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1 Uncertainty modeling

No parameter is known with absolute certainty, due to inherent uncertainties of the system, such as e.g.,
statistical nature of real life chaotic problems, measurement errors, influence of observation on the system,
and limitations of current scientific understanding and spatial and temporal variability. The latter group
of uncertainties can be reduced through improved modeling (i.e., regionalization and dynamic modeling)
and advances in scientific knowledge.

Each parameter in the Ecological Resource Availability (ERA) method is specified with an uncertainty
range and assigned a probability density function (PDF) (Muller et al., 2014, 2016). A Monte-Carlo
simulation (MC) is performed with n,uns = 10° simulation runs to consider the uncertainty of the
parameters and the uncertainty propagation throughout the calculations. The calculation and simulation
is performed in Matlab R2018. The advantage of a MC simulation over analytical calculations is, that
different PDF and empirical data sets can be considered also in complex linear and non-linear systems.
Each parameter is therefore picked randomly for each simulation run n,,,s according to the PDF specified
with the input parameters in table S1.

distribution description min mode max d
beta-PERT smooth PDF with absolute min and max a c b
triangular forms a  triangle between  (min,p = a c b 2
0), (mode, p(mode)), (maz,p = 0) with p(mode)
so that [ p=1
normal Gaufian distribution - I w+30c 3
log-normal In-transformed Gaufian distribution - et eht3e 4
uniform each value between min and max has the same prob- min — max 5
ability
balance coefficient is determined as the residue to 1 for columns in a  — - - 6

matrix. Only relevant, if the sum of each column in
a matrix needs to equal 1

Table S1: Distributions to calculate random numbers for Monte-Carlo simulations.

The probability of violation is the area of overlap between the segment boundary (SB) and upscaled
UI distributions. It is numerically calculated through counting the number of occurrences, that a load is
greater than the strength and divided by the total number of runs.

no_ 1 Tuns {]_ load > strength (1)

T Myuns — |0 load < strength
In the paper we set the acceptable risk of violation for the Earth System Boundaries (ESB) to P, = 0.01.
In current Earth system governance, this value is usually much higher (e.g. the climate change targets
and trajectories limiting global warming to < 2°C are set with a confidence of 2/3 (Myhre et al., 2013),
i.e., there is a 1/3 chance that the climate targets are not met even when the emission reduction targets
are fulfilled); whereas for technical systems (see table S2), the probability for system failure is much lower.

2 Planetary boundaries translation, impact characterization and
uncertainty

In this section, the boundary translation used in the case study is described in detail. The translation is
based on and compared to multiple methods (fig. S1) (Doka, 2016; Ryberg et al., 2018; Chandrakumar
et al.; 2018; Dao et al., 2015; Meyer and Newman, 2018; Bjgrn and Hauschild, 2015; EEA and FOEN,
2020). The translated boundaries have to be measurable in the EE-IOT exiobase v.3 (Tukker et al., 2009,
2014; Stadler et al., 2018) and LCA database ecoinvent v.3.5 (Wernet et al., 2016).
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Engineering field pr/Yn tr, /b P;  Description

Automotive structure (Heuler 1075 10? 1072 Failure of structural components

et al., 2010) lead to a serious accident

Aircraft engine, critical system 107 104 10~3 Hazardous engine defects could

(Hupfer, 2011) potentially lead to a crash

Ship hull (Molland, 2008) 1078 10° 1073 Cracking of the hull due to wave
loads will lead to sinking of the
ship

Nuclear power plant (Volkmer, 10710 10° 10=® Melting of the core can have ma-

2007) jor and long lasting effects on the

environment and society

Table S2: Typical probabilities of failure used in engineering. Probability density per operating time of
failure py; service lifetime tr,; probability of failure over service life Py.

2.1 Climate change
2.1.1 Atmospheric CO5 concentration

The first control variable defines the atmospheric concentration of cco, < [350,450] ppm (Steffen et al.,
2015). CO4 emissions are well reported in LCA and EE-IOT, however in units of mass, not concentration
change. Ryberg et al. (2018) proposes to translate COy emissions into COs concentration change
with a characterisation factor based on a 300a time horizon. This factor can be used to calculate
the annual emission allowance in starting from a reference concentration. Taking the pre-industrial
concentration of 278 ppm, translates to annual emissions of mmco, = [2.68,6.39]Pg/a; whereas taking the
current concentration (414ppm)! as a reference, allowed annual emissions are 1mco, = [—2.38, 1.43]Pg/a.
Meyer and Newman (2018) set the boundary based on a transition pathway scenario, where the target
concentration of 350 ppm is reached in 2100. As a boundary, they take the negative emissions required in
this pathway between 2050 and 2080: rmco, = —7.3P8/a (no uncertainty specified). All other authors do
not translate this boundary.

Because the boundary settings from Ryberg et al. (2018) and Meyer and Newman (2018) are set
with limited and specific time horizons, they do not correspond well with the scope of the ERA method.
Therefore, we propose an alternative translation. The ERA method quantifies resource use at the level
where the Holocene-like state of the Earth system can be maintained over time. This requires, that the
atmospheric CO5 concentration remains constant at the level specified in the PB. If the concentration is
not to change, the inflow into the compartment “atmosphere” can only be as large as the corresponding
outflow. Therefore, as much fossil CO5 can be emitted per year as is absorbed by oceans and soils each
year. The atmospheric CO5 balance (Sarmiento and Gruber, 2006) can be expressed as:

dN

o Fhratural + Frossit + FLuc + Fays + Fab + Fiediment (2)
N number of CO3 molecules in the atmosphere
Fhatural emission of COy by natural events, like volcanism or weathering
Frossit emission of COy from fossil sources
Fruc emission of CO4 due to land use change (LUC)
Fas net exchange of CO3 at the atmosphere - sea interface, minus weathering
Fan net exchange of CO5 between the atmosphere and biosphere, minus LUC and weathering
Ficdiment burial of carbon in sediments at the seafloor
In a steady state, the number of molecules of CO; in the atmosphere needs to be constant (% =0) as

well as no LUC may occur (Fryc = 0). Further, both the net exchanges between atmosphere and sea as
well as with the biosphere are close to zero over long time horizons. According to assessment report 5 of

lhttps://www.esrl.noaa.gov/gmd/ccgg/trends/global.html, accessed 17.7.2020
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Figure S1: Comparison of ESB used in this case study (blue violins) to the translation using characterisation
factors from Ryberg et al. (2018) relative to the holocene state of the Earth system (red bars)
and relative to the current state (blue bars), translations done by (Doka, 2016) (green bars)
and single boundary values from Meyer and Newman (2018) (violet diamond), Dao et al. (2018)
(orange diamond) and Bjgrn and Hauschild (2015) (yellow diamond). All values are normalized
to the 0.5 % value of the boundary’s uncertainty distribution as considered in the case study

(=1).
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IPCC (IPCC, 2013) the residence time of carbon in different compartments (e.g., soil, biomass, deep ocean,
etc.) is within a human’s lifetime (< 100 a) or within the perspective of civilizations (103 a) with only one
exception: sediments. The residence time of C in sediments is > 10* a and thus the only compartment,
which can be considered as a final sink in a human perspective.

The natural volcanic emission rate is about < 0.36 Pg/a (CO3) is compensated by net weathering of
about —0.72Pg/a (CO2) (IPCC, 2013), resulting in a net natural uptake of Fpatural,co, = —0.36 Pg/a.
Additionally, there is a sedimentation rate of organic carbon Fyediment,co, = —0.72Pg/a. Volcanic emissions,
sedimentation and weathering had been relatively constant over recent Earth history (IPCC, 2013). An
examination of sediment bore cores from deep sea sites had found a variability of the sedimentation
rate of about eediment(t) [0.624, 2.5] over the last 20 Ma (Stein, 1991). During the same time period,

Fsediment,today

the atmospheric concentration of CO5 had been below 450 ppm (IPCC, 2013), i.e., within or below
the uncertainty interval of the boundary value specified by the PB framework (Rockstrém et al., 2009).
Applying this variation on the sedimentation rate and adding the net removal through weathering processes,
the fossil CO9 emission rate can be determined.

Ffossil,COg = [0825, 2.2}Pg/a (3)

Please note, negative emissions will be necessary to reach the target CO5 concentration during the
transition. The Meyer and Newman (2018) boundary is therefore a good estimate for the efforts in the
transition, however not a goal that will be relevant for beyond the transition. Future-proof products and
services need to be designed for the time after the transition, acknowledging that during the transition
extra efforts are necessary (e.g. CCS). Besides that, negative boundaries will lead to meaningless results
in the ERA method when using a grandfathering approach, because ERA budgets will be negative. In
scenarios allowing for CO45 removing technologies and materials, a negative boundary can be implemented
in the method.

2.1.2 Energy imbalance at top of the atmosphere

The second climate change boundary is defined as < [1,1.5] W/m? energy imbalance at the top of the
atmosphere relative to pre-industrial levels (Steffen et al., 2015). This control variable accounts for
the warming effect of CO2 and other greenhouse gases (GHG) (e.g., CHy4, CO, aerosol loading). The
GWP is usually described in LCIA in terms of emissions of mass of COz-equivalents. Doka (2016)
relates the two units using the conversion factor 8.69 x 10714 Wa/m2kg for the GWP for a 100a time
horizon, which translates the boundary into 7mco,—eq = [1.09, 1.64] x 10'® kg/a. The same procedure with
the updated conversion factor [9.17] x 10714 Wa/m2kg from Myhre et al. (2013) translates the boundary
into Mmco,—eq = [1.09,1.64] x 1013 ke/a. Ryberg et al. (2018) applies again a 300 a time horizon for the
conversion, which yields a boundary of mco,—cq = [2.83,4.25] x 10*2 kg/a in comparison to pre-industrial
times; and Mmoo, —eq = [—5.1, —0.28] x 10'2 kg/a in comparison to current energy imbalance given by Steffen
et al. (2015). Meyer and Newman (2018) only consider CH4 and N3O emissions for this boundary and
set their boundary in COg eq t0 1100, —cq = 1.23 x 1013 ke/a. Dao et al. (2015) based their boundary on
spreading the remaining carbon budget to stay < 2°C with 50 % confidence (IPCC, 2013) over the years
2015 to 2100. Chandrakumar et al. (2018), in contrast, calculates a boundary to mco,—eq = 3 X 1013 kg/a
based on the conversion factor from Doka (2016) but using the 2.6 W/m? irradiation imbalance from IPCC
scenarios limiting global warming to < 2°C (IPCC, 2013), which is not in line with the PB. Bjorn and
Hauschild (2015) propose a boundary for GWP100 of mico,—eq = 3.61 x 10'? kg/a based on a weighting of
GHG relative to the climate change indicator score in 2010 and the 1 W/m? boundary.

As a boundary for our case study, we take the lower uncertainty value from Ryberg et al. (2018)
(relative to pre-industrial) and the upper value from Doka (2016) (with the updated conversion factor
from IPCC (2013), i.e. mMc0o,—cq = [2.83,16.4] x 102 kg/a. In this way, the uncertainty range covers all
reviewed studies, except for Ryberg et al. (2018) relative to current state, which is out of the scope for this
method, and Chandrakumar et al. (2018), which is not in line with the original boundary. Please note,
most GHG other than CO5 have a lifetime in the atmosphere of <100 years. And because we already
have considered the longer lifetime of CO5 in the first boundary above, it justifies to set this boundary
with commonly used time horizons (100 a and 300 a).

In order to quantify GWP from inventory results, various LCIA methods are available. To account for
different modelling approaches (e.g., time horizon) and variations among impact assessment methods, a
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rectangular distribution is formed with the minimum and maximum values among the following LCIA
methods: CML 2001, ILCD 2.0 2018, IPCC 2007, IPCC 2013, ReCiPe V1.13 2016. The impact results
are multiplied with the underlying inventory uncertainty (as modeled for the direct CO5 emissions, but
normalized to one as the geometric mean) to result in the total uncertainty range.

2.2 Change of biosphere integrity

The loss of biodiversity is of growing concern (European Commission, 2011; IPBES, 2019), however
the control variables of the PB framework are only of preliminary character (Rockstrom et al., 2009;
Steffen et al., 2015) and debated (Montoya et al., 2018; Newbold et al., 2016; Mace et al., 2014). One
control variable defines the extinction rate as [10, 100] extinctions/108species-a, whereas the second defines the
relative species abundance, or biodiversity intactness index (Scholes and Biggs, 2005), to BII > [0.9,0.3].
Doka (2016) provides an approach for the latter, taking the potentially disappeared fraction of species
(Goedkoop et al., 2013; Huijbregts et al., 2017; Doka, 2016; Verones et al., 2017) used in the LCIA
method ReCiPe version 1.13 (Goedkoop et al., 2013; Huijbregts et al., 2017). To end up with relative
species loss, potentially disappeared fraction of species needs to be multiplied with the species density,
i.e., the total number of species on Earth. ReCiPe characterization factors are built with an approximate
1.95 x 105 number of known species(Goedkoop et al., 2013). Therewith the boundary can be translated
to [1.95,13.7] x 10°. Note, this value is specific to ReCiPe, it however indicates the global pressure on
species loss correctly (IPBES, 2019) and can be easily implemented in ecoinvent and Exiobase. Meyer and
Newman (2018) propose a different metric to evaluate the biodiversity boundary with the percentage of
disappeared fraction of species of < 1 x 107%1/a, whereas Dao et al. (2015) propose to use the biodiversity
damage potential (boundary < 0.16). For simplicity, we use the approach from Doka (2016), as it can
easily be implemented in ecoinvent and Exiobase. However, we stress the fact, that a more suitable
boundary needs to be defined in accordance with state-of-the-art methods (e.g. UNEP and SETAC (2016))
assessing biodiversity impacts.

Different impact pathways lead to species loss (e.g., land occupation). The endpoint category of species
loss is calculated from various midpoint indicators in ReCiPe (Goedkoop et al., 2013; Huijbregts et al.,
2017). The impact pathways considered are climate change, land occupation, ecotoxicity, eutrophication,
terrestrial acidification, water depletion for marine, freshwater and terrestrial ecosystems. The uncertainty
range for the impact characterization is modeled as a uniform distribution with the minimum and maximum
value from the three different scenarios in ReCiPe (i.e., hierarchic, egalitarian, individualist) multiplied
with the uncertainty of the dominating inventory result (i.e., agricultural land occupation). Note, a more
precise uncertainty range should be modeled using all different contributing inventory results and impact
pathways (midpoints), which is simplified here for the first proof of concept of the method.

2.3 Stratospheric ozone depletion

Ozone depletion was among the first environmental problems successfully tackled by international com-
mitment (Velders et al., 2007). Still, it remains important to observe the boundary in the future, as
not all ozone depleting substances (ODS) can be banned. The PB is defined as a permitted loss of O3
concentration of —Aco, = [14.5,29] DU (DU = Dobson units).

Doka (2016) translates the O3 concentration loss into emissions of substances with ozone depleting

potential (ODP) with a conversion factor of —= 805 342 x 1078 DU-a/kg leading to a boundary of

MCFC—11—eq
MOFC—11,0q = [4.24,8.48]x 108 kg/a. Ryberg et al. (2018) uses a different conversion factor of SR S

MCFC—11—eq
7.85 x 1079 DU-a/kg which translates to a boundary of mcrc—11,eq = [1.85,3.69] x 10° kg/a. The factors
consider the average effect of the emission of ODP on the reduction of O3 concentration. Bjegrn and
Hauschild (2015) proposes a boundary of mmcpc—11,eq = 5.39 x 108 kg/a, which is within the uncertainty
range of Doka (2016). Meyer and Newman (2018) set their boundary to zero, however, it applies to
substances regulated by the Montreal protocol only (does not include e.g. N5O).

For the case study, we set the boundary to mcrc—11—eq = [4.24,36.9] x 108 kg/a using the lower value
from Doka (2016) and the higher value from Ryberg et al. (2018). Ozone depleting substances (ODS) are
commonly measured in LCIA in the ODP-eqivalent CFC-11-eq. The uncertainty range for the impact
assessment is modeled as uniform distribution with the minimum and maximum vales from the following
impact methods: CML 2001, ILCD 2.0 2018 and ReCiPe V1.13 2016.
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2.4 QOcean acidification

CO; uptake of the oceans from the atmosphere is the main driver for the change in pH value in the oceans’
surface water. This change leads to dissolving the shells of marine species. To prevent this, the ocean
surface saturation state of aragonite needs to stay Qarag > [0.8,0.7].

As the boundary is directly dependent on the climate change boundary, it is not operationalized in
this method as it is expected, that if the CO5 boundary is respected, so is the one for ocean acidification
(Doka, 2016; Steffen et al., 2015).

2.5 Biogeochemical flows
2.5.1 Phosphorus to oceans

Phosphorus intake to oceans disturbs the nutrient balance and can lead to anoxic zones (Rockstrom et al.,
2009), thus the global flow of P into ocean needs to be restricted to 1mp ocean < [11,100] Tg/a. This PB is
already in the right format and can be measured through the direct LCA inventory results P and POy to
ocean, soil, air and freshwater. P to ocean includes all P and PO, emissions to ocean, soil, freshwater,
and air following the fate model employed in ReCiPe (Huijbregts et al., 2017), as proposed by Doka
(2016). This fate model characterizes non-marine P emissions to direct marine P emissions by calculating
the fraction of P arriving in the oceans. For example, one kilogram of P emission to soil in this fate
model leads to 0.337 kg P in the ocean. The uncertainty range is directly taken from the inventory result.
Dao et al. (2015) define an alternative boundary for P fertiliser application, which is contradicting the
boundary for P to soil and therefore not considered here.

2.5.2 Phosphorus to soil

Applying mined P fertiliser on agricultural soil is the main driver for disturbed biogeochemical flows. The
PB for applying mined phosphorus on agricultural soil is 1p soi < [6.2,11.2] T&/a.

The impact can be measured again from the LCA inventory results, this time for soil only as it
specifically specifies application on soil. Following the precautionary principle, emissions on all soil types
(i.e., industrial, agricultural, unspecified) in ecoinvent are considered, to account for unclear labeling and
potential missing categories in agricultural soil (e.g., home gardening, infrastructure areas).

2.5.3 Industrial and intentional biological fixation of nitrogen

The nitrogen cycle is another biogeochemical cycle which is significantly changed by human activities.
Therefore the PB specifies the limit on the industrial (e.g., Haber-Bosch fixation of N from air) and
intentional biological fixation (e.g., through crops) of N to mx < [62, 82] Tg/a.

Assuming that all fixed nitrogen is sooner or later emitted as reactive nitrogen back to the environment,
it is possible to count the reactive N emissions from inventory flows (Doka, 2016). This step is necessary as
the intentional biological fixation of N is not directly accounted in LCIs. A list of reactive N compounds
can be found in (Doka, 2016), which are converted into N-equivalents based on the molecular N content.

2.6 Landsystem change
2.6.1 Land use

Landsystem change is a major driver for species loss (Newbold et al., 2016; IRP, 2019; Dinerstein et al.,
2017) and climate change (Snyder et al., 2004) but also an essential production factor for agriculture,
renewable energy systems and infrastructure. Based on an assessment of the removal of natural land cover
(Ramankutty and Foley, 1999) on the climate system (Snyder et al., 2004), the PB define the maximum
land system change as remaining forest area (Steffen et al., 2015):

[75,54]% global average

f forest
area 97 oTe [85,60]% tropical or boreal forest biomes

area of original forest )
[50,30]% temporal forest biomes

The PB restrict the remaining forest area only, thus leaving the question open how much of the other
biomes can be used for human activities. In LCA land use in former forest biomes is usually not accounted
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separately. Still, Ryberg et al. (2018) defines the boundary only for forest area (< [1.6,2.9] x 103 m?),
whereas Doka (2016) assumes all biomes other than forest to be completely appropriable and sets
the boundary to < [8.5,9.3] x 10¥m?. Bjorn and Hauschild (2015) proposes a different boundary
(< 1.04 x 10'* m?) based on minimum area requirement for species conservation on all biomes equally,
omitting the more strict boundaries for forests (which are based on climate sensitivity). Because of
those limitations, we follow the approach in our previous work (Desing et al., 2019), combining the forest
boundaries with the nature needs half proposal (Dinerstein et al., 2017) for the remaining biomes.The
total land boundary can be estimated to be Aappr p=0.08 = (6.01 & 0.924) x 1013 m*/a (see table S3).

appropriable share of land area biome appropriable land area

biome according to biodiv  according to PB  combined Aappr.p=0.98/ 102 m?
tropical forest 0.5 [0.15,0.4] [0.15,0.5] 6.22 +2.77
temporal forest 0.5 [0.5,0.8] [0.5,0.8] 11.1+2.51
boreal forest 0.5 [0.15,0.4] [0.15,0.5] 4.31+£1.92
others (excl. polar 0.5 ? 0.5 36.6 £0.18

and RoL)

sum [0.35,0.48] 60.1+9.24

Table S3: Combination of PB (Steffen et al., 2015) and biodiversity conservation targets (biodiv) (Diner-
stein et al., 2017) to form a boundary for land system change across all biomes. Table reproduced
from earlier work (Desing et al., 2019).

For measuring land occupation, different land occupation categories from LCI (i.e., agriculture,
industrial,...) are summed together. The uncertainty is defined through the basic uncertainty of the
inventory flows.

2.6.2 Cropland use

The first publication on PB (Rockstrom et al., 2009) specifies that total cropland may not occupy more
than < [0.15,0.2] of the ice-free land surface, which translates into 1mjand,crop = [1.94,2.61] x 1013 m?/a.
This boundary does not consider land conversion to pasture or infrastructure. This approach has been
also used by Dao et al. (2015). Cropland occupation is a inventory category and can be directly measured.
The uncertainty is taken from the ecoinvent inventory results.

2.7 Freshwater use

Freshwater consumed from the blue water stream is no longer available for freshwater ecosystems and further
changes the hydrologial cycle. The PB for blue water consumption is set to 7ty giobal = [4000, 6000] % km? /5,
The withdrawal and immediate or delayed discharge into the river also has an effect on the freshwater
ecosystem, especially in low flow months. Thus an additional, regional and temporal explicit control
variable is set for river basins with

[25,55]% low flow months
[30,60]% intermediate flow months
[565,85]% high flow months

monthly withdrawal

mean monthly river flow

The global blue water consumption boundary is already in the suitable format and can be adopted
without changes (Ryberg et al., 2018; Doka, 2016). Meyer and Newman (2018) propose a boundary that
also includes grey and green water consumption, which can be implemented in the future. Bjgrn and
Hauschild (2015) redefine the boundary based on environmental flow requirements and water stress. The
regional withdrawal boundary requires a regionalized assessment, which we have excluded in the case
study. There are ongoing efforts to define refined boundaries for freshwater (Gleeson et al., 2020; Zipper
et al., 2020), which can be implemented once available.

Blue water consumption is an explicit elementary flow in Exiobase, however not in ecoinvent. Blue
water consumption for LCI is thus approximated as the sum of all water emissions to air (i.e., evaporative
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water consumption) (Doka, 2016). Note, that these emissions also include water formed in combustion
processes and excludes water which is incorporated in products.

2.8 Atmospheric aerosol loading

Aerosols have a dimming effect on the climate system, but also change precipitation and wind patterns
and have a negative effect on human and ecosystem health. The control variable is defined as the Aerosol
Optical Depth (AOD), which correlates to the opacity of the atmosphere, and the PB is set for South
Asia to AOD < [0.25,0.5]. In South Asia, there is a background AOD of 0.15 (Steffen et al., 2015), thus
defining an anthropogenic increase of AOD to [0.1,0.35]. This boundary is not considered, as for the first
application of the method we do not consider regionalized boundaries or impacts.

2.9 Novel entities

Novel materials and engineered organisms pose thread to ecosystems and human health, however there is
no global boundary control variable defined yet (Rockstrom et al., 2009; Steffen et al., 2015).

Toxicological effects are indirectly considered in the biodiversity boundary. Doka (2016) suggests to set
a boundary for disability adjusted life years based on the effect of novel entities on human health. Meyer
and Newman (2018) propose a boundary for imperishable waste, which cannot be quantified in LCA and
EE-IOT yet. For the proof of concept of the method, this PB is not integrated but a potential area of
future research.

2.10 Energy

CE aims at closing material cycles, which becomes increasingly energy intensive with higher recycling
rates (Baum, 2018). Thus the availability of sustainable energy may become a limiting factor for CE. A
global boundary for renewable energy availability is therefore derived in an earlier paper (Desing et al.,
2019), based on estimations for sustainable energy budgets for different RE resources. The RE boundary
is estimated to be ATP.; ,—0.08 = (1.52702]) x 10" W (Desing et al., 2019). In a refined assessment,
boundaries can be set for each RE resource separately.

The cumulative energy demand (CED) is a commonly used impact method in LCIA. The CED adds
up all energy values of inventory results for energy carriers (chemical energy) and electricity provided by
renewable energy resources (e.g., wind, solar but not biomass). To be inline with the boundary in electric
energy, the CED values need to be converted to electricity equivalents. Therefore common conversion
efficiencies are assumed for each reported energy carrier category (Desing et al., 2019).

Energy carrier inventory result in ecoinvent 3.5 unit  conversion CF to
efficiency CEDg/MJ
Energy, potential (in hydropower reservoir), converted ~— MJ 1 1
Energy, solar, converted MJ 1 1
Energy, kinetic (in wind), converted MJ 1 1
Energy, gross calorific value, in biomass MJ 0.25 0.25
Energy, gross calorific value, in biomass, primary forest MJ 0.25 0.25
Gas, natural, in ground m?> 0.4 15.32
Oil, crude, in ground kg 0.37 16.95
Peat, in ground kg 0.34 3.37
Uranium, in ground kg 0.33 186480
Coal, hard, unspecified, in ground kg 0.34 6.49
Coal, brown, in ground kg 0.34 3.37
Energy, geothermal, converted MJ 1 1
Gas, mine, off-gas, process, coal mining m3 0.4 15.92

Table S4: Characterization factors (CF) for cumulative energy demand in electricity equivalents C E Dy
based on CF of CED in ecoinvent v.3.5 (Wernet et al., 2016) and conversion efficiencies to
electricity from Cullen and Allwood (2010).
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In Exiobase the total energy use is reported. This value lacks detail on energy carrier types however
for a specific year the global energy mix is known (International Energy Agency, 2018) and it is thus
possible to calculate an overall global “efficiency” of energy conversion to electricity equivalents.

5.3 x 1022 W,
Noverall,el = TR X108 W =0.29 (4)

Assuming an uniform energy mix for all sectors, the conversion to electricity equivalents does not have an
influence on the share of energy need for different sectors, only on the total.

3 Measuring impacts from industrial sectors with Exiobase

Exiobase is an EE-IOT for the global economy. It reports monetary flows from industries to industries
to produce a final output to the society. For each of the 163 industries in the 43 countries and 6
rest of the world regions, the direct impacts caused are reported in the environmental extensions. We
use Exiobase to calculate the global environmental impacts of the ESB categories and the impact
share of resource production. In this way, we can allocate the ESB to resources. The definition
of resource segments can be found in tab “S” in file “SoSOS materials.xlsx” in the code files online
https://doi.org/10.5281/zenodo.3629366.

3.1 ESB impact characterization method for Exiobase

Exiobase version 3 does not provide any impact characterization methods, but raw environmental flow
data. These flows have to be translated into the PB impact categories using a characterization matrix Q.

A characterization matrix @Q is build to translate the flows into impacts for the PB categories (see
sec.2). This impact assessment is based on ReCiPe v1.13 2016 (Huijbregts et al., 2017) and, for global
warming potential, on the CREEA impact characterization factors provided with Exiobase version 2.2.2
(Tukker et al., 2009), which is based on LCIA methods such as CML 2001, ecoindicator 99 and usetox.
Several PB categories only require elementary flows, which are directly taken from the flow matrix. The
uncertainty range for impact characterization factors are modeled as uniform distributions with the
minimum and maximum values among the respective impact assessment methods for each boundary. To
also consider the uncertainty of the flows, Q4 is multiplied with normalized uncertainty distribution
(i.e., mean = 1) for each elementary flow, modeled as log-normal distribution. Exiobase doesn’t provide
information on the uncertainty range, thus it is assumed, that the uncertainty of inventory flows is similar
to the corresponding uncertainty in ecoinvent (Ecoinvent, 2013).

Nflows 1 Nflows 1104 flows| 1 mnpp 11
1 le®ot 0 1
e . t. X .
Q : : : Qra (5)
1104 0 leFouos | . 1104 .
MNruns * MNruns

3.2 Analyzing direct impacts from industries

The direct emissions resulting in the target segments (i.e., material related industries) can be calculated
by adding up all environmental impacts of relevant industries. In the environmental extensions, emissions
and resource flows (hereafter called “flows”) are reported in the matrices f (flows for each product and
country) and fn, (flows for each final demand (FD) category (hh = household) and country. The flows
for each product in the different countries ncountry = 49 has to be summed up to result in global totals,
reducing the product dimension from 7987 to 163 (eq. 6) and the FD dimension from 343 to 7 (eq. 7).
The two flow matrices are combined to a single one in eq. 8.
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findustry (Z) = Z fz((z + nindustry(k - 1)) Vi=1... Nindustry (6)
k=1

Fro) = Y fu((i+mm(k—1))  Vi=1...npp (7)
k=1

f = findustry fFD (8)

These direct impacts, however do not include impacts caused by inputs in this segment from the rest
of economy, e.g., electricity.

3.3 Including supply chain impacts

The approach chosen here (Dente et al., 2018; Cabernard et al., 2019a,b), isolates the target industries (i.e.,
the outputs form industries of interest, here: primary material production) from the rest of the economy
(RoE). It then allocates all environmental impacts from inputs from target and non-target industries
to the final output of the target industries. e.g., steel (itself a target industry) necessary to produce
aluminum, such as for production infrastructure, is allocated to the aluminum output as is required
electricity (non-target industry). The procedure effectively allocates all upstream environmental impacts
to the output of a target industry, supplied to the RoE and FD.

The total demand Z is calculated from an input-output table A and the FD y. The FD is reported
in 7 categories for the ncountries = 49 countries and rest-of-world regions. The overall FD is then the
sum over all categories, which results in a FD vector 3. Per country Nindustry = 163 different industry
categories are reported.

= AXZ+7Y
— I-A)'xy=Lxyg 9)

8 8l

The values of Z express the total output of each industry and region, including the output supplied to
other industries. In order to calculate the output of the target segment of the economy, without double
counting the output which is consumed within the target segment itself, the whole input-output table is
split into target (t) and other (o) industries (Dente et al., 2018).

Att Ato Lyt Lo Lt
A = L = La —t = 10
[ Aot Aoo :| |: Lot Loo ] et |: Lot :| ( )

The overall production volume of each industry within the target segment Z; needs to equal the
production necessary to supply the final output of the segment Z; 4. (Wdc. .. without double counting).
This output of the segment is required by direct FD %; and by the requirements of the ROE to produce
the FD from all other industries ¥, (Cabernard et al., 2019a).

Z: = Ly th,wdc (11)

§>t,’wdc = :.T/)t + Ato X LZO X Yo (12)

Environmental extensions are reported in Exiobase in elementary flow matrices f for the total
production output Z and fpp for the FD 3. The emission intensity F for each industry can then
be calculated by dividing each column in f with the respective total production output. Finally, the
elementary flows associated with production of the segment’s output is calculated in eq. 13.

11
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ft,wdc = Fx Lallft X it,wdc (13)
0
.ft7wdc = F X Lall—t X xt,wdc(i)
0
1104 xn, 1104 x 7987 TI8T Xy
ngXng

The total elementary flows for the whole world economy is simply the sum over all industries, FD
categories and regions. The flows for the ROE is then the difference between the FD and target segment
from the total flows.

fiotar = sum(f,2)+ sum(frp,2) (14)
fRoE = ftotal - Sum(ft,wdcaQ) - Sum(fFDaZ) (15)
(16)

Industries can be grouped into sectors using a sector matrix S. The target segment “materials”, as the
subject of this study, consists of multiple sectors, which are groupings of industries by material classes
(e.g., metals, construction materials,. . .). Each industry can only be assigned to one sector to avoid double
counting. Note, that the sectors can be assembled in different ways, which is subject to the modeler’s
choice.

fsector = .ft,wdc x S (17)

The impacts on the PB categories are calculated as follows:

4t wdc/FD/total = QT Xft,wdc/FD/total (18)

The impact results are then further converted into relative shares, i.e., the share of the impact from one
product or sector in relation to the total impact by all products/sectors is determined.

S0808; g = Towde (19)
Gtotal
S080S,eci0r = S0SOS,pac % S (20)

3.4 Calculation of the oversize factor

By calculating the supply chain impacts for the target segment, all impacts associated with the final
output to the rest of the economy are accounted to the final output. This final output is, however, lower
than the overall production in the respective target industry, as this industry also supplies materials to
other target industries. For example, steel is not only used in the RoE, but also to produce plastics. The
supply chain impacts for plastics already include the impacts associated to the steel necessary for plastic
production. Through the double-counting correction procedure (Cabernard et al., 2019b; Dente et al.,
2018), the output of steel is reduced by the amount required in plastics. Therefore, the overall production
in each target industry needs to be larger than the final output to the RoE by the oversize factor:

Moverall producti
w — - overall proauction (21)
Mproduction output
z
t
— (22)
T twde
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4 ESB impact calculation and process selection in ecoinvent

Many ESB can be measured with inventory results directly (COy emissions, P to ocean, P to soil, N
emissions, land-use, and blue water consumption). For these impacts, the uncertainty is modelled with a
log-normal distribution with the variance provided in the ecoinvent quality guideline (Ecoinvent, 2013).
For all other boundaries, which require impact assessment methods, the uncertainty is combined as the
inventory uncertainty and a rectangular distribution for the variation of different LCIA methods. For all
boundaries, used LCTA methods and LCI uncertainty function are listed in table S5.

Impact categories Unit LCIA method Uncertainty distribution

Direct CO» emission to air kg CO2 - Log-normal
Global warming potential kg CO2,eq CML 2001, ILCD 2.0 2018, Uniform
IPCC 2007, IPCC, 2013,
ReCiPe 2016
Potentially disappeared species species.years 3 scenarios of ReCiPe 2016 Uniform

Ozone depletion potential kg CFCi0,eq CML 2001, ILCD 2.0 2018, Uniform
ReCiPe 2016

Phosphorus to ocean kg P - Log-normal
Phosphorus to soil kg P - Log-normal
Nitrogen emission kg N - Log-normal
Land-use m?a - Log-normal
Water emission to air m? - Log-normal
Cumulative energy demand MJ eq - Log-normal

Table S5: Impact categories selection, characterization, and uncertainty models

For the ERA method, the impacts resulting from extraction, processing and final treatment of
the resources is required. Therefore, representative processes from the ecoinvent database have to be
selected. The cut-off system model has been used (Wernet et al., 2016) so that cumulative impacts for
processed material already includes the impacts of the up-stream supply chain (i.e. mining, transportation,
processing) and the impacts for final treatment start with the point where the resource becomes final
waste. The selected processes for the case study are listed in table S6. Because the case study on the
ERA method aims to calculate global resource budgets, the requirement is to choose global production
and waste treatment processes from the ecoinvent data-base.

Ecoinvent often reports country or region specific production processes only. Thus, global weighted
averages are formed based on multiple production/ waste treatment processes available in ecoinvent for a
specific material. For example, the process primary production of aluminum (ingot) exists in ecoinvent for
ten countries/ regions. The global average impacts for this process can therefore be weighted with their
respective market share.

13



Supplementary Materials to Ecological Resource Availability

Desing et al.

14

Metal Primary production Incineration
Aluminum Aluminum, primary, ingot (China; Africa; Scrap aluminum, incineration (Switzerland;
Asia w/o China; EU; Gulf council; Russia; EU; Rest of the World)
South America; Northern America; Ocea-
nia; Rest of the World)
Copper Copper production, primary (Australia; Scrap copper, incineration (Switzerland;
Asia; Europe; Latin America and the EU; Rest of the World)
Caribbean; Northern America; Rest of the
World)
Steel Steel production, unalloyed, converter (Eu- Scrap steel, incineration (Switzerland; EU;
rope; Rest of the World) Rest of the World)
Cast iron Cast iron production (Europe; Rest of the  Scrap steel, incineration (Switzerland; EU;
World) Rest of the World)
Zinc Market for zinc (global) Treatment of hazardous waste, hazardous
waste incineration (global)
Lead Primary lead production from concentrate Treatment of hazardous waste, hazardous
(global) waste incineration (global)
Tin Market for tin (global) Treatment of scrap tin sheet, municipal
incineration (global)
Nickel Market for nickel (global) Treatment of hazardous waste, hazardous
waste incineration (global)
Gold Market for gold (global) Treatment of hazardous waste, hazardous
waste incineration (global)
Silver Market for silver (global) Treatment of hazardous waste, hazardous
waste incineration (global)
Platinum Market for platinum (global) Treatment of hazardous waste, hazardous
waste incineration (global)
Titanium Market for titanium, primary (global) Treatment of hazardous waste, hazardous
waste incineration (global)
Chromium Market for chromium (global) Treatment of hazardous waste, hazardous

Stainless steel

Chromium steel 18/8, hot rolled (global)

waste incineration (global)
Scrap steel, incineration (Switzerland; EU;
Rest of the World)

Table S6: Ecoinvent processes for selected metals
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5 Glossary and abbreviations

term

description

Availability

Circular Economy

Earth System

Earth System Boundaries

Emission budget

Final demand

Industry

Planetary Boundaries
State-of-the-art technology
Resource

Resource budget

Resource segment

Rest of economy

Safe Operating Space

Share of Safe Operating Space

Segment Boundary

The fact that something can be used, or utilized (e.g., by the Earth
system or humanity)

The Circular Economy is a model adopting a resource-based and
systemic view, aiming at taking into account all the variables of the
system earth, in order to maintain its viability for human beings.
It serves the society to achieve well-being within the physical limits
and planetary boundaries. It achieves that through technology and
business model innovation, which provide the goods and services
required by society, leading to long term economic prosperity.
These goods and services are powered by renewable energy and
rely on materials which are either renewable through biological
processes or can be safely kept in the technosphere, requiring
minimum raw material extraction and ensuring safe disposal of
inevitable waste and dispersion in the environment. CE builds on
and manages the sustainably available resources and optimizes their
utilization through minimizing entropy production, slow cycles
and resource and energy efficiency. (Desing et al., 2020)

The entirety of Earth’s interacting physical, chemical and biological
processes

Limits to Earth system processes that, if crossed, significantly
disturb the interacting web of processes with potential to trigger
fast and irreversible change to a new equilibrium.

The quantification of the PB to to annual emission allowances. If
the socio-economic system does not emit/ extract more than the
budgets allow, it can be considered sustainable in the long run
Comprises the purchase and use of goods and services by the
end-consumer (e.g., household) in the Exiobase database

A single industry in the Exiobase database (e.g., iron ore extrac-
tion)

A specific set of Earth System Boundaries compromising nine
planetary processes

Widely used technology, available in the market in various different
products

The smallest unit in the ERA method representing a stock of one
material

The maximum annual production of a resource which does not
exceed its assigned emission budgets

Includes all industries in the Exiobase database that produce the
same kind of material (e.g., aluminum is part of the metal segment)
Holds all activities of the Exiobase database that are not part
of any resource production value chain (e.g., manufacturing of
end-user devices)

Environmental impacts that can be safely exerted on the Earth
system, without risking (i.e., with very low probability) the destabi-
lization of the Earth System due to human interference. Synonym
for carrying capacity

Relative part of the global Safe Operating Space allocated to a pro-
duction or consumption activity (e.g., 30 % of nitrogen allowance
level assigned to agriculture)

Boundary value assigned to an activity (e.g., 10 tons of phosphorus
assigned to textile sector); needs to be smaller than global boundary
(SB < ESB).
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term description

Share of production The relative production share of one single material to a combina-
tion of similar materials. For example, steel’s share of production
of the metal sector is about 90 %

The following abbreviations are used in this paper:

ATP appropriable technical potential

AOD aerosol optical depth

BII biodiversity intactness index

CE Circular Economy

CED Cumulative energy demand

DU Dobson Units

EE-IOT Envionmentally extended input output table

EoL End of life

ERA Ecological Resource Availability

ESB Earth system boundaries

FD Final demand

GWP global warming potential

LCA Life Cycle Assessment

LCI Life Cycle Inventories

LCIA Life Cycle Impact Assessment

MC Monte Carlo simulation

PB Planetary Boundaries

PDF Probability density function

PM particulate matter

ODP Ozone depletion potential

ODS ozone depleting substance

RE renewable energy

RoE Rest of economy

RoL rest of land

SB Segment boundary

SM Supplementary materials

SoP Share of production

SOS Safe Operating Space

SoSOS Share of Safe Operating Space

Ul Unit impacts
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