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Motivation and implications

Human activities’ pressure on the environment is skyrocketing.

On the one hand we need to support decision-making with 

complete, accurate and detailed information about the 

environmental impacts of products, technologies, 

organizations and lifestyles…

Figure: Steffen et al. 2004
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On the other hand, we need to ensure a safe, affordable, 

and fulfilling future to humanity, by delivering a minimum 

level of energy that allows decent living conditions

Global energy demand keeps increasing

Different 

scenarios

Figures from IPCC 1.5°C report

https://report.ipcc.ch/sr15/pdf/sr15_spm_final.pdf

Simultaneously, electricity 

will need

to be produced from low-

carbon sources

Carbon 

content of 

electricity

0

>60% of the economy 

needs electrification

(services, industry, 

transport) from 20% today

Ambitious 

scenarios require 

early effort

Land use?

Materials?

Water stress?

At what 

environmental 

costs?

https://report.ipcc.ch/sr15/pdf/sr15_spm_final.pdf


https://www.theverge.com/2018/5/12/17337602/plastic-tote-bags-climate-change-litter-life-cycle-assessments-environment

https://www.theguardian.com/environment/2015/jan/29/biofuels
-are-not-the-green-alternative-to-fossil-fuels-they-are-sold-as

http://nymag.com/intelligencer/2013/02/your-paper-cup-is-
destroying-the-world.html

https://www.theguardian.com/football/ng-interactive/2017/dec/25/how-green-are-electric-cars

https://www.bbc.com/news/science-environment-46459714

https://www.economist.com/science-and-technology/2016/12/10/how-clean-is-solar-power

https://www.opb.org/news/blog/ecotrope/the-greener-beer-bottles-v-cans/

https://www.independent.co.uk/news/science/nuclear-power-is-the-greenest-option-say-top-scientists-9955997.html

https://www.wired.com/story/how-clean-is-clean-hydrogen/

https://www.theverge.com/2018/5/12/17337602/plastic-tote-bags-climate-change-litter-life-cycle-assessments-environment
https://www.theguardian.com/environment/2015/jan/29/biofuels-are-not-the-green-alternative-to-fossil-fuels-they-are-sold-as
http://nymag.com/intelligencer/2013/02/your-paper-cup-is-destroying-the-world.html
https://www.theguardian.com/football/ng-interactive/2017/dec/25/how-green-are-electric-cars
https://www.bbc.com/news/science-environment-46459714
https://www.economist.com/science-and-technology/2016/12/10/how-clean-is-solar-power
https://www.opb.org/news/blog/ecotrope/the-greener-beer-bottles-v-cans/
https://www.independent.co.uk/news/science/nuclear-power-is-the-greenest-option-say-top-scientists-9955997.html
https://www.wired.com/story/how-clean-is-clean-hydrogen/
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Some regulations/directives recommend or demand 

use of “life cycle assessment”. For example:

→ California low-carbon fuel standard (https://ww2.arb.ca.gov/news/carb-
amends-low-carbon-fuel-standard-wider-impact)

→ EU directive on energy-related products (2009/125/EC) (https://eur-
lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32009L0125)

→ EU waste framework directive (2008/98/EC)

→ EU proposal for a framework to facilitate sustainable investment 
(COM/2018/353 final – https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A52018PC0353 – still under development)

https://ww2.arb.ca.gov/news/carb-amends-low-carbon-fuel-standard-wider-impact
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32009L0125
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52018PC0353


A method and tool for attributing environmental impacts to 

products and services

Considering impacts over the life cycle

Production, use, end-of-life

Considering impacts upstream in supply chains

Resource extraction, transport, etc.

And typically:

Considering hundreds of emitted substances and extracted resources

Considering a range of impact types

Human health, ecosystem health, natural resource use

Definition

Figure: Adapted from Hellweg & Mila i Canals (2014)

Biosphere

Holistic
Example: low-carbon technologies 

do not emit CO2 directly, but 

require the potentially carbon-

intensive production of 

infrastructure

Multicriteria
Example: low-carbon technologies 

emit less CO2 on a lifecycle basis, 

but have higher material or land 

requirements than conventional 

alternatives



Example: wind power

Extraction of 
raw materials

Production of 
parts

Transportation

Construction

Operation and 
maintenance

End-of-life 
management

kWh Potential recycling

Biosphere

Total ~10 g CO2 eq./kWh

…
~70 mg Ni/kWh

…



Climate change



Air pollution

Air pollution

Air pollution



Toxicity

Toxicity



Radiation



Eutrophication



Resources (land)

Resources

(water,

materials,

energy carriers)



https://unece.org/sed/documents/2021/10/reports/lif

e-cycle-assessment-electricity-generation-options

https://www.resourcepanel.org/r

eports/green-energy-choices-

benefits-risks-and-trade-offs-

low-carbon-technologies-

electricity

UPDATE

https://unece.org/sed/documents/2021/10/reports/life-cycle-assessment-electricity-generation-options
https://www.resourcepanel.org/reports/green-energy-choices-benefits-risks-and-trade-offs-low-carbon-technologies-electricity




Life cycle greenhouse gas emissions for each region, g CO2 eq./kWh
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Hard coal Natural

gas

Hard coal Natural

gas

Hydro Nuclear CSP PV Wind

Lifecycle GHG emissions, in g CO2 eq. per kWh, regional variation, 2020
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Life cycle land occupation, in m2-annum/MWh
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Hydro
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CSP PV Wind

Total land occupation (agricultural and urban), in m2a per TWh, regional variation, 2020
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When accounting 

for “project area” as 

land use



Direct vs. project area

Land use is highly dependent on

…performance of the equipment (when 

measured by unit of energy), i.e. normal 

irradiation, wind regimes

…the potential combination with other 

uses (e.g. roof-mounted vs. ground-

mounted PV)

…what is considered as land use: direct 

or project area

https://ourworldindata.org/land-use-per-energy-source

 see NREL (2009)

https://ourworldindata.org/land-use-per-energy-source


Direct vs. project area
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Shared use area

Sealed area

Artificialized area

Wind farm – area occupied by type PV farm – area occupied by type

https://assets.rte-france.com/prod/public/2022-01/Energy%20pathways%202050_Key%20results.pdf


Direct vs. project area

Artificialisation remains 

minor when compared 

to existing and future 

infrastructure such as 

roads and buildings
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Excerpt from a report by the French electricity TSO 

comparing land occupied by new power infrastructure with 

land sealed by other infrastructure (roads, buildings…)

Renewable-heavy Nuclear-heavy

https://assets.rte-france.com/prod/public/2022-01/Energy%20pathways%202050_Key%20results.pdf


Lifecycle water requirements, in m3/MWh (l/kWh)
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Hard coal Natural

gas

Hard coal Natural
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Hydro Nuclear CSP PV Wind

Lifecycle dissipated water, in l per kWh, regional variation, 2020
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Life cycle material footprint (for a select list), in g per MWh
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Hard coal Natural

gas

Hard coal Natural

gas

Hydro Nuclear CSP PV Wind

Material requirements, in g per MWh 

Zinc

Silicon

Nickel

Molybdenum

Manganese

Copper

Cobalt

Chromium

Aluminium

⚠️Material footprint ≠ Amount of material in bill of materials



“Critical” minerals, IEA

Many estimates, little agreement on criticality

Bulk materials

Kalt, G., Thunshirn, P., Wiedenhofer, D., Krausmann, F., Haas, W., & Haberl, H. (2021). Material stocks in 

global electricity infrastructures–An empirical analysis of the power sector's stock-flow-service nexus. 

Resources, Conservation and Recycling, 173, 105723.



Is decarbonization shifting pressure from fossil fuels to materials?

In terms of volume, bulk materials (steel, 

concrete, aluminium, copper) are dominant

The shift from carbon-intensive to material-

intensive is mostly due to hydropower, 

because of the amounts of concrete in dams

But this is not representative of the actual 

“stress” or “criticality” of using materials

Kalt, G., Thunshirn, P., Wiedenhofer, D., Krausmann, F., Haas, W., & Haberl, H. (2021). Material stocks in 

global electricity infrastructures–An empirical analysis of the power sector's stock-flow-service nexus. 

Resources, Conservation and Recycling, 173, 105723.



Material-specific ESG indicators?

A more refined way to

assess the criticality of a

material would be to 

evaluate the various 

environmental, social, or 

governance dimensions 

associated with extraction

…and compare future 

demand with current 

production to assess the 

“extraction gap” for each 

material



Impact categories can be normalised and aggregated (handle with care!)
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Hard coal Natural

gas

Hard coal Natural

gas

Hydro Nuclear CSP PV Wind

Normalised lifecycle impacts, weighted, of the production of 1 TWh, per technology, Europe, 2020

Resource use, minerals and metals

Land use

Resource use, fossils

Water use

Particulate matter

Photochemical ozone formation

Ozone depletion

Human toxicity, non-cancer

Ionising radiation

Human toxicity, cancer

Eutrophication, terrestrial

Eutrophication, marine

Eutrophication, freshwater

Ecotoxicity, freshwater

Acidification

Climate change





Lifecycle impacts per kWh (PV, silicon, ground-mounted)



Lifecycle impacts per kWh (onshore, 2.5 MW, 20-year)



Lifecycle impacts per kWh (1000 MW PWR, 60 year lifetime)



All electricity sources have an impact, the question is “how much?”

GHG emissions are very low 
for all renewables (wind: 8-20, 
PV 20-80) and nuclear power 

(5-7 g CO2 eq./kWh)

For renewables, most 
emissions are embodied in 
infrastructure – the cleaner 
the economy, the cleaner the 

power, etc.

Nuclear power has an 
environmental profile that 
shows low impact on all 

indicators – due to the very 
high energy density of uranium

Land occupation can be a 
concern, depending on what is 
accounted for (plant- vs. park-

level, sealed vs. occupied, 
etc.) – utility PV: 20, NGCC or 

nuclear: 1 m2a/MWh

Material requirements (bulk) 
might be of concern, as 

demand (for e.g. copper) will 
increase significantly with 
high-renewable scenarios

Specialty materials (precious 
metals, REEs) may become 
subject to supply risks with 

wind and solar (and batteries), 
but substitutability and 

underestimated reserves may 
be alleviating this stress



Upscaling environmental impacts 

with various decarbonization 

pathways can reveal potential 

issues

4 scenarios ×

5 integrated assessment models

(from 20 PWh to ~50 PWh in 2050)

Assessing global pathways

No emissions 

constraint

Cumulative 2011-2050 power sector emissions limited to 240 

GtCO2.

Full portfolio Full portfolio
Wind and solar power 

limited to 10%

Nuclear phase-out, no 

CCS in the power 

sector

Luderer, G., Pehl, M., Arvesen, A., Gibon, T., Bodirsky, B. L., de Boer, H. S., ... & Hertwich E. G. (2019). Environmental co-benefits and 

adverse side-effects of alternative power sector decarbonization strategies. Nature communications, 10(1), 1-13.



Upscaling environmental impacts 

with various decarbonization 

pathways can reveal potential issues

Land transformation and 

occupation, both in “conventional” 

and “new renewable” scenarios

Mineral resource depletion, 

especially in “new renewable”

scenario

Assessing global pathways

Luderer, G., Pehl, M., Arvesen, A., Gibon, T., Bodirsky, B. L., de Boer, H. S., ... & Hertwich E. G. (2019). Environmental co-benefits and 

adverse side-effects of alternative power sector decarbonization strategies. Nature communications, 10(1), 1-13.



https://ourworldindata

.org/land-use-per-

energy-source

Great visualisation of 

land use differences 

among technologies

Our World in Data

https://ourworldindata.org/land-use-per-energy-source


https://app.electricitymaps.com

Real-time monitoring of 

electricity production and 

consumption

Reporting volumes and 

greenhouse gas emissions

On an hourly basis

ElectricityMaps

https://app.electricitymaps.com/


thomas.gibon@list.lu

UNECE LCA report: https://unece.org/sites/default/files/2021-10/LCA-2.pdf

Scenario assessment: https://www.nature.com/articles/s41467-019-13067-8

https://unece.org/sites/default/files/2021-10/LCA-2.pdf
https://www.nature.com/articles/s41467-019-13067-8




Lifecycle impacts per kWh (PC 550 MW, 30-year lifetime)



Lifecycle impacts per kWh (PC 550 MW, 30-year lifetime)



Lifecycle impacts per kWh (NGCC 555 MW, 30-year lifetime)



Lifecycle impacts per kWh (NGCC 555 MW, 30-year lifetime)



Lifecycle impacts per kWh (360 MW, 80-year lifetime)



Endpoint indicators: human health

0.4 0.5

8.3

6.2

10.8

7.9

10.3

7.4

0.2

1.6 1.3 0.9
0.3 0.5 0.3 0.5

1.1 1.4
0.4 0.4 0.3 0.7

0

5

10

15

to
w

e
r

tr
o
u
g
h

IG
C

C
, w

it
h
 C

C
S

IG
C

C
, w

it
h
o
ut

 C
C

S

P
C

, 
w

ith
 C

C
S

P
C

, 
w

ith
o
u
t 
C

C
S

S
C

, w
ith

 C
C

S

S
C

, w
ith

o
u
t 

C
C

S

3
6
0
 M

W

6
6
0
 M

W

N
G

C
C

, w
ith

 C
C

S

N
G

C
C

, w
ith

o
u
t 
C

C
S

C
d
T
e
, g

ro
u
n
d
-m

o
u
n
te

d

C
d
T
e
, r

o
o
f-

m
o
u
nt

ed

C
IG

S
, 
g
ro

u
nd

-m
o
u
n
te

d

C
IG

S
, 

ro
o
f-

m
o
u
n
te

d

p
o
ly

-S
i, 

g
ro

u
n
d
-m

ou
n
te

d

p
o
ly

-S
i, 

ro
o
f-

m
o
u
n
te

d

o
ff
sh

o
re

, c
o
n
cr

e
te

 f
o
u
nd

at
io

n

o
ff
sh

o
re

, s
te

e
l f

o
u
n
d
a
tio

n

o
n
sh

o
re

a
ve

ra
g
e

CSP Hard coal Hydro Natural gas PV Wind Nuclear

Lifecycle impacts on human health, excluding climate change, per kWh, in millipoints

photochemical oxidant formation

particulate matter formation

ozone depletion

ionising radiation

human toxicity



Endpoint indicators: ecosystems
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Lifecycle impacts on ecosystems, excluding climate change, per kWh, in micropoints

urban land occupation

terrestrial ecotoxicity

terrestrial acidification

natural land transformation

marine ecotoxicity

freshwater eutrophication

freshwater ecotoxicity

agricultural land occupation



Life cycle emissions for each region, kg 235U eq./MWh
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From UNSCEAR
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