
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3.4.2 COz reduction potentials under the ‘0011zbined scenarios

Figure 3.3 shows carbon footprints in vehicle lifetime scenarios for the countries in
terms of life-cycle CO2 emissions for 2008 associated with the final demand of passenger
véhicles and gasoline consumptions of countries (see Eq. (3._12)). Looking vat country’s
carbon footpx ints in the baseline analysis as estlmated using the average hfetlmes for each
country from Table 3 1, we can see in Figure 3.3 that the U.S.A., Germany, and Japan
lead in CO2 emissions’ at 555 Mt-COz-eq, 187 Mt-COs-eq., and 146 Mt-COz-eq.,
'respectively. The fact that passenger vehicle carbon footprints in these three countries,
the w;)rld‘s' recognized automotive giants, have reached a combined 889 Mt-COz-eq.
absolutely cannd be igripi‘ed in-climate change mitigation policies. The qvcrall carbon
footprint for all 15 countries is 1.6 Gt-COz-eq, accdunting for 4.9% of the 31.6 Gt of

global CO; emissions for 2008 (IPCC, 20'14);

One important finding from these results is that, in all 15 countries studied, shortening
fhe ‘average passenger vehicle lifetime increased the carbon footprint - of passenger
vehi‘clevs and, conversely, lengthening the average passénger vehicle lifetime decreased
thé carbon footprint of passenger vehicles. The carbon footprint of passenger vehicles
associated with the final demand of passenger cars, or vehicle production phase
substantially decrease due to lengthening the average passenger vehicle lifetime, even
-thdugh carbon footprint. associated with fuel'combustion, or driving phase incr¢ase (see
Figuré S3.2). The majolf reason for'this is that a lengthening the average passenger vehicle
- lifetime contributes to reducing the number of new car sold. Particularly for the USA,

Germany, and Japan, where vehicle stock and flow are high, extending passenger vehicle
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fifetime by 5 years compared to the baseline footprints reduced the passenger vehicle
éal‘b011 footprints by 13.3 Mt-COs-eq. (-2%), 8.1 Mt-CO1-¢q. (—4%), and 7.2 Mt-CO;-
eq. (—5%), respectively (Figure 3.3). Conversely, shortening the lifetime b'y 5 years in the
three countries increased their passenger vehicle carbon footprints by 31.2 Mt-COz-eq.

(+6%), 17.6 Mt-COz-eq. (+9%), and 14.6 Mt-COz-eq. (+10%), respectively.

In Australia and Finland, however, two countries with extremely long average vehicle
- lifetimes, the same extension to véhicle lifetime had a very limited effect toward reducing
CO; emissions at 0.31 Mt-COz-eq; (-1%) and 0.05 Mt—CO:eeq. (0%), respectively. |
Interestingly, in the UK., Ireland, and South Korea, where average vehicle lifetimes are
shorter, extending the vehicle l,ifetirqe 5 years compared to baseline footprint had a
relatively large effect on reducing emiss.ionfs at 5.50 Mt-CO»-eq. (—4%), 0.42 Mt-COz-eq.
(—4%), and 3.37 Mt-COs-eq. (-5%); respectively. Thus,. these resul‘ts illustrate that
countries with shorter average vehiélé lifetimes can reduce their vehicle carbon footprints

more by keeping their vehicles in service longer.

Ten of the 15 éountries stud%ed had vehicle lifetimes shorter than the average of 15.8
years: Austria, Canada, Germany, France, the UK., Ireland, Italy, Japan, South Kox"éa,
and the Netherlands (Table 3.1). We calculated that by increasing the average vehicle
lifetimes of passenger cars registered during 1995 to 2008 of these 10 countries to the
global average of 15.8 years, a reduction of 17 Mt-COz-eq. from the total baseline
footprint of the 10 countries could be realized. Accordingly, extending the average vehicle
lifetime for those countries with shorter average vehicle lifetimes up td at least the global

average would definitely help in mitiigating climate change.
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- Figure 3.3: Life-cycle CO; emissions of passenger cars registered during 1995 to 2008

under lifetime scenarios

Polkcymakers may oppose policies for mitigating climate change By extending vehicle
lifetimes. After all, they reason; extending average lifetimes would mean fewer
consumers purchasing more fuel efficient vehicles and increase the numbér of less fuel
efficient vehicles, in turn. increasing COQ emissions from driving. Maybe further
improvements in average fuel efficiency for new vehicles, even as vehicle lifetimes are
shortened, will stefn the increases in COz emissions. This line of thinking forms the basis

for the current emissions reduction policies of many countries.

To analyze these two opposing positions for this study, we conducted a combined
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scenario analysis uniting the vehicle lifetime change scenarios and vehicle fuel efficiency
change scenarios. Specifically, we estimated the emission reductions when the fuel
efficiencies (at purchase and over time) for passenger vehicles sold in the relevant

countries between 1995 and 2008 increased uniformly by 10%, 20%, and 30% from the

baseline fuel efficiency of 4, (i)(i=1995,1996,--,2008) (km/L).

In Figure 3.4 to Figure 3.7, we can see the potential for reducing the vehicle carbon
footprints in four countries under the combined scenaric: Australia, where vehicle

lifetimes are longer; the U.S.A., where vehicle lifetimes are close to the global average;

“and Germany and J apat:l, where vehicle lifetimes are shorter. According to the results in

the Figure 3.6 and Figure 3.7, extending vehicle lifetime would be effective in reducing
COz emissions in countries like Germany and Japan where average lifetimes are relatively
short. It is also important to note hére tﬁat, in Germany and Japan, any reductions in CO2
emissions from fuel efﬁcienc‘y improvements will largely be negated by shortening
vehicle lifetime (Figure 3.6 and Figure 3.7). For Germany and Japan, these results
illustrate that the increases in indirect‘ emissions associated with new vehicle
manufacturing from shortening averagé lifetimes will exceed the decreases in direct
emissions from driVing due to fuel efficiency improvements. In contrast, in Australia and
the U.S.A., shortening the average vehicle lifetime in the fuel cfﬁciency improverﬁent
scenarios increases the number of vehicles with relatively good fuel efficiencies, résulting
in decreases in direct emissions from reduced fuel consumption that outpacéd the

increases in indirect emissions associated with increased vehicle manufacturing (Figure

"3.4and Figure 3.5). Focusing on Australia, where vehicle lifetime is longer, the reductions

from further extending vehicle lifetime would be small compared to reductions from
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improving fuel efficiency. Thexe are some countrles (e.g., Australia and Finland) that has
little or no domestlc automoblle makers Ach1evmg fuel efﬁcnency improvement in such
countries, the policymakers need to focus. their efforts on 1mportmg new vehicles with

higher fuel efficiency within the country.
‘We should riote here that, reahstlcally, fuel efﬂcxency lmprovement measures can only :
be apphed to new vehicles; they are exceedingly difficult to apply to currently owned
older models-. On the other hand, measures to extend vehicle lifetime can be applied to all
currently owned vehicles. In Germany and Japan,.wh.ere hopes are high for these emission B
redﬁctipns associated with vehicle lifetimes, policymakers need to pivot toward policies
centered oh extending vehicle lifetimes. We also conclude that, in order to realize the
higher levels.of CO; emission reductions needed for us to achieve our GHG emissions
- reduction goals undep the Paris Agreement, it ié crucial that those countries with shorter
vehicle lifetimes concurrently extend their average vehicle Iifetil'l1es ‘and improve theii
fuel efﬂ‘ciencies. A large-scale shift to electric motorization, which is planned in many |
countries, would enhance the emission intensity of driving phase. On the contrary,
additional‘mate‘rials‘ needed for electric systeins and for‘batteries increase the emission -
intensity of pre-consumer phase (Toyota, 2017; Nakamoto and Kagawa,2018). Following
the result of this study, we can conclude that lifetime extensions of electric vehicles have
relativelyAgreat potential to reducing not only the derﬁand_for additional materials for

- next-generation cars but also the carbon footprint of transportation sector.
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3.5. Conclusion

In this study, we analyzed fhe impacts that changing the passenger vehicle lifetimes of
15 cduhtries worldwid¢ would have on vehicle stock and flow in those countries by using
a vehicle lifetime 'diétl‘ibution model. The results showed that, for countries with relatively
short average passenger vehicle lifetimes, changing the average lifetimes greatly
impacted pas’senéer vehicle stock (older models held onto) and ﬁow (new vehicle units

sold).

Next, by combining the 15-country stock-flow model and a multi-regional input-output
analysis, we estimated .the impact ofbchanges in vehicle lifetime and fuel ecohomy fora
country upon that country's vehicle-derived carbon footprint. According to th¢ results,
| exfending vehicle lifetime has a very limited effect in reducing the carbon footprint in
countries where >v¢hi'c1e lifetimes are longer, such as Australié and Finland, but is
expected to greatly reduce émissions in cbuntries where vehicle liféﬁnﬁes are shorter, such

as Germany and Japan.

‘Whereas fuel economy improvement strategies‘only‘apply to new veh.icles, lifetime
extension strategies éan be widely applied to both new vehicles and vehicles bought in
previous years, which are néarly 90 percent of all vehicles owned. In the intcrest of-
reducing vehicle-derived CO» emissions, it is crucial to promote vehicle lifetime
extension into conventional technical policy along with elements such as fuel efﬁciency
improvements and next-géﬁer’ation vehicle development. And 1t is-. also important to build

incentives for vehicle owners to keep their vehicles longer. In terms of possiblye owner
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incentives, we need to make ownership of older model vehicles easier by vitalizing the
used car sales, maintenance, and repair markets, re-manufacture (Seitz, 2007; Gutowski

et al., 2011; European Commission, 2015; Matsumoto, Chinen and Endo, 2017).
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Chapter 4: Spatial Structural Decomposition Analysis with a Focus on

Product Lif_etime

4.1. Introduction

In the EU action plan‘. fof the circular economy, which establishes 'Iow-ca'rb‘on and
sustainable development of the economy, it is important to shed light on the ‘cloéing-loop’
of the pro,dpét»life-cycle ti1rougi1 designing products with longer lifetimes and achieviﬁg
greater re-use and recycling (European Commision, 2015)‘. Such circular strategies for
products have i.mpact’s on both the economy and the environment through the global
supply chains of tlie products. Thus, it is crucial to analyze the carbon footprfnt (CF) for

the entire product life-cycle.

Environmentally extended' input—output anélysis (EEIOA), which is an apblication of
input—qutput analysis to environmental impact asseésment, was pioneered by Wassily
Leontief (1971) and has been widely employed in life-cycle footprint analysis (Horvath
‘and Hendrickson, 1998; Kagawa e al., 2008; Wiedmann and Minx; 2008: Hertwich and
PeterS, 2009) and material flow analysis (Nakamura ef al., 2014; Ohno ef dl., 2017;
Pauliuk et al., 2017). Aguilar—Hémandez et al. (2018) reviewed current EETOA studies of |
circular strategies and categorized fhcm 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
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decomposition analysis (SDA) is aimed at breaking changes of components down into
certain driving forces from a relatively ﬁositivistic and long-term‘perspcctive. Index
decomposition analysis (IDA) uses regional-level or hational-level aggregated data. On
the other hand, SDA is based on inpuf—output tables and so enables the analyét to-include

indirect demand effects induced by certain direct demand effects (Ang, 1994;

‘ Dietzenbaéher and Los, 1998; Hoekstra and van der Bergh, 2003; Lenzen, 2016; Su and

Ang, 2012). Espeéia!ly in the energy and environment field, SDA has been conducted for
multiple regions (Alcantara and Duarte, 2004; de Nooij e al., 2003; Unander e? 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; Muhksgaard et al., 2000; Peters et al., 2007).

Some analyses have focused on consumption (final demand) versus technovlogy (the
Leontief production struéture and cmission intensify) err time (Baiocchi and Minx,
2010; De Haan, 2001 Roca and Serrano, 2007). The general fi ndmgs of these studies is
that GHG emxssnons have mcreased due to the expansion of consumptxon 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 innm)ation of technology
and efficiency improvements. For exémple, lifetime extension of automobiles in a
particular country reduces car replacement (i.e.,A final d‘emand). This prirhary effect would

spread widely over the automotive parts required for their manufacture, the trade structure
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of the. materials, the share of older model vehicles in theb country, and gasoline'

consumption through the global supply chain of the product. Thus, a lifetime extension
-of a product reduces the demand of cénsumers for that product (Serrenho and Allwood,
2016), vand hence reductions of intermediate input and energy input for the production of
the product can be achieved (Kagawa et al.; 2008; Nis‘hijifna? 2017). Therefore, By
uncovering the whole truth of the mechanisms of final demand, impact assessments of

different strategies can be performed.

Since the supply chain fqr éutomotive manufacturing extends beyond the domestic
industries into the global market (Kagawaet al., 2015; Pav‘l‘inek énd Zenka, 201 1; Timmer
et al., 2015; Tokito, 2018), ménagemenf 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 studnes has been domestic, whex eas the supply chain of automoblles 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 throvugh the global supply chain and CF associated -

with the global final demand.

To address these issues, this study focuséd on changes in fhe 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 e 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.
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Specifically, I decombbsed the final demand effects of automobile and petroleum
indﬁced by changes in automobile lifetime of countries into 6 drivers: New car demand,
Petroleum demand, Car stock, Travel distance, International trade of cars, and
Tnternational 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 Ja§a|1, 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 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.
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- 4.2. Methodology
4.2.1 Stock dynamic system for passenger cars

I'assumed that the cumulative scrappage rate for the new-passenger cars of a specific
counfry ¢ that are newly registered in year 0 and deregistered in year ¢ follows the Weibull
distfibution function-described by Eq. (4.1) ( e.g., Kagawa ef al., 2011; McCool, 2012;
Oguchi .and Fuse, 2015). |

o (t).=1—exp{-—(—é:}mc} (120) | | | @)

4= n‘r(1 n n: ] _ (4.2)

where m* represents a shape parameter and 7° represents a scale parameter. In Eq. (4.2),
1° represents the average vehicle. lifetime derived from the Weibull distribution function
. and I is the gamma function (McCool, 2012). The cumulative survival rate ét year ¢ for
new cars newly registered at year 0 can be formulated as ¢ (¢)=1-F°(¢). It should be
‘noted that we have ¢°(0)=1; in other words, all new cars purchased in year 0 remain

throughout year 0.

* The stock of passenger cars of country ¢ in year £, S° (t; ﬁ‘) , can be obtained using the

following equation as in (Nakamoto et al., 2019):
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5 (67 ) =B (57 )+ S0 (117 ) B (7). (43)

i=]

where B¢ (z; ﬁf’) represents the number of new cars purchased in country c in year ¢ and
o° (r—i; ﬂ") is the cumulative survival rate for new cars in country c in year ¢ that are

newly registered in year i, when the average lifetime of passenger cars of country ¢ 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 sﬁrviva’l distribution. When the passenger cars are newly
registeréd in initial year 1, ithc number of cars in use for country ¢ under the baseline

average lifetime, Z°, can be estimated by solving the stock dynamic system of equations

for each country, Eq. (4.3):

In this study, the stock of passenger cars in each year §¢ (1) istakento be unchanged,
even if cumulative survival rate changes from baseline ¢* (5:7°) to lifetime scenario

¢° (£;4°) - According to this assumption, if the stock proportion of a vintage of passenger
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cars (cumulative survival rate) shifts from o°(r;7°) to of(z4°) along with the
P \uE) 0 o (Lu g

average lifetime of passenger cars shifting from Z° to u°, then the number of new

passenger cars sold can be estimated sequentially as follows:

4.5)

In eq. (4.5), 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 f can be estimated as B¢ (t; ,u’"‘).

4.2.2 Annual gasoline consumption and direct CO; emissions

Annual gasoline kconsumption‘ in liters of i-vintage cars in country c in year f,
~d*(1)A°(i) (i=1,2,---,t), was calculated by multiplying the annual average travel
distance in country ¢ in year ¢, defined as cé" (?) (iOOkm), by the fuel efﬁciéncy of i-
vintage cars in country ¢, denoted as A° (/) (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 7 is the
same irrespective of their Vin.tagé. Subsequently, we can estimate the gasoline

consumption generated by all vintages of the vehicle fleet on the road in country ¢ in year

t as follows:
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q (t;,u‘) =d(t)A°(t)B° (1‘;/1&) + gd‘ (‘t)l“ (i)o° (t =i )BC'(i;‘,u‘ )

= G (64 )+ o (62°)

(4.6)

where ¢‘ (1—31°) B (i;1°) represents the number of j-vintage passenger cars in use and
q° (i; ,u”) denotes the total annual gasolihe consumptioh of passenger cars in use in
country ¢ in year £ In Eq. (4.6), g;,,(t;4°) represents the gasoliqe congumption
generated by cars newly put on the road in country ¢ in year ¢ aqd Gt (t; ,uf) is defined

as the gasoline consumption generated by 1-vintage to ¢-1-vintage vehicles in country ¢
in year £ The direct CO; emissions of a passenger car in the driving phase,

Gt (54 ) = € (217 i8 calculable by multiplying the direct CO2 emission intensity
(i.e., direct CO; emissions generated per unit of gasoline combustion on the road), e

petro

(kt-CO2/L), by the annual gasoline consumption, 4 ().

4.2.3 Indirect CO;z emissions associated with the life-cycle of automobiles

In the WIOD (Dietzenbacher et al., 2013; Timmer ef al., 201 5), the final demand vector
in country ¢ for year ¢ can be expressed as f“(t):{ Vi (t)} (j=L..,M), where an
clement f°(t) of f°(t) represents the global final demand in country c¢ for the

| pro‘duc'ts of industry j of country s, and M denotes the number of industries. Now, we can

estimate the ratio of the final demand for imported cars from country s to country c,
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Jaio (1), to the domestic final demand for all passenger cars (including domestic cars and
imported cars) in.country ¢ (the Trade coefficient of the “Transport Equipment” sector),
N ‘ ) 4

D f (), for year ¢ as follows:

5=

T auto (t)=v7\:f&(—t)‘ (e=1,2,--,N) @.7)

2 oo (1)

s=1

where N denotes the number of countries and régions in the WIOD. Note that

fee.(¢) (s=c) represents the final demand for domestic passenger cars in country ¢, and
) | - :
that >z (¢)=1. Similarly, we can estimate the trade coefficient of the “Refined

5=l

kb
petroleum” sector 73, (¢).

By multiplying the average sales price (including domestic cars and imported cars) of a

vehicle in country ¢, p;,,(¢), by the number of new passenger car sales, B* (1 /f), we

can obtain the domestic final demand for passenger cars in value terms as

Pou () B° () - In the same manner, the domestic final demand for auto-related

petroleum products can be estimated as p¢,,, (£)g° (#;° ) - From Eq. (4.7), the global final

demand for passenger cars and auto-related petroleum products in country ¢ in'_year { can

be formulated as follows:
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Note that the global final demand vector of Eq. (4.8) is conéidered as a function of

average lifetime of passenger cars u° . Therefore, we can assess the influence of

changing the average vehicle lifetime of a specific country on the global final demand

vector.

Following the IEEIOA (e.g., Nakamoto et al., 2019), the indirect CO> emissions
associate with the global final demand of passenger cars and auto-related petroleum

products iﬁ country c in year ¢ can be estimated as follows:
O (s ) =e()(I-A(O)) 1 (54) =e (VLI (507) (4.9)

here e(r)={¢/ ()} is the CO> emission coefficient row vector indicating the direct CO;

emissions per unit production of industry i of country r in year ¢. Iis the identity matrix,

A(;):{agf (t)} is the technical coefficient matrix expressing the input of industry i of

55



country » required for unit production of industry j of country s in year f.
L(1)=(1-A(z))" ={L; (1)} is called the Leontief inverse matrix based on the multi-

Jregional input-output table in year #. Therefore, the life-cycle CO2 emissions including
the direct and indirect emissions in the pre-consumer, production, and driving phases can

be finally estimated as follows:
CF* (547 ) = O (644 ) + G (151°) (4.10)

It should be noted that life-cycle CO2 emissions directly and indirectly caused by the

7 scrapping phase of end-of-life passenger cars were negligibly small (Kagawa et al., 2011).
4.2.4 Decomposition analysis of the life-cycle CO; emissions of automobiles

~In additive decomposition, the change in the life-cycle CO; emissions of automobiles

from year f-1 to year ¢ in country ¢ of Eq. (4.10) can be expressed as f’olloWs‘:

ACF*=CF* (,;#? )=CF* (t-1u°)
=0 (154 )+ G 131) {0 (1507 ) + G (1 - 150)}
= Q". (t,,u" ) _ QC (t _1;#0) + G:/‘,-,‘,_,m (t”uc) _ G;,-re“ (f _ 1;#‘:)
=AQ%+ AG; ' . :

direct

@.11)

Accordingly, the change in the indirect CO, emissions associate with the .global final

demand from year #-1 to year tin country ¢ of Eq. (4.11) can be decomposed as follows:
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AQ =0 ()= (t-tp) A
=e(L()E (5 ) —e(t =D)L (1 =1)f° (1~ L") '
By using the Logarithmi‘c Mean Divisia Index (LMDI) (Ang, 2015; Ang and Liu, 2007;

. Wood and Lenzen, 2006), Eq. (4.12) can be transform‘éd as.follows:
AQ° =AE* +AL + AF* (4.13)

where AE‘,AL’,and AF® represents the effect of teclmolrogvical 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 fqr estimating each
effect is presented in Appendix 4.1. 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.

4.2.5 Decomposition analysis of automobile gasoline consumption and its CO; emissions
Based on the decomposition model for auton_iobile gasoline consumption (Kagawa et al.,

2012), I decompose the change in the gasoline consumption of vehicles. By using the

LMD]I, the change in the gasoline consumption generated by new ‘c'ars on the road from

year -1 to year ¢ in country ¢ given in Eq. (4.6) éan be expressed as follows:
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ai =atiem L0 ey 2L ey, TEL)
d(i-1) A¢(-1) B (t-14) (4.14)
=AdS, +AL° +AS° | "

new

Hel e aLM € qﬁcw (t’ ‘ul.‘ ) - qﬁew (t - la ’uc )

" In {q,‘,'w, (t; 7 )} —-In {qu,, (t =L )}

AS represents the effect of changes in the travel distance of a new car, the effect of

is a weighting factor. Adf, , AA°, and

new ?

changes in the fuel efficiency of a new car, and the effect of changes in the number of
new car sales, respectively. Note that when we have ¢, (r4)=gqp, (1-Lu) , then

Lﬁ! <

o = Ay (1) = @ (=127 -

Next; I consider a decomposition analysis of the gasoline consumption generated by 1-
vintage to #-1-vintage vehicles. The change in the gasoline consumption of older vehicles

between year -1 and year ¢ in country ¢ of Eq. (4.6) can be obtained as follows:

Aot = Dot (.t;ﬂ‘) ~ Qo (1 1512°)
(r=1)-1

—Z'd‘ ()2 () e ( —1 ,u) ( ) Z de(t- 1)/1‘(1)(0 (t—l-—z ¥ )B (i;,uf)

1=l

4.15)
§
( .
Then, referring to (Kagawa et al., 2012), Eq..(4.15) can be transformed algebraically as

follows:
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Mo =d ()[4 (1) 2(2) o 2(1=2) 2(-1)]| :
' ' X‘(t) ' q)‘(Z;y‘)B"(f——Z;y“)

(4.16)

v

A (z-1) @° (_l;y")B" (t—2;,u”)

—d‘(}—l)[l?(l)_ A(2) o A%(1-2) A (t-1)]

where A¢ (t) denotes the fuel efficiency vector for older vintage vehicles in yéar A
k¢ (t; ;z“) = {k,f (t; ,u‘y)} is the number of older cars vector, with A-th element expressing thev
number of A-vintage vehicles in year . The important point is that the fuel efficiency for
older vintage vehicles is assumed to remain at the initial value ove; time, A° (t) =A°(z-1).
This assumption leads to the result that the changg in the gasoline 'c_opsumption derived

from a change in the fuel efficiency of older vehicles is zero. Using the LMDI approach,

Eq. (4.16) can be rewritten as follows:

¢ _ IM ¢ a (t) LM ¢ —.._—k; (t;/f)
AG = Eh:amk) . In PP =) + ; X et 10 v (t - 1;#6) 4.17) -
=Ad;, |

St

(4
o T AK
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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

Trtocke (t M ) =~ Gotack (t -Lu )
PN e P )

of older cars. In particular, o< =

stock b

represents the

logarithmic mean weight of the annual gasoline consumption generated by h-vintage
vehicles in years 71 and ¢ If ¢, (64°) = @opn (t=L4) » then we have

aLM N

siock.n = stock,h (t;#c.) = Yock b (t - IQ#C) .

Consequently, the change in the gasoline consumption of all vintages of vehicles

between year -1 and year ¢ in country ¢ can be decomposed as follows:

ch = Aq:uw + Aq;luul(
=Ad®, +AA° +ASC + AdS

new stock

4.18
+AK* ( )

From Egs. (4.14)-(4.18), we can decompose the change in the direct emission

associated with petroleum consumption AGS,,, into factors as follows:

ic _ e ., ,C c ., ,C
AG:Ilrecl - Gdiwcx (t,ﬂ )— de:cl (t - Llu ) (4 19)
— ¢ c ¢ ¢ c ’
- Addlrect,ncw + Aﬂ‘d/rect + AS direct + Addirec’t,slack + AKdireci
Where Ad;irect,nzw > A x;;recl 4 AS direct 3 Ad;lrecl, stock 2 and AK;:’rect on the r lght-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,
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and the number of older cars, respectively. Recalling the definition of direct CO,
emissions in the driving phase, G (f; ;f):epmaqc (z;,u‘) » these effects were easily

calculated by multiplying the effects of chanbge in the gasoline consumptiAon ofall vintages

of vehicles from Eq (4.18) by the direct CO2 emission intensity from gasoline combustion.

4.2.6 Extended structural dec’omposftion analysis of the life-cycle CO; emissions of

automobiles

To extend the décomposition analysis with a focus on product lifetime, I consider 6
elements that constitute global final demand-vector of Eq. (4.8). 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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where © is the Hadamard product and 1, () and <, (r) represent the trade
coefficient vectors: for passenger cars and petroleum products extracted from the

corresponding final demand vectors.

Moreover, 'by combining Egs. v(4.18) and (4.20), we can extend the decomposition of
the indirect emission associated with petroleum éonsutnption (e.g., petroleum refining).

Hence, the final demand effect AF° underlying the change in CF from year #-1 to year
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tin country ¢ can be additionally decomposed as following separate effects: the trade

cocfficient of automobiles Az}, , the sales price of automobiles Ap¢,, the number of

car sales AB‘, the trade coefficient of petroleum Az<,_, the sales price of petroleum

petro *

products Ap?,,, the travel distance of a new car Ad¢

indirvect, new 2

the fuel efficiency of a

. c - c 1 p .
new car A, , the number of new car sales AS;,,,, the travel distance of an older

indirect *

€Al Ad; e vors » a0 the number of older cars AK?

c _ c c c
AF® = Armno + A]) anty +AB ,
(VLY AT (6.4°)

c c - 3
+ Az‘/wlro + Ap pelro + Ad

indirect, new

o @.21)

indirect -

+ALS

indivect

+AS;

fndirect

(L (AT (345

+Ad;

indirect, stock

- Thie mathematical formula for calculating each effect is presented in Appendix 4.2.

In this study, the new car demand effect consists of the number of car sales effect and

+AS;

indirect *

the sales price of automobiles effect, Ap,, +AB +AS¢

direct

On the other hand,
the petroleum demand effect, or the demand for petfoléum associated with travel by car
in value terms, is defined as the summation of the sales price of petroleum products effect

direct indirect

and the fuel efficiency of a new car effect, At o + Ay + Al - Finally, by

reorganizing and consolidating some driving 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:AE®), changes in the production structure (L: AL*), changes in the new car demand
(Car_demand: ApS,, +AB° +AS;,.. +AS:,.. V), changes in the petroleum demand
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(Petro_demand: Ap;,,, + A, +AA%,.., ), changes in the number of older cars on direct

and indirect gasoline emission (Car_stock: AK;,,, + AKS .. )» changes in the travel

distance on direct and indirect gasoline emission of new and vintage cars (Travel_dist.:
Ad;il'ect,new + Ad;il'ect,stock~+ Adi‘i:ldil'ecl,ne;;: + Adfndl’rect.stock )’ changcs in the intemational trade Of cars

(Car_trade: Az;,, ), and. changes in the international tradeé in petroleum products

petro

(Petro_trade: Az¢, ) (Figure 4.1).
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Structural Decolnpositioxi;
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4.3. Data sources

I collected and aggregated the data for the number of passenger car sales; B° , and the.
number of cars in use, S°, for three countries (Germany, JaApan, 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 i)f 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 passengcn 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 countrics. I estimated the annual
“average travel distance, d°, by dividing the annual 'national distance driven By ail
vehicles in kilometers. by the number of cars in use for each country during the study
period (Table S4.1 of the Suppomng Infor mation) Followmg Nakamoto e/ al. (2019), |

assumed that al] passenger cars in use in a country in a year have the same annual average

travel distance. The data sources for the gasoline price Pera (USD/L) and the passenger

car fuel efficiency A¢ (L/100km) aré the Intél'national Ene_rgy Agency (IEA, 2014) and
statistical data for each country (United States Environmental Protection Agency (EPA),
2017; Das Umweltbundesamt (UBA), 2017; and Minis_try of Land, Infrastructure,
Transpoi’t and Tourism, Japan (MLIT), 2010), respectively (Table S4.1 and S4.2). It
should Vbernotcd 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
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of 1987-vintage to'1992-vintége 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 CO> emission coefficient vector

of countries e and the direct CO; emission intensity for gasoline consumptions

pere = 0.00231 (t-CO2/L) are respectively those provided by Timmer e 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 p:,,, (USD/L), and the passenger

car sales price p‘, (USD)) are normalized to constant 2009 pfice’s (see Shironitta

(2016) for a deflated WIOD).
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4.4 Results and discussion

441 Carbon foolprint of automobiles

The solid lines in Figure 4.2 represent change in CF of automobiles between 1995 and
2009 estimated using Eq. (1 0). In this study, the 14 years from 1995 tov20‘09 were divided
into four periods: 1995-2000 (5 years), 20002005 (5 years), 2005—2008 (3 yvears), and
2008-2009 (1 year). Tlms, the analysis reéults for 2008-2009, when the impact of the
economic crisis wés particularly great, were separated from th‘c analysis results for 2005—
2008. The estimation includes “indirect” COz emissions generated by domestic final
: demzmd for cars in the relevant country (the U.S.A., Germany, or Japan) and “direct” CQz
emissions associated with gasoliﬁe consumption in the relevant country. Note that in
Figure 4.2, the footprint in 1995 is set to a referénce value of 1. The CF of automobiles
for the three countries sho§vs an upward trend with an averége rate of increase between
1995 and 2000 of 3.3%/yr,» and an average yrate of increase between 2000 and 2005 of
5.8%/yr (Figure 4.2). In addition, the rate of increase in CF was -12.4% between 2008
and 2009 dué to stagnation of consumption asﬁociated with the economic crisis of 2009
(Figure 4.2). The CF in the U.S.A., in particular, increased dramatically to 1.5 times the
1995 value ahead of the 6ther~ countries in 2003 (Figure 4.2). 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 4.2).

The dashed lines in Figure 4.2 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
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dist’ribuﬁon shape parameter m° (see Egs. (4.1) and (4.2)) and changing the scale

parameter #° (see Eqs. (4.1) and (4.2)) to shift average lifetime u° of passenger vehicles
| newly registered between 1987 and 2009 by -1 year or +] year. It should be noted that
the passenger vehicles newly registered Between _1987 and 2009 follow the same lifetime
distribution, irrespective of their vintage. When the average lifetime is shifted by'v—-l year.
or +1 year, the passenger vehicles follow the modified identical lifetixﬁe distribution. The
dashed line abo;w/e the solid line in Figure 4.2 indicates CF when average lif¢ti1ne is
shortened, and shows that in all tﬁree countries (the U.S.A.; Germany, and J apan) the CF
of automobiles increases as a result of a one-year shortening of average lifetime of
passenger cars. Meanwhile,‘ in all three countries, a one-year extension of average lifetime
of passenger cars (dashed line below the solid liﬁe in Figure 4.2) has tlgé 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 wheﬁ the increase in CF ‘was striking, tﬁe average annual
rate of increase in CF is reducc;d by 1.:1_%/yr as a result of a one-year éxtension 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 té
CF feduction (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 irripact of changes in the

stock and flow of passenger cars associated with chahgeé in lifetime of passenger cars in
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the refevant 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.
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Figure 4.2: Life-cycle CO; emissions of automobiles during 1995 to 2009 (1995=1).
The solid lines show the baseline emissions for éach country, The upper dotted lines
‘dvenote. the -1 year lifetime scenario, whereas the lower dotted lines denote the +1 year

lifetime scenario.
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4.4.2 Decomposition results of carbon footprint of automobiles

In the U.S.A., CF increased by 212 Mt-COz-eq._ between 1995 and 2000; however, the
increase gradually diminished between 2000 and 2005 and between 2005 and 2008
(Figure 4.3). Meanwhile in Germany, CF gradually increased between l9§5 and 2005,
but the increase in CF between 2005 and 2008 Was on’ly 19 Mt-COz—eq. (Figure 4.4).
Using aﬁ SDA, 1 analyzed the drivers of change in CF of automobiles, including indirect
CO; emissions generated by domestic final demand for cars in the relevant country and
duect CO; emissions associated with gasoline consumptlon in the relevant country,
between 1995 and 2009. Using Eqs (4.11) and (4.13), it is possible to decompose the
drivers of change in CF from Year /-1 to Year ¢ into the following: the effects of changes : :
) in production structure (L), the effects of cﬁanges in- final demand (F), the effects of
changes in direct emissions asseciated with petroleum consumption (Petro_direct), and
the effects of techn'ologica[ changes in industrial emission intensities‘(E), (Figures 4.3,

4.4, and 4.5).

" 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
A invelved in automotive manhfacturing contn‘ibute to emissions reduction, and greener
automotive manufacturing with -less energy consumptions is advancing worldwide
through technological innovation (Figures 4.3, 4.4, and 4.5). Iniportahtliz, between 1995
enxd 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;
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and completely canceled out the minus effects of technological changes in emission

intensities (E) in the three countries together (Figures 4.3, 4.4, .and 4.5).

The effects of changes in final demand of passenger cars and gasoline (F) in the three
counties reached é-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 petroleuxﬁ coﬁsumption (Petro_direct) in the three

countries also contributed to the increase between 1995 and 2008, and contributed to the

decrease in 2009.

From Figureé 4.3,4.4,and 4.5, obtained using an SDA, we were not ablé to ic;lentify a
substantial difference in the drivers of changé in CF of automobiles in thé relevant
countries. Fu'rthermvorc, the decomposition results obtained from an SDA ére lacking in
specificity and must be interpreted éal'efully; This is because the results of an SDA conceal
thé 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 pictu\re ofthe drivers
of change in CF of automobilles through a detailed analysis using the E-SDA, which is

proposed herein, to solve this problem.
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Figﬁ re 4.3: SDA and E-SDA of the carbon footprint of aufomobiles during 1995 to
| | 2009 (USA). | |
The waterfall chart represents contributions of ,dccompdsition factors by SDA, whereas
the bar éhart shows the extended decompositiovn of ﬂ\na] demand (F) and direct

emissions from petroleum consumption (Petro_direct).
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4.4.3 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 Egs. (4.19) and (4.21), the effects of changes in final
demand (F) and the effects of ch.anges in direct’emissions a’ssociated with petroleum
consﬁmption (Petro_direct) can be additively decomposedz into 6 elements (Car_demand,

Petro_demand, Car_stock, Travel_dist., Car_trade, and Petro_trade) (Figures 4.1, 4.3, 4.4

and 4.5)..

.Figures 43, 44, and 4.5 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; Kraftfahrt-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
increase;d 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 ne\_& car demand
(Car_demand) 'conitl'ibutcd to dccreése CF, in Germany, changes in new car demand
(Car_demand) éontributed gteatly tc; increase CF between 2008 and 2009. This is because
" eco-car subsidy policies introduced by the German govemmeht in January 2009 Were
successful, and the number of new cars sold'dorﬁestically in Germany greatly increased
(Kraftfahrt-Bundesamt, 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
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The effectsr of change's in petroleum demand (petro_demand) ,associeted with driving
new and old cars contributed greatly to decrease CF during 1995-2000 and 20082009
in Gen-:ﬁany and Japan (b'ut only during 2008-2009 in the U.S.A.), and sﬁrprisingly, these
decreases were greater than the decreascs due to the effects of technological changes in
emission intensities (E) (Figures 4.4 and 4.5). However, the effects of changes in
petroleu@ 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 petroleu‘m demand ‘(petro__demand) have a large
influence on changes in CF. During the analysis period, fuel efﬁcieney in Germany and
Japan improved substantially compal ed to in the U.S.A. (MLIT, 2010; UBA, 2017) and
vchanges in the effects of changes in petroleum demand (petro_demand) stem targely from

the price of gasoline rather than fuel efficiency (IEA, 2014).

The effects of changes in the number of older cars (Car_stock) led to the great increase
ef CF between 1995 and 2005 in Germany and Japan (until 2008 inthe U.S.A.), and since
then have contributed sllghtly to-decrease CF (Figures 4. 3 4.4, and 4. .5). ThlS result shows
that, since 2005 (smce 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 _distanee-(Travel_dist.)v is a reiatively strong contribution to |
decrease CF ef automobiles in Japan (Figure 4.5). 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 4.3, 4.4, and
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4.5).

The results of thé-E-SDA showithat thedetéiled drivers making up the effects of
changes in final de;ﬁa11d (F) and the effects of changes in direct emissions associated with
petrbleum consumption (l?;etro_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, coﬁtribute to emissions reduction; |
and they offset increases due to the effects of changes in the riumbéf of older cars in use

(Car_stock) and the effects of changes in new car demand (Car_demand) (Figures 4.3,

4.4, and 4.5).

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 add‘itional dri\‘/crs with E-SDA, we can analyze the influence of
policiés such as those mentioned above on the relevant country’s production volume,
energy consumption, and CF in more detail. Indeed, an increase in new car demaﬁd
expected as a result of the eco-car subsidy policy in'Germany is indisputably reflected in

the analysis results (Figure 4.4).
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4.4.4 E-SDA under the automobile lifetime scenarios

The influence of changes in l4ifetime of paséenger'cars (dashed lines in Figure 4.2) 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. F igures, 4.6, 4.7, and 4.8 show
the E-SDA results for thé relevant country under the ]ifétime change scenario during the .
analysié f)eriod, Which was divided into four periods. In all of the target countries, demand
for cars was induced by shortening lifetime, and CF increased (Figures, 4.6, 4.7, and 4.8).
The eco-car sﬁbsidy system in Gcrﬁany duri‘ng>the ecbnomic crisis of 2009 greatly
increased new bar démand (Kraftfahft—Bundesamt; 2010). Thus, the scenario analysis
results show that shortening automobile lifetime stimulates econoﬁic activity. If we
choose lifetime shortening (for example, z;n eco-car subsidy system) as a measure to

stimulate the economy, we must accept an increase in CF.

On the other ha_nd, ‘extension o’f lifetime resulted in an increase in old cars §vith
relatively poor fuel efficiency and increased the effects of changes in the number of older
cars (Car_stock) and the effects of changes in petroleum dginand (petro_demand), but
th‘ese were exceeded by a decrease due to the effgots of changes in new car demand
(Car_demand), ‘and~therefore CF decreased (Figures, 4.6, 4.7, and 4.8). This reduction

efféct was particularly large in Germany and J apan.'

The E-SDA results for Japan-between 2000 and 2005 in Figure 4.8 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-COs-eq. and 3.2 Mt-COs-¢q.,
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respectively, in the baseline CF, but -8.2 Mt-CO;z-¢q. and -12.6 Mt-COz‘;eq. in the +1 year
lifgtime extension scenario. The important point here is that a similar or greater reduction
in CF as the reduction due to the effects of technological changgs in indﬁstry (E) can be
achieved by suppressing new car demand through lifetime extension (Figures 4.6, 4.7,
and 4.8). This indicates that not only a decrease of the emission intensities of product
manufactufing through technological innovation but the creation of a circular economy

(for example, automobile lifetime extension) are réquired 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 r¢levaﬁt suppliers
of the product will face economical loss.:In contrast, on the demand side, a shift in ;
consumptién 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 thé demand sides), but instead 1 focus on the
impact of chém ges 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 I0-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 explicitly considered. In scenario analysis by controlling product
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lifetime (Kagawa et al., 2008; Nékamoto, 2017; Nisliijima, 2017), the final demand sector
that causes those ripples (or, thie primary ripple) is notable, as well as the effects of.
technological changes in industrial emission intensities (E) and the ripple effects
: associa‘ted with the‘ effects of cl1anges in production sémcture (L). Now, using the E-SDA

developed in this study, we have gained a new peyrspective in IO-LCAs. ‘

The case study in this research looked at‘chang_es in lifetime, but it is applicéble to
other policies and s;crategies. Reducing average annual travel distance by promoting the
use of public transport could result in the effects of changes in travel distance
- (Travel_dist.) cqﬁtributing 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 petrolcuﬁn démand

(petro_demand).

I found that although the automotive supply chains have been spread globallyk(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 4.3-4.5). Further, conlbjning structural path
analysis (Defourny and Thorbecke,_ 1984; Lenzen, 2003; Str@lﬁman, Peters and Hertwich,
2009) or structural path decomposition (Oshita, 2012; Owen ét 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) énd supply chain associﬁted 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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Figure 4.6: 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. 1

Right bars: +1 year lifetime scenario.
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Figure 4.7: E-SDA of the carbon footprint of automobiles during 1995 to 2009

under the automobile lifetime scenario (Germany).
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Figure 4.8: E-SDA of the carbon footprint of automobiles during 1995 to 2009

under the automobile lifetime scenario (Japan).
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4.5. Conclusion

In this study, T carried oﬁt a life-cycle analysis that combined a muiti-regional input—
output analysis and a stock-flow ﬁodel bésed on a lifetime disfributi‘on model of cars in
the U.S.A., Germaﬁy, and Japan. I also analyzed the influence of changes iﬁ automobile
1ifetime in the relevant country on global CF by changing the average lifetime of .

passenger cars. Additionally, I épplied an extended SDA (namely, E-SDA) to changes in

CF in the relevant country.

The SDA results showed thaft the effects of technological changes in emission
intensities (E) of suppliers directly and indifectly involved in automotive manufacturing
contributed to a reduction in émissic)ns 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 dynamisrﬁ of demand in the final demand
sector,’ which cau’ses economic ripples, and made detailed discussion possible. The
benefits of integraﬁng tﬁe lifetime scenario analyses with the E-SDA method is to rot
c'>ﬁly_ clarify a more detailed structure of the impacts of product lifetime changes but
connect the impacts of product lifetime changes with more concrete ‘effects’ as described
by the E-SDA method. Although a structure of the effects of ‘product lifetime changes on
environment had been' unclear and vague yet, the methodology developed in this study -

can quantitatively identify the impacts of circular strategies (in this study product lifetime
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extension) in more direct and detail level such as ‘effects’ of SDA methods. Therefore,
we can understand the structure of environmental impacts of product lifetime changes

more clearly.

Surprisingly, suppressing demand for ne»-v cars through lifetime extension greatly
reduced CF, and ﬁad é sirﬁilar or greater effect than changes in industrial technology.
conclude that lifetime extension aimed at creating a circular ecbnom‘y is fmportant, as
wéll as decarbonization of automobile manufacturing, in future policymaking.in the
'transp,ort sebtbr directed toward implemeﬁtation of the Paris Agreement. System désign
aimed at allowing car owners to drive their cars for longer is critically important in
extending automobile- lifc;time. In Japan, ‘the' expensive velﬁcle inspection program
encourages owners to replace their cafs and shortens their economic lifetime (Nakamotd
and KagaWa, 2018). Desjgning incéntives 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.
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Chapter 5: Role of Vehicle Inspection Policy in Climate Mitigation: The
Case of Japan |

5.1. Introduction

-~ Vehicle safety inspection systems have been‘ introduced in many countries‘, afnong
them Japan, which introduced such a system in 1951 (Hirota and Minato, 2001). Under
the J apanj’s car iﬁspection system, testing for conformity to strict exhaust regulations and
many other maintenapce reguiations are conducted three years after initiél purchaée and
every two years thereafter, and the cost of such comprehensivev.inspections isabig burden
on car owners (National ‘Agency‘_ for Automobile énd Land Transport Technology, 2016).
Car owners bwould ‘like to évoi;i the burden of car inspections and sé‘ll currently owned
vehicles with higher markef values before their next inspection ‘and replace them with

‘new vehicles. The cost burden motivates car owners having ‘greener’ current cars with
good fuel economy to frequently replace them with new cars. As a result, the car
inspection system liinders long-term ﬂse of the ‘greener’ cars and contributes t_d the
increase in COz emissions associated with the vehiCle,life-cy;:le, including mariufacturing
and disposal (Kagawa et al., 2011). Thérefore, it is important to determine to what extent
the car inspection system has increased CO; emissions over time, as well as how we caﬁ

modify the current car inspection system in keeping with a climate mitigation policy.

Previous life-cycle studies focused on the motor vehicle sector have successfully
specified the lifetime distribution of vehicles, both in Japan and overseas (Oguchi and

Fuse, '2015), and demonstrated that extending vehicle lifetime contributes to CO;
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emissions reduction (Kagawa et al., 2011). Té show the envifonmenfal benefit of
introduciﬁg a sﬁbsidy system, Kagawa et al. (2013) éompared the amount of 1i‘fe-cycle'
CO; emissions from Vehiclesr (only new vehicles) under d subsidy system in which ail
vehicles are simultaneously replaced to the amount of life-cycle CO, emissions without

a subsidy system, whereby vehicles are replaced slowly in accordance with a normal

vehicle lifetime distribution. Lenski et al. (2010) showed the environmental benefit of the

~ “cash for clunkeérs’ policy introduced in the United States in 2009. In this kind of life-

cycle study focused on the motor vehicle sector, vehicle replacement purchase has been

modeled according to the physical lifetime distribution of vehicles (e.g., Weibull

- distribution). Typically, physiéal lifetime distributions have been employed widely in

studies on material.flow analysis (e.g., Nakamura et al., 2014; Pauliuk ef al., 2017) and
on estimating: the amount of ‘stock of various materials (e.g., iron (Daigo ef al., 2007),

aluminum (Chen and Graedel, 2012), and copper (Spatari et al., 2005)).

Howevqei‘, previous studies that have modeled vehicle replacement purchases based
on physical lifetime distribution have not evaluated. éocial lifetime influences on the
reasons of the OWper and économic lifetime influences on maintenance costs, such as
gasoline, proper'ty tax, and car inspections of vehicles. Kim et al. (2003, 2006) and De
Kleine et al. (2011) estimated the lifetime of durable goods using life-cycle optimization
anglysis, to minimize the environmcﬁtél burden, but theyl did not consider conéumer
behavior, which maﬁimizes utility level over time. In other words, such studies have not

adequately described the social lifetime or economic lifetime of vehicles based on the

choice behavior of consumers—that is, how consumers decide every term to either

continue driving the same vehicle or to make a replacement purchase. Thus, studies to
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date have been unable to make effective policy proposals in relation to vehicle demand
policy. Numerous studles have been carried out on commodity markets using dlscrete’
ch01ce models based on consumer theory (random utility theory)—e.g., Rust (1987),
Chevalier and Goblsl;ee (2005), Gordon (2009), Schiraldi (2011), and Ga\}azza et al.
(2014)—¥but thus far few studies have tried to assess the influence of adopting or

modifying demand policy for durable goods on global warming.

In this study,v we set 01;t to estimate the impdct of a car inspection system on COy -
emissions derived from vehicles and to propose a vehicle life-cycle analysis’ using a
‘_dynamic discrete choice (DDC) model based on optimal consumer behavior. In the
dynamic discrete chéice model proposed ’in this study, the probability of arlcor‘]sumer
choosing to continue driving the same vehicle without making a replacement purchase,
versus making a replacement purchase of a new vehicle, depends on the expected cost
(utility level). Incorporating the vehicle replacement purchase fate estimated by the DDC
model into a vehicle life-cycle COz emissions analysié based on the dynamic stock
accounting model (Miiller, 2006; Kagawa et al., 2006; Nishijima, 2016), we conducted a

scenario analysis of the impact of a car inspection system on the amount of CO» emissions

derived from vehicles.

By estimatiné the économic lifetime of vehicles baséd on consumer behavior that
maximizes utility level o§er time, we were able not only to specify the replacement
‘purchase rate based on a‘DDF model but also to quantitatively analyze the environmental
impact of changes in consumer behavior due to the adoption of policies—e.g., a car

inspection system. The proposal of this new integrated analysis framework is expected to
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- be quite useful in formulating a CO, emissions reduction policy targeted at the transport
sector. We also clarified the role of policy change for a car inspection system in achieving
Japan’s emissions reduction. Finally, we discuss further policies that may be effective in

achieving the target for CO; emissions reduction in the transport sector.
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- 5.2. Methodology

5.2.1 Definition of utz’lityv Sfunction

© Rust (1987), Chevalier énd Goolsbee (2005), and Rapson (2014) all formulated
durable goods replacement purchase consumer ibehavio_r (e.g., for automobiles or
housel{old air conditioners) that considers expected utility (in this study,r expected cost)
as a DDC model. Based on these earlier studies, We’ formulated a dynamic replacement
purchase behavior model for specific motor vehicles, based on .a maximization of
expected utility. In period ¢, a single motor vehicle owner makes a decision whether to
continue owning their current vehicle or to replace it by purchasing a new vehicle. The

replacement purchase choice of a car owner in period # is formulated using the control

variable. j, as follows (Rust, 1937): _

[1 ifacar owner replaces in period ¢ - (5.1)
= ; .
“ |0 otherwise. '
In this study, we focused on one particular model of car, a relatively green car, the
Toyota Prius, that has rapidly established a large market presence over the past 10 years.
Prius cars are assumed to be homogeneous and independent in the sense that the choice 4

to make a replacement purchase of a Prius 7 is not influenced by the replacemenf

purchase choice of a Prius J.

As in Rust (1987), in accordance with random utility theory (McFadden and Train,

2000), the utility of a car owner in period ¢ can be formulated as a pararhetric function:
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(xz»dngnalngu’eme ) (x d,€,,1,30, )=v(1_—iF)(<911xt+6’12d1)+it¢913+5‘it (5.2)

X, is the cumulative travel distance of a car from the new car purchase at the start of
“period 1 to the end of period . Dummy variable d, takes value 1 in the third period after
the new car purchase (i.e., d; =1), after which it takes the value 1 every two further

peribds (e.g., d5 =1 and d7 =1); for all other periods, d, =0. Under Japan's shaken car
inspection system, testing for conformity to strict exhaust regulations is conducted three -

years after purchase and then every two years thereafter, and the cost of such inspections

is a big burden on car owners. For this reason, the car inspection system induces
‘consumers to replace their cars (Clerides, 2008). &, is an unobservable error that

influences the utility of consumers in making choice i in period 7. In this study, this
variable is assumed to follow a type I extreme value distribution with independent and
identically distributed (i.i.d.) characteristics (Ti'ain, 2003). One interpretation of why we

are unable to observe the error is that the replacement choice when there is no error is
=1 (xt,d,,ﬁ ), from the state variable that we obtained. This shows that the

replacement purchase behavior of a single car owner must be explained completely by
- the cumulative travel distance and car inspection dummy in period ¢. However, since it is
not necessarily the case that a single car owner follows an optimal solution when guided

by this model, in most cases the behavior cannot be explained only by observed state

variables.
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In Eq. (5.2), when a car owner chooses not to make a replacement purchase in period
t (e, 1, =0), we obtain u,=0,x, +0,d, * &y, and the cumulative travel distance and

‘car inspection dummy influence utility. In this case,-utility decreases not only because of

cumulative trave] distance but because of the additional costs incurred at car inspection
time. Therefore, the values of 6, and 6,, whiéh repfesent utility function parameters,
can be éxpected, in theory, to be negative. Qn'the other hand, when a car.owner chooses
to purchase a new car in period ¢ (i.e., i =1, v&e get 4,=0, +¢&,. In this. case, 913
represents the consumer’s replacement purchase cost, including opportunity Cost, and if
replacement cost increases then utility decréases. As a result, the paraméter 0, can be

expected to be negative in theory.

Car owners (i.e., consumers) make replacement purchase choices
{il, Iyyl3yt oy ip, bpey, } so as to maximize the expected discounted value of the (infinite)

series of periods (t=1,2,3,~-,T,T+1,~-):

max E{i ﬂt—lu(xt,dt,a,.t,i,;el)] 53)

- where g is the discount rate, which takes a value between 0 and 1, and the state

variables in Eq. (5.3) are observable travel distance X,, car inspection dummy ¢, , and

L4
unobservable error £;;.
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The corresponding value function of this maximization problem (3).is formulated.

as:

V(x d, 5,,,01)—{max E, { (x d, &30 0 {Z,BT ’u(x,, i,,_i,;el)l'x',_l}}

1, I,
141042 r=f+1

(5.4)

where Ex,g indicates expected value with respect to the two random variables,

‘cumulative travel distance x and errorterm ¢.

Thus, the Bellman equation based on the value function defined in Eq. (5.4) is as

follows:

(x d 5,,,9) m‘lx{ (xl’ it’il;gl)_+ﬂEx.$[ (I+l’d1+l’gl1+l=ll+l’el):|}

=‘max{u(x,,d;,.€0,,0;9,)+,BE_-“[ ( 1+l>d’+1’gl e 1+1; ):] u(xudugusl 6 )+18E [ (0 0 87/+l’ 1+l’el)]}

= max{[f"(xl,d,,so,,O;Ol), V(x,,d,,_el,,l;el)}

(5.5)

where V(x,,dt,el,, 91) is the choice-specific vaiue function dependent on c'horice 5.
In the DDC model expressed in Eq. (5.5), the diécgunt rate g is generaliy given rather
than estimated. In the extremely myopic case of the DDC model with 2 equal to zero,
bthe car owner’s-replaéemeni purchase choice is decided purely based on the utility in

period ¢. In contrast, in the DDC model with a forward-looking perspective, in which the

value of g is close to 1, the choice | in period 7 is influenced by the expected
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discounted utility in the future £, [V(xt+l’dt+l’gi,1+l’i1+l;el):|' Chevalier and Goolsbee

(2005), for example, investigated the question of whether the choice of students to buy a
textbook at the present time depends on the expected utility that might be obtained from
the future sale of a revised edition of the textbook. The results indicated that students .

purchased textbooks with a forward-looking perspective (Chevalier and Goolsbee, 2005).

5.2.2 Markov transition probabilities of additional annual travel distance

As per Rust (1987), we hypothesized that under conditions in which a replacement

purchase is not made, the transition probability from X, , the cumulative travel distance .

_ in period 7, to X,,;, the cumulative travel distance in period 7+1, corresponds to the

following conditional probability:

p(xt+l’8i,l+1 lxn Eirs 11) =p (gi,H-I |x1+1axt’8inlt)' p(xm lxﬂgit»’l ): p (51',1'4-1 ) P (x1+1 lxl’lt)

 (5.6)

where X, and &, are assumed to be independent of each other. Furthermore, when the
“cumulative travel distance X, at time 7 and the replacement purchase choice i, are

given, the cumulative travel distance X,,; in the next period is also assumed to be
independent of error term ¢. Since & is assumed to follow an i.i.d. Type I extreme

value distribution for all of X;, we obtain p(&,,, |%,,1,%,.£,1,)= p(&,,) .
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Furthermore, from assuming conditional probability, a Markov property is assigned

to additional travel distance in the dynamic optimization problem. The increase in the
cumulative travel distance between period ¢ and period ¢+1, Ax,, =X —X%, is

assumed to have probabilistic transitions and the transition probability can be formulated

as follows:

P(xt+1 Ixt., i,)= f(xM |‘x,) (5.7)

where f (xm[x,) represents the conditional probability of the increase in cumulative

travel distanc’e Axm during the period #+1 for cumulative travel distance at time #
X, . Note that f(x,,|x,) depends solely on the X, of the previous period, not on the

earlier values X:X,_,X,_,, "

It is also assumed that the replacement purchase choice does not influence the travel
distance transition probability. Note that if i, =1, then the cumulative travel distance X,
is set to zero, since the choice is made to purchase a new.car, so the increase in cumulative

travel distance becomes Axm =X

If a car owner chooses. not to make a replacement purchase at time ¢ (e, i, =0),

then the transition probability of the increase in the cumulative travel distance from period

tto ‘périod t+1 (Markov transition probability) is given by the conditional probability
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density function £ (%41 [%,) - In this study, the probability density function f (xx) is

discretized and oonVer;ed to the discrete probability distribution 0, =[921 o, 923] as

follows':

[0,) with probability of 6,
[#.7) with probability of 6,,,
[%s%)  with probability of 4,,,
[r;,0) with probability of 1-6,, —6,,—6,,.

(5.8)

where 8, = ‘[921 6 923] - satisfies both 0< 9215922;623~<1 and “921 +92§ +023 <1 [0,7”1)»,
[rl,rz) , [rz,ig) , and [73,00) express the discretized increase in cumulative travel

distance as a fourfold grid. For example, if 7 =5,000, 7, =10,000, and 1, =15,000,

and the car owner decides not to make a replacement purchase in period 7, then the

transition probability of the increase in cumulative travel distance from period 7 to period

t+1 being less than 5,000 km is 6y, the transition probability of it being at least 5,000

but less than 10,000 km is 0, and the transitional probability of it being at least 10,000

‘but less than 15,000 km is 6, meaning that the transition probability of it being 15,000

km or greater is 1-— 921 - 922 - 923 .
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5.2.3 Estimation method.: likelihood function

The likelihood function pertainirig to the replacement purchase choice of a single car

owner from period 1 thrdugh the end of period T can be formulated as follows:

‘ L(9)=L(xl,...,AxT,d 2 S8 AR iT;B)
:H;lPrOb(lt’ | X1l 1:9) (59)
=H;Prob(il }x,,dt;Oi)Pfob( |%1,7,,;0 )

e

By taking the logarithm of Eq. (5.9), we can divide the likelihood function into two

separate items:
T - i T
log L(8) = logProb(i|x,.d,;0, )+ log Prob(x,|x_.i;6,)  (5.10)
.ot=l t=1 -

In this way, the likelihood can be determined in two steps. In the first step, we can

Astraightforwardly calculate the discretized transition probability (Markov transition

probability) @, ;-[é;l,ezz, 3] of the increase in cumulative travel distance, under the

condition that a replacement purchase is not made. In the second step, we estimate the
parameter 0, :[‘911> 12,913] of the utility function. Prob(z -1[x d-,;el), based on the

assumption on ¢, is equivalent to the following:
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xwdt;ei) .
= Prob(u(x,,d,.¢,.1:8,) + BE, [V (700,810,158, )]>u(x d,38050:0,) + BE, [V (%110, 11,, s, )])
=Prob(6; +2, + BE,[V(0,0,6, i 8,)]>8,% +6.d, +5, + BE, [V (G e,)])

112 S+ %412
= PI‘Ob(S], —&u > gllxt +612dl —613 +rBEx,s|: (xt+l’d/+l’ :1+1) V(O)])

Prob(i, =1

(5.11)

Then, based on the assumption that &, and &, each follow ani.i.d. Type I extreme

value distribution, &, —¢&; follows a logistic distribution. Therefore, the probability of a

replacement purchase in period 7 and the probability of continued ownership can each be

formulated according to a binomial logit model (BLM), as follows:

-

exp{8; + BE.[1(0,0,5, 1,50, ]

Prob(i, =1lx.d;:0,)= XD {00, + O+ PE, [V (om0 ]} +exw(8,+ 62, [7(0.0.,, 8]

c‘xp{a,x +9 d +,3E [ ( 1+1: t+1= E; 14> 1+l’ ) }

Prob(i = ,
rob(, exp{f)nx: +6,d, +,6’Ex,’s[ (x,+,,d,+l,a, AT ) )]}+cxp{6l3 +pE, [ 0,0, ;1150015 ,)]}

1)=

(5.12)

The second step for m'aximizing the likelihood functioh expressed in Eq. (5.10) is the

A

procedure of estimating the utility function ‘parameter 0, defined in Eq. (5.2), which is

done by means of a nested fixed-point algorithm (NFPA), as proposed in Rust (2000).

(see Appendix 5.1)
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5.2.4 Cumulative life-cycle CO; emissions based on a stock and fow analysis

The DDC model formulated in the previous section explicitly includes 9,1 , the
maintenance and‘repéir costs in the uti‘lity function when the car is retained or replaced,
0, the car inspection cost, and 6, the replacemerit purchase cost (cost of buying a new

car). This makes it possible to estimate the environmental impact of changes in the
consumer behavior due to the introduction of measures such as car inspection systems

and eco-car subsidies.

Using the BLM of Eq. (5.12) and the estimated expected value function EV ,
¢ (x,.d.;0, )‘, the probabilify that a car owner who purchased a new car in the first period

(period 1) chooses to purchase a new replacement car in period 7 (instead of retaining

the same car) can be expressed as follows:

Prob (i, =1[x,,d,;0,) , (z=1)

7—1

x,.d,;0,)= |
¢ (x.d:8,) Prob(l}=1|X,,dr;91){npmb(’}=0|xz’dr;e‘)} (F=234
t=1

(5.13)

Note that the probability of a replacement. purchase rate in period 0 is

@, (xo,do;ﬁl) =0. From Eq. (5.13), the probability that a car purchased in period 1 is

retained in period 7 (cumulative survival probability), H, (x,,d,;e,), is
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deOlZgbxdﬂ (514

r=]

Note that the cumulative survival probability in period 0 is H, EA ;Ol) =1.

- Based on KagaWa et al. (2013), Nishijima‘(2016), and Nakamoto (2017), the car

replacement purchase rate ¢, (x,,d,;ﬂl) and cumulative survival probability

H, (x,,dt;O,) in Eqgs. (5.13) and (5.14), respectively, can be used to‘, formulate a stock

flow estimation model for cars.

Using the replacement probability of new cars, the stock of passenger cars in year ¢,

S (t), can be estimated as follows:
-1
)+ 2 H (%.d,.50) B(i) (5.15)

- where B (l‘) represents the number of new cars purchased in year ¢, and

H,_, ( 4,30, ) is the replacement probability for new cars in year f that are newly

registered in year i.

Next we explain how to solve the stock dynamic equation by assuming that

passenger cars are newly registered in year 1 (i.e., i=1 in Eq. (5.15)). In addition, we
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assume that all new passenger cars follow the same replacement probability,

irrespective of their vintage. We have the following dynamic system of equations.

|8(2)=B(2)+H,(x,d,;8,)B(1)

_ . : (5.16)
§(3)=B(3)+4H, (%,,4,;0,) B(2)+ H, (x,,d,;8,) B(1) '

In this study, stock of passenger cars in veach year § (t) is taken to be steady state.

Then, when the stock of passenger cars at steady state is given as S’ , the number of

new passenger cars sold can be estimated sequentially as follows:

B(1)=5'(1) .
B(2)=5'(2)-H, (xl’dl;ﬂl),B(l)

| , ' (5.17) -
B(3)=5"(3)H, (3,d,:0,)B(2)~ H, (x,d,;6,)B(1)

(v) Here, it should be noted that in this study we assumed that once car owners release the
_vintage Prius focused in this study,yvthvey do not purchase other car models and used

Prius but new Prius. The amount of newly-purchased Prius in year ¢ can be estimated as
B (t) . Thus, we analyzed the replacement cycle of a specific greener car model (i.e.,

TOYOTA Prius). This is a limitation of this study.

Based on Nakamoto (2017), the life-cycle CO; emissions of new cars registered in
year f can be formulated as follows:
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() 1B+, 2@5 ol 0)B(s)+Y £, (5) ., ,-s,d,-x,e) (s) 5.18)

s=1 s=1
“where f,, f,, and Iy (S) (s‘i 0,1,---,S) represent the life-cycle CO, emission

intensity for, respectively, producing 4 new passenger car, scrapping an end- of-life
passenger car, and driving an s vintage passenger car. Accordmgly, the telms onthe right-
hand side of eq. (5.18) denote the life- cyclc COz emissions in, rcspectlvely, the pre-

consumer phase, the scrapping phase of end-of-life passenger cars, and the driving phase

of passenger cars newly registered in year s.

Note that thc rlght-hand side of Eq. (5.18) is clearly a functlon of cumulative travel
distance x and car 1nspect10n dummy. d fora given time period. Thus we havc shown

that we are able to assess the influence of car mspectlon systems (through the eﬁ’ectof
car inspection dui'nmy, 6, on the utili'ty function in Eq. (5.2)) and subsidy systems
(through the effects of maintenance cost 8, due to cumulative travel distance and of

replacement purchase cost 913 , which includes consumers’ opportunity cost, in Eq. (5.2))

on cumulative life-cycle CO; emissions (in manufacturing, driving, and disposal).

In addltlon the economic hfetlmc of cars, based on consumer behav1or directed to

\

maximizing utlllty level over tlme can be defined as follows
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Economic lifetime = Z{ (x,,d,;0 )x Motor vehicle age, } (5.19)

=1

“where motor vehicle age expresses the age of the car, that is, the number of years from

the time of first registration in year 0 to year ¢. This basically means the length of time

‘that the car owner who purchased a new car in perxod 1 has continued to drive the car,

Wthh can be mterpreted as the number of years of ownership.
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5.3. Setting data

In this study, for the samples for new car replacement purchases, we utilized used

car sales data for 1,195.veh.icles, obtained from the web site kakaku.com (kakaku.com,

2017). This used car sales dataset provides various kinds of data- sales price for each

relevant vehicle (¥), year of first registration, cumulative travel distance (km), need of -

car inspection (yes/no), repair history, and engine displéc_ement (cc). Data on the year of

re-registration as a used car are also included. The number of years calculated by

subtracting the initial year of registration from the year of re-registration can be

“understood as the total time during which an original owner has continued to drive a

particular vehicle, or in other words, the number of years of ownership. The maximum

value of the cumulative travel distance was 188,000 km, and the maximum value of

years of ownership was 12 years. The annual average travel distance value was 10,000

km (see Full sample in Table 5.1).

Table 5.1: Summary of sample data

Generation Vintage Cumulative mileage Annual mileage Length of ownership Price Number of
(10,000 km) (10,000 km) (years) (10,000 yen) samples
Max Min ~ Mean  Max Min ~ Mean  Max Min  Mean - Min Mean

1t . 1997/12-2003/08 0.0 . 00- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0

™ 2003/09-2009/04 18.8 0.8 7.0 2.7 01 - 09 120 . 30 8.1 198.0 30,0 97.6 119

3¢ 2009/05-2015/11 17.4 00 .51 45 0.0 1.1 7.0 0.0 5.0 319.0 537 1384 949

4% 2015/12-current 2.6 0.0 0.6 2.6 0.0 0.6. 1.0 00 - 06 4180 1990 2786 127
Full sample 18.8 00 - 48 4.5 0.0 1.0 120 . 0.0 4.9 178.0  30.0 1492 1195
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Since being released as the world’s ﬁtst mass-production hybrid vehicle (HV)'in "
December 1997, the Toyota‘Prius has 'sold a total of nearly 4 million units worldwide -
(approx1mately 1.80 million umts in Japan) as of January 2017 (Toyota 2017) To date
three full model changes (generatlon changes) have occurred in September 2003, May
2009, and December 2015, with each change bringing increased fuel efficiency, engine
displacement, and horsepower, even though the price ha‘s remained almost constant over
this time (Autoc one, 2017) (see descriptive etatistics for the four generations shown in
Table 5.1). Analyzing price data for car mcdele sold irl Japan in terms of a price index
based on 1997 prices for the period from 1997 to 2016 during which the Prius was sold,
we find that the car price indices reached a maximurn of 100 .4 (in 1998 ahd 2016) and a
minimum of 97.3 (2013) (Ministry of Internal A ffairs and Corhmunicatidns, 2017). This
means that the average car price remained almoet’uhcharlged for the whole period from -
: l9§7 to 2016. For the reason above, in this study, we treat the Prihs as homogenecus
and ihdependent, that is, assume that a replacement purchase choice of a Prius 7 is not

influenced by the replacement purchase choice of a Prius /.

In the’ calculat1on of life-cycle CO; emissions in Eq (5 18), based on a 2005
‘ env1ronmental input—output table (National Instxtute for Env1ronmental Studles 2010)

and Kagawa et al. (2011), we-set the CO; emission mten51ty in Table 5.2. Speciﬁcally,

the CO; emission intensity inlmanufacturing per passenger car . . was taken to be 6.42
t-CO2 and the CO; emission intensity associated with waste disposal per passenger car -

f, was taken te be 0.0574 t-CO, (Table 5.2).
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Annual gasoline consumption g (s) was calculated by dividing the annuai average
trayel »distkance, l_O,OFOO km‘(from sgmple data), by the fuél efﬁﬁiency of a Prius of
.Vintage s, e(s) tTOyota, 2017). Then by multiplying the annual gasoiine cons'umption
g (S) By the 'COz emissic)ns per liter’of gasoline burned dﬁl;ing 1ce‘1r trayel, ‘Vg (t-CO»),

* and by the CO2 erﬁiésions per liter of gésoline generated during reﬁning, I (t-CO2), we

- calculated the annual unit CO, emissions associated with travel per passenger car of

(\ kviritage s, f, (S) (.S‘=0,l,"',S) (Table 5.2).
Table 5.2: Parameter séttings used in this analysis
Generation ‘Vintage | Variable and parameter settingsl
e(s) g(s) Je(s)
, (km/L) L (t COy-eq./car)

It 1997/12-2003/08  29.0 344.8 1.014

oM 2003/09-200004 330 303.0 0801

3 2009/05-2015/11 - 355 2817 0.829

4" 2015/12-current 408 2451 0.721

' ( . ’ ’ rg=0.00231 (t CO4-eq./)

r = 0.00063 (t COz-eq./)
~ fu= 6.426 (t CO5-eq./car)
Jw=0.057 (t COy-eq./car)
Data sources: Toyota, Japan (2010) and National Institute for. Environmental Studies, Japan (2010).
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5.4. Resul_ts and discussion

5.4.1 Estihzating DDC model

To cal¢ulate EV  as expressed in Eq. (A5.1) (see Appendix 5.1), we diseretized the
increase in cumulative travel distance from pefiod ¢ to period- t+1, Ax More

' spec1ﬁca11y, we used cﬁmulatlve trevel distance data for each of the automobiles included
’in our source data én used car sales. Assuming that the annual travel distance per car is
constant from year to‘ year, it can be calculated by d1V1dmg the total cumulatlve travel
distance of the car by the number of years of car ownership. Using a hlstogram for

additional yearly average travel distance from the 1 195 data samples, we estimated a
dxscrete distribution 92 If the grid width in Eq (5. 8) is 5,000 km (i.e., r=5 000) and

we con51der that the ‘maximum cumulative travel dlstance of a Prlus from the obtained . -
data Was 188,000 km, then the grld size of the state variable x is # =38. Similarly, for
grid widths 3,000, 7,000, and 10,000 km (i.e., r=3,000, »=7,000, and » =10,000),

the gridlsizes of the state variable x are respectively: » =63 , n=27,and n=19.

In this study, whe'nv B =0 with the above grid sizes and annual average travel

distances, we obtained the following discrete distributions 0,:
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Case of n=63

[0,3,000) with probability of 0.063,
Ar oy o ) [3.000,6,000) with probability of 0.164,
© T 116,000,9,000)  with probability of 0.241,
[9,000,%0) with probability of 0.532.

Case of n=38

0,5,000) with probability of 0.163,
5,000,10,000) with probability of 0.380,
10,000,15,000) with probability of 0.2'71; '
15,000,00) * with probability of 0.186.

t t+1 t

I
Axy=x,, —x = %
[

- Case of n=27

[0,7,000) with probability of 0.308, -
CAp — o ) [7:000,14,000) with probability of 0.462,
~ T ] [14,000,21,000)  with probability of 0.168,

[21,000,0) with probability of 0.061.

. Case of n=19

0,10,000) with probability of 0.544,

10,000,20,000) “with probability of -0.385,.
20,000,30,000) with probability of 0.065,
30,000,00) with probability of 0.006.

r [

|
szx -X, = %
[
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Tables 5.3 and 5.4 list the estimated values of utility funcﬁoh parameters. We analyzed

the utility function based on two scenarios: a forward-looking scenario (5 = 0.99) and a

" myopic scenario (4 =0). The Values of the estimated parameters 0, [01,,(9,2,9 | are

all negatrve so in the sense that the utrlxty to the car owner decreases due to 1ncreasmg
cumulative travel distance, car inspection cost, and replacement purchase cost, this result
is consistent with economic theory (Tables 5.3 and 5.4). In other words, this result seems
to be in accardance with car replacement pureha'se beha'vior of a car owner who aims at
maximizing ntility while taking into consideration future maintenance and repair costs
and car inspection costs, as well as car trade-in value. Note here that cumulative travel

distance has a relatively big impact on the utility of consumers in the myoprc model

(p=0) compared to the case of the forward-looking model (8=0.99) (Tables 5. 3 and

5.4).

In these results, even as the grid width changes, there is no signiﬁcant influence on
the likelihood, or economic lifetime, so we chose »=5,000 as the benchmark value
(Tables 5.3 and 5.4). Thus, in this study, by assuming that car owners behave with a .

forward looklng perSpectrve we adopted the estimated parameters when ,B 0.99 and

r=35, 000 as benchmark Values
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Table §.3: Logit estimates for utility function (B=0)

Standard error in parentheses.

* Statistically significant (p < 0.01). -
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Grid interval - 3,000 5,000 7,000 10,000
Number of grids 63 ' 38 27 19
6y -1.732" 1039 0742 - -0.520"
0.068) 0.041) (0.029) (0.021)
012 : -3.778" -3.778" J 3778 -3.778"
(0.102) (0.102) (0.102) (0.102)
613 0626 . -0.626 -0.626" -0.626"
(0.074) 0.074) . (0.074) (0.074)
- 0y 0.063 0.163 0308 0.544 -
- . 0.164 0.380 0.462 0.385
013 0.241 0271 ©0.168 0.065
Log-likelhood -2361.88 - -2361.88 -2361.88 - -2361.88
Economic lifetime - 508 - 5.08 5.08 5.08
Number of obs.=1,195
Standard error in parentheses.
* Statistically significant (p < 0.01).
Table 5.4: Logit estimates for utility function (f=0.99)
Grid interval 3,000 5000 7,000 10,000
Number of grids 63. 38 27 19
! 6 -0853" . -0.420 -0.252" -0.139"
B 0.052) (0.025) - (0.015) (0.003).
O -3.709" -3.691" - -3.681" - -3.670"
o (0.110) 01100 (0.112) (0.149)
013 -0.009" 0008 -0007 -0.007"
(0.001) (0.001) (0.001) (0.001)
05, 0063 - 0.163 0.308 0.544 -
6, 0.164 0.380 0.462 0.385
By, 0.241 0271 0.168 10.065
Log-likelihood - -2378.13 -2382.71 -2387.91 -2396.87
Economic lifetime 507 5.07 5.07 506
* Number of obs.=1,195 '



5.4.2 Economic lifetime, hazard fﬁnctions, and car inspection system

“Physical’ lifetime distribution is widely used in material flow analysis and material

stock analysis (e.g., Kagawa et al., 2011; Chen and Graedél, 2012; Nakafhura etal.,2014).

~ Kagawa et al. (2011), for example, estimated the average physical lifetime of ‘average’

gasoline passenger cars in Japan (number of years of survival from the time of new car

purchase to the time of disposal) to be 11.5 years. In contrast, according to a sﬁrvey én
passenger car market trends Jd apan' Automobilé Manufacturers Association; JAMA, |
2016), the economic lifetime of the average gasolme passenger car in Japan (number of
years of ownershlp from the time of new car purchase to the time of car replacement) is

6.9 years. Thus, the economic hfetlme is approx1mately only half the physical lifetime.

In this study, we were able to estimate the replacement purchase rate @, over time

in our benchmark model ( 8 =0.99 | and r=5,000)by plugging the relevant parameters

(0“ ——0 420, 91, =-3.691, 913 =-0. 008) into Eq. (5. 13) By substltutmg ¢T into Eq.

(. 18) it is p0551b1e to estlmate the economic lifetime of the passenger car (in the case of

this study, a Toyota Prius). From Table 5.2, we find that the economic lifetime of a Prius

in this benchmark model is sufprisingly short, 5.07 years.

To clearly yshoW what influence. a car inspection system has on the replacement

purchase behavior of car owners, we analyzed a scenario in which Japan has no car
inspection system by setting the value of the car inspection dummy parameter 9]2 to zero

in the utility function of the benchmark model (Eq. (5 .2)); Economic lifetime in the case
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of no car inspection system is approximately 0.5 years (6 months) longer than in the case
of a car inspection system (Figure 5.2). This finding shows that the high cost burden a car -
inspection system imposes on consumers has the effect of inducing car replacement

-~ purchases, which also shortens the economic lifetime of cars.

Figure 5.1 show_s‘the car replacement purchase rates according to the sample data and
based on the benchmark DDC model. The hqrizcntal axis is with respéct to the number

- of years since the car Was purchased (yearlO). The estimated replacementipurchase rate
according to the benchmark model quite ‘accurately captures the change in the observed
replacement purchase rate (Flgure 5.1). The car replacement purchase rate increases in
the 3rd, 5th, and 7th years, when 1nspect10ns are due. The costs of car inspection and °
car mamtenance/repa1r faced by car owners in J apan are substan‘tially higher than in most
other countries (Ministry of Land, Infrastructure; Transport and Toilrism 2016) In other
words the car owners tend to replace their cars according to the timing of obllgatory car

mspections in order to avoid paymg the high cost of the 1nspect10n (Figure 5.1).

~ Figure 5.2 shows the replacement purchase rates in the benchmark model and in the
scenario in which there are no mandatery inspections. Compared to the benchmark model,
the car replacement purchase rate in the “no car inspection system” scenario is
significantly less, 6% in the 3rd year and 5th year, when inspections are due (Figure 5.2).
In other words, it seems that for a short period after car owners purchase a new vehicle,

the car mspectlon system is an important factor in replacement purchases. In contrast, the

! Under Japan's passenger car inspection system, cars must be inspected three years after they are first
registered and then every two years after that, regardless ofthe Vehicle's vage.
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replacement purchase rate in the “no car inspection system” scenario is higher than that in
“the benchmark mode] from the 8th year onwards (Figure 5.2). This suggests that the
abolition of the. car inspection - system would contribute to extending the economic

lifetime of cars by deterring the replacement purchase behavior of car owners to some

extent.
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5.4.3 COz reduction potentials for the car inspection system

We inserted the replacement purchase rates and hazard rates based on the specified

* DDC model, as given in Egs. (5.13) and (5.14), into a dynamic stock madel for durable
~ goods. Furthermore, from the car stock and flow determined from Egs. (5.15), (5.16), and

(5.17), we were able to estimate the cumulative life-cycle CO» emissions of cars, as given

by Eq. (5.18). The important point here is that we now have the ability to assess the impact
on cumulative life-cycle CO; emissions (in manufacturing, driving, and disposal) both

when there is a car inspection system and when there is not.

It should be noted that the reduction in life-cycle CO; emissions associated with

- vehicles can be achieved by completely abolishing the car inspection system or modifying

- the system. The integrated analysis framework formulated in this 'study can provide the

CO; emission reduction effects in the modified car inspection poliéies by controlling the
car inspection dummy variables included in the DDC model. In this study, we estimated

the cumulative life-cycle CO2 emissions (in manufacturing, driving, and disposal) of

~ passenger cars registered between 1997 and 2016 for our benchmark model and for the

following four scenarios: “No car inspéction system”, “Without car inspection at third

year”, “Without car inspection at fifth year”, and “Without car inspections at third and

fifth years”.

Figure 5.3 shows the effect that completely abolishing the car inspecﬁdn system
would have on decreasing cumulative life-cycle CO, emissions, calculated by subtracting

the cumulative life-cycle CO, emissions in the case of no car inspection system from the
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cumulative life-cycle CO; emissions in the case that there is a car inspection system (see
“Nc ‘car inspection systern’5 in Figure 5.3). From Figure 5.3, we can also see that
abolishing the car inspection system wculd lead to increased CO: emissions from the
vehicle fleet on the road but reduced CO; emissions at the stages of disposal and of ,
manufacturing, particularly the latter (see No car mspection system” in Figure 5.3). That
is, by reducing the incentive of car owners to make replacement purcnases (therebyl
‘ increasing theeconomic lifetime of cars), abolishing the car inspection system would lead
to-reduced car production and therefore reduced CO, emissions in manufacturing.

Reducing the number of cars produced would not only reduce the CO; emisswns

generated In manufacturing but would also, in turn, result in savings of energy and

materials resources, e.g., the iron and steel needed for additional cars, and the rare-earth
metals needed for -electric motors and batteries. One factor tending to’ increase CO;
emissions in the driving phase is that large numbers of the eid-model Prius ears» with
relatively poor fuel efficiency would continue to drive on the road's, as the economic

lifetime of cars would increase due to the complete' abolition of the car inspection system.

As a result, the curnulative life-cycle CO, emissions deriVed from Prius cars
registered durmg the 20-year perlod from 1997 to 2016 was found to be approximately
31 million tons or some 1.55 million tons per year. The pofential reduction in CO,
emissions that can be achieved by completely abolishing the car mspection system is 1 11
million tons over 20 years This means that abolishmg the car inspection system to extend
the economic lifetime of cars w0u1d serve to reduce CO; emissions by approx1mately

4% —a potential contribution that cannot be ignored (Figure 5.3).

If we'consider that in comparison to 87 million cars in Japan between 1997 and 2016
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(JAMA, 2017), cumulative total sales of Prius cars over thc same perlod amounted to
approxxmately 1.80 million (2% of the total) (Toyota 2017), the analys1s results pomt to -
a huge potential for reducmg emlsswns In other words abohshmg the car inspection

system could make a big contribution towards meetin g the CO, emlssmns reduction target -

set for] apan under the Parls Agreement.

In reality, it is very difficult to completely abolish the car inspection system due to the :

problem of the safety of car operation. Therefore, we need to consider a modified car

inspection system. Fi'gure 5.3 also shows that the emission reduction effects in the two

scenarios “Without car inspection at third year” and “Without car inspection at fifth year”

‘are 50% and 37%, respectively, that of the scenario “No car inspection system”.

* Furthermore, the reduction effect in the scenario “Without car inspections at third and

fifth years” is 88% that of the scenario “No car'inspection system”, i.e., nearly equal

(Figure 5.3). These results imply that even if the car inspection system is not completely

abolished, the modified car inspection framework without car inspections at the third and

fifth years could have enough of an emission reduction effect.
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Figure 5.3: CO; reduction effect of modifying the car irispection system in Japan
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5.5. Discussion and conclusion v

In this study, we used a DDC model to estimate car replacement purchase rates based

- on consumer behavior aimed at maximizing utility levels over time. By combining

replacement purchase rates speciﬁeyid from. sourée data with life-cycle CO, emissions
analysis; we demonstrated the 1mpact of Japan's car inspection system on CO; emissions
derlved from cars. The parameter estimate results obtained from our DDC model are
robust, showing that car owners behave with a forward-looking perspective. In addition,
it iAs clear thét abolishing the car inspection system can be expe;:ted to have a substantial
effect on cutting C(‘)z.vemissions associated with the transport sector because it Wo‘uld

dampen car replacement purchase behavior and thereby increase the average economic

lifetime of cars.

The results of this'smdy show that revising Japan’s car inspection system has the
potential to cau.sé a majpr tumarqund in the‘replac.ement purchase behavior of the nation's
car oWners, thereby ‘_c'ontribut.ing to cutting CO: emissions. However, in practice,
completely scrapping the current car inspection sysfem would be very difficult. This is
because, although abo!'ishing inspgctions would relieve car owners of a painful colst
burden, it might élso put the safety of car operation at risk, due to the failure to détect"
problems that a car inspection would ordinaﬂly detect. In view of this reality, we propose

a modified car inspection system to relieve car owners of some of the cost burden of -

inspection,

Although demand management policies such as tax breaks and subsidies for eco-cars

119



are certainly important to promote the diffusion and sale of next-generation cars, relaxing
the current car inspection system could have a crucial COz reduction effect through the -
expandmg the econormc hfetlme of cars. Thus, to meet the greenhouse gas emission

targets set under the Parls Agreement, it is Vltal to mitigate the climate change through

the longer use of environment-friendly cars.
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Chapter 6: Conclusions

" In this Ph.D. di'ssertation,l propoeed a oomprehensive method for estimating how
changes in physi'ca? lifetime of passenger vehicles affect global carbon 'footprints of
vehicle. Moreover this dlsser’tatlon developed an mtegrated assessment framework by
combining dynamlc dlscrete choice analy51s with life-cycle analy51s con51der1n0 the

vehicle replacement purchases based on economic lifetime of vehicles.

Chapter 3 spatially extended the vehicle life-cycle analysis of a single countrv and
developed a new method for vehicle life-cycle analysis by eombining a 15-country
automotive stock-ﬂow model based on the 15-country automotive physical .lifetime
distribution with global multi-regional input-output analysis. From the results
consrderlng that ten of the 15 countries had vehicle lifetimes shorter than the average of
15.8 years: Austrla, Canada, Germany, France, the UK., Ireland, Italy, Japan, South
Korea, and the Netherlands, 1 found that by increasing the average vehicle lifetimes of
these 10 countries to the global average of 15.8 years, areduction of 17 Mt- -COz-eq. from
the carbon footprlnt of the 10 countries could be achieved. In addition, I also revealed
that roles of changes in vehlcle lifetime and fuel efficiency on global CO; emissions are

vastly different between countries where vehxcle llfetlmes are longer and those . where

lifetimes are shorter. :

Chapter 4 estimated the carbon footprint associated with the global final demand of
automobiles and auto-related petroleum of the USA., Germ-any,~ and Japan, which

account for 31% of the stock of passenger cars in the world in 2009, during 1995 to 2009.
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This chapter further developed a comprehensive new method that offers a deeper

understanding of the structural change in the global ﬁnal demand of automobrles and

Adlscusscd how the physzcal lifetime of autornobllcs of a spcc1ﬁc country has contributed

to thcrr carbon footprints. While cnv1ronmentally conscious automobrle manufacturing
through _technologrcal mnovatron has advanced globally, the 'industry’s production
structure runs counter to cdrbon rcduction and completely canceled out the effects of
technological changcs in emission-intc-nsities. Suppressing demand for new cars through _ ‘
physical lifetime extension greatly reduced carbon footprint, and had a similar or greater

effect ‘than tcchnologlcal changes in emission intensities of suppllcrs directly and

1nd1r_cctly involved in automotive manufacturlng.

‘Chapter 5 developed an integrated assessment framework by combining dynamic
discrete _choice analysis with life-cycle environmcntal accounting analysis based on a
dynamic stock model. From thc empirical results, I found that (1) the economic lifetime

of a Prius in thc benchmark model is surprisingly short, 5.07 years, due to the strict car

inspection system, and this replacement cyclc has contributed to increasing CO; over

time; and (2) abolishing car insp_ections' at the third and fifth years would considerably
contribute ‘to reducing life-cycle CO, »ernissions associated with Prius sold during the
study pcriod;' 1997 to 2016, accounting for approximately one million tons-CO, eq. over
20 years. Thus, T conclude that modifying the regulation pol1cy with a focus on thc car

inspection system to 1nduce car owners to keep their automobiles longer would have

environmental benefits.

An important study is to estimate lifetime of wide variety of vehicles of hybrid vehicles,
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diesel vehlcles and others of countries, however the lifetime database has not been well

estlmated due to the lack of- rehable panel data of Vehlcles of countrles Therefore I

‘ focused on the ‘average’ vehicles and treated d1esel vehicles that have large market share

m the Europe and Korea as petro vehicles m thls study due to the data limitation. In

' addmon, since this dissertation at the present time did not ¢onsider vehicle lifetimes and

the market for used cars, the assessment frameworks in this dissertation should be
adopted to include the environmental impacts of re-registering older cars as used cars.
This expanded analysis with a focus of wide variety of vehicle models and used cars is

an important and challenging future work.

In conclusion, I have shown the critical importance of the fact that Dhysical and

" economic llfetlme extensmn of vehicles can contribute towards a low-carbon transrtlon

socrety And it is also 1mportant to build incentives for vehicle owners to keep their
Vehlcles longer. In terms of possible owner incentives, thls dissertation suggested pohcres
that review existing systems and create better environments around old cars by

stlmulatmg the market for secondhand cars and the mamtenance market
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Chapter 4
Appendix 4.1

The LMDI formulae for calculating each effect are as follows:

Z ,BLM ¢ 1n e,.(t( )1) ‘ ) - | (A4l)

er (t) ‘ . - '
ALC - LM ,rsc 1 4.
,Z B —L” -1 E (A.4.2)

LM/rc fu ("u) .
Zﬂ " o)

(A43)
where O (t) =e| (t) L”( )5 (t y ) denotes the CO; emissions induced by the products

produced by mdus’cry i of country r that are dlrectly and mdxrectly requlred for the

products produced by industry j of country s associated with the global ﬁnal demand i in

country ¢ in year ¢ . ﬂ,.f.“ = { %c ((;; %{é’“ (t)— 1)} represents the logarithmic miean.

It should be noted that when we have Q"”( )=05  (1-1), pri = o (1)=0" »(t—l) .

i
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Appendix 4.2

The LMDI formula for the effect of changes in the final demand can also be expressed

as.

) f.u' (t;’uc)
AF(' - LM, r:cl
i,j=§)s:ﬁ f (t l/l)
’ o ()
T A (A44
.+i,j=;o.s,r & "’ e (t L ) )
f.Ml’“ | jsc (t,#c)
+i,j¢uuia-jz*}7elro,:;r ﬂy ) ! f-jn (t - l,p”)

In Eq. (A.4.4), the first term on the right-hand side constitutes the decomposition for the
changes in the final demand for passenger cars (fauo), while the second term expresses the .
decomp051t10n for the changes in the final demand for petroleum products %eirg) It

should be noted that the final demand for other products except for passenger cars and |

petroleum products is zero in thls study

From Egs. (4.9) and (4:20), the indirect CO, emissions associate with the global final

demand of passenger cars and auto-related petroleum products in country ¢ in year ¢ can

also be written as follows:

e(l)L(t)f” (1) = e(£)L(0)E5,, (547 ) +e(r)L(e)E frro (1344

~ (A45)
=e(t)L(1) 7%, (£) P (t)B‘-( 7 )+e(t)L(t)‘c;e,,.a (t) P () a° (t;,u‘)
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AN

Inserting ¢° (£, ) =g, (1 H° )+ i (13447 ) in Eq. (4.6) into the second term of Bq. (4.20)

yields the following the global final demand vectors for petroleum products related to

new vehicles and older vehicles in country ¢ in year z:

f;eno( ) f;eno mw( H ) fpeno stock (l' H )

0. 17 0 1
: 0 0
lela (t)ppena (t) qnew (t ,U ) ;m/la (’)ppuro (t)qslock ( ,,Ll )
O 0
o 0 (a4
= : ) + L
0 ‘ 0
0 ’ 0 -
pelw (1) plelo (I) qnm ( 7/1 ) petro (I) pp(.lra (t)qstmk ( ,/l )
° ’
A R N 0 ;

By integrating Eqs. (4.6), (4.16), and (A.4.6) into the second term of Eq. (A4.5), the

indirect emission associated with petroleum consumption can be formulated as follows: ,

e(t)L(t)f,,e,,u(t u ) e(H)L(1)E5, 0y e (t u )+e(t)L(t)fpm° ot (z P ) ~
= (VL (1) T (1) P (1) (15 4 € ()L (0) Ty (1) P () e (305)
= e (1)L (1) T (1) Pl (1) ()27 (1) B (15 .
» +Z ’)L(’)fma(’)Ppm( )d* (1) 2 () ki (1510

(A4.7)

Thus, the final demand effect AF, underlying the changé in CF from year #-1 to year ¢

in country ¢ can be additionally decomposed as follows:
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i,j=auto,s,r aum (t 1)

pr= 3 gt (A49)

rsc pl‘:llm (t) v o (A 4 9) )
A ¢ LM, . e r . . 4.
. pnulo L_,_ZI:O\-,ﬂy . p‘mm (t 1) V

oy ey B0

i, j=autos,r Bc(t—l)

(A4.10)

: AT“ . 2 . ﬂLM,mL; ;‘;gm T l?) Z Z ﬁLM Srse T;cehv (t) (A4_1 1)
petro if.new ,

Wstock, h
(z-1)
i, j=petro,s,r lel'o (t 1) h i, j=petro,s,r perm v

pcm'o ! rse » pct"’() ) 7. .
R = oM E T I RES

- . 1-1)
i, j=petro,s,r . petro ( 1) h i, j=petros,r pg’ro (

g 40) L (A413)
Ad::dncnl new = o Z‘ ﬁfmw 1 d (t 1) ) ( . ) )
i,J=pefro.s,r . . .

s ey A0 C (Ad4
Az’:»d:rul = o Z ﬂj‘ll\;{v\i In A¢ (f _1) ( . )
i, j=petro,s,r .

B (t; y") ' 4
oo . ) | (A4.15)
Smdlreu i’j#kZ’m.:" ﬂvmw B (t -1 /Jc ) v ‘

| w o 4°() (A.4.16)
¢ LM ,rse - P o
Admdncu stock — ;,‘hi:%ms,r stock h In dc (t_ 1)

Ly S i l(se) (A41T)

yslotkh ¢ R
h i j=petros.r k (t"l,‘/-l )
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where Q°F ... (t) e (1 VL e petro (8) T () e (1) d° ()2°(2)B° (t; ,u‘) denotes the
CO: emissions associated with the global final demand.for petrolveum pr’éducfs related

» rsc ( t) Qrsc (f 1) S

cinyears.y -- represents

to new vehicles in country ¢ in year ¢ . e = Do = p t
{0 (1)}~ In{0)5. (¢ -1)

' the logarithmic mean Welght Noted that when we have Q,f:ew (1)=0, fﬁm( 1),

I

LM ,rsc

Vimon® = Opeen (1) = 015, (1-1). Similarly,

Qir,j'ipelro,slock,.h (t) ( )L:s/-pebo ( )T;Ztrn.(t) p;elm (t)dc (t)/’{'c (h)klf (tﬂ luc) represents the C02
emissions associated with the global final demand for petroleum products related to A-

rsc - rsc

' vmtage vehicles in country ¢ in yeart Fpoan = = Q”’i e (1) 20 "”"'Z . (=) isa
{ if ,stock . h (t)} { U stock h (t 1)}

* weighting factor. If Q”fmk 2 (1) = O (1-1), then we have

LM ,rsc rsc

— rsc _
7y \‘rock h " Zij,stock, h (t)_ ij,:tack,h (t 1) ’

Defining the relevant weighting factors of Byt and Vo, from Egs.

(A.4.8)-(A.4.17), the effect of technological changes in the industrial emission intensitis

can be further decomposed as follows:

LM, lsc 1' (I) . LM rsc ~ LM rse e, (t)
z ﬂ (t 1)+ Z yyneu lne (t 1) Z Z }/yslockhln

i,j=auto,sr i,j=petrosyr - ki, j=peno,s,r ( _'1)

(A.4.18)
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Similarly, we can further decompose the effect of changes'in the production structure as

follows:

Lrs E\T L}‘S t
Z U\l _rsc Z 7/1% ):-sc ) Z Z LM rsc ( )

71 f,stock, h

s rs s
lj-autn.rr L ( i,j=petrosyr - L ( I) “hodj= petro,s,r L ( )

(A.4.19)

;
S
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Supplementary results

Table S4.1: The passenger car data

Annual average travel

Vehicle price (USD)

distance (km) : Gasolineprice.(USD)/litter
Year -~ US.A. Germary Japan US.A. Germany ' Japan US.A. Germany = Japan
1995 18,980 14,444 9,048 030  1.05 117 19,542 25822 18,979
1996 18,983 14,247 9,916 033  1.04 096 20,115 26,196 19,004
1997 19475 14102 9,902 ° 033 093 086 20,585 26,688 19,339
1998 19,606 14,096 9,835 . 028  0.88 075 20,905 26,938 19,467
1999 19,560 14,355 10,037 031 . 090 086 21,362 27,091 19,403
12000 19,576 14,104 9,956 039 091 096 22,084 27,490 19276
2001 19,118 14,455 10,176 038 090 086 22,708 28,035 19,134
2002 19,587 14,475. 10,057 036 097 083 23,068 28,434 18,957
2003 19,646 14240 - 9,915 041 121 o0, 23,592 28728 18,908
2004 19,634 14,562 9,675 049, 139  1.04 24,223 29206 18,907
2005 19,445 14,142 9411 060 149 113 25,045 29,658 18,853
2006 19,338 14213 9,240 068 159 118 25,853 30,126 18,900 °
2007 19,167 14270 9,253 074 182 119 26,590 30,818 18,912
2008 18,699 14,147 9,026 086  2.05 = 1.52 27,611 31,628 19,173
12009 © 18,718 14255 9,127 062 1.80 129 27,513 31,727 18,913

Source: US EPA, 2017, UBA, 2017; MLIT, 2010; IEA, 2014; and IEA, 2017.

The data in value terms is normalized to constant 2009 pnccs
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Table S4.2: The passenger car fuel efficiency (L/ IVOOkm)

Fuel efficiency (L/100km) -
_Vintage U.S.A.  Germany Japan

1987 8.8 9.1 99
1988 88 9.1 9.7
1989 8.8 9.1 9.9
1990 8.8 9.1 10.1
11991 8.8 9.1 10.0
1992 88 91 102
1993 0 88 . 91 - 100
1994 8.8 9.1 10.1
1995 88 9.0 10.0 °
1996 8.7 9.2 10.1
1997 8.7 8.9 10.1
1998 86 8.6 10.1
1999 85 84 102 .
2000 8.3 8.2 10.3
2001 8.1 7.9 10.2
12002 81 76 10.2
2003 3 7.6 10.1
2004 7.9 7.4 10.2
2005 . 7.8 74 . 100
2006 77 7.1 10.1
2007 7.6 7.1 9.8
2008 75 68 97
2009 7.5 61 93

Source: US EPA, 2017; UBA, 2017; and MLIT, 2010.

136 .



Table S4. 3 SDA and E-SDA of the carbon footprint of automobiles durmg 1995 to
-2009 in the U.S.A. (Mt- -CO2-¢eq.).

1995-2000 ° 2000-2005 2005-2008 2008-2009
Factors SDA E-SDA SDA E-SDA SDA E-SDA SDA E-SDA
Emission intensities -14.41 -1441 -32.94 | -32.94 --19.81 -19.81 -1.78 - -1.78
Production structure 1004 . 1004 11.07 11,07 23.01 23.01 -1632 -16:32
Final demand 57.88 58.02 4039 -68.36
Direct petro consumption 158.47 72.48 -11.92 EX
Car_denand 11.44 -7.58 -6.54 2253
Petro_demand 16.70 39.54 44.01 -52.45
Car_stock 173.57 99.51 19.28 -3.38
Travel_distance 14.64 -4.53 -29.00 0.74
Car_trade -0.32 0.92 0.30 051
Petro_trade ) 0.32 2.65 041 036 -
Total 21200 212, 00 108.63 108.63 31.68 31.68 -95.17 9517

.Table S4 4: SDA and E-SDA of the carbon footprint of automobiles durmg 1995 to
2009 in Germany (Mt-CO2-¢eq.).

1995-2000 2000-2005 2005-2008 2008-2009 )
Factors SDA E-SDA SDA E-SDA SDA E-SDA" SDA E-SDA
Emission intensities -9.72 -9.72 -17.57 -17.57 -15.67 1-15.67 -2.95 -2.95
Production su.ucture 6.28 6.28 1446 14.46 12.74 12747 - -12.94 -12.94
Final demand 9.85 36.58 23.59 -4.32
Direct petro consuinpﬁon 34.36 11.63 -1.46 - 117
Car_demand 2.70 1.88 -1.55 10.77
Petro_demand -10.75 26.02 21.74 -11.05
Car_stock 54.51 17.51 -1.05 -2.53
" Travel_distance 323 -0.28 -0.02 155
Car_trade 1.56 . 096 2.09 0.08
Petro_trade -0.57 213 0.92 -1,96
Total 40.77 40.77 4510 4510 19.19 19.19 -19.04 -19.04

Table S4.5: SDA and E- SDA of the carbon footprmt of automoblles durmg 1995 to -
2009 in Japan (Mt-CO2- -eq.).

1995-2000 2000-2005 2005-2008 } 2008-2009
Factors  SDA E-SDA 'SDA E-SDA SDA E-SDA SDA E-SDA
Emiission intensities o .0.88 088 - .g30 -8.30 -8.59 -8.59 0.92 0.92
Production structure 6.18 6.18 12.01 12.01 8.08 8.08 -2.40 240
Final demand 332 10.90 747 1042
Direct petro consumption 29.76 1.34 -7.99 176
Car_demand -1.07° 321 -3.78 -2.80
Petro_demand -4.40 5.68 1033 -6.88
Car_stock 3742 9.44 3.21 -2.67
Travel distance 015 - -8.12 -5.91 1.53
Car_trade 0.27 0.43 0.59 -0.18
Petro_trade ; 0.7 1.60 1.45 -1.18
Total 3839 3839 . 15.94 15.94 -1.04 -1.04 ~13.66 -13.66
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. is defined as the expected value function E,.. [V x,d' &' i

Chapter'5

Appendix 5.1

If the expected value function E,, [V(xl;l,dt;l,g[ r19beys @ :l discretized in Eq (5.6)

158,)] containing .a

- continuous variable with relation to time, then expected value function EV can be

_ defined as follows:

EV=E, [V (x.d, £,130,)]
= Ex,’g,lx{max{ (x,d',i'8,)+¢'+ ﬁEV(x d'i';0 )}}
= Ex’]x,_iEz'lx’,fr,i [’rg(%%() {u (x,d, 7;0,)+¢& + ,BEV (x.d', il;el)}] 1 (A5.1)-

=0.1

=E,, log[ z exp {u (x’, d, g’;el) + BEV (x.d', z»‘l;()1 )}:l

i)

D exp {u(x',d', i';Bl) +ﬁEV(x’,d’,i’;61)}}p(dx'
=01 . . o » o

where x',d',&',i",dx' respectively express the cumulative travel distance of a future
perrod a car mspectlon ‘dummy- of a future perlod the error of a future period, the
replacement purchase choice of a future perlod and the increase in travel distance from

the current period to the future perlod Since &' follows an i.i: d Type I extreme value

 distribution, Eq. (AS. 1) can be formulated as a log-sum operation to express the expected

value of the maximum utility i in the replacement purchase choice of a car owner (Small

and Rosen 1981).
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The term "EV  in Eq. (A5.1) can be éonsidefed a function of the cumulative travel

distance in fhc current period, the car inspection dummy for the current period, and the
replacement purchase choice in the current period, EV (X, d ,,i) . A‘pplying the fixed-point .

theorem for a contraction mappmg, the expected value function EV shown in Eq.

(A5.1)is known to converge to a umque value (Rust, 2000).

In this case, letting k& be an index 'expressing.the number of iterative calculations,

k . ‘ . . . .
14 <X, d, l) expresses the expected value function after k computational iterations as

Ry (x d l) '{IOg[z exp{ x d',j';el)-%,BEV(x',d',i';Gl)}}p‘(dxllx,i)
i'=0,1
—gﬂ Jx+7| log{z exp{ x d’ ll 9 )+ﬁEVk (x d' -1, B )}:]d
i'=0,1 . ,
+022 o log{ Z exp{ d',i';(—),) +BEV*(x',d',i";0, )}}dx,
|

+6,, .J'::" log{- Z exb{u(x’,d',i';61)+ BEV* (x/,d!’i';el)}i}@,

'=0,1

+(1;921 ‘973) _[ log[:Zexp{U(x d,1;0 )+’BEVk( ,’d:il;el)}}dx'

(A5.2)

where 7,7,,7; each express a grid of discretized values for the increase in cumulative
travel distance (see Eq. (5.8)). To compute EV, an initial value of the expected value

function EV° ('JC, d ,i) (when k=0)isset. Generally, EV° (x.d, i) forall xer,car
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inspection dummy d, and replacement purchase choice i =O,1. Next, by substituting
EV’ (x,d,i) into, the right-hand side of Eq. (A5.2), the expected value function

BV (x,d,i)

is calculated for all the discretized cumulative travel distance increase

values xer and for the replacement‘pur‘chase choices i= 0,1. To check whether there

is a fixed point due to a contraction mapping, we check that EV*" (x, d ,i) is sufficiently

close to EV* (X,d,i) , as follows:

sup|EV** (x,d,i)- EV* (xd.i)<n (n>0) © (A5.3)
x,d i : )

Wwhere 77 is a very small threshold value (for this study, » ='0.001). If Eq. (A5.3) is
satisfied and the difference between EV** (X,d,i) and EV* (x,d,‘i) is sufficiently

small compared to 77, then the computation of Eq. (A5.2) can be completed to obtain

EV.
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