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Materials form the in-use stocks (buildings, vehicles, appliances,
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The UN sustainable development goals
and their relation to materials
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Background: Material production to maintain and expand
cities and infrastructure

11 Million Tons 4.6 Million Tons
of cement é é per day! of steele é per day!
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Quelle: Allwood et al, DOI 10.1021/es902909k



Background: expanding

OECD steel and cement stocks to world

population with current technology: Ca. 350 Gt CO 5

~J
-
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Italy
80 B . USANetherlands, Germany

CRV,__.of in-use stocks (tonnes of CO,-equivalents)

Source: Miller et al. (2013): DOI 10.1021/es402618m
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Background: Emissions  from material production emerge as
major bottleneck to curbing global warming to well below
2°C

A Emissions fronproducing

materialshave increased
Plastic and rubber from 5 billion tonsCQeq
107 Wood products in 1995 to 12 Gin 2015
GJN Other minerals
@) [ lcGlass 0
O B Coment A 2(}_25 % ofltotal GHG
(O O I Other metals emissions!
I Alumini
Hminidm A Iron&steel cement, and
I ron .
) plastics are thredargest
1995 2000 2005 2010 2015 contributors

A Slow and costly to mitigate!

Source Hertwich, 2021 https:// doi.org/10.1038/s41564021-0069G8
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Background: Stock accumulatio nis 50% of human material use

Stock accumulation
Dominates

Energetic

use Waste rock

Material processing
accounts for 50%

of GHG and 90% of
biodiversity loss

Short lived products

Domestic

Domestic
extraction Materials Material EolL waste processed
Sankey diagram of B s ouput
' ~ o 26 9
material flows % This is the : _ , |
thl’OUgh the glOba| |Oba| Addition to stocks Demolition Recycling
economy 2005. gv o i
Numbers show the DOA NDdzt |NJ '-F&tO%Sg YH
size of flows \ j
in Gt/yr. [ Fossil fuels [l Biomass [l Metals Il Waste rock [ Industrial minerals [ Construction minerals

Source: Haas et al. (2015), DOI 10.1111/jiec.12244 and UNEP IRP Global Resources Outlook, 2019



Background: Growing

biodiversity

e eseesmmmmamm per 50x 50 kmgrid cell.

Mining area (km?) 100 200 300

Source Maus et al. (2022)ttps://doi.org/10.1038/s4159-022-0154 74

demand for minerals has pushed
mining activities into new areas increasingly affecting

-rich natural biomes

400

500

34000mininglocations
are identified acrosthe
globe, with 102000 km?2
of largescale as well as
artisanal and small
scale mining.
Largescale mining
facilities coveopen
cuts, tailings dams,
waste rock dumps,
water ponds,
processing plants.
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Background: Urban land expansion driven by building stock
Increase, population growth, and urbanisation
2050 Urban Land Area Forecast

SSP1 SSP2 SSP3 SSP4 SSP5
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- Asia and developing Pacific Developed Countries
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. Current Urban Extent

Source: Different studies (A-D, E: mean, F: median) via Figure 8.10 in chapter 111.8 of the IPCC 6" AR



Outlook: Global resource challenges I
Materials as bottleneck for sustainable development

Material production: ca. ¥4 of global GHG, hard to decarbonize
Until now: Energy Is scarce, materials abundant

Long term: Other way round
Aboundart low cost and low carbon &=
renewable energy, but constraints
(supply, availabllity, social and env.
Impacts) of materials

Rough area requirements for largeale RE supply



Industrial ecology/Material cycle perspective: The example of copper

Average lifetime of copper in the techno-sphere is less than 50 years!
aWhile impacts from its production will last for millenial!
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Source: Klose and Pauliuk (2021), DOI 10.1111/jiec.13092 H



Outlook: Circular Economy 1 Vision for sustainable material cycles

BIOLOGICAL TECHNICAL
NUTRIENTS NUTRIENTS

Mining

!

Part manufacturer

Recondition
Remanufacture

Recycling

=

Restoration
Biochemical

feedstock

&=

Product manufacturer

l Reuse

Service provider

|

Anaerobic
digestion/
composting

&=

Maintenance
Cascades User Repair

1 1

Incineration
biochemical .
feedstock l l Nice concept,

SHEEEE but needs reality check!
https:// www.mdpi.com/20711050/11/23/6614/htm and DO010.1111/jiec.12599

Extraction of



https://www.mdpi.com/2071-1050/11/23/6614/htm

Overarching research guestions

A How much materials and energy
do we need for different services for a good life,
and at which environmental cost?

A What is the potential of different resource efficiency strate-
gles, different urban forms, different levels of societal
iInequality, and of sufficiency strategies
on energy and material demand?

A How should we produce, use, and recycle
all the materials in the future?



Research f ramework : The material and energy service cascade (ESC)
and the service -stock -flow nexus in the doughnut economy

Lifestyle Consumption  Energy efficiency Energy carrier Renewables  Efficiency
& material & material choice gréaake

c : 2
o Build-up =
= 3
Iz El\r}let[gy_ alnd Energy = — o
S : Services, Products/ /a cliChict carrier xtraction Climate imp. [
2 Well-being g activities Stocks : e conversion land use S}
= '2Y Operational [ . technologies %
'O Energy and o
A A, Material -
o)
d(lct/,o \‘('\'\0%
@ Material Qe
Additional scope for Production
sociometabolic research Scope of industrial ecology research

Sustainability

The safe and just space for humanity

References for the different concept&ergsdal et al. (2007), D00.1080/09613210701287588; Kattal. (2019)D0OI10.1016/j.erss.2019.02.026; Haberl et al. (2017), DOI 10.3390/su9071
Raworth K. (2012). A Safe and Just Space for Humanity: Can We Live within the Doughnut? Oxfam Discussion Papers.



Ressource Efficiency

RECC v2.5: Major material cycles for
passenger vehicles, residential and
non-residential buildings.

Material
Content

Service
Scenarios

World in 33 countries & 6 aggregate [vogning}tloumattn)  (Cuse Ji_spie ) {hare )
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Transformation process
with no.

Market with no.
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Material flows
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Mt:_vd_el parameter with resource-
ufetimes) efficient alternative scenario

Modeling approaches:

SDM Stock-driven model
PE Parameter equation
AA Ancillary accounts

GHG Emissions

----- » Parameter relation

@ Order of computation
Other parameter/effect.

Material -
Process technologies

omitted from drawing.

Source updated from UN International Resource Par{RP 202D Resource Efficiency and Climate Change: Materi:

Efficiency Strategies for a Le&@arbon Future. Summary

for Policy mak&®l1:10.5281/zen0d0.3542680
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4
attitudes, preferences, and habits 1 Values ! Monetary: willingness to pay

. (part of ESC) . Non-monetary: resonate with surrounding infrastructure
Inot considered1
| S }_ _e =’
actual contributions ‘" Benefits ‘. Objective: health, other needs
to human wellbeing ! (part of ESC) | Subjective: life satisfaction, other wants

.not consideredi

Passenger transport ~~~} - Residential buildings

f)( Service : thermal comfort: shelter, heating,
 demand cooling, domestic hot water
) (inhabitant*m2*yr)/yr

communication, connectivity:
driving, passenger*km/yr

- - - ————— -

[ Function )\

A~
O |, demand__

% split in to pass. vehicles, .. Modal split : % split in to single and multi-
(f) trains, bus, etc. Lo (LRGSV) family houses, apartment blocks
\LI:I/ (currently not implemented) g ) (currently not implemented)

Feegse

The Energy Service Cascade

[N
|
|
:
passengers/vehicle : : Ir::f:::y ' 1 (because m2 and not dwelling
1 ! i i
(occupancy rate) i LEt_(:_ EG_S_ \_/)_: is reference unit)
RN £
vehicle-km/yr : :)I(ntens::y °f:| % of building are that is
- i Xoperation
¥ (t.crG.S\) .: heated/cooled
- — — _17'_'_-4
Pass. vehicles: million PrOdUCt
Res. buildi : Mm?
es. buildings: Mm StOCkS §
(tlrlGIS) T —EE
Source ODYMRECC v212aodeldocuy DOI 10.31235/osf.io/y4xcandKalt et al. (2019), DOI 10.1016/j.erss.2019.02.026 S



ftl r'r ’S
by multiplication/division. (t,r,9,S,V,n) (m.t,c,ng,S)

TJ/yr, to energy balance/ To material
SourceODYMRECC v2modeldocy, DOI 10.31235/0sf.io/y4xcyGHG emissions  cycle model

r ~
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Res. buildi : Mm? I .. ' 1 Implemen-
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] 0rCrly ! model 1+ (c,rng,S) 'l 1 Archetypes:
qv] E Tmmmmmmmes Yemmmmmms P! 6 vehicles types
Pass. vehicles: : , 6 (9) building types
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I > I . p
=-——— e N - e ! — e - - - - - —
9 :Intensity of' | Material Vo o)
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p) — c: age-cohort L (6C,Rg,SV) 1t (MGRG,S) e 4--1-1.composition, |
’ m==mpoe==t Ye--my - Do m,r,g,S) !'!
% D r: region, ____f_*___ * | Ak=
' ~ ¢S TTT===== N
O G: commodity group i Energy ! ;! ' 1 X Energy ::8
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RECC Material cycle module

Indices/aspects: t: time,

c: age-cohort,

r: region,

G: commodity group

g: good/commodity/product,
S: scenario(SSP, RE),

V: service category,

n: energy carrier,

m: material

to: starting time of
prospective assessment (2015)
(*, 1/): Parameters combined
by multiplication/division.

Material intensity of products
RECC model parameter
RECC Variable

Central RECC process

Source ODYMRECC v21so0deldocuy in preparation
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Primary Secondary )
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Al e e »

EoL recovery

F ------ - rate !

+ (m,s,nS) !
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Stock-driven model

¥

! Share % | Fixed vy Energy and !
1of cascading, | lifetime : ! carbon :
1 of timber ; 1 (25 years) : 1 content ;
\_____l____ \---"I"-- \--'-ﬁ----

¢vv

as a whole
ictural wood

Source ODYMRECC v21so0deldocuy in preparation

I
O Final constr. Wood
wood in EoL prods.
P e Y, consumption F 7_8
q) Manufactrng: (m,t,r.g,S) (m,t,c,,a.S) R
] yield S m—--- - ;-- ! e Building components
! s N ( A . d
! _(_g_n:' _S_r:S_)_ ' Manufacturing Construction \th:ord w\a's:e s e e
Q) q) input waste 2 Fe;o7e Y
—_— L (m,t,g,S) ) (s:t.,rS) L (M,56,50,5) | ‘EoL recovew e
c ______ a 'Improvement,
O Y rate "_: potential |
N\ v (]
=~ o T Material Wood waste | | _ (M:SS) - FoSSIR
(n export markets -« for(u:tt’:xgl)mg e .
U (m.t,r,S) g ) i« holosses , pieces of material reused
y or in part (strands) for stri
| o
Structural Secondary
C Demand for structural timber dt|mbe:| construction
O from industrial roundwood ;";a'; wood
o C (m_,t,F,S) F_10_12 (m,t,r,S)
Q C | Hardwood/ i Share tlmber F_23 ‘ . .
S 'softwood spllt roundwood ! > F_1_2 Share of industrial roundwood that is not used
O : 'T :_ F_0_1 as structural constrution wood material
Q) LR St_r,_S_)_ - E ' _(?_n_" _s_r,_S_)_ \ﬂi’r'ia
U — Calibrate parameter via Industrial roundwood (Mt C)/yr
U “ee”  CRAFT model coupling CRAFT model coupling

cascading Y
Wood waste S_wc (25 yr) Final energy Carbon
for cascading recovery release
F_8_9 > F_10_9 F_9_0
&rs) ) S (t,5,S)

Assumption: Energy of final waste wood is always
recovered, as it's a highl value source of energy

Energy

Energy displacement:
First fuel wood,
then electricity

demand
J/yr (n,SP,t,r,S)

Fuelwood (Mt C)/yr
CRAFT model coupling

Color legend:

Environmt!. extension
CRAFT model coupling

RECC model parameter
RECC Variable

Central RECC process

Wood cycle module flows and stocks are extracted from material flow module. Partly the same processes and mass balance is used as for the other
materials. Separate calculation steps include for m='wood and wood products' and e="'carbon' include the cascading stock and the energy recovery.
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v

Energy
demand
J/yr (n,SPt,r,S)
\d
Scope 1 Scope 2 Scope 2
4 \ Y
6_PR_DirectEmissions 4_EI_SpecificEnergy_EnergyCarriers 4_SHA_ElectricityMix_World
kg GHG / MJ (X,n) kg/M1 (n) % (n,Lt,5)

)

6_MIP_CharacterisationFactors
midpoint unit / kg GHG (x,X)

(4_?E_Prncass! xtansiuns_Enarngarriarej [
(x,:n)

4_PE_ProcessExtensions_Industry
midpoint unit / kWh (x,I,t)

Direct GWP
(scope 1)

Mt CO2-eq

SysExt_DirectImpacts_[SP]
by process, GWP only

(Sct;pel2 ir:i?a_ct:-;s) All environmtl.

w /o electrici T H

midpoint unit midpoints, by
process

(X, SPt,1S)

Scope 2 Elec-
tricity impact

midpoint unit

SysExt_Indirectimpacts_EnergySupply_[SP]

Primary material
production
(F_3_4)
Mt/yr (m,t,rS)

Complete foot-“print, baseline

Electricity supply

Y

Fuel production

For secondary material production (recycling),
the raw materials are sourced from within the system (scrap),
so that only the energy demand is considered for env. extensions

Scope 1: energy-related

4_SHA_MaterialsTechnologyShare
% (m,Pt,S)

4 PE_ProcessExtensions_Materials
midpoint unit / kg (x,m)

4_EI_ProcessEnergyIntensity
MI/kg (n,m,t)

)(

MI/kg (n,m,t)

4_EI chessEnergyIntensuty

4_EI_ProcessEnergyIntensity
Ml/kg (n,Rt)

4_SHA_ElectricityMix_World
% (n,It,S)

)&

ka/MJI (n)

EI_SpecificEnergy_EnergyCarrie

kg GHG / M1 (X,n)

Demand to impacts

(
(
(

4_PE_ProcessExtensions_Industry

(x,n)

PE_ProcessExtensions_EnergyCarriers

)(
)(
J(

6_MIP_CharacterisationFactors
midpoint unit / kg GHG (x,X)

)
)
6_PR_DirectEmissions ]
)

Y
Baseline
footprints
midpoint unit
(xlmltFrFS)

All env.
midpoints

Material production and energy

Source ODYMRECC v21so0deldocuy in preparation

Scope 2 Energy-
related impacts

4_
midpoint unit / kWh (x,I,t) (
related impacts
midpoint unit

¥
(Xfmlt! rfs)

Scope 2 Energy-
SysExt_Indirectlmpacts_EnergySupply_PrimaryProd_m

midpoint unit
(xfmft!r!s)

All environmental midpoints, by material

+

Direct energy-
related GWP

Mt CO2-eq

SysExt_DirectlImpacts_PrimaryProd
GWP only

) =

RECC model
Parameter (scenario)

RECC System variable
Environmtl. extension

Indices/aspects:

t: time,

r: region,

S: scenario (SSP, RCP RE),

SP: process in system definition:
3,5,7,and 9

n: energy carrier,

m: material

P: Material prod. technology

I: Electricity gen. technology

X: environmental extension

X: environmental midpoints

(GWP, land, water, materials)

E.g., limestone
decarbonisation

Residuals:
process impacts

midpoint unit
(x,mt,rS)

SysExt_ProcessImpacts_PrimaryProd
All env. midpoints



Material efficiency strategies for buildings

BUILDING &
CONSTRUCTI(

Construction &
Demolition

Lifetime
Extension

Modularity &
Prefabrication

Waste Recycli

Timber P2P Component
Buildings Accommodation Reuse

Renovation &
Building

Shared Housing

Adaptation

Smaller Homes

Home
Offices/Telework

The RECC team, in particular: Peter Berrill, Reid Lifset, and Niko Heeren

Disaster
Resilience

SourcelRP(2020). Resource Efficiency and Climate Change: Material Efficiency Strategies faCarlhomwFuture. Summary for Policy

makersDOI: 10.5281/zenodo.3542680



Main driver: Stock of residential buildings (reb), m?/cap

m3capita 2015 2050,LED | 2050,SSP1| 2050,SSP2

very reb

Intensive: 60
USA, Can 60-70 37 65 80 80 m3cap
China, Japan, France reb-intensive:
Germany, Italy 3545 30 40 48 60-80 m3cap
UK, Latin America, reb-intensive:
MENA, Poland 25-35 30 40 45 15-25 m3cap

reb-lean:
India, SubSaharan about 15
Africa, South Asia 12-18 20-30 30-35 40 m3cap

Socieeconomic scenarios:

Low Energy Demand (LED, Gribler et al. 2018)

and shared sockeconomic pathways SSP1 (easy mitigation and adaptation) and SSP2 (moderate adaptation and mitig
Energy supply scenarios:

Baseline with no further climate policy and a RCR2patible energy supply system

Source: Fishman et al. (2021), DOI 10.1111/jiec.13122



Main driver: Stock  of non -residential buildings (nrb), m2/cap

m?capita 2015 2050,LED | 2050,SSP1| 2050,SSP2

nrb-intensive:
USA, Can, Ger 21-24 18 26 30 15-25 m7cap
Japan, China, France nrb-intensive:
Poland, UK 10-16 13 16 20 15-25 m¥cap
Italy, Spain, Mexico, nrb-intensive:
Turkey 5-9 9 12 15 15-25 m7cap

nrb-lean:
India, SubSaharan about 10
Africa, SouthEast Asig 1-3 ! 10 12 m3cap

Socieeconomic scenarios:

Low Energy Demand (LED, Gribler et al. 2018)

and shared sockeconomic pathways SSP1 (easy mitigation and adaptation) and SSP2 (moderate adaptation and mitig
Energy supply scenarios:

Baseline with no further climate policy and a RCR2patible energy supply system

Source RECCv2.5 database, ongoing work



Sufficiency interventions and policies in the building

sector, global

12,000

10,000

8000

54%
A

12%
A 0% 0%

0.1%

ot 4

B Total — 1990, 2020
B Population

B Efficiency

38%

6000

14%

4000

21%

GHG emissions (direct and indirect) MtCO,-eq £

2000
0,
o = g = 55 /o
) = 64%E]  85% Ml N N

Historical 2019 Current 2020 Sustainable 2021 Net-zero| Baseline Lifestyle and
Policy Scenario Development Emissions | SSP2-RCP2.6 Renewable

Scenario Scenario scenario

International Energy Agency IMAGE

BN sufficiency

B Renewables
B Total at the end

LED: low energy demand

30%

o

LN

= S

S

o 43%v Il

SSP2 LED and
Baseline 2°C policy

RECC

Figure 9.5 | Decompositions of changes in historical residential energy emissions 1990-2019, changes in emissions projected by baseline scenarios for
2020-2050, and differences between scenarios in 2050 using scenarios from three models: IEA, IMAGE, and RECC. RECC-LED data include only space

heating and cooling and water heating in residential buildings (a) global resolution, and (b) for nine world regions.

Source: Saheb (2021) via Box 9.1 in chapter I11.9 of the IPCC 6" AR
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Embodied emissions In

) 4000

3500
3000
2500
2000
1500
1000

500

GHG embodied emissions MtCO,-eq

B Total

the building

World

sector, global

16%

SSP2
Baseline
2020

0%
A
v v
16% 0%
27%
v [
SSP2 LED and
Baseline 2°C policy
2050
RECC
B Renewables B Population B sufficiency B Efficiency

Source: Pauliuk et al. (2021) via Figure 9.10 in chapter 111.9 of the IPCC 6™ AR
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Policy Relevant Claims

Life-cycle emissions
from homes with and
without Material
Efficiency strategies in
2050 in G7 countries,
China and India

UNEP International Resource Panel (IRP) (2020)

I IRP Report

- Buildings
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