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What do these places have in common?
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Resources are increasingly becoming a central dimension of geopolitical conficts
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in a critical

Gaia is responding. We are
moment for Humanity




~We have lived as if the planet'were infinite
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For more than two centuries our economic
- model has assumed:
 Infinite resources

* Infinite capauty to absorb waste
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- But neither assumptlon is true
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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.




We must abandon the ledger and Iearn the language of the Earth

Economics (The lllusion) Thermodynamlcs he Reality)
Vocabulary: Markets, GDP, € Vocabulary: Energy, Matter, Entropy
Core Assumption: I Core Assumption:
Infinite Resources & Waste | Physical Limits & Irreversibility

Mechanism: | Mechanism:
Compromise & Policy | Action & Reaction

Time Horizon: Time Horizon:
Quarterly / Inmediate Millions of years of natural capital




THE THERMODYNAMIC VISION FOR RESOURCE
ASSESSMENT
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he value of scarcity

e 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



me basic ideas of Thermodynamics &Y e
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i . Falling down is easy,
£ but climbing the hill
. 'L costs exponentially
Exergy more energy!
hO

Exergy costs >>>Exergy



From mine to industry

4

Xm, Fe

me basic ideas of Thermodynamics

X1=100%

e

Fe
Extraction
L exergy costs

Xm, Cu

Xm, Au

Thanatia

—  Extraction

Cu

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

Au
Extraction
exergy costs
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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)



Reference Baselines: Thanatia and Pristinia

Thanatia Pristinia

Represents maximum global Represents maximum ecological
degradation—a fully depleted Earth functionality and optimal soil
with exhausted minerals and fuels. fertility.

Used to calculate the Exergy Used to evaluate biological and
Replacement Cost (ERC) required to agricultural degradation.
reconcentrate dispersed materials.

Note: The standard Szargut Reference Environment (SRE) is insufficient
because it ignores scarcity, toxicity, and ecological resilience.

||||||||||||||||||||||||||||||||||||



THANATIA

Physical depletion of a mine or the

entire planet. Maximum
degradation. Measure: The exergy
cost of restoration/replacement

PRISTINIA

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




Thermodynamic rarity of some elements: physical criticality
of minerals

oy

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


https://doi.org/10.1016/j.resconrec.2020.104820
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' ighteni o
he 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!
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From concentration to dispersion
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TENDENCY:
Increasingly complex products and materials with better
functionalities

RESULT:
scarce elements in common products difficult to recycle

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



the EoL

. Society’s Essential Carrier Metals: Primary Product

Extractive Metallurgy’s Backbone [primary and recycling
metallurgyl. The metallurgy infrastructure makes a “closed”
loop society and recycling possible

Dissolves mainly in Carrier Metal if Metallic [Mainly to
Pyrometallurgy) Valuable elements recovered from these or

51 [metallic, speiss, compounds or alloy in Eol also
determines destination as also the metallurgical conditions in
reactor|

Compounds Mainly to Dust, Slime, Speiss, Slag (Mainly to
Hydrometallurgy) Collector of valuable minor elements as
oxides/sulphates etc. and mainly recovered in appropriate
metallurgical infrastructure if economic [EoL material and
reactor conditions also affect this)

| Mainly to Benign Low Value Products L ow value but inevitable
part of society and materials processing. A sink for metals and

loss Irom system as oxsdes and other compounds. Comply with
strict environmental legislation

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.
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Mainly Recovered Element Compatible with Carrer Metal as
alioying Element or that can be recovered in subsequent
Processing

Mainly EL t in Alloy or Compound in Oxidic Product,
probably Lost With possible functionality, not detnimental to
Carrier Metal or product [if refractory m s as oxidhc in Eol
product then to slag/slag also intermediate product for
cement etc.)

Mainly Element Lost, not always compatible with Carrier
Metal or Product Detrimental 1o properties and cannot be
economically recovered from ¢.9. stag unless e.g. ironis a
collector and goes to lurther processing




Growing degradation of the Spiral Economy & e
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How can exergy answer the following questions?

How circular is the circular economy?

{- How renewable are renewable energies?
- How sustainable is sustainable agriculture?

20\ =

Exergy disaggregated by its origin: ﬁ

. - Non-Renewable exergy cannot be replaced by nature in the short- e
xy

time ouy) <z A
- Renewable exergy %%
Do
—0



1. HOW RENEWABLE ARE RENEWABLE
ENERGIES?
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The industria
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Difference between the 3rd and 4th Industrial Revolution

3rd Industrial revolution—> Natural gas power plant

Mining and
manufacturi

s
Y ﬂ = 11\%
T 7200 M o;oo
Energy Natural gas o, - Fossil fuel use (MJ) - 0vs 7200
A @
“A A 408 kg CO, - Emissions (kg-CO2) = 20 vs 408
00 -
4th Industrial revolution—=> Solar panel + Materials (kg) > 8vs0.3

Mining and
manufacturin

_— + Mining energy (MJ) - 431vs 8.3

+ Wastes (kg) —>8vs 0.3
= 5 /M
1
Sun o,
20 kg CO,

28



Exergy cost of Electricity

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

5 Annual cost of PV electnmty
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2020

Coall(51%)
Electricity (48%)
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https://doi.org/10.1016/j.energy.2024.131961

2. HOW CIRCULAR IS THE CIRCULAR ECONOMY?




collection problem

RAEESs reciclados en USD (2000-2021)

Puesto en el
mercado
(2000-2021)

RAEEs generados
(Potencial total)

4590,7 Millones USD

7925,8 Millones USD

(4

Legend
Hl Fe [Millones USD]
Al [Millones USD]
BN Cu Millones USD]
Bl Cr [Millones USD]
. i [Millones USD]
B Ba [Millones USD]
B Co [Millones USD]
B Ma Millones USD]
Au [Millones UsSD]
' Pd [Millones USD]
. Ctros (CRM) [Millones USD]
W Ga [Millones USD]

Ofros (NO CRM) Millones
usD]

tock (AEEs en uso)

3335 Millones USD

Metales reciclados
837.7 Millones USD

(/1

RAEESs recogidos
917.5 Millones USD
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The case of Spain

RAEESs reciclados
837,7 Millones USD

—

RAEEs MO reciclados
(pérdidas)

79,8 Millones USD

:—\\

—

RAEEs MO recogidos
(pérdidas)

3672,9 Millones USD

1, ¥

~

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

T
l . 3) Al represents 50% of the
recycling value

Pérdidas
3753,1 Millones USD

4) 99% CRMs (Co, Pd, Gay
Otros-CRM) are lost


https://doi.org/10.3390/su15021393
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Extracting REE from the motor of an electric vehicle
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. A Recyclability problem

Helmholtz Institute Freiberg for Resource Technology
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Example: Non-ferrous stream
s s s _— Metals recovered to a large extent
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« Recyclability assessment:
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Circular Thermoeconomics:
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2020 case (Conventional Resources)

#h8

#08

How circular is the circular

#hg-

Mining Smelting = economy?
and and Production Recycling o .
Concentration Refining Resources Resources 53% of Non-renewable exergy Is
destroyed during recycling
363869 1829651 77698
1322832
Oth .
mateﬁgls Other metals Mass & Quality
(Primary) and matenals losses
Primary é@ EoL PCB |/ Recycling
Production ‘ PCB - 181709
i, 161642 161642 Production = Pt
118700 ﬁ e Production
losses
1643758 1643758
I 2 l' Metals _ 1829651
= |Cq |Aﬂ 3635050
Recycling
|Aq |EJ 77698 | osses
Mg.-ta Is Taes Lab
(Primary)

https://doi.org/10.3390/en17194973

Metals (Secondary)

)

1623688


https://doi.org/10.3390/en17194973

Minerales para la transicién
energética y digital en Espaiia:
demanda, reciclaje

Can recycling overcome potential
supply disruptions?

AAAAAAAA

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

Fin vida util anual [t]

Baterias turismos eléctricos
Li FVU

IBaterias almacenamiento energético
-

. T
== Baterias autobuses eléctricos

Aparatos|electricos y'éle'::trénicos
—Turismé’é?&f@é;;;ﬁ- u ferna
— Electrolizadores— —

Pd+Pt FVU
AuFVU

.Turismos eléctricos (éiﬁ bateria)

—Autobuses eléctricos (sin bateria) . _
== Eélica e~
— Fotovoltaica = Ag FVU

Nd + Dy FVU

Year. 2035
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Li recogido

Recuperacion de metales en reciclaje

Co recogido

Pérdidas recogida
Pérdidas recogida y reciclaje

—Pd + Pt recogido
—Aurecogido

.Nd + Dy recogido
= Ag recogido

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050
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Are there enough reserves to fuel the transition?

m C\ K\ m Vo

477% 26% 19096
Dy + Nd Pd + Pt
96% <1%

40
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3. HOW SUSTAINABLE IS SUSTAINABLE
AGRICULTURE?
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Exergetic characterisation of soils
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Pristinia: The fertile planet

. . A
Maximum exergy, maximum S Proportions of fractions in pristine state

e fertili
PrlStI nia e ty Microorganisms Texture

37%

13%

309.37 toe/ha

Any real agricultural
soil will have an exergy
level within this range

Nutrients
35%

Organic matter
15%

Thanatia

Minimum energy, maximum

0 toelha d eg rad atlo n Antonio Valero, Barbara 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.
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Exergetic characterisation of soils
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Exergy soil balance

Final exergy: 75
Initial exergy: 80

SOIL: 100

Crop: 10 |
Input exergy: 20 I

Losses: 15 I

Erosion: 2 ==

Exergy: the sole unit of measurement for studying soil
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Fertilizers
Mechanical Phytosanitary Soil lost
processes P:s‘t’:::‘i:!ses Water by erosion Crop
: 0
)
4 Y/

& B &
Voot t

AGRICULTURAL PROCESS

SOIL REGENERATION PROCESS

Cropping system
Final state

Cropping system
Initial state

Sodicity Acidification



4. FINAL REFLECTIONS




The new mandate for thermodynamicists

As thermodynamicists, we already possess the language capable
of describing the real state of the planet

.

e
-~

The planet does Aot L erst%rﬁ“ money
g
It only understands action and reaction,
depletion and regeneration, .
irreversibility and physical limits. ¢

Our greatest challenge is no longer to understand thermodynamics.
It is to use it to give the Earth a voice.




Honesty in a Finite World
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Sustainability cannot rely on
intentions or moneftary
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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Thanks for your attention

aliciavd@unizar.es

https://energaia.unizar.es
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