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The START project: Creating a
sustainable supply chain for green
energy harvesting products by
Powder Metallurgy

Sustainable Energy Harvesting Systems Based on Innovative Mine Waste Recycling
(START) is an Innovation Action project co-funded by the EU and its Horizon Europe
programme. Using an advanced powder production and consolidation process, the
project’s aim is to create a sustainable supply chain for green energy harvesting
products by transforming sulphide materials from mining waste into sustainable
high-added-value Powder Metallurgy components for tellurium-free thermoelectric
(TE) devices. Here, the consortium members offer a comprehensive summary of
START's background, the innovative workflow developed, and its potential impact.

Launched in June 2022, the START ogies and business practices, sive to a material-intensive energy
project is formed of a consortium known as the green transition, to system, increasing the need for

of fifteen institutions from eleven which the European Union (EU) is mineral resources. The growing
European countries, coordinated fully committed through the Euro- demand for essential minerals and
by LNEG - the National Laboratory pean Green Deal [1]. However, declining quality of ores is substan-
of Energy and Geology of Portugal. this green transition is based on tial increasing waste volumes from
Six research organisations with a shift from a fossil fuel-inten- mining operations.

backgrounds in geology, materials
science and renewable energies are
represented on the consortium, as
well as seven SMEs covering the
entire supply chain, from production @) SINTEF,
to exploitation and ecological foot- E
print assessment, and two non-profit
international associations repre-
senting a consolidated network of
partners and stakeholders. START o RGS-_
will have a duration of four years ‘
and a budget of around €9.2 million. &EP.M.A"“
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Climate change is one of human-
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fighting it depends on the rapid
implementation of green technol- Fig. 1 START consortium members and the nations they represent
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Additionally, current commer-
cial thermoelectric (TE) generators
(used to harvest waste heat from,
for example, industrial processes
and convert it into electric power)
rely mostly on tellurium-based
thermoelements [2]. Tellurium is
a relatively scarce element, with a
terrestrial abundance of Ca. 1 ppb.
As China accounts for over 60% of
its production, Europe is heavily
dependent on imports [3].

The START project proposes a
unique technological solution to
this problem, based on a ‘waste
material-waste heat to power’
methodology for the development
of sustainable and economically
viable tellurium-free TE waste heat
harvesting systems (Fig. 2). This is

Fig. 2 The START concept is based on a ‘waste material-waste heat to power’ methodology

TE device design, simulation,
production and characterisation (WP5)

achieved by producing advanced
sulphide p-type thermoelements
that incorporate discarded sulphide
minerals in mining waste, mainly of
the tetrahedrite-tennantite mineral
series (Cu,[Cu,(TM),](Sb, As),S,,.
where TM is a transition metal) to
replace the current commercial
tellurium-based p-type thermoele-
ments. The tetrahedrite-tennantite
mineral series is relatively abun-
dant in some Cu mine tailings and,
at present, is an environmental
hazard.

START's development of green
energy harvesting devices through
the incorporation of mineral-
derived p-type thermoelements
serves both economic and reme-
diation purposes by reducing

“... using TE energy harvesting
systems to capture and directly
convert this waste heat into electric
power has the potential to improve
overall energy production efficiency
and [...] avoid tens of millions of tons
of CO, emissions.”
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—

mining's environmental footprint, as
mining residues are converted into
useful and valuable resources. This
strategy is in line with the priorities
set out by the European Green Deal
and the EU Action Plans on Critical
Raw Materials and Circular Economy
[1, 4, 5]

Potential impact of the START
project

Around two-thirds of the primary
energy produced worldwide is lost
as waste heat [6]. Using TE energy
harvesting systems to capture and
directly convert this waste heat into
electric power has the potential
to improve overall energy produc-
tion efficiency and, in conserving
more of the energy produced, thus
preventing tens of millions of tons of
CO, emissions.

The impact of the START project’s
approach towards a more sustain-
able and resilient EU is defined as:

1. The reduction of EU dependence
on primary critical raw materials

2. The promotion of circular
economy processes

3. The production of TE energy
harvesting systems focused
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to power’
methodology.

Fig. 3 The START project’'s main outcomes for the value chain, European mineral resources market, and green economy

on increasing the overall effi-
ciency of energy production and
consumption systems, thereby
reducing greenhouse gas emis-
sions

The main outcomes of the project
are outlined in Fig 3.

Powder Metallurgy in START

Powder Metallurgy is one of the
processing technologies being used
to produce the mineral-derived p-type
thermoelements upon which the
START project’'s success depends.
The approach followed in the START
project includes three main process
steps, summarised in Fig. 4.

Production of nanostructured
powders by Mechanochemical
Synthesis

Mechanochemical Synthesis (MCS),
comprising the first process step in
the START approach, is a solid-state
synthesis route which uses high-
energy ball mills and is already in
use for large-scale nanostructured
powder production by MBN [7]. The
process is a suitable and fast way
to produce sulphide semiconductor
powders from minerals and pure
elements [8, 9].

© 2023 Inovar Communications Ltd

During MCS, chemical reactivity
is promoted under non-equilibrium
conditions, near room temperature,
by unbalanced mechanical forces that
transfer the mechanical energy to
the powder particles. This introduces
strain into the powder by generating
dislocations and other defects that
act as fast diffusion paths, changing
the reactivity of the powders [9].

Mechanical deformation also
occurs on a local basis, being medi-
ated by dislocations and other lattice
defects. As a result, the mass-trans-
port process will be reduced relative
to that of high-temperature solid-
state diffusion, having a great impact
on the chemical and physical behav-
iour of the compounds. There are
several variables which influence the
MCS process (e.g. type of mill, milling
media, ball-to-powder ratio, filling
extent of the milling chamber, milling
atmosphere, milling speed, milling
time, etc.) [9].

Powder consolidation by Pulse
Plasma Compaction

Pulse Plasma Compaction (PPC), a
method developed by GeniCore, is
used to consolidate the TE materials.
This technology is a modification

of the conventional spark plasma
sintering (SPS) process [10]. In PPC,

energy stored in a capacitor bank
and charged to several kV (in the
SPS process, it is typically several
volts), is delivered to the powder in
profoundly shorter pulses than are
used in SPS technology (dozens of us
instead of a few ms) with a frequency
up to 200 Hz.

Oscillating capacitor discharge is
used to produce current pulses with
a first half-wave amplitude of several
tens of kA. The high voltage short
pulses result in peak power values
up to 80 MW, and field-enhanced
diffusivity enables full densifica-
tion at lower temperature setpoints
than in conventional SPS, where low-
voltage electric fields are employed
[l

SPS-based technologies have
proven to be a viable consolidation
technique to enable sulphide-based
powders to achieve full-density
compaction at temperatures consid-
erably lower than their melting
points, preserving the nano-
structures developed by the MCS
process [12]. Other advantages of
SPS include a fast heating rate,
short cycle time, accurate control
of sintering energy, high reproduc-
ibility, safety and reliability.

The use of the innovative PPC
device in the START approach, as
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Step 3: Assembly and production
of the TE device

Step 1: Production of nanostruc-

Step 2: Consolidation by pulse
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tured powders from minerals and

pure elements by mechanochem-
ical synthesis

Mechanochemical synthesis is a solid-
state synthesis route using high-energy
ball mills.

Lab-scale production is carried out by
LNEG, while large-scale production is
carried out by MBN Nanomaterialia.
Pilot production line is initially estab-
lished, then scaled to meet the market
requirement of TE at lower costs.

Mechahachemical

reactor
Courtesy MBN Nanomaterialia
SpA. laly

plasma compaction (PPC) to
produce the thermoelements

Consolidation of the TE materials
by pulse plasma compaction {PPC),
a method developed by GeniCore.
Sintering efficiency results from hot
pressing, in which the powder is
heated up using short high current
impulses.

Pulse plasma
compaction device

Courtesy GeniCore Sp. z 0.0, Poland

Design and manufacture of
TE devices incorporating the
mineral-derived tetrahedrite
p-type thermoelements.

Flex-TEG

Courtesy TEGnology ApS, Denmark

Fig. 4 The START process workflow. The main partners involved in these activities are nanostructured powder
specialist MBN Nanomaterialia, for Step 1, material engineering company GeniCore, Step 2, and TEGnology, a leading
company in TE energy harvesting, Step 3.

well as the upgraded field-assisted
sintering technology (U-FAST) devel-
oped by GeniCore, is expected to
enable TE materials to be produced
with more appropriate densities

and improved material stability,
preventing thermally induced solid-
state reactions in the material during
service, which will enhance overall
TE performance.

The production of square samples
instead of traditional cylindrical
compacts will also be assessed.
From a technological point of view,
this could represent a cost-effective
solution and a huge step forward in

the consolidation of parallelepiped
thermoelements required for device
assembly for large-scale applica-
tions.

Mineral-derived tetrahedrite
powders produced by MCS

Sulphur-based compounds are a vast
class of materials, some of which

are semiconductor materials with
exceptional properties for energy
conversion applications, either as
thermoelectric materials or as photo-
voltaic materials [8, 12-14]. Among

“The refinement of pure tetrahedrite-
tennantite by conventional mining
processes is not economically
viable, but its direct use as a raw
material in the production of modified
tetrahedrite-tennantite by PM is a
promising route.”
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these, the tetrahedrite-tennantite
series offers the great advantage of
being naturally occurring.
Unfortunately, the poor thermo-
electric properties and low thermal
stability of natural tetrahedrite-
tennantite - caused by the presence
of other phases (i.e., famatinite) and
other minerals (e.g., pyrite, chalcopy-
rite, and quartz) - restrict its use for
commercial exploitation. The refine-
ment of pure tetrahedrite-tennantite
by conventional mining processes
is not economically viable, but its
direct use as a raw material in the
production of modified tetrahedrite-
tennantite by Powder Metallurgy is a
promising route.
Tetrahedrite-tennantite powders
can be produced from the elements
by a relatively low-effort solid-state
processing route, but a more cost-
efficient approach is to start from
minerals with known composition
and balance them with elemental
powders. Using this approach,
minerals from different sites, and
hence with different compositions and
structures, can be processed with a
dedicated material balance, targeting
the same thermoelectric performance.
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At the laboratory level, the effec- sn Fe
tiveness of processing natural and o4y 4% Quartz
synthetic tetrahedrites has already
been demonstrated in the range
of grams [8]. It is now scaled by a
factor of 100, approaching a rele-
vant pilot-scale production.

Pyrite
4.0%

Synth. Tetrae.

. 20.0%
Processing routes

With the support of the Lundin
Mining Company, tetrahedrite-
tennantite mineral from the
Neves-Corvo mine (in the Portu-
guese sector of the Iberian Pyrite
Belt) has been used. This mate-
rial has been processed with
purity levels of 20%, 50%, and 80%

21.0%

Fig. 5 Composition of the processed powder mixture with 20% of synthetic
tetrahedrite

synthetic tetrahedrite (Fig. 5), via copper, antimony, and sulphur Typical X-ray diffraction
two different processing routes. powders as was used in the first (XRD) patterns for some of the

Both routes use industrial MCS route, for consistent benchmarking. processed materials are shown
apparatus, in plants designed by This second route is more in Fig. 7, top. These XRD patterns
MBN Nanomaterialia Spa [6], which challenging but provides more confirm that the two routes
favours a direct transfer of impact flexibility, allowing a focus on are consistent with each other;
energy to the processed material. alloying new elements into the a small difference appears in
The process is carried out in an tetrahedrite-tennantite rather than the famatinite peak, which is
argon atmosphere, with the milling dispersing synthetic tetrahedrite promoted when processed directly
chamber being cooled to operate into the naturally occurring one. from powders mixtures containing
near ambient temperature. The backscattered electron images elemental powders.

The first route is more conserv- in Fig. 6 show material obtained This is a positive result, since
ative; the synthetic tetrahedrite is by both routes. The images do it confirms that the two routes
formed in a different MCS process not reveal substantial differences are equally effective, and it opens
and then added to the natural between the results, even at the way for the direct processing
mineral for the final mixing. The higher magnification, regarding via MCS of natural tetrahedrite-
second route consists of direct the distribution of pyrite (dark tennantite material with metals
MCS of the natural mineral using grey) and quartz (darker spots) and sulphur powders to produce
the same composition of elemental distribution. thermoelectric materials.
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Fig. 6 Typical backscattered electron images of the processed materials when starting from powder mixtures of (a)
mineral/synthetic tetrahedrite (first route), and (b) mineral/elemental powders (second route)
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Mechanical alloying of natural and synthetic tetrahedrite Alvise Bianchin,
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Fig. 7 Top: Typical XRD patterns of the mineral and some of the processed
materials, Bottom: Typical XRD patterns for doped synthetic tetrahedrite as a

function of the MCS energy level

The formation of famatinite, an
unwanted phase, is due to the lack
of stabilising elements such as Fe
and Zn as substitutes for Cu in the
synthetic tetrahedrite utilised in the
experiment. The synthesis of doped
tetrahedrite reduces the formation of
famatinite when higher MCS energy
levels are used (Fig. 7, bottom).
This synthesis has been carried out
in industrial plants to validate the
feasibility of the approach. The next
developmental steps are related to
the identification of the most effec-
tive combination of substitutional
elements that will be used as a
reference target in the processing
of minerals with metals and sulphur
powder.

PM Review | Spring 2023

This approach will enable the
enhancement of naturally occurring
tetrahedrite-tennantite to make it an
effective thermoelectric material and
has the potential to be transferred to
other combinations of minerals and
metals for the synthesis of functional
materials.

Authors and contact

Filipe Neves, LNEG
Coordinator
filipe.neves@lneg.pt

Bruno Vicenzi, EPMA
Dissemination Manager
bv@epma.com

The START project (project number:
101058632) is co-funded by the
European Union. Views and opin-
ions expressed in this report are
those of the author(s) only and do
not necessarily reflect those of

the European Union or the Euro-
pean Health and Digital Executive
Agency. Neither the European Union
nor the granting authority can be
held responsible for any discrep-
ancies.

References

[1] A European Green Deal (https://
commission.europa.eu/strategy-
and-policy/priorities-2019-2024/
european-green-deal_en, accessed
on January 2023) | European
Commission (europa.eu)

[2] D Zabeka, F Morini, Solid

state generators and energy
harvesters for waste heat recovery
and thermal energy harvesting,
Thermal Science and Engineering

© 2023 Inovar Communications Ltd


https://www.pm-review.com/
https://www.pm-review.com/wp-content/uploads/2023/02/PM-Review-Spring-2023.pdf
https://www.pm-review.com/wp-content/uploads/2023/02/PM-Review-Spring-2023.pdf
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en

Download full version of the magazine HERE

el As published in PM Review Spring 2023 issue

Progress 9 (2019) 235-247, (https://
doi.org/10.1016/j.tsep.2018.11.011)

[3] U.S. Geological Survey, 2020,
Mineral commodity summaries
2020: U.S. Geological Survey, 200 p.,
(https://doi.org/10.3133/Mcs2020)

[4] Critical Raw Materials Resilience:
Charting a Path towards greater
Security and Sustainability (https://
ec.europa.eu/commission/press-
corner/detail/en/ip_20_1542)

[5] A new Circular Economy
Action (https://eur-lex.
europa.eu/legal-content/EN/
TXT/?uri=COM:2020:98:FIN)

[6] Fitriani et al, A review on nano-
structures of high-temperature
thermoelectric materials for waste
heat recovery, Renewable and
Sustainable Energy Reviews 64 (2016)
635-659 (http://dx.doi.org/10.1016/].
rser.2016.06.035)

[7] https://www.mbn.it/en/company/
(accessed in January 2023)

START project

[8] F Neves, L Esperto, | Figueira,
J Mascarenhas, R Salgueiro, T P
Silva, J B Correia, P A Carvalho,
D de Oliveira, Mechanochemical
synthesis of tetrahedrite mate-
rials using mixtures of synthetic
and ore samples collected in the
Portuguese zone of the Iberian
Pyrite Belt, Minerals Engineering,
164 (2021) 106833 (http://dx.doi.
org/10.1016/}.mineng.2021.106833)

[9] P Balaz et al, Hallmarks of
mechanochemistry: from nanoparti-
cles to technology, Chem. Soc. Rev.
42 (2013) 7571-7637 (https://doi.
org/10.1039/C3CS35468G)

[10] https://genicore.eu/pulse-
plasma-compaction-ppc/ (accessed
on January 2023)

[11] M Dias, M Rosinski, P C

R Rodrigues, J B Correia, P A
Carvalho, Gibbs-Thomson effect as
driving force for liquid film migra-
tion: Converting metallic into
ceramic fibres through intrinsic

FOLLOW

US ON SOCIAL MEDIA

Get instant updates on the latest PM news,

#deepdive articles and market trends

oxidation, Acta Mater 218 (2021)
117216 (nhttps://doi.org/10.1016/].
actamat.2021.117216)

[12] F Neves, J B Correia, K Hanada,
Spark plasma sintering of Cu,SnS;
powders synthesized by mechan-
ical alloying, Materials Letters

164 (2016) 165-168 (http://dx.doi.
org/10.1016/j.matlet.2015.10.153)

[13] D S Prem Kumar, Mingin

Ren, Thomas Osipowicz, Ramesh
Chandra Mallik, P Malar, Tetra-
hedrite (Cu,,Sb,S,;) thin films

for photovoltaic and thermoelec-
tric applications, Solar Energy

174 (2018) 422-430 (https://doi.
org/10.1016/j.solener.2018.08.080)

[14] Jaeseok Heo, Ram Ravichan-
dran, Christopher F Reidy, Janet
Tate, John F Wager, Douglas A
Keszler, Design Meets Nature:
Tetrahedrite Solar Absorbers,
Adv. Energy Mater. (2014)
1401506 (https://doi.org/10.1002/
aenm.201401506)

www.twitter.com/PMRMag

www.linkedin.com/company/
powdermetallurgyreview

www.facebook.com/PMRmag

WWW.pm-review.com

Spring 2023 | PM Review

© 2023 Inovar Communications Ltd



https://www.pm-review.com/wp-content/uploads/2023/02/PM-Review-Spring-2023.pdf
https://www.pm-review.com/
https://www.pm-review.com/wp-content/uploads/2023/02/PM-Review-Spring-2023.pdf
https://doi.org/10.1016/j.tsep.2018.11.011
https://doi.org/10.1016/j.tsep.2018.11.011
https://doi.org/10.3133/Mcs2020
https://ec.europa.eu/commission/presscorner/detail/en/ip_20_1542
https://ec.europa.eu/commission/presscorner/detail/en/ip_20_1542
https://ec.europa.eu/commission/presscorner/detail/en/ip_20_1542
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2020:98:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2020:98:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2020:98:FIN
http://dx.doi.org/10.1016/j.rser.2016.06.035
http://dx.doi.org/10.1016/j.rser.2016.06.035
https://www.mbn.it/en/company/
http://dx.doi.org/10.1016/j.mineng.2021.106833
http://dx.doi.org/10.1016/j.mineng.2021.106833
https://doi.org/10.1039/C3CS35468G
https://doi.org/10.1039/C3CS35468G
https://genicore.eu/pulse-plasma-compaction-ppc/
https://genicore.eu/pulse-plasma-compaction-ppc/
https://doi.org/10.1016/j.actamat.2021.117216
https://doi.org/10.1016/j.actamat.2021.117216
http://dx.doi.org/10.1016/j.matlet.2015.10.153
http://dx.doi.org/10.1016/j.matlet.2015.10.153
https://doi.org/10.1016/j.solener.2018.08.080
https://doi.org/10.1016/j.solener.2018.08.080
https://doi.org/10.1002/aenm.201401506
https://doi.org/10.1002/aenm.201401506
www.twitter.com/PMRMag
www.facebook.com/PMRmag
www.twitter.com/PMRMag
www.linkedin.com/company/powdermetallurgyreview

PM REVIEW

FOR METAL POWDERS, POWDER METALLURGY AND BEYOND

TO OUR NEWSLETTER

Subscribe to the Powder Metallurgy
Review newsletter, sent weekly to key PM
professionals and end-users worldwide, to
make sure you benefit from timely access
to the latest industry news and technology
trends.

Newsletter subscribers also benefit from
a free digital subscription to Powder
Metallurgy Review magazine.

Nichols Portland acquires Neota Product Solutions
to expand MIM portfolio >>>

®

https://www.pm-review.com/
subscribe-pm-review-e-newsletter/

Pilamec undergoes management buyout to secure

(=] 5]
A e B
L s o m—

ICATIONS



http://bit.ly/3Zj6axf


