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Figures from IPCC 1.5°C report
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WHY ENVIRONMENTAL IMPACT ASSESSMENT?

: : : : : On the other hand, we need to ensure a safe, affordable,
Motivation and |mpllcat|ons and fulfilling future to humanity, by delivering a minimum
level of energy that allows decent living conditions

Human activities’ pressure on the environment is skyrocketing.
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complete, accurate and detailed information about the
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Solar cells

HOW DO WE ASSESS OUR OPTIONS? 0 o > *owrpomer

A new paper may have the answer

in alternative to fossil

d resources at the cost
eand doesn't guarantee
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How Clean Is ‘Clean” Hydrogen?

Batteries and renewable energy alone can’t decarbonize industries, and recent propc
economy” could bridge those gaps.
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By Christopher Bonanos

Nuclear power is the greenest optlon
say top scientists

Environmentalists urged to ditch their historical antagonism and embrace a broad energy mix
Steve Connor | @SteveAConnor | Sunday 4 January 2015 01:00 | o o @ m Click to follow
206 comments The Independent

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

cars?
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The European
Green Deal
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THE NECESSITY OF A LIFE CYCLE APPROACH

Some regulations/directives recommend or demand
use of “life cycle assessment”. For example:

- California low-carbon fuel standard (https://ww?2.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)

Programme, aims to reduce the environmental impacts of products across the whole of their life cycle, including in the
selection and use of raw materials, in manufacturing, packaging, transport and distribution, installation and maintenance, use
e EIEO R NEConsidering at the design stage a product’s environmental impact throughout its whole life cycle has a high
potential to facilitate improved environmental performance in a cost-effective wayRhiJ USRS s 1 IERO B bR i GBI EIS b
efficiency, and thereby to contribute to achieving the objectives of the Thematic Strategy on the Sustainable Use of Natural
Resources. There should be sufficient flexibility to enable this factor to be integrated in product design whilst taking account of
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LIFE CYCLE ASSESSMENT (LCA)

Definition

A method and tool for attributing environmental impacts to
products and services

Considering impacts over the life cycle |::>

Production, use, end-of-life Example: low-carbon technologies
do not emit CO, directly, but

Considering impacts upstream in supply chains  require the potentially carbon-

intensive production of
Resource extraction, transport, etc. nirastructure

And typically:

Considering hundreds of emitted substances and extracted resources
Considering a range of impact types |::>

Human health, ecosystem health, natural resource use _
Example: low-carbon technologies

emit less CO2 on a lifecycle basis,
but have higher material or land
requirements than conventional
alternatives

Resource
extraction

Production

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




LIFE CYCLE ASSESSMENT

Total ~10 g CO, eq./kWh ﬁ ~70 mg Ni/kWh‘
Example: wind power
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WHAT CAN WE ASSESS IN ENVIRONMENTAL LCA?

Table 2 EF impact categories with respective impact category indicators and

characterization models. The CFs that shall be wused are awailable at:
http:/feplca. jre. ec. europa. eu/lL CON/developerEF. xhtml.
EF Impact | Impact category | Unit Characteri- | Robust formation, Zelm et al, Water use User deprivation | m* world eq Available jus s
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metals and van Oers
Dzone Ozone Depletion | kg CFC-11 o Steady-state | I Eutrophicatio | Accumulated mol N o Accumulated | II et al. 2002,
depletion Fotential (ODP) ODPs as in n, terrestrial | Exceedance (AE) Exceedance —
(WMo 2014 (Seppala et Resource use, | Abictic resource | M CML 2002 | III
+ al. 2006, fossils depletion - fossil (Guinée et
- e Posch et al fuels (ADP-fossil)*® al. 2002)
integrations) ' ’
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. . et al. 2002
Human Comparative  Toxic | CTUh USEtox 11 Eutrophicatio | Fraction of nutrients | kg P es EUTREND hig
L - - - N
toxicity, Unit  for  humans model 2.1 n, freshwater | reaching freshwater model Further information on impact assessment calculations is provided in Chapter 5.
cancer [CTUuk) (Fankte et al, end compartment (Struijs et al,
2017) (P) _200|9) E:Is
implemente
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2017) compartment (N) (Struijs et al,
2009) as
Particulate Impact on human | disease incidence PM  methed | I implemented
matter health recomended in ReCiPe
by UNEP . ) ) S—
(UNEP 2015) Ecotoxicity, Comparative Toxic | CTUe USEtox 11
freshwater Unit for ecosystems model 2.1 JRC TECHNICAL REPORTS
. CTU, Fankte et al,
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increase model  (Van +  Groundwater
replenishme 2019
nt
3

The indicator "Climate Change, total” is constituted by three sub-indicators: Climate Change,
fossil; Climate Change, biogenic; Climate Change, land use and land use change. The sub-

indicators are further describad in section 4.4.10. The sub-categaories "Climate change —fossil’,
'Climate change - biogenic’ and 'Climate change - land use and land use change’, shall be
reparted separately if they show a contribution of more than 5% each to the total score of climate
change.

#*  This index is the result of the aggregation, performed by JRC, of the 4 indicators provided by LANCA model
as indicators for land use.

36
This JRC technical report is a working document and does not modify Recommendation
2013/179/EU on the use of common methods to measure and communicate the life cycle
environmental performance of products and organisations
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LIST OF ASSESSED ENVIRONMENTAL IMPACTS

Table 2 EF impact categories with respective impact category indicators and

characterization models. The CFs that shall be wused are awailable at:
http://epleca. jre. ec. europa. eu/L CON/developerEF. xhtml.
EF Impact | Impact category | Unit Characteri- | Robust
category Indicator zation -ness
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**  The indicator "Climate Change, total” is constituted by three sub-indicators: Climate Change,
fossil; Climate Change, biogenic; Climate Change, land use and land use change. The sub-
indicators are further describad in section 4.4.10. The sub-categaories "Climate change —fossil’,
'Climate change - biogenic’ and 'Climate change - land use and land use change’, shall be
reparted separately if they show a contribution of more than 5% each to the total score of climate
change.
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2016
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#*  This index is the result of the aggregation, performed by JRC, of the 4 indicators provided by LANCA model
as indicators for land use.

36
This JRC technical report is a working document and does not modify Recommendation
2013/179/EU on the use of common methods to measure and communicate the life cycle
environmental performance of products and organisations

Further information on impact assessment calculations is provided in Chapter 5.

JRC TECHNICAL REPORTS

Suggestions for updating the
Product Environmental Footprint
(PEF) method
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LIST OF ASSESSED ENVIRONMENTAL IMPACTS

Table 2 EF impact categories with respective impact category indicators and
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**  The indicator "Climate Change, total” is constituted by three sub-indicators: Climate Change,
fossil; Climate Change, biogenic; Climate Change, land use and land use change. The sub-
indicators are further describad in section 4.4.10. The sub-categaories "Climate change —fossil’,

#*  This index is the result of the aggregation, performed by JRC, of the 4 indicators provided by LANCA model

"Climate change - biogenic’ and 'Climate changes - land use and land use change’, shall be as indicators for land use.
reported separately if they show a contribution of more than 5% each to the total score of dimate 36 INSTIT 'S
change. This JRC technical report is a working document and does not modify Recommendation
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LIST OF ASSESSED ENVIRONMENTAL IMPACTS
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LIST OF ASSESSED ENVIRONMENTAL IMPACTS

Table 2 EF impact categories with respective impact category indicators and
characterization models. The CFs that shall be wused are awailable at:
http://epleca. jre. ec. europa. eu/L CON/developerEF. xhtml.
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+ al. 2006, fossils depletion - fossil (Guinée et
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matter health recomended in ReCiPe
b UNEP —
[SNEP 2016) Ecotoxicity, Comparative Toxic | CTUe USEtox 11
- freshwater Unit for ecosystems model 2.1 JRC TECHNICAL REPORTS
} CTU, Fankte et al,
Ionising Human exposure | kBg U Human 1I (CTU:) goalr;)ee s
radiation, efficiency relative to health effect
human health | U** model as Land use s+ Soil  quality + Dimensionles | Soil  quality | III . .
developed by index* s (pt) index based Suggestions for updating the
Dreicer et al. + Biotic .k . len LANCA Product Environmental Footprint
a biotic
1995 production production (Beck et al. (PEF) method
(Frischknecht 2010 and Bos
et al, 2000) & Erosion + kg =oil et al. Z016)
' resistance + m? water
Photochemica | Tropospheric ozone | kg NMYOC o LOTOS- I . :‘_‘I‘:Ch;“im P Zompen . st
| ozone | concentration EURDS tiration groundwater
increase model  (Van +  Groundwater
replenishme 2019
nt

**  The indicator "Climate Change, total” is constituted by three sub-indicators: Climate Change,
fossil; Climate Change, biogenic; Climate Change, land use and land use change. The sub-
indicators are further describad in section 4.4.10. The sub-categaories "Climate change —fossil’,

#*  This index is the result of the aggregation, performed by JRC, of the 4 indicators provided by LANCA model

"Climate change - biogenic’ and 'Climate changes - land use and land use change’, shall be as indicators for land use.
reported separately if they show a contribution of more than 5% each to the total score of dimate 36 INSTIT 'S
change. This IRC technical report is a working document and does not modify Recommendation M.

2013/179/EU on the use of common methods to measure and communicate the life cycle
environmental performance of products and organisations



LIST OF ASSESSED ENVIRONMENTAL IMPACTS

Table 2 EF impact categories with respective impact category

indicators and

characterization models. The CFs that shall be wused are awailable at:
http://epleca. jre. ec. europa. eu/L CON/developerEF. xhtml.
fi ati Zel t al . - .
EF Impact [ Impact category | Unit Characteri- | Robust h‘:lr:anulj'l:ralth 23;;, e :; Water use User  deprivation | m* world e Available 111
category Indicator zation -ness implemented potential Water
model in ReCiPe (dél'pl'l‘.‘atl REmaining
===Resources |-
Climate Radiative forcing as | kg €04 o Baseline I censump gecﬁrnmjr\']gg
change, total22? | global warming meodel of 100 Acidification Accumulated mol H+ eq Accumulated | 1T _‘015?" r
potential (GWP100) years of the Exceedance (AE) Efceeq?poe /S -
IPCC  (based (Seppidla et — ) —
al. 2006, Resource Abiotic resgu ’ CML 2002 | III
on IPCC Posch et al, use?s, depletion ADP (Guinés =t
2013) 2008) minerals and | ultimate reserves) — al., 2002)
metals m a e rl a Is and van Qers
Dzone Ozone Depletion | kg CFC-11 o Steady-state | I Eutrophicatio | Accumulated mol N o Accumulated | II y et al. 2002.
depletion Fotential (ODP) ODPs as in n, terrestrial | Exceedance (AE) Exceedance —
(WMo 2014 (Seppala et Resource use, | Abictic resource | M n = 2002 | IIT
¥ al. 2006, fossils demrgy ca rr‘ers; jnée et
. S Posch et al, L= [ 3 - 2002)
integrations) 2008) A van Cere
. . et al. 2002
Human Comparative  Toxic | CTUh USEtox . 11 Eutrophicatio | Fraction of nutrients | kg P e EUTREND hig
toxicity, Unit  for  humans model 1 n, freshwater | reaching freshwater model Further information on impact assessment calculations is provided in Chapter 5.
cancer [CTUuk) (Fankte et al, end compartment (Struijs et al,
2017) (P) 2009) as
implemented
Human Comparative Toxic | CTUh USEtox 111 in ReCiPe
toxicity, mon-(Unit for humans m°dﬁ' 2.|1 Eutrophicatio | Fraction of nutrients | ka N e EUTREND | T
cancer (CTUx) (Fankte et al, n, marine reaching manne end model
2017) compartment (N) (Struijs et al,
2009) as
Particulate Impact on human | disease incidence PM  methed | I implemented
matter health recomended in ReCiPe
by UMNEP — ) )
(UNEP 2016) Ecotoxicity, Comparative Toxic | CTUe USEtox II1
freshwater Unit for ecosystems model 2.1 JRC TECHNICAL REPORTS
CTU, Fankte et al,
Ion_isil_'lg Human exposure kBq U Human 1I (CTU:) goalr;)ee =
radiation, efficiency relative to health effect
human health | U** model as Land use *  Soil quality + Dimensionles | Soil  quality | III . .
developed by index* s (pt) index based Suggestions for updating the
Dreicer et al. +  Biotic .k .. [en  LANCA Product Environmental Footprint
aq biotic
1995 production production [,E[")icok e;cBaIF. (PEF) method
(Frischknecht . ) e
et al, 2000) R *  Erosicn ‘ + kg :(\II ea.)olb)
esotrces tan
Photochemica | Tropospheric ozone | kg NMVOC o LOTOS- II * §|ch t;rucal . m? Zampon L bant &
| ozone | concentration EURDS HEraten groundwater
increase model  (Van s Groundwater
replenishme 019
nt

**  The indicator "Climate Change, total” is constituted by three sub-indicators: Climate Change,
fossil; Climate Change, biogenic; Climate Change, land use and land use change. The sub-
indicators are further describad in section 4.4.10. The sub-categaories "Climate change —fossil’,
'Climate change - biogenic’ and 'Climate change - land use and land use change’, shall be
reparted separately if they show a contribution of more than 5% each to the total score of climate
change.

#*  This index is the result of the aggregation, performed by JRC, of the 4 indicators provided by LANCA model
as indicators for land use.

36
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UNECE CARBON NEUTRALITY TOOLKIT (@) UNECE BEEIGOALS

https://www.resourcepanel.org/r
eports/green-energy-choices-
benefits-risks-and-trade-offs-
low-carbon-technologies-

electricity
UPDATE

&

UNECE Toolkit for policy makers to make informed decisions
and attain carbon neutrality

N ENERGY

UNITED NATIONS ECONOMIC COMMISSION FOR EUROPE

@ UNECE
. Life Cycle Assessment of
Electricity Generation Options

@UNECE
‘ TECHNOLOGY BRIEF
CARBON CAPTURE, USE AND STORAGE (CCUS)

(@) unece
quece | ” | TECHNOLOGY BRIEF (
' NUCLEAR POWER )
| Lsg:&zu&oev BRIEF https://unece.org/sed/documents/2021/10/reports/lif

e-cycle-assessment-electricity-generation-options
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CLIMATE

Life cycle greenhouse gas emissions for each region, g CO, eq./kWh

Lifecycle GHG emissions, in g CO2 eq. per kWh, regional variation, 2020
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LAND USE e

Life cycle land occupation, in m2-annum/MWh = _m *

70
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30
20
10

-10

ST A M 5T A AN P

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

< see NREL (2009)

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

Land use of energy sources per unit of electricity

Land use is based on life-cycle assessment; this means it does not only account for the land of the energy plant itself but also land
used for the mining of materials used for its construction, fuel inputs, decommissioning, and the handling of waste.

Our World
in Data

Minimum Median Maximum
Hydropower
small-to-medium plants (<360MW) 33m? per MWh
Concentrating solar O o O
tower 22m? per MWh
Coal power o o

carbon capture & storage (CCS) 21m? per MWh

Solar photovoltaic (PV), silicon
installed on-ground

On-ground solar has a relatively high land use,
but varies a lot based on location and density.

O O
.19m2 per MWh

Most land use for coal comes from the mining and excavation of sites

Coal power
P o for the raw coal fuel.

15m? per MWh

Hydropower

large plants (>660MW) 14m? per MWh

Solar photovoltaic (PV), cadmium o o)
installed on-ground 12.6m? per MWh

Solar photovoltaic (PV), silicon
installed on roofs

Land use for solar is smaller if it's installed on roofs. This figure is not zero because
some land is still needed for the mining of materials used to produce these panels.

c®o

3m? per MWh

Gas plant
carbon capture & storage (CCS)

@ o

1.3m? per MWh

@O

1.2m? per MWh

By utilizing roofs, total additional land use for solar can be small.

Solar photovoltaic (PV), cadmium
This figure is not zero because some land is still needed for the mining of materials used to produce these panels.

installed on roofs

Gas plant
1m? per MWh
Nuclear power Nuclear energy uses the least amount of land.
0.3m? per MWh
0 10 m? 20 m? 30 m? 40 m? 50 m? 60 m?

Land use per megawatt-hour of electricity (m2-annum per MWh)

The land use of onshore wind can be measured in several ways, and is distinctly different from land use of other energy technologies. Land between wind turbines can be
used for other purposes (such as farming), which is not the case for other energy sources. The spacing of turbines, and the context of the site means land use is highly variable.

) - .
Onshore wind Maximum = 247 m

project site area

O .
Minimum = 84 m 99 m? —

Onshore wind
direct impact area of the turbines

This only includes the area directly impacted by the excavation and insertion of wind turbines.
It does not include the area between turbines - this is captured in the ‘project site area’ measure above.

. 0.4m? per MWh
Nete Capacity factors are taken into account for each technology which adjusts for intermittency. Land use of energy storage is not included since the quantity of storage depends on the composition of the electricity mix.

Source: UNECE (2021). Lifecycle Assessment of Electricity Generation Options. United Nations Economic Commission for Europe for all data except wind. Wind land use calculcated by the author.
See OurWorldinData.org/land-use-per-energy-source for more research on this topic. Licensed under CC-BY by the author Hannah Ritchie.


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

LAND USE

Direct vs. project area

Shared use area

Sealed area
Artificialized area

Wind farm — area occupied by type PV farm — area occupied by type

Citerne

Zone de co-usage : 1 et 1,7 ha/MW (en 2019)
entre 1 et 2 ha/MW (en 2050)

Surface imperméabilisée : 0,002 ha/MW
Surface artificialisée : 0,09 ha/MW

Zone de co-usage : 12,35 ha/MW (en 2019)
entre 8 et 18 ha/MW (en 2050)

Surface imperméabilisée : 0,02 ha/MW
Surface artificialisée : 0,15 ha/MW
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Energy
Pathways
to 2050

Key results

Octabor 2074
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https://assets.rte-france.com/prod/public/2022-01/Energy%20pathways%202050 Key%20results.pdf
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LAND USE S

Excerpt from a report by the French electricity TSO
comparing land occupied by new power infrastructure with

Energy
Pathways

land sealed by other infrastructure (roads, buildings...) to 2050

Key results

Direct vs. project area

Projected trend in artificialisation through 2050 in the scenarios across all of France
(historical trend and target for 2030)

France Power system
(roads, buildings, etc.)

//"
@ Average number of hectares artificialised for the power
60,000 ] system (generation and grid infrastructure) by 2050
— '
. Between 450 and 750 hectares
20,000 . " 600 / artificialised per year
2030: Halving - 700
of surface areas ! /
40000 to reach 1 = 400 —
LY L : H H - . net zero ] 0
Artificialisation remains £ artifidatistion’; > s L
; h d @ target 1 a0 [ |
= 30,000 ! - —
minor when compared £ — § o
to existing and future 2 B : 2 20
. 20,000 — 1 100
Infrastructure such as | ; .
. . —_—— '
: MO M1 M23 M1 N2 NO3
roads and buildings 10,000 : , y
0 : Renewable-hea Nuclear-hea
Historical trend  Climate-resilience Annual
a”'ﬂi:'_a"s?t'on == Teruti surveys (average in 2010-2018)
e Sl‘éw;gr vt © Observatoire de [artificialisation
mﬁastmﬁ’me in 2020-2050 based on land registry (average for 2010-2020)

- CORINE Land Cover inventory (average in 2006-2012)

Source: CEREMA, 2021, "The determinants of the use of space”.
MNote: Artificialisation volumes vary depending on the valuation method used (land registry, sample surveys).
In accordance with the agreement set forth the climate and resilience act, the surface area under solar panels is counted as artificialised surface area here.

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

Lifecycle water requirements, in m3/MWh (I/kWh)

o =~ N W > 00 O N

1
—

Lifecycle dissipated water, in | per kWh, regional variation, 2020
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MATERIAI_ REQUIREMENTS /\ Material footprint # Amount of material in bill of materials TheRalooforitioal

Transitions

Life cycle material footprint (for a select list), in g per MWh e

Material requirements, in g per MWh
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MATERIAL REQUIREMENTS e

Many estimates, little agreement on criticality e

Bulk materials “Critical” minerals, IEA

—— Stock-building materials o T The rapid deployment of clean energy technologies as part of energy transitions implies a
emi. . - - . N
Lo TR L0 0% 40 000102050405 oo GG 0% 005 o 100 26 %0 0 00 20 w am significant increase in demand for minerals
T 1w 11-61 [ g Embodied
EE 43% | 03-18 | emissions of Minerals used in selected clean energy technologies
}3 62% 02-12 | bulk materials
£ —y | Transport (kglvehicle) eCopper
:E'S 20% f 77 emissions . — » Lithium
5 25% | 06-3 Electric car . ;
= 72% - 0.1-09 's;?,s&f:&:n | = Nickel
§§ _ee% | 01-07 | emissions Conventional car _
98% | 0.1-0. ® Manganese
26% |- i 09-3 50 100 150 200 250
2 « Cobalt
s % e : i - Power generation (kg/MW)
- 405 Graphite
£ — o A | Offshore wind | e
E ) e ! 12-47 | = Chromium
S am - 1-41 Onshore wind NN D
= 1% .~ 12-137 = Molybdenum
E% 17% |,. 08-91 Solar PV ieness==== aZi
= 23% f 06-68 Nuclear e
Eég ;: :_' 19-176 Hcea = Rare earths
2E ey Coal
ek 30% B 07-67 | L « Silicon
5 o 3 5%, Newrs go J * Others
80% ! 04-39 4000 8000 12000 16 000 20 000
Bioenergy | ! T
o IEA. All rights reserved
Gas
Qil
Nuclear

Kalt, G., Thunshirn, P., Wiedenhofer, D., Krausmann, F., Haas, W., & Haberl, H. (2021). Material stocks in LUXEMBOURG
global electricity infrastructures—An empirical analysis of the power sector's stock-flow-service nexus. INSTITUTE OF SCIENCE
Resources, Conservation and Recycling, 173, 105723. AND TECHNOLOGY



MATERIAL REQUIREMENTS

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.

a) Comparison of fuel intensities vs. material stock intensities of power generation

160 NE ® BA Dominant fuel/technology:
o ® VK (based on installed capacity)

@ Coal
Gas
® Oil
® Hydropower
@ No dominant tech.

9 @
PY

200
Material stock intensity (t/TJ)



MATERIAL REQUIREMENTS

Material-specific ESG indicators?

a @4;\\\* b
Q\Q,-r\\o(\ & o &Qé\ .booe» @eﬁ‘
: & & AT S s i .
A more refined way to & T comtines s soore

breakdown by resources

assess the criticality of a
material would be to
evaluate the various

Platinum

Cobalt

environmental, social, or Sitver

governance dimensions Copper

associated with extraction Nickel
Aluminium

Rare Earths

..and compare future
demand with current
production to assess the
“extraction gap” for each
material

Iron

Lithium

Verylow Low Med High Very high

L Environment /.—Social—

C
Peak

COMMUNICATIONS

(M) Gheck for upsiates

ARTICLE
hitps://doi.org./10.1038/541467-020-18661-9
The social and environmental complexities of
extracting energy transition metals

OPEN

Eléonore Lebre® "™, Martin Stringer® 2%, Kamila Svobodova® !, John R. Owen® , Deanna

Claire Cote® 3, Andrea Arratia-Solar® ' & Rick K. Valenta® 2

Kempo ',

demand from low-carbon tech.

(Indicative of supply chain pressure)

Current global production Corresponding mined ore tonnage

(Indicative of scale of potential impact)
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NORMALISED AND WEIGHTED RESULTS

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

120.0

100.0

80.0

60.0

40.0

20.0

0.0

pc, withoutccs [ TN
Iccc, withoutccs [T T 2

Hard coal
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Normalised lifecycle impacts, weighted, of the production of 1 TWh, per technology, Europe, 2020
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Resource use, minerals and metals
Land use

B Resource use, fossils

= Water use

W Particulate matter

B Photochemical ozone formation

m Ozone depletion

B Human toxicity, non-cancer

m [onising radiation

B Human toxicity, cancer

m Eutrophication, terrestrial

m Eutrophication, marine
Eutrophication, freshwater
Ecotoxicity, freshwater

m Acidification

m Climate change

LISTS)



BUT WHERE DO IMPACTS COME FROM?




PHOTOVOLTAICS

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

PV, polycrystalline silicon, ground-mounted

| 2 45 mg sbg
_ - 24.9 | water

Minerals and metals

Dissipated water

Land use

lonising radiation

Carcinogenic effects

Freshwater eutrophication

Climate change total

.- 1.87 points
B o14g2BUeq

- 28.4 mg P-Eq

- 36.7 g CO, eq.

0% 20%

I Silicon production
B Cell manufacturing
Module assembly

40%

Ground system
I Construction
[ Inverters

60%

80%

Grid connection

100%

Operation and maintenance

Decommissioning
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WIND POWER

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

Wind, onshore

Minerals and metals 0.658 mg Sb-Eq
Dissipated water 0.175 | water
Land use - 0.107 points
lonising radiation 1.03 g 23°U eq.
Carcinogenic effects 6.55e-06 mCTUh
Freshwater eutrophication 6.62 mg P-Eq
Climate change total 12.4 g CO; eq.
0% 20% 40% 60% 80% 100%
B Foundation Blades I Grid connection
[ Tower [ Assembly BN Operation and maintenance
" Generator Bl Construction Decommissioning
Hub 0 Internal cabling LUXEMBOURG
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NUCLEAR POWER

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

Nuclear, PWR

Minerals and metals -

Dissipated water A Il

Land use

lonising radiation

Carcinogenic effects

- 0.331 mg Sb-Eq
- 2.42 | water

- 0.0577 points

- 14.3 g 2°°U eq.

- 5.12e-07 mCTUh

Freshwater eutrophication _ - - 5.84 mg P-Eq
Climate change total _ _ | - 5.13 g CO; eq.
0% 20% 40% 60% 80% 100%
Bl Mining, open pit Enrichment Decommissioning
Mining, underground Fuel fabrication Grid connection
Mining, ISL B Construction B Transportation
B Milling W Electricity production Spent fuel management | yxemsours 7
B Conversion Operation N LI ST




TAKE-AWAY MESSAGES

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 CO, eq./kWh)

Material requirements (bulk)
might be of concern, as
demand (for e.g. copper) will
increase significantly with
high-renewable scenarios

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

wind and solar (and batteries),

but substitutability and
underestimated reserves may
be alleviating this stress

LIST¢
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SOME WORDS ON SCENARIO COMPARISON

No emissions Cumulative 2011-2050 power sector emissions limited to 240

constraint GtCO..

Assessing global pathways Nuclear phase-out, no

Wind and solar power

Full portfolio Full portfolio limited to 10% CCS in the power
sector
Base FullTech Conv NewRE
Upscaling environmental impacts =
with various decarbonization = :
pathways can reveal potential
i S S u eS 100: % Wlcoative ces
Coallw/ CCS
504 Woiwo ces
- et
) ui 100+ 3 =Hydro
504 Biomass|w/o CCS
4 S C e n ar I O S X N [Biomassjw/ ccs
. .Geothermal
5 integrated assessment models = W
1004 E Solar|PV
504
(from 20 PWh to ~50 PWh in 2050) o 4
Luderer, G., Pehl, M., Arvesen, A., Gibon, T., Bodirsky, B. L., de Boer, H. S., ... & Hertwich E. G. (2019). Environmental co-benefits and AU ITLTNOLERT | emE W

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



SOME WORDS ON SCENARIO COMPARISON

Impacts normalized to Base Human Health [mio DALY]
. 204 b ‘
Assessing global pathways | e
‘ a lonizing
formaton ] f0- -“"‘d'a“““
) } B Human tox.
Upscaling environmental impacts i I 5 [

. . . . : PM-10
with various decarbonization ol A
pathways can reveal potential issues raciaton | 2010 Base Fulleon Conv  NewRE

- Ecosystem [10° species.yr] .Eﬂﬁ%?éggion
Marine
Land ecotox.
occupation | 150

Freshwater

ecotox.
Lol Terr. ecotox.
50 1 Terr. acid.
‘ and
E occupation

0
Freshwater |
eutrophication 2010 ggge F'-é'grse;h ggg“{ Nzet‘)“g%E .{qr:;s If%?g-. Ston
Mineral resource depletion, Terr acid. | Resource Depletion [bn US$]

Land transformation and
occupation, both in “conventional” Ecotoxicity
and “new renewable” scenarios

Marine |
eutrophication.

1 H 1 bR
especially in “new renewable Warer

; J 2000 -
withdrawal

1500 -
Mineral |
resource depletion 1000+
Fossil depletion - | | 500 4 i !
D -

2% 5% 10% 20%  50% 100% 200% 500% 1000% ! L . L !
2010 Base FullTech Conv  NewRE

m—— Base == Cony == NewRE 2050 2050 2050 2050
TUXE
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scenario

Minerals

Fossils

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.



UNECE REPORT USED IN OTHER INITIATIVES

Which sources of energy require the least amount of land?

Our World in Data

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

Great visualisation of
land use differences
among technologies

One part of the total land use is the space that a power plant takes up: the

area of a coal power plant, or the land covered by solar panels.

More land is needed to mine the coal, and dig the metals and minerals used
in solar panels out of the ground. To capture the whole picture we compare
these footprints based on life-cycle assessments. These cover the land use
of the plant itself while in operation; the land used to mine the materials
for its construction; mining for energy fuels, either used directly (i.e. the
coal, oil, gas, or uranium used in supply chains) or indirectly (the energy
inputs used to produce the materials); connections to the electricity grid;

and land use to manage any waste that is produced.

Inthe chart we see how the different energy sources compare.* Here we're
only looking at key sources of electricity - since oil is predominantly used to
transport, it's not included. Their land use is given in square meters-annum
per megawatt-hour of electricity produced. This takes account of the
different capacity factors of these sources i.e. it is based on the actual

output from intermittent technologies like solar or wind.

First, we see that there are massive differences between sources. At the
bottom of the chart we find nuclear energy. It is the most land-efficient
source: per unit of electricity it needs 50-times less land compared to coal;

and 18 to 27-times less than on-ground solar PV.2

Second, we see that there are large differences within a single energy
technology. This is shown by the wide range from the minimum to the
maximum land footprint. This shows that land use depends a lot on how
the technology is deployed, and the local context.

Solar energy is one example where the context and type of material matter

a lot. Solar panels made from cadmium use less energy and materials than

Land use of energy sources per unit of electricity®

Land use of energy sources per unit of electricity

Land use is based on life-cycle assessment; this means it does not only account for the land of the energy plant itself but alse land
used for the mining of materials used for its construction, fuel inputs, decommissioning, and the handling of waste.

Minirum Median Masirnurn
Hydropower
v 33m? per MWh
Concentrating solar o L ] e
tower 22m? per MWh
Coal power o
carbon capture & storage (CCS) 21m? per MWh

Solar photovoltaic (PV), silicon On-ground solar has a relatively high land use,

installed on-ground = L S ey Ty O put varies a lot based on location and density.

Coal power o ® Most land use for coal comes from the mining and excavation of sites
15m? per MWW~ Tor the raw coal fuel,
Hydropower
large plants (=560MW) o .llm' n?r MWh
Solar photovoltaic (PV), cadmium o r

installed an-ground 12.6m per MWh
Solar photovoltaic (PV), silicon o) Land use for salar is smaller if it's installed on roafs, This figure is not zero because
installed on roofs 3 per MWh some land is still needed for the mining of materials used to produce these panels.

Gas plant
carbon capture & storage (CCS) ﬁ.l_fmhu, MWh

Solar photovoltaic (PV), cadmium oo By utilizing roofs, total additional land use for solar can be small,
installed on roofs 1.2m? per MWh This figure is not zero because some land is still needed for the mining of materials used to produce these panels.

Gas plant (-0
1m? per MWh
Muclear power @ Muelear energy uses the least amount of land.
0.3m7 per MWh
o 10 m? 20 m* 30 m?* 40 m* 50 m* 60 m*

Land use per megawatt-hour of electricity (m*annum per MWh)

The land use of ershore wind can be measured in several ways, and is distinctly different from land use of other energy technologies. Land between wind turbines can be
used for other purposes [such as farming), which is not the case for other energy sources. The spacing of turbines, and the context of the site means land wse is highly variable.

i Ma 247 m*
Onshore wind o il L
project area Minirmum = 8.4 m* W m .
Onshore wind ‘ Thiz only inchudes the area directly impacted by the excavation and insertion of wind turbines,
direct impact area of the turbines 0.4m? per MWh It does not include the area between turbines - this is captured in the ‘project site area’ measure above.
" Capacity factors are for o . Land use of enengy stor not included since the quantity of storage depends on the composition of the electricity mix

Source: UNECE {2021). Lifeeyele Assessment of Electricity Generation Option:.
See O ata.org/ pereneigy for more research on thi

nited Natiors Ecancrie Comn 1 for Eunope for all dats except wind. Wind land use ealeuleated by the auther,
pic Licensed under CC-BY by the author Hannah Ritchie
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https://ourworldindata.org/land-use-per-energy-source

UNECE REPORT USED IN OTHER INITIATIVES

& BE Germany  November21,2022at8:00 PM

MNovembter 21, 2022 5 79 04 of elactricity available in ™ Germany comes from nuclear

ElectricityMaps om0

utilizing 96.78 % of installed capacity
(3.52GW / 4.06GW)

Carbon Intensity representing 0.05 % of emissions

https://app.electricitymaps.com ST e
by source e :Eligiﬁmgigfwmzozm
- . . nuclear |}
Real-time monitoring of goberal

electricity production and v —

consumption .
hydro storage |
battery storage
gas —

ail

Reporting volumes and wioom |

greenhouse gas emissions 5 B
- o )
a= DK-DK1 |
. a= DK-DK2Z 1
On an hourly basis uoow
T
- PL 1
Display data from the past November 21, 2022 at 8:00 PM

24 hours 30 days 12 months 5years

s
Y
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https://app.electricitymaps.com/

THANK YOU

thomas.gibon@list.lu

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

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

LUXEMBOURG
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https://www.nature.com/articles/s41467-019-13067-8
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COAL POWER

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

Hard coal, pulverized, without CCS

Minerals and metals - _ 0.525 mg Sb-Eq
Dissipated water - 2.86 | water
Land use A 2.43 points
lonising radiation - I 9.07 g ?3°U eq.
Carcinogenic effects - 7.34e-06 mCTUh
Freshwater eutrophication A 489 mg P-Eq
Climate change total 1023 g CO2-Eq
0% ZOI% 4OI% 60I% 80I% 106%
Coal extraction I Power plant Bl Electricity production
Coal transport I Grid connection Decommissioning
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What's the difference between |3 CCUS and fracking?

COAL POWER WITH GCS

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

Hard coal, pulverized, with CCS

Minerals and metals - _— - 0.783 mg Sb-Eq
Dissipated water I
Land use A I- - 3.45 points
lonising radiation - B -13.2 g 23°U eq.
Carcinogenic effects - Z N | 1.04e-05 mCTUR
Freshwater eutrophication A ‘.- 690 mg P-Eq
Climate change total - R R TR R R o g o o
0% 20% 40% 60% 80% 100%
Coal extraction B CCS pipeline Carbon capture
Coal transport CCS well Decommissioning
I Power plant I Grid connection . Carbon capture

B CCS on-site infrastructure Bl Electricity production
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NATURAL GAS

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

Natural gas, NGCC, without CCS

Minerals and metals - 0.243 mg Sb-Eq
Dissipated water - 1.17 | water
Land use A 0.195 points
lonising radiation - I 9.24 g ?3°U eq.
Carcinogenic effects - 1.33e-06 mCTUh
Freshwater eutrophication A l 19.7 mg P-Eq
Climate change total 434 g CO; eq.
0% 20I% 4OI% 60I% 80I% 102)%
Natural gas production B Power plant Bl Electricity production
Natural gas transport I Grid connection Decommissioning
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NATURAL GAS WITH CCS

Lifecycle impacts per kWh (NGCC 555 MW, 30-year lifetime)
Natural gas, NGCC, with CCS

Minerals and metals - _l - 0.314 mg Sb-Eq
Dissipated water 1 I
Land use A -. - 0.24 points

lonising radiation A || -11.1 g 2*°U eq.
Carcinogenic effects - _l - 1.67e-06 mCTUh
Freshwater eutrophication - .I - 24 mg P-Eq
Climate change total - MR R R R s a s
0% 20% 40% 60% 80% 100%
Natural gas production B CCS pipeline Carbon capture
Natural gas transport CCS well Decommissioning
B Power plant I Grid connection . Carbon capture

Bl CCS on-site infrastructure B Electricity production
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HYDROPOWER

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

Hydro, 360MW

Minerals and metals 0.0606 mg Sb-Eq
Dissipated water 0.0386 | water
Land use 0.211 points
lonising radiation 0.84 g 23U eq.
Carcinogenic effects 3.54e-07 mCTUh
Freshwater eutrophication 1.33 mg P-Eq
Climate change total 10.7 g CO; eq.
0% 20% 40% 60% 80% 100%
" Roadworks EEE Construction Decommissioning
[ Transportation W Grid connection . Dam
I Dam Bl Electricity production
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AGGREGATED SCORES

Endpoint indicators: human health

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

Endpoint indicators: ecosystems
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JONISING RADIATION

Life cycle emissions for each region, kg 23°U eq./MWh

25.0
20.0
15.0
10.0
5.0
0.0

-5.0

N
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Lifecycle ionising radiation, in kg 235U eq. per MWh, regional variation, 2020
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JONISING RADIATION

From UNSCEAR

Public and occupational exposures from electricity generating technologies' life cycles
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IELIEREY LCIA results for region EUR (Europe EU 28), in 2020, all ILCD 2.0 indicators, three significant figures . Climate change (total) in bold.
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kg COx-Eq) COa-Eq) kg CO2-Eq [k COz-Eq [mial He-Eq CTU) kg P-EQ kg N-EQ miol N-Eq) CTUR [kg U235-Eq) [CTUR] kg CFC-11) K NMVOC-, disease 1] mawater-.) [megajoule] [points] kg sb-Eq]
Hard coal PC, without CCS 6.8TE-05 1.02E+00 1ETE-04 1.02E+00 1.73E-03 4.T2E-01 4.89E-04 5.14E-04 4.97TE-03 T.34E-09 B.74E-03 LI4E-07 1.04E-08 1.25E-03 2.51E-08 1.23E-01 L41E+01 2.43E+00 5.25E-0T
Hard coal IGCC, without CCS E.3BE-05 8.45E-01 1.40E-04 8.45E-01 1.05e-03 3.46E-01 4.24E-04 4.15E-04 4.00E-03 G6.43E-09 TATE-03 9.57E-08 E.T4E-09 G.TBE-04 1.36E-08 T.23E-02 L21E+01 2.06E+00 E.BOE-OT
Hard coal SC, without CCS 6.45E-05 9.53E-01 1.56E-04 59.53E-01 1.63E-03 4.33E-01 4.5EE-04 4.82E-04 4.69E-03 E.00E-09 8.19E-03 1.06E-D7 9.TEE-09 1.16E-03 2.36E-08 112E-01 1.32E+01 2.28E+00 5.00E-07
Natural gas NGCC, without CCS T.TRE-05 4.34E-01 8.21E-05 4.34E-01 3.26E-04 L16ED1 L9TE-DS 4.96E-05 TA9E-34 1.33E-09 9.24E-03 TAQE-09 6.66E-08 2.25E-04 L3IE-09 5.02E-02 T.BEE+00 1.95E-01 2A3E0T
Hard coal PC, with CCS L.OGE-(4 3.68E-01 2ATE-4 3.69E-01 1.80E-03 B_26E-01 6.00E-D4 T.20E-04 6.82E-03 LO4E-08 L32E-02 1.66E-O7 L5TE-DB 1.68E-03 2.93E-08 2.18E-01 2.00E+01 3.45E+00 T.B3E-07
Hard coal IGCC, with CCS T.23E-05 2.T9E-01 LA9E-4 2.T9E-01 1.35E-03 4.94E-01 S.TIE-D4 5.36E-04 5.10E-03 8.62E-09 LO1E-02 1.30E-07 1.1BE-DB 1.25E-03 L.T2E-08 L16E-01 1.63E+01 LTTE+D0 6.85E-07
Hard coal SC,withCCs 0.90E-05 3.33E01 2.34E-04 3.33E-01 2.25E-03 T.E1E-01 6.3TE-D4 6.02E-04 B.93E-03 9.66E-09 1.23E-02 1.53E-07 1.49E-08 1.55E-03 3.13E-08 138E-01 1.84E+01 3.18E+00 T.43E-07
Natural gas MNGCC, with CCS 0,30E-05 1.2BE-01 9.93E-05 1.2BE-01 E.0TE-04 2.34E-01 240E-05 TAIE-D5 18TE-02 LETE-0% 1.11E-02 1.30E-08 T.B1E-08 2.T0E-D4 3. 14E-09 B.59E-02 9.26E=00 2.40E-01 3.14E-07
Hydro 660 MW 5.32E05 LATE-D1 LO9E-D4 L.4TE-01 4.15E-04 30TE-01 1.26E-05 0.54E-05 1.04E-02 156E-09 1.16E-02 2.1TE-08 3.40E-08 3.B5E-D4 9.45E-00 1.58E-02 224E=00 2.45E=00 6.06E-07
Hydro 360 MW L.BOE-05 LOTE-D2 9.21E-06 L.OTE-02 445E-05 2.73E-02 1.33E-06 1.23E05 LAZE-34 3.54E-10 2.40E-04 1.39E-09 2.3TE-09 430E-05 B.OTE-10 1.B6E-03 LE3E-01 2.11E-01 £.06E-08
Muclear average 2.56E-05 S.24E03 2.26E-05 5.29E-03 4.28E-05 2.70E-02 6.45E-06 B8.20E-05 9.T0OE-05 S51E-10 L43E-02 5.50E-09 4.62E-10 2.65E-05 2.21E-09 1L31E-01 LEAE+D1 £.25E-02 333607
CsP tower 3.02E-05 2.16E-02 3.36E-05 2ITE-02 9.24E-05 3.65E-02 111E-05 2.21E-05 2.46E-04 2.09E-09 4.46E-03 2.61E-09 2.69E-00 T.54E-05 8.B2E-10 T.60E-03 391E-01 3.62E+00 3.36E-07
CsP trough 4.5TE-05 4.19E-02 5.60E-05 4.20E-02 LS1E-04 1.10E-01 1.33E-05 2.88E-05 3.61E-04 6.25E-09 6.12E-03 4.61E-09 S.B1E-09 1.05E-04 1.B6E-09 1.47E-02 6.88E-01 3.54E+00 6.45E-07
PV poly-5l, ground-mounted 3.43E-04 3.62E-02 LE1E-D4 3.6TE-02 3.01E-04 T.91E-02 2.84E-05 4.62E-05 4.48E-04 4.12E-00 9.14E-03 T.B3E-09 E.9TE-09 1.30E-04 2.21E-09 2.40E-02 E.43E-01 LATE+DD 4.45E-06
PV poly-sl, roof-mounted 3.34E-04 3.67E-02 LEOE-D4 3.TZE-02 3.34E-4 6.99E-02 3.83E-05 S.12E-05 5.10E-04 LE3E0D 9.7T6E-03 L38E-08 T.18E-08 143E-04 2.31E-09 L.TZED2 E.64E-01 4.43E-01 T.21E-06
PV CdTe, ground-mounted 8.86E-05 1.1BE-02 2.54E-05 1.19E-02 6.2TE-D5S 5.59E-02 B.TSE-DG L2TE-05 L39E-4 3.44E-09 LBGE-03 3.6TE-08 LOZE-D9 4.16E-05 £.40E-10 5.63E-03 1.83E-01 L3GE+D0 1.53E-06
i CdTe, roof-mountad 5.59E-05 1.45E-02 4.38E-05 1.46E-02 B.BZE-05 3.96E-02 1.42E-05 L54E-05 LT3E-4 L14E-08 1L.B9E-03 T.46E-08 9.49E-10 4.86E-05 T.68E-10 T.05E-03 2.20E-01 L48E-01 2.64E-06
PV ;gjhdmountm B.5EE-05 L13E-02 2.52E-05 L14E-02 6.11E-05 5.58E-02 5.T6E-D6 L25E-05 L36E-4 3.39E-09 LTSE-03 3.TTE-D9 9.91E-10 4.0BE-05 £.20E-10 5.64E-03 1.75E-01 1.35E+00 L.6RE-D6
PV :Ec::?-'mounted SATE-OS L40E-02 4.33E-05 L.41E-02 BB4E-05 4.02E-02 LAZE-DS L5ZE05 LT1E-4 L14E-09 LT9E-03 7.50E-09 9.10E-10 4.T9E-05 T.48E-10 T.08E-03 212E-01 L.4TE-01 2.B1E-06
wind onshore LETE-OS L24E-02 1.99E-05 L.24E-02 5_2BE-05 TABE-02 6.6TE-DG 1.39E-05 L26E-4 6.56E-09 LO3E-03 2.98E-09 6.T1E-10 4.63E-05 T.06E-10 T.52E-03 1.75E-01 1.08BE-01 6.75E-07
wind offshore, concrete foundatlon  1.74E-05 1.42E-02 2.58E-05 1.42E-02 1.00E-04 6.62E-02 6.08E-06 2.B4E-05 L93E-04 5.52E-09 1.19E-03 3.1TE-09 1.24E-09 B.99E-05 E6.57E-10 6.T4E-03 107E-01 111E-01 0.7TE-07
wind offshore, steel foundation LETE-05 1.33E-02 2.46E-05 1.33E-02 9.45E-05 T.D4E-02 6.EB4E-D6 2.69E-05 LTEE-04 T.00E-09 1.19E-03 341E-09 1.18E-09 B.44E-05 €.19E-10 E.6TE-03 1.90E-01 5.94E-02 0.93E-07

INSTITUTE OF SCIENCE
AND TECHNOLOGY

LIS



