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Sammendrag

”Dynamikken til produktmengder i bruk og deres betydning for & redusere global

oppvarming”

Menneskeskapt klimaendring, ogsa kalt global oppvarming, truer var framtidige
utvikling pa jordkloden. I sin fjerde hovedrapport slar FNs klimapanel (IPCC) fast at
hovedarsaken til global oppvarming er utslipp av drivhusgasser fra bruk av fossilt
brensel og avskoging. For & unnga potensielt uhandterlige konsekvenser, bgr den
gjennomsnittlige temperaturgkningen ikke overstige 2 °C sammenlignet med den
farindustrielle tidsalderen. Dette betyr at menneskelige utslipp av drivhusgasser ma
reduseres med 50-85 % i perioden 2000-2050. Per i dag finnes det ingen internasjonal
avtale for & oppna dette klimamalet, og de globale karbonutslippene forstetter a stige:
Globale utslipp av energirelaterte drivhusgasser var 32 gigatonn COj-ekvivalenter i
2011. Tallet har gkt med 35 % siden 2000. Industrien sto for 36 % av det totale
utslippet, etterfulgt av bygninger med 33 %, transport med 23 %, og andre sektorer med
8 %.

Vi har utviklet en modell som kan vurdere ulike langsiktige strategier for a redusere
karbonutslipp i ulike land og sektorer. Istedenfor & bruke gkonomiske tall som
bruttonasjonalprodukt som indikator for framtidig vekst, refererer vi til fysiske mal som
bilparkens og bygningsmassens stgrrelse som  velferdsindikatorer.  Disse
produktmengdene i bruk har flere sentrale funksjoner i samfunnet: a) de yter tjenester til
innbyggerne, b) de endrer seg langsomt og pavirker den langsiktige dynamikken i
samfunnets metabolisme, c) de kan brukes som indikatorer og eksterne
modellparametere for framtidig utvikling.

Vi har laget en rekke strategier for a redusere karbonutslipp knyttet til produksjon,
bruk, og avhending av produkter og materialer i de sentrale sektorene biltransport,
bolighygg, og stalindustri. Vi har fokusert oss pa strategier som skiller utviklingen i
material- og energibruken fra produktmengdenes starrelse for a oppna betydelige
utslippsreduksjoner. Disse strategiene er delt inn i tre typer tiltak: (i)

Energieffektivisering i dagens produkter og industrielle prosesser. (ii) Hybride lgsninger



som omfatter energi- eller materialeffektive produkter i kombinasjon med atferds- eller
holdningsendringer hos brukerne. Mikrobiler, passivhus og produkter med forlenget
levetid er typiske eksempler. (iii) Endringer i livsstil over hele samfunnet som medfarer
at produktmengdene i bruk reduseres over tid. Her har vi referert til andre utviklede land
der produktmengdene i bruk er lavere allerede i dag. Mindre boligareal per person,
feerre biler per person, eller mindre stalbruk per person er eksempler.

Vi har gjennomfart kasusstudier pa direkte utslipp fra den kinesiske bilparken,
direkte og indirekte utslipp fra den norske boligmassen, og direkte og indirekte utslipp

fra den globale stalindustrien.

Beregningene vare har vist at selv en massiv gkning i energieffektiviteten ikke i noen av
kasusstudiene har fart til utslippskutt som er ngdvendig for & na det globale 2 °C-malet.
Men kombinasjonen av de tre typene tiltak beskrevet over farte til store
utslippsreduksjoner: Ved a sla sammen potensialene for energieffektivisering, hybride
lgsninger og lavere produktmengder i bruk gjennom livsstilsendringer var det mulig a
oppna 2 °C-malet i bolighygg- og stalsstudien. Det totale reduksjonspotensialet for
personbiler i Kina har blitt anslatt til 75 % av de forventede utslipp uten tiltak, men det
er ikke tilstrekkelig for & oppna 2 °C-malet i denne sektoren.

Resultatene for den kinesiske bilparken for aret 2050 kan overfares til alle land med
en bilpark som i stor grad bruker bensin. Scenariene for boligbygg i Norge kan ikke
direkte overfgres til andre land pa grunn av lokale klimaforhold og elektrisitetsmiksen.

Vi har ikke tatt hensyn til mulige endringer i karbonintensiteten i energimiksen
over tid. Dette fremstar som en begrensing som ma tas i betraktning nar resultatene
tolkes.

Material- og energieffektivisering, hybride lgsninger, og moderate endringer i
livsstil utvider verktgykassen med strategier for a bekjempe global oppvarming, som
kan gjere det mer sannsynlig at vi oppnar 2 °C-klimamalet. Strategier som skiller
material- og energibruken fra produktmengdenes starrelse kan medfare en rekke andre
miljegevinster samt lavere ressursforbruk. Disse strategiene kan danne et alternativ til
de mest risikofylte dekarboniseringstiltakene pa forsyningssiden, som kjernekraft eller
karbonfangst og -lagring. Denne fraskillingen innebzrer imidlertid store utfordringer for

industri og brukere, siden den utfordrer dagens gkonomiske og sosiale paradigmer.

Vi



Summary

Man-made climate change or global warming represents a major threat to mankind’s
future development. At the 2010 UN Climate Change Conference in Cancun, the
international community acknowledged that in order to prevent dangerous
anthropogenic interference with the climate system, the global average temperature
increase should be kept within 2°C relative to the pre-industrial level. The Fourth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) states
that anthropogenic greenhouse gas emissions are the main driver of global warming,
and that in order to meet the 2°C climate target, annual anthropogenic emissions of
greenhouse gases need to be reduced by 50-85% by 2050 compared to the 2000 level. A
legally binding international commitment on achieving emissions reductions of that
extent is not in place, and annual global greenhouse gas emissions continue to rise. In
2011, global energy- and process-related greenhouse gas emissions were estimated to be
about 32 Gigatonnes of CO,-equivalents, which is about 35% more than in 2000.
Transportation accounted for 23% of total emissions, buildings for 33%, industry for
36%, and other sectors for 8%.

| developed a new modeling framework to assess different climate change mitigation
pathways in different countries and sectors for the years until 2050. Instead of using
projections on future GDP growth as exogenous model drivers, | referred to in-use
stocks of passenger vehicles, buildings, infrastructure, or appliances as physical
measures of affluence. These in-use-stocks of different products and materials play a
threefold role in society: (i) they provide services to the end user; (ii) they have a slow
turnover and determine the long-term dynamics of the social metabolism; (iii) they can
serve as indicators for future development in industrializing countries.

I conducted three case studies on direct emissions from passenger cars in China, direct
and indirect emissions from residential buildings in Norway, and direct and indirect
emissions from the global steel industry. | investigated to what extent the throughput of
material and energy can be decoupled from in-use stocks and considered three
decoupling strategies (i)-(iii). (i) Increased energy efficiency in currently available
products and industrial processes. (ii) Hybrid solutions, which are energy and/or

material efficient products that require a change in the users’ behavior or expectations.
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Micro cars, passive houses, re-use of products, or product lifetime extension, are
examples. (iii) Society-wide lifestyle changes that may cause countries to develop in-use
stocks that lie in the lower range of the stocks currently observed in the developed
world. Examples include lower car ownership levels, a smaller dwelling area per
person, or lower steel stocks per person. To assess the strategies in individual sectors
and countries with respect to the 2°C global climate target, |1 derived a set of
benchmarks assuming that all sectors uniformly reduce emissions, and that all people on
earth are allocated a uniform emissions quota for 2050.

My results showed that full-scale implementation of currently available more energy-
efficient technologies (class (i)) could not lead to emissions reductions that are in line
with the 2°C global climate target. But the combined mitigation potential of the three
classes was large. When combining the strategies from classes (i)-(iii), the 2°C
benchmark could be reached for residential buildings in Norway and the global steel
industry. For passenger cars in China, the total emissions reduction potential in 2050
was 75% compared to development business-as usual, which, however, was not enough
to reach the 2°C benchmark.

The 2050 scenario results for passenger cars in China can be applied to any country
with a mature car stock that mostly consumes gasoline. The results for residential
buildings in Norway cannot be directly applied elsewhere due to the country-specific
climate and electricity mix, as the latter two determine the sectoral energy demand and
its carbon intensity. | did not consider temporal changes in the carbon intensity of the
energy supply in the case studies for transportation and buildings, which represents a
central limitation that has to be kept in mind when interpreting my results.

Material and energy efficiency, hybrid solutions, and lifestyle changes extend the
toolbox of emission abatement strategies, which may increase the probability of
eventual success in fighting climate change. Moreover, the decoupling strategies reduce
the overall energy and material throughput and thus, they lead to additional
environmental benefits and lower the demand for mineral resources. These strategies
may represent an alternative to the potentially most risky or most expensive supply-side
measures, such as nuclear power or carbon capture and storage. Decoupling throughput
from stocks, however, may pose huge challenges to both industry and end users as it, to

some extent, may require a renunciation of present social and economic paradigms.
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1. Introduction

1.1 Human development under physical constraints
1.1.1 Human development and the Earth’s carrying capacity

High human development with comprehensive and affordable access to water, food,
education, health services, communication, and transport requires a stable political
system, a functioning economy, and considerable amounts of energy and materials
(UNDP 2010; Gaye 2007; Martinez and Ebenhack 2008). Different indices of human
development indicate that only about 30% of the world’s population have a high
standard of living (UN Human Development Report Office 2011). Examples of global
poverty problems include the share of humanity that currently does not have access to
clean drinking water (11%), electricity (25%), or improved sanitation (36%)
(Gronewold 2009; UNICEF/WHO 2012). Moreover, the Earth’s population is expected
to grow by about one to three billion by 2050 (UN Population Division 2011). Most of
this increase is expected to occur in poorer countries (UN Population Division 2011),
which may further exacerbate the global poverty problem.

Over large parts of the world, a lifestyle based on high consumption and the pursuit of
material items, such as homes and cars, is the predominant role model for human
development (Reusswig et al. 2003). Besides an increase in human prosperity, this
lifestyle results in high levels of material demand, energy consumption, and waste
generation (IEA 2007; USGS and Niggol Seo 2007; Hoornweg and Bhada-Tata 2012).
The industries required to support this lifestyle interact with the environment in two
ways. Upstream, material and energy resources such as water, crops, minerals, and
fossil fuels are fed into the industrial processes. Downstream, waste flows such as
tailings, exhaust, and wastewater are released into the environment. The current global
industrial system uses more of these resources and emits more waste than Earth can
supply or tolerate in the long run. Examples of resources that mankind may run short of
already in the 21* century include crude oil, phosphate rocks and copper ore, and
ecosystem services such as freshwater supply or arable land (Rockstrom et al. 2009;

Meadows et al. 1972; WWF 2012). Another example that received global attention only



about twenty years ago is global warming. This term describes a rise in the average
temperature on the Earth’s surface due to the atmospheric accumulation of
anthropogenic emissions of carbon dioxide (CO,) and other greenhouse gases. The main
sources of these emissions are the combustion of fossil fuels and land use change
(WMO 1986; Hansen 1988; Weart 2003).

This brief review can be summarized as follows:

(1) A significant fraction of the world’s population lacks access to many of the services
that are taken for granted in industrialized countries.

(2) At present, high human development is coupled to high levels of resource
consumption and waste generation.

(3) There is much evidence that mankind’s current utilization levels of several biotic
and abiotic resources cannot be maintained throughout the entire 21% century; hence,
these levels exceed Earth’s long-term carrying capacity.

1.1.2 The ascent of sustainable development

The pursuit of high living standards without respecting the Earths carrying capacity
may undermine mankind’s future prosperity, and here, | present two seminal
publications on this issue.

In his 1966 essay “The Economics of the Coming Spaceship Earth”, Kenneth E.
Boulding describes industrialized societies as ‘Cowboy Economies’, using the cowboy
as symbol of “reckless, exploitative, romantic, and violent behavior”, that, in his
opinion, characterizes current economies (Boulding 1966). He anticipates the problem
of global resource shortage in a world where all resources and ecosystem services have
already been claimed, and proposes the alternative concept of the ‘Spaceman
Economy’, which is a closed economy where resources are limited and waste flows
remain within the system. He continues his analysis by showing that the Cowboy
Economy is based on throughput in the form of consumption flows and the idea of
unlimited resources and sinks. Contrarily, the Spaceman Economy has limited resource
stocks and sinks to absorb human waste and, hence, throughput is precious and should
be limited or even minimized. The Cowboy Economy strives to maximize throughput

flows, whereas the Spaceman economy aims at preserving stocks. The duality of stocks



and flows pointed out by Boulding will be a recurring theme throughout the entire
thesis.

The report “Our Common Future”, issued by the United Nations World Commission on
Environment and Development in 1987, introduces the concept of ‘sustainable
development’ as a normative approach to mitigate the discrepancy between lack of
development and resource overuse pointed out above. In that report, ‘sustainable
development’ is defined as “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs” (World
Commission on Environment and Development 1987). The report recognizes that the
multitude of current environmental problems is interlinked and closely related to how
the present human society uses limited natural resources and ecosystem services.
Sustainable development has an environmental, social, and economic component, with

each being indispensable for reaching a sustainable regime (Scott Cato 2009).

1.2 Climate change — a pivotal challenge

This thesis focuses on a specific environmental aspect of sustainability, global
warming. This term denotes the average temperature increase of the Earth’s atmosphere
and the oceans since the 19" century.

In 1827, Fourier stated that the atmosphere raises the Earth’s surface temperature
(Fourier 1827). Later, John Tyndall attributed this effect to certain molecules with
alterable or inducible electric dipole moments such as water vapor, carbon dioxide, and
methane (Tyndall 1872). In 1896, Arrhenius estimated the effect of a doubling of the
CO;, concentration in the atmosphere on Earths mean surface temperature (Arrhenius
1896). Given the anthropogenic greenhouse gas emissions at that time, he believed that
such a doubling would take thousands of years. Between 1870 and 1970, global
temperature records showed both rising and falling trends, which led to a scientific
debate on whether human interference with the natural climate system eventually would
lead to higher or lower average temperatures (Ehrlich 1968; Peterson et al. 2008).

Only about 35 years ago, a scientific consensus was reached that anthropogenic
greenhouse gas emissions cause the Earth’s mean surface temperature to rise (Bryson

1971; Suomi et al. 1979; Peterson et al. 2008). This particular type of climate change



has been called “global warming’ ever since, and the issue has entered the public debate
and became relevant to policy makers, industry, and mainstream research. In 1988, the
Intergovernmental Panel on Climate Change (IPCC) was established to compile
scientific assessments of climate change, its possible consequences, and how mankind
could respond to it through both mitigation and adaptation (IPCC 2012).

Throughout the rest of this work, I use the terms “‘global warming’, ‘man-made climate

change’, and ‘climate change’ as synonyms.

There are three reasons why | focus on man-made climate change.

(1) The first one is the severity of its consequences. Uncurbed global warming may lead
to large changes in temperature and precipitation patterns all over the world as well as
rising sea levels due to partial melting of ice sheets (Parry et al. 2007). The
consequences of such changes are hard to anticipate, but there is some agreement
among scientists that excessive global warming may undermine many of the ecosystem
services we benefit from today and lead to more extreme weather phenomena such as
droughts and floods, biodiversity loss, or fires. Social and economic crises might
follow, with poor regions like Africa being most vulnerable (Parry et al. 2007). Since
weather is a nonlinear complex system, there is a poorly understood risk that exceeding
a certain ‘tipping temperature’ might cause abrupt and irreversible changes such as self-
enforcing temperature rise, cessation of the thermohaline circulation in the oceans, or
critical transitions in the biosphere. (Houghton et al. 2001; Schneider et al. 2007;
Barnosky et al. 2012).

(2) The second reason is that climate change is scientifically well understood. The
causes and mechanisms were identified with high certainty and from model
calculations, a non-linear relationship between the greenhouse gas concentration
stabilization level and the average atmospheric temperature increase could be
established. Atmospheric CO, concentrations from 350-790 parts per million (ppm) of
CO; equivalents (CO,eq) are likely to lead to a temperature increase in the range of 1.4-
8.5K (Fig. 1, Table 1), (Fisher et al. 2007). In order to prevent dangerous anthropogenic
interference with the climate system, the global average temperature increase should be
kept within 2°C compared to the pre-industrial state (UN Climate Change Conference
2009). According to the IPCC Fourth Assessment Report (IPCC AR4), anthropogenic



greenhouse gas emissions are the main driver of global warming (IPCC 2007a). In order
to keep global warming within the 2°C range, the report suggests to reduce the annual
anthropogenic emissions of greenhouse gases by 50-85% by 2050 compared to the 2000
level (Table 1),(Fisher et al. 2007).

Equilibrium global mean temperature increase
above pre-industrial (°C)

0 T T T T T T
300 400 500 600 700 800 900
GHG concentration stabilization level (ppm CO; eq)

1000

Figure 1: Global mean temperature increase over eventual greenhouse gas
concentration in the atmosphere. From Table 3.10 in IPCC ARA4. Source: (Fisher
et al. 2007).

Table 1: The relationship between global mean temperature increase and
emissions reduction targets. From Figure 3.38 in IPCC AR4. Source: (Fisher et al.
2007).

Stabilization Global mean Likely range of
Anthropogenic level for temperature C global mean Change
addition to CO, only, increase above temperature in global
radiative Multi-gas consistent | Number pre-industrial at C increase emissions
forcing at | concentration | with multi-gas of equilibrium, using best| above pre- Peaking in 2050 (%
stabilization level (ppmv level (ppmv |scenario| estimate of climate industrial at | year for CO, of 2000
Class (W/m2) CO,-eq) CO,) studies sensitivity® equilibriuma | emissionsk) emissions)b)
| 2.5-3.0 445-490 350-400 6 2.0-24 1.4-3.6 2000-2015 -85 to -50
Il 3.0-3.5 490-535 400-440 18 2.4-2.8 1.6-4.2 2000-2020 -60 to -30
i} 3.5-4.0 535-590 440-485 21 2.8-3.2 1.9-4.9 2010-2030 -30 to +5
\% 4.0-5.0 590-710 485-570 118 3.2-4.0 2.2-6.1 2020-2060 +10to +60
Vv 5.0-6.0 710-855 570-660 9 4.0-4.9 2.7-73 2050-2080 +25 to +85
\' 6.0-7.5 855-1130 660-790 5 4.9-6.1 3.2-85 2060-2090 +90 to +140

(3) The third reason is the apparent difficulty of mitigating climate change. Emissions of
carbon dioxide and other greenhouse gases are strongly coupled to industrialization and
economic development (Jackson 2009) and have risen for more than two centuries in a
row (Ghosh and Brand 2003). CO, is usually not a local pollutant and the atmospheric

concentrations are two orders of magnitude below the toxicity level, which is at about 7



per cent by volume (US EPA 2010). Global warming is a typical problem of scale,
where a large number of small emissions flows that are not considered harmful on the
local scale add up to a global environmental challenge.

A legally binding international commitment on achieving emissions reductions that are
in line with the 2°C target is not in place, and thus, annual global greenhouse gas

emissions continue to rise (Olivier et al. 2012).

| provide a brief overview of the current levels of greenhouse gas emissions in
different countries and sectors. In 2006, global energy- and process-related greenhouse
gas emissions were 28.6 Gt/yr, where 23% stemmed from transportation, 33% from
buildings, 36% from industry, and 8% from other sectors. Buildings, industry, and
transport together accounted for more than 90% of all emissions (Fig. 2) (Allwood et al.
2010; IEA 2008; OECD/IEA 2007). The steel industry was the largest industrial emitter
of carbon; it accounted for 25% of industrial emissions or about 9% of global energy-

and process-related carbon emissions in 2006.

C % Global ~Industrial
carbon 94“4‘“ carbon
emissions % emissions

28 GtCO, . 10 GtCO,

Figure 2: Global energy- and process related carbon emissions of 2006, broken
down on different sectors. Source: (Allwood et al. 2010) Data sources: (IEA 2008;
OECDI/IEA 2007).
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Figure 3: CO; emissions of 2009 by country and sector.

(International Energy Agency 2011; Olivier et al. 2011). The Kyoto target for the

Annex | countries is almost identical to the 2009 Annex | average.



By 2009, emissions had risen to about 30 Gt/yr, and Figure 3 shows a breakdown of the
global emissions by different countries and sectors. For most developed countries,
emissions lay well above the global average. Industry dominated the carbon footprint of
developing countries, whereas the shares of the different sectors were more balanced in
the developed world. Taking into account that the Earth’s population may increase by
another 2 billion by 2050 according to the UN medium population scenario (UN
Population Division 2011), the resulting per capita emissions quota that is in line with
the 2°C target would be at 0.4-1.3 tonnes (Table 1).

Figure 3 illustrates the discrepancy between lack of economic development and
current ecosystem overuse that was pointed out above. High economic development, as
seen in the Annex | countries, entails per capita emissions that are between one and four
times the current global average. But the current average is already three to ten times

higher than the range required to curb global warming to 2°C.

1.3 Climate change and its reflection in policy, technology, economics,
and environmental modeling

This section provides a review of legislation on climate change mitigation, the current

spectrum of mitigation strategies, the current view in environmental and ecological

economics, and the different modeling approaches that have evolved. At the end of each

sub-section, | identify gaps in the existing knowledge and in section 1.4 | motivate my

research questions based on these gaps.

1.3.1 Responses in policy

Policy makers all over the world have recognized the challenge that global warming
represents, and already at the Rio summit in 1992, the UN Framework Convention on
Climate Change (UNFCCC), that aims at mitigating severe changes of the earth's
climate, was released (UNFCCC 2012b). In 1997, the Kyoto protocol came into force
(UNFCCC 2012a). It contains specific emissions reduction targets for 37 developed
countries (the so-called Annex-1 countries) and was ratified by 192 states. Olivier et al.
(2011) found that the Annex-I countries together are on their way to meet the Kyoto
target for 2012. This is mainly due to the economic downturn in the countries of the

former East Bloc after 1990. Emissions in the U.S., which did not ratify the Kyoto



protocol, have increased by 11% since 1990 (Olivier et al. 2011). When re-allocating
emissions abroad that can be attributed to domestic consumption — so-called emissions
embodied in trade — the carbon footprint of several Annex-lI countries increases
significantly (Hertwich and Peters 2009; Steinberger et al. 2012; Peters et al. 2012). For
example, the UK reduced its domestic carbon footprint by 6% over the period 1990-
2004, but when including emissions abroad that can be attributed to customers in the
UK, the carbon footprint rose by 11% (Jackson 2009). At the Copenhagen summit in
2009, negotiations for a successor of the Kyoto protocol ended without the member
states of the UN agreeing on a binding agreement for different countries or sectors of
energy use. Instead the Copenhagen Accord, a mere declaration of intent without legally
binding status, was adopted (UN Climate Change Conference 2009). However, several
individual states, where climate change mitigation has arrived in mainstream policy,
have set up national targets at different ambition levels. Table 2 gives an overview of
national greenhouse gas emissions reduction targets that were effective in 2012.

Table 2. Overview of national or regional emissions reduction targets that were in
effect in 2012.

Country/ Emissions target Reference
Region
Kyoto Country-specific targets, 37 countries (Annex 1) to reduce their | (UNFCCC 2012a)
Protocol carbon footprint by in total 5.2% over the period 2008-2012
EU > 20% reduction for the period 1990-2020 (Council of the
European Union
2007)
UK -80% reduction for period 1990-2050 (UK government
2008)
Norway + Over-achieve Kyoto-target by 10 percentage points (Stortinget 2012)
+ Reduce expected baseline emissions in 2020 by 30% of 1990
emissions, achieved by both national reduction and purchase of
emission allowances from other countries
+ Become carbon-neutral by 2050
California Reach 1990 emissions level in 2020 (Pavley and
Nunez 2006)




In addition to the commitments listed in Table 2, there are a large number of national or
municipal incentives, emissions trading schemes, and declarations of intent. Table 2
only lists those countries and regions where an economy-wide target is part of the
current legislation. Regulations that affect certain sectors or product categories only,
such as fuel efficiency standards, are not included. In addition, the Montreal protocol,
which was designed to preserve the ozone layer by phasing out or freezing the
production levels of a large number of halogenated hydrocarbons, will as well
contribute to climate change mitigation, as these substances represent strong greenhouse
gases (UNEP Ozone Secretariat 2006).

A scheme or treaty, that distributes a global emissions reduction target onto different
sectors such as transport, industry, or buildings, may facilitate emission abatement
because the number of actors within a specific sector compared to society as a whole is
smaller, and they can be easily identified and assigned a specific responsibility
(Bodansky 2007; Schmidt et al. 2008). Thus, sectoral reduction targets may be a first
step for many countries to enter a carbon-constrained regime that is limited to certain
industries or end-use categories. Sector-specific reduction targets across countries could
hinder companies from moving their operations to regions with higher emissions
allowances. Disadvantages of the approach are that limiting the scope on certain sectors
may exclude potentially easier and cheaper mitigation opportunities elsewhere, and that
emissions might leak to sectors that are not part of the mitigation regime (Schmidt et al.
2008; Bodansky 2007).

Several sector-specific scenarios exist, showing how to achieve significant reductions in
carbon emissions by 2050. Examples include the IEA’s Blue Map scenario, which is a
global assessment of future energy supply and use that considers 11 world regions
(International Energy Agency 2010), and a recent policy proposal issued for the EU
Commission (EU Commission 2011), which covers the European Union as a whole.
Both studies consider the sectors transportation, buildings, industry, power generation,
and others, while the EU proposal considers non-CO, emissions from agriculture in

addition. They contain different emissions reduction levels for the individual sectors.
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Summary: There is a large discrepancy between the severity of man-made global
warming and the way it is reflected in current policy. The Kyoto protocol can only be
considered as a first step towards stabilized global emissions, as it stipulates only
modest reduction targets for a limited number of countries, and has a limited time frame
(Schmidt et al. 2008).

To this day, there is no general agreement on how to break down global emissions
reductions targets into different countries or sectors. In the absence of such an
agreement, there is a need for a set of sectoral and country-level benchmarks that allow
for assessing the contribution of sector- and country-specific emissions mitigation

strategies to reaching a certain temperature stabilization level.

1.3.2 Overview of pathways for climate change mitigation

More energy-efficient technologies and new energy technologies are often seen as
the main instrument to curb anthropogenic greenhouse gas emissions. The IPCC Fourth
Assessment Report (AR4) contains a comprehensive literature review and finds “ [...]
high agreement and much evidence that all [temperature] stabilization levels assessed
can be achieved by deployment of a portfolio of technologies that are either currently
available or expected to be commercialized in coming decades, [...]” (Fisher et al.
2007).

The International Energy Agency (IEA) acknowledges the severity of climate
change by stating that “A global revolution is needed in ways that energy is supplied
and used.” (IEA 2008) At a closer look, the term ‘revolution’ refers to an ‘energy
technology revolution’, which comprises fuel and energy efficiency, fuel switching,
nuclear power, renewable energies, and carbon capture and storage (CCS). These
options constitute the BLUE MAP scenario, which is a target-oriented scenario to
achieve a 50% reduction of energy-related CO, emissions over the period 2005-2050
(International Energy Agency 2010).

When reviewing the strategies in the BLUE MAP scenario in relation to their risks,

ease of implementation, and expected contribution to emissions reduction, | found two

problems.
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(1) The first problem applies to new energy technologies. The possible future
consequences of many of these technologies are insufficiently understood, and their
development and deployment turned out to be more difficult than expected. The future
role of nuclear power is vehemently debated and especially after the Fukushima
catastrophe, the extent of its future deployment is viewed more critical (Platts 2011).
The IEA has significantly reduced its estimate of the additional nuclear power
generation capacity to be installed by 2035 (The Economist 2011; IEA 2012). The
development of carbon capture and storage (CCS) turns out to be more difficult than
expected (Reuters 2011) and recently lost governmental support in Germany (German
Government 2012). Moreover, CCS is expected to be among the most expensive
mitigation technologies (McKinsey&Company 2009). These facts and incidents could
be perceived as drawbacks and fluctuations on the difficult and risky way to a different
energy future, but there may be some systematic over-optimism in the assessment of the
possible future contribution of these technologies. Upstream impacts may significantly
reduce the net emissions savings of new energy technologies, especially CCS, and
linkages between different environmental pressures may complicate climate change
mitigation (Arvesen et al. 2011). New sectors of energy demand and an increasing
energy demand to compensate for deteriorating mineral and biotic resources may partly
outpace future mitigation efforts (Arvesen et al. 2011). Although there are already
significant investments in renewable energy supply especially in the developed world
and in China, the global average carbon intensity of energy started to increase again
after 2000, mainly due to the massive use of coal in China and India (Pravettoni 2010).

(2) The second problem applies to energy efficiency gains. Improving efficiency often
yields monetary savings that can cause rebound effects on different scales (Madlener
and Alcott 2009; Barker et al. 2009; Hertwich 2005). On the demand side increasing
energy efficiency leads to lower energy costs and the resulting monetary savings could
be spent on other products and services. On the supply side savings from increasing
energy efficiency may lower the market price for energy, which in turn may increase
consumption. Even though many cost-efficient efficiency measures are known
(McKinsey&Company 2009), many of them have not been implemented to a significant
scale so far, which suggests that market failures and changes in social norms will have

to be overcome as well (Eyre 1997).
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Summary: At present, the solution space for achieving significant emissions reductions
comprises energy efficiency and supply-side measures. There is no guarantee or
mechanism that ensures that increasing energy efficiency and deploying new energy
technologies alone will be sufficient to stabilize the average surface temperature on
Earth. In order to reach the 2 degree target, it is therefore necessary to extend the
solution space by complementing these measures with strategies that reduce energy and
material consumption while aiming for a high quality of life at the same time. Examples
for such strategies include a lower primary material production through material
efficiency (Allwood et al. 2010), lifestyle changes leading to demand reduction

(Jackson 2009), and potentially population control (Hardin 1968; Barnosky et al. 2012).

1.3.3 Responses in economics

a) Economic growth and carbon emissions

Perpetuated economic growth is one of the main pillars of industrialized societies
(Jackson 2009). A central question in economics is whether economic growth is a threat
or a means to achieve environmental improvement (Stern 2004), and in case it is a
threat, which levels of economic development are sufficient to reach high human
development (Steinberger and Roberts 2010). The school of classical environmental
economics has advocated growth as a means to achieve both human and environmental
prosperity. A good example is the following statement by (Beckerman 1992): “... the
important environmental problems for the 75% of the world’s population that live in
developing countries are local problems of access to safe drinking water or decent
sanitation, and urban degradation. Furthermore there is clear evidence that, although
economic growth usually leads to environmental deterioration in the early stages of the
process, in the end the best - and probably the only-way to attain a decent environment
in most countries is to become rich.”

Proponents of ecological economics consider economy as embedded into the system
Earth and criticize the concept of everlasting economic growth. In 1974, Herman E.
Daly stated that “Our economy is a subsystem of the Earth, and the Earth is apparently a
steady-state open system. The subsystem cannot grow beyond the frontiers of the total
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system and, if it is not to disrupt the functioning of the latter, must at some much earlier
point conform to the steady-state mode.” (Daly 1974).

Historic evidence shows that a low-to-moderate per capita income is a necessary
condition for low carbon emissions per capita (Steinberger and Roberts 2010;
Steinberger et al. 2012). For countries with high per capita income and high carbon
emissions per capita, the hypothesis of the ‘environmental Kuznets curve’ states that
carbon emissions drop with rising income after certain per capita income was reached
(Chertow 2001). Empirical evidence for the Kuznets curve in the case of CO, depends
on the system boundary used for determining the personal carbon footprint. If the
system boundary is the countries’ border, CO, emissions grew slower than personal
income in most developed countries for several decades in a row (International Energy
Agency 2011; University of Pennsylvania 2012). In spite of this relative decoupling,
current per capita emissions in developed countries are about a factor of 10-30 larger
than the levels that are required to reach the 2°C target in 2050 (Fig. 3). When changing
the accounting routine by including emissions embodied in trade, there is a strong
positive correlation between per capita carbon footprint and per capita GDP that holds
over several orders of magnitude of the latter, and there is no decoupling or Kuznets
curve in that case (Hertwich and Peters 2009; Steinberger et al. 2012).

b) Affluence, service, and stocks
Personal well-being is often measured in economic terms, i.e., in gross domestic product
(GDP) per capita, and the term *affluence’ has almost become a synonym for per capita
GDP. However, several non-economic indicators of human development, such as life
expectancy or education level, decouple from personal income in the range of 10.000-
15.000 International $ per capita (Jackson 2009). This gave reason to a debate on the
usefulness of economic indicators as measure of personal affluence in developed
countries (UNDP 2010; Goossens et al. 2007). One alternative to economic affluence
measures is to quantify the different physical services such as cars, dwellings, and
different metals that people in developed countries benefit from. For several of these
physical services, it is the in-use stock of products and materials, rather than their

annual consumption flow that provides service to the end-users. The consumption of
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products and materials is not an end in itself, but serves the purpose of building up or
maintaining in-use stocks, which are used throughout the lifetime of the products. One
can say that in-use stocks bridge the gap between service and consumption. The concept
of stocks as carrier of affluence was introduced by Boulding (1966), and was recently
revitalized within the framework of material flow analysis (Muller 2006).

The size and the physical properties of different in-use stocks directly determine a
significant fraction of mankind’s carbon footprint. About 56% of all energy- and
process-related greenhouse gas emissions can be attributed to transport and buildings
(Fig. 2), more precisely, to the energy consumption of the rolling stock and the building
stock. Almost 50% of all industrial emissions are related to the production of cement,
steel, and aluminum, which accumulate in stocks of buildings, infrastructure, and

products (Fig. 2).

Summary: Carbon emissions are positively correlated with GDP, and the relative
decoupling seen in several developed countries over the last years has been far too weak
to slow down the growth of global emissions. The role of per capita GDP as affluence
measure has been put into question. Understanding and modeling stock dynamics may
shed light on the connection between economic activities, final consumption, human

development measured in terms of physical services, and global warming.

1.3.4 Modeling environmental impacts of human activities

Parallel to the rise of environmental concerns in the sixties and early seventies, three
fundamental modeling concepts, which determine the way we look at environmental
problems today, were developed or adopted from other sciences. After briefly
presenting them, | will show how two of them can be merged into the framework of
social metabolism, which forms the basis of several major impact and emissions
mitigation modeling techniques. Global warming is an issue that rose after these
concepts had been established. I will thus investigate whether and how the current
methodologies must be extended in order to model and understand long-term

environmental problems such as global warming.
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1) The IPAT-framework: Provided that a quantitative global limit for a certain
environmental impact | can be established, e.g., as upper limit of greenhouse gas
emissions per year (Table 1), this limit I can be broken down into the three major
drivers population (P), affluence per person (A), and technology (environmental impact
per unit of affluence T) by the so-called I-PAT equation (Ehrlich and Holdren 1971):
|=P-AT o)
The I-PAT equation scales a single, average unit process described by T to the global
level using P and A as scaling factors.
For a region with known emissions flow I, population P, and monetary affluence A, the
I-PAT equation can always be formulated in an accounting manner (Fischer-Kowalsky
and Amann 2001). It has been termed the *master equation’ of industrial ecology
(Graedel and Allenby 1995).
The I-PAT equation does not distinguish between different technologies or sectors and
lacks a systems context. This makes it difficult to assess the combined impact of
different mitigation strategies and to account for the differences between different
countries and sectors. Moreover, the variable A is often defined as GDP per capita,
which does not allow us to consider physical services or stocks (section 1.3.3).
Throughout this work I will therefore not use the I-PAT framework.

2) Systems thinking: The second important input to environmental science was the
adaptation of the concept of systems. Open and closed systems and their respective
boundaries have their origin in thermodynamics and were applied to economies by
Boulding (1966) and later by Daly (1974). Von Bertalanffy (1968) and Forrester (1968)
laid out the foundation of a general theory of systems. Any environmental problem can
be formalized in a system, which includes the definition of the boundary of the problem
and the logical connections between the actors and processes within. It helps to structure

and to communicate the specific features of the problem studied.
3) Physical aspects of economic activities: Ayres and Kneese (1969) make clear that it

IS not economic activity as such that impacts the environment, but the flows of

materials, waste, and energy mobilized by the economy. They point out the importance
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of material and energy efficiency for decoupling economic development from
environmental impacts.

All technical processes within the economy are subject to the laws of thermodynamics,
in particular the second law, which states that a constant flow of low entropy materials
and/or energy is required to maintain the disequilibrium between a given economic
system and the surrounding environment (Daly 1974; Georgescu-Roegen 1971; Ayres
and Kneese 1969). Another corollary to this law is that waste flows and dissipative
losses are unavoidable side-effects of any economic activity, and that cleaning up these
waste flows requires further exergy® input. An example is carbon capture and storage
(CCS), whose implementation would increase primary energy requirement per KWh of
electricity delivered by 10-40% (Rubin et al. 2005). While the second law of
thermodynamics is an integral part of chemical and process engineering, this principle
had not been applied to whole societies or economies until Ayres and Kneese (1969)
and Georgescu-Roegen (1971) proposed to enlarge the boundary of macro-economics to

include thermodynamic limits.

The synthesis of items 2 and 3, that is the study of anthropogenic flows and stocks of
materials and energy in a systems context, is called the social or anthropogenic
metabolism (Baccini and Brunner 1991; Fischer-Kowalsky and Amann 2001). In
analogy to the metabolism of individual organisms or cells in biology, social
metabolism considers the set of industrial and other man-made processes and the
material and energy stocks and flows therein as the metabolism of the human society.
Historically, concepts (2) and (3) were often used together, for example, in Baccini and
Brunner (1991) and Meadows et al. (1972).

Since the 1970ies, several methods to quantify and to assess environmental impacts of
human activities have been developed within the framework of social metabolism
(Table 3). Next to the methods shown in Table 3, there is the field of risk analysis,

which aims at assessing the probability and potential impacts of possible adverse

! Exergy is that part of the internal energy of a thermodynamic system that can be extracted as mechanical

work when the system reaches equilibrium with its environment.
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effects, incidents, or catastrophes related to a certain product or a technology (Lerche

and Glaesser 2006).

The methods in Table 3 have different purposes and hence, they differ in scale, the

comprehensiveness of the system used, the way they deal with time, and the choice of

exogenous model drivers. They also differ in the way they respect first order principles,

such as the balance of mass or energy. I now discuss the methods and their suitability

and possible shortcomings for modeling emission abatement in the long term.

Table 3: Different methods to assess the environmental impact of human activities
in the framework of social metabolism.

Model Typical Typical time | System boundary Major  exogenous
scale frame driver/parameter

Life cycle assessment | Product Entire life | Entire  life  cycle, | Functional unit (1
(LCA) level cycle, covers several to all | unit of the product
(1SO 2006) condensed into | upstream repercussions | studied)

timeless

indicator
Environmentally Sector- Snapshot Upstream only | Final demand Y
extended input- | Global (downstream in some
output (EE-10) cases: (Nakamura and
(Leontief 1970; Kondo 2002)), all
Duchin 1992; upstream repercussions
Wiedmann 2010)
Material flow | Process Dynamic, past | All  product stages | Production, demand,
analysis (MFA) /| level- and future | including  the  use | Stocks, population,
Dynamic stock | global (scenario phase, foreground | service level
models (Baccini and modeling) only, indicators
Bader 1996; Muller
1998; Brunner and
Rechberger 2004)
Integrated Regional- | Dynamic, All upstream | Time discounting,
assessment  models | global scenario repercussions GDP,
(IAM) (Kelly and modeling response of economic
Kolstad 1999; agents (Kelly and
Rotmans and van Kolstad 1999)
Asselt 2003)
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Life cycle assessment (LCA) was designed as tool for decision makers and is used

to assess individual products and processes. The system boundary of an LCA study
consists of a product specific foreground system that is coupled to a generic
background, for example an LCA database (Frischknecht et al. 2007), or an input/output
model in the case of hybrid LCA (Suh et al. 2004). LCA studies can provide detailed
information on individual products as the foreground system can be very specific and
the background model allows for computing the economic repercussions in the value
chain upstream and downstream to any tier. There are different limitations that need to
be considered when using LCA to assess emissions mitigation strategies.
(1) Time: All greenhouse gas emissions occurring at different stages of a product’s life
cycle are condensed into single, timeless impact indicator (ISO 2006). This is not
compatible with models with explicit time dimension. (2) Allocation and scale: The
impacts and resource requirements of the different industrial processes involved in the
value chain need to be allocated to the product under study. This allocation routine
cannot be derived from first order principles; it is an additional model assumption. The
benefits of recycling are not part of a product’s life cycle, but are often allocated to the
product. The process emissions reflect the current efficiency of scale of the industry;
this information is lost when moving to the unit process. (3) Data: Life cycle inventory
data typically are process data; they usually do not include historic or current
investments into industrial and public infrastructure (Reap et al. 2008). Moreover,
process inventories often only include the flows required to operate the production
processes itself and not the entire facility with all its auxiliary functions. The processes
are usually assumed to operate at full utilization (Allwood 2012b).

Environmentally extended input/output analysis (EE-IO) does not have a
foreground system and therefore provides less detail on specific products than an LCA
would do. It can be used to estimate impacts on any scale within the given resolution of
the 1/O table, from a single car to the consumption of the entire society. /0O models do
not contain stocks and therefore they cannot connect final consumption to the total
service level provided to the end-user (section 1.3.3). State-of-the-art EE-10 studies can
allocate a country’s carbon footprint onto different regions and sectors (trade-linked
analysis, (Hertwich and Peters 2009)).
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Material flow analysis (MFA) is typically applied to study specific materials or
activities such as agriculture or wastewater treatment with a case-study-specific
foreground system that comprises both stocks and flows (Brunner and Rechberger
2004). MFA is applied to a large number of substances and materials with spatial
boundaries reaching from the process level to the global scale. Substance-level MFA is
often conducted with comprehensive systems that include all life-cycle stages of the
substance from mining to waste handling, e.g., in Wang et al. (2007). MFA must not be
confused with material flow accounting, which quantifies the aggregate material inputs
to economy, irrespective of their physical nature (Fischer-Kowalsky and Amann 2001,
Ritthoff et al. 2003). Due to the limited number of system variables in MFA studies,
dynamic analyses and scenario modeling are relatively easy to perform and commonly
applied. Dynamic stock modeling combines MFA with system dynamics to investigate
long-term trends in the different material cycles (Baccini and Bader 1996; Miiller 1998;
van der Voet et al. 2002; Muller et al. 2004; Elshkaki et al. 2005; Mdller 2006).

Large parts of the material stocks in use have lifetimes from about 15 years for
passenger cars up to many decades or even centuries for buildings and infrastructure
(Bohne 2006; Muller et al. 2007). In-use stocks also serve as reservoirs for future
material recycling. Thus, the process of building up and maintaining in-use stocks
determines the long-term development of the material supply chains, the fabrication and
manufacturing industries, and the waste management sector.

While MFA studies that contain the entire anthropogenic use of certain materials
are common, there are only few studies that connect MFA and dynamic stock modeling
in particular to energy use and carbon emissions (Sandberg and Brattebg 2012;
Sandberg et al. 2011; Liu et al. 2011; Kohler and Hassler 2002). A major challenge is
that a significant fraction of the total sectoral emissions may come from outside the
MFA system, such as the emissions from electricity generation for producing aluminum
(Liu et al. 2012). A generic approach on how to include both direct and indirect energy

consumption and greenhouse gas emissions into MFA systems is lacking.
Integrated assessment models are defined rather widely as any model that

combines scientific, social, and economic aspects to assess policy options for climate

change mitigation (Kelly and Kolstad 1999). The ten models that were reviewed in
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IPCC AR4 (Fisher et al. 2007) contain computable general equilibrium models that rely
on exogenous GDP forecasts (Weyant et al. 2006), which makes it difficult to combine
them with alternative affluence measures such as physical indicators. When connected
to general equilibrium models, integrated assessment models are not dynamic, but use a
new market equilibrium, that was determined by perturbing the old equilibrium, to
estimate how energy supply and emissions respond to a given policy regulation
(Burfisher 2011). Optimization routines can be applied to endogenously determine

optimal policies (Kelly and Kolstad 1999).

Summary: Assessing the effect of different emissions mitigation pathways until 2050
requires an explicit time dimension in the model. In-use stocks need to be included
because they determine the long-term dynamics of the industries within different
sectors. Moreover, the historic development of in-use stocks in different countries can
be used to derive benchmarks for future development (Muller et al. 2011). Both direct
and indirect sources of greenhouse gas emissions that can be attributed to a certain

sector or country need to be included.

1.3.5 The role of stocks in social metabolism

The review above revealed the different roles that in-use stocks play in the social

metabolism, which are summarized here:

e In-use stocks provide service to the end user in several major sectors.

e In-use stocks link important physical services, such as shelter or mobility, to
economic activity.

e Due to the long lifetime of products in-use, stocks determine the long-term-
dynamics of the supplying industries, both upstream and downstream, including the
potential for recycling.

¢ Observing the historic development of in-use stocks in different parts of the world
gives information about utilization patterns of different end-use products that can

serve as benchmarks for forecasting or scenario modeling.
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1.4 Research motivation and research questions

Based on my findings summarized at the end of sections 1.3.1-1.3.4, | first explain my
motivation and then formulate a set of specific research questions.

Policy (1.3.1): Ultimately, | intend to contribute to the debate on how to break down the
global emissions reduction targets into different countries and sectors. A science-based
breakdown may facilitate a future global treaty on climate change mitigation.
Mitigation pathways (1.3.2): When agreeing upon a set of sector and country-specific
reduction targets in a future global treaty, the parties must be reasonably certain that the
targets are politically and practically viable. A breakdown of the global emissions
reduction target that considers the full spectrum of mitigation options and their risks and
barriers, may be easier to accept than a breakdown obtained from a limited portfolio of
strategies. Alongside energy efficiency, | study 1) mitigation strategies that combine
technological change with changes in user behavior (I call them “hybrid solutions’), 2)
lifestyle changes that lead to lower stocks at levels that are currently observed in some
developed countries, and 3) strategies that reduce primary material production by
decoupling material consumption from the service provided by material stocks (material
efficiency).

| create a set of scenarios including the different mitigation strategies listed above and
conduct a case study in each of the three major energy-consuming sectors:
transportation (passenger cars in China); buildings (residential buildings in Norway);
industry (the global steel cycle). Studying both developed and developing countries
allows me to identify specific challenges related to development pathways in different
world regions.

Affluence measures (1.3.3): | consider the size of the different stocks in use as a
physical affluence measure and use stocks as exogenous drivers when modeling
emission abatement in different end-use sectors.

Methodology (1.3.4): | provide a stock-driven model to compute the direct and indirect
emissions savings in different countries and sectors that can be achieved by
implementing the different decoupling strategies. | create a benchmark method to assess

the contribution of different sectors and countries to mitigate global warming.
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Research questions:

(i) Methodology:

How can dynamic stock models be extended to include both direct and indirect
energy consumption and carbon emissions, and what are the critical assumptions
and variables?

How can emissions reductions in different countries and sectors be benchmarked

against the 2°C target and other global climate targets?

(i) Final consumption and waste flows:

The historical development of in-use stocks in industrialized countries has followed
certain patterns. These stock patterns can be used as reference values for future
development and can serve as exogenous model drivers for future scenarios.

How do final demand and discard of products in the different case studies develop
over time under the assumption that the entire world will eventually build up the
same in-use stocks as currently observed in industrialized countries? How do
demand and discard change once different climate change mitigation strategies are

implemented?

(iii) Decoupling strategies and climate change mitigation:

How big are the emissions reductions resulting from implementing energy
efficiency, hybrid solutions, material efficiency, and lower stock levels in the
different case studies? How do the emissions scenarios in the case studies relate to

the different levels of global warming, and the 2°C target in particular?

(iv) Outlook:
How do my findings relate to some of the underlying challenges of sustainable

development?

1.5 Thesis structure and overview of case studies

The methodology section addresses question (i) and introduces the three case studies.
The results section addresses questions (ii) and (iii) by compiling the findings from the
case studies. Section 4 discusses the findings for research questions (i)-(iii), and

addresses some underlying problems of sustainable development (question iv). Compare
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with Figure 4 for an overview. Table 4 presents the three case studies conducted and the

respective journal articles.

Table 4: Overview of case studies and research articles appended.

Description Reference
Transportation (T): Direct emissions from passenger cars in China Paper I

Buildings (B): Direct and indirect emissions from dwellings in Norway Paper Il

Industry (I): World-wide emissions from making and recycling steel Paper Il 1V, and V

Sustainable development

Y
Climate change mitigation

Y
i) Model approach

U8

ii-iii) CASE STUDIES: Mitigation
§cenarios in r;lajor sectors'

Other aspects
of sustainability

T B I
Paper Paper Papers
| 1] -V
Y L] ] Y

iv) Synthesis
Y
Critique and recommendations

Figure 4: Thesis structure. The three sectors studied are transportation (T),
buildings (B), and industry (1).

I briefly explain how the case studies relate to the different sectors.
Emissions from passenger cars account for about 50% of direct emissions from
transportation (IEA 2009). | assumed that over the next decades, car ownership in China

will rise to the level currently observed in industrialized countries. Hence, the model
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results for 2050 may be representative for other industrialized countries with similar car
ownership level.

Households account for ca 25% of global final energy consumption (IEA 2008). |
focused on Norway because the current Norwegian building policy has a strong focus
on energy efficiency. Passive houses shall become standard from 2015 on (Norwegian
Ministry of the Environment 2012) and rehabilitation to passive house standard has
been proposed as the default renovation measure for the future (Arnstad 2010). The
heating energy demand can be minimized by transforming the entire dwelling stock to
passive house standard by either demolition and subsequent re-construction or
renovation. By creating scenarios for how such a transformation could be accomplished
by 2050, I could estimate the maximum emissions savings potential from efficiency
measures within the dwelling stock. This estimate may serve as indicator for the
possible contribution of the dwelling sector to nation-wide emissions reductions both in
Norway and in other countries.

Steel production alone accounts for 25% of all industrial emissions (Fig. 2). The
steel industry has a large spectrum of challenges and opportunities that are typical of
many industries. Challenges include the huge capital requirement of this industry, which
leads to very long asset lifetimes (Paper 1V). Opportunities to reduce emissions include
energy efficiency, recycling, fuel switching, and carbon capture and storage (Paper V).
A comprehensive study of emission abatement within the global steel cycle may give
insights that apply to other industries as well.

Each of the case studies contains a review of the relevant literature and a specific
system definition with detailed documentation of model approach, data treatment, and
scenario assumptions. The project on the global steel cycle is comprehensive and was
split onto three publications. One paper (I11) covers the historic development of steel
stocks, another paper (IV) presents a new method describing how to extrapolate stock
patterns into the future and determines the steel industry’s response to the future
demand for in-use stocks, and the last paper (V) introduces material efficiency
strategies, adds the emissions layer, and contains scenarios on future carbon emissions.
The journal articles are not part of this summary. The printed version of this thesis
includes Papers |-V as appendices. In the electronic version the hyperlinks to the

proprietary online versions are provided.
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2. Methodology

| first present the common model framework (2.1) and the case-study-specific model
features (2.2). Then I define the model drivers, describe the scenarios, and present the

future development of the in-use stocks for the different cases (2.3).

2.1 The common model framework

Central to the concept of social metabolism is the notion of a system of processes such
as industries, mineral deposits, or markets, which are connected by material and energy
flows. Figure 5 shows a generic system of the anthropogenic metabolism in the notion
of material flow analysis (Brunner and Rechberger 2004). This purely physical system
contains all industrial processes, the use phase, and the material flows from and to the
environment, but does not reveal the economic and social aspects of the product cycles.
People as beneficiaries of the products in use and the markets for products and factors

of production are not included in the system.

iEarth

! Atmosphere ]
rHumansomety_ A __

; : _Miningfrefining > Fabrication/ > USE - Waste i

; i~ |Bgriculture/fishery Processing | handling :

i A W ) ~ - [ i
] Lithosphere, hydrosphere L ]
— Resource flows — > Waste flows Emissions to air

[ and stocks [[] and stocks [ and stocks therein

Figure 5: The system of the anthropogenic metabolism.
To allow for more detailed and comprehensive assessment of different emission

abatement strategies | specified and extended the generic system in Figure 5 in two

directions.
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(1) In order to include emissions into existing MFA models | added two new layers to
the ones already present in the system of material flows (Fig. 6).

Service layer: People enjoy different services such as having and using a car, a certain
living space, or a certain amount of steel per person. These services are provided by in-
use stocks. The service layer contains the main model drivers population and per capita
stock, which together yield the total stock demand at a given time.

Final products layer: Services need to be transformed into products such as different
types of cars, buildings, or the large variety of steel-containing products. Central to this
layer is the product lifetime model, which tracks different cohorts over time and
determines the end-of-life flows. The split into different product types and the intensity
of use of individual products is taken into account here.

Materials layer: Products in use represent stocks of different materials. Making and
disposing of the different products creates demand for material production, waste
treatment, and offers the possibility of recycling. Different model parameters such as
material intensity or the extent of light-weighting describe the connection between
products and materials. The industries upstream and downstream are characterized by
parameters like the fabrication yield rate and the end-of-life recovery rate, and the split

between primary and secondary material production.

Energy layer

==~ Mining & refining = - -8 >
— : Litasphere & Hydrosphere —
Materials layer
- Fabrication =3 = Waste handling -
Final products layer
_-=""Human society e R S e
Population » IUSE - Per capita stock
Servicelayer
—= [ Sservice flow / stock — » [ material flow / stock — = [ energyflow/stock
—— [ Final product flow / stack [ GHG emissions / stock

Figure 6: The five layers: Generic approach to model the social metabolism of
products and related materials, waste and energy flows, and emissions.
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Energy layer (new): Products and materials represent exergy flows and stocks. But at
least equally important are the energy flows that are required to operate the different
industrial processes and in-use stocks, such as gasoline for cars, heating oil for
buildings, or coke for steelmaking.

Emissions layer (new): All processes in the system can release carbon dioxide or other
greenhouse gases, which are kept track of in the upper layer. Emissions can be related to

either energy or material flows.

Table 5 shows the layers included in the different cases studies.

Table 5: Layers covered by the three case studies

Passenger cars in | Dwellings in Norway | The global steel cycle

China
Time frame 1910-2050 2011-2060 1700-2100
Geographical scope China Norway Ten world regions
Service layer Yes Yes No
Product layer Yes Yes [yes]®
Material layer No [yes]® Yes
Energy layer Yes Yes No
Emissions layer Yes Yes Yes
Background (cf. 2.1.3.) No Yes [yes]*

(2) The second direction of expansion allows for dynamic modeling and for
including upstream emissions and other impacts that do not occur within a specific
material cycle, such as emissions from electricity generation. | created Figure 7 to show
how the generic system definition in Figure 5 was extended. | considered dynamic
stocks and connected them to the exogenous drivers population and lifestyle (Fig. 7,
system A). The foreground system (B) contains the relevant industries for the specific

case study, and includes the major feedback loops for re-use, re-manufacturing, and

2 Four end-use sectors transportation, machinery, construction, and products were considered.
* Only for future buildings; the material content of the existing stock was not included, but was partly
covered by previous work (Bergsdal et al. 2007).

* Electricity generation only
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recycling. Most sectors are connected to external suppliers of energy and materials,
which again emit greenhouse gases. In order to include these indirect impacts, |
included the upstream suppliers beyond the sectoral boundary in an aggregate way (Fig.
7, system C). I now describe the three blocks A-C of the system in Figure 7 and how the

different layers in Figure 6 are included in the respective blocks.

hibernating
and obsolete
products
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Figure 7: The three modules of my assessment framework. (A) Dynamic stock
model, (B) MFA foreground, (C) Background system.
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2.1.1 Dynamic stock models (A)

Dynamic models of the in-use stock (Baccini and Bader 1996; Muller 1998; van der
Voet et al. 2002; Miiller et al. 2004; Elshkaki et al. 2005; Miller 2006) represent the
core of the entire model. Muller (2006) linked in-use stocks directly to the exogenous

drivers through the following equation:

Total stock = Population - Stock / capita )

Since the model is dynamic, different cohorts within the stock can be tracked over time.
Case-study-specific lifetime models were applied to determine the in- and outflows
from the product lifetime distribution or vice versa. In addition, the individual cohorts
were split onto different product types such as standard or small cars, single family
houses or blocks, or different applications of steel. Further subdivision, e.g., a split into
different drive technologies or different energy standards for buildings, is possible and
was applied in some cases.

To create scenarios for future development, | applied stock-driven modeling (Muller
2006). First, the total demand for the stock in use was determined from Equation 2.
Then | applied a lifetime model (section 2.2) to determine how many existing products
leave the use phase because they reached the end of their life. Finally, the mass balance
of the use phase was used to determine the required production volume:

Inflow(t) = Outflow(t) + Stock change (t) (3)

This model block covers all layers: service; products; materials (e.g., steel in use);
energy and carbon emissions. The latter two represent direct energy demand and
emissions and correspond to scope 1 emissions in LCA studies.
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2.1.2 Material and product flow foreground systems (B)

The foreground system allows us to study the connection between service, products,
materials, wastes, and material recycling. In the case of stock-driven modeling, the
upstream and downstream processes respond linearly to the in- and outflows calculated
by model block A.

The mass balance and other balances are central to connecting stocks and flows, the
processes within the different sub-systems, and the different layers. Different processes
respect different balances. While the use phase of passenger cars can be balanced for
vehicles, car manufacturing and shredding do not respect this balance. Both processes,
however, respect the balance for steel and all other substances. The steel industry cannot
be balanced in terms of steel, but in terms of iron. Mass balance checks are central to
assure the correctness of the quantification of the different processes.

The foreground system contains the layers for products, materials, energy, and
emissions. There are two ways of adding the energy and emissions layers. 1) Energy
and emissions flows can be quantified in MFA manner, with each process respecting the
energy and carbon balance. 2) Energy and emissions can be introduced in LCA manner
in form of coefficients per unit of output of the individual processes. The first approach
is useful when the material layer is strongly interwoven with either energy or carbon,
e.g. in an oil refinery or a biomass plantation. The second approach is easier and
preferable in cases where the material layer does not carry significant amounts of

energy or carbon or where process-based coefficients are readily available.

Since the model is solved dynamically, i.e., for many years in a row, one can develop
capacity models to track different production facilities through their lifetime.

Case studies can be refined to the regional or country level, provided sufficient historic
data are available and consistent scenarios for the future development can be created.
The regional breakdown combined with the production capacity model allows us to
determine how climate change mitigation measures may impact regional capacity

development and utilization (Papers IV and V).
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2.1.3 Completing the system: Modeling the background (C)

The material layer includes the stages mining, refining/recycling, fabrication, use, end-
of-life treatment, and obsolete or hibernating stocks. The foreground system (B) is
comprehensive with respect to products and the major materials, but may lack coverage
for energy and emissions. In modern industrialized societies energy supply is spatially
and organizationally separated from energy use, and emissions associated with energy
supply may therefore happen beyond the boundary of the foreground system. Electricity
generation is the most prominent example. Upstream impacts such as carbon emissions
from electricity generation can account for a significant part of the life cycle impact of a
product (Liu et al. 2011; Thomas 2009; Dahlstrgm et al. 2012; Hawkins et al. 2012). |
identified three ways of how the system boundary B can be enlarged by including

upstream impacts from other assessment models in the framework of social metabolism:

e The impact of the material and energy flows and other products and services
entering the foreground system is determined by scaling up the resource
requirements of individual functional units. These requirements are taken from
inventories that are typically part of LCA studies or from LCA databases.

e The entire material and energy exchange of the foreground with the background is
grouped by sector and listed in form of a final demand vector Y. An LCA database
is used to determine the background impacts associated with the demand listed in Y,
which are then scaled up to the level of the entire sector.

e Environmentally extended Input/Output models can be used to determine the total
impact of Y, provided that the 10 table used has appropriate resolution (Weinzettel
and Kovanda 2009).

For each case study, | made a specific choice on which processes to include in the
background system C. A major limitation to this approach is that both, LCA and 1/O-
datasets, are static since they represent a snapshot of the economy for a given point in
time. Applying these inventories in a dynamic model neglects possible changes in the

energy mix and industry technology in the background system C over time.
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2.1.4 Placing the different emission abatement strategies into the model
framework

The different abatement strategies can be categorized according to what actors within
society and what technical processes they affect. This may help to identify specific
challenges and barriers related to the strategies and may facilitate the development of
implementation policies. It may also help to rank the strategies according to the
expected ease of their implementation. There are different ways of grouping emission
abatement strategies:

1) The IPAT-framework includes the categories population, affluence, and
technology. “Hybrid solutions’, which affect affluence and technology at the same
time, cannot be grouped unambiguously; the IPAT-framework excludes this group of
strategies in the first place. *‘Affluence’ is typically expressed in monetary terms,
which makes it difficult to include strategies that are expressed in physical units, such
as lowering the car ownership rate or changing the dwelling space per person.
2)  Many established terms to group emission abatement strategies exist. Examples
include “energy efficiency’ (International Energy Agency 2008), ‘material efficiency’
(Allwood et al. 2012; Jochem 2000), or ‘new energy technology’ (Hottel and Howard
1971). These terms emphasize specific aspects of emission abatement, but when
allocated in the framework of social metabolism, they turn out to be inhomogeneous
because they affect different processes within society. Energy efficiency, for example,
affects both industrial processes and consumer goods. Material efficiency as defined
by Allwood et al. (2012) covers lifestyle changes such as more intense use of existing
in-use stocks, business model changes, e.g., the diversion of fabrication scrap, and
technological changes such as fabrication yield improvements.

3)  The different strategies can be allocated in the system of social metabolism (Fig.

7). This allocation links each strategy to one or more processes that are directly

affected. Since the system definition comprises the entire social metabolism, it can be

used to systematize the different mitigation options and to identify processes or sub-
systems that are insufficiently covered. Table 6 shows an overview of the different

groups of emission abatement strategies that cover the entire system in Figure 7.
Categorizing a given parameter as either ‘lifestyle’ or ‘technology’ may be ambiguous.

Consider for example the energy required for domestic hot water generation. It can be
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reduced either by recovering the heat from the waste water stream (technology
deployment) or by lowering consumption (affluence). Other measures have both a
technology and a lifestyle component. A micro car, for example, significantly reduces
material and fuel consumption, but may be less suited as status symbol and for long-
distance travelling. | called strategies that cannot be categorized unambiguously onto
either technology or lifestyle or that affect technology and lifestyle simultaneously as
hybrid solutions. This category forms a separate class in Table 6.

Table 6: Classifying GHG emission abatement measures based on the generic
system of social metabolism.

No. | Method, reference Description, examples Location in system

1 Reduce population (Malthus 1798; | Population is a main driver of | Exogenous driver

Hardin 1968) emissions

2 Reduce service level per person Avoid unnecessary consumption Exogenous driver

3 Decouple affluence from material | More intense use of products, re- | Use phase (A)
and energy throughput via lifestyle | use of products, transport mode

changes (keep service level) shift

4 Decouple affluence from material | Light-weighting, fuel efficiency, | Use phase (A)
and energy throughput via | thermal insulation

technology (keep service level)

5 Decouple affluence from material | Passive houses, micro cars, | Use phase (A)
and energy throughput via | product lifetime extension
technology and lifestyle (hybrid
solutions)

(keep service level)

6 Decouple Energy  efficiency | Process efficiency Upstream  processes
industry (B,C)

7 Decouple  Material  efficiency | Recycling, reducing yield losses, | Upstream  processes
industry (Allwood et al. 2011) divert scrap flows (B,C)

8 Decouple energy supply from | Fuel switching, renewable | Upstream  processes
carbon energies, new energy technologies | (B, C)

9 Geoengineering CO, removal Carbon capture and storage | Upstream  processes

(CCS)°, mineralization, ocean | (B, C), partly beyond

fertilization, afforestation etc. system boundary

> Not all commentators consider CCS to be part of geoengineering.
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2.1.5 Benchmarking sectoral and national carbon footprints

As pointed out in the introduction, there is no established set of emissions reduction
targets for different countries and sectors. Still, one needs to assess whether a certain
combination of mitigation strategies within a sector or country is sufficient to keep
global warming within the 2°C range. | therefore chose to benchmark the reductions in a
certain sector or country against the average reduction that is required if all sectors and
countries would contribute in the same manner.

The benchmarks for the different countries and sectors are derived from the following
assumptions:

e Global emissions are to be reduced according to Table 1, which gives a
relationship between emissions reduction and average global temperature
increase.

e All sectors uniformly reduce their emissions according to Table 1.

e All countries are assigned a quota according to the expected share of their
population in the world’s population in 2050.

In this work the choice of country-level benchmarks on a population basis is considered
a purely technical step. Under this assumption, each individual is assigned the same
emissions quota in 2050, which ignores current and possible future differences in
economic development between different countries. This choice can therefore be seen as
manifestation of global equity (UNFCCC 1992) or the principle of contraction and
convergence (GCI 2012). The latter is a mitigation framework that combines emissions
reductions in line with a climate target (contraction) with the eventual convergence of
per capita emissions in all countries (convergence) (GCI 2012). The question whether
some sectors can over-achieve the target and give more room for growth in other sectors
must be looked at with great caution. | will come back to these issues in the discussion
section. Each sector in each country was assigned a set of emissions quotas for the
different levels of global warming shown in Table 1 by multiplying the global emissions
in 2000 of 23.6 Gigatonnes CO.eq/yr (UN Statistics Division 2012) with the reduction
targets in Table 1, the sectoral split for 2006 taken from Allwood et al. (2010), and the
expected share of the country’s population in the world population in 2050 (UN
Population Division 2011).
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2.2 Case-study-specific methodology
2.2.1 Passenger cars in China (Paper 1)

Direct emissions from fuel combustion account for 70-85% of the life-cycle emissions
of a contemporary passenger car (Kagawa et al. 2011; Ma et al. 2012), and direct
emissions of the entire transportation sector account for about one fourth of global
energy-related carbon emissions (Fig. 2). Given this relevance of direct emissions, |
applied a simplified system that only contains the use phase of cars.

The system (Fig. 8) shows the car stock and the model parameters related to the stock.
A special feature of this model is the division of each cohort into different types. Here |
considered conventional gasoline cars and micro cars. The latter type runs on gasoline
as well but has significantly lower fuel consumption due to smaller weight and size.
Any number of different vehicle types with specific annual kilometrage, fuel types, and
carbon intensities can be tracked by this model. The age structure of the existing stock
was determined from time series on historic car ownership and population using the

stock-driven approach with a normally distributed lifetime.

Eond | AGrowmepd Heat/ CO, G

Y Demand for passenger car stock

Drive technology split T lj'ime series for annual driving distance per car (km/yr) I(:l

i V i i ‘ i

i i i i
Time series of passenger car stock, -
broken down on vintages -‘- ! - .
and drive technology. t ;
(box size represents --‘E ! -

— oW

2050

scrapped cars
from lifetime model

1 gasoline

Car in;low .

from stack
demand and
mass balance

cohort size
for each year)

1910

1910 model time 2050

vintage
1
1
1]
I
1§l
Mo
| |
vt
(Tasteormpton by e
*%:

Fuel Energy/

System boundary: China organic carbon E

r
1
1
1
1
1
1
1
1
1
1
1
1

Y
=
g
g
o
-
1
I
1
I
]
I
]
1
I
]
I

Figure 8: System definition for the case study on passenger cars in China (Paper 1).
Source: Paper I.
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2.2.2 Dwellings in Norway (Paper I1)

The dwelling stock model breaks down the stock into different cohorts, three building
types, seven heating systems, and six energy standards (Fig. 9). For 2010, a breakdown
of the entire stock into the mentioned indices was determined from dwelling statistics
and the literature. The lifetime of residential buildings in Norway may be around 120
years (Bohne et al. 2006), which means that most of the present stock would still be
standing in 2050. That would make it impossible to realize the energy savings potential
from a complete replacement. | therefore created scenarios with shorter lifetimes by
applying exogenous rates for demolition and renovation. An optimization routine was
applied to identify the buildings whose renovation or demolition would yield the largest
energy savings for a given year. This way, the shortening of the lifetime could be kept
minimal. The combination of external turnover rates and an optimization routine that
computes the cohort lifetimes can be considered as a bridge between the cohort/lifetime
model and the leaching model, which are the two main types of dynamic stock models
(van der Voet et al. 2002). My approach differs significantly from the previous models
for the Norwegian dwelling stock, which include a cohort-lifetime model with
exogenous lifetime assumptions (Bergsdal et al. 2007; Sartori 2008; Sartori et al. 2009;
Sandberg et al. 2011; Sandberg and Brattebg 2012).

Renovation, demolition, and new construction cause material and energy demand
upstream. To quantify these impacts, | added a static background to the dynamic stock
model by adopting the system definition of an extensive LCA study by Dahlstrgm et al.
(2012) on the upstream and downstream impacts of a typical standard and passive
house. To determine the impact of the total flow of new construction | scaled up
Dahlstrem’s inventory of a single house to the national level. For renovation | created a
detailed inventory of the insulation materials needed and determined its upstream
impact from Ecolnvent (Frischknecht et al. 2005). | added those parts of Dahlstram’s
inventory that are common for new construction and renovation, such as windows,
doors, and the facade. Finally, I scaled up the impact of renovating a single square meter

of dwelling area to the national level.
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Figure 9: System definition for the case study on dwellings in Norway. (a):
Dynamic stock model, (b): heat loss model for individual buildings, (c):
background model. The different parameter abbreviations are defined in Table 7.
Source: Paper Il.

2.2.3 The global steel cycle (Papers 111-V)

The system for the global steel cycle (Fig. 10) corresponds best to the general
framework given in Figure 7. The MFA foreground shown in Figure 10 includes all
major technical processes that transform or process iron. The global in-use stock of iron
is at the core of the model; it was broken down into ten global regions and the four end-
use sectors transportation, machinery, construction, and products. The model was
quantified over the time period 1700-2100 by building upon the previous work on the
anthropogenic iron cycle (Mdller et al. 2006; Wang et al. 2007; Hatayama et al. 2010;
Muiller et al. 2011; Cullen et al. 2012). The foreground system is extensive; it covers
primary and secondary steel production, forming, fabrication, use, and end-of-life
recovery. Major indirect greenhouse gas emissions come from electricity generation,
coking, and sintering. These three processes form the background system. Unlike with
the stocks in the other case studies, in-use stocks of steel are not recorded by statistical
offices and needed to be estimated first. This was done in paper Il by using a simplified
version of the system shown in Figure 10. Pig iron and crude steel production were
compiled for all producing countries, in some cases back to the 18" century. Using

average loss rates for forming, fabrication, and end-of-life, the model estimated the in-
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use stock of iron in 2008. To break down the estimates for the total stock into the four
sectors, | used an optimization routine that selects the sector split and the lifetime from a
pre-defined set, so that the accumulated mass balance mismatch in the cycle over the
period 1700-2008 is minimized. In a number of industrialized countries | observed that
per capita stocks saturated after ca. 1980, and | used this observation to propose a
benchmark for future development of stocks in other countries. My estimates of the
historic in-use stocks and saturation levels were used in the scenario analysis in Paper
IV to calculate the future in-use stocks in ten world regions until 2100. I computed
regional final steel demand and scrap supply as well as the global demand for primary
and secondary steel production. Different pathways to significantly reduce the carbon
footprint of the steel cycle were explored in Paper V and a set of six specific material
efficiency strategies was introduced (Allwood et al. 2012). The stock model decouples
stocks from service by considering light-weighting and more intense use of the different
products. The other four material efficiency strategies include lifetime extension, re-use,
fabrication yield improvement, and fabrication scrap diversion. Energy efficiency
improvements in the steel industry and electricity decarbonization were included as
well. The emissions layer was added to each upstream process and the sectoral
emissions for different implementation levels of both energy and material efficiency

were computed.
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Figure 10: System definition for the global steel cycle. Source: Paper 1V.
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2.3 Data: Overview on model drivers, other parameters, and scenario
definition

Table 7 shows the scenario parameters (exogenous variables), grouped by the
categories defined in Table 6. | refer to the attached papers for the details regarding the
case-study-specific model approach. The actual number of model parameters is higher,
and most of them can be expected to change over time. The changes of parameters that
are not listed here, such as a possible increase in the end-of-life recovery rate for steel,
were assumed to be part of the respective baseline scenarios.
For each case study the potential contribution of each individual parameter in Table 7 to
reducing the carbon footprint of the sector studied was assessed and a set of scenarios
based upon the individual parameter variations was created. The scenarios have two
main features:
(1) Each model parameter was studied carefully to establish reference values for its
future development. Wherever possible, these values were taken from work done by
experts such as the WellMet2050 project (Allwood 2012a), were derived from historic
trends observed in industrialized countries, were estimated from prototypes and pilot
projects, or were taken from already established scenarios. This process made sure that
the scenarios proposed have a solid empirical foundation.
(2) Any assessment of the likelihood of the different scenarios is beyond the scope of
this work. The scenarios shall help to explore the ‘solution space’ for emission
abatement. The potential risks and barriers for implementing the strategies are discussed
in the papers and in section 4. Next to the uncertainties related to future development,
there are uncertainties in the historic data and limitations resulting from the different
model assumptions, which are discussed in section 4.3.

In all three cases the baseline represented development ‘business-as-usual’. It was
modeled by extrapolating historic turnover rates, applying stock levels of industrialized
countries as benchmarks for growth in the developing world, and anticipating some
improvements in energy efficiency. For a detailed reasoning for the different parameter

choices | refer to the papers attached.
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Table 7: Scenario-specific emission mitigation strategies for the three case studies,
grouped by the categories in Table 6. The abbreviations in brackets are used in the
scenario definition and Figure 11.

No.

Passenger cars in
China

Dwellings in Norway

The global steel cycle

1: Reduce Population

Lower population

P)

Not considered

Not considered

2: Reduce service level

Fewer cars per
capita (C)
Lower annual

kilometrage (K)

More persons per dwelling (PpD)
Lower heated floor area per dwelling
(HFApD)

Not considered

3: Decouple  via
lifestyle changes

Building type: share of single family
houses in new construction (TYPE)

More intense use (MIU)®

4: Decouple  via

technology

Fuel consumption
per 100 km (F)

Heating energy demand (HEAT)
Share of different heating systems
(HS)

Light-weighting of
products (LWE)

5: Decouple  via

hybrid solutions

Share of micro cars

(M
Lifetime (L)

Share of passive houses in new
construction (PH)

Share of passive renovation in total
renovation (o)

Energy consumption for domestic hot
water generation (DHW)

Energy consumption by appliances
(Appl)

Renovation rate (r)

Demolition rate (d)

Lifetime extension of
products (LTE)

Re-use of products (RU)

6: Energy efficiency
industry

Not considered

Not considered

Energy efficiency
industry (EE)

7: Material efficiency

industry

Not considered

Not considered

Fabrication yield
improvement (FYI)
Fabrication
diversion (FSD)

scrap

8: Decouple energy

supply from carbon

Not considered

Not considered

Not considered

9: CO, removal

Not considered

Not considered

Not considered

® More intense use means that the total service level remains constant but it is distributed onto fewer

products, which leads to lower in-use stocks. Examples include increasing the occupancy rate of

passenger cars or a reduction in dwelling area per person.
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To compare the results from the three case studies, | selected the key scenarios from
papers 1, Il, and V, and list the specific parameter changes below. The scenarios partly
form a cascade, where energy efficiency was implemented first, followed by hybrid
solutions and the other decoupling strategies. Finally, the lifestyle parameters were

changed to their respective bottom line values.

Transportation:

T-Baseline: Default values for all six scenario parameters. Starting from the baseline |
analyzed the following cascade of measures

T-1: T-Baseline plus a decrease in fuel consumption (F) from 6 1/100 km to 4 1/100km.
T-2: T-1 plus an increase in share of micro cars (T) to first 33% and then 66%.

T-3: T-2 plus a decrease in annual kilometrage (K) from 15000 km/yr to 12000 km/yr.
T-4: T-3 plus a decrease in car ownership (C) from 450 to 300 per thousand people.
T-5: T-4 plus a decrease in lifetime (L) from 15 to 12 years.

T-Bottom: T-5 plus a decrease in population (P) from 1.42 to 1.25 billion people.

All values listed are end values in 2050.

Buildings:

B-Baseline: Default values for all 11 scenario parameters. Starting from the baseline |
analyzed the following measures:

B-Demolition: B-Baseline plus an increase in the demolition rate to 2%/yr and a
mandatory passive house standard for buildings erected after 2020. The demolition rate
was chosen so that the transformation of the stock will be accomplished by 2050.
B-Renovation-Standard: B-Baseline plus an increase in the renovation rate to 2%/yr
and a mandatory passive house standard for buildings erected after 2020. The
renovation rate was chosen so that the transformation of the stock will be accomplished
by 2050.

B-Renovation-Passive: B-Baseline plus an increase in the renovation rate to 2%/yr and
a mandatory passive house standard for buildings erected after 2020. The renovation
rate was chosen so that the transformation of the stock will be accomplished by 2050.
Passive rehabilitation was applied to 90% of all renovated buildings.
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B-Lifestyle: B-Renovation-Passive plus a reduction in floor area per dwelling by 15%
and an increase in the number of persons per dwelling by 15% (end values by 2050).
B-Water&Appliances: B-Renovation-Passive plus a 50% reduction in energy demand
for hot water generation and appliances in all new or renovated buildings.

B-Bottom: Combine B-Lifestyle and B-Water&Appliances.

Industry/Steel:

I-Baseline: Default values for all model parameters. The baseline includes an increase
of the end-of-life recovery efficiency to 90%, an increase of the scrap share in basic
oxygen furnaces to 20%, and the deployment of the best available technology at full
scale by 2050. Starting from the baseline | analyzed the following measures.

I-EE1: Energy efficiency — low deployment: Energy efficiency (EE) measures
including top-gas recycling, fuel substitution, direct reduction, smelt reduction, and
electricity decarbonization, are implemented to a low level by 2050. For the specific
parameter values chosen we refer to Paper V.

I-EE2: Energy efficiency, medium deployment level by 2050, same measures as above.
I-EE3: Energy efficiency, high deployment level by 2050, same measures as above.
I-ME1: I-EE2 plus the implementation of the identified possible ranges of all material
efficiency strategies (Ul, RU, LTE, LWE, FY1, FSD) by 2150.

I-ME2: I-EE2 plus the implementation of the identified possible ranges of all material
efficiency strategies by 2100.

I-ME3: I-EE3 plus the implementation of the identified possible ranges of all material

efficiency strategies by 2050.

Figure 11 shows the relative changes of the different scenario parameters. Although
this figure does not show the influence the different parameters have on the model
results, it still allows us to identify where the largest changes are to be expected, where
the largest improvement potentials may lie, and which of the categories defined in Table
6 may contribute most to changing stocks, energy demand, and emissions.

For transportation in China, car ownership and the share of micro cars may increase
drastically (C-Baseline, C-bottom, T-bottom), which dwarfs the development of all

other parameters. The biggest relative parameter changes between the different
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scenarios are seen for fuel efficiency (F-Baseline vs. F-Bottom) and the affluence
parameters car ownership (C-Baseline vs. C-Bottom), annual kilometrage (K-Baseline
vs. K-Bottom), and share of micro cars (T-Baseline vs. T-Bottom). Relative changes in
population (P-Baseline vs. P-Bottom) are significantly smaller than changes in the other
parameters.

For buildings in Norway, Figure 11 shows that population may increase by 35%
over the period studied (P-Baseline), and that several lifestyle and technology
parameters hold a large reduction potential of up to 50% (HEAT, DHW, TYPE).

For the global steel cycle the plot has to be read in a different way. It is only in the
case of population, that the figure shows a relative change from the 2010 value (P-
Baseline). For the six material efficiency strategies, the present implementation rate is
zero, and the graph shows the maximum future change of these rates in percentage
points. There is a high potential for re-use of fabrication scrap, more intense use, and
light-weighting.

Future in-use stocks are determined by multiplying population with per capita stock.
They represent the main model driver and are therefore presented at the end of this
section (Fig. 12). Not all scenario parameters affect the stock level and hence, the stock
trajectory for several scenarios may be the same. Energy efficiency measures, for
example, do not affect the size of the in-use stock in the model. Due to continued
population growth as well as industrialization or urbanization, the total in-use stocks for
the baseline scenarios in all three case studies grow for the foreseeable future. The
difference between the development in China and Norway stands out. The population in
both countries is expected to grow further, but in China, per capita stocks are growing
from very low levels, whereas in Norway they are high and are already leveling out. All
case studies include scenarios where total stocks level off before 2100. As a
consequence of the different emissions mitigation strategies applied, stocks in the

bottom line scenarios are between 25% and 40% lower than the respective baselines.
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Figure 11: Overview on scenario parameters by case study. From top to bottom:
Transportation, Buildings, Steel. The abbreviations for the different model
parameters are explained in Table 7.
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Buildings, Steel.
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3. Results

The results section covers research questions (ii) and (iii) and presents the major
findings from the three case studies on transportation in China, dwellings in Norway,
and the global steel cycle. First, | present the results on final demand and end-of-life
flows for cars, dwellings, and steel (section 3.1). In section 3.2 | present the scenario
results on greenhouse gas emissions reductions, and show how the results relate to the
different levels of global warming reported by the IPCC AR4 (IPCC 2007a).

3.1 Final demand, disposal, and energy demand by case study

3.1.1 Passenger cars in China (Paper I)

45
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Figure 13: Final demand and total discards of passenger cars in China (a) and
direct energy consumption (b). The scenarios are defined in section 2.3.
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As consequence of the stock patterns shown in Figure 12, the demand for passenger
cars in China rises sharply until about 2025. Thereafter, it levels out between 28 to 43
million units per year, which corresponds to 35-55% of the 2011 world automobile
production (Fig. 13a) (OICA 2012). As population is expected to decline and the
number of cars per capita is leveling out after 2025, demand stabilizes on a high level.
China is experiencing the onset of a gigantic consumption boom, and as a consequence,
the waste flows and the associated recycling potential rise with a delay of the average
lifetime of the cars, which is about 15 years.

The present direct energy consumption from passenger cars in China is about 3
Exajoules pear year (EJ/yr) (Fig. 13b). This value grows six-fold by around 2040, which
means that the energy consumption grows slower than the car stock shown in Figure 12.
This is due to increases in the average fuel efficiency that is already included in the
baseline scenario. One third of the baseline energy demand can be saved by lowering
the average specific fuel consumption of the fleet from 6 1/100 km to 4 1/100km (T-1).
Another third can be saved by building up a car fleet that is largely composed of micro-
cars and implementing lower annual kilometrage and lower car ownership (T-4). The
energy consumption for the scenarios involving a shorter lifetime (T-5) and lower
population (T-Bottom) is almost the same as for T-4. When quantified in terms of car
ownership and kilometers driven per car and year, the service provided in the T-Bottom-
scenario is comparable to the present service levels in Japan or Switzerland, though with

much more efficient vehicles.

3.1.2 Dwellings in Norway (Paper I1)

For the baseline scenario, the construction of new buildings peaks before 2020 and then
declines gradually until it reaches about 65% of the 2011 level in 2050 (Fig. 14a, solid
lines). If the entire stock was to be transformed to passive house standard by 2050 by
demolition and subsequent new construction (scenario B-Demolition), the new
construction rate would have to double for the next 35 years. A lifestyle where people
move together more densely and share smaller flats can reduce the inflow by about one
third. The current renovation rate is about 1.5 million m® per year, and in order to
achieve a complete transformation of the stock by renovation by 2050, this rate would

have to triple. For all scenarios except B-Demolition, the demolition flow slowly rises
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from 1.5 million m?/yr in 2011 to about 2 million m%/yr in 2050. These rates result from
extrapolating the present demolition rate, which lies within the range of demolition rates
observed in several other European countries (IEA 2008). Once the transformation of
the stock is accomplished, the renovation and demolition rates drop significantly. With

the assumed turnover rate of 2%, this will happen around 2045.
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Figure 14: Flows of new, demolished, and renovated heated floor area (HFA) (a),
and total sectoral energy consumption (b). The scenarios are defined in section 2.3.
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For all scenarios, including the baseline, energy demand falls after 2011 (Fig. 14b). The
three transformation scenarios result in a similar energy demand, which by 2050, will be
only about a third lower than the 2010 level. This reduction can be considered small
given that these scenarios include the implementation of the most recent building codes
to the entire stock. The first reason for this result is that population growth leads to an
additional demand for heated living space and energy consumption. Even more
important is the second reason. The demand from hot water generation and appliances is
not affected by new building codes and therefore it remains on a high level. In 2010, the
average ratio of specific heating energy demand to specific energy demand for hot water
plus appliances was about 1.6:1. For a fully transformed stock this ratio may be as low
as 0.3:1, which means that about 75% of the direct energy demand in passive houses
come from hot water generation, appliances, and lighting. Unless additional measures
are taken, the sectoral energy demand cannot fall below the threshold of about 30 EJ/yr.
Figure 14b shows that a significant additional reduction in energy consumption could be
achieved by slight changes in the heated floor area per person and the number of
persons per dwelling (B-Lifestyle) or by 50% savings in demand from hot water
generation and appliances (B-Water&Appliances). Despite a population growth of more
than 30% over the period 2010-2050, the combination of the two latter scenarios could

reduce the sectoral energy demand by more than two thirds during that time.

3.1.3 The global steel cycle (Papers 111 and 1V)

Under business-as-usual assumptions, final steel demand will continue to rise
throughout the entire 21% century, though at a slower pace than during the boom period
between 2000 and 2010 (Fig. 15). The different energy efficiency strategies only affect
the supply side and do not change the material turnover in the cycle. Implementing
material efficiency means that final steel demand and with it the material turnover in the
entire steel cycle is decoupled from the service provided by the stocks in use. Figure 15
shows that even the slowest implementation of material efficiency (I-ME1) will lead to
a peak and subsequent decline in final steel demand, so that from about 2060 onwards,
global final steel demand will be below the 2010 level. A more rapid implementation of
the material efficiency strategies (I-ME2 and I-ME3) exacerbates the decline in

throughput and from 2050 on, global final demand will be similar to the 2005 level. In
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all scenarios, the flow of steel contained in discarded products will continue to rise. For
the material efficiency scenarios, the amount of steel in discarded products will be
similar to final demand during some periods. In these years the global in-use stock of
steel will be about constant, and through recycling, re-manufacturing, or re-use, the
discarded steel could satisfy most of the demand for new material. The energy layer has
not been assessed for this case study and hence, Figure 15 only shows the mass flows.

2200

—— |-Baseline, |-EE1, |-EE2, I-EE3
2000/, — -ME1
— I-ME2
— I-ME3

1800 =
L R S e
1400

1200

1000

Steel flows in Megatonnes/yr
&

g

A0[ =" Qutflows

8 I
2000 2010 2020 2030 2040 2050 2060 2070 2080 2080 2100
Year

Figure 15: Total final demand and total discards of steel. The scenarios are defined
in section 2.3.

Provided that the steel industry shifts the production technology mix so that all
available scrap can be processed, secondary steel production will quadruple by the end
of the century compared to present levels (green wedge in Figure 16a). The fraction of
the global flow of liquid steel that can be sourced from old scrap will exceed 50%
between 2030 and 2060, which is why I called this period the steel scrap age.

Rising scrap flows may put primary steel producers under pressure as the declining
demand for BOF steel may lead to the closure of existing primary production assets in
the long run (blue wedge in Figure 16a). This problem may first hit the developed
world, where stocks are about to saturate and large amounts of scrap are already
available. The economic lifetime of integrated steel mills and the connected
infrastructure is typically between 60 and 100 years, and their owners have a strong

incentive to avoid their assets from running idle before that age. One way to achieve this
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IS to export excessive steel output to supply growing demand elsewhere in the world. To
understand the interplay between asset lifetime and demand trends in different world
regions, | developed a capacity model that tracks the steel production facilities from the
different years and regions through their lifetime. | fed the model with the scenario
results on global primary steel demand and explored how this demand is split onto the

ten regions under different boundary conditions.
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Figure 16: (a) Liquid metal demand by source, scenario I-Baseline. (b, c):
Construction and decommission of blast furnace capacity, scenario I-Baseline.
BOF: basic oxygen furnace (primary production), EAF: electric arc furnace
(secondary production), DRI: direct reduction. Source: Paper V.

Figure 16 shows two extreme cases. For ‘trade follows capacity’ (Fig. 16b), existing
production assets are used irrespective of their location, and international trade is
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assumed to allocate the steel to those domestic markets where it is needed. Uneconomic
decommissioning of primary production assets can be avoided and for more than 50
years in a row, no new blast furnaces need to be built. In the case of *capacity follows
demand’, new production facilities are erected in the regions where steel is required,
and consequentially, elder assets in other regions will have to be taken out of use (Fig.
16¢). Here, the situation looks much different. As many new blast furnaces are built in
regions with growing demand (mainly in India, South America, and Africa), existing
assets in China and the OECD countries may soon run idle due to saturating stocks in
those regions. For ‘capacity follows demand’, up to 500 Mt/yr of blast furnace
capacities may have to be torn down before reaching the end of their economic life over
the period 2010-2060.

The two cases show that optimizing capacity utilization with different system
boundaries can lead to significantly different outcomes. On a globalized steel market the
existing primary production assets could supply the entire world with steel for more
than 50 years to come. Contrarily, developing regions may want more control over steel
supply and create policies that foster domestic steel production, which may cause
significant overcapacities elsewhere.

The model at hand allows us to explore the ‘option space’ for future capacity
development with the given forecasts on final steel demand and total scrap supply from
the scenarios in papers 1V and V. To assess the social, economic, and environmental
consequences of the different pathways the current modeling framework would have to

be extended.

3.2 Carbon footprint and climate targets by sector (Papers I, 11, V)

The three plots (a)-(c) on the left side of Figure 17 show the sectoral greenhouse gas
emissions for the three case studies and the different scenarios. For each case study, the
benchmarks that relate the sectoral carbon footprint to the different temperature ranges
of global warming are shown on the right side of Figure 17, with absolute greenhouse
gas emissions on the left axis and the corresponding global average temperature
increase on the right axis.

As expected, baseline emissions will vastly exceed the 2°C benchmarks in all case

studies. For buildings in Norway and the global steel cycle the baseline emissions
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correspond to a temperature increase of 3-4°C. For passenger cars in China, the
corresponding temperature increase is beyond the temperature range studied by the
climate model.

We now have a look at the scenarios that include energy efficiency. A fleet of very fuel
efficient cars can yield substantial emissions reductions of about 35% for the case of
passenger cars in China, but still, the corresponding temperature increase is in the upper
range of the scale (6°C).

Over the period 2000-2050, the carbon footprint of the Norwegian dwelling stock for
the different transformation scenarios decreases by about one third compared to the
baseline. For the demolition scenario, however, upstream emissions are substantial, and
the sectoral footprint of the B-Demolition scenario remains higher than baseline
emissions until the transformation will be complete between 2040 and 2050. The three
transformation scenarios include the application of the current building code or passive
house standard to the entire dwelling stock, and it is astonishing that emissions do not
decline further. The reasons for that were already mentioned in section 3.1: Population
growth and demand from hot water generation and appliances counteract the reductions
resulting from reducing heating energy demand per dwelling area.

For the steel cycle, the different levels of industrial energy efficiency and
implementation of carbon capture and storage in the electricity supply may yield
emissions reductions between 0.35 and 0.8 Gt of CO,.eq per year in 2050. For the case
of maximal energy efficiency improvements (I-EE3), the sectoral carbon footprint will
decline to the 2000 level in 2050, which corresponds to a 3.2°C average temperature
increase.

I concluded that in none of the countries and sectors studied, the present portfolio of
energy efficiency measures can yield emission reductions that are near the 2°C

benchmark.

| evaluated the emissions reductions that result from implementing the additional
measures proposed in section 2.3. For passenger cars in China, a large scale transition to
micro-cars yields another 25% reduction of direct emissions, and even bigger reductions
can be achieved by reducing kilometrage and car ownership (Fig. 17). A change in

lifetime and a different population trajectory would only have a small impact.
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Figure 17: Total sectoral carbon emissions by case study and their relation to the
IPCC targets. a) Passenger cars in China, b) Dwellings in Norway, c) The global
steel cycle. The different scenarios are defined in section 2.3. For each case study
the structure of the scenario tree is shown.
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When combining all technological and lifestyle measures, direct emissions can be
reduced to about 22% of the baseline emissions, which corresponds to a 3°C
temperature increase. This illustrates the challenge related to climate change mitigation
in the transportation sector. Efficient car utilization as observed in some industrialized
countries combined with very fuel efficient cars and smaller vehicles still leads to
emissions that are 1.5-4 times higher than the benchmark for 2°C.

For buildings in Norway, additional reductions of up to 2.5 Mt CO,eq/yr could be
achieved by reducing consumption from hot water generation and appliances. A
different lifestyle with a 15% increase in the number of persons per dwelling and a
decrease in dwelling size of 15% could save about 1.5 Mt CO,eq/yr in 2050. Combining
these measures with a full transformation to passive house standard would lower the
sectoral carbon footprint to about 2 Mt CO.eq/yr. This represents a 75% reduction
compared to the 2011 level, and it is well within the 2°C regime.

For the global steel cycle | explored the three material efficiency scenarios.
Implementing the estimated savings potential from the six material efficiency strategies
by 2150 (green wedge) would yield larger emissions savings than each of the three
energy efficiency scenarios. In 2050, emissions would be about 30% lower than in 2000
when combined with I-EE2. Still, this would only correspond to the 3°C benchmark. In
Paper V we therefore explored the consequences of realizing the full savings potential
from material efficiency at an earlier stage (2100: yellow wedge, I-ME2; and 2050: red
wedge, I-ME3), and found that both target years were sufficient to bring 2050 emissions
into the 2°C regime. Though I-ME2 and I-ME3 had similar emissions in 2050, the
accumulated emissions from I-ME3 were significantly lower. In the bottom line
scenario steel will be used so efficiently that around 2050, global scrap flows will be too
small to supply growth in Developing Asia and Africa, which will cause primary

production to rise again.

Using the assumptions chosen for the model parameters, | found that a combination
of energy efficiency, hybrid solutions, material efficiency, and moderate lifestyle
changes, can reduce emissions down to the 2°C benchmark for buildings in Norway and
the global steel cycle, but not for individual transportation in China.
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4. Discussion

I compare my results with other studies and discuss to what extent the case-study-
specific results can be generalized (sections 4.1 and 4.2). | compile and discuss my
findings for questions (i)-(iii) (section 4.3), and demonstrate how my work relates to

three underlying problems of sustainable development (question (iv), section 4.4).

4.1 Comparing the carbon footprint with other studies and policy
proposals

I compare my findings to the IEA BAU (business-as-usual) and BLUE MAP scenarios
(International Energy Agency 2010) and a recent policy proposal issued for the EU
Commission (EU Commission 2011), (Table 8). These scenarios were chosen because
they cover the entire energy- and process related anthropogenic carbon footprint. They
differ, however, in which sectors, greenhouse gases and emissions scopes are included,
and in the portfolio of mitigation strategies evaluated (Table 8). The emissions target for
the BLUE MAP scenario is a 50% reduction of global carbon emissions over the period
2005-2050. The proposal from the EU commission is more ambitious. It envisions an
80-95% reduction of the EU’s emissions over the period 1990-2050 to allow for
growing emissions in developing countries. The targets for the BLUE MAP and the EU
scenario were re-calculated using historic data on emissions, so that 2000 is the
common base year for all numbers. To allow for better comparison, | scaled the national
carbon emissions for passenger cars in China and dwellings in Norway to the global
level, assuming that all people would cause similar emissions in 2050.

For transportation, my BAU scenario shows a much higher increase than the IEA-
BAU one (Table 8). This is partly a result of the different sectoral boundaries. I
considered passenger cars only, whereas the IEA scenario covers the entire
transportation sector. For my energy efficiency scenario T-1, direct carbon emission
grow by 110% over the period 2000-2050, which is 40 percentage points less than the
growth in the IEA-BAU scenario. My bottom line scenario corresponds well with the
BLUE MAP scenario. That means that the proposed portfolio of energy efficiency,
hybrid solutions, and moderate lifestyle changes can lead to similar emissions

reductions in the passenger car fleet as the BLUE MAP scenario, which includes large-
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scale deployment of hydrogen, electric, and plug-in electric vehicles (International
Energy Agency 2010). The EU proposal is even more ambitious with a reduction of -
62% to -73%, and mentions the deployment of biofuels and an almost completely de-
carbonized energy supply sector as measures in addition to the strategies included in the
BLUE MAP scenario. Neither the BLUE MAP scenario nor the EU proposal explicitly
considers hybrid solutions or moderate lifestyle changes as part of their portfolio.

The BAU emissions from residential buildings increase by 40% over the period
2000-2050 (Table 8). Energy efficiency in the building stock can keep emissions at
about the same level (-6%), and additional savings and lifestyle changes could lead to a
reduction of up to 65%. The latter reduction is about twice as large as the savings
potential for the BLUE MAP scenario, which covers all buildings. One reason for this
difference may be that substantial savings in residential buildings are easier to achieve
than in commercial buildings (Reinds 2009), which may lead to higher emissions
reductions in a study that only covers residential buildings. Similar to the transportation
sector, the implementation of the proposed portfolio of decoupling strategies to
buildings leads to emissions reductions that are similar to or exceed the reductions from
the BLUE MAP scenario. The EU proposal assumes even higher reductions, which are
to be achieved by a switch to low-carbon energy carriers (EU Commission 2011).

The industry scenarios cover the steel sector only, and one can expect the resulting
emissions reductions to be different from the other two studies (Table 8). It is still
interesting to see that the energy efficient scenario I1-EE2 roughly corresponds to the
BLUE MAP scenario for industry (-4% vs. -13% reduction), without the set of material
efficiency strategies presented in Paper V being implemented. Material efficiency
therefore represents an opportunity a) to achieve additional reductions of industrial
carbon emissions or b) to replace the potentially more risky supply-side technologies
such as carbon capture and storage and nuclear power, which are an integral part of the
BLUE MAP scenario. The reductions of industrial emissions in the EU proposal are
larger than the result for I-ME3. The EU proposal does not provide a specific set of
mitigation strategies for industry, but mentions that carbon capture and storage on broad

scale will be necessary to reach the given sectoral target.
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Table 8: Comparison of own findings with previous studies and proposals.

Relative changes in the | My findings, scaled up to the global ETP
emissions over the level EU Commission
period 2000-2050 (in % proposal
Energy BAU BLUE MAP .
of 2000  sectoral | BAU . Bottom (EU-wide)
L efficiency only (global) (global)
emissions)
Transportation +260" | +110" (T-1) -8’ +150 -11 -62 t0 -73%
O +40° | -6° -65° +72 -34 -87 to -90%°
Buildings
(B-Renovation-Passive)
Industry +35%0 | 4% (1epy -68% (ves | +80 -13 -80 to -85%°
Power generation - - - +140 -71 -93 t0 -99%°
Agriculture - - - - - -33 10 -41%™
Other - - - +600 -70 -63 to -73%

4.2 How representative are the results and to what extent could they
be applied to other countries or sectors?

Passenger cars in China: The lifetime of passenger cars in several countries is 12-17
years (Paper 1), which is twice the average age of a car fleet of constant size. | assumed
that the passenger car stock in China will stop growing around 2050. With an average
car age of 6-8 years, the stock in 2050 consists mainly of the cohorts produced after
2040. Such a stock could be assumed for any developed country for 2050, and since the
emissions benchmarks were derived on a per-capita basis, the scenario results can be
directly transferred to other countries. The major limitations of the case study are that
only direct emissions are included and that the entire fleet is assumed to use gasoline as
fuel. A shift toward a fleet of electric or hybrid vehicles or to biofuels could
significantly change the results. Upstream emissions from new drive technologies
should be included in the sectoral carbon footprint, as they may be substantially higher

than the impact of cars with internal combustion engines (Hawkins et al. 2012). Given

” Passenger cars only

® Residential buildings only
9 COo, only

19 Steel industry only

1 Only non-CO,

59




that the 2°C benchmark could not be reached with the strategy portfolio developed in
paper 1, the present case study should be combined with studies that cover alternative
fuels and drive technologies.

Dwellings in Norway: The emissions scenarios for Norway cannot directly be applied
to other regions for the following reasons:

(1) The local climate directly impacts the heating energy demand.

(2) Each country has a specific fuel mix for heating purposes, and in Norway, most of
the heating energy is supplied by electricity. | applied the Nordic electricity mix, whose
carbon intensity is about 70% lower than the European mix (Dones et al. 2007).

(3) The lifetime of residential buildings in developed countries can be longer than 100
years (Bohne et al. 2006; Miller et al. 2007), which means that most of the existing
dwelling stock in Norway would still stand in 2050. This situation is different from
developing countries, where the present floor area per capita is much smaller than in the
western world (Hu et al. 2010). Developing countries therefore could build up a stock of
passive or low energy houses from the beginning on, whereas for countries with a
mature stock, demolition or renovation programs need to be put into place to achieve
significant energy savings in the existing stock.

The 2°C benchmark could be reached under Norway-specific assumptions, and
conducting similar case studies for other countries could show whether implementing
the portfolio of decoupling strategies in other climates and energy mixes could be
successful as well.

The global steel cycle: The success of material efficiency in reaching the 2°C
benchmark is mainly determined by two effects:

(1) Under the assumption of stock saturation, final steel demand may decline once
stocks have matured, and reducing in-use stocks by light-weighting or more intense use
allows for transferring the accruing old scrap to regions with lower stocks. In-use stock
saturation allows steel producers to develop from an industry that builds up steel
inventories to a one that maintains them. Saturation, however, seems to be a steel-
specific phenomenon; it could not be observed for two other major materials. In-use
stocks of aluminum (Liu et al. 2012) and cement (Mdller et al. 2013) continue to grow

all over the world. This means that there is no empirical indication that a certain amount
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of aluminum or cement in use is sufficient for the average person in a developed
country.

(2) Recycling steel displaces primary production and leads to large emissions savings.
Concrete, in contrast, cannot be recycled, but modular construction and re-use of
concrete blocks represents an opportunity to close the cycle for this material (Allwood
et al. 2012).

Previous work indicates that by applying the same set of material efficiency strategies to
the aluminum cycle, the 2°C benchmark cannot be reached (Allwood et al. 2012). It
seems that the historic use pattern and the recyclability of steel facilitated the success of
material efficiency in the model calculations. Other material industries may face even
bigger challenges than the steel industry when trying to reduce their carbon footprint,

and may depend on carbon capture and storage to reach the 2°C benchmark.

4.3 My findings for research questions (i)-(iii)

I first discuss the mitigation scenarios for reaching the 2°C target and the other
temperature benchmarks (question (iii)), then move on to final demand and waste flows

(question (ii)), and close with a critical discussion of the methodology (question (i)).

(ili) How big are the emissions reductions resulting from implementing energy
efficiency, hybrid solutions, material efficiency, and lower stock levels in the
different case studies? How do the emissions scenarios in the case studies relate to
the different levels of global warming, and the 2°C target in particular?

In section 3.2 | found that “[...] in none of the countries and sectors studied, the present
portfolio of energy efficiency measures can yield emission reductions that are near the
2°C benchmark.”

Although increased energy efficiency can yield substantial impact reductions especially
in transportation and buildings, it cannot compensate for the growing demand in the
different sectors. Energy efficiency can contribute about 20-50% to the emissions
reductions required to reach the 2°C regime. This agrees with other assessments, e.g.,
the BLUE MAP scenario, which requires the deployment of nuclear power and carbon

capture and storage in addition to energy efficiency in order to reach the target.
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In the steel industry, where energy accounts for a substantial fraction of total costs,
energy efficiency improvements have been an issue for the past fifty years, long before
the public became aware of climate change (Yellishetty et al. 2010). As a consequence,
the remaining potential for improvements is considered low compared to historic
achievements (Paper V). In contrast, a trend reversal is required in order to realize the
identified savings potential for residential buildings and passenger cars. Although there
is a danger of rebound effects (section 1.3.2), energy efficiency is a widely accepted
mitigation strategy. The case studies, the BLUE MAP scenario, and the EU proposal
discussed in section 4.1 consider energy efficiency a major building block for reaching a

carbon-constrained regime.

Figure 17 shows that hybrid technologies (technologies that may require behavioral
changes with the users), material efficiency, and moderate lifestyle changes, combined
with improved energy efficiency, can lead to significant emissions reductions, but only
for residential buildings in Norway and the global steel cycle, the 2°C benchmark can

be reached.

Unlike energy efficiency, which is a result of improvements within specific
processes, the additional decoupling strategies stretch across several parts of the
anthropogenic metabolism or require changes in the model drivers, which are beyond
the realm of the techno-sphere. Their implementation requires better coordination and
interaction between producers, the waste management industries, and the end-users.
Below | compile my main conclusions on decoupling beyond energy efficiency from the
different case studies and the major barriers related to the implementation of decoupling
strategies:

Steel: Scaling up the material efficiency gains that were found in case studies on
the product level to the entire steel cycle has the potential to yield emissions savings
that are three to five times as large as those resulting from a further increase in process
energy efficiency. But implementing material efficiency would require significant
changes with the steel producers. While steel production is expected to double over the
period 2010-2050 under business-as-usual assumptions (Allwood et al. 2010),

implementing the material efficiency strategies would lead to a gradual phasing out of
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primary steel production over the same period. To facilitate scrap recovery and sorting
in the waste management industries, significant changes are required in how the
different types of steel are tracked through their respective life cycles. Changes in
technical norms and specifications could facilitate light-weight design (Allwood et al.
2012). In addition, one would have to consider measures that allow for more intense use
of the existing stocks, such as increasing the occupancy rate in passenger cars.
Buildings: In the building sector, passive and other types of low energy houses can
be considered as hybrid solutions as they typically require an automatic system that
controls heating and ventilation and that should be designed for maximum user
acceptance and comfort. Ill-designed building solutions may be rejected by the users
and loose much of their savings potential (Melveaer 2012; Passive house users 2012).
Hence not the technical systems themselves, but the unity of technology and users needs
to be understood and considered in the design process to allow for maximal savings.
Without substantial energy savings in the existing dwelling stock, the 2°C
benchmark is out of reach. Complete demolition and subsequent rebuild of the stock
using passive house technology would yield large savings, but this measure would entail
upstream emissions that are similar to the accumulated savings over the period 2015-
2050. It may as well be considered unfeasible for economic and cultural reasons.
Renovating the existing stock to passive house standard may represent a feasible
alternative, and is currently promoted and investigated within Norway (Arnstad 2010).
Significant reductions in energy consumption from appliances and hot water generation
may be indispensable to reach the 2°C benchmark within the dwelling sector.
Transportation: A shift to micro cars as alternative to conventional passenger vehicles
may make cars less attractive as status symbols. But it would better reflect the way cars
are used today. The typical occupancy rate of passenger cars in developed countries is
between 1.1 and 1.7 (Broca 2012), which leads to the conjecture that two-seated micro-
cars would provide sufficient service for the majority of all car journeys. For those
journeys where micro-cars are not sufficient, car sharing systems could provide access
to conventional cars. The factors determining the difference in car ownership and
kilometrage between the different developed countries are poorly understood, but urban
structure and density were found to have a big influence (Broca 2012). This emphasizes

the role of urban planning on the long-term evolution of car utilization. The three
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measures micro cars, lower kilometrage, and lower car ownership account for about
50% of the identified emissions savings potential. The social and urban planning aspects
of these measures lie beyond the system boundary.

Even after implementing the entire portfolio of decoupling strategies, the sectoral
emissions are at least twice as high as the 2°C benchmark. Additional emission
abatement may thus be necessary, and there are three principal options for achieving
this: Further reductions of annual kilometrage and car ownership; savings in other

sectors; and fuel decarbonization.

(i) How do final demand and discard of products in the different case studies
develop over time under the assumption that the entire world will eventually build
up the same in-use stocks as currently observed in industrialized countries? How
do demand and discard change once different climate change mitigation strategies
are implemented?

The evolution of in-use stocks over time determines the long-term trends in final
consumption. From the studies of transportation in China and the steel cycle | found that
stock growth in the developing world will lead to substantial increases in final demand.
In regions with maturing stocks, consumption remains on a high level or may even
decline in some cases. Together with the product lifetime distribution, the stock pattern
determines the future amount of discarded products and thereby the potential for
material recycling and product re-use. This correlation can be used for estimating future
waste flows and scrap supply, for long-term planning of investments in primary and
secondary production assets, and for forecasting the demand for primary mineral

resources.

Figures 13-16 show that many strategies to reduce emissions heavily impact the
output of the manufacturing industries, the waste management industries, and the
material suppliers, e.g., the steel industry.

Increased energy efficiency in the steel industry does not alter the demand baseline, but
implementing the material efficiency strategies would significantly reduce final steel
demand. For buildings, construction or renovation activities will rise significantly when

the existing dwelling stock is upgraded to passive house standard. In the transportation
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sector, lifestyle changes could reduce the number of passenger cars produced by up to
one third.

Next to the service and emissions layer, the models contain information on stocks
and flows of products, materials, and energy. They may enable policy makers and other
stakeholders to anticipate the consequences of different emission abatement strategies
on the supplying industries. The model results may point out the need for incentives for

development or re-structuring in certain industrial sectors.

(i) How can dynamic stock models be extended to include both direct and indirect
energy consumption and carbon emissions, and what are the critical assumptions
and variables?

How can emissions reductions in different countries and sectors be benchmarked
against the 2°C target and other global climate targets?

The model developed in section 2 allows us to estimate energy demand and carbon
emissions resulting from building up, maintaining, and using stocks of goods and
products that provide service to people. It allows us to estimate the emissions savings
from strategies that decouple service provision from material and energy throughput.
The model has several limitations and underlying assumptions that one needs to be
aware of. |1 now list and explain the main limitations of my approach, and discuss how

they could be overcome.

The interplay between foreground and background system: Through a combination
of dynamic stock models, MFA foreground models, and background inventories, the
carbon footprint of a sector or country can be tracked over time, emissions savings from
material recycling can be considered, and different upstream emissions can be included
as well. The way this approach was implemented in the different case studies has
several limitations and potential inconsistencies:

(1) The foreground system may overlap with the background process chain, which may
lead to double-counting. The model of the steel cycle, for example, comprises the entire
anthropogenic use of this material. At the same time, the steel contained in power
plants, the electricity grid, and coke ovens may already have been accounted for as

capital investment in the background inventory for this study. A detailed breakdown of
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steel use into different industrial activities could give information on the size of steel
stocks in the background system, and would allow us to estimate the magnitude of
double-counting in this case. Constructing, renovating, and operating residential
buildings represent final consumer demand, which is not part of life cycle inventories of
industrial activities. Hence, there is no overlap in the case study on buildings.

In future models, a filter, which sets all flows in the background system that are already
part of the foreground system to zero, might be applied to the upstream inventories to
systematically eliminate double-counting. This requires that the upstream flows are
tagged or categorized to facilitate the application of the filter.

(2) When quantifying indirect emissions associated with the MFA foreground system it
is tempting to use readily available data from the literature. However, the inventories
used in different studies are often based on different system boundaries, have different
geographical coverage, background systems, use different databases, or refer to
different years. When compiling the background impacts one must therefore be aware
of this limitation and conduct a critical examination of the eligible inventories.
Whenever possible, congruent background systems should be used, e.g., by referring to
a single LCA or 1/O database. For the Norwegian dwelling stock | refer to a single LCA
study on the upstream impact of new construction. This study uses Ecolnvent v2.2 as
background system, and | apply the same database to determine the inventory of
renovation activities and the different energy carriers. Only for district heating, a study
with a Norway-specific background system was used. For the steel cycle | assisted with
the compilation of an inventory of all processes in the MFA foreground system, and the
compilation of a common demand vector for the different energy carriers. The upstream
impacts of this demand vector were determined by referring to global average figures
provided by the International Energy Agency and the WorldSteel Association.

(3) The upstream inventories only represent snapshots of the production processes in a
given year, but the foreground system is dynamic and may extend several decades into
the future. This mismatch may be the most severe limitation of the model approach as
the implementation of new energy technologies, efficiency gains in industrial processes,
or recycling, may significantly change the carbon intensity of energy and material
supply over time. In the case study on the Norwegian dwelling stock | assumed a

constant carbon intensity of the energy supply. This number may change, however, not
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only due to technical changes in the supply system, but also due to changes in system
boundary. Although hydroelectricity accounts for the largest part of the actual electricity
consumption in Norway today, a higher level of integration of the Norwegian grid into
the European grid may change this situation. | anticipated this development by
assuming the Nordic electricity mix instead of the Norwegian electricity mix in the case
study. For the global steel cycle, different rates of electricity decarbonization are already
part of the energy efficiency scenarios.

Several existing integrated assessment models include a changing carbon intensity of
the energy supply over time (Weyant et al. 2006). A combination of dynamic stock
models with these methods may allow for a more accurate and more comprehensive
assessment of the future impacts of human activities. This combination would form a
new type of integrated assessment model, where affluence is measured in terms of
service provided by in-use stocks rather than in terms of economic output.

(4) Material recycling and scrap diversion reduce industry’s energy consumption and
carbon emissions. By including the respective material flows in the MFA foreground
system, the sector- or country-wide recycling potential can be quantified. This
opportunity needs to be considered when determining the split between the model parts
B and C in future applications.

Stocks as measure of service: Alternative affluence measures may help to shift the
focus away from economic throughput and may therefore represent an important tool to
achieve lifestyle changes within society (Goossens et al. 2007). We postulated that
stocks of cars, square meters of dwelling space, and tons of steel in use are suitable
physical affluence measures. However, the service-providing products and materials are
in turn only means to support human activities. Cars are a means of transport, and
transport in turn is a means of accessibility. Buildings are a means of shelter and
representation. Steel is a material used in many different services and activities due to a
large number of physical properties such as stability, stiffness, tensile strength,
ferromagnetism, etc. In-use stocks can therefore be considered as intermediaries
between human needs and the physical world. They are not an end by themselves,
though the products and materials that serve us may start a life on their own. Products
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may become symbols of identification and status and the desire for having them is
sometimes larger than the practical demand for their services (Ozcan 2003).

Some of the reduction strategies, such as light-weighting or more intense use of steel-
containing products, actually decouple stocks from the service they provide. Using
affluence measures that are based on services provided by stocks rather than based on
the stocks themselves may help to develop, communicate, and implement strategies that

decouple stocks from services.

Saturation: | assumed that eventually, all countries will develop in-use stocks
comparable to those in the developed world and that there will be some form of stock
saturation on a per capita basis in all sectors. In the case studies, | found historic
evidence for saturation of passenger cars per capita, dwelling area per person, and steel
stocks per capita, and | postulated that eventually, in-use stocks in the entire world will
saturate on the levels | found. But there is no mechanism that enforces saturation in
other regions or sectors. The example of aluminum and cement, where a possible
saturation has not been observed yet, was discussed in section 4.2. The time when in-
use stocks reach a possible saturation is also not certain; it is coupled to the economic
development of a country. When applying the model to other end-use sectors, the
saturation hypothesis may have to be replaced by other assumptions on the future

development of in-use stocks.

Interdependent model parameters and the interface to social sciences (I): In all
three case studies, the model parameters were treated as independent of each other. In
practice however, this may not be the case. Consider, for example, an increase in fuel
efficiency, which reduces the price of a kilometer driven. This price drop can lead to
rebound effects (Hertwich 2005), for example, an increase in annual kilometrage. The
mechanisms behind these interdependencies are not of technical nature, they lie beyond
the system of social metabolism. Still, they may play a vital role in determining the
actual emissions reductions that result from the implementation of the different
decoupling strategies. Connecting physical models to approaches from behavioral
science may enable us to study the rebound effects related to individual strategies. This
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connection may further open up the possibility to design the portfolio of decoupling
strategies in way that the expected rebound effects are minimal.

Product lifetime: The lifetime of products in use determines the turnover of the stock;
it determines the need for replacement and the potential for recycling and re-use. While
the lifetime distribution of passenger vehicles is well-known from several case studies
in different countries and years, there is much less reliable information on the lifetime
of buildings and infrastructure. Next to saturation level and saturation time, product
lifetimes are the main source of uncertainty in the model of the global steel cycle. For
the case study on buildings in Norway, | chose to replace the lifetime by turnover rates
that are derived from a specific exogenous target.

A more rapid turnover of the in-use stock by shortening the product lifetime allows new
or more efficient technologies to penetrate faster. There is a controversial discussion on
whether such a shortening leads to emissions reductions for the entire sector. While
governments and the car industry justified the recent scrapping premiums for ‘clunkers’
with their expected environmental benefit (Bolton 2009) (Paper 1), such a benefit was
not found by studies that consider the whole life cycle of passenger cars (Kagawa et al.
2011; Suh 2010)*. In the case study on the steel cycle, lifetime extension is one of the
material efficiency strategies to lower emissions from material production. The
relationship between emissions savings, the efficiency improvement rate, and product
lifetime extension is discussed in detail in Skelton and Allwood (2013). For buildings, a
so-called onion-skin-design may help to separate structure from function and allow for
extending the lifetime of the materials in the building core (Allwood et al. 2012).

Benchmarking reductions on the country level in relation to global climate targets:

| refer to section 4.4.2 for a detailed discussion.

12 Note that our case-study on transportation yields slightly lower total emissions from shorter vehicle

lifetime (paper 1). This is because we only consider direct emissions.
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Targeting emissions levels in 2050 vs. accumulated emissions: There are different
trajectories of how to reach a certain emissions level in 2050 and some of them involve
higher accumulated emissions than others. One reason is that in order to achieve
substantial reductions in 2050, large upstream impacts in the years before may be
necessary, e.g., in the scenario B-Transform-Demolition. Such strategies may have a
lower net contribution to climate change mitigation than the 2050 emissions level
suggests, and | therefore recommend calculating the accumulated emissions reduction
for each strategy to perform an additional check. There is an increasing interest in
accumulated emissions (Anderson et al. 2008; WBGU 2009; Meinshausen et al. 2009)
in the literature. The models | used calculate both sectoral emissions over time and
accumulated emissions, and the latter are reported in the supplementary material of
paper | as well as in papers Il and V.

Another potential problem of focusing on a single target year is the build-up of a
maintenance or replacement backlog in the in-use stocks. In order to stabilize the
Earth’s surface temperature in the long run, emission must remain stable on a low level
after the benchmark year 2050 (IPCC 2007b). This means that the quality of the in-use
stocks should be kept at a certain level so that large needs for replacement and
associated emissions in the years after 2050 can be avoided. Modeling the dynamics and
monitoring the quality of in-use stocks may help to identify the creation of such a

maintenance backlog at an early stage.

Economic dimension: The models | used are purely physical. An economic layer was
not required, because | only account for the total service level in a certain society, and
not for how it is distributed within society. The scenarios depict the aggregate
development in a certain sector and country in the long run. But in order to achieve
significant emissions reductions over the next decades, the trajectory to a low-carbon
regime must diverge from the business as usual path at some point before 2020 (IEA
2012). To achieve that divide, a set of new products, services, incentives, and short-term
regulations must be implemented. Adding an economic dimension to the models could
facilitate the development of an interface to general equilibrium or other market models.
This combination could be applied to derive or at least to test short-term emission

abatement strategies that affect only parts of a sector or different market segments.
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Hybrid solutions and the interface to social sciences (I1): At present, much effort is
being put into refining emission abatement models by adding more detail on the
technological side. Examples include more detailed production process routes, different
building types and cohorts, or specific new energy technologies. While this makes sense
from a scientific and engineering point of view it may not always serve the purpose of
identifying viable options for future development. In all three case studies | saw that
hybrid solutions, which are mitigation strategies with direct impact on the end-user and
its lifestyle, had a substantial, and in the case of steel, the largest effect on the sectoral
carbon footprint. For the housing sector the energy demand from hot water generation
and appliances may account for about two thirds of the sectoral energy demand in 2050,
and reducing this demand may require people to change their consumption habits.

The mechanisms that determine the demand for services such as accessibility, shelter, or
representation in different societies need to be better understood. This could be achieved
by enlarging the system boundaries beyond the techno-sphere and opening up for
interdisciplinary concepts. A model framework that includes concepts from social
sciences that shows how the users can change their behavior may be more useful than a
model that adds more refinement on the technical side. Agent-based modeling may be
such an option; it has recently been applied to material flow analysis of metals
(Bollinger et al. 2012). Another option is to investigate how the effects of choice

architecture (Thaler and Sunstein 2008) could be modeled on the sectoral scale.

4.4 Connecting my findings to some underlying challenges related to
sustainable development

There are several underlying and recurrent problem fields related to sustainable

development. Below, | describe the challenges in more detail and explain how my

findings relate to them (question v).

1) The first one is related to the main strategies to mitigate climate change: new energy
technologies and demand reduction by lifestyle changes. Both are based on different
views on the potential and risks of technology and the likelihood of changes in currently

prevailing business models and social norms.
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2) The second one relates to the difference between industrialized and non-
industrialized countries regarding economic development and level of in-use stocks and
their different preconditions for emission abatement.

3) The third issue concerns the duality between global targets and local solutions, and
how to reconcile global constraints on carbon emissions with development and

prosperity on the local scale.

4.4.1 Demand reduction vs. new energy technologies

| found that the currently deployable portfolio of energy efficiency is not sufficient to
reach the range of the 2°C benchmarks. Thus, effective climate change mitigation needs
to go far beyond the typical spectrum of energy efficiency, and there are two main
directions of development to achieve further emissions reductions.

1) New energy technologies can lead to a decarbonization of the energy supply by
shifting from coal and oil-based energy to natural gas, renewable energies, or
nuclear power, and by implementing carbon capture and storage. The current
state of energy decarbonization and the apparent difficulties with its
implementation on the large scale were discussed in section 1.3.2.

2) Demand reduction lowers energy and material consumption by decoupling
service from throughput. Its potential contribution to emissions reductions and
the challenges and barriers related to its implementation are explored in the
thesis at hand.

The knowledge gained in the course of this work allows us to make some comments
about these directions and the specific challenges associated with them:

(@) By studying hybrid solutions, moderate lifestyle changes, and material efficiency |
showed that the solution space for global warming can be extended. The mitigation
potential of these measures is so large that the 2°C benchmark could be reached in two
out of three cases studies. A broader portfolio of mitigation options increases the
flexibility and the likelihood of eventual success in fighting global warming. The set of
decoupling strategies examined here may represent an alternative to the potentially most
risky or most expensive supply-side measures such as nuclear power or carbon capture

and storage.
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(b) Impact assessment modeling on the sectoral scale as shown here enables us to scale
up different mitigation strategies from the product level to the society level. These
models can estimate the overall emissions reductions of different strategies, which may
give valuable insight to policy makers.

(c) The strategies of both directions have significant trade-offs, risks, barriers, and
potential drawbacks. Whereas for new energy technologies the drawbacks seem to lie
more on the environmental side and in the long-term, demand reduction requires short-
term changes in economic paradigms and the way how societies perceive material and
energy consumption.

The impacts of new energy technologies on resources, the environment, and society
may be many: potential scarcity of specialty materials; decreasing ore grades and
subsequently increasing energy demand for primary material production; land use
change and food crises due to biofuels production; decreasing overall efficiency;
increasing energy prices. Moreover, many new energy and geoengineering technologies
bear the risk of accidents or leakage. A sole focus on technology as remedy to global
warming may therefore bear consequences that are in conflict with other environmental
aspects of sustainable development or that are not acceptable to society. For example,
power stations equipped with carbon capture and storage emit less carbon to the
atmosphere per kWh delivered but lead to severe increases in eco-toxicity (Singh et al.
2011), and may bear other, more severe risks such as leakage or ground water pollution
(Wilson et al. 2007). Demand reduction through more efficient use, light-weighting, or
lifetime extension automatically leads to lower environmental impacts in all categories.
However, large economic and social challenges are likely to be related to the lifestyle
changes | discuss. Some of the strategies discussed require businesses to extend the
responsibility for their products beyond the use phase and call for more communication
and interaction between previously separated businesses to improve overall material
efficiency in the cycle. User behavior should be integrated in the process of designing
specific decoupling strategies. Decoupling requires a new perspective on the social
metabolism that focuses on preserving stocks rather than increasing throughput, as

originally envisioned by Boulding (1966).
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4.4.2 Industrialized countries and the developing world

The second paradigm concerns the difference between industrialized and industrializing
countries and their difference in income and present levels of in-use stocks, which both
result in different challenges and opportunities for emission abatement.

The decoupling of environmental impacts from economic development in some OECD
countries as demonstrated for example by Jackson (2009) can partly be understood from
a stock perspective. Building up infrastructure networks, residential buildings, industry
assets, and later consumer products in an industrialized society requires large amounts
of materials, which have to be sourced from primary resources. Once major parts of the
built environment are in place and stocks of different materials in use become mature,
demand for primary production drops and recycling via secondary production can take
over to maintain the in-use stock. The phenomenon of saturating steel stocks coincided
with the steel crisis in many western countries ((Tarr 1988; Miiller et al. 2011), Paper
I11) and is an important example for decoupling that occurred after a sufficient stock
level was reached. Countries with developing economies are not endowed with mature
material stocks and therefore they have a double disadvantage regarding climate change
mitigation: a) They first need to build up material stocks and b) they cannot access
urban mines for secondary production to lower emissions from material production.
Paper V shows a possibility for how this dilemma could be resolved on a global scale.
By implementing the different material efficiency strategies the stock levels required for
high human development can be lowered. This leads to excess scrap supply in the
developed world, which can be fed into the growing stocks in developed countries. This
way, the amount of primary steel needed can be reduced significantly, which would

substantially reduce the carbon footprint of the steel sector.

Developing countries have a major advantage. Since a large part of the built
environment is not yet in place, it can be designed and planned to facilitate a lower
carbon footprint of its future inhabitants. Leapfrogging, that means to skip certain
transition stages of infrastructure development (Dalkmann 2006), is another strategy to
develop the built environment in a targeted way. An example is the deployment of
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passive house technologies, which is easier to achieve for new construction than for
existing buildings.

Since 2006, more than 50% of the world’s population lives in cities (United Nations
2011). Changing urban density and applying different land-use planning strategies may
reduce commuting distances, make public transport more attractive, and lead to a lower
car ownership rate. The correlation between city density and car ownership is well
documented (Broca 2012; Kenworthy and Laube 1999). Offering attractive urban

structures may make it easier for people to change their demand for transportation.

When establishing the benchmarks, | assumed a uniform per capita allocation of
emissions all over the globe. One can expect that by 2050, some parts of the developing
world will not have reached the transition stage that e.g., China is in now. The surplus
emissions quotas of these countries could be re-allocated to those parts of the world that
emit more than the average reduction target in a given year. This re-allocation could be
compensated for in monetary terms. Richer countries could pay off the poorer part of
the world that does not seize ‘their’ emissions quota to allow these countries to speed up

economic development.

4.4.3 Global targets and local actions

To successfully curb global warming, the myriad of consumer decisions all over the
world that are made every day must be in line with the long-term emissions reduction
targets. However, the sphere of action of individuals and businesses is very small
compared to the global scale. Current microeconomic theory considers both as price
takers that aim at maximizing their individual utility with a given set of market prices.
Successful mitigation of global warming requires that peoples’ values and preferences
(the utility side) or the market prices (regulatory side) change in a way to allow for
significant reductions of mankind’s carbon footprint.

The models and scenarios | developed are purely physical and thus they do not
allow us to address utility and price issues. However, they allow us to estimate which
stocks levels can be built up and maintained in a carbon-constrained world. They give
an idea of the service that can be provided to people depending on the mitigation

strategies implemented. This information can be used to establish specific targets for
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development in different economic and end-use sectors, and | identified several ways of
how the model framework presented here may help to bridge the gap between
individual products on the micro scale and global environmental constraints:

Impact assessment on the large scale: The impact of a very large number of individual
products on the material cycles and the energy supply cannot be fully understood from a
single product perspective. Not the individual products, but the interplay of the
multitude of different products in different end-use sectors drives changes in industry
and material and energy supply, and determines resource depletion and the potential for
recycling. A model that comprises the entire metabolism within a certain sector may
therefore complement life cycle assessments of single products. Both modeling
approaches could strengthen each other by using common process inventories and
feeding back their specific insights on e.g., material recycling into each other.
Sector-specific targets: A breakdown of the global emissions reduction targets into
different countries assigns a specific responsibility to individual governments. A
parallel breakdown into different sectors assigns responsibility to individual industries
and consumers.

Over-achieving the assigned reduction target in some sectors may give room for higher
emissions in other sectors. The IPCC AR4 finds different emission abatement potentials
for the different sectors (IPCC 2007b). However, Allwood et al. (2010) demonstrate that
if only one sector misses the average reduction benchmark, the additional reductions
required in the other sectors expressed in percent would have to be substantial (Table 1
in Allwood et al. (2010)). I found that in none of the sectors studied, not even the
building sector, the 2°C benchmark could be met without some kind of lifestyle
changes. However, a changing carbon intensity of the energy supply over time may alter
the picture.

As long as emissions in all sectors continue rising, the question whether the sectors
should have different emissions reduction targets may not be the most urgent one to
answer. To us it seems more important to develop and implement a set of short- and
mid-term strategies that can change the trend in each individual sector. The models
developed here may help to assess these strategies in relation to the long-term climate
targets and the way they impact the stocks and the service level in the different sectors.
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Links between sectors: Including the industry background into the definition of a
sector inevitably leads to overlapping sectoral boundaries, because the material- and
energy-supplying industries are connected to all other sectors. Some decoupling
strategies can contribute to emissions reductions in several sectors at the same time.
Light-weighting of cars, for example, may reduce the demand for primary steel and may
lead to lower specific fuel consumption in the use phase of the cars (Kim et al. 2010).
Higher upstream emissions may be acceptable if they are compensated for by savings in
the use phase, as in the example of using aluminum to produce lighter cars with lower
specific fuel consumption (Kim et al. 2010).

Overlapping sectoral definitions, such as ‘metal production’ and ‘transportation’, allow
for viewing the global warming challenge from different angles. From a product or end-
use perspective, the inclusion of upstream impacts that can be associated with the end-
use sector studied allows for determining trade-offs between increases in the upstream
impacts and savings in the use phase. This approach is widely used in life cycle
assessment (Kim et al. 2010; Hawkins et al. 2012). In addition to the product
perspective, a material perspective across different end-use sectors allows for estimating
the total demand for the different materials and the opportunities for recycling over
time. The total final material demand and the recycling potential can be used to estimate
the demand for mineral resources and to identify possible geo-political dependencies
related to the location of these resources.

Overlapping sectoral boundaries may decrease the risk that some industries or end-use
sectors fall ‘under the radar’. Steel, for example, is first accounted for in cars and
buildings and then for the second time in the steel cycle. The material costs for steel
typically account for not more than 4-6% of the costs of cars or buildings (Figs. 6.3-6.5
in Allwood et al. (2012)), and hence, the incentive for reducing this small cost fraction
by light-weight design or use of secondary material may be small. Still, when taking all
these small fractions from all products together, one finds an industry which accounts
for 9% of all energy- and process-related carbon emissions, which has its own
dynamics, and for which significant carbon emissions reductions represent a major

challenge.
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4.5 Conclusion

The main contributions to the existing knowledge are listed below and some general

concluding statements follow.

e A new type of dynamic stock model that allows for splitting individual cohorts
into different types, materials, or drive technologies, was developed and
implemented in three case studies. The model links the service provided by in-use
stocks to products, materials, direct energy demand, and carbon emissions.

e An interface between dynamic stock models, material and energy flow analysis,
and life cycle assessment was developed to assess indirect emissions and impacts
of in-use stocks.

e A detailed dynamic model of the global steel cycle was developed together with
Rachel Waugh from the University of Cambridge. It covers production, use, and
recycling of steel for the period 1700-2100. It includes iron flows and carbon
emissions and allows us to assess the emissions mitigation potential of novel
strategies such as new iron making technologies or material efficiency.

e The three case studies on passenger cars in China, residential buildings in
Norway, and the global steel cycle provide independent evidence that the IPCC’s
2°C target is unlikely to be reached by pursuing energy efficiency improvements
alone.

e The work presented here is documented in five journal papers, four of them being
first-author papers, and their respective supplementary material. All five papers
have been published in international journals.
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In-use stocks link physical services, such as shelter or mobility, to economic activity.
With the parameter values | chose for the scenario analysis, decoupling material and
energy throughput from stocks and service could yield emissions savings that are
sufficient to limit global warming to 2°C in the case studies on buildings and steel, and
3°C in the case of personal transportation. At the same time, the entire world could
reach a service level comparable to the one presently seen in industrialized countries.
Material and energy efficiency, hybrid solutions, and lifestyle changes extend the
toolbox of climate change mitigation strategies, which may increase the probability of
eventual success in fighting global warming. These strategies may represent an
alternative to the potentially most risky or most expensive supply-side measures such as
nuclear power or carbon capture and storage.

Implementing the decoupling strategies on the large scale, however, may require a
paradigm shift similar to the transition from the Cowboy Economy to the Spaceman
Economy that Kenneth E. Boulding envisioned in 1966. It would possibly require a shift
in our consumer culture, which brings us back to the initial quotation taken from the
book “Sustainability by Design” by John R. Ehrenfeld (2008): *““Sustainability is a
cultural phenomenon.” Ehrenfeld argues that the only way to achieve a sustainable
regime is to create cultural change “deliberately by designed interventions”. Human
culture, although not part of the system of social metabolism, appeared in the discussion
several times. | found that many decoupling strategies directly affect the behavior and
the expectations of the end-user, thus, their consumer culture. Maybe more important, it
is the human culture that has to create the condition for sustainable development to
happen.

79



References

Allwood, J. M. 2012a. Low Carbon Material Processing.
http://www.lcmp.eng.cam.ac.uk/wellmet2/introduction. Accessed 2012-10-30.

Allwood, J. M. 2012b. Personal Communication with Allwood, J. M., Process utilization in life cycle
inventories. 2012b.

Allwood, J. M., J. M. Cullen, and R. L. Milford. 2010. Options for Achieving a 50% Cut in Industrial
Carbon Emissions by 2050. Environ. Sci. Technol. 44(6): 1888-1894.

Allwood, J. M., M. F. Ashby, T. G. Gutowski, and E. Worrell. 2011. Material efficiency: A white paper.
Resources Conservation and Recycling 55(3): 362-381.

Allwood, J. M., J. M. Cullen, M. A. Carruth, D. R. Cooper, M. McBrien, R. L. Milford, M. Moynihan,
and A. C. H. Patel. 2012. Sustainable Materials: with both eyes open. Cambridge, UK: UIT
Cambridge, UK.

Anderson, K., A. Bows, and S. Mander. 2008. From long-term targets to cumulative emission pathways:
Refraiming UK climate policy. Energy Policy 36: 3714-3722.

Arnstad, E. 2010. Making buildings energy-efficient. An ambitous and realistic plan for 2040 (Original
title: Energieffektivistering av bygg. En ambisigs og realistisk plan mot 2040). Task force under
the Norwegian Ministry of Local Government and Regional Development.

Arrhenius, S. 1896. On the Influence of Carbonic Acid in the Air Upon the Temperature of the Ground.
Philosophical Magazine 41: 237-276.

Arvesen, A., R. M. Bright, and E. G. Hertwich. 2011. Considering only first-order effects? How
simplifications lead to unrealistic technology optimism in climate change mitigation. Energy
Policy 39(11): 7448-7454.

Ayres, R. U. and A. Kneese. 1969. Production, Consumption, and Externalities. Am. Econ. Rev. 59(3):
282-297.

Baccini, P. and P. H. Brunner. 1991. Metabolism of the Anthroposphere. Berlin: Springer-Verlag.

Baccini, P. and H.-P. Bader. 1996. Regionaler Stoffhaushalt. Erfassung, Bewertung und Steuerung.
Heidelberg: Spektrum.

Barker, T., A. Dagoumas, and J. Rubin. 2009. The macroeconomic rebound effect and the world
economy. Energy Efficiency 2(4): 411-427.

Barnosky, A. D., E. A. Hadly, J. Bascompte, E. L. Berlow, J. H. Brown, M. Fortelius, W. M. Getz, J.
Harte, A. Hastings, P. A. Marquet, N. D. Martinez, A. Mooers, P. Roopnarine, G. Vermeij, J. W.
Williams, R. Gillespie, J. Kitzes, C. Marshall, N. Matzke, D. P. Mindell, E. Revilla, and A. B.
Smith. 2012. Approaching a state shift in Earth/'s biosphere. Nature 486(7401): 52-58.

Beckerman, W. 1992. Economic growth and the environment: Whose growth? whose environment?
World Development 20(4): 481-496.

Bergsdal, H., H. Brattebg, R. A. Bohne, and D. B. Muller. 2007. Dynamic material flow analysis for
Norway's dwelling stock. Building Research and Information 35(5): 557-570.

Bodansky, D. 2007. International Sectoral Agreements in a Post-2012 Climate Framework. Pew Center
on Global Climate Change.

Bohne, R. A., H. Bergsdal, H. Brattebo, and P. J. Hovde. 2006. Estimation of the service life of
residential buildings, and building components, in Norway. Paper presented at The City Surface
of Tomorrow, 8-9 June 2006, Vienna.

Bollinger, L. A., C. Davis, 1. Nicoli¢, and G. P. J. Dijkema. 2012. Modeling Metal Flow Systems - Agents
vs. Equations. Journal of Industrial Ecology 16(2): 176-190.

Bolton, E. 2009. Cash for Clunkers Wraps up with Nearly 700,000 car sales and increased fuel efficiency
[...] http://www.dot.gov/affairs/2009/dot13309.htm. Accessed 2012-08-30.

Boulding, K. E. 1966. The Economics of the Coming Spaceship Earth. In Sixth Resources for the Future
Forum on Environmental Quality in a Growing Economy. Washington D.C.

Broca, M. 2012. 'Less is more". Pathways for Lower Steel Stocks in Developing Countries. MSc thesis,
NTNU, Trondheim, Norway.

80



Brunner, P. H. and H. Rechberger. 2004. Practical handbook of material flow analysis. Boca Raton, FL:
CRC/Lewis.

Bryson, R. A. 1971. A Reconciliation of several Theories of Climate Change. In Global Ecology.
Readings toward a Rational Strategy for Man, edited by J. P. Holdren. San Diego, CA: Harcourt
Publishers Group.

Burfisher, M. E. 2011. Introduction to Computable General Equilibrium Models. New York: Cambridge
University Press.

Chertow, M. R. 2001. The IPAT Equation and Its Variants: Changing Views of Technology and
Environmental Impact. Journal of Industrial Ecology 4(4): 13-29.

Council of the European Union. 2007. Presidency Conclusions, Brussels European Council, 8/9 March,
2007. Brussels.

Cullen, J. M., J. M. Allwood, and M. D. Bambach. 2012. Mapping the Global Flow of Steel: From
Steelmaking to End-Use Goods. Environ. Sci. Technol. 46(24): 13048-13055.

Dahlstrgm, O., K. Sgrnes, S. T. Eriksen, and E. G. Hertwich. 2012. Life cycle assessment of a single-
family residence built to either conventional- or passive house standard. Energy and Buildings
54(0): 470-479.

Dalkmann, H. 2006. Leapfrogging & Transfer. http://www.wupperinst.org/globalisation/ntml/leap.html.
Accessed 2012-08-29.

Daly, H. E. 1974. The Economics of the Steady State. The American Economic Review 64(2): 15-21.

Dones, R., C. Bauer, R. Bolliger, B. Burgeer, E. M. Faist, R. Frischknecht, T. Heck, N. Jungbluth, A.
Roder, and M. RTuchschmid. 2007. Life Cycle Inventories of Energy Systems: Results for
Current Systems in Switzerland and other UCTE Countries.Ecoinvent Report. 5. Swiss Centre
for Life Cycle Inventories.

Duchin, F. 1992. Industrial input-output analysis: implications for industrial ecology. Proc. Natl. Acad.
Sci. USA 89: 851-855.

Ehrenfeld, J. R. 2008. Sustainability by Design: A Subversive Strategy for Transforming Our Consumer
Culture. New Haven, CT: Yale University Press.

Ehrlich, P. R. 1968. The Population Bomb. New York: Ballantine Books.

Ehrlich, P. R. and J. P. Holdren. 1971. Impact of population growth. Science 171(3977): 1212-1217.

Elshkaki, A., E. van der Voet, V. Timmermans, and M. Van Holderbeke. 2005. Dynamic stock
modelling: A method for the identification and estimation of future waste streams and emissions
based on past production and product stock characteristics. Energy 30(8): 1353-1363.

EU Commission. 2011. A Roadmap for moving to a competitive low carbon economy in 2050. Brussels:
EU.

Eyre, N. 1997. Barriers to energy efficiency: More than just market failure. Energy and Environment
8(1): 25-43.

Fischer-Kowalsky, M. and C. Amann. 2001. Beyond IPAT and Kuznets curves: Globalization as a vital
factor in analysing the environmental impact of socio-economic metabolism. Popul. Environ.
23(1): 7-47.

Fisher, B. S., N. Nakicenovic, K. Alfsen, J. Corfee Morlot, F. de la Chesnaye, J.-C. Hourcade, K. Jiang,
M. Kainuma, E. La Rovere, A. Matysek, A. Rana, K. Riahi, R. Richels, S. Rose, D. van Vuuren,
and R. Warren. 2007. Issues related to mitigation in the long-term context. In Climate Change
2007: Mitigation. Contribution of Working Group Il to the Fourth Assessment Report of the
Inter-governmental;, edited by O. R. D. B. Metz, P.R. Bosch, R. Dave, L.A. Meyer;. Cambridge,
United Kingdom and New York, NY, USA.: Cambridge University Press.

Forrester, J. W. 1968. Principles of Systems. Cambridge, Massachusetts: Wright-Allen Press.

Fourier, J. B. J. 1827. Mémoire sur les temperatures du globe terrestre et des espaces planetaires.
Mémoires d I’Académie Royale des Sciences de I’Institute de France VII: 570-604.

Frischknecht, R., N. Jungbluth, H. J. Althaus, G. Doka, R. Dones, T. Heck, S. Hellweg, R. Hischier, T.
Nemecek, G. Rebitzer, and M. Spielmann. 2005. The ecoinvent database: Overview and
methodological framework. International Journal of Life Cycle Assessment 10(1): 3-9.

Frischknecht, R., N. Jungbluth, H. J. Althaus, G. Doka, T. Heck, S. Hellweg, R. Hischier, T. Nemecek, G.
Rebitzer, M. Spielmann, and G. Wernet. 2007. Overview and Methodology: Ecoinvent Report. 1.
Dubendorf: Swiss Centre for Life Cycle Inventories.

Gaye, A. 2007. Access to Energy and Human Development. New York: United Nations Human
Development Report Office.

81



GCIl. 2012. Contraction and Convergence (C&C) - Climate Justice without vengeance.
http://www.gci.org.uk/endorsements.html. Accessed 2012-11-15.

Georgescu-Roegen, N. 1971. The Entropy Law and the Economic Process. Cambridge, MA: Harvard
University Press.

German Government. 2012. Printing no. 17/10311: Geoengineering/ Climate Engineering. Answer to the
minor interpellation no. 17/9943. Berlin, Germany: The German Federal Government,.

Ghosh, P. and W. A. Brand. 2003. Stable isotope ratio mass spectrometry in global climate change
research. International Journal of Mass Spectrometry 228: 1-33.

Goossens, Y., A. Makipaa, P. Schepelmann, I. van de Sand, M. Kuhndtand, and M. Herrndorf. 2007.
Alternative progress indicators to Gross Domestic Product (GDP) as a means towards
sustainable development. EU Parliament, Policy Department, Economic and Scientific Policy.

Graedel, T. E. and B. R. Allenby. 1995. Industrial Ecology. Upper Saddle River, NJ: Prentice Hall.

Gronewold, N.  20009. One-Quarter  of  World's  Population Lacks  Electricity.
http://www.scientificamerican.com/article.cfm?id=electricity-gap-developing-countries-energy-
wood-charcoal. Accessed 2012-08-27.

Hansen, J. E. 1988. Statement of Dr. James Hansen, Director, NASA Goddard Institute for Space Studies.
http://image.guardian.co.uk/sys-
files/Environment/documents/2008/06/23/ClimateChangeHearing1988.pdf. Accessed 2012-11-
05.

Hardin, G. 1968. TRAGEDY OF COMMONS. Science 162(3859): 1243-&.

Hatayama, H., I. Daigo, Y. Matsuno, and Y. Adachi. 2010. Outlook of the World Steel Cycle Based on
the Stock and Flow Dynamics. Environ. Sci. Technol. 44(16): 6457-6463.

Hawkins, T. R., B. Singh, G. Majeau-Bettez, and A. H. Strgmman. 2012. Comparative Environmental
Life Cycle Assessment of Conventional and Electric Vehicles. Journal of Industrial Ecology:
Avaiable online.

Hertwich, E. G. 2005. Consumption and the Rebound Effect: An Industrial Ecology Perspective. Journal
of Industrial Ecology 9.

Hertwich, E. G. and G. P. Peters. 2009. Carbon Footprint of Nations: A Global, Trade-Linked Analysis.
Environmental Science & Technology 43(16): 6414-6420.

Hoornweg, D. and P. Bhada-Tata. 2012. What a waste: a global review of solid waste management.
Washington D.C.: The World Bank.

Hottel, H. C. and J. B. Howard. 1971. New energy technology: some facts and assessments. Cambridge,
MA: MIT Press.

Houghton, J. T., Y. Ding, D. J. Griggs, M. Noguer, P. J. van der Linden, X. Dai, K. Maskell, and C. A.
Johnson. 2001. 9.3.4.3 Thermohaline circulation changes. In Climate Change 2001: The
Scientific Basis, Contribution of Working Group | to the Third Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, UK: Cambridge University Press.

Hu, M., H. Bergsdal, E. Van der Voet, G. Huppes, and M. D.B. 2010. Dynamics of urban and rural
housing stocks in China. Building Research and Information 38(3): 301-317.

IEA. 2007. Energy Use in the New Millennium: Trends in IEA Countries. International Energy Agency
(IEA).

IEA. 2008. Energy Technology Perspectives, Scenarios & Strategies to 2050. Paris: IEA, OECD.

IEA. 2009. Transport, Energy and CO,: Moving toward sustainability.

IEA. 2012. World Energy Outlook 2012. Paris, France: International Energy Agency.

International Energy Agency. 2008. World Energy Outlook 2008. International Energy Agency (IEA),
Paris, France.

International Energy Agency. 2010. Energy Technology Perspectives 2010. Paris, France: IEA.

International Energy Agency. 2011. CO, Emissions from Fuel Combustion - Highlights. Paris, France:
IEA.

IPCC. 2007a. Climate Change 2007: Synthesis Report - Summary for Policymakers. Geneva,
Switzerland: Intergovernmental Panel on Climate Change (IPCC).

IPCC. 2012. IPCC History. http://www.ipccfacts.org/history.html. Accessed 2012-08-24.

IPCC. 2007b. Climate Change 2007: Mitigation, Contribution of Working Group Ill to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Edited by B. Metz, et al.
Cambridge: Cambridge University Press.

ISO. 2006. ISO 14040: Environmental management-Life Cycle Assessment-Principles and framework.
The International Organisation for Standardisation.

82



Jackson, T. 2009. Prosperity without growth.

Jochem, E. 2000. Energy end-use efficiency. In World Energy Assessment: Energy and the Challenge of
Sustainability, edited by J. Goldemberg. New York: United Nations Development Programme
(UNDP) and the World Energy Council (WEC).

Kagawa, S., K. Nansai, Y. Kondo, K. Hubacek, S. Suh, J. Minx, Y. Kudoh, T. Tasaki, and S. Nakamura.
2011. Role of Motor Vehicle Lifetime Extension in Climate Change Policy. Environmental
Science & Technology 45(4): 1184-1191.

Kelly, D. L. and C. D. Kolstad. 1999. Integrated Assessment Models For Climate Change Control. In
International Yearbook of Environmental and Resource Economics 1999/2000: A Survey of
Current Issues, edited by H. Folmer and T. Tietenberg. Cheltenham, UK: Edward Elgar.

Kenworthy, J. R. and F. B. Laube. 1999. Patterns of automobile dependency in cities: an international
overview of key physical and economic dimensions with some applications for urban policy.
Transportation Research Part A 33: 691-723.

Kim, H. J., C. McMillan, G. A. Keoleian, and S. J. Skerlos. 2010. Greenhouse Gas Emissions Payback for
Lightweighted Vehicles Using Aluminum and High-Strength Steel. Journal of Industrial
Ecology 14(6): 929-946.

Kohler, N. and U. Hassler. 2002. The building stock as a research object. Building Research and
Information 30(4): 226-236.

Leontief, W. 1970. Environmental repercussions and the economic structure: An input-output approach.
Rev. Econ. Stat. 52: 262-271.

Lerche, J. and W. Glaesser. 2006. Environmental risk assessment: quantitative measures, anthropogenic
influences, human impact. Berlin: Springer.

Liu, G.,, C. E. Bangs, and D. B. Miiller. 2011. Unearthing Potentials for Decarbonizing the U.S.
Aluminum Cycle. Environmental Science and Technology 45(22): 9515-9522.

Liu, G., C. E. Bangs, and D. B. Muller. 2012. Stock dynamics and emission pathways of the global
aluminium cycle. Nature Clim. Change advance online publication.

Ma, H., F. Balthasar, N. Tait, X. Riera-Palou, and A. Harrison. 2012. A new comparison between the life
cycle greenhouse gas emissions of battery electric vehicles and internal combustion vehicles.
Energy Policy 44(0): 160-173.

Madlener, R. and B. Alcott. 2009. Energy rebound and economic growth: A review of the main issues
and research needs. Energy 34(3): 370-376.

Malthus, T. R. 1798. An Essay on the Principle of Population. London: J. Johnson.

Martinez, D. M. and B. W. Ebenhack. 2008. Understanding the role of energy consumption in human
development through the use of saturation phenomena. Energy Policy 36: 1430-1435.

McKinsey&Company. 2009. Pathways to a Low-Carbon Economy - Version 2 of the Global Greenhouse
Gas Abatement Cost Curve. New York: McKinsey&Company.

Meadows, D. H., D. L. Meadows, J. Randers, and W. W. Behrens Ill. 1972. The limits to growth : a
report for The Club of Rome's project on the predicament of mankind. New York.: Universe
Books.

Meinshausen, M., N. Meinshausen, W. Hare, S. C. B. Raper, K. Frieler, R. Knutti, D. J. Frame, and M. R.
Allen. 2009. Greenhouse-gas emission targets for limiting global warming to 2°C. Nature
458(7242): 1158-1162.

Melver, M. S. 2012. Life-cycle assessment of a multi-family residence built to passive house standard.
MSc thesis, NTNU, Trondheim.

Miller, D. B. 1998. Modellierung, Simulation und Bewertung des regionalen Holzhaushaltesthesis, D-
BAUG, ETH, Zurich.

Miller, D. B. 2006. Stock dynamics for forecasting material flows - Case study for housing in The
Netherlands. Ecological Economics 59(1): 142-156.

Mdiller, D. B., H.-P. Bader, and P. Baccini. 2004. Long-term Coordination of Timber Production and
Consumption Using a Dynamic Material and Energy Flow Analysis. J. Ind. Ecol. 8(3): 65-87.

Mdiller, D. B., T. Wang, and B. Duval. 2011. Patterns of iron use in societal evolution. Environ. Sci.
Technol. 45(1): 182-188.

Mdiller, D. B., T. Wang, B. Duval, and T. E. Graedel. 2006. Exploring the engine of anthropogenic iron
cycles. Proc. Natl. Acad. Sci. USA 103(44): 16111-16116.

Mdiller, D. B., J. Cao, E. Kongar, A. M., P.-H. Weiner, and T. E. Graedel. 2007. Service Lifetimes of
Mineral End Uses. USGS Award nr. 06HQGRO0174. New Haven: Yale University.

83



Mdiller, D. B., G. Liu, A. N. Lavik, R. Modaresi, S. Pauliuk, F. Steinhoff, and H. Brattebg. 2013. Carbon
emissions of infrastructure development. Nature Clim. Change In submission.

Nakamura, S. and Y. Kondo. 2002. Input-Output Analysis of Waste Management. J. Ind. Ecol. 6(1): 39-
63.

Norwegian Ministry of the Environment. 2012. Norwegian Climate Policy (Norsk klimapolitikk, Meld. St.
21). Oslo, Norway: Norwegian Ministry of the Environment,.

OECDI/IEA. 2007. Tracking industrial energy efficiency and CO, emissions. June 2007 ed. Paris; OECD
Publishing.

OICA. 2012. World Motor Vehicle Production by Country and Type, OICA correspondants survey. Paris,
France.

Olivier, J. G. J., G. Janssens-Maenhout, and J. A. H. W. Peters. 2012. Trends in global CO, emissions -
2012 report. The Hague: PBL Netherlands Environmental Assessment Agency.

Olivier, J. G. J., G. Janssens-Maenhout, J. A. H. W. Peters, and J. Wilson. 2011. Long-Term Trend in
Global CO, Emissions - 2011 report. The Hague: PBL Netherlands Environmental Assessment
Agency.

Parry, M. L., O. F. Canziani, J. P. Palutikof, P. J. van der Linden, and C. E. Hanson. 2007. Summary for
Policymakers. In: Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of
Working Group 11 to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, UK.: IPCC.

Passive house users. 2012. Personal Communication with Passive house users, on their experience of
living in a low-energy or passive house. 2012.

Pavley, F. and F. Nunez. 2006. California Global Warming Solutions Act of 2006, edited by the
Government of California.

Peters, G. M., S. J. Davis, and R. M. Andrew. 2012. A synthesis of carbon in international trade.
Biogeosciences 9: 3247-3276.

Peterson, T. C., W. M. Connolley, and J. Fleck. 2008. The Myth of the 1970s Global Cooling Scientific
Consensus. Bull. Amer. Meteor. Soc. 89(9): 1325-1337.

Platts. 2011. Japan crisis puts global nuclear expansion in doubt.
http://www.platts.com/RSSFeedDetailedNews/RSSFeed/ElectricPower/6925550. Accessed
2012-08-24.

Pravettoni, R. 2010. Carbon intensity of energy use: Percentage growth from 1980.
http://www.grida.no/graphicslib/detail/carbon-intensity-of-energy-use-percentage-growth-from-
1980 _fcfb. Accessed 2012-08-28.

Reap, J., F. Roman, S. Duncan, and B. Bras. 2008. A survey of unresolved problems in life cycle
assessment, Part I. The International Journal of Life Cycle Assessment 13(4): 290-300.

Reinds, J. 2009. Energy efficiency (Energieffektivisering). Oslo, Norway: Low Energy Committee
(Lavenergiutvalget). Task force under the Norwegian Ministry of Petroleum and Energy.
Reusswig, F., H. Lotze-Campen, and K. Gerliner. 2003. Changing Global Lifestyle and Consumption
Patterns: The Case of Energy and Food. In PERN Workshop on Population, Consumption, and

the Environment. Montreal, Canada.

Reuters. 2011. Aker says may pull plug on carbon capture project.
http://uk.reuters.com/article/2011/11/04/aker-carbon-idUKL6E7M40K320111104. Accessed
2012-08-24.

Ritthoff, M., H. Rohn, and C. Liedtke. 2003. Calculating MIPS - Resource productivity of products and
services. Wuppertal, Germany: Wuppertal Institute.

Rockstrom, J., W. Steffen, S. Noone, and A. Persson. 2009. A safe operating space for humanity. Nature
461: 472-475.

Rotmans, J. and M. van Asselt. 2003. Integrated Assessment Modelling. Advances in Global Change
Research 1: 239-275.

Rubin, E., L. Meyer, and H. de Coninck. 2005. Carbon Dioxide Capture and Storage - Technical
Summary. Cambridge, UK: IPCC.

Sandberg, N. H. and H. Brattebg. 2012. Analysis of energy and carbon flows in the future Norwegian
dwelling stock. Building Research and Information 40(2): 123-139.

Sandberg, N. H., H. Bergsdal, and H. Brattebg. 2011. Historical energy analysis of the Norwegian
dwelling stock. Building Research and Information 39(1): 1-15.

Sartori, 1. 2008. Modelling energy demand in the Norwegian building stockthesis, Norwegian University
of Science and Technology, Faculty of Architecture and Fine Art, Department of Architectural

84



Design, History and Technology, Norwegian University of Science and Technology, Trondheim,
Norway.

Sartori, 1., B. J. Wachenfeldt, and A. G. Hestnes. 2009. Energy demand in the Norwegian building stock:
Scenarios on potential reduction. Energy Policy 37(5): 1614-1627.

Schmidt, J., N. Helme, J. Lee, and H. M. 2008. Sector-based approach to the post-2012 climate change
policy architecture. Climate Policy 8: 494-515.

Schneider, S. H., S. Semenov, A. Patwardhan, I. Burton, C. H. D. Magadza, M. Oppenheimer, A. B.
Pittock, A. Rahman, J. B. Smith, A. Suarez, and F. Yamin. 2007. Assessing key vulnerabilities
and the risk from climate change. In Climate Change 2007: Impacts, Adaptation and
Vulnerability. Contribution of Working Group Il to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, edited by M. L. Parry, et al. Cambridge, UK:
Cambridge University Press.

Scott Cato, M. 2009. Green Economics. London: Earthscan.

Singh, B., A. H. Stremman, and E. Hertwich. 2011. Life cycle assessment of natural gas combined cycle
power plant with post-combustion carbon capture, transport and storage. International Journal of
Greenhouse Gas Control 5(3): 457-466.

Skelton, A. C. H. and J. M. Allwood. 2013. Product Life Trade-Offs: What If Products Fail Early?
Environmental Science & Technology 47(3): 1719-1728.

Steinberger, J. K. and J. T. Roberts. 2010. From constraint to sufficiency: The decoupling of energy and
carbon from human needs, 1975-2005. Ecological Economics 70(2): 425-433.

Steinberger, J. K., J. Timmons Roberts, G. P. Peters, and G. Baiocchi. 2012. Pathways of human
development and carbon emissions embodied in trade. Nature Clim. Change 2(2): 81-85.

Stern, D. I. 2004. The Rise and Fall of the Environmental Kuznets Curve. World Development 32(8):
1419-1439.

Stortinget. 2012. Innst. 390 S (2011-2012): Proposal on Norwegian climate policy issued by the
committee for energy and environment (Innstilling fra energi- og miljgkomiteen om norsk
klimapolitikk), edited by The Committee for Energy and Environment (Energi- og
miljgkomiteen). Oslo, Norway.

Suh, S. 2010. Life-cycle costs and benefits of the Car Allowance Rebate System (CARS) program of the
U.S. In The 3rd International Conference on Eco-Efficiency. Egmond aan Zee, Netherlands.

Suh, S., M. Lenzen, G. J. Treloar, H. Hondo, A. Horvath, G. Huppes, O. Jolliet, U. Klann, W. Krewitt, Y.
Moriguchi, J. Munksgaard, and G. Norris. 2004. System boundary selection in life-cycle
inventories using hybrid approaches. Environmental Science & Technology 38(3): 657-664.

Suomi, V. E., F. P. Bretherton, H. C. Dayton, T. Donahue, H. Friedman, and J. H. Hollomon. 1979.
Carbon Dioxide and Climate:A Scientific Assessment - Report of an Ad Hoc Study Group on
Carbon Dioxide and Climate 0-309-11910-3. Washington, D.C.: The National Academy of
Sciences.

Tarr, D. G. 1988. The Steel Crisis in the United States and the European Community: Causes and
Adjustments. In Issues in US-EC Trade Relations, edited by R. E. Baldwin, et al. Chicago:
University of Chicago Press.

Thaler, R. H. and C. R. Sunstein. 2008. Nudge - Improving Decicions About Health, Wealth, and
Happiness. New Haven, CT: Yale University Press.

The Economist. 2011. Gauging the pressure. The Economist [Paris, France], 201-04-28, section Business.

Thomas, C. E. 2009. Fuel cell and battery electric vehicles compared. International Journal of Hydrogen
Energy 34: 6005-6020.

Tyndall, J. 1872. Contributions to Molecular Physics in the Domain of Radiant Heat: A Series of
Memoirs Published. London: Longmans, Green, and co.

UK government. 2008. Climate Change Act 2008. http://www.legislation.gov.uk/ukpga/2008/27.
Accessed 2012-08-23.

UN Climate Change Conference. 2009. Copenhagen Accord. UNFCCC.

UN Human Development Report Office. 2011. Human development statistical annex.
http://hdr.undp.org/en/media/HDR_2011 EN_Tables.pdf. Accessed 2012-08-27.

UN Population Division. 2011. World Population Prospects: The 2010 Revision. New York: UN
Population Division.

UN Statistics Division. 2012. Millenium Development Goals Indicators - Carbon dioxide emissions.
http://mdgs.un.org/unsd/mdg/SeriesDetail.aspx?srid=749&crid=. Accessed 2012-08-28.

85



UNDP. 2010. Human Development Report 2010, 20th Anniversary Edition. New York: UN Human
Development Report Office.

UNEP Ozone Secretariat. 2006. Handbook for the Montreal Protocol on Substances that Deplete the
Ozone Layer - 7" Edition.
http://ozone.unep.org/Publications/MP_Handbook/Section_1.1 The_Montreal _Protocol/.
Accessed 2012-08-24.

UNFCCC. 2012a. Kyoto Protocoll. http://unfccc.int/kyoto_protocol/items/3145.php. Accessed 2012-08-
23.

UNFCCC. 2012b. Issues in the negotiation process - a brief history of the climate change process
http://unfccc.int/cop7/issues/briefhistory.html. Accessed 2012-08-28.

UNFCCC. 1992. United Nations Framework Convention on Climate Change, Article 3: Principles, edited
by the United Nations.

UNICEF/WHO. 2012. Progress on Drinking Water and Sanitation, 2012 update. New York: UNICEF
and World Health Organization.

United Nations. 2011. World Urbanization Prospects, the 2011 Revision. http://esa.un.org/unup/CD-
ROM/Urban-Rural-Population.htm. Accessed 2012-08-29.

University of Pennsylvania. 2012. Penn World Table. https://pwt.sas.upenn.edu/. Accessed 2012-10-25.

US EPA. 2010. Carbon Dioxide as a Fire Suppressant: Examining the Risks.
http://www.epa.gov/ozone/snap/fire/co2/co2report.ntml. Accessed 2012-08-28.

USGS and S. Niggol Seo. 2007. Materials and economic growth. In Encyclopedia of Earth, edited by C.
J. Cleveland. Washington D.C.: National Council for Science and the Environment.

van der Voet, E., R. Kleijn, R. Huele, M. Ishikawa, and E. Verkuijlen. 2002. Predicting future emissions
based on characteristics of stocks. Ecological Economics 41(2): 223-234.

Von Bertalanffy, L. 1968. General System Theory: Foundations, Development, Applications. New York:
George Braziller.

Wang, T., D. B. Miiller, and T. E. Graedel. 2007. Forging the anthropogenic iron cycle. Environ. Sci.
Technol. 41(14): 5120-5129.

WBGU. 2009. Solving the climate dilemma: The budget approach. Berlin: German Advisory Council on
Global Change.

Weart, S. 2003. Other Greenhouse Gases - The Discovery of Global Warming.
http://www.aip.org/history/climate/othergas.htm. Accessed 2012-08-27.

Weinzettel, J. and J. Kovanda. 2009. Linking Input-Output Model With Material Flow Analysis.
http://www.czp.cuni.cz/Ekonomie/ModEDR/13_Linking%20Input-
Output%20Model%20with%20Material%20Flow%20Analysis.pdf. Accessed 2012-08-28.

Weyant, J. P., F. C. de la Chesnaye, and G. J. Blanford. 2006. Overview of EMF-21: Multigas mitigation
and climate policy. The Energy Journal Multi-Greenhouse Gas Mitigation and Climate
Policy(Special Issue No. 3): 1-32.

Wiedmann, T. 2010. Frequently Asked Questions about Input-Output Analysis. York, UK: Centre for
Sustainability Accounting.

Wilson, E. J., S. J. Friedman, and M. F. Pollak. 2007. Research for Deployment: Incorporating Risk,
Regulation, and Liability for Carbon Capture and Sequestration. Environmental Science and
Technology 41(17): 5945-5952.

WMO. 1986. Report of the International Conference on the assessment of the role of carbon dioxide and
of other greenhouse gases in climate variations and associated impacts. Villach, Austria: World
Meteorological Organization.

World Commission on Environment and Development. 1987. Our Common Future. Oxford: UN.

WWEF. 2012. 2012 Living Planet Report. Gland, Switzerland: World Wide Fund for Nature.

Yellishetty, M., P. G. Ranjith, and A. Tharumarajah. 2010. Iron ore and steel production trends and
material flows in the world: is this really sustainable? Resour. Conserv. Recy. 54(12): 1084-
1094.

Ozcan, Y. Z. 2003. Research Note: A Need or a Status Symbol? Use of Cellular Telephones in Turkey.
European Journal of Communication 18(2): 241-254.

86



Paper |

“Reconciling Sectoral Abatement Strategies with Global Climate Targets: The Case of the
Chinese Passenger Vehicle Fleet”

Stefan Pauliuk, Ni Made Arya Dhaniati, Daniel B. Miiller, Environmental Science and
Technology 2012, 46(1) pp. 140-147.

© 2012 American Chemical Society.

Iy

(Fopuition). ,THeat/co
2

(orive technology split ) Demand for y Passenger car stock

USE PHASE

!&-

System boundary: China 1910-2050

Fuel Energy/Torganic carbon

The article can be accessed via

http://dx.doi.org/10.1021/es201799k

The supplementary material can be downloaded from

http://pubs.acs.org/doi/suppl/10.1021/es201799k/suppl file/es201799k si 001.pdf



http://dx.doi.org/10.1021/es201799k�
http://pubs.acs.org/doi/suppl/10.1021/es201799k/suppl_file/es201799k_si_001.pdf�

Paper li

“Transforming the Norwegian Dwelling Stock to Reach the 2 Degrees Celsius Climate Target”

Stefan Pauliuk, Karin Sjostrand, Daniel B. Miiller, Journal of Industrial Ecology 2013.

© 2013 by Yale University

The article can be accessed via

http://dx.doi.org/10.1111/j.1530-9290.2012.00571.x

The supplementary material can be downloaded from

http://onlinelibrary.wiley.com/d0i/10.1111/j.1530-9290.2012.00571.x/suppinfo



http://dx.doi.org/10.1111/j.1530-9290.2012.00571.x�
http://onlinelibrary.wiley.com/doi/10.1111/j.1530-9290.2012.00571.x/suppinfo�

Paper lli

“Steel all over the world: Estimating in-use stocks of iron for 200 countries”

Stefan Pauliuk, Tao Wang, Daniel B. Miiller, Resources Conservation and Recycling 2013,
71(February 2013) pp. 22-30.

© 2013 by Elsevier

Iron Stock in use . L el ‘
(ton/capita) g TR R\ e
L 01

Q 13

3.6 e _ i
| 6-10 s NoR
S 8% Lot , :
B o4 ¥

— B

The article can be accessed via

http://dx.doi.org/10.1016/j.resconrec.2012.11.008

The supplementary material can be downloaded from

http://www.sciencedirect.com/science/article/pii/S0921344912002078



http://dx.doi.org/10.1016/j.resconrec.2012.11.008�
http://www.sciencedirect.com/science/article/pii/S0921344912002078�

Paper IV

“The Steel Scrap Age”

Stefan Pauliuk, Rachel L. Milford, Daniel B. Miller, Julian M. Allwood, Environmental Science
and Technology 2013.

© 2013 American Chemical Society

3000

__ISeconary steel Global liquid steel demand
I Primary steel

Mt/yr

2000

1500

1000

500

2020 2040 2060 year 2100

The article can be accessed via

http://dx.doi.org/10.1021/es303149z

The supplementary material can be downloaded from

http://pubs.acs.org/doi/suppl/10.1021/es303149z



http://dx.doi.org/10.1021/es303149z�
http://pubs.acs.org/doi/suppl/10.1021/es303149z�

Paper V

“The Roles of Energy and Material Efficiency in Meeting Steel Industry CO, Targets”

Rachel L. Milford, Stefan Pauliuk, Julian M. Allwood, Daniel B. Miiller, Environmental Science
and Technology 2013.

© 2013 American Chemical Society

Can we meet the emissions target in the steel sector?

T T T T EERE R T

« Business as usual

| Energy efficiency

Energy & material

2050 targét
| | efficiency

oo T

Global steel emissions
(Mt CO,fyear)

\ ' i ' i i '
2010 2020 2030 2040 2050

The article can be accessed via

http://dx.doi.org/10.1021/es3031424

The supplementary material can be downloaded from

http://pubs.acs.org/doi/suppl/10.1021/es3031424



http://dx.doi.org/10.1021/es3031424�
http://pubs.acs.org/doi/suppl/10.1021/es3031424�

	PhD_Thesis_Stefan_Pauliuk_FINAL_Electronic
	1. Introduction
	1.1 Human development under physical constraints
	1.1.1 Human development and the Earth’s carrying capacity
	1.1.2 The ascent of sustainable development

	1.2 Climate change – a pivotal challenge
	1.3 Climate change and its reflection in policy, technology, economics, and environmental modeling
	1.3.1 Responses in policy
	1.3.2 Overview of pathways for climate change mitigation
	1.3.3 Responses in economics
	1.3.4 Modeling environmental impacts of human activities
	1.3.5 The role of stocks in social metabolism

	1.4 Research motivation and research questions 
	1.5 Thesis structure and overview of case studies

	2. Methodology
	2.1 The common model framework
	2.1.1 Dynamic stock models (A)
	2.1.2 Material and product flow foreground systems (B)
	2.1.3 Completing the system: Modeling the background (C)
	2.1.4 Placing the different emission abatement strategies into the model framework
	2.1.5 Benchmarking sectoral and national carbon footprints

	2.2 Case-study-specific methodology
	2.2.1 Passenger cars in China (Paper I)
	2.2.2 Dwellings in Norway (Paper II)
	2.2.3 The global steel cycle (Papers III-V)

	2.3 Data: Overview on model drivers, other parameters, and scenario definition 

	3. Results
	3.1 Final demand, disposal, and energy demand by case study
	3.1.1 Passenger cars in China (Paper I)
	3.1.2 Dwellings in Norway (Paper II)
	3.1.3 The global steel cycle (Papers III and IV)

	3.2 Carbon footprint and climate targets by sector (Papers I, II, V)

	4. Discussion
	4.1 Comparing the carbon footprint with other studies and policy proposals
	4.2 How representative are the results and to what extent could they be applied to other countries or sectors?
	4.3 My findings for research questions (i)-(iii)
	4.4 Connecting my findings to some underlying challenges related to sustainable development
	4.4.1 Demand reduction vs. new energy technologies
	4.4.2 Industrialized countries and the developing world
	4.4.3 Global targets and local actions

	4.5 Conclusion


	Cover_PaperI_Electronic
	Cover_PaperII_Electronic
	Cover_PaperIII_Electronic
	Cover_PaperIV_Electronic
	Cover_PaperV_Electronic

