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ABSTRACT: Identifying strategies for reconciling human
development and climate change mitigation requires an
adequate understanding of how infrastructures contribute to
well-being and greenhouse gas emissions. While direct
emissions from infrastructure use are well-known, information
about indirect emissions from their construction is highly
fragmented. Here, we estimated the carbon footprint of the
existing global infrastructure stock in 2008, assuming current
technologies, to be 122 (—20/+15) Gt CO,. The average per-
capita carbon footprint of infrastructures in industrialized
countries (53 (£6) t CO,) was approximately S times larger
that that of developing countries (10 (x1) t CO,). A
globalization of Western infrastructure stocks using current
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technologies would cause approximately 350 Gt CO, from materials production, which corresponds to about 35—60% of the
remaining carbon budget available until 2050 if the average temperature increase is to be limited to 2 °C, and could thus
compromise the 2 °C target. A promising but poorly explored mitigation option is to build new settlements using less emissions-
intensive materials, for example by urban design; however, this strategy is constrained by a lack of bottom-up data on material
stocks in infrastructures. Infrastructure development must be considered in post-Kyoto climate change agreements if developing

countries are to participate on a fair basis.

1. INTRODUCTION: THE NEXUS OF HUMAN
DEVELOPMENT AND CLIMATE CHANGE

Infrastructures, which represent the entirety of built environ-
ment stocks in this study, lie at the nexus between human
development and climate change. Infrastructures are critical for
satisfying human needs for food, water, energy, sanitation,
shelter, transportation, and communication, and their develop-
ment is therefore essential for alleviating poverty and
promoting economic growth."” Infrastructures also cause
anthropogenic greenhouse gas emissions throughout the entire
socio-metabolic system (Figure 1). These emissions first occur
during the construction phase (emissions in materials
production, manufacturing, and construction, including energy
industries), then in the use phase (e.g, transportation or
buildings), and finally, to a lesser extent, they occur in the end-
of-life phase (waste management). Due to their long service
lifetimes, infrastructures determine to a large extent how the
carbon emissions of a society change over time.> While direct
emissions from the use phase are produced simultaneously with
service delivery, indirect emissions from the production phase
are often generated decades prior to service delivery. Infra-
structure development thus shapes essential boundary con-
ditions for development and emissions abatement over long
time periods in all major sectors.

The long infrastructure lifetime severely affects the drastic,
timely reduction of greenhouse gas emissions that will be
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necessary to limit the average global temperature rise to 2 °C
compared to preindustrial levels, which is the guard rail adopted
in UN. climate negotiations to prevent dangerous anthro-
pogenic interferences with the climate system. In 2008, the total
fossil fuel-related CO, emissions, which constituted approx-
imately $7% of the total greenhouse gas emissions,* accounted
for approximately 32 Gt in 2008.° The distribution of these
emissions among the global population varies significantly by
country (Figure 2A). On average, the per capita CO, emissions
in industrialized (Annex I) countries were 10.2 t, while the
global average was 4.1 t. According to the Intergovernmental
Panel on Climate Change (IPCC), global emissions must be
reduced by 50—85% between the years 2000 and 2050 to limit
global warming to 2 °C.* Assuming that the global population
reaches 9.3 billion in 2050 and that the relative contribution of
fossil fuel based emissions is proportional to that of total
greenhouse gas emissions, the average global per capita
emission from fossil fuels needs to be reduced to 0.4—1.3 t/
cap, indicated by the horizontal red bar in Figure 2A.

Such emissions cuts pose an unprecedented challenge for
infrastructure development in industrialized and developing
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Figure 1. Global socio-metabolic system showing the links between the major sectors (boxes within the system boundary) and the environment
(boxes outside the system boundary) through material (gray arrows), energy (blue arrows) and CO, emission flows (red arrows) in 2008;
infrastructures play a central role for the socio-metabolic system due to their direct and indirect emissions; short-cycle emissions and assimilation
from biomass and water were excluded. LUC: land use change. The CO, data were based on the Emissions Database for Global Atmospheric
Research (EDGAR, version 4.2).° The energy data were compiled from the International Energy Agency (IEA).>**® See Supporting Information for

more details.

countries. A fair amount of research has been dedicated to
explore options for cutting direct energy use and emissions of
individual infrastructure systems, such as buildings®” automo-
biles,® and industrial sectors.**'° Models for aggregate
infrastructure stocks, such as those produced by Davis et al.
or Williams et al,'"? consider infrastructure stocks as energy
users and greenhouse gas emitters; however, these models do
not include the materials necessary to build the infrastructures,
and hence omit essential socio-metabolic linkages between
infrastructures and the material producing sectors that
necessary to understand the full implications of infrastructure
development. Indirect or embodied emissions have been
studied in carbon footprint analyses for individual products
and on an aggregate level for final consumption within
geographical areas and in international trade.'*”'® While
these studies focus on emissions embodied in consumption
and trade flows, there is a lack of studies that address emissions
embodied in stocks of materials and products in use. This gap
partly reflects the lack of aggregate data on infrastructure stocks
and, more importantly, their material composition.

Understanding the emissions embodied in existing infra-
structure stocks is fundamental in order to estimate future
emissions from infrastructures to be built in developing
countries and to identify effective strategies for reducing
indirect emissions.

In this study, we analyzed the indirect, material-related
emissions associated with the current infrastructure stocks in all
major countries using a top-down approach for the key
materials, and used the values of industrialized countries as a
benchmark for future infrastructures in developing countries
that render similar services. Due to their long service lifetime,
aggregate infrastructure stocks usually consist of materials that
were produced through a long period of time, during which

technology (e.g,, emissions per ton material) and resource use
(e.g., primary versus secondary resources) changed. The
allocation of a carbon footprint to stocks with a mixed age
structure and changing production technologies is therefore not
trivial. Indicators for the carbon footprint of stocks may be
differentiated according to their allocation of time and
production technology.

In accounting, the value of an asset can be expressed, among
others, as the historical cost (original monetary value) or as the
replacement cost (cost of replacing an asset with current
prices). Similarly, the carbon footprint of a stock can be defined
as the historical emissions produced to build up the stock, or as
the carbon emissions that would be generated if the existing
stock was replaced using current technologies. As emissions per
ton of material produced tend to decline, the replacement value
expressed in carbon (here called “carbon replacement value,
CRV”) is generally smaller than the historical value expressed in
carbon (here called “CHV”). In this study, we determine the
CRV of stocks, because this value is better suited when using
the stocks in industrialized countries as a benchmark for stocks
in developing countries.

For the technology assumptions, one may differentiate three
approaches: (i) stocks produced from primary resources count
as primary, stocks produced from secondary resources count as
secondary; (ii) all stocks, independent of whether they were
ultimately produced from primary or secondary resources,
count as primary; (iii) stocks produced from primary resources
count as primary, stocks produced from secondary resources
count as primary plus secondary (or several secondary
productions, dependent on the number of cycles the material
has undergone prior to its current use). The first approach
considers only the last production cycle of the material stock,
while the responsibilities for the historical emissions from
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Figure 2. (A) Total fuel-related per-capita CO, emissions by country (red and gray bars) compared to the global per-capita emission level in 2050 to
reach the 2 °C target with a 50—75% probability (red horizontal bar); (B) CRVp,00s per capita of existing stocks by country (red and gray) and of as-
yet unbuilt stocks if developing countries converge on the current average Annex I level (light blue); (C) comparison with emission budget for the
period 2000—2050 to reach the 2 °C target with a 75% probability. Of this emission budget (1000 Gt), approximately 420 Gt was already emitted

during the period from 2000 to 2011.

primary production are canceled by the act of recycling. Using
this approach as a benchmark, developing countries would not
be able to build up stocks similar to those in industrialized
countries because they do not dispose of sufficient obsolete
infrastructures that could serve as a source of scrap and instead
depend heavily on the use of emissions-intensive primary
production. The second approach accounts for the fact that all
service-providing materials were once produced using primary
production, that stock growth can only be accomplished by
primary production, and that therefore developing countries
cannot build up their stocks based on recycling; however, it
does not capture the replacement of a stock (recycling). The
third approach accounts best for the entire production-related
historical emissions, but it creates significant accounting
challenges (for example, should obsolete stocks be included,
and if yes, how can they be allocated to the current stocks in

use?). If used as a benchmark, this approach would allow
developing countries to build larger stocks than industrialized
countries currently dispose of because their stocks tend to be
younger and less recycled. Here, we employ the primary
production approach since it allows for a benchmarking that is
oriented toward achieving similar infrastructure levels, without
rewarding or punishing the historical development of stocks.

We call the indicator CRV}, or CRVyp,0 to indicate the
selected reference year 2008. It reflects the expected green-
house gas emissions released if the stock was replaced using
current (about 2008) standard technologies based on primary
production.

We aim to answer the following questions:

1. How large is the CRV}, of existing infrastructure stocks in

different countries?
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2. How large is the emissions budget (CRVp) required by
developing countries if they were to develop Western
style infrastructure stocks (Contraction and Conver-
gence)?

3. What options do developing countries have to reach
infrastructure service levels of industrialized countries
with a lower CRV}, (leapfrogging)?

2. MATERIALS AND METHODS

The CRV}, was determined for the year 2008 using the three
key materials steel, cement, and aluminum as a proxy. In 2008,
these materials accounted for nearly half of industrial emissions
(25% steel, 19% cement, and 3% aluminum) and 17% of total
energy- and process-related CO, emissions.'® Emissions of
other materials are either less significant for infrastructure
stocks (e.g, plastic and paper, which together constitute about
3% energy- and process-related emissions) or contribute
significantly smaller amounts of emissions (e.g,, other metals,
gravel). The CRV, for each material was determined by
multiplying the data for the material stocks by the
corresponding emission coefficients for primary production.
We calculated the stocks for steel,'’” cement (see Supporting
Information (SI), SI-1), and aluminum® using a top-down
approach based on country-specific historical data for
production, international trade of the materials along the entire
supply chains, and assumptions about the lifetime distribution
of the main product categories (such as buildings and
construction, transportation, machinery and equipment, and
packaging). For system definition, model approaches, and data
used see SI SI-1 and cited literature. Our estimates of the CRV,
are conservative due to the omission of other materials and
manufacturing and construction. We determined the CRV), for
these key materials found in existing infrastructure stocks on a
country-by-country level and used the average CRV) in
industrialized countries as a benchmark for the indirect
emissions of future infrastructures in developing countries, by
assuming that these countries will eventually reach service levels
that are similar to those in industrialized countries.

Sensitivity analyses were conducted for all three materials
and their corresponding CRV}, values. The largest uncertainties
resulted from the assumptions on service lifetime distribution
(the difference in the stock estimates for short- and long-
lifetime assumption was approximately 30%>'”). Trade and
material concentration data for individual products may come
with high uncertainty; however, the aggregate uncertainty was
relatively low due to the large number of trade flow categories
considered (less than 10% for the trade data and approximately
20% for the material concentrations in the final products®'”).

Mitigation options for reducing primary production
emissions in developing countries were divided into approaches
for reducing the emission intensity of materials and approaches
for reducing the material stock per service unit. The potentials
for reducing the emission intensity of the materials were tested
with steel and aluminum cycle model simulations, and different
combinations of measures, that include the best available
technologies and technologies currently under development for
different processes, were employed.>” No data were found for
the aggregate material stocks of urban systems. Car ownership
and the network length for water, wastewater, and road systems
were therefore used as crude proxies for the material stocks of
these subsystems. Urban density was selected as one of many

factors potentially relevant for saving materials per service unit.
The definitions and data sources are documented in the SI.

3. RESULTS AND DISCUSSION

We estimated that the existing global infrastructure embodies
122 (—20/+15) gigatonnes CO,-eq (Gt CO,; 1 Gt = 10'* kg),
with 68 (—13/+10) Gt CO,-eq in Annex I countries and 53
(£6) Gt CO,-eq in non-Annex I countries (Figure 2b). The SI
SI-2 contains a list of CRVp,y0g per country for steel, cement,
and aluminum. The average global citizen uses stocks of these
three materials with a CRV}, of approximately 18 (—3/+2) t/
cap. The CRV}, of the average Annex I citizen (51 (—10/+7) t/
cap) is approximately five times larger than that of the average
non-Annex I citizen (10 (1) t/cap).

In comparison, the total global anthropogenic CO, emissions
(excluding agriculture, forestry, and land use change) were
approximately 30.9 Gt/year or 4.6 t/cap/year in 2008.” Thus,
the current global material stock ‘is worth’ approximately 4
years of current total CO, emissions.

The per-capita CRV}, range among Annex I countries (Figure
2B) is small compared to the large differences in materials
production and annual CO, emissions (Figure 2A). This could
be interpreted in a way that currently no industrialized
countries could serve as role model for developing countries
in designing and constructing their settlements with signifi-
cantly lower amounts of carbon-intensive materials (leap-
frogging). However, the per-capita CRV, values differ
significantly between Annex I countries and the remainder of
the world, indicating a serious emissions burden for developing
countries.

We use the current average per-capita CRV5 of industrialized
countries (51 t CO,/cap) as a benchmark to estimate the
emissions required in developing countries that are expected to
expand their built environment stocks to the current level of
industrialized countries. We further assume that industrialized
countries will forego further stock expansion and that global
population will grow to 9.3 billion by 2050."® In this scenario,
the CRVp of the global infrastructure would grow to
approximately 470 Gt CO,, where 75% of that Figure (350
Gt CO,) still would have to be emitted from infrastructure-
related primary materials production. Since most of the
infrastructure development and most of the population growth
is expected to take place in the developing world, these poorer
countries need an emissions budget of close to 350 Gt CO, in a
Contraction and Conversion scenario that assumes current
technologies (production technology and infrastructure de-
sign).

In comparison, Meinshausen et al. demonstrate that in order
to limit the average global temperature rise to 2 °C above
preindustrial levels, the cumulative emissions during the 2000—
2050 time period cannot exceed 1000—1440 Gt CO, (assumin%
75% or 50% probability of reaching the target, respectively).'
From 2000 to 2011, approximately 420 Gt of CO, were
emitted due to human activities,”® which leaves an emissions
budget of approximately 600—1000 Gt CO, for the period from
2012 to 2050. Under the assumption of current technology, the
emissions budget for infrastructure development in developing
countries (350 Gt) would use up between 35% and 60% of the
remaining budget available if the 2 °C guard rail is to be kept.
In addition, Davis et al. estimated the cumulative emissions
from existing infrastructures (including materials production)
in the period 2010—2060 to be approximately 500 Gt CO,.""
Given the large amount of emissions that are not directly
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related to materials (Figure 1), it is apparent that the up-scaling
of Western-type infrastructure stocks to the global level may
compromise the 2 °C target unless direct emissions of the
newly built infrastructures are close to zero, which would be
extremely difficult to achieve.*

The CRV}, as well as the derived benchmark of 51 t CO, per
capita are conservative because it (i) it is assumed that stocks in
industrialized countries are not growing further, for example
due to infrastructure development for climate change
adaptation, (ii) it is further assumed that no primary production
is needed to maintain a certain level of in-use stock, implying
that either the lifetime is indefinite or that all materials are
recovered at the end-of life, and (jii) maintenance and
replacement of existing infrastructures, which may be needed
to reduce direct emissions, are not considered in the CRV),
indicator (see Figure 3). One may argue that it is unlikely that
developing countries will have reached a Western level of
infrastructure services by 2050. However, any infrastructure
growth after 2050 would have to be accomplished with close to
zero emissions in order to remain on track with the 2 °C guard
rail. Given these limitations, the results do not provide realistic
or expected emission estimates; rather, they represent a thought
experiment to indicate the relevance of infrastructure stocks for
reaching ambitious climate targets.

The results bring into question the method by which the 2
°C target could be reconciled with the principle of equity with
respect to infrastructure services, if this is possible at all. The
principal options for reducing the CRV, of future infra-
structures can be identified by employing a Kaya-like
decomposition for the emissions F as follows (P stands for
population, S for the service level of infrastructures, and M for
the material stock):

S M
— X
S

F=PXx = x
p (1)

= |

Assuming that the population (P) is given and the service
level per capita (S/P) can be defined using industrialized
countries as a reference, the CRV), of future infrastructures can
be reduced by the two following approaches: (i) reducing the
emission intensity of the materials (F/M) and (ii) reducing the
material stock per service unit (M/S).

Options for reducing the emission intensity of materials (i)
include reducing energy use per ton of material, reducing
process emissions, and lowering the carbon intensity of the
energy supply. The potential of these measures has been
analyzed in detail in various scenarios.””'**' Because energy
has been a major cost factor in previous years, the material
producing industries tend to be very energy efficient already,
which results in a limited remaining potential of energy
efficiency improvement per ton of material of approximately
12% for aluminum, 13% for cement, and 24% for steel, while
more substantial reductions often require carbon capture and
storage (CCS) (see SI SI—I).3’9’22 Similarly, process emissions
from aluminum production have been reduced drastically over
the recent decades, which leaves limited room for further
reductions.”® Partial substitution of clinker could reduce
process emissions from cement production, but may be
constrained by availability of blast furnace slag and fly ash.**
In their most ambitious scenario the International Energy
Agency assumes a reduction of the average clinker factor from
78% to 71% by 2050, which in combination with energy
efficiency and alternative fuel measures would reduce emissions
intensity from 0.80 to 0.56 kg CO,/kg cement.”> However,
widespread use of less carbon-intensive energy is limited due to
either large land commitments*> or high costs.”® Hence, the
International Energy Agency predicts only a modest sub-
stitution of carbon-intensive energy sources by the year 2050.>!
Such a slow decarbonization of the energy system could entail
that the window of opportunity to reduce emissions most
effectively when the stock growth is largest cannot be
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capita network length and vehicle ownership, indicating potentially smaller per-capita stocks and related CRVps.

sufficiently opened in the most critical phase of urbanization
and industrialization.

The portfolio of emissions-reduction strategies designed to
reach the 2 °C target may be broadened by strategies that
decouple material use from services (ii). They can be divided
into (iia) strategies for weight reduction on a product level and
(iib) strategies for weight reduction on the level of urban
systems. Studies of individual structures (iia), ranging from
alternative metal forming processes to product design, suggest a
large, yet underexplored potential. Examples include the light
weighting of vehicles® or buildings. In the latter case low-rise
medium-density homes in Australia were found to be less
energy-intensive in construction than detached homes due to
the savings in shared walls, economies of scale, and the surface
area to volume ratio. For buildings taller than three stories,
however, the embodied energy per floor area rises due to
exponentially increasing structural material demands.””**

On the urban or regional scale (IIb), however, savings on the
product level can be reinforced or undermined by the urban
form. Because the CRV), values of infrastructures among
industrialized countries were found to be fairly similar (Figure
2B), one could argue that the overall potential for decoupling is
limited despite the large differences among individual urban
and regional structures. In a carbon-constrained world,
however, a deliberate design of settlement structures may
yield a great potential to reduce infrastructure demand and
subsequent demand for transporting goods and people. There
exists some evidence that urban density, as one important
parameter of measuring urban form, impacts the demand for
infrastructure service. For example, studies on road networks>’
and urban water and wastewater networks® suggest that per
capita network length and material stocks tend to decline with
increasing urban density (Figure 4). Furthermore, more densely
populated urban areas were found to provide incentives for
modal shift from cars to public transport or cycling, and it was
concluded that increasing density tends to lead to lower vehicle
ownership>"** and direct emission, but also to lower material
stocks and indirect emissions. However, more densely

populated urban areas may limit the options for using
emissions-saving construction materials for buildin§s, as the
use of the latter is restricted to low-rise buildings.””**

Design principles for cities that consider the different scaling
effects for direct and indirect emissions of individual structures
have not yet been developed. The development of such design
principles is severely hindered by a lack of bottom-up data for
materials used and stored in infrastructures. Greenhouse gas
inventories that are based on a production approach®**
typically neglect both, materials used and materials stored
within the territory of interest. Emissions inventories based on a
consumption approach, for example,® account for all indirect
emissions from materials (for example, final products) used
within the territory, however, they tend to consider only the
flows of materials entering use while neglecting the role of in-
use stocks in determining the levels of energy and material
throughput required to construct, operate, and maintain them.
We demonstrated that infrastructures represent large reservoirs
of materials and embodied emissions and that their spatial
configuration and the age structure determine the annual
throughput of material and energy required for their
construction, operation, and maintenance. Emissions invento-
ries that consider only flows provide limited information about
infrastructure stocks and their role in the socio-economic
metabolism, which is necessary to develop design principles for
new settlements that deliver high standards of living while
reducing overall emissions. Furthermore, they do not allow for
a fair and meaningful comparison between growing, mature, or
shrinking cities. Including information about the development
of stocks in emissions inventories would allow policy makers to
develop more realistic benchmarks and more effective strategies
for the construction, use, and maintenance of settlements with
minimal overall carbon emissions.

The different levels of built environment stocks among
countries define crucial challenges and opportunities for climate
change mitigation. Generally, industrialized countries dispose of
large infrastructure stocks, which results in a substantial
advantage for saving indirect emissions compared to industri-
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alizing countries, where stocks yet have to be built up. On the
other side, existing infrastructures often represent lock-ins for
direct emissions, which may only be reduced by replacing or
retrofitting these structures using additional materials. How-
ever, countries with a need for replacing existing infrastructures
also have a potential to use the obsolete structures as a source
of secondary materials (urban mining and recycling), which can
save substantial amounts of emissions. In contrast, developing
countries first have to build up their infrastructure stocks,
which, involves opportunities for leapfrogging on the side of
production technologies as well as urban form and structure
(material use). These different boundary conditions for
development and mitigation options have consequences for
redefining the principle of “common but differentiated
responsibilities” and must be considered appropriately to
engage developing countries in a fair and effective climate
change policy architecture for the post-Kyoto era.
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Methodology, data sources, and data treatment are documented
in the Supporting Information SI-1. The results for in-use-
stocks of cement, steel, and aluminum as well as the data
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This material is available free of charge via the Internet at

http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*(D.B.M.) Phone: +47-735-94754; fax: +47-735-98943; e-mail:
daniel.mueller@ntnu.no.

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding
The authors declare no competing financial interests.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Mita. Broca and Andres Tominga for the initial data
collection and Helen Ann Hamilton and the Elsevier Language
Editing service for language editing.

B ABBREVIATIONS

CO,-eq carbon dioxide equivalent

CRVpygs carbon replacement value based on primary
production in 2008

Gt gigatons

B REFERENCES

(1) Sanchez, P.; Palm, C.; Sachs, J.; Denning, G.; Flor, R.;; Harawa,
R; Jama, B,; Kiflemariam, T.; Konecky, B.; Kozar, R.; Lelerai, E;
Malik, A.;; Modi, V.; Mutuo, P.; Niang, A.; Okoth, H.; Place, F.; Sachs,
S. E; Said, A.; Siriri, D.; Teklehaimanot, A.; Wang, K.; Wangila, J.;
Zamba, C. The African Millennium Villages. Proc. Natl. Acad. Sci.
2007, 104, 16775—16780.

(2) Jerome, A. Infrastructure for Poverty Reduction and Economic
Development in Africa, HS/192/10E; UN-HABITAT: Nairobi, Kenya,
2011.

(3) Liu, G.; Bangs, C. E; Miiller, D. B. Stock dynamics and emission
pathways of the global aluminium cycle. Nat. Clim. Change 2013, 3,
338—342.

(4) IPCC. Climate Change 2007: Synthesis Report. Contribution of
Working Groups I, II and III to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change; Core Writing Team;
Pachauri, R. K; Reisinger, A., Eds.; IPCC: Geneva, 2008.

(5) JRC/PBL Emission Database for Global Atmospheric Research
(EDGAR) 2012.

(6) t]rge—Vorsatz, D.; Danny Harvey, L. D.; Mirasgedis, S.; Levine,
M. D. Mitigating CO, emissions from energy use in the world’s
buildings. Build. Res. Inf. 2007, 35, 379—398.

(7) Paulivk, S; Sjostrand, K; Miiller, D. B. Transforming the
Norwegian dwelling stock to reach the 2 degrees celsius climate target.
J. Ind. Ecol. 2013, 17, 542—554.

(8) Pauliuk, S.; Dhaniati, N. M. A.; Miiller, D. B. Reconciling sectoral
abatement strategies with global climate targets: The case of the
Chinese passenger vehicle fleet. Environ. Sci. Technol. 2012, 46, 140—
147.

(9) Milford, R. L.; Pauliuk, S.; Allwood, J. M.; Miiller, D. B. The roles
of energy and material efficiency in meeting steel industry CO, targets.
Environ. Sci. Technol. 2013, 47, 3455—3462.

(10) International Energy Agency. Energy Technology Transitions for
Industry. Strategies for the Next Industrial Revolution; OECD Publishing:
Paris, France, 2009.

(11) Davis, S. J.; Caldeira, K.; Matthews, H. D. Future CO, emissions
and climate change from existing energy infrastructure. Science 2010,
329, 1330—1333.

(12) Williams, J. H.; DeBenedictis, A.; Ghanadan, R.; Mahone, A.;
Moore, J.; Morrow, W. R;; Price, S.; Torn, M. S. The technology path
to deep greenhouse gas emissions cuts by 2050: The pivotal role of
electricity. Science 2012, 335, 53—59.

(13) Hertwich, E. G; Peters, G. P. Carbon footprint of nations: A
global, trade-linked analysis. Environ. Sci. Technol. 2009, 43, 6414—
6420.

(14) Peters, G. P.; Minx, J. C.; Weber, C. L.; Edenhofer, O. Growth
in emission transfers via international trade from 1990 to 2008. Proc.
Natl. Acad. Sci. 2011, 108, 8903—8908.

(15) Minx, J. C.; Wiedmann, T.; Wood, R.; Peters, G. P.; Lenzen, M.;
Owen, A,; Scott, K; Barrett, J.; Hubacek, K; Baiocchi, G.; Paul, A;
Dawkins, E.; Briggs, J.; Guan, D.; Suh, S.; Ackerman, F. Input—output
analysis and carbon footprinting: An overview of applications. Econ.
Syst. Res. 2009, 21, 187—216.

(16) Allwood, J. M; Cullen, J. M,; Milford, R. L. Options for
achieving a 50% cut in industrial carbon emissions by 2050. Environ.
Sci. Technol. 2010, 44, 1888—1894.

(17) Pauliuk, S; Wang, T.; Miiller, D. B. Steel all over the world:
Estimating in-use stocks of iron for 200 countries. Resour. Conserv.
Recycl. 2013, 71, 22—30.

(18) UN Population Division. World Population Prospects: The 2010
Revision, Comprehensive Tables; United Nations: New York, 2012;
Vol. L.

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

(20) Oliver, J. G. J.; Janssen-Maenhout, G.; Peters, J. A. H. W. Trends
in Global CO, Emissions - 2012 Report; PBL Netherlands Environ-
mental Assessment Agency: The Hague/Bilthoven, 2012.

(21) International Energy Agency. Energy Technology Perspectives
2012; OECD/IEA: Paris, 2012.

(22) Allwood, J. M.; Ashby, M. F.; Gutowski, T. G.; Worrell, E.
Material efficiency: A white paper. Resour. Conserv. Recycl. 2011, SS,
362—381.

(23) International Aluminium Institute. Global Aluminium Industry
Sustainability Scorecard, 2009; 2010.

(24) Worrell, E.; Price, L.; Martin, N.; Hendriks, C.; Meida, L. O.
Carbon dioxide emissions from the global cement industryl. Annu.
Rev. Energy Environ. 2001, 26, 303—329.

dx.doi.org/10.1021/es402618m | Environ. Sci. Technol. XXXX, XXX, XXX—XXX


http://pubs.acs.org
mailto:daniel.mueller@ntnu.no

Environmental Science & Technology

(25) WBCSD. IEA Cement Technology Roadmap: Carbon Emissions
Reductions up to 2050, 2009.

(26) Rubin, E. S.; Chen, C; Rao, A. B. Cost and performance of fossil
fuel power plants with CO, capture and storage. Energy Policy 2007,
35, 4444—4454.

(27) Treloar, G. J.; Fay, R; llozor, B.; Love, P. E. D. An analysis of
the embodied energy of office buildings by height. Facilities 2001, 19,
204-214.

(28) Rickwood, P.; Glazebrook, G.; Searle, G. Urban structure and
energy—A review. Urban Policy Res. 2008, 26, 57—81.

(29) Ingram, G. K;; Liu, Z. Motorization and the Provision of Roads in
Countries and Cities; Policy Research Working Paper Series 1842; The
World Bank: Washington DC, 1997.

(30) Pauliuk, S.; Venkatesh, G.; Brattebe, H.; Miiller, D. B. Exploring
urban mines: Pipe length and material stocks in urban water and
wastewater networks. Urban Water J. 2013, 1, 1-10.

(31) Kenworthy, J. R. The eco-city: Ten key transport and planning
dimensions for sustainable city development. Environ. Urban. 2006, 18,
67—8S.

(32) Newman, P.; Kenworthy, J. Sustainability and Cities: Overcoming
Automobile Dependence; Island Press: Washington DC, 1999.

(33) IPCC. 2006 IPCC Guidelines for National Greenhouse Gas
Inventories; Eggleston, S., Buendia, L., Miwa, K., Ngara, T., Tanabe, K,
Eds.; IGES: Japan: Hayama, Kanagawa, Japan, 2006.

(34) Kennedy, C.; Steinberger, J.; Gasson, B.; Hansen, Y.; Hillman,
T.; Havranek, M.; Pataki, D.; Phdungsilp, A.; Ramaswami, A.; Mendez,
G. V. Methodology for inventorying greenhouse gas emissions from
global cities. Energy Policy 2010, 38, 4828—4837.

(35) Peters, G. P.; Hertwich, E. G. Post-Kyoto greenhouse gas
inventories: Production versus consumption. Clim. Change 2008, 86,
51-66.

(36) International Energy Agency. World Energy Outlook 2010;
OECD/IEA: Paris, France, 2010.

(37) International Energy Agency. Energy Technology Perspectives
2008—Scenarios and Stragegies to 2050; OECD Publishing, 2008.

(38) International Energy Agency IEA Statistics & Balances, 2012.

(39) Miiller, D. B.; Wang, T.; Duval, B.; Graedel, T. E. Exploring the
engine of anthropogenic iron cycles. Proc. Natl. Acad. Sci. 2006, 103,
16111—-16116.

(40) Miiller, D. B; Wang, T.; Duval, B. Patterns of iron use in
societal evolution. Environ. Sci. Technol. 2011, 45, 182—188.

dx.doi.org/10.1021/es402618m | Environ. Sci. Technol. XXXX, XXX, XXX—XXX



