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Planetary Boundaries

The method

- Developed in 2009 by a group of scientists around the Stockholm Resilience
Center: Johan Rockstrom led a group of 28 internationally renowned
scientists to identify the nine processes that regulate the stability and
resilience of the Earth system. (Planetary boundaries - Stockholm Resilience
Centre)

- Science- (and indicator)-based analysis quantifying the risk of human
perturbations of the earth system (ES) on a planetary scale

- Applied on a regional-level (under development) and aggregated on a global
scale
- NINE Quantitative planetary boundaries for sustained human “development”

Source: Steffen et al., 2015


https://www.stockholmresilience.org/research/planetary-boundaries.html
https://www.stockholmresilience.org/research/planetary-boundaries.html
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Planetary Boundaries

The method
- PBs are NOT the critical thresholds — but defined well before them!
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Planetary Boundaries

The method

Source: Steffen et al., 2015
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Planetary Boundaries

The method

Source: Steffenetal., 2015

CO, concentration

Stratospheric
ozone depletion

Atmospheric aerosol

Climatﬁhange
Biosphere Ganétic
integrity diversity Novel entities
Functional
diversity P
/ \\'
Land-system
change \
Freshwater loading
use

Phosphorus
Ocean acidification

Nitrogen

Biogeochemical flows

m Beyond zone of uncertainty (high risk)
O In zone of uncertainty (increasing risk)
@ Below boundary (safe)

O Boundary not yet quantified




CARL
VON

OSSIETZKY
universitdt|OLDENBURG

Planetary Boundaries

The method

A Phosphorus

B Nitrogen

Source: Steffen et al., 2015
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Planetary Boundaries

The goal

Guiding transformation
trajectories

Source: Nature,

Fig. 4: Past and possible future Earth system trajectories.
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lanetary Boundaries guide humanity’s future on Earth | Nature Reviews Earth & Enviror



https://www.nature.com/articles/s43017-024-00597-z

Fig. 1: Origins, evolution and societal uptake of the Planetary Boundary framework.
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Planetary Boundaries

Th em et h 0] d Source: Persson et al., 2022
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Planetary Boundaries
New entities / critical materials and LCA
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Source: Persson et al., 2022
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Planetary Boundaries
New entities / critical materials and LCA
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Planetary Boundaries

New entities / critical materials and LCA

Chemical industry is
the second largest
manufacturing
Industry worldwide

Production has grown
50 times since 1950

Expected to triple
levels of 2010 by
2050
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Planetary Boundaries
New entities / critical materials and LCA

Control variables:
- trend in production volumes of chemicals
- trend in production volumes of plastics
- share of chemicals on the market that are assessed for risk or
safety

Quantifying the
Planetary Boundary
for novel entities

RISING RISKS
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Planetary Boundaries
Updated - 2022

A full picture of planetary resilience: All boundaries mapped out, six of
nine crossed — Potsdam Institute for Climate Impact Research
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https://www.pik-potsdam.de/en/news/latest-news/a-full-picture-of-planetary-resilience-all-boundaries-mapped-out-six-of-nine-crossed
https://www.pik-potsdam.de/en/news/latest-news/a-full-picture-of-planetary-resilience-all-boundaries-mapped-out-six-of-nine-crossed
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Planetary Boundaries
Updated - 2022

Official Planetary Health Check 2025 with Johan Rockstrém
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https://www.youtube.com/watch?v=ndPVcg6uSZc
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Planetary Boundaries
Updated - 2025

Increase in Atmospheric Aerosol Loading

Modification of Biogeochemical Flows

Source: PIK, 2025

Planetary Health Check 2025
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https://publications.pik-potsdam.de/rest/items/item_32589_1/component/file_32845/content
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Planetary Boundaries
Updated - 2025 Planetary Health Check 2025

Climate Change
Land System Change
CO, - 3 High-Risk Line Atmospheric ©0y concentration [ppm| . High-Risk Line Aren of forested land as fraction
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[ o | -G |
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Source: PIK, 2025


https://publications.pik-potsdam.de/rest/items/item_32589_1/component/file_32845/content
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Planetary Boundaries

U p d atEd - 2022 Official Planetary Health Check 2025 with Johan Rockstrém

| Planetary Health Check 202:

=

Box Plot

INCREASING RISKS
I

High Risk Zone

Source: PIK, 2025



https://www.youtube.com/watch?v=ndPVcg6uSZc
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Planetary Boundaries
Case studies from the energy transition

Raw material
extraction

End of life

WTW (use phase
Maintanance and fuel production
and consumtion)

Source: Pehrson, 2020 https://www.diva-portal.org/smash/get/diva2:1470529/FULLTEXTO1.pdf



https://www.diva-portal.org/smash/get/diva2:1470529/FULLTEXT01.pdf
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Planetary Boundaries
Case studies from the energy transition

The case study is performed in three
steps.

The first step is a comparison of the R
LCA result of a Scania BEV and ICEV Cg?{??ﬁfg‘?gﬁ“

The second step is normalisation, [FESASSETEES

using different NF, based on (Bjorn and Normalisation
diff hod Hauschild, 2015; PEF3.0
erent methods. Sala et al., 2016)

The last step is weighting, the WF are
developed by to Vargas-Gonzalez et al. Weighting
(2019).

Source: Pehrson, 2020 https://www.diva-portal.org/smash/get/diva2:1470529/FULLTEXTO1.pdf



https://www.diva-portal.org/smash/get/diva2:1470529/FULLTEXT01.pdf
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Planetary Boundaries
Case studies from the energy transition

Normalised results based on PB allowance
>1 exceeds the sustainable freight transport index

= ICE (Diesel B5) ®mBEVEU mBEV Wind

Dimensionless

Source: Pehrson, 2020 Figure 7. Normalised results of three Scania vehicles, ICE (Diesel B5), BEV EU and BEV Wind. The
red line is the yearly PB allowance for the specific Scania vehicle.


https://www.diva-portal.org/smash/get/diva2:1470529/FULLTEXT01.pdf
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Planetary Boundaries

Case studies from the energy transition

\

Gtep 1: Create superstructure with mass and energy flows
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Step 3: Downscale PBs to building heating in EU27+1

Source: Weidner & Guillen-Gosalbez, 2022

\ f 3o
@45 P

(Step 4:Setup LP optimisation\

model with scenario options

A GAMS

(M) min{ipy (x,))
s.t. h(x,y)=0

gx,y) <0

x € R",y €{0,1}

Scenarios:
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* No collaboration

* No onshore wind & no
nuclear

*  Political gridlock
(combination of above)

*  Only hydrogen
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Planetary Boundaries
Case studies from the energy transition

Electricity generation Energy carriers Seasonal balancing End use types (i=1,...,1)
technologies (j=1,...,J) options
Res. HP Residential &
_ commercial:
- i i — Individual
Storage : « Comm. HP Residential &
PEM (compressed air) Fuel commercial:
Electrolysis cells I District heat
s Residential &
droqe I Commerical:
t Y Gas grid connected
| Storage N X
SMR + CCS (salt cavern) . !
Boilers and !
Storage ~ stoves 1
(pressurised tank) : X
Import (e)
Import (h)
——» Hydrogen
— Electricity » Export (e)
| Export (h)

Source: Weidner & Guillen-Gosalbez, 2022
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Planetary Boundaries
Case studies from the energy transition

Scenarios:
- Cost-: cost minimization

- Cost+: cost minimization and within planetary boundaries

- No-col: no collaboration, no trade for CO2 or H2 among
countries in the EU

- no-N/QO: political/popular blockade for further nuclear and
onshore wind

- PG: political “grid-lock”™
- Hyd: hydrogen only for heating

Source: Weidner & Guillen-Gosalbez, 2022
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1,250

W Building storage tank
M Boiler & building connections
1,050
Heat pumps & electrical fortification
W Hydrogen storage
850 M Electricity storage
M Transmission & distribution (hydrogen)
650 - T T - m Interconnectors (hydrogen)
501 Transmission & distribution (electricity)
4%6 466
431 415 432 415 .
450 392 398 403 ‘iﬂ ® Interconnectors (electricity)
1 e [ (——
-, T
W Batteries
250 1 ; = BE - M Carbon capture & storage
W Hydrogen production
5 I I I I I I I I I I MW Dispatchable electricity technologies

M Renewable electricity generation

Total system cost in billion EUR

o

&SP L OL L PR
S & & N AT AT S

0 h
(\ (.\ (o] (&) &7 N/ o
-150 & a 15\\’/ °}'5\ 2 «Vs <@ anc’ M Cost of energy provision (reference
O @ P (ch’ ) scenarios)

Fig. 4. Total system cost for building heating in the EU27 + 1 broken down by technologies and scenarios. Error bars describe the minimum and maximum cost
depending on differing cost assumptions of all the technologies and equipment considered.

Source: Weidner & Guillen-Gosalbez, 2022
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Planetary Boundaries
Case studies from the energy transition

0.7
= Buildi
0.63 Building storage tank
0.6 M Boiler & building connections
Heat pumps & electrical fortification
';5" 0.5 0.48 M Transmission & distribution (hydrogen)
“E Transmission & distribution (electricity)
% 0.4 03 M Interconnectors (hydrogen)
g 0.30 ' Interconnectors (electricity)
= 0.3
9 W Hydrogen storage
E 020 019 M Electricity storage
202 016 016 018 y storag
B W Batteries
0.1 M Carbon capture & storage

® Hydrogen production
. H I N

W Dispatchable electricity technologies
E-GRID E-DH E-IND H-GRID H-DH H-IND H-GRID H-DH H-IND
(cost+) (cost+) (cost+) (cost) (cost) (cost) (WTL) (WTL) (WTL) B Renewable electricity generation

Fig. 5. Total cost per unit of heating demand met for the different end-user types; connected to the gas (GRID) or district heating (DH) grids and individual buildings
(IND). Three different scenarios are shown, electrification-only (E-...) optimised by least cost, hydrogen-only (H-...) optimised by either least cost or impact (WTL).
Note that the electrification-only scenario differs from the “Cost” scenario shown in previous figures as hydrogen use was set to zero (24.4%, as shown in Fig. 6 for the
H2 end use share in the Cost scenario).

Source: Weidner & Guillen-Gosalbez, 2022
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Planetary Boundaries
Take aways about the method

- Scientifically grounded, yet “under construction”
- Global and regional thresholds
- Link to LCA/ critical materials

- High amount of input data

- Gives feedback on environmental sustainability

—> Strong or weak sustainability?

-

’ 'S
-

J
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