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If you need to discuss topics related to the course, including 
the assignment, I am available on Fridays 10h-11h – send me 
an e-mail to book this slot at least 4 days before

Sofia G. Simões 
sofia.simoes@lneg.pt
sgcs@fct.unl.pt

Para discussão de assuntos relacionados com o seminário, 
incluindo o trabalho final, estou disponível às sextas 10h-11h 
– têm que enviar-me e-mail previamente (pelo menos 4 dias 
antes)

Às 5as feiras 12h-13h é dada aula complementar em Português 
(zoom) para quem tem mais dificuldades com o inglês

PROGRAM & RESOURCES @ 

https://moodle.fct.unl.pt/course/view.php?id=7450

mailto:sofia.simoes@lneg.pt
mailto:sgcs@fct.unl.pt
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Assignment
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Assignment | How the work will be developed?

• Groups of 3 students (please send me an email with the group members until end 
of march)

• Coaching session to each group, on the work development (one class dedicated to 
this, end of May or early June maybe 3rd June??)

• Oral presentation: 30 min/group [15 min for oral presentation + 15 min Q&A] 2 July 
2022, friday, 14:00h, ICS (tbd)

• Deliverable: at the day before the oral presentation at maximum, students will 
send to Julia Seixas the presentation by email. 
• Presentation in pdf format: maximum 10 slides + word document with 3 pages at maximum 

(only if needed for complementary information).
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Assignment | Suggestion of script for development:

v firstly, formulate (and detail) the problem as far as you are able;
v characterize the activity at present [for example, production / import technologies| type of
markets and consumers | competition from other markets? | energy consumption profile |
indicators of carbon intensity]
v envisage the activity up to 2030 [technological options | product change - green| change of
consumers | energy consumption profile | indicators of carbon intensity]
v systematize opportunities for the mitigation of the selected activities (identify needs of R & D, act
on consumption preferences, the product value chain, among others)
v identify and anticipate constraints and barriers to the desired mitigation, and explain how to
overcome them.

Tips: Start now; try to be objective and quantify what is possible; do not try to be exhaustive (you can not do it
within just one course); explore examples that already exist in other countries; be creative.
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Assignment | GROUPS?

• Groups: 6 so far
• Locate yourself in a specific country
• Topics

• Fashion
• Decentralisation of energy/prosumer markets
• MSW management Portugal
• MSW management in Brasil
• Agriculture’s carbon neutrality in Portugal
• Energy supply in megacities
• Small scale retail

• Common suggestion – try to narrow down the topic, put yourself too in  
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 Recap SSPs and RCPs

 Renewables: Economic, environmental and energy security of endogenous vs. 
imported resources.

 Sustainability issues related with renewables - Land & water use, critical raw 
materials

 Discussion: Where to place 7GW of solar PV in Portugal till 2030?.

8

Outline
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Outline
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IPCC Climate Scenarios Design Framework

https://www.nature.com/articles/nature08823

https://www.nature.com/articles/nature08823
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RCP vs SSP

Representative Concentration Pathway (RCP): descriptions of how the climate may evolve in the future over 
the rest of the century – trajectories adopted by many scientific communities and IPCC (for its 5th Assessment 
Report (AR5)) representing radiative forcing* from greenhouse gas concentration (not emissions).

*Radiative forcing is the change in energy flux in the atmosphere caused by 
natural or anthropogenic factors of climate change as measured by watts / meter

Approximate radiative forcing levels were defined as ±5% of the stated level in 
W/m2 relative to preindustrial levels. Radiative forcing values include the net effect 
of all anthropogenic GHGs and other forcing agents

Originally there were 4 RCP (IPCC 5th Assessment Report 2013/2014)
> After the adoption of the Paris Agreement RCP 1.9 developed to represent 
mitigation pathways compatible with the 1.5 °C warming
> New RCP7 – baseline outcome (IPCC 6th Assessment Report 2021/2022)

“Representative”: each one of the RCPs represents 
a larger set of scenarios in the literature.

Shared Socio-economic Pathways (SSPs) define 5 narratives of 
world development characterized by different drivers (e.g.
population, economic activity, urbanization, technological 
development, etc.)
> SSPs consider the absence of climate change and climate policy
> They show that it would be much easier to mitigate and adapt 
to climate change in some versions of the future than in others

Source: O’Neill, et al. (2017). The roads ahead: Narratives for shared socioeconomic pathways describing world futures in the
21st century. Global Environmental Change, 42, 169-180, https://doi.org/10.1016/j.gloenvcha.2015.01.004

https://www.carbonbrief.org/explainer-how-shared-socioeconomic-pathways-explore-future-climate-change

Paris Agreement

https://www.carbonbrief.org/explainer-how-shared-socioeconomic-pathways-explore-future-climate-change
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 Recap SSPs and RCPs

 Renewables: economic, environmental and energy security of endogenous vs. 
imported resources.

 Sustainability issues related with renewables - Land & water use, critical raw 
materials

 Discussion: Where to place 7GW of solar PV in Portugal till 2030?.
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Renewable energy technologies

https://www.ren21.net/reports/global-status-report/

https://www.ren21.net/reports/global-status-report/
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https://www.ren21.net/reports/global-status-report/

https://www.ren21.net/reports/global-status-report/
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https://www.ren21.net/reports/global-status-report/

“Despite tremendous growth in some renewable 
energy sectors, the share of renewables has 

increased only moderately each year.”

https://www.ren21.net/reports/global-status-report/
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https://www.ren21.net/reports/global-status-report/

https://www.ren21.net/reports/global-status-report/
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https://www.ren21.net/reports/global-status-report/

https://www.ren21.net/reports/global-status-report/
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MORE THAN 80% OF ENERGY FOR HEATING & TRANSPORT

https://www.ren21.net/reports/global-status-report/

https://www.ren21.net/reports/global-status-report/
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RENEWABLE HEAT IS GRADUALLY GROWING IN BUILDINGS

https://www.ren21.net/reports/global-status-report/

https://www.ren21.net/reports/global-status-report/
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“New renewable power 
capacity hit a record 
increase globally”

https://www.ren21.net/reports/global-status-report/
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“Renewable power 
generation capacity 
additions remain ahead
for the sixth year in a row.”

MORE RENEWABLE POWER ADDED THAN FOSSIL FUEL & NUCLEAR

https://www.ren21.net/reports/global-status-report/
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WIND POWER GLOBAL INSTALLED CAPACITY (GW)

https://gwec.net/wp-content/uploads/2020/08/Annual-Wind-Report_2019_digital_final_2r.pdf

GWEC GLOBAL WIND REPORT 2019

2019 Capacity 
per region

https://gwec.net/wp-content/uploads/2020/08/Annual-Wind-Report_2019_digital_final_2r.pdf
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GWEC GLOBAL WIND REPORT 2021

2021: “A new record year for the wind industry.
93 GW of new wind power capacity was installed in 2020, 
driven by China and the US”

New wind power plants in 2020

Annual wind installation needs to ramp 
up to meet Paris agreement targets

https://gwec.net/global-wind-report-2021/


©Sofia G. Simões, 2022 LNEG | NOVA-FCT

Source: The European Wind Energy Association, 
Feb 2012 

→ 2019 EU 170 GW onshore / 22 GW offshore

WIND POWER
EUROPE

Share of wind in 
electricity demand in 

2019
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SOLAR ELECTRICITY GENERATION COST IN COMPARISON WITH OTHER POWER SOURCES 2009-2019

Source: SolarPower Europe, 2020 | https://www.solarpowereurope.org/global-market-outlook-2020-2024/
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SOLAR POWER Evolution of global installed PV capacity annually

Total capacity

Annual capacity 
(117 GW in 2019)

→ Europe leading in PV till 2015, currently replaced by China (205 GW, 32% world’s total PV cumulative 
capacity, while EU has 24%) 

→ Next in the ranking are USA (76 GW), Japan (63 GW), Germany (50 GW) and India (42GW)

MEA - Middle East and African

Source: SolarPower Europe, 2020 | https://www.solarpowereurope.org/global-market-outlook-2020-2024/
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WHICH COUNTRIES 
HAVE THE HIGHEST 
PV PRODUCTION 
PER CAPITA?



©Sofia G. Simões, 2022 LNEG | NOVA-FCT

SOLAR POWER - SOLAR PV- MARKET 2019

Source: SolarPower Europe, 2020 | https://www.solarpowereurope.org/global-market-outlook-2020-2024/

https://www.solarpowereurope.org/global-market-outlook-2020-2024/
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Source: SolarPower Europe, 2020 | https://www.solarpowereurope.org/global-market-outlook-2020-2024/

SOLAR POWER SOLAR PV MARKET SCENARIOS 2020-2024

Annual capacity deployed in 2024: 129-255 GW/yr
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SOLAR POWER - SOLAR PV- MARKET 2022

SolarPower Europe, 2020 | https://www.solarpowereurope.org/insights/market-outlooks/global-market-outlook-for-solar-power

“Despite the severe impact of the COVID-19 pandemic across the world in 2020, the 
year still saw 138.2 GW of solar installed, representing an 18% growth compared to 
2019, yet another global annual installation record for the solar PV sector. This 
brings the global cumulative solar capacity to 773.2 GW, a 22% increase, and marks 
a new milestone for the solar sector by exceeding three quarters of a terawatt.”

2019: 17 GW

2021: 26 GW

2025: 50 GW

2021: 165 GW

2025: 328 GW

2030: 672 GW

2015: 4 GW

2011: 21 GW

2023: 509k

2024: 546k

2025: 584k

2019: 120 GW

2022: 471k
2021: 463k

2020: 357k

2009: 359

2011: 157

2021: 36
2015: 64

https://www.solarpowereurope.org/insights/market-outlooks/global-market-outlook-for-solar-power
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Source: https://www.iea-shc.org/solar-heat-worldwide

→ Solar heat can contribute significantly to the 
global energy need for heat, meeting climate 
change and energy security objectives

Solar Thermal

“Worldwide, in 2015, solar heat 
employed some 730 000 
workers and generated a turnover 
of €21 billion.”

Source: https://www.iea-shc.org/solar-heat-worldwide
Large scale solar thermal (>350 kWth)
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→ 36.1 GWth total capacity in EU in 2018 (~10.1 million 
systems) capable to store circa 180 GWh and generating 
1.5 GWth

→ Germany leads with 28% of 2018 installed capacity in 
EU, followed by Greece (15%), Poland (14%), Spain (9%), 
Italy (8%), Austria (4%)

→ In per capita terms Cyprus, Austria, Greece, Denmark 
and Germany have highest solar thermal capacity in 
Europe

http://solarheateurope.eu/publications/market-statistics/solar-heat-markets-in-europe/

“Heat represents almost half of the energy 

demand in Europe, and the vast majority 

of the energy bill of European 

households”2018

http://solarheateurope.eu/publications/market-statistics/solar-heat-markets-in-europe/
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LCOE- levelized cost of energy (or electricity): a summary metric that combines the primary technology cost and 
performance parameters (i.e. capital expenditures, operations expenditures, and capacity factor). It is useful for discussing 
technology advances that yield future projections because it illustrates the combined effect of the primary cost and 
performance parameters in the technology innovation scenarios.
https://atb.nrel.gov/electricity/2021/definitions

Key concepts to understand the role of renewables in the energy systems

Technology learning curve: A learning curve describes technological progress (measured generally in terms of decreasing 
costs for a specific technology) as a function of accumulating experience with that technology
http://pure.iiasa.ac.at/id/eprint/6787/1/RR-03-002.pdf

Capacity factor (recap): actual output /output at rated capacity for a certain period of time (normally 1 year), without 
curtailment for renewable generation. It is non-dimensional or sometimes expressed in %. In other words: the number of 
hrs in 1 year that the power plant operates / the total maximum possible number of hours in 1 year. 

Dispatchability: A dispatchable source of electricity refers to an electrical power system, such as a power plant, that can be 
turned on or off; in other words, they can adjust their power output supplied to the electrical grid on demand.
https://energyeducation.ca/encyclopedia/Dispatchable_source_of_electricity

Energy system value: reflects other attributes that add value to the system such as reliability, energy security, 
sustainability. Etc.

https://atb.nrel.gov/electricity/2021/definitions
http://pure.iiasa.ac.at/id/eprint/6787/1/RR-03-002.pdf
http://pure.iiasa.ac.at/id/eprint/6787/1/RR-03-002.pdf
https://energyeducation.ca/encyclopedia/Dispatchable_source_of_electricity
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LCOE  formulation – the details

Ct represents all capital costs incurred in year t (these may be zero except during the first few years of the project)
Mt represents all operational costs incurred in year t
Qt represents the total output of the project in year t. 

The term Ct + Mt represents the annual costs of the project (which may include payments on capital, fuel, labor, 
land leases and so forth). 
The term Qt represents the annual energy output of the plant.

https://www.e-education.psu.edu/eme801/node/560

https://www.e-education.psu.edu/eme801/node/560
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LCOE allows to compare costs of different technologies

https://www.e-education.psu.edu/eme801/node/560

Typical capital and operating costs for power plants. Note that these costs do not 
include subsidies, incentives, or any "social costs" (e.g., air or water emissions)

“In general, central station generators face a tradeoff between capital and operating costs. Those types of plants that have higher 
capital costs tend to have lower operating costs. Further, generators which run on fossil fuels tend to have operating costs that are 
extremely sensitive to changes in the underlying fuel price.”

Slide adapted from Júlia Seixas materials

https://www.e-education.psu.edu/eme801/node/560
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LCOE - how it works

› Measure lifetime costs divided by energy production
› Calculates (net) present value (NPV) of the total cost of 

building and operating a power plant over an assumed 
lifetime

› Allows the comparison of different technologies (e.g.
coal, gas, solar) with different characteristics: life spans, 
project size, different capital costs, risk, return and 
capacities

Slide adapted from Júlia Seixas materials

https://www.ewea.org/fileadmin/files/library/publications/reports/Economics_of_Wind_Energy.pdf

LCOE

Adapted from

The total costs associated with the project will include:
• The initial cost of investment expenditures (I)
• Maintenance and operations expenditures (M)
• Fuel expenditures (if applicable) (F)

The total output of the power-generating asset will include:
• The sum of all electricity generated (E)

Two important factors to be considered are:
• The discount rate of the project (r)
• The life of the system (n)

n r I

M

LCOE =
NPV of total costs over lifetime

NPV of electrical Energy produced over lifetime

https://www.ewea.org/fileadmin/files/library/publications/reports/Economics_of_Wind_Energy.pdf
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Renewable power costs keep falling

https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jun/IRENA_Power_Generation_Costs_2020.pdf

Global LCOEs from newly commissioned, utility-scale renewable power generation technologies, 2010-2020

https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Jun/IRENA_Power_Generation_Costs_2020.pdf
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Slide adapted from Júlia Seixas materials

Renewable power costs keep falling – but they also vary across countries  and

regions

https://www.irena.org/publications/2020/Jun/Renewable-Power-Costs-in-2019

Global LCOEs from newly 
commissioned, utility-scale 
renewable power generation 
technologies, 2010-2019

https://www.irena.org/publications/2020/Jun/Renewable-Power-Costs-in-2019
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LCOE across countries

https://about.bnef.com/blog/scale-up-of-solar-and-wind-puts-existing-coal-gas-at-risk/

https://about.bnef.com/blog/scale-up-of-solar-and-wind-puts-existing-coal-gas-at-risk/
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Slide adapted from Júlia Seixas materials
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Slide adapted from Júlia Seixas materials
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Slide adapted from Júlia Seixas materials
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LCOE Simulator

Slide adapted from Júlia Seixas materials

https://www.nrel.gov/analysis/tech-lcoe.html

The NREL simulator is available online in 
a simplified version where the user can 
introduce its ow assumptions

For the same technology LCOE can 
become lower over the years as the 
investment cost decrease and efficiency 
increase

In this website, it is possible to explore 
the different cost and efficiency 
assumptions:
https://atb.nrel.gov/electricity/2021/in
dex

https://www.nrel.gov/analysis/tech-lcoe.html
https://atb.nrel.gov/electricity/2021/index
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Capacity factor (CF)

Slide adapted from Júlia Seixas materials

The capacity factor (CF) is directly 
related with natural endogenous 

conditions and impacts the amount 
of electricity generated: the higher 
the CF, the more electricity is 
produced

CF is estimated by dividing the actual output by theoretical output at rated capacity for a certain period of time
(normally 1 year). It can be expressed as a ratio (e.g. 0.9 or 0.13) or as a %. 
In other words: CF can be calculated by dividing the generated electricity in the number of hrs in 1 year that the 
power plant operates by the total maximum electricity generated if the plant would operate in all in 1 year. 
(8760hr) 

The amount of electricity generated by one given technology along the year 
depends on:
- number and duration of stops for maintenance
- if there are accidents and generation has to stop
- in the case of renewables, the availability of the renewable resources (water, 
solar irradiation, wind). The availability can be seasonal (hydro) or daily (solar) 
and varies across locals
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Capacity factor in the USA – vary across technologies, years and 

countries

Slide adapted from Júlia Seixas materials

https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_6_07_b

Capacity Factors for Utility Scale Generators Primarily Using Non-Fossil Fuels

https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_6_07_b
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Capacity factor /efficiency

Improvement in PV 
cell efficiency  over 
time will contribute to 
increase the CF

https://www.nrel.gov/pv/cell-efficiency.html

https://www.nrel.gov/pv/cell-efficiency.html
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(Technology) Learning curves

Slide adapted from Júlia Seixas materials

Are used to extrapolate how the
technology costs will evolve.

Learning rate: expresses the constant 
percentage improvement (usually in terms 
of cost reductions) in a technology for 
each doubling of the technology’s 
cumulative installed capacity

https://www.oxfordenergy.org/wpcms/wp-content/uploads/2021/02/A-critical-
assessment-of-learning-curves-for-solar-and-wind-power-technologies-EL-43.pdf

http://pure.iiasa.ac.at/id/eprint/6787/1/RR-03-002.pdf

More on learning curves for solar and wind here:

https://www.nature.com/
articles/nenergy201636

https://www.oxfordenergy.org/wpcms/wp-content/uploads/2021/02/A-critical-assessment-of-learning-curves-for-solar-and-wind-power-technologies-EL-43.pdf
http://pure.iiasa.ac.at/id/eprint/6787/1/RR-03-002.pdf
https://www.nature.com/articles/nenergy201636
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Variability of renewables (VRES) and dispatchability

Slide adapted from Júlia Seixas materials

A dispatchable source of electricity refers to an electrical
power system, such as a power plant, that can be turned
on or off; in other words, they can adjust their power output
supplied to the electrical grid on demand. Most conventional 
power sources such as coal or nuclear power plants are 
dispatchable in order to meet the always changing electricity 
demands of the population

https://energyeducation.ca/encyclopedia/Dispatchable_source_of_electricity

Dispatch times vary for different types of power plants:
Fast (seconds)
Capacitors (milliseconds), as the energy stored is already electrical – in other types 
of power storage as chemical batteries the power must be converted into electrical 
energy. Hydropower facilities are also able to dispatch extremely quickly.
Medium (minutes)
Natural gas turbines are a very common dispatchable source and can generally be 
ramped up in minutes. Solar thermal power plants can utilize efficient thermal 
energy storage, that  can ramp um in minutes.
Slow (hours)
Biomass, nuclear and coal require hours to ramp up/down, They are typically 
regarded as only providing baseload power, but they often have some flexibility.

VRES intermittent electricity sources as solar and 
wind do not produce consistent electricity, 
therefore their power output cannot be controlled. 
Although they provide valuable electricity, they do 
not provide guaranteed electricity, therefore 
dispatchable sources are required when they are 
not meeting their production demands.

https://energyeducation.ca/encyclopedia/Dispatchable_source_of_electricity
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Variability of renewables
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Variability of renewables

Slide adapted from Júlia Seixas materials
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Why talking about system value

Slide adapted from Júlia Seixas materials

https://www.ren21.net/wp-content/uploads/2019/05/gsr_2020_presentation.pdf

LCOE is not enough to capture the value of renewables
FROM COST TO VALUE:
Renewable energy can make a contribution to energy, environmental and economic benefits:

1) energy security (not depending from volatile international markets);
2) reduction of carbon dioxide (CO2) emissions and other environmental impacts (air pollution reduction);
3) economic development (jobs creation)
4) new businesses based on local empowerment schemes (prosumers)

https://www.ren21.net/wp-content/uploads/2019/05/gsr_2020_presentation.pdf
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 Recap SSPs and RCPs

 Renewables: economic, environmental and energy security of endogenous vs. 
imported resources

 Sustainability issues related with renewables - Land & water use, critical raw 
materials

 Discussion: Where to place 7GW of solar PV in Portugal till 2030?.

52

Outline
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Critical (and rare earth) metals

53
Reference: USGS – United States Geological Service

R. Moss, E. Tzimas, P. Willis., J. Arendorf, and L. T. Espinoza. Critical Metals in the Path 
towards the Decarbonisation of the EU Energy Sector. Assessing Rare Metals as Supply-
Chain Bottlenecks in Low-Carbon Energy Technologies. JRC Scientific and Policy Report EUR 
25994 EN.” Luxembourg. 2013
https://setis.ec.europa.eu/sites/default/files/reports/JRC-report-Critical-Metals-Energy-
Sector.pdf

In 2013 - 14 metals identified as “likely to be needed in 
significant quantities for the deployment of low carbon energy 
technologies in Europe”:

Niobium (Nb), Selenium (Se), Tin (Sn), Vanadium 
(V)

Cadmium (Cd), Hafnium (Hf), Molybdenum 
(Mo), Nickel (Ni), Silver (Ag)

Tellurium (Te), Indium (In), Gallium (Ga). 
Neodymium (Nd), Dysprosium (Dy)

https://setis.ec.europa.eu/sites/default/files/reports/JRC-report-Critical-Metals-Energy-Sector.pdf
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https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en

several EU lists

2011(14)

2014(20)

2017(27)

2020(30)

(Matérias Primas Críticas)

https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en
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4th EU list of 30 Critical Raw Materials – CRM (sept. 2020)

55

Antimony (Sb)** Hafnium (Hf)* Phosphorus (P)

Baryte (mineral 

BaSO4)
Heavy Rare Earth Elements Scandium (Sc)*

Beryllium (Be)* Light Rare Earth Elements Silicon metal (Si)**

Bismuth (Bi)* Indium (In)* Tantalum (Ta)*

Borate (BO3 or 
BO4 compounds)

Magnesium (Mg)* Tungsten or wolfram (W)*

Cobalt (Co)* Natural Graphite (C) Vanadium (V)*

Coking Coal (C) Natural Rubber Bauxite rock (Al & Ga)

Fluorspar (CaF2) Niobium (Nb)* Lithium (Li)*

Gallium (Ga)* Platinum Group Metals* Titanium (Ti)*

Germanium 
(Ge)**

Phosphate rock Strontium (Sr)*

Italic – new materials in 2020 CRM list; * metal (or 
transition metal);** metalloid; purple – materials in 
2013 JRC study for energy technologies

ruthenium (Ru), rhodium (Rh), 

palladium (Pd), osmium (Os), 

iridium (Ir), platinum (Pt)

Not on CRM list, yet relevant for 
energy technologies:

Tellurium (Te), Cadmium (Cd), 
Molybdenum (Mo), Nickel (Ni), 
Silver (Ag), Selenium (Se), Tin (Sn)

yttrium (Y)*, europium (Eu), 

gadolinium(Gd). terbium (Tb), 

dysprosium (Dy), holmium (Ho), erbium 

(Er), thulium (Tm), ytterbium (Yb), and 

lutetium (Lu)

lanthanum (La), cerium (Ce), 

praseodymium (Pr), neodymium 

(Nd), promethium (Pm), samarium 

(Sm)
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https://elementsandtheperiodictable.weebly.com/groups-and-periods-of-the-periodic-table---------------------metals-nonmetals-and-metalloids.html

Rare earth 

elements

https://elementsandtheperiodictable.weebly.com/groups-and-periods-of-the-periodic-table---------------------metals-nonmetals-and-metalloids.html
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Fe, Cu, Ni, Cr, Zn, Pb, Mo, Mn, Magnesite, Sn [#10]

Fe, Ni, Cr, Al, Mo, Mn, Cu, Ti, Nb, Ta [#10]

Bauxite, Co, Fe, Li, Mn, Ni, Graphite, Cu [#8]

Fe , Zn, Cr, Cu, Al, Mn, Ni, Mo, Nd, Pr, Dy, Tb, Pb [#13]

Fe, Cu, Zn, Pb, Mn, Al, Cr, Ni, Nd, Mo, Pr, Dy, Tb [#13]

Al, Cu, Sn, Pb, Magnesite, Zn, Ag, Cd, Te, Se, In, Ga [#12]

Fe, Al, Mn, Cr, Cu, Ni, Zn, Mo, Nb, Ag, Ti, Va [#12]

Fe, Cu, Al, Cr, Ni, Mo, Ti [#7]

Cr, Ni, Mo, Cu, Zr, Ag, W, Pb, Ti, Nb, In, Va, Cd, Yt [#14]

Materials use per low carbon technologies

57

Stilwell. T., Simoes. S.G. (n.d.) Mapping necessary resources for the transition to a low carbon energy system. (in preparation)

Literature review

JRC (2011, 2013, 2016) 

Garcia - Olivares et al. (2012)

Ashby, Attwood and Lord, (2012) 

B.Guezuraga (2012) 

Corona et al. (2017)

Elshkaki & Graedel (2013) 

Gamesa, (2014) 

Kavlak (2015)

Kleijn and Voet (2010) 

Kleijn et al, (2018) 

Ohrlund (2012) 

Pihl,_et al (2012)

Primard, Pierre (2015)

Till Zimmermann (2013)

USGS (2011)

Vestas, (2012)

World Bank (2017) 

Zimmermann (2013

Mn, Pr, Cr, Nb, Va, Mo, Co [#7]

Al, B, Ce, Co, Cu, Dy, Ga, Ge, Au, Graphite, In, Fe, La, Pb, Li, Mn, Nd, Ni, Pd, Pr, Sm, Ag, Tb, Ti [#24]

Em Português

Ag (prata), Al (alumínio), B (boro), 

Cd (cádmio), Ce (cério), Co 

(cobalto), Cr (crómio), Cu (cobre), 

Dy (disprósio), Fe (ferro), Ga (gálio), 

Ge (germânio), In (índio), La 

(lantânio), Mg (magnésio), Mn

(manganês), Mo (molibdénio), Nb

(nióbio), Nd (neodímio), Ni (níquel), 

Pb (chumbo), Pd (paládio), Pr

(praseodímio), Se (selénio), Sm

(samário), Sn (estanho), Ta (tântalo), 

Tb (térbio), Te (telúrio), Ti (titânio), 

Va (vanádio), Yt (ítrio), W 

(tungsténio), Zn (zinco), Zr

(zircónio).

Ocean

Carbon Capture

Batteries

Geothermal

Hydropower

Solar PV

Concentrated Solar

Onshore Wind

Offshore Wind

Nuclear

Electric vehicles
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58https://ec.europa.eu/docsroom/documents/42881

Electric and electronic equipment

Batteries

Automotive sector

Renewable energy

Defence industry

Chemicals and fertilisers

2018

https://ec.europa.eu/commission/publicatio
ns/report-critical-raw-materials-and-

circular-economy_en

Sep 2020

2018

https://ec.europa.eu/docsroom/documents/42881
https://ec.europa.eu/commission/publications/report-critical-raw-materials-and-circular-economy_en
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CRMs demand for batteries and solar and wind

59
https://ec.europa.eu/commission/publications/report-critical-raw-materials-and-circular-economy_en

antimony

cerium

cobalt

indium

lanthanum

Natural graphite

neodymium

praseodymium

dysprosium

gallium

indium

neodymium

praseodymium

Silicon metal 

CIGS – copper indium gallium selenide solar cells (thin film PV)

SECTORS
(End-use Shares)

Renewable energy

(wind and PV sectors)

Other 

Product 

Applications

Product Applications
(End-use Shares)

Batteries

Magnets

CIGS solar cells

PV cells

Solar applications

Other uses

Lead-acid batteries

Batteries

Batteries chemicals

Other uses

Other

https://ec.europa.eu/commission/publications/report-critical-raw-materials-and-circular-economy_en
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Minerals & Metals for low carbon energy

60

https://www.worldbank.org/en/topic/extractiveindustries/brie

f/climate-smart-mining-minerals-for-climate-action

2020
http://documents1.worldbank.org/curated/en/207371500

386458722/pdf/117581-WP-P159838-PUBLIC-

ClimateSmartMiningJuly.pdf

July 2017

https://www.worldbank.org/en/topic/extractiveindustries/brief/climate-smart-mining-minerals-for-climate-action
http://documents1.worldbank.org/curated/en/207371500386458722/pdf/117581-WP-P159838-PUBLIC-ClimateSmartMiningJuly.pdf
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Minerals for climate action

61
http://pubdocs.worldbank.org/en/961711588875536384/Minerals-for-Climate-Action-The-Mineral-Intensity-of-the-

Clean-Energy-Transition.pdf

“the production of minerals, such as graphite, lithium and 

cobalt, could increase by nearly 500% by 2050 to meet 

the growing demand for clean energy technologies. It is 

estimated that over 3 billion tons of minerals and metals 

will be needed to deploy wind, solar and geothermal 

power, as well as energy storage, required for achieving a 

below 2°C future”

Highest growth for: Graphite, Lithium, Cobalt (in % of current 

demand) and Aluminium (in total terms)

“While the growing demand for minerals and metals 

provides economic opportunities for resource-rich 

developing countries and private sector entities 

alike, significant challenges will likely emerge if the 

climate-driven clean energy transition is not 

managed responsibly and sustainably.”

http://pubdocs.worldbank.org/en/961711588875536384/Minerals-for-Climate-Action-The-Mineral-Intensity-of-the-Clean-Energy-Transition.pdf
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http://pubdocs.worldbank.org/en/961711588875536384/Minerals-for-Climate-Action-The-Mineral-Intensity-of-the-Clean-Energy-Transition.pdf

http://pubdocs.worldbank.org/en/961711588875536384/Minerals-for-Climate-Action-The-Mineral-Intensity-of-the-Clean-Energy-Transition.pdf
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Minerals in Clean Energy Transitions

July 2021

IEA (2021), The Role of Critical Minerals in Clean Energy Transitions, IEA, Paris 

https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions

“A typical electric car requires six times the 

mineral inputs of a conventional car and an 

onshore wind plant requires nine times more 

mineral resources than a gas-fired plant. Since 

2010 the average amount of minerals needed 

for a new unit of power generation capacity 

has increased by 50%”

“The shift to a clean energy system is set 

to drive a huge increase in the 

requirements for these minerals, meaning 

that the energy sector is emerging as a 

major force in mineral markets.” 

https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
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% of total global minerals demand for the energy system will rise 

significantly over the next two decades up to more:

> 40% for copper and rare earth elements, 

> 60-70% for nickel and cobalt 

> almost 90% for lithium

Share of minerals consumption by the energy system over total global mineral markets 

https://www.iea.org/reports/the-role-of-

critical-minerals-in-clean-energy-transitions

Rare earthsNi CuCoLi

https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
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Key information you should 
have apprehended after the 
class
▪ Overview of RES markets globally and in Europe, 

especially for solar PV and wind

▪ LCOE

▪ Capacity factor

▪ Costs and efficiency evolution of renewables

▪ VRES

▪ Dispatchability, System value of renewables

▪ Critical raw materials for energy

▪ Minerals for low carbon energy

▪ Importance of the energy sector in global mineral 
markets

65


