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Abstract

As one quarter of global energy use serves the production of materials, the more efficient use of
these materials presents a significant oppeortunity for the mitigation of greenhouse gas (GHG)
emissions. With the renewed interest of policy makers in the circular economy, material
efficiency (ME) strategies such as light-weighting and downsizing of and lifetime extension for
products, reuse and recycling of materials, and appropriate material choice are being promoted.
Yet, the emissions savings from ME remain poorly understood, owing in part to the multitude of
material uses and diversity of circumstances and in part to a lack of analytical effort. We have
reviewed emissions reductionsfrom ME strategies applied to buildings, cars, and electronics.
We find that there can be a systematic trade-off between material use in the production of
buildings, vehicles, and appliances and energy use in their operation, requiring a careful life-
cycle assessment of ME strategies.

We find that the largest potential emission reductions quantified in the literature result from
more intensive/use of and lifetime extension for buildings and the light-weighting and reduced
size of vehiclés. Replacing metals and concrete with timber in construction can result in
significant*GHG benefits, but trade-offs and limitations to the potential supply of timber need to
be recognized{Repair and remanufacturing of products can also result in emission reductions,
which have been quantified only on a case-by-case basis and are difficult to generalize. The
recovery of steel, aluminum, and copper from building demolition waste and the end-of-life
vehicles and appliances already results in the recycling of base metals, which achieves
significant.emission reductions. Higher collection rates, sorting efficiencies, and the alloy-
specifie sorting of metals to preserve the function of alloying elements while avoiding the
contamination of base metals are important steps to further reduce emissions.
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Introduction

The production of major materials (iron and steel, aluminum, cement, chemical products, and
pulp and paper) accounted for 26% of global final energy use and 18% of CO2 emissions from
fossil fuels and industrial processes in 20141. Material- or resource efficiency?-5 measures the
quantity of physical serves provided per unit of material. For climate change mitigation,
material efficiency (ME) strategies seek to achieve similar outcomes with thease of less
materials or less emissions-intensive materialsé. ME strategies such as light-weighting of and
lifetime extension for products, reuse, remanufacturing, recycling of mateérials, and.appropriate
material choice, have recently been recognized as an important yet hereto largely untapped
opportunity for emissions abatement7”s3. ~

Among policy makers, a resent search in the interest in ME was triggered by the popularity of
the Circular Economy and concerns about plastic pollution of oceéans. Only recently policy
makers focus on potential synergies and trade-offs between ME and greenhouse gas (GHG)
mitigation, for example through the G7 Alliance on Resource Efficiency? and the Resource
Efficiency Dialogue of the G2010.11, In these policy circles,the term resource efficiency is used in a
manner that is synonymous with the use material efficiency in the scientific literature3, and we
use the more precise scientific term in this review.

This review addresses the current state of knowledge regardintg GHG abatement through ME,
focusing on products groups for which ME'strategies are particularly relevant: buildings,
vehicles, and electrical and electronic equipment (EEE)23.12, The focus on the product
perspective was chosen because consumers, producers, and policy directly relate to them.
Demand projections for products can belinked to sustainable development scenarios. We
review research and policy analyses to-answer the following questions: What strategies have
been identified for each product group? Whatis the current knowledge and quantification of
potential GHG emission reductions of different strategies? What are important gaps that
encumber our understanding?

In the past decade, Allwood?3; Gutowski'4, Worrell?, and colleagues have taken the lead in the
investigation of a wide range of ME opportunities. National and European assessments of waste
management policies have.sometimes quantified emission reductions connected to waste
management and recycling>15.In a first model-based assessment conducted by the International
Energy Agency, MEsmakes,a small but not insignificant contribution of 0.6 Gt to emission
reductions in the industry sector of 8 Gt by 2060*. Addressing a more comprehensive range of
measures in a bottom-up approach, a European think tank recently estimated a much more
substantial’'mitigationspotential of 56% reduction in emissions from the steel, aluminum,
plastics and cement production sectorsté. Both efforts drew on existing, bottom-up assessments
of specific products and strategies, e.g. for steel'?, and were hampered by a lack of established
data, as well as'agreed methods and models to estimate emissions reductions.

Defining Material Efficiency Strategies

The goads and services to satisfy human needs typically consist of, or require, materials for
their production and delivery (Fig. 1). Materials are as fundamental to economic activity as
energy and labor. However, there are great differences in the amounts and types of material or
product that are required to fulfil a service. ME has been defined both as an indicator - i.e., the
amount of physical service provision per unit material - and as a strategy for climate change

2
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mitigation. A meeting convened by the Royal Academy? offers following definition: “[ME] entails
the pursuit of technical strategies, business models, consumer preferences and policy
instruments that would lead to a substantial reduction in the production of high-volume energy-
intensive materials required to deliver human well-being.” Following strategies are described in
the literature (Fig.2)318.

1. More intensive use*: Less product to provide the same service, e.g. through a more
space-efficient design of buildings or multifunctionality of gadgets!?, or use of a product
at a higher utilization rate, e.g. through sharing.

2. Lifetime extension (including through repair, re-sale, remanufacturing)202% more
service provided by an existing product.

3. Light-weight design?2 and materials choice?3: less material and/or lowerGHG emissions
in the production of a product.

4. Reuse of components?4, including through remanufacturing?? and medularity?2s.

Recycling, upcycling?é, cascading?’.

U1

6. Improved yield in production, fabrication, waste processing?s.

To evaluate whether a strategy provides a way to deliver a similaror the same service with
reduced GHG emissions, one needs to compare the life.cycle GHG emissions of service provision
with and without the strategy implemented. These comparisons can be based on modeling and
then rely on a set of assumptions, or based on actual implementation, where technological
performance and behavioral response are/considered simultaneously.

Socio-economic demand

Human needs & satisfaction
(need for shelter, thermal comTQft)
}
Physical services
(e.g. conditioned floor spacefima building)

}
Devices &.infrastructure Product & material demand
/ (e.g-lliiding) \ (Technosphere)
'
Operational energy Operational materials Manufacturing & construction
(e.g. space heat) (e.qLVABE, maintgflance) (e.g. building construction)

Energy & material supply

(e,g. elesificity, replacement material)

¥

Res nsumption & environmental impact
ission, oil extraction)

Supply & Environment
(Ecosphere)

Figure 1: Human aeed fulfillment depends on material consumption, including basic needs like nutrition and shelter and
more advanced needsisuch as connectivity or self-realization. These services are satisfied by manufactured products
whose produgction, delivery,.afid operation requires both energy (blue arrows) and resources (red arrows) and causes
emissions. Each step in the.chain between needs and resource use presents an opportunity for decoupling and reducing
resource use andf@ssociated emissions.

Figure 2'illustrates the life cycle of materials products and indicates where different resource
efficiency strategies apply.



oNOYTULT D WN =

127
128

129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1 Page 4 of 33

Fabrication More intense use
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Figure 2 Material cycles and the identification of material efficiency strategies.

Greenhouse Gas Emissions of Material Production and Use

In 2015, cradle-to-gate GHG emissions fromsthe production of materials was 11.4 Gt of CO»-
equivalent (Fig. 2). Direct emissions from'material producing sectors constituted more than half
of the cradle-to-gate emissions; energy production contributed 35%, mining 3%, and other
economic sectors 8% (Fig. 3a), according to an analysis of EXIOBASE?2°. Iron and steel
contributed most to the total cradle-to-gate impact of materials in society, with 32%. Aluminium
contributed 5%, other metals'summed to 4%. Rubber and plastics sum to 13%, cement, lime,
and plaster contributed 26%, othernon-metallic minerals 13%, paper and wood products 8%
when ignoring land-use relatéd emissions (Fig. 3b).

The most important uses of materials in terms of embodied GHG emissions are those of cement,
lime and plaster intheconstruction sector (2.9 Gt COzeq.), and of steel in the manufacturing
sector (2.8 Gt COzeq.)»Materials contribute 50% or more to the carbon footprint of buildings
and infrastructure, machinery, vehicles, and other transport equipment. In terms of the
industries using material, 40% of emissions related to material production were for materials
used in construction, 18% machinery and equipment, 8% transport equipment, and 3%
electronics (Fig. 3c).

The InternatienalEnergy Agency (IEA) foresees that by 2060, the economy will add another 220
billion square meters of building floor area and another billion of light-duty vehicles, doubling
current numbers!. Growth of electrical and electronic equipment (EEE) is even more rapid, with
interconnected devices projected to grow from 8.4 billion in 2017 to 20 billion in 202030, The
Organisation for Economic Co-operation and Development 3! and the International Resource
Panel3?foresee a doubling of global material use from 2015 to 2060.
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18 153 Figure 3: (a) Source of GHG emissions, i.e. material production itself (scope 1), energy. inputs (scope 2), mining
19 154 or other purchases (scope 3). (b) Cradle-to-gate greenhouse gas emissions from the production of key materials
20 155 in 2015, identified by material. (c) Material-related GHG emissions by-industries using materials?.
2! 156
23 157  Material efficiency in buildings
24 158 In 2010, about 30 Gt of nonmetallic minerals were'extracted.glebally, of which over 95% are
25 159  construction minerals33-35. Modern construction is'dominated by the use of concrete,
;? 160  constituted of nonmetallic minerals cement, aggregate, and sand3335 mixed with water36. As for
28 161 other construction materials like wood, bricks, glass, and tiles, their availability is of increasing
29 162  concern in some regions and longer-distance transport of construction materials will be
30 163  necessary in the future to satisfy increasingidemand, also when accounting for secondary
31 164  materials37-39, For structural purposes concrete and steel are used together as reinforced
32 165 concrete. Steel is also used asbeams and otherstructural elements, and as cladding. Estimates
gi 166  from the EU, Japan, and Vietnam indicate that about half (+/-50%) of construction minerals end
35 167 up in buildings and the rest infcivil infrastructure like roads, ports, and dams3440-42, [n the US in
36 168 2016, 31% of cement was used for highways and streets, 27% for residential buildings, and
37 169  15% for commercial buildings#3»0fthé 1 Gt of steel produced annually, over 40% is for
38 170  buildings and about 15% for infrastructure. According to EXIOBASE, production of the materials
39 171 (Fig.2) together accounted for 56% of the carbon footprint of the construction sector, or3.3 Gt
40
a1 172 CO*.
42 173  Buildings and infrastructurehave lifespans of decades to centuries and require ongoing
43 174  materials and energy for their operation and maintenance. These long lifespans may lead to
44 175  lock-ins of specific use patterns which no longer meet current needs or reflect the current state
45 176  of energyefficiency5-47.
46 177  Future building materials:’demand and related emissions can be reduced through more
2273 178  intensive use of buildings (reducing per capita floor area), building lifetime extension, the use of
49 179  lighter constructions and less carbon-intensive building materials (e.g. wood-based
50 180  construction instead of steel and cement), reduction of construction waste (e.g. through
51 181 prefabrication)*849, the reuse of structural elements, and the recycling of building materials?3.
52 182 | The potential of various strategies depends on a region’s stage of development and its local
53 183 “building material resources, as well as its existing building stock, with measures targeting new
gg 184  buildings being more important in developing countries and measures related to lifetime
56 185, “extensions, reuse and recycling being more pertinent to countries with a large existing stock.
57
58
5
59
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More intensive use
Per capita floor area trends upwards with time and increasing GDP5?, but average floor area

range from 30 to 70 m2 per person in countries with a GDP of $50,000 per capita and'year,
indicating that different conditions and policies result in very different material requirements>*.
Although urban dwellers have less floor space per person than rural dwellerss233, the.ongoing
transition of humanity to cities is not enough to counterbalance the overall trend of increasing
per capita floor area. Scenarios of future residential buildings often assume that buildings will
become more spacious*654-57 which is detrimental to material efficiency. In Switzerland, a
continued growth of floor area by 20% until 2050 would lead to an increase in cumulated
material-related GHG emissions of 8% compared to a baseline scenario*t. Swilling et al.>8
anticipate an increase in global urban land area by a factor of three betwéen 2010 and 2050 to
accommodate housing for 2.4 billion more people, following a trend of decreasing urban
densitiess?.

Therefore, bucking the trend of increasing floor area through better designed and furnished
residences with less residential space per capita has a large potential to reduce emissions. A
“more intense use” scenario for future residential buildings in Norway shows that the climate
impacts of buildings could be reduced by 50% compared to baseline as a result of reduced
material demand and reduced energy demand to héat a smaller area¢?. Milford et al.17 identify
more intensive use as the most effective ME strategy for steel. Griibler et al.¢! also assume floor
space limits in a 1.5 degree scenario focusifig on consumption-oriented solutions rather than
relying on negative emissions. While most scenarios assume more intensive use just implies
smaller residences, other options include larger household sizes, fewer second homes, dual-use
spaces, and shared or multi-purpose office spaces.

Lifetime extension
In the USA, the average lifetime of residential buildings is 50-60 years*550.62, in Europe it exceeds

100 years®3-65, while recent histerical building lifetimes have been 30-40 years in Japan 6667 and
just 25 years in China¢8-70, While shorthistorical building lifetimes in emerging Asian countries
can be explained by the inadequacy and inflexibility of buildings built during rapid early
urbanization and industrialization, the question arises whether and how the rapid obsolescence
of currently constructed buildings/can be avoided and how new buildings can be more flexibly
designed and easilymodified:ito.meet evolving demands.

Numerous studies explored the potential reductions in resource demands by extending building
lifespans546469.7472 "which directly reduce upstream energy demands. Cai et al.68 estimated that
extending Chinese building lifespans to 50 years could dramatically reduce CO, emissions by
over 400 Mtper year (one fifth of current construction-related emissions) and save 3 E]J of
energy per year.

Lightweight design and material choice

The GHG emissions of new buildings can be reduced either through using less materials, such as
lighter'structures, or using less carbon intensive materials, such as replacing steel and concrete
with wood where such solutions are appropriate.

Carruth'et al.22 analyzed the material use associated with different load-bearing structures and
found'that a variable cross-section steel beam could save one third of the material compared to
a universal standard beam, while a truss-structure could offer additional savings at cost of
needing more volume. Moynihan and Allwood7”3 investigated the design of 23 steel-structured

6
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buildings and found that for over 10,000 beams, on average less than half of the load-bearing
capacity was being utilized, indicating a substantial scope of savings in steel due to closer
specifications and different load-bearing elements. Milford et al.1” conservatively assume a
reduction of the mass of steel to provide the same function by 19% in their global material
efficiency scenarios for future steel demand.

The climate benefit of using wood over steel and concrete in construction is well
established?3.74-79, even considering trade-offs in energy storage in the building shell (Fig. 4)8°.
Cross-laminated timber can even be used in tall structures8182, The benefit is a result of two
effects: First, the storage of carbon in wooden biomass in buildings, which delays its oxidationss.
The storage benefit increases with the storage period and with forest regrowmthispeed”+. Second,
displaced materials such as cement and steel have high emissions during production’s. The
quantification of this effect needs to carefully consider system boundary choices (inclusion of
waste mgt. stage or not, use phase (thermal insulation) included or not)and overcome a lack of
transparency of many studies. Petersen et al.8* compiled literature findings for Norway and
Sweden and report that avoided emissions from using timber typically lie between 100 and 400
kg CO2-eq/m3 timber, although the entire range spans minus 310 to.plus 1060 kg CO;-eq/m3.
Kayo et al.85 estimate that increasing wood construction injJapan could lead to a net GHG
emission reduction of 1.23 tCO2-eq./m3. Sathre and O'Connorﬁf”.compiled displacement factors of
wood product substitution, measured in tons of C'emissions reduced per additional ton of C
used in construction, for 21 case studies. They find positive replacement factors in most but not
all cases. Oliver et al.”8 find it feasible to replace 10% of construction materials, resulting in
substantial CO; emission reductions. The potential for,additional wood harvests is, however,
controversial, given already unsustainably.high harvest rates in some regions. Three quarters of
the world’s forests are currently used fortimer production, yielding 2 Gt dry matter”?, of which
1/4% is currently used as construction material. Given the limited availability of timber, it is

hence important to focus on structures where carbon benefits are largest.
&0
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Figure 4. GH@G emissions associated with wood and massive residential buildings under Swiss conditions show a
median lifefcycle benefit.0f,25% for wood constructions, exclusively due to material production, with increased
energy demanddor heating and, cooling the building due to loss of thermal mass®®.

~10 97 ) 1.00
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Reuse

The reuse of energy-intensive building components could result in substantial savings of
energy87.88 Most investigations have focused on the reuse of metal elements. Ideas for reusing
concrete panels from the walls of pre-fabricated buildings have been proposed8?, but potentials
and issues are not yet well understood. A case study of reusing steel components, Pongigilione
and Calderini? describe the construction of a railway station in Genoa, where the reuse of steel
components was an explicit design objective. 30% of the steel in the new station came in the
form of components from the demolished station. Reuse saves 0.36 kg CO,/kg of steel compared
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to recycling given the energy requirements of remelting in an electric arc furnace, which is much
less than replacing virgin steel (1.78 kg CO,/kg) but still appreciable?!. In the UK, 8-11%_of steel
from demolition is reused, with a downward trend?192. Cooper and Allwood estimate a/total
reuse potential of 27% for metal products, with structural steel and cladding from buildings
being the largest two sources. By contrast, concrete reinforcement bars have a'low potential for
reusess, but the use of modular constructions opens new opportunities?3. Importantbarriers are
the (perceived) availability of correctly specified components to be reused, issues associated
with quality assurance and risk, and (perceived) costs?1949. Proposals to ovetcome these
barriers have been made. Ness et al.% suggest the use of radio frequency tagging of components
and the use of building information modeling to track components and assemblies andimport
them into building design software at the design stage. Dunant et al.97 suggest the introduction
of new market actors that would stock identify, quality-control, stockyand marketdisused
components. -

Recycling

Construction and demolition wastes constitute about a third of all solid waste in Europe, and
twice as much as municipal solid waste in the United States%8.Itiis common practice to recycle
metal elements. The recycling of metals has higher environmental benefit when measured in
terms of GHG emissions avoided than the recycling of other materials®®. For wood as
construction material, energy recovery brings significant benefits’s. Concrete and other mineral
building materials are most often downcycled to coarse aggregates. Investigating a case of
aggregate production near Rome, Simion et al.1%0 indicate that secondary materials have only
40% of the impact of aggregates from natural.resources, but not all uses result in such
environmental benefits10l. Some studies indicate'that when using low-grade recycled aggregates
in concrete production, more cement is required to obtain the same quality of concrete102103,
The environmental benefit of recycling of minerals depends in part on the comparative
transportation distances of virgin and secondary resources04105, For fine particle size
construction and demolition waste, recyclingis technologically more challenging. Methods to
recycle hydrated cement waste into new cement have been developed!%. An assessment
suggests a reduction of CO; emissions'by up to 30%197. Some promote the recovery of
unhydrated cement from concretelé. Technologies to recycle all components of cement are
under development and unreviewed life-cycle assessments suggest substantial reductions in
greenhouse gas emissions1%8 which have yet to be verified.

Similar issues with the quality of the secondary feedstock exist also for metals, but their impact
is less severe. Haupt et al.19% estimated that “sweetening” low quality steel scrap requires about
1.4 times more energy than high quality steel scrap. For aluminium, the energy penalty was
estimated up to 20%119, Issues of alloy-specific recycling are further discussed in the section on
vehicle recycling:

There is a renewed(interest in the enhanced carbonation of concrete, a process by which CO; is
absorbed from theatmosphere?5.104111, [n an investigation focused on the US, it was estimated
that'the enhanced CO; absorption from crushing concrete waste could offset 2-3% of the
emissions of the construction sector!!2. However, enhanced weathering results in the increased
release of'toxic compounds, so precautions have to be undertaken104,

The “lost stock” of construction materials mostly in sub-surface layers, including foundations,
and the “hibernating stock” in delipidated and abandoned construction provide additional
potential for reuse and recycling of building material, but the limited value of the materials may
constitute a major barrier66.113114,

Page 8 of 33
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Trade-offs between material and energy efficiency

A heat recovery ventilation system, extra window panes, a ground-source heat pump, and
insulation all increase building energy efficiency, but also influence the materials footprint of a
building (Table 1). Chastas!!5 harmonized 90 building case studies and find that the embodied
emissions increase with the energy efficiency of a building while the total life cycle emissions
decrease, echoing earlier findings!16117, Koezjakov et al.118 performed a prospective assessment
of the Dutch residential building stock and anticipate that as energy efficiencyimprovesand
energy supply decarbonizes, construction-related emissions will become dominantby the year
2050. There are, however, few papers that investigate the energy costs of materialefficiency.
Heeren et al.80 show that there is a slightly higher energy consumption in the shoulder season
related to the loss of thermal mass when using wood instead of concrete or stone masonry
buildings. Grant and Ries!1? show that longer building lifetimes increase‘operational energy use
when older buildings are designed to poorer standards. Individual case studies indicate that
refurbishments can have lower life-cycle impacts than replacements if and only if refurbished to
ambitious energy standardsé0120, This section indicates that some material efficiency strategies
such as more intensive use and light-weighting reduce material use and related emissions
without increasing energy consumption, while other strategies such as lifetime extension or the
use of wood instead of massive and steel structures may face trade-offs that require more
systematic evaluation (Table 1). .

Table 1: Trade-off between material use and energy. use of selécted material and energy efficiency strategies for
buildings.

Material Use and related GHGs

Decreasing Neutral Increasing

Increasing Reuse and recyeling | Higher indoor
of cement and temperature
aggregates
Lifetime extension
Wood structures

Neutral of steel High-rise buildings

Operational

or ight-weighting

Construction

Energy Use Decreasing | More intensive use, | Lower inner Building stock

smaller units temperature renewal

(heated buildings) | Heat exchange
or higher ventilation systems
temperature Extra insulation
(cooled buildings), | Passive solar design
reduction of and heat storage
heated/cooled area

Material Efficiency in Vehicles

Similar to buildings, road transport is characterized by substantial direct CO; emission of5.5 Gt
in 2012121, while the production of gasoline caused 0.6 Gt'22. The materials delivered directly to
motor vehicles and other transport equipment manufacturing caused emissions equal to 0.7Gt
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CO; (see Fig. 2: 440 Mt for iron & steel, 200 Mt for rubber and plastics, 50 Mt for aluminum, 20
Mt for glass). Materials constituted 55% of the carbon footprint of vehicle and transport
equipment manufacturing of 1.6 Gt2944.122, For battery electric vehicles, which are considered
important mitigation technologies within the transport sector?, studies have found that battery
production is an energy-consuming process that offsets some of the efficiency gains of electric
motors over internal combustion engines!23. Similarly, the production and operation of
information and communication technology (ICT) systems may substantially offset the benefits
from automated driving, platooning and other energy-saving operations thatare enabled by
these ICT systems!24125, Car ownership is often seen as a hallmark of the middle class??¢ and has
been rising quickly in emerging economies. As larger populations join the middle class, car
ownership is forecasted to increase, adding another billion of vehicles by 2060%

The future materials demand for vehicle manufacturing depends‘on. future teansport demand,
the number of vehicles required to satisfy a given transportation demand, the mass of material
per vehicle, and the emissions intensity of those materials. Demand for materials can be
reduced through measures that reduce transport demand; car.ownership, and vehicle mass,
which is also a function of vehicle size. Apart from affluence, access.to public transport, car and
ride sharing opportunities, urban design, and costs of car ownership including parking influence
the rate of car ownership, while culture, urban lay-out and cost‘s influence car size.

Emissions associated with vehicle manufacturing are'also influenced by material choice, where
there is often a trade-off, with lighter materials desired to reduce fuel consumption often being
more energy-intensive to produce!?’. Further; the increasing penetration of electric vehicles
increases the importance of decarbenizing the electricity supply!23128 Understanding life cycle
impacts is of critical importance, given that electric vehicle shares of up to 90% of the global
passenger vehicle fleet are foreseen in many.climate-mitigation scenarios?.

Fuel combustion is often assumeéd to cause 80-88% of the life cycle emissions of internal
combustion engine vehicles (ICEV)127, resulting in a predominant focus on improving on-board
energy efficiency over otherimprevements. In reality, direct emissions of vehicles account only
for two thirds of road transport related emissions in the US, the rest are mainly associated with
fuel production, vehicle manufacturing and maintenance, and construction, operation and
maintenance of road infrastrueture!2®. Trade-offs between operational and upstream emissions
arise even under currenteonditions, and their importance increases with increasing energy
efficiency and electrification. In a scenario of high electric vehicle and renewable electricity
penetration in'Australia, upstream GHG emissions exceed direct tailpipe GHG emissions of the
passenger vehicle fleetalready before 204013,

Vehicle fleet size, more intensive use, and the potential impact of self-driving vehicles
Personal vehicles, while important symbols of affluence and convenience, are utilized on
average only' 5% of the time and for 1/3 of their capacity?31-133, indicating that there is a
significant potential to reduce the amount of materials tied up in a largely stationary vehicle
stock. The average utilization rate of vehicles decreases further with vehicle age!34. Measures
that shift transport demand away from privately owned vehicles have the potential to reduce
emissions. In regions with a higher population density, public transport, biking and walking
provide convenient alternatives that reduce GHG emissions, but this is not always the case in
areas with lower population density35. Car-pooling has long been a focus of efforts to reduce
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congestion and air pollution; in recent years, car-sharing and ride-sharing have emerged as
alternatives that may increase the rate of vehicle utilization!36-138, Through trip-chaining;
autonomous taxis (ATs) could radically reduce the number of vehicles required, potentially at
the cost of increased vehicle turn-over and longer distances. Other environmental effects arise
from the easier electrification of the fleet, the higher initial energy and material requirements-of
ATs, the issue of empty trips, and benefits through eco-driving and platooning24125139, The
impact of ATs, carsharing and ride-hailing on overall travel demand seems to/be inconclusive
and may depend on many local factors. On the one hand, these options can supportmulti-modal
traffic in urban areas and thereby reduce the number of vehicle-km140.141/0n the other’hand,
they may favor urban sprawl and compete with public transport, leading to.increased travel
demand142-144, Currently, the main barrier to a large-scale adoption of autonemous vehicles is
the high costs, which are expected to reduce significantlyl4s. Given the.increasing importance of
materials for electric and autonomous vehicles, a scenario-based life.cycle assessment of this
trade-off will likely underline the importance of recycling for attaining emissions reductions
from more intensive use.

Lifetime extension

With vehicle utilization rates of 5%, the effect of lifetime extension is ambiguous as reduced
material and energy requirements for manufacturing new vehigles is offset by performance
differentials between new and used vehicles if fuel efficiency increases, although estimates of
this increase range between 1.8 3% per yeari+146. Use scenarios can be constructed which lead
to modest emission reductions both for lifetime extension!4’” and early retirement!48-150, As fuel
efficiencies plateau and vehicle manufacturing comprises a larger share of life cycle emissions,
the benefit of lifetime extension will rise:

Light-weighting and right-sizing

Different factors have affected vehicle mass in the past. On the one hand, the desire to decrease
fuel consumption has prompted a shiftto light-weight designs and materials, which has been
facilitated by steady improvements through computer-aided design and in material
properties??. On the otherthand, the collision-advantage of relatively larger vehicles and the
introduction of more angillary, computing, and safety components, such as airbags, anti-
intrusion bars, air,conditioning, electric windows, entertainment units, and electronics have
increased vehicle mass!27. Shifting the vehicle fleet to smaller cars would reduce fuel
consumption and.materialrequirements at the same time. One option to attain such goals is car
sharing, which may give participants access to trip-appropriate car sizes!>1. For autonomous
taxis, such a right-sizing effect of deploying vehicle sizes to match occupancy requirements of
each trip has also beenthypothesized!s2.

Light-weighting is.often but not always!53 based on shifting the composition of vehicles from
steel to lighter materials such as fiber composites, aluminium, and magnesium, which require
more energy in their production. Reduction of component mass allows design changes such as
the reduction of structural material and engine size, which result in further savings153-155, For
gasolineé-driven vehicles, this type of light-weighting results in a reduction of life-cycle
emissions due to the reduction in operational energy use and despite the increased energy
requirement for material production!54-156, In a scenario to 2050, developed by Modaresi et
al:155, steel-intensive light-weighting can reduce mass by 11% compared to business-as-usual,
reducing life-cycle emissions by 5%, while an aluminium-extreme scenario reduces mass by
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26% and results in life-cycle emission reductions of 8%. Through alloy-specific recycling of the
aluminium components, the additional energy use for producing aluminium components-can be
more than offset!>7.

Additive manufacturing (AM) of vehicle components may offer additional resource-saving
benefits in select applications. AM can produce optimized lighter weight part geometries not
achievable using conventional manufacturing methods -- thereby delivering greater vehicle fuel
economies!s8, It is for these reasons that some aircraft manufacturers have already,begun
adopting AM parts in non-critical applications to save both operating fuel and raw materials
costs159, as manufacturing yields from liquid aluminium to machined aircraft component can be
below 10%?13. If deployed in technically feasible aircraft applicationsf AM may.have the potential
to reduce the fuel use of the US aircraft fleet by around 6% by 2050, with raw material
reductions as high as 85% for feasible titanium, nickel, aluminium, and steelaircraft
components!é0, With current technology, economic use of AM components is limited to those
with complex geometries, low production quantities, expensive raw materials, and significant
redesign optimization potential, combinations of which may be limited in the transport sector.
AM processes currently show high production costs, low throughput rates, surface roughness,
and part fatigue life limitations160-162, factors that limit their near-term application. The extent
and pace of AM market uptake will depend on continued techn"cal progress to improve its
competitiveness compared to conventional methods, and its overall benefits must be
established from a life-cycle perspective.

Remanufacturing and reuse

It has always been common practicé torreuse car parts, sometimes requiring repair,
refurbishment or remanufacturing?63.’Acecording to Liu et al.1¢4, remanufacturing a diesel engine
can save 69% of embodied GHG emissions compared to producing a new diesel engine.
Similarly, Sutherland et al.165 findia 90% energy use reduction for remanufacturing a diesel
engine, supported by findings in othercountriesi¢t. Remanufacturing of components such as
tires can result in energy savings on the order of 80% compared to new parts, but the question
arises whether the performance,of a remanufactured product is on par with a new product.
Remanufacturing can often restore performance to like-new63, reversing performance loss
through aging, but it is not.always/equal to a newly manufactured part which will have
benefitted from technological progress!. For an energy-using product, one needs to weigh
operational and manufacturing energy use to find the optimal replacement strategy48149,

Recycling

End-of-lifevehicles are‘commonly recycled, which results in the recovery or thermal utilization
of 85% of materials167=179, Scrap metals often undergo downcycling because vehicles are
complex products that contain many alloys and metals, resulting in the mixing of incompatible
elements!71172 'For example, the assortment of high-quality steel in a car becomes construction
steel.In the process, the functionality of alloying elements is lost. Such downcycling constitutes
itself an energy loss: Pig iron production causes emissions of 1.5 kg CO, equivalent per kg iron,
while alloying elements range from similar (1.9 kg CO,/kg metal for ferrochromium) to much
higher (11 kg CO2/kg nickel from sulfide ores)73, so that the emissions associated with highly
alloyed steel can be significantly higher than those of construction steel. Further, alloying
elements and other metals mixed in as part of the shredding process become contaminants that
compromise the quality of the material in question even for bottom applications, potentially
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leading to a future where secondary material needs to be discarded!57.174, Copper and tin
contamination limits the usefulness of secondary steel and scenarios foresee a possible
saturation of the steel stock with copper within material tolerances, impeding further
recycling!74. Similarly, secondary aluminium will need to be discarded unless alloy-specific
recycling is introduced, in particular when internal combustion engine blocks, which currently
absorb much of the low-quality supply, are no longer needed?s?. A national levelmaterial flow
analysis of alloying elements in steel for Japan indicates that a better dismantling and sorting of
iron and steel products provides a route to preserve the function of alloying.elements even over
a 100-year time scale!’s. Focusing on the recycling of Japanese cars, Ohno et al. 176 show that
dismantling and sorting can reduce the need for adding alloying elements to electric arc
furnaces by 10% and as a result reduce the GHG emissions of the alloying elements required in
the recycling process by up to 28%.

Only a fraction of the increasing amount of electronics is recycled as eleetronic parts are
distributed throughout the car, as these parts are not easily collected!24177, Plastic, fabrics and
other materials usually end up in automotive shredder fluffwhich islandfilled or combusted.
Combustion, favored by an international expert panell69delivers energy that can replace fossil
fuels but emits more carbon than deriving the same energy.from natural gas2+. In a zero-
emissions scenario, such a strategy is only acceptable ina facil'gy with energy valorization
and/or CO; capture or if plastics are made from renewable sources, all of which are feasible in
the medium term. Seventeen of 25 identified:specialty metals used in vehicles for their
particular properties are currently not functionally recycled78.179,
With the expected electrification of fleets, the'demandfor lithium (Li) batteries!8 and charging
infrastructure!8! will increase material=related energy requirements. A Li battery can contribute
31% of cradle-to-gate GHG emissions of a medium BEV130, while the charging infrastructure
may account for ca. 10% of life-cycle energy use!8l. Two major strategies to reducing GHG
emissions from Li battery manufacturing have been identified: (1) reducing the energy use
and/or using renewable energy during,cell manufacture, and (2) battery recycling/use of
recycled metals during battery production?82.183,

N
Trade-offs between material and energy efficiency
Strategies such as product down-sizing and more intensive use often achieve synergies between
material and energy efficiency (Table 2). Other strategies, such as light-weighting, lifetime
extension, and electrification have trade-offs, which indicates that wider system boundaries
need to be consideredand the savings may not be as great as anticipated. We also see that there
can be interactions between strategies; e.g., with optimal recycling strategies enhancing the
attractiveness of light-weighing through a shift to more energy-intensive specialty materials.
The effect of different strategies may depend on both geographical factors and policy design. An
integration with public transport may be required for ride-sharing and autonomous taxis to lead
to a/decrease invehicle travel and congestion. Overall, strategies of material efficiency for
vehicles can contribute to a substantial reduction of emissions in vehicle production. Synergies
and trade-offs with energy efficiency are notable (Table 2) and should be considered in the
selection of strategies and the design of policies.
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Table 2: Trade-off between material use and energy use of selected material and energy efficiency stratégiesfor
vehicles.

Material-related GHG emissions

Decreasing Neutral Increasing

Increasing | e Lifetime extension

e Remanufacturing and reuse
Neutral e More intensive use (ride-
sharing, car-pooling)
Energy e Recycling (esp. functional
cons. recycling)

Electrification of

Decreasing ‘e Down-sizing (smaller
vehicles) vehicles
Additive manufacturing Driving assistants

Light-weighting A & autonomous
vehicles

Material Efficiency in Electric and Electronic Equipment

Due to rapid technological development in the consumer electronics industry, there has been a
significant attention to the obsolescence of Electrical and Electronic Equipment (EEE).
Estimates of total volumes of waste electrical and electronic equipment (WEEE) range from 20
to 70 million tons per year!8+185. Household appliances constitute about half of the mass,
consumer equipment around 20%, and I€T equipment around 15%?84. Research and policy
making efforts have focused on consumer eléctronics and ICT, for two primary reasons: the
environmental burden associatedwith WEEE management and the economic loss from
incomplete recovery of materials within these devices 186, Lead in solder and some flame
retardants used in plastics can cause environmental contamination and detrimental effects to
human health. Materials contained.in EEE usually include base metals, such as aluminum and
copper; precious metals) suchfas silver and gold; critical raw materials, such as rare earths,
gallium, indium; and plasties!87, most of which are very valuable!88-191, Concentrations of gold
and silver within printed circuitboards (PCBs) can reach ten times those seen in their
respective ores!92sHowever, aisignificant portion of these materials are not recovered. In the
European Union, 3.3 million tons of WEEE were collected in 2012, while over 6 million tons
were not accounted for19%,

Based on the results of several studies, the embodied or upstream GHG-impact of EEE (i.e,,
outside.ofthe use phase) includes impact from high volume constituents such as steel and
aluminum for industrial equipment and appliances to higher value constituents such as
integrated circuits and other active components for electronic devices, such as [CT194-19, For
these higher value constituents, the impact is, therefore, not just around the extraction and
processing of materials, such as silicon, but also the emissions intensive processes of
manufacturing these devices. For EEE, ME strategies include reuse, remanufacturing, recycling
to recover valuable materials, and functional integration potentially leading to consumption
reduction. In general, resulting benefits of ME strategies depend on study assumptions around
the volume of devices recovered, the fate of the recovered materials or components, and the
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resulting rebound implications. Few studies have demonstrated that strategies to reduce EEE
resource consumption lead to a reduction in life cycle GHG-emissions.

More intensive use

Given the rapid expansion of the ownership of EEE, little attention has been paid to sharing or
other more intensive use strategies. It has, however, been observed that the integration of
functions into smart-phones and other multi-use devices can contribute to reducing the number
of devices owned by an individual and thus reduce the material and energy.demand caused by
the production (and operation) of EEE19197, Given these recent trends towards smaller; more
integrated products, there has been a shift in the demand for material classes from reduced use
of bulk material quantities, but increased quantities of active components suchias integrated
circuits.

Lifetime extension

Whether lifetime extension leads to net GHG benefit depends on.whether their resale offsets
new product acquisition. For the case of reuse of small consumer products, components may be
downcycled (cascaded use of mobile phone chips, for example) while whole products may be
reused if cycled to a less affluent user. These reuse optionsitend to mean that the product would
be relocated to another geographic market. The labor-intensivgprocesses associated with
enabling lifetime extension mean that this ME strategy is typically restricted to the
refurbishment of high-value subassemblies, such as mobile phones!98, photocopier
modules99.200 'and industrial equipment components. Cooper and colleagues found evidence
that remanufacturing of industrial equipment couldlead to a lifespan doubling?1.88,

Estimates for remanufacturing savingsiof . EEE range from 50-80% when the use phase is
excluded?!. Gutowski et al.2! argue when,use phase is included the claimed energy savings for
remanufacturing might be dampened based on increases in energy efficiency of new items,
whereas King et al.199 identify both socio-economic and environmental benefits for
remanufacturing over other waste reduction strategies. Quariguasi-Frota-Neto and Bloemhof202
explore remanufacturing of personal computers and mobile phones. They argue
remanufacturing reduces the'totalenergy used during the life cycle of personal computers and
mobile phones, except when the second life span of the product is substantially shorter than the
first lifespan. Truttmann'and Rechberger203 compare two scenarios of normal product life and
an intensive extended.productlife by reuse with the latter reducing total resource consumption
(materials and energy) ofa highly developed industrial economy by less than 1%. Geyer and
Blass20¢ investigated mobile phone reuse and recycling from an economic point of view
concluding that reuse is the largest driver of end-of-use handset collection and recycling is a by-
product. Further examples of repurposing, or adaptive reuse, include using LCD screens as
televisions, notebook computers as thin clients, ATX power supplies for battery charging
applications, and smart phones in parking meters20s,

The/main barriers to reuse are costs (due to scarcity of parts and labor), technology
obsolescence, consumer perception, lack of reverse supply chain infrastructure, as well as data
privacy andssecurity issues2%¢ . Although data privacy concerns have been observed primarily
for ICTythis issue may become more and more relevant with the growing relevance of the
‘internet of things’. We underscore that based on a few limited studies it appears unlikely that,
without specific regulatory attention, an increase in the reuse of products will translate to an
equal decrease in the sale of new products. Recently, Makov and Vivanco207 estimated that one
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third, and potentially the entirety, of emission savings resulting from smartphone reuse could
be lost based in part on this imperfect substitution207.

In addition, products stored unused (i.e., “hibernating stock”) influence the total time a product
remains with the consumer. For instance, Thiébaud et al.2%8 found that the hibernating stock
accounted for about 25% in mass of the total in-use stock of electronic devicesin Switzerland-in
2014. The same authors estimated that hibernation extends the apparent lifetime of mobile
phones and smartphones from 3 to 7 years, and for desktops and laptops from.5 to 8 and 9
years respectively. However, even though this hibernating stock delays recyeling and waste
treatment, it does not reduce the demand for new products.

Recycling ~

In the case of recycling, the fate of the recovered materials will influence whether the GHG
savings are borne to the EEE sector itself. Rapid advance of technologies andfincreasing product
complexity may discourage closed-loop recycling, as the secondary material may not fit into the
new generation of products. In addition, the composition of electronic products evolves rapidly,
so complete compositional characterization of these produectsiis challenging. This lack of
information hinders recycling. Therefore, in most cases recovered material replaces primary
inputs to anther sector. Quantified GHG benefit from recycling ranges from 1% to 10% of life
cycle emissions. However, recycling is often motivated by preserving access to functionally
important metals and preventing toxic emissions from waste incineration and landfills184,
Rapid technical improvements shorten the lifetime of electronics, but they also increase energy
efficiency and reduce material use through miniaturization. This tends to involve the
components themselves, rather than whole products,but the reduced materials use in some
cases has been 50%?2%. Within EEE/whilestudiesido generally find some GHG-benefit for ME
strategies, reductions in other environmental impacts tend to be higher.

Overall, we find that there is minimal scope to reduce greenhouse gas emissions through
additional ME strategies applied to EEE, given that lifetime extension may increase operational
energy use, secondary markets may fail to'off-set new purchases, and recycling beyond existing
levels yields only modest reductions of GHGs.

The State of Evidence

Evaluation of ME strategies

The literature indicates a significant potential for individual ME strategies to provide shelter
and automotive transport with less materials and lower overall GHG emissions. The evidence
regarding potential emission reductions from ME in EEE is limited.

Table 3 provides an overview of the potential, synergies and trade-offs, barriers and drivers for
different/strategies, as identified in the literature. The level of support for claimed reductions is
evaluated according to the amount of evidence available and the unanimity of support, following
the/scoring used by the IPCC.

There is.alimited to intermediate level of support in the literature for the potential of an
intensified use of buildings and vehicles and its ability to reduce the demand for materials and
associated emissions (Table 3). The number of studies identified is not very high, but there is
agreement across studies and a strong logic supporting this strategy. There is a potential co-
benefit of reduced operational energy use, especially for buildings, and savings concern
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primarily new products and are available immediately. Empirical studies of realized cases and
programs could substantially strengthen the evidence base.

For light-weighting of buildings, there is also limited evidence but a strong agreement about a
substantial potential for emission reductions in the construction phase with few trade-offs.
There is a stronger level of support for significant operational energy use reductions from the
light-weighting of cars through material substitutions, which results in increased material-
related GHG emissions. There is medium evidence and strong agreement thatia down-sizing of
vehicles could achieve significant material- and energy-related emission reductions.

There is a limited evidence and medium agreement on the contribution of lifetime extension to
emission reductions in buildings, when refurbishment to reduce operational energy use is
undertaken. More studies investigate emission reductions from lifetime extension for private
vehicles, but they show little agreement; there is a trade-off that is the larger the quicker
operational energy use declines for new age-cohorts. As operational.emissions stabilize at low
levels or car use intensifies, the strategy may become more important.

The reuse of building elements and car parts can result in substantial emission reductions for
the production of the parts in question, but the scope of application islimited by practical
considerations.

Remanufacturing can be mostly seen as a reuse/lifetime extension strategy. There is a limited
number of studies, but these support the ability of the strategy,to reduce emissions in cases with
a limited scope, but the wider applicability of the strategy within the product groups reviewed
here is not well understood.

There is a medium level of evidence and a highlevel of agreement that the recycling of metals
from buildings and vehicles already contributes to substantial emission reductions, while the
recycling of EEE addresses other environmental concerns but contributes little to overall GHG
mitigation. There is a limited level of evidence but agreement that further emission reductions
can be achieved by sorting metals according to alloys to avoid the contamination of metal flows
and allow for recycling even when.metal stocks are no longer increasing. There is a medium
level of evidence and agreement on the benefit of recycling of construction minerals, with high
agreement that existing recycling as aggregates reduced the limited energy demand associated
with aggregate production;butlimited/evidence for the benefit of recycling cement or concrete
to anything but aggregate. There isinsufficient evidence to evaluate the suitability of recycling
of construction mineralsand plastics under future conditions of a more stringent emissions
control policy.

Overall, strategies to reduce the demand for materials or the products themselves, through
more intensive use, down-sizing, light-weighting, and lifetime extension offer the largest
emission réductionssMany of these would be available in the short run. More intensive use and
lifetime extension apply to the existing stock as well. Further research and development are
needed.to improve these strategies, the policies to support them, and to avoid adverse trade-
offsiand rebounds. There are specific applications in which reuse, remanufacturing, and
recycling can also achieve worth-while further emission reductions, which are likely to become
more important in the long run.
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Table 3: State of evidence for the contribution of material efficiency to total climate change
mitigation. { indicates a reduction, 1" an increase, and — a neutral effect. ¢ denotes a barrierand >

a driver.

Product | Strategy Material- Operational | Net Level of Barriers ¢
related GHG Energy Use GHG support§ | Drivers -
savings effect*
potential

More intensive J40%Y NA NA LM O GDP, | family
use size
- urbanization,
Mprices
Lifetime extension | J 47%! - N LM 0 NGDP
140%¢8 | SAging
Light-weight 419Y7-50%%1° | - N MH ¢ Conventions,
design labor costs
- Materials price
Reuse - J= LM ¢ Logistics, labor
Metals 4 15%17 cost
Minerals 1 0-5% - Materials price
Remanufacturing - - LM
Recycling J410-20% —-> Materials price
o Metals above baseline | - ) IS RH (for metals)
._g Minerals {1 0-20% ™- T- LM ¢ transport cost,
= low value (for
@ minerals)
More intensive 1'39% steel - N MM 0 TNGDP, | family
use fleet!? size
- urbanization,
193-96% technology
vehiclel52 development
Lifetime extension ["{13% steel - N LM ¢ Mmodel variety
fleetl? —>standardization
of platforms
Light-weight 4 5-45% N N MH ¢ Costs
design steell7 211 - MFuel
efficiency
N50% metals standards
fleet (Al
replacing
steel)156,157
Reuse 430% steel - - LM ¢ Logistics, labor
fleetl? cost
- Materials price
4.2.8-5.1%
fleet166
Remanufacturing 469-90% for | |- T- LM —> Materials price
a diesel
engine164165
K] No fleet
2 evidence
2L Recycling L10-38% - -4 MH 0 sorting and
§ vehicle155212 separation
a - Materials price
fn L 50% Al in (for metals)
= fleet156.157
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* Assessment of the author team based on reviewed case studies

§ Availability of evidence: L limited, M medium, R robust; Level of agreement: L low, M medium, H highs
Studies with limited evidence cannot have a high level of agreement. Limited evidence: 2-3 studies, medium
evidence: 4-6 studies, robust evidence: >7 studies. Agreement reflects an expert judgment based©n the
quality of evidence, the degree of potential disagreement and the size of the literature.

Achieving measurable emissions reductions from material efficiency

Where reviewed studies have indicated emission reductions from ME, it has usually been with
respect to a referenced service. Change in attributes and costs of the service may affect either
the acceptance of ME or the consumption level of the service. Where ME changes attributes of
the service, such as driving a smaller vehicle or living in a refurbished rathe@an a new flat, the
question is whether ME service is as attractive as a more conventional one. Where ME reduces
costs, such as with light-weighted or shared vehicles, the questiofiis whether'it will result in an
increased demand. Both modeling and empirical evidence point to a'sizable rebound effect to
energy efficiency?!3 and a similar effect applies to materials244215. We have highlighted some
fundamental behavioral questions, such as whether ATFs will.be usedto complement public
transportation (last mile) or whether they will multiply the trips taken and reduce urban
densities. For other strategies, such responses are less likely, such as lighter buildings, which
cost as much as conventional ones. The behavioral response to,ME is an open question that
deserves research attention. The question of whether a technology-push strategy for resource
efficiency will contribute to GHG mitigationndepends on the outcome of such research.

Within the context of climate mitigation scenaries, ME offers another technological solution
which reduces the cost of achieving a desired level of mitigation and can be hence seen as
desirable. In a modeling exercise, theiearbon price employed to reach such a target would be
lower than without these options available, andiit may still guard against a rebound.

Material efficiency in integrated policy studies

While the preceding sections suggest thatsignificant emissions reductions may be achieved
from a technical perspectiveiZQmore integrated policy modeling is necessary to assess the
broader economic, social, and environmental dimensions of ME strategies?!¢. However, existing
integrated assessment models (IAMs) necessary for such multi-dimensional assessment are
generally poorly equipped toanalyze ME options due to pervasive structural and data
limitations?17. Key barriers include lack of data on ME technology performance and costs,
application markets and barriers, and intersectoral (i.e., life-cycle) effects as well as lacking
representation of material-containing product stocks (buildings and structure, vehicles,
machinery)dnithe models. As a result, few studies have taken integrated analysis approaches,
and theinresults are generally limited to macro-level insights that are insufficient for the
detailed policy design necessary to accelerate ME as a mitigation strategy. For example, the [EA
has represented selected ME strategies in its two main integrated energy systems models—the
World Energy Model (WEM) and ETP-TIMES—to provide global estimates of achievable GHG
emissions savings in its WEO 2015 and ETP 2017 scenarios, respectively.218, However, savings
estimates were not inclusive of upstream (e.g., reduced freight) or downstream (e.g., lighter-
weight vehicles using less fuel) effects due to a lack of life-cycle systems data, nor were cost
implications considered. More recently, Materials Economics estimated EU-level GHG emissions
reductions associated with ME policies, but did so using independent models for each industrial
sector, thereby lacking important economy-wide perspectives!2. As a recent review found that
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current policies are insufficient to tap the significant mitigation potential of ME219, improved
IAM capabilities for robust, policy-relevant assessment of ME strategies should be a critical
priority. Emerging work on a country level may offer indications for how the effect of ME can be
modeled?220.221,

Conclusions

The literature supports a strong role for material efficiency as an avenue for reducing GHG
emissions connected to material-intensive systems, including buildings andlight-duty vehicles,
while evidence for emission reductions within EEE is more limited. There is a significant
potential to reduce the substantial emissions connected to producing materials used in
buildings and vehicles. The contribution of material efficiency to climate change mitigation is
supported by a wide number of case studies and by a very limited number of studies attempting
an up-scaling and scenario development, as well as very few ex-poststudies: These studies offer
a strong support for emission reductions, which can be substantial for more intensive use, light-
weighting of buildings, lifetime extension of buildings in countries with'short building lifetimes,
and right-sizing of vehicles in countries with large default vehicles. There are situations in
which trade-offs with operational energy use and rebound effects-are important, so that
determining an optimal strategy requires a proper analysis,e.g., for lifetime extension related
strategies including reuse and remanufacturing. Studies have often focused on highly developed
countries or China and there is a lack of information from other regions, even gains are likely to
be larger in developing countries. The global potential emission reductions from material are
still poorly characterized.

Acknowledgements

This review was conducted as part of an assessment requested by the G7 environment ministers
at their meeting in Bologna in‘june 20179, which is currently carried out by the International
Resource Panel. Funding was provided by Italy through a contract with UN Environment. We
would like to thank the governments of:Argentina, Belgium, France, Germany, Italy, Japan, and
the United States, as well as the European Commission and UN Environment (Jose Maria
Baptista) for their input to this WorksWe thank following colleagues for input and feedback:
Fulvio Ardente, Jonathan Cullen, Matthew Eckelman, Seiji Hashimoto, Melanie Haupt, Stefanie
Hellweg, Stefanie Klose, Rupert Myers, Bruno Oberle, Michael Obersteiner, Reid Lifset.

References

(1) International Energy Agency. Energy Technology Perspectives 2017; OECD Publishing:
Paris, France, 2017; http://www.iea.org/bookshop/758-
Energy/Technology_Perspectives_2017.

(2) Worrell, E.; Allwood, J. M.; Gutowski, T. G. The Role of Material Efficiency in
Environmental Stewardship. Annu. Rev. Environ. Resour. 2016, 41 (1), 575-598.
https://doi.org/10.1146 /annurev-environ-110615-085737.

(3).  “Allwood, J. M.; Ashby, M. F.; Gutowski, T. G.; Worrell, E. Material Efficiency: A White Paper.
Resour. Conserv. Recycl. 2011, 55 (3), 362-381.
https://doi.org/10.1016/j.resconrec.2010.11.002.

(4)  Stahel, W. R. The Service Economy: “Wealth without Resource Consumption”? Philos.
Trans. R. Soc. A Math. Phys. Eng. Sci. 1997, 355 (1728), 1309-1319.
https://doi.org/10.1098/rsta.1997.0058.

(5) Hashimoto, S. H.; Moriguchi, Y. M. Resource Management for Carbon Management : A

20



Page 21 of 33

oNOYTULT D WN =

801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854

(6)

(7)

(8)

(9)
(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1

Literature Review. Glob. Environ. Res. 2013, 17, 39-46.

Allwood, ]. M.; Ashby, M. F.,; Gutowski, T. G.; Worrell, E. Material Efficiency: Providing
Material Services with Less Material Production. Philos. Trans. R. Soc. A Math. Phys. Eng.
Sci. 2013, 371 (1986), 20120496. https://doi.org/10.1098 /rsta.2012.0496.

Fischedick, M.; Roy, ].; Abdel-Aziz, A.; Acquaye, A.; Allwood, ]. M.; Ceron/J:-P.; Geng, Y.;
Kheshgi, H.; Lanza, A.; Perczyk, D.; et al. Industry. In Climate Change 2014: Mitigation of
Climate Change; Edenhofer, 0., Pichs-Madruga, R., Sokona, Y., Farahani, E.yKadner, S.,
Seyboth, K., Adler, A., Baum, I, Brunner, S., Eickemeier, P., et al., Eds.; Intergovernmental
Panel on Climate Change: Geneva, 2014.

Ekins, P.; Hughes, N.; Bringezu, S.; Clarke, C. A.; Fischer-Kowalski, M.; Graedel, T;; Hajer,
M.; Hashimoto, S.; Hatfield-Dodds, S.; Havlik, P.; et al. Resource Efficiency: Potential and
Economic Implications; Panel, 1. R., Ed.; UN Environment: Nairobi, 2017;
https://www.env.go.jp/press/files/jp/102839.pdf. -

G7. Communiqué, G7 Bologna Environment Ministers’ Meeting;2017.

G20. G20 Resource Efficiency Dialogue; Hamburg;
http://www.g20.utoronto.ca/2017/2017-g20-resource-efficiency-dialogue-en.pdf.
Baptista, ]. M.; Schandl, H.; Hertwich, E. G.; Kumar, V.; Ministry of Environment and
Sustainable Development of Argenina. Resource Efficiency for-Sustainable Development:
Key Messages for the Group of 20. An International Resource,Panel Think Piece.;
International Resource Panel; Nairobi (Kenya) and Paris (France), 2018;
http://resourcepanel.org/news-events/links<between-resource-efficiency-and-climate-
change-examined-panel-thinkpiece. %

Enkvist, P.-A.; Klevnas, P. The Circular Economy'- A Powerful Force for Climate Mitigation;
Stockholm, 2018; http://materialeconomics.com/publications/publication/the-circular-
economy-a-powerful-force-for-climate-mitigation. https://doi.org/10.1038/531435a.
Allwood, J. M,; Currie, G.; Carruth, M. A;; Cooper, D. R.; McBrien, M.; Milford, R. L.;
Moynihan, M. C.; Patel, A. C. HaSustainable Materials: With Both Eyes Open; UIT Cambridge
Cambridge, 2012.

Gutowski, T. G.; Cooper, D. R.; Sahni;S. Why We Use More Materials. Philos. Trans. R. Soc.
A Math. Phys. Eng. Sci. 2017, 375 (2095),20160368.
https://doi.org/10.1098/rsta.2016.0368.

Hogg, D.; Vergunst, T.; Elliott, Ty Elliott, L.; Fischer, C.; Mehlhart, G.; Kiicken, V. Impact
Assessment on Options Reviewing Targets in the Waste Framework Directive, Landfill
Directive and Packaging.and Packaging Waste Directive” Final Report; Brussels, 2014;
http://ec.europa.eu/environment/waste/pdf/target_review/Targets Review final
report.pdf.

Enkvist, P.-A.; Klevnas, P. The Circular Economy - A Powerful Force for Climate Mitigatoin;
Stockholm, 2018; http://www.nature.com/news/the-circular-economy-1.19594.
https://doiorg/10:1038/531435a.

Milford, R. L.; Pauliuk; S.; Allwood, J. M.; Miiller, D. B.; Mu, D. B. The Roles of Energy and
Material Efficiency in Meeting Steel Industry CO 2 Targets. Environ. Sci. Technol. 2013, 47
(7),3455-3462. https://doi.org/10.1021/es3031424.

Hashimoto, S.; Moriguchi, Y. M. Resource Management for Carbon Management : A
Literature Review. Glob. Environ. Res. 2013, 17, 39-46.

Ryen, E. G.;Babbitt, C. W.; Williams, E. Consumption-Weighted Life Cycle Assessment of a
Consumer Electronic Product Community. Environ. Sci. Technol. 2015, 49, 2549-2559.
https://doi.org/10.1021/es505121p.

NasryN. Z.; Russell, J. D.; Kreiss, C.; Hilton, B.; Hellweg, S.; Bringezu, S.; von Gries, N.;
Thurston, M.; Haselkorn, M.; Parnell, K.; et al. Assessment of Resource Efficiency and
Innovation in Circular Economy through Remanufacturing, Refurbishment, Repair and
Direct Reuse; Nairobi, 2018; http://www.resourcepanel.org/reports/re-defining-value-
manufacturing-revolution.

Cooper, D. R.; Gutowski, T. G. The Environmental Impacts of Reuse: A Review. J. Ind. Ecol.
2017,21 (1), 38-56. https://doi.org/10.1111 /jiec.12388.

21



oNOYTULT D WN =

855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)
(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1 Page 22 of 33

Carruth, M. A,; Allwood, ]J. M.; Moynihan, M. C. The Technical Potential for Reducing Metal
Requirements through Lightweight Product Design. Resour. Conserv. Recycl. 2011,.57,
48-60. https://doi.org/10.1016/j.resconrec.2011.09.018.

Sandin, G.; Peters, G. M.; Svanstrom, M. Life Cycle Assessment of Construction Materials:
The Influence of Assumptions in End-of-Life Modelling. Int. J. Life Cycle Assess. 2014, 19
(4), 723-731. https://doi.org/10.1007 /s11367-013-0686-x.

Sato, F. E. K.; Furubayashi, T.; Nakata, T. Application of Energy and CO2 Reduction
Assessments for End-of-Life Vehicles Recycling in Japan. Appl. Energy 2019, 237, 779~
794. https://doi.org/10.1016/].APENERGY.2019.01.002.

Allwood, J. M. Transitions to Material Efficiency in the UK Steel Economy. Philosy Trans. R.
Soc. A Math. Phys. Eng. Sci. 2013, 371 (1986). https://doi.org/10.1098/rsta.2011.0577.
Rose, C.; Stegemann, J. From Waste Management to Component Management in the
Construction Industry. Sustainability 2018, 10 (1), 229. -
https://doi.org/10.3390/su10010229.

Kalverkamp, M.; Pehlken, A.; Wuest, T.; Kalverkamp, M.; Pehlken, A.; Wuest, T. Cascade
Use and the Management of Product Lifecycles. Sustainability 2017, 9 (9), 1540.
https://doi.org/10.3390/su9091540.

Cooper, D. R;; Rossie, K. E.; Gutowski, T. G. The Energy Requirements and Environmental
Impacts of Sheet Metal Forming: An Analysis of Five Forming Processes. J. Mater. Process.
Technol 2017, 244, 116-135. https://doi.org/10:1016/j.jmatprotec.2017.01.010.
Hertwich, E. G. The Carbon Footprint of Material Production Rises to 23% of Global GHG
Emissions; New Haven, 2019. &

Malmodin, ]J.; Bergmark, P.; Matinfar, S. A High-Level Estimate of the Material Footprints
of the ICT and the E&M Sector. In ICT4S; 2018;'pp. 168-186.

OECD. Global Material Resources Outlook te.2060 - Economic Drivers and Environmental
Consequences - En - OECD; Paris, 2019; http://www.oecd.org/environment/global-
material-resources-outlook-te-2060-9789264307452-en.htm.

Internationl Resource Panel. Global Resource Outlook 2019 - Draft; Nairobi (Kenya) and
Paris (France), 2019.

Miatto, A.; Schandl, H.;Fishman, T.; Tanikawa, H. Global Patterns and Trends for Non-
Metallic Minerals Used for €onstruction. J. Ind. Ecol. 2017, 21 (4), 924-937.
https://doi.org/10.1111/jiec.12471.

Krausmann, F.; Wiedenhofer, D.; Lauk, C.; Haas, W.; Tanikawa, H.; Fishman, T.; Miatto, A,;
Schandl, H.; Haberl, H..Global Socioeconomic Material Stocks Rise 23-Fold over the 20th
Century and Require Half of Annual Resource Use. Proc. Natl. Acad. Sci. 2017, 114 (8),
1880-1885. https://doi.org/10.1073 /pnas.1613773114.

Schandl, H4Fischer-Kowalski, M.; West, |.; Giljum, S.; Dittrich, M.; Eisenmenger, N.;
Geschke, A.; Lieber, M.; Wieland, H.; Schaffartzik, A.; et al. Global Material Flows and
Resource Productivity. An Assessment Study of the UNEP International Resource Panel,
UNEP (United Nations Environment Programme), 2016;
http://www.resourcepanel.org/reports/global-material-flows-and-resource-
productivity-database-link.

Monteiro, P. J. Mi; Miller, S. A.; Horvath, A. Towards Sustainable Concrete. Nat. Mater.
2017,46 (7), 698=699. https://doi.org/10.1038/nmat4930.

Torres; A.; Brandt, |.; Lear, K,; Liu, J. A Looming Tragedy of the Sand Commons. Science
(80-.)..2017, 357 (6355), 970-971. https://doi.org/10.1126 /science.aao0503.
Ioannidou, D.; Meylan, G.; Sonnemann, G.; Habert, G. Is Gravel Becoming Scarce?
Evaluating the Local Criticality of Construction Aggregates. Resour. Conserv. Recycl. 2017,
126 (July), 25-33. https://doi.org/10.1016/j.resconrec.2017.07.016.

Sverdrup, H. U.; Koca, D.; Schlyter, P. A Simple System Dynamics Model for the Global
Production Rate of Sand, Gravel, Crushed Rock and Stone, Market Prices and Long-Term
Supply Embedded into the WORLD6 Model. Biophys. Econ. Resour. Qual. 2017, 2 (2), 8.
https://doi.org/10.1007 /s41247-017-0023-2.

Hashimoto, S.; Tanikawa, H.; Moriguchi, Y. Where Will Large Amounts of Materials

22



Page 23 of 33

oNOYTULT D WN =

909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51

(52)

(53)
(54)

(55)

(56)

(57)

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1

Accumulated within the Economy Go? - A Material Flow Analysis of Construction
Minerals for Japan. Waste Manag. 2007, 27 (12), 1725-1738.
https://doi.org/10.1016/j.wasman.2006.10.009.

Nguyen, T. C.; Fishman, T.; Miatto, A.; Tanikawa, H. Estimating the Material Stoek of
Roads: The Vietnamese Case Study. J. Ind. Ecol. 2018.
https://doi.org/10.1111/jiec.12773.

Wiedenhofer, D.; Steinberger, J. K.; Eisenmenger, N.; Haas, W. Maintenance and
Expansion: Modeling Material Stocks and Flows for Residential Buildings and
Transportation Networks in the EU25. J. Ind. Ecol. 2015, 19 (4), 538-551.
https://doi.org/10.1111/jiec.12216.

Portland Cement Association. US Cement Industry Annual Yearbook; 2017;
https://www.cement.org/cement-concrete-applications/cement-and=concrete-basics-
fags/lists/more-market-economics-reports/north-american‘cement-industry-annual-
yearbook.

Hertwich, E. G.; Wood, R. The Growing Importance of Scope 3:Greenhouse Gas Emissions
from Industry. Environ. Res. Lett. 2018, 13, 104013. https://doi.org/10.1088/1748-
9326/aael9a.

Reyna, J. L.; Chester, M. V. The Growth of Urban Building Stock: Unintended Lock-in and
Embedded Environmental Effects. J. Ind. Ecol. 2015, 19 (4);524-537.
https://doi.org/10.1111/jiec.12211.

Heeren, N.; Hellweg, S. Tracking Construction/Material.over Space and Time: Prospective
and Geo-Referenced Modeling of Building Stocksiand:Comnstruction Material Flows. J. Ind.
Ecol. 2018. https://doi.org/10.1111 /jiec.12739.

Ness, D. A; Xing, K. Toward a Resource-Efficient Built Environment: A Literature Review
and Conceptual Model. J. Ind. Ecol. 2017, 21 (3), 572-592.
https://doi.org/10.1111/jiec.12586.

Jaillon, L.; Poon, C. S.; Chiang,X..H. Quantifying the Waste Reduction Potential of Using
Prefabrication in Building Constructionin Hong Kong. Waste Manag. 2009, 29 (1), 309-
320. https://doi.org/10.1016/].WASMAN.2008.02.015.

Mao, C.; Shen, Q.; ShengL.; Tang, L. Comparative Study of Greenhouse Gas Emissions
between Off-Site Prefabrication and Conventional Construction Methods: Two Case
Studies of Residential Projects.Energy Build. 2013, 66, 165-176.
https://doi.org/https://doi.org/10:1016/j.enbuild.2013.07.033.

Moura, M. C. P.; Smith;S.Ji; Belzer, D. B. 120 Years of U.S. Residential Housing Stock and
Floor Space. PLoSOne 2015,10(8), e0134135.

https://doi.org/10.1371 /journal.pone.0134135.

[EA. Annex¢E: Buildings Sector Model. In Energy Technology Perspectives 2016;
International Energy Agency: Paris, 2016; p 27.

Giineralp, BsZhou, Y.; Urge-Vorsatz, D.; Gupta, M.; Yu, S.; Patel, P. L.; Fragkias, M.; Li, X;;
Seto, K. €. Global Scenarios of Urban Density and Its Impacts on Building Energy Use
through:2050. Proc. Natl. Acad. Sci. U. S. A. 2017, 114 (34), 8945-8950.
https://doiierg/10.1073 /pnas.1606035114.

Anas, A.; ArnottyR.; Small, K. A. Urban Spatial Structure. J. Econ. Lit. 1998, 36 (3), 1426-
1464.

Bergsdal, Hi; Bohne, R. A.; Brattebo, H. Projection of Construction and Demolition Waste
in Norway. J. Ind. Ecol. 2007, 11, 27-39.

Brattebg, H.; Bergsdal, H.; Sandberg, N. K. H.; Hammervold, J.; Mueller, D. B. Exploring
Built Environment Stock Metabolism and Sustainability by Systems Analysis Approaches.
Build. Res. Inf. 2009, 37, 569-582.

Cao, Z.; Shen, L.; Zhong, S.; Liu, L.; Kong, H.; Sun, Y. A Probabilistic Dynamic Material Flow
Analysis Model for Chinese Urban Housing Stock. J. Ind. Ecol. 2018, 22 (2), 377-391.
https://doi.org/10.1111/jiec.12579.

Gallardo, C.; Sandberg, N. H.; Brattebg, H. Dynamic-MFA Examination of Chilean Housing
Stock: Long-Term Changes and Earthquake Damage. Build. Res. Inf. 2014, 42 (3), 343-

23



oNOYTULT D WN =

963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1 Page 24 of 33

358. https://doi.org/10.1080/09613218.2014.872547

Swilling, M.; Hajer, M.; Baynes, T.; Bergesen, |.; Labbe, F.; Musango, J. K.; Ramaswami;A.;
Robinson, B.; Salat, S.; Suh, S.; et al. The Weight of Cities: Resource Requirements of Future
Urbanization; International Resource Panel, United Nations Environment Programme:
Nairobi, Kenya, 2018; http://www.resourcepanel.org/reports/weight-€ities.

Angel, S.; Parent, ].; Civco, D. L. The Persistent Decline in Urban Densities: Global and
Historical Evidence of ‘Sprawl’”’; 2010;
http://www.lincolninst.edu/publications/working-papers/persistent4decline-urban-
densities.

Pauliuk, S.; Sjéstrand, K.; Miiller, D. B. Transforming the Norwegian Dwelling Stock to
Reach the 2 Degrees Celsius Climate Target. J. Ind. Ecol. 2013, 17 (4), 542-554.
https://doi.org/10.1111/j.1530-9290.2012.00571.x.

Griibler, A.; Wilson, C.; Bento, N.; Boza-Kiss, B.; Krey, V.; McCollum, D. L;; Rao, N. D.; Riahi,
K.; Rogelj, ].; Stercke, S.; et al. A Low Energy Demand Scenario for Meeting the 1.5 °C
Target and Sustainable Development Goals without Negative Emission Technologies. Nat.
Energy 2018, 3 (6), 515. https://doi.org/10.1038/s41560-018-0172-6.

Aktas, C. B.; Bilec, M. M. Impact of Lifetime on US Residential Building L.CA Results. Int. J.
Life Cycle Assess. 2012, 17 (3), 337-349. https://doiiorg/10.1007/s11367-011-0363-x.
Bradley, P. E.; Kohler, N. Methodology for the Survival Analysis of Urban Building Stocks.
Build. Res. Inf. 2007, 35 (5), 529-542. https://doiorg/10.1080/09613210701266939.
B. Miiller, D. Stock Dynamics for Forecasting Material Flows—Case Study for Housing in
The Netherlands. Ecol. Econ. 2006, 59 (1), 142-156. » &
https://doi.org/10.1016/j.ecolecon.2005.09:025.

Sandberg, N. H.; Sartori, I.; Heidrichy O:; Dawson, R.; Dascalaki, E.; Dimitriou, S.; Vimm-r,
T.; Filippidou, F.; Stegnar, G.; §ijanec Zavrl, M.; et al. Dynamic Building Stock Modelling:
Application to 11 European Countries to Support the Energy Efficiency and Retrofit
Ambitions of the EU. Energy Build. 2016, 132, 26-38.
https://doi.org/10.1016/j.enbuild.2016:05:100

Tanikawa, H.; Hashimoto, S. Urban Stock over Time: Spatial Material Stock Analysis Using
4d-GIS. Build. Res. Inf. 2009, 37 (5-6),483-502.
https://doi.org/10.1080/09613210903169394

Komatsu, Y. Life Time Estimations of Japanese Buildings and Houses at the Years of 1997
and 2005. J. Archit. Plan. 2008, 73 (632), 2197-2205.

Cai, W.; Wan, L.; Jiang; Y.:\Wang, C.; Lin, L. Short-Lived Buildings in China: Impacts on
Water, Energy, and Carbon Emissions. Environ. Sci. Technol. 2015, 49 (24), 13921-13928.
https://doi.org/10.1021 /acs.est.5b02333.

Huang, T.; ShiF.; Tanikawa, H.; Fei, ].; Han, ]. Materials Demand and Environmental
Impact of Buildings Construction and Demolition in China Based on Dynamic Material
Flow Analysis. Resour..Conserv. Recycl. 2013, 72,91-101.
https://doi.org/20.1016/j.resconrec.2012.12.013.

Huangf€.; Han, ]J.; Chen, W.-Q. Changing Patterns and Determinants of Infrastructures’
Material Stocks in Chinese Cities. Resour. Conserv. Recycl. 2017, 123, 47-53.
https://doi.org/10.1016/j.resconrec.2016.06.014.

Hu, M Pauliuk, S;; Wang, T.; Huppes, G.; van der Voet, E.; Miiller, D. B. Iron and Steel in
Chinese Residential Buildings: A Dynamic Analysis. Resour. Conserv. Recycl. 2010, 54,
591-600.

Hong, L;; Zhou, N.; Feng, W.; Khanna, N.; Fridley, D.; Zhao, Y.; Sandholt, K. Building Stock
Dynamics and Its Impacts on Materials and Energy Demand in China. Energy Policy 2016,
94, 47-55. https://doi.org/https://doi.org/10.1016/j.enpol.2016.03.024.

Moynihan, M. C.; Allwood, ]. M. Utilization of Structural Steel in Buildings. Proc. R. Soc. A
Math. Phys. Eng. Sci. 2014, 470 (2168),20140170-20140170.
https://doi.org/10.1098/rspa.2014.0170.

Guest, G.; Bright, R. M.; Cherubini, F.; Strgmman, A. H. Consistent Quantification of Climate
Impacts Due to Biogenic Carbon Storage across a Range of Bio-Product Systems. Environ.

24



Page 25 of 33

oNOYTULT D WN =

1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1

Impact Assess. Rev. 2013, 43, 21-30.

Dodoo, A.; Gustavsson, L.; Sathre, R. Carbon Implications of End-of-Life Management.of
Building Materials. Resour. Conserv. Recycl. 2009, 53, 276-286.

Gu, H.; Bergman, R. Life Cycle Assessment and Environmental Building Declaration for the
Design Building at the University of Massachusetts; Gen. Tech. Rep. FPL-GTR-255."Madison,
WI: US Department of Agriculture, Forest Service, Forest Products Laboratory, 2018; Vel.
255.

Kristjansdottir, T. F.; Heidrich, O.; Andresen, I.; Brattebg, H. Comparative Emission
Analysis of Low-Energy and Zero-Emission Buildings. Build. Res. Inf. 2018, 46 (4), 367-
382. https://doi.org/10.1080/09613218.2017.1305690.

Oliver, C. D.; Nassar, N. T.; Lippke, B. R.; McCarter, . B. Carbon, Fossil Fuel, and
Biodiversity Mitigation With Wood and Forests. J. Sustain. For..2014, 33 (3),248-275.
https://doi.org/10.1080/10549811.2013.839386.

Smith, P.; Bustamante, M.; Ahammad, H.; Clark, H.; Dong, H.; Elsiddig, E/ A.; Haberl, H,;
Harper, R.; House, ].; Jafari, M.; et al. Agriculture, Forestry and\Other liand Use. In Climate
Change 2014: Mitigation of Climate Change; Edenhofer, O., Pichs-Madruga, R., Sokona, Y.,
Farahani, E., Kadner, S., Seyboth, K., Adler, A., Baum, I, Brunner, S., Eickemeier, P., et al.,
Eds.; Intergovernmental Panel on Climate Change: Géneva, 2014.

Heeren, N.; Mutel, C. L.; Steubing, B.; Ostermeyer, Y.; Wallbaum, H.; Hellweg, S.
Environmental Impact of Buildings—What Matters? Environ. Sci. Technol. 2015, 49 (16),
9832-9841. https://doi.org/10.1021/acs.est:5601735

Fred Mills. Top 5: The World’s Tallest Timber Buildings4
https://www.theblm.com/video/top-5-the-world-s-tallest-timber-buildings (accessed
Nov 1, 2018).

Kane, M.; Yee, R. THE WALWORTH ALTERNATIVE: RETAINING AND ENHANCING
BRITAIN’S SOCIAL HOUSING ESTATES UTILISING CONTEMPORARY TIMBER
CONSTRUCTION. J. Green Build..2017, 12 (1), 11-35. https://doi.org/10.3992/1552-
6100.12.1.11.

Churkina, G.; Brown, D. G.; Keolian, G. Carbon Stored in Human Settlements: The
Conterminous United States. Glob. Chang. Biol. 2010, 16 (1), 135-143.
https://doi.org/10.1111/j:1365-2486.2009.02002.x.

Petersen, A. K,; Solberg,B. Environmental and Economic Impacts of Substitution between
Wood Products and Alternative Materials: A Review of Micro-Level Analyses from
Norway and Sweden«For.Policy Econ. 2005, 7 (3), 249-259.
https://doi.org/10.1016/5S1389-9341(03)00063-7.

Kayo, C.; Dente, S. M. R.; Aoki-Suzuki, C.; Tanaka, D.; Murakami, S.; Hashimoto, S.
EnvironmentalbImpact Asséssment of Wood Use in Japan through 2050 Using Material
Flow Analysis and Life Cycle Assessment. J. Ind. Ecol. 2018.

https://doirorg/10:1111 /jiec.12766

Sathre, R.;; O’Connor, J. Meta-Analysis of Greenhouse Gas Displacement Factors of Wood
ProductSubstitution. Environ. Sci. Policy 2010, 13 (2), 104-114
https://doiierg/10.1016/j.envsci.2009.12.005.

Gorgolewski, My; Straka, V.; Edmonds, ].; Sergio, C. Facilitating Greater Reuse and
Recycling of Structural Steel in the Construction and Demolition Process;
http://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/mineralsmetals/pdf/mms-
smm/busi-indu/rad-rad/pdf/re-ste-fin-eng.pdf.

Cooper, D. R;; Allwood, J. M. Reusing Steel and Aluminum Components at End of Product
Life. Environ. Sci. Technol. 2012, 46 (18), 10334-10340
https://doi.org/10.1021/es301093a.

Huuhka, S.; Kaasalainen, T.; Hakanen, J. H.; Lahdensivu, ]. Reusing Concrete Panels from
Buildings for Building: Potential in Finnish 1970s Mass Housing. Resour. Conserv. Recycl.
2015, 101,105-121. https://doi.org/10.1016/]. RESCONREC.2015.05.017.

Pongiglione, M.; Calderini, C. Material Savings through Structural Steel Reuse: A Case
Study in Genoa. Resour. Conserv. Recycl. 2014, 86, 87-92.

25



oNOYTULT D WN =

1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124

(°1)

(92)

(93)

(94)

(95)

(96)

(97)

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1 Page 26 of 33

https://doi.org/10.1016/].RESCONREC.2014.02.011.

Dunant, C. F.; Drewniok, M. P.; Sansom, M.; Corbey, S.; Allwood, J. M.; Cullen, J. M. Real.and
Perceived Barriers to Steel Reuse across the UK Construction Value Chain. Resour.
Conserv. Recycl. 2017, 126 (July), 118-131.
https://doi.org/10.1016/j.resconrec.2017.07.036.

Sansom, M.; Avery, N. Briefing: Reuse and Recycling Rates of UK Steel Demolition
Arisings. Proc. Inst. Civ. Eng. - Eng. Sustain. 2014, 167 (3), 89-94.
https://doi.org/10.1680/ensu.13.00026.

Quale, ].; Eckelman, M. J.; Williams, K. W.; Sloditskie, G.; Zimmerman, J«.B. Construction
Matters: Comparing Environmental Impacts of Building Modular and Conventional
Homes in the United States. J. Ind. Ecol. 2012, 16 (2), 243-253.
https://doi.org/10.1111/j.1530-9290.2011.00424.x.

Hiete, M.; Stengel, ].; Ludwig, ].; Schultmann, F. Matching Construction and Demolition
Waste Supply to Recycling Demand: A Regional Management Chain Model. Build. Res. Inf.
2011, 39 (4), 333-351. https://doi.org/10.1080/09613218.2011.576849.

lacovidou, E.; Purnell, P. Mining the Physical Infrastructure: Opportunities, Barriers and
Interventions in Promoting Structural Components Reuse. Sci. Total Environ. 2016, 557-
558,791-807. https://doi.org/10.1016/].SCITOTENV:2016.03.098.

Ness, D.; Swift, J.; Ranasinghe, D. C; Xing, K.; Soebarto, V.'Smart Steel: New Paradigms for
the Reuse of Steel Enabled by Digital Tracking and Modelling. J. Clean. Prod. 2015, 98,
292-303. https://doi.org/10.1016/].JCLEPR0:2014.08.055

Dunant, C. F.; Drewniok, M. P.; Sansom, M.; Corbey, S:;Cullen, J. M.; Allwood, ]. M. Options
to Make Steel Reuse Profitable: An Analysis of Cost and Risk Distribution across the UK
Construction Value Chain. J. Clean. Prod. 2018,183,102-111.
https://doi.org/10.1016/].JCLEPR0.2018:02.141.

US EPA. Advancing Sustainable Materials Management: Facts and Figures Report
https://www.epa.gov/facts-and-figures-about-materials-waste-and-
recycling/advancing-sustainable-materials-management (accessed Jan 3, 2019).

Vitale, P.; Arena, N.; Di Gregorio, F.;JArena, U. Life Cycle Assessment of the End-of-Life
Phase of a Residential Building. Waste Manag. 2017, 60, 311-321.
https://doi.org/10.1016 /.WASMAN.2016.10.002.

Simion, I. M.; Fortuna, M{E.; Bonoli, A.; Gavrilescu, M. COMPARING ENVIRONMENTAL
IMPACTS OF NATURAL INERT AND RECYCLED CONSTRUCTION AND DEMOLITION
WASTE PROCESSING-USING LCA. J. Environ. Eng. Landsc. Manag. 2013, 21 (4), 273-287.
https://doi.org/10.3846/16486897.2013.852558

Estanqueiro, B.; DinisSilvestre, |.; de Brito, ].; Duarte Pinheiro, M. Environmental Life
Cycle Assessment of Coarse Natural and Recycled Aggregates for Concrete. Eur. J. Environ.
Civ. Eng. 2018,22 (4), 429-449. https://doi.org/10.1080/19648189.2016.1197161.
Fraj, A. B.;ddir, R-Concrete Based on Recycled Aggregates — Recycling and Environmental
Analysis; A Case Study of Paris’ Region. Constr. Build. Mater. 2017, 157, 952-964.
https://doi.org/10.1016/j.conbuildmat.2017.09.059.

Gao,DiZzhang, L Nokken, M. Mechanical Behavior of Recycled Coarse Aggregate
Concrete Reinforced with Steel Fibers under Direct Shear. Cem. Concr. Compos. 2017, 79,
1-8. https://doi.org/10.1016/j.cemconcomp.2017.01.006.

Butera, S.; Christensen, T. H.; Astrup, T. F. Life Cycle Assessment of Construction and
Demolition Waste Management. Waste Manag. 2015, 44, 196-205.
https://doi.org/10.1016 /].WASMAN.2015.07.011.

Knoeri, C.; Wager, P. A,; Stamp, A.; Althaus, H. ].; Weil, M. Towards a Dynamic Assessment
of Raw Materials Criticality: Linking Agent-Based Demand—with Material Flow Supply
Modelling Approaches. Sci. Total Environ. 2013, 461-462.
https://doi.org/10.1016/j.scitotenv.2013.02.001.

Diliberto, C.; Lecomte, A.; Mechling, J.-M.; Izoret, L.; Smith, A. Valorisation of Recycled
Concrete Sands in Cement Raw Meal for Cement Production. Mater. Struct. Constr. 2017,
50 (2). https://doi.org/10.1617/s11527-017-0996-8.

26



Page 27 of 33

oNOYTULT D WN =

1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1

(107) Gastaldi, D.; Canonico, F.; Capelli, L.; Buzzi, L.; Boccaleri, E.; Irico, S. An Investigation .on
the Recycling of Hydrated Cement from Concrete Demolition Waste. Cem. Concr. Compos.
2015, 61, 29-35. https://doi.org/10.1016/].CEMCONCOMP.2015.04.010.

(108) Nusselder, S.; Magbool, A. S.; Deen, R.; Blake, G.; Bouwens, ].; Taufiq Fauzi, R. Clesed Loop
Economy: Case of Concrete in the Netherlands; Delft, 2015;
https://www.slimbreker.nl/downloads/IPG-concrete-final-report(1).pdf.

(109) Haupt, M.; Vadenbo, C.; Zeltner, C.; Hellweg, S. Influence of Input-Scrap Quality on the
Environmental Impact of Secondary Steel Production. J. Ind. Ecol. 201721 (2), 391-401
https://doi.org/10.1111 /jiec.12439

(110) Cullen, ]J. M,; Allwood, ]. M. Mapping the Global Flow of Aluminum: From Liquid
Aluminum to End-Use Goods. Environ. Sci. Technol. 2013, 47 (7), 3057-3064
https://doi.org/10.1021/es304256s.

(111) Vieira, P. S;; Horvath, A. Assessing the End-of-Life Impacts of Buildings. Environ. Sci.
Technol. 2008, 42, 4663-4669

(112) Vieira, P. S.; Horvath, A. Assessing the End-of-Life Impacts of Buildings. Environ. Sci.
Technol. 2008, 42 (13), 4663-4669. https://doi.org/10.1021/es071345l.

(113) Daigo, I,; Iwata, K.; Ohkata, I.; Goto, Y. Macroscopic Evidence for the Hibernating Behavior
of Materials Stock. Environ. Sci. Technol. 2015, 49 (14);8691=-8696.
https://doi.org/10.1021/acs.est.5b01164

(114) Hashimoto, S.; Tanikawa, H.; Moriguchi, Y. Framework for Estimating Potential Wastes
and Secondary Resources Accumulated within‘an.Economy - A Case Study of
Construction Minerals in Japan. Waste Manag. 2009, 29411), 2859-2866.
https://doi.org/https://doi.org/10.1016/j.wasman.2009.06.011.

(115) Chastas, P.; Theodosiou, T.; Bikas, D: Embodied Energy in Residential Buildings-towards
the Nearly Zero Energy Building: A Literature Review. Build. Environ. 2016, 105, 267-
282. https://doi.org/10.1016/j.buildenv.2016.05.040.

(116) Ramesh, T.; Prakash, R.; Shukla, K. K. Life Cycle Energy Analysis of Buildings: An
Overview. Energy Build. 2010,42,1592=1600.

(117) Sartori, I.; Hestnes, A. G. Energy Useiin the Life Cycle of Conventional and Low-Energy
Buildings: A Review Article. Energy Build. 2007, 39, 249-257.

(118) Koezjakov, A.; Urge-Vorsatz, D.; Crijns-Graus, W.; van den Broek, M. The Relationship
between Operational Enérgy Demand and Embodied Energy in Dutch Residential
Buildings. Energy Build. 2018, 165,233-245.
https://doi.org/lO.lO16{].ENBUILD.2018.01.036.

(119) Grant, A;; Ries, R. Impact of Building Service Life Models on Life Cycle Assessment. Build.
Res. Inf. 2013, 41/(2),468-186. https://doi.org/10.1080/09613218.2012.730735

(120) Itard, L.; Klunder, G. Comparing Environmental Impacts of Renovated Housing Stock with
New Construction. Build. Res. Inf. 2007, 35 (3), 252-267.
https://doiorg/10:1080/09613210601068161.

(121) International Energy Agency. IEA CO2 Emissions from Fuel Combustion Statistics
https: //www.oecd-ilibrary.org/energy/data/iea-co2-emissions-from-fuel-combustion-
statisties_co2-data-en (accessed Jul 3, 2018). https://doi.org/10.1787 /co2-data-en.

(122) Stadler, K.;; Wood, R.; Simas, M.; Bulavskaya, T.; Koning, A. de; Kuenen, ].; Acosta-
Fernandez, ].; Usubiaga, A.; Merciai, S.; Schmidt, J. H.; et al. EXIOBASE3 - Developing a
Time Series of Detailed Environmentally Extended Multi-Regional Input-Output Tables. J.
Ind. Ecol. 2018, 22 (3), 502-515. https://doi.org/10.1111/jiec.12715

(123). Hawkins, T. R.; Singh, B.; Majeau-Bettez, G.; Stremman, A. H. Comparative Environmental
Life Gycle Assessment of Conventional and Electric Vehicles. J. Ind. Ecol. 2013, 17 (1), 53-
64. https://doi.org/10.1111/j.1530-9290.2012.00532 x.

(124) Gawron, ]. H.; Keoleian, G. A.; De Kleine, R. D.; Wallington, T. ].; Kim, H. C. Life Cycle
Assessment of Connected and Automated Vehicles: Sensing and Computing Subsystem
and Vehicle Level Effects. Environ. Sci. Technol. 2018, 52 (5), 3249-3256.
https://doi.org/10.1021/acs.est.7b04576.

(125) Cox, B.; Mutel, C. L.; Bauer, C.; Mendoza Beltran, A.; van Vuuren, D. P. Uncertain

27



oNOYTULT D WN =

1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1 Page 28 of 33

Environmental Footprint of Current and Future Battery Electric Vehicles. Environ. Sci.
Technol. 2018, 52 (8), 4989-4995. https://doi.org/10.1021/acs.est.8b00261.

(126) Keyfitz, N. Consumption and Population. In The Ethics of Consumption: Good Lifef Justice,
and Global Stewardship; Crocker, D. A., Linden, T., Eds.; Rowman & Littlefield: kanham,
1998; pp 476-500.

(127) Hottle, T.; Caffrey, C.; McDonald, J.; Dodder, R. Critical Factors Affecting Lifé Cycle
Assessments of Material Choice for Vehicle Mass Reduction. Transp. Res./Part D Transp.
Environ. 2017, 56 (August), 241-257. https://doi.org/10.1016/j.trd.2017.08.010

(128) Taptich, M. N.; Horvath, A.; Chester, M. V. Worldwide Greenhouse Gas.Reduction
Potentials in Transportation by 2050. J. Ind. Ecol. 2015, 20, 329-340.
https://doi.org/10.1111/jiec.12391.

(129) Chester, M. V; Horvath, A. Environmental Assessment of Passenger Transportation
Should Include Infrastructure and Supply Chains. Environ. Res. Lett:2009, 4,
doi:10.1088/1748-9326/4/2/024008

(130) Wolfram, P.; Wiedmann, T. Electrifying Australian Transport:HybriddLife Cycle Analysis
of a Transition to Electric Light-Duty Vehicles and Renewable Electricity. Appl. Energy
2017, 206, 531-540. https://doi.org/https://doi.org/10:1016/j.apenergy.2017.08.219

(131) Reinventing Parking. “Cars are parked 95% of the time”. Let’s.check
https://www.reinventingparking.org/2013/02/cars-are-parked-95-of-time-lets-
check.html (accessed Jul 18, 2018).

(132) US DOT. How Much Time Do Americans Spend' Behind.the Wheel? | Volpe National
Transportation Systems Center https://www.volpe.dotgov/news/how-much-time-do-
americans-spend-behind-wheel (accessed Jan 3,2019).

(133) ORNL/FHWA. National Household Travel Survey.2017. 2017

(134) Serrenho, A. C.; Allwood, ]. M. Material Stock Demographics: Cars in Great Britain.
Environ. Sci. Technol. 2016, 50, 3002-3009. https://doi.org/10.1021/acs.est.5b05012

(135) Chester, M. V; Horvath, A.; Madanat, S. Comparison of Life-Cycle Energy and Emissions
Footprints of Passenger Transportatiomin Metropolitan Regions. Atmos. Environ. 2010,
44,1071-1079.

(136) Ma, Y.; Rong, K.; Mangalagiu, D.; Thornten, T. F.; Zhu, D. Co-Evolution between Urban
Sustainability and Business,Ecosystem Innovation: Evidence from the Sharing Mobility
Sector in Shanghai. J. Clean. Prod. 2018, 188,942-953.
https://doi.org/10.1016/j.jclepro.2018.03.323.

(137) Yu, B; Ma, Y.; Xue, M- Tang, B.; Wang, B.; Yan, ].; Wei, Y.-M. Environmental Benefits from
Ridesharing: A Case of Beijing. Appl. Energy 2017, 191, 141-152.
https://doi.org/10.1016/j.apenergy.2017.01.052.

(138) Yin, B.; Liu,L.; €oulombel, N.; Viguié, V. Appraising the Environmental Benefits of Ride-
Sharing: The Paris Region Case Study. J. Clean. Prod. 2018, 177, 888-898.
https://doirorg/10:1016/j.jclepro.2017.12.186.

(139) Bauer, G S.; Greenblatt, J. B.; Gerke, B. F. Cost, Energy, and Environmental Impact of
Automated Electric Taxi Fleets in Manhattan. Environ. Sci. Technol. 2018, 52 (8), 4920-
4928«https://doi.org/10.1021 /acs.est.7b04732

(140) Moorthy, A.; DeKleine, R.; Keoleian, G.; Good, ].; Lewis, G. Shared Autonomous Vehicles as
a Sustainable Solution to the Last Mile Problem: A Case Study of Ann Arbor-Detroit Area.
SAE'Int. J. Passeng. Cars - Electron. Electr. Syst. 2017, 10 (2).
https://doi.org/10.4271/2017-01-1276

(141). Shen, Y.;; Zhang, H.; Zhao, ]. Integrating Shared Autonomous Vehicle in Public
Transportation System: A Supply-Side Simulation of the First-Mile Service in Singapore.
Transp. Res. Part A Policy Pract. 2018, 113, 125-136.
https://doi.org/10.1016/j.tra.2018.04.004.

(142)Gehrke, S. R.; Felix, A.; Reardon, T. Fare Choice - A Survey of Ride-Hailing Passenger in
Metro Area Boston. 2018.

(143) Lange, S.; Santarius, T. Smarte Griine Welt? Digitalisierung Zwischen Uberwachung,
Konsum Und Nachhaltigkeit; oekom verlag, 2018;

28



Page 29 of 33

oNOYTULT D WN =

1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1

https://www.oekom.de/nc/buecher/vorschau/buch/smarte-gruene-welt.html

(144) Meyer,].; Becker, H.; Bosch, P. M.; Axhausen, K. W. Autonomous Vehicles: The nextJump
in Accessibilities? Res. Transp. Econ. 2017, 62,80-91.
https://doi.org/https://doi.org/10.1016/j.retrec.2017.03.005.

(145) Bosch, P. M.; Becker, F.; Becker, H.; Axhausen, K. W. Cost-Based Analysis'ef Autonomous
Mobility Services. Transp. Policy 2018, 64, 76-91.
https://doi.org/10.1016/].TRANPOL.2017.09.005.

(146) USEPA. Light-Duty Automotive Technology, Carbon Dioxide Emissions, and Fuel Economy
Trends: 1975 Through 2017; Washington, 2018; https://www.epa.gov/automotive-
trends. https://doi.org/EPA-420-R-18-00

(147) Kagawa, S.; Nansai, K.; Kondo, Y.; Hubacek, K.; Suh, S.; Minx, ].; Kudoh, Y.; Tasaki, T.;
Nakamura, S. Role of Motor Vehicle Lifetime Extension in Climate Change Policy. Environ.
Sci. Technol. 2011, 45 (4), 1184-1191. https://doi.org/10.1021/es1034552

(148) Lenski, S. M.; Keoleian, G. A.; Bolon, K. M. The Impact of “Cash for Clunkers” on
Greenhouse Gas Emissions: A Life Cycle Perspective. Environ.Res. Lett. 2010, 5 (4).
https://doi.org/10.1088/1748-9326/5/4/044003

(149) Lenski, S. M.; Keoleian, G. A.; Moore, M. R. An Assessmentiof Two Environmental and
Economic Benefits of “Cash for Clunkers.” Ecol. Econ. 2013, 96,4173-180
https://doi.org/10.1016/j.ecolecon.2013.10.011.

(150) Kagawa, S.; Hubacek, K.; Nansai, K.; Kataoka, M.; Managi, S.; Suh, S.; Kudoh, Y. Better Cars
or Older Cars?: Assessing CO2 Emission Reduction Potential of Passenger Vehicle
Replacement Programs. Glob. Environ. Chang. 2013, 23 (6), 1807-1818.
https://doi.org/10.1016/].GLOENVCHA.2013.07.023,

(151) Firnkorn, J.; Miiller, M. What Will Be the Environmental Effects of New Free-Floating Car-
Sharing Systems? The Case of Car2go in Ulm. Ecol. Econ. 2011, 70, 1519-1528.
https://doi.org/10.1016/j.ecolecon.2011.03.014.

(152) Greenblatt, . B.; Saxena, S. Autonomous Taxis Could Greatly Reduce Greenhouse-Gas
Emissions of US Light-Duty Vehicles. Nat. Clim. Chang. 2015, 5 (9), 860-863.
https://doi.org/10.1038/nclimate2685.

(153) Jhaveri, K.; Lewis, G. Mg Sullivan, J. L.; Keoleian, G. A. Life Cycle Assessment of Thin-Wall
Ductile Cast Iron for Autometive Lightweighting Applications. Sustain. Mater. Technol.
2018, 15, 1-8. https://doi.org/10.1016/j.susmat.2018.01.002.

(154) Koffler, C. Life Cycle Assessment of Automotive Lightweighting through Polymers under
US Boundary Conditiens, Int. J. Life Cycle Assess. 2014, 19 (3), 538-545.
https://doi.org/10.1007/s11367-013-0652-7.

(155) Dhingra, R.; Das, S. Life Cycle Energy and Environmental Evaluation of Downsized vs.
Lightweight Material Automotive Engines. J. Clean. Prod. 2014, 85, 347-358.
https://doi.org/10.1016/].JCLEPR0.2014.08.107.

(156) Modaresi,RgPauliuk, Si; Lavik, A. N.; Miiller, D. B. Global Carbon Benefits of Material
Substitution in'Passenger Cars until 2050 and the Impact on the Steel and Aluminum
Industties. Environ. Sci. Technol. 2014, 48 (18), 10776-10784.
https://doiierg/10.1021/es502930w.

(157) Lgvik, A¢N.; Modaresi, R.; Miiller, D. B. Long-Term Strategies for Increased Recycling of
Automotive Aluminum and Its Alloying Elements. Environ. Sci. Technol. 2014, 48 (8),
4257-4265. https://doi.org/10.1021/es405604g.

(158) IEA. Digitalization & Energy; OECD: Paris, 2017; https://www.oecd-
ilibrary.org/energy/digitalization-energy_9789264286276-en.
https://doi.org/10.1787 /978926428627 6-en.

(159) Airbus. Innovative 3D printing solutions are “taking shape” within Airbus.
http: //www.airbus.com/newsevents/news-events-single /detail /innovative-3d-printing-
solutions-are-taking-shape-within-airbus/ (accessed Jun 8, 2017).

(160) Huang, R.; Riddle, M.; Graziano, D.; Warren, ].; Das, S.; Nimbalkar, S.; Cresko, ].; Masanet, E.
Energy and Emissions Saving Potential of Additive Manufacturing: The Case of
Lightweight Aircraft Components. J. Clean. Prod. 2016, 135, 1559-1570.

29



oNOYTULT D WN =

1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1 Page 30 of 33

https://doi.org/10.1016/].JCLEPR0.2015.04.109.

(161) Kellens, K;; Baumers, M.; Gutowski, T. G.; Flanagan, W.; Lifset, R.; Duflou, ]. R.
Environmental Dimensions of Additive Manufacturing: Mapping Application Domains
and Their Environmental Implications. J. Ind. Ecol. 2017, 21 (S1), S49-S68.
https://doi.org/10.1111/jiec.12629

(162) Huang, R; Uly, E.; Kara, L. B.; Whitefoot, K. S. Cost Minimization in Metal Additive
Manufacturing Using Concurrent Structure and Process Optimization. In'Volume:2A: 43rd
Design Automation Conference; ASME, 2017; p V02AT03A030.
https://doi.org/10.1115/DETC2017-67836

(163) Nasr, N. Z.; Russell, J. D.; Kreiss, C.; Hilton, B.; Hellweg, S.; Bringezu/S.; von GriesyN.
Assessment of Resource Efficiency and Innovation in Circular Economy through
Remanufacturing, Refurbishment, Repair and Direct Reuse; Nairobi, 2018.

(164) Liu, Z.-C,; Jiang, Q.-H.; Zhang, H.-C. LCA-Based Comparative Eyaluation of Newly
Manufactured and Remanufactured Diesel Engine BT - Re:Engineering Manufacturing
for Sustainability; Nee, A. Y. C, Song, B., Ong, S.-K,, Eds.; Springer Singapore: Singapore,
2013; pp 663-667.

(165) Sutherland, J. W.; Adler, D. P.; Haapala, K. R.; Kumar, V."A'€omparison of Manufacturing
and Remanufacturing Energy Intensities with Appli€ation to'Diesel Engine Production.
CIRP Ann. 2008, 57 (1), 5-8. https://doi.org/10.1016/].CIRP.2008.03.004

(166) McKenna, R;; Reith, S.; Cail, S.; Kessler, A.; Fichtner, W. Energy Savings through Direct
Secondary Reuse: An Exemplary Analysis of the German Automotive Sector. J. Clean. Prod.
2013, 52,103-112. https://doi.org/10.1016/].JCLEPR0:2013.02.032.

(167) Eurostat. End-of-life vehicle statistics - Statistics Explained
http://ec.europa.eu/eurostat/statisties-explained /index.php/End-of-
life_vehicle_statistics#Reuse_and_recycling rates_as_a_share_of_total_weight (accessed
Jul 3, 2018).

(168) Automotive Recyclers Association. Industry Statistics http://a-r-a.org/what-we-
do/industry-statistics/ (accessed Jul 3;2018).

(169) Sakai, S.; Yoshida, H.; Hiratsuka, J;; Vandecasteele, C.; Kohlmeyer, R.; Rotter, V. S,;
Passarini, F.; Santini, Ag Peeler, M.; Li, J;.et al. An International Comparative Study of End-
of-Life Vehicle (ELV) Recycling Systems. . Mater. Cycles Waste Manag. 2014, 16 (1), 1-20.
https://doi.org/10.1007/s10163-013-0173-2.

(170) Duranceau, C. M.; Spangenberger, J»S.; (Vehicle Recycling Partnership, L.; (American
Chemistry Counsel, P=D. All Auto Shredding: Evaluation of Automotive Shredder Residue
Generated by Shredding Only Vehicles.; Argonne, IL (United States), 2011;
http://www.osti.gov /Servlets/purl/1031450. https://doi.org/10.2172/1031450.

(171) Nakajima, Ki; @hno, H.; Kondo, Y.; Matsubae, K.; Takeda, O.; Miki, T.; Nakamura, S.;
Nagasaka, T. Simultaneous Material Flow Analysis of Nickel, Chromium, and Molybdenum
Used in Alley.Steel by Means of Input-Output Analysis. Environ. Sci. Technol. 2013, 47 (9),
4653-4660. https://doi.org/10.1021/es3043559

(172) Ciacci,ds; Harper, E: M.; Nassar, N. T.; Reck, B. K.; Graedel, T. E. Metal Dissipation and
Inefficient Recycling Intensify Climate Forcing. Environ. Sci. Technol. 2016, 50, 11394-
11402. https://doi.org/10.1021/acs.est.6b02714

(173) Nuss, P.; Eckelman, M. |. Life Cycle Assessment of Metals: A Scientific Synthesis. PLoS One
2014, 9. https://doi.org/10.1371 /journal.pone.0101298

(174) Daehn, K. E.; Cabrera Serrenho, A.; Allwood, ]. M. How Will Copper Contamination
Constrain Future Global Steel Recycling? Environ. Sci. Technol. 2017, 51 (11), 6599-6606.
https://doi.org/10.1021 /acs.est.7b00997.

(175) Nakamura, S.; Kondo, Y.; Nakajima, K.; Ohno, H.; Pauliuk, S. Quantifying Recycling and
Losses of Cr and Ni in Steel Throughout Multiple Life Cycles Using MaTrace-Alloy.
Environ. Sci. Technol. 2017, 51 (17),9469-9476
https://doi.org/10.1021/acs.est.7b01683

(176) Ohno, H.; Matsubae, K.; Nakajima, K.; Kondo, Y.; Nakamura, S.; Fukushima, Y.; Nagasaka, T.
Optimal Recycling of Steel Scrap and Alloying Elements: Input-Output Based Linear

30



Page 31 of 33

oNOYTULT D WN =

1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1

Programming Method with Its Application to End-of-Life Vehicles in Japan. Environ, Sci.
Technol 2017, 51 (22), 13086-13094. https://doi.org/10.1021 /acs.est.7b04477

(177) Restrepo, E.; Lgvik, A. N.; Wager, P.; Widmer, R.; Lonka, R.; Miiller, D. B. Stocks, Flows, and
Distribution of Critical Metals in Embedded Electronics in Passenger Vehicles..Environ.
Sci. Technol. 2017, 51 (3), 1129-1139. https://doi.org/10.1021/acs.est:6b05743

(178) Andersson, M.; Ljunggren Séderman, M.; Sandén, B. A. Are Scarce Metals in{Cars
Functionally Recycled? Waste Manag. 2017, 60, 407-416.
https://doi.org/10.1016/]. WASMAN.2016.06.031.

(179) Graedel, T. E.; Allwood, ]. M,; Birat, |. P.; Buchert, M.; Hageliiken, C.; Reek, B. K; Sibley, S. F.;
Sonnemann, G. What Do We Know about Metal Recycling Rates? J. ind. Ecol. 2011, 15,
355-366. https://doi.org/10.1111/j.1530-9290.2011.00342.x.

(180) Gruber, P. W,; Medina, P. A.; Keoleian, G. A.; Kesler, S. E.; Everson, M: Py; Wallington, T. J.
Global Lithium Availability. J. Ind. Ecol. 2011, 15 (5), 760-775. -
https://doi.org/10.1111/j.1530-9290.2011.00359.x.

(181) Lucas, A; Neto, R. C;; Silva, C. A. Impact of Energy Supply Infrastructure in Life Cycle
Analysis of Hydrogen and Electric Systems Applied to the Portuguese Transportation
Sector. Int. J. Hydrogen Energy 2012, 37, 10973-10985.

(182) Ellingsen, L. A.-W.; Hung, C. R.; Strgmman, A. H. Identifying KeyAssumptions and
Differences in Life Cycle Assessment Studies of Lithium-Ion Traction Batteries with Focus
on Greenhouse Gas Emissions. Transp. Res. Part'D Transp. Environ. 2017, 55, 82-90.
https://doi.org/10.1016/].TRD.2017.06.028.

(183) B.Dunn, |J.; Gaines, L.; C. Kelly, J.; James, C.; G. Gallagher, K;; Dunn, ]. B.; Gaines, L.; Kelly, .
C.; James, C.; Gallagher, K. G. The Significance of Li-Ion Batteries in Electric Vehicle Life-
Cycle Energy and Emissions and Recyeling’s Role indts Reduction. Energy Environ. Sci.
2015, 8 (1), 158-168. https://doi.org/10:1039/c4ee03029j.

(184) Ongondo, F. O.; Williams, L. D.; Cherrett, T. ]. How Are WEEE Doing? A Global Review of
the Management of Electricaliand Electronic Wastes. Waste Manag. 2011, 31 (4), 714-
730.

(185) Vats, M. C,; Singh, S. K. Assessment of Gold and Silver in Assorted Mobile Phone Printed
Circuit Boards (PCBs).Maste Manag. 2015, 45, 280-288.

(186) Kasper, A. C.; Berselli, G. B.T,; Freitas, B. D.; Tendrio, ]. A. S.; Bernardes, A. M.; Veit, H. M.
Printed Wiring Boards for Mobile Phones: Characterization and Recycling of Copper.
Waste Manag. 2011, 31 (12), 2536=2545.

(187) Palmieri, R.; Bonifazi;G.; Serranti, S. Recycling-Oriented Characterization of Plastic
Frames and Printed Circuit Boards from Mobile Phones by Electronic and Chemical
Imaging. Waste Manag. 2014, 34 (11), 2120-2130.

(188) Hischier, RgWager, P.; Gauglhofer, ]. Does WEEE Recycling Make Sense from an
EnvironmentalPerspective? The Environmental Impacts of the Swiss Take-Back and
Recycling Systems for Waste Electrical and Electronic Equipment (WEEE). Environ.
Impact Assess. Rev. 2005, 25, 525-539. https://doi.org/DOI 10.1016/j.eiar.2005.04.003.

(189) Dimitrakakis, E.; Janz, A.; Bilitewski, B.; Gidarakos, E. Small WEEE: Determining
Recyclablessand Hazardous Substances in Plastics. J. Hazard. Mater. 2009, 161,913-919.
https://doi.org/DOI: 10.1016/j.jhazmat.2008.04.054.

(190) Robinson, B.H. E-Waste: An Assessment of Global Production and Environmental
Impacts. Sci. Total Environ. 2009, 408, 183-191.

(191) Buekens, A.; Yang, ]. Recycling of WEEE Plastics: A Review. J. Mater. Cycles Waste Manag.
2014,16 (3), 415-434.

(192) Wager, P. A.; Hischier, R.; Eugster, M. Environmental Impacts of the Swiss Collection and
Recovery Systems for Waste Electrical and Electronic Equipment (WEEE): A Follow-Up.
Sci. Total Environ. 2011, 409 (10), 1746-1756

(193)«Huisman, |J.; Botezatu, I.; Herreras, L.; Liddane, M.; Hintsa, J.; Luda di Cortemiglia, V.;
Leroy, P.; Vermeersch, E.; Mohanty, S.; van den Brink, S.; et al. Countering WEEE Illegal
Trade (CWIT) Summary Report, Market Assessment, Legal Analysis, Crime Analysis and
Recommendations; Lyon, 2015.

31



oNOYTULT D WN =

1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1 Page 32 of 33

(194) Arushanyan, Y.; Ekener-Petersen, E.; Finnveden, G. Lessons Learned - Review of LCAs for
ICT Products and Services. Comput. Ind. 2014, 65 (2), 211-234.
https://doi.org/10.1016/].COMPIND.2013.10.003.

(195) Faist Emmenegger, M.; Frischknecht, R.; Stutz, M.; Guggisberg, M.; Witschi, R.; Otto, T. Life
Cycle Assessment of the Mobile Communication System UMTS: Toward$Eco-Efficient
Systems (12 Pp). Int. J. Life Cycle Assess. 2006, 11 (4), 265-276.
https://doi.org/10.1065/1ca2004.12.193.

(196) Park, P.-].; Lee, K.-M.; Wimmer, W. Development of an Environmental Assessment Method
for Consumer Electronics by Combining Top-down and Bottom-up Approaches (11 Pp).
Int. . Life Cycle Assess. 2006, 11 (4), 254-264. https://doi.org/10.1065/1ca2005.05.205.

(197) Malmodin, ]J.; Lundén, D.; Malmodin, J.; Lundén, D. The Energy and Carbon Footprint of
the Global ICT and E&amp;M Sectors 2010-2015. Sustainability 2018 10 (9), 3027.
https://doi.org/10.3390/su10093027.

(198) Skerlos, S. J.; Morrow, W. R.; Kuei-yuan Chan; Fu Zhao; Hula, A.;Seliger, G.; Basdere, B.;
Prasitnarit, A. Economic and Environmental Characteristics of GlobalCellular Telephone
Remanufacturing. In IEEE International Symposium on Electronics,and the Environment,
2003.; IEEE; pp 99-104. https://doi.org/10.1109/ISEE.2003.1208055

(199) King, A. M.; Burgess, S. C.; [jomah, W.; McMahon, C. A Reducing Waste: Repair,
Recondition, Remanufacture or Recycle? Sustain. Dev. 2006, 14 (4), 257-267.

(200) Kerr, W.; Ryan, C. Eco-Efficiency Gains from Remanufacturing: A Case Study of
Photocopier Remanufacturing at Fuji Xerox Australia.j. Clean. Prod. 2001, 9 (1), 75-81.
https://doi.org/https://doi.org/10.1016/S0959+6526(00)00032-9.

(201) Gutowski, T. G.; Sahni, S.; Boustani, A.; Graves, S. C. Remanufacturing and Energy Savings.
Environ. Sci. Technol. 2011, 45, 4540-4547. https://doi.org/10.1021/es102598b

(202) Quariguasi-Frota-Neto, J.; Bloemhof,J. AntAnalysis of the Eco-Efficiency of
Remanufactured Personal Computersand Mobile Phones. Prod. Oper. Manag. 2012, 21
(1), 101-114.

(203) Truttmann, N.; Rechberger, H. Contributionto Resource Conservation by Reuse of
Electrical and Electronic Household.Appliances. Resour. Conserv. Recycl. 2006, 48 (3),
249-262.

(204) Geyer, R;; Blass, V. D. The Eeconomics of Cell Phone Reuse and Recycling. Int. J. Adv. Manuf.
Technol. 2010, 47 (5-8)5515=525

(205) Coughlan, D.; Fitzpatrick, C.; McMahon, M. Repurposing End of Life Notebook Computers
from Consumer WEEE.as Thin Client Computers - A Hybrid End of Life Strategy for the
Circular Economy/in Electronics. J. Clean. Prod. 2018, 192, 809-820.
https://doi.org/https://doi.org/10.1016/j.jclepro.2018.05.029.

(206) Polverini, D:;; Ardente, F.; Sanchez, I.; Mathieux, F.; Tecchio, P.; Beslay, L. Resource
Efficiency, Privacy and Security by Design: A First Experience on Enterprise Servers and
Data Storage:Products/Triggered by a Policy Process. Comput. Secur. 2018, 76, 295-310.
https://doi.org/210.1016/j.cose.2017.12.001.

(207) Makow; T.; Font Vivanco, D. Does the Circular Economy Grow the Pie? The Case of
Rebound Effects From Smartphone Reuse. Front. Energy Res. 2018, 6, 39.

(208) Thiébaud, E.; Hilty, L. M.; Schluep, M.; Faulstich, M. Use, Storage, and Disposal of
Electronic Equipment in Switzerland. Environ. Sci. Technol. 2017, 51 (8), 4494-4502.
https://doilorg/10.1021 /acs.est.6b06336.

(209) Venkatesan, C.; Murrill, ].; Mohin, T. Comparative Carbon Footprint Assessment of the
Manufacturing and Use Phases of Two Generations of AMD Accelerated Processing Units.
2015¢

(210) Moynihan, M. C.; Allwood, ]. M. Utilization of Structural Steel in Buildings. Proc. R. Soc. A
Math. Phys. Eng. Sci. 2014, 470 (2168),20140170.
https://doi.org/10.1098/rspa.2014.0170.

(211) Kim, H.-].; Keoleian, G. A.; Skerlos, S. ]. Economic Assessment of Greenhouse Gas
Emissions Reduction by Vehicle Lightweighting Using Aluminum and High-Strength Steel.
J. Ind. Ecol. 2011, 15 (1), 64-80. https://doi.org/10.1111/j.1530-9290.2010.00288.x.

32



Page 33 of 33

oNOYTULT D WN =

1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480

1481

AUTHOR SUBMITTED MANUSCRIPT - ERL-106481.R1

(212) Nakamura, S.; Kondo, Y.; Matsubae, K.; Nakajima, K.; Tasaki, T.; Nagasaka, T. Quality- and
Dilution Losses in the Recycling of Ferrous Materials from End-of-Life Passenger Cars:
Input-Output Analysis under Explicit Consideration of Scrap Quality. Environ. Sci, Technol.
2012,46 (17),9266-9273. https://doi.org/10.1021/es3013529

(213) Gillingham, K.; Rapson, D.; Wagner, G. The Rebound Effect and Energy Efficiency Policy.
Rev. Environ. Econ. Policy 2016, 10 (1), 68-88. https://doi.org/10.1093 /reep/rev017

(214) Cao, Z.; Liu, G.; Zhong, S.; Dai, H.; Pauliuk, S. Integrating Dynamic Material Flow Analysis
and Computable General Equilibrium Models for Both Mass and Monetary Balances'in
Prospective Modeling: A Case for the Chinese Building Sector. Environ=Sci. Technol. 2019,
53 (1), 224-233. https://doi.org/10.1021 /acs.est.8b03633.

(215) Zink, T.; Geyer, R. Circular Economy Rebound. J. Ind. Ecol. 2017, 21 (3), 593-602.
https://doi.org/10.1111 /jiec.12545.

(216) OECD. Material Resources, Productivity and the Environment.;/Organisation for Economic
Co-operation and Development. OECD iLibrary.: Paris, 2015;
https://doi.org/10.1787/9789264190504-en.
https://doi.org/10.1787/9789264190504-en.

(217) Pauliuk, S.; Arvesen, A,; Stadler, K.; Hertwich, E. G. Industrial Ecology in Integrated
Assessment Models. Nat. Clim. Chang. 2017, 7 (1), 13=20.
https://doi.org/10.1038/nclimate3148.

(218) IEA. World Energy Outlook 2015; International Energy Agency: Paris, 2015;
https://doi.org/10.1787/20725302. https://doiterg/10.1787/20725302.

(219) Hernandez, A. G.; Cooper-Searle, S.; Skelton A. C..H:; Cullen, ]. M. Leveraging Material
Efficiency as an Energy and Climate Instrument for Heavy Industries in the EU. Energy
Policy 2018, 120, 533-549. https://doi.org/10.1016/].ENPOL.2018.05.055.

(220) Scott, K.; Giesekam, ].; Barrett, J.; Owen, A»Bridging the Climate Mitigation Gap with
Economy-Wide Material Productivity. J.Ind- Ecol. 2018.
https://doi.org/10.1111 /jiec:12831.

(221) Bastein, T.; Roelofs, E.; Rietveld, E.; Hoogendoorn, A. Opportunities for a Circular Economy
in the Netherlands; Delft, 2013; https://repository.tudelft.nl/view/tno/uuid:9465d085-
6930-4449-83a5-8dc0480f23b8.

33



