
Edificio CIRCE / Campus Río Ebro / Mariano Esquillor Gómez, 15 / 50018 ZARAGOZA

Tfno. (+34) 976 762 145 / web: https://energaia.unizar.es / email: energaia@unizar.es  

THE EXERGY OF THE EARTH RESOURCES

Alicia VaIero

ICES FOUNDATION
2/10/2026



Iran Venezuela

Ve

Niger

What do these places have in common?

Resources are increasingly becoming a central dimension of geopolitical conficts

South Sudan

DR CongoThe search for
the last
resources



Gaia is responding. We are in a critical 
moment for Humanity

Heatwaves
Droughts
Floods
Biodiversity collapse

Nature is not taking revenge. It is simply obeying the laws of
physics



We have lived as if the planet were infinite

For more than two centuries our economic
model has assumed:
• Infinite resources
• Infinite capacity to absorb waste

But neither assumption is true 



Exponential demand of raw materials

Nature’s depredation is growing at a rate of 2.8% per year. In one 
generation we will consume twice as much as we do today and in 
25 years we will have consumed as much as in the entire history 

of mankind.





THE THERMODYNAMIC VISION FOR RESOURCE 
ASSESSMENT



The value of scarcity

• We value that which we find 
difficult to attain.

• The improbability of finding 
things, the uniqueness, the 
distintion from the commoness 
make things valuable.

Source: Film: The Lord of the Rings, 2001



Some basic ideas of Thermodynamics

Exergy

Falling down is easy, 
but climbing the hill 
costs exponentially 
more energy!

Exergy 
costs

Exergy costs >>>Exergy



Some basic ideas of Thermodynamics

A mine saves us a lot of energy! 
The lower the concentration in 
the mine, the higher the exergy 
costs

X1=100%

Xm, Cu

Xm, Au

Xm, Fe

From mine to industry

Thanatia

Fe 

Extraction 
exergy costs 

Cu 

Extraction 
exergy costs 

Au 

Extraction 
exergy costs 



Exergy

First lesson: Everything that differs from the 
surrounding environment (ground), has exergy. 
It depends on both, the height and the ground.

Corolary:

Each resource can be characterized through exergy with a single 
unit of measure (kJ). height=purity; ground=crustal concentration 
(total dispersion)





Physical depletion of a mine or the 
entire planet. Maximum 

degradation. Measure: The exergy 
cost of restoration/replacement 

Maximum soil fertility (local), 
biodiversity and functionality. 
Measure: The exergy cost of 

regenerating a degraded ecosystem 

Local Baselines



Thermodynamic rarity of some elements: physical criticality 
of minerals

https://www.mdpi.com/1996-1073/8/2/821

https://www.mdpi.com/1996-1073/8/2/821
https://www.mdpi.com/1996-1073/8/2/821
https://www.mdpi.com/1996-1073/8/2/821


Metals in terms of…Mass 
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Fe

Al

Cu Legislation: 95% 
of the car needs 
to be recycled

https://doi.org/10.1016/j.resconrec.2020.104820


Metals in terms of…Rarity
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• With electrification this 
will become worse!

https://doi.org/10.1016/j.resconrec.2020.104820

https://doi.org/10.1016/j.resconrec.2020.104820


Source: own elaboration



The frightening Second Law of Thermodynamics

Second Lesson: All natural and man-made 
processes tend spontaneously to degradation 
and the way back is very costly or even 
impossible.

Corolary:
Mixing is the most entropic process that exists!
Keep purity as much as you can!



Mixing sugar and salt

From concentration to dispersion



Chemodiversity in common products

TENDENCY:
Increasingly complex products and materials with better 
functionalities

RESULT:
scarce elements in common products difficult to recycle

Source: Neira J., Favret L., Fuji M., Miller R., Mahdavi S., Blass V. D., End of Life Management of Cell Phones, University of California, Santa Barbara, 2006 



Metal mixology implies also irreversible losses at 
the EoL

METAL WHEEL

Source: E. Verhoef, G. Dijkema and REUTER, M.A. (2004): Process knowledge, system dynamics and metal ecology. – Journal of Industrial Ecology, 8, 1-2: 23-43.



Growing degradation of the Spiral Economy



How can exergy answer the following questions?

- How renewable are renewable energies?
- How circular is the circular economy? 
- How sustainable is sustainable agriculture?

Exergy disaggregated by its origin:
- Non-Renewable exergy cannot be replaced by nature in the short-

time
- Renewable exergy 



1. HOW RENEWABLE ARE RENEWABLE 
ENERGIES?



The industrial “progress”

Energy

Mining and 

manufacturing
Mine

8.3 MJ 7200 MJ

1 MWh 
0.3 kg 

8 kg 

431 MJ

408 kg CO2

Natural gas

Energy

Mining and 

manufacturing
Mine

1 MWh 

20 kg CO2

Sun

Difference between the 3rd and 4th Industrial Revolution

4th Industrial revolution→ Solar panel

- Fossil fuel use (MJ)         → 0 vs 7200

- Emissions (kg-CO2)       → 20 vs 408

+ Materials (kg) → 8 vs 0.3

+ Mining energy (MJ)        → 431 vs 8.3

+ Wastes (kg) →8 vs 0.3

3rd Industrial revolution→ Natural gas power plant
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Exergy cost of Electricity

2020

2050

How renewable are renewable energies?
IEA NZE Scenario
Non-renewable exergy cost of fuel decrease
Non-renewable exergy cost of infrastructure 
increase

PV 2020 → 250% Non-renewable
PV 2050 → 20% Non-renewable

https://doi.org/10.1016/j.energy.2024.131961

https://doi.org/10.1016/j.energy.2024.131961


2. HOW CIRCULAR IS THE CIRCULAR ECONOMY?
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3) Al represents 50% of the 
recycling value

2) 82% of the value of 
elements are lost because of 
lack of collection

1
2

2

3

4) 99% CRMs (Co, Pd, Ga y 
Otros-CRM) are lost
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1. A collection problem

https://doi.org/10.3390/su15021393

The case of Spain

https://doi.org/10.3390/su15021393


2. A disassemblability problem
Extracting REE from the motor of an electric vehicle



3. A Recyclability problem

11 Flowsheets
124 Unit operations
524 Streams
50 Elements Considered (plus 
compounds)

• Metals recovered to a large extent 
(>90%):
• Precious metals: Ag, Au, PGMs.
• Base metals: Cu, Co, Ni, Pb and Zn.
• Bi, Cd, Sb, Se, Te.

• Other metals recovered (>50%):
• Ge, In, Sn.

• Metals lost (to Slags):
• Al, B, Ba, Cr, Fe, Ga, Mg, Mn, Mo, 

Nb, P, Si, Sr, Ti, V, W, Y, Zr.
• REEs.
• Li, Ta.

Example: Non-ferrous stream

https://doi.org/10.3390/su15010091

https://doi.org/10.3390/su15010091


F3 Future: Fast Forward

• Recyclability assessment:
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Circular Thermoeconomics: 

How circular is the circular 
economy?
53% of Non-renewable exergy is 
destroyed during recycling

https://doi.org/10.3390/en17194973

https://doi.org/10.3390/en17194973


Can recycling overcome potential
supply disruptions?

The demand for metals for 
the energy and digital 
transition is primarily driven 
by electric mobility.

Ambitious collection and 
recycling systems could 
cover half of the metal 
demand between 2020 and 
2050 for the case of Spain

https://www.tierra.org/wp-content/uploads/2023/12/informe_minerales_para_la_Transicion.pdf

https://www.tierra.org/wp-content/uploads/2023/12/informe_minerales_para_la_Transicion.pdf
https://www.tierra.org/wp-content/uploads/2023/12/informe_minerales_para_la_Transicion.pdf
https://www.tierra.org/wp-content/uploads/2023/12/informe_minerales_para_la_Transicion.pdf
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Are there enough reserves to fuel the transition?

https://www.tierra.org/wp-content/uploads/2023/12/informe_minerales_para_la_Transicion.pdf

https://www.tierra.org/wp-content/uploads/2023/12/informe_minerales_para_la_Transicion.pdf
https://www.tierra.org/wp-content/uploads/2023/12/informe_minerales_para_la_Transicion.pdf
https://www.tierra.org/wp-content/uploads/2023/12/informe_minerales_para_la_Transicion.pdf


With recycling

https://www.tierra.org/wp-content/uploads/2024/11/Informe-Alargascencia.pdf

The effect of increasing the life span

https://www.tierra.org/wp-content/uploads/2024/11/Informe-Alargascencia.pdf
https://www.tierra.org/wp-content/uploads/2024/11/Informe-Alargascencia.pdf
https://www.tierra.org/wp-content/uploads/2024/11/Informe-Alargascencia.pdf
https://www.tierra.org/wp-content/uploads/2024/11/Informe-Alargascencia.pdf
https://www.tierra.org/wp-content/uploads/2024/11/Informe-Alargascencia.pdf


3. HOW SUSTAINABLE IS SUSTAINABLE 
AGRICULTURE?



Pristinia: The fertile planet

Minimum energy, maximum

degradation

Máxima exergía, máxima 

fertilidad

0 toe/ha 

309.37 toe/ha 

Maximum exergy, maximum
fertility

Any real agricultural 

soil will have an exergy 
level within this range 

Exergetic characterisation of soils

Antonio Valero, Bárbara Palacino, Sonia Ascaso, Alicia Valero, Exergy assessment of topsoil fertility, Ecological Modelling, Volume 464, 2022, 109802, 

https://doi.org/10.1016/j.ecolmodel.2021.109802.



Exergy soil balance

Exergy: the sole unit of measurement for studying soil

Exergetic characterisation of soils
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Exergy Cost in Agriculture



4. FINAL REFLECTIONS





Sustainability cannot rely on

intentions or monetary

indicators. It must be

grounded in physical reality.

Join us in building the

thermodynamic compass to

preserve options for present

and future generations
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