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Abstract

The second law of thermodynamics (2LT) helps to quantify the limits as well as the resource efficiency of the circular
economy (CE) in the transformation of resources, which include materials, energy, or water, into products and residues,
some of which will be irreversibly lost. Furthermore, material and energy losses will also occur, as well as the residues and
emissions that are generated have an environmental impact. Identifying the limits of circularity of large-scale CE systems,
i.e., flowsheets, is necessary to understand the viability of the CE. With this deeper understanding, the full social, envi-
ronmental, and economic sustainability can be explored. Exergy dissipation, a measure of resource consumption, material
recoveries, and environmental impact indicators together provide a quantitative basis for designing a resource-efficient CE
system. Unique and very large simulation models, linking up to 223 detailed modeled unit operations, over 860 flows and 30
elements, and all associated compounds, apply this thermoeconomic (exergy-based) methodology showing (i) the resource
efficiency limits, in terms of material losses and exergy dissipation of the CdTe photovoltaic (PV) module CE system (i.e.,
from ore to metal production, PV module production, and end-of-life recycling of the original metal into the system again)
and (ii) the analysis of the zinc processing subsystem of the CdTe PV system, for which the material recovery, resource
consumption, and environmental impacts of different processing routes were evaluated, and the most resource-efficient
alternative to minimize the residue production during zinc production was selected. This study also quantifies the key role
that metallurgy plays in enabling sustainability. Therefore, it highlights the criticality of the metallurgical infrastructure to
the CE, above and beyond simply focusing on the criticality of the elements.

Keywords Exergy - Thermoeconomics - Circular economy - Geometallurgy - Process simulation - Digital twin -
Sustainability - Jarosite - CdTe photovoltaic (PV) modules

Introduction

Living on a finite planet, where the world population is
expected to grow from the current 7.5 billion (2017) to 9.8
billion in 2050 [1], has also increased the concern about
the resource efficiency and the environmental impact of our
The contributing editor for this article was S. Kitamura. society, e.g., the climate change. The International Resource
Panel has estimated an increase of 119.5% on the resource
extraction in 2050 with respect to the resources extracted in
2015, if the existing trends are considered [2]. Furthermore,
the Intergovernmental Panel on Climate Change (IPCC)
predicted the global mean temperature to increase between
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foundations of life as well as a fair quality of life to the cur-
rent and future generations.

The transition to a renewable energy scenario and having
a more circular economy (CE) are becoming more critical
to designing a globally sustainable future. This transition is
intimately linked to a metal/material infrastructure as it pro-
vides economic solutions for material production, process-
ing, and recycling. As the complexity of the current products
and commodities is increasing from a material point of view,
a complex metal/material infrastructure is required to recy-
cle these complex mixtures back into high-purity materials
and metals, alloys of precise specification, as well as energy.
Some authors have already reported possible bottlenecks on
the material supply because of the expected demand for raw
materials for the renewable energy transition [4-8]. There-
fore, as Reuter et al. state, this complex metallurgical infra-
structure, and particularly its unavoidable losses and resi-
dues produced, cannot be ignored when the CE is discussed
and evaluated. This is, in fact, an inconvenient truth [9]. For
instance, the energy production through renewable energy
such as cadmium telluride (CdTe) photovoltaic (PV) panels,
which accounts for around 5% of the worldwide PV energy
production, requires cadmium, which is a by-product of zinc
smelters. It also requires tellurium, produced mainly as a
by-product of copper or lead metallurgy. For this reason, the
metallurgical infrastructure to provide these elements must
consider the base metals such as copper, zinc, and lead, as

Fig. 1 Representation of the
CE showing how materials are
mined and processed to produce
metals that will be used to
produce commodities (depicted
in blue). This complexly linked
material processing infrastruc-
ture is connected to the dynamic
energy grid as materials and
energy enable renewable
energy production as well as
the recycling of its end-of-life
infrastructure (gray arrows).
The CE losses are depicted as
residues and exergy dissipation
throughout the cycle (orange).
These losses reduce the second-
ary resources remaining “in

the loop,” replenished through
primary resources (Color figure
online)
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well as the refining stages for cadmium and tellurium from
the residues produced during the metallurgy of these base
metals. Since cadmium is toxic and tellurium is a technolog-
ically relevant metal that can also produce some hazardous
compounds [10, 11], special care is required during the recy-
cling of these panels at their end-of-life (EoL), especially
when considering these to be a part of a circular society and
as they are included in the scope of the Directive 2012/19/
EU on waste electrical and electronic equipment (WEEE)
[12]. This directive sets a minimum annual collection rate
of 65% with respect to the total electrical and electronic
equipment placed on the market. 85% of the collected frac-
tion of WEEE (large equipment) must be recovered, while
80% of the recovered panels must be recycled or prepared
for re-use. Therefore, to understand the CE of PV systems,
a recycling process must be evaluated within the material/
metal infrastructure required to produce the modules. This
interconnected complex infrastructure is central to the CE
of the CdTe PV module as depicted in Fig. 1.

If an ideal representation of CE were considered, the
resource depletion problem would be solved by simply
returning the residues and end-of-life products to the met-
allurgical infrastructure and recovering everything repeat-
edly. However, the second law of thermodynamics (2LT)
suggests that these processes are non-ideal; every real pro-
cess generates entropy. This entropy creation means that
resources, which include materials, minerals, metals, energy
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(incl. fuels), and water, must be consumed or irreversibly
lost, implying that wastes will be inevitably produced and
an environmental impact generated [13]. This implies that
the residues and material losses of the society can only be
reduced, but never be eliminated within the confines of our
present time-constrained economically driven society. More-
over, this reduction of the residue generation and material
losses in CE can be only achieved through the consumption
of resources and the generation of an associated environ-
mental impact. This means that the CE is not a perfectly
closed circle as so easily depicted; it has limits as shown in
Fig. 1. Therefore, the target of process engineers, metallur-
gists, product designers, policy makers, and the society in
general must be to find these limits, in order to push them
to sensible and economically achievable boundaries while
guarantying that technological solutions are aligned with
the United Nation’s Sustainable Development Goals (SDGs)
[14]. This sustainable development will be achieved only
if the social, environmental, and economic sustainability
are fulfilled simultaneously [15—-17]. These three pillars
often have conflicting goals, and thus they must be evalu-
ated through different perspectives always considering the
SDGs, public opinion, effects on the society’s welfare, leg-
islation, environmental concerns, or economic resilience on
an existing market [16, 18]. Therefore, a rigorous approach
is required that underpins the thermoeconomic analysis of
large CE systems. The resulting evaluation of the resource
efficiency and environmental impacts of CE maps the large
CE system in terms of rigorous system simulation models.
For instance, in the case of the CE of the mentioned CdTe
PV modules, one of the key processing infrastructures is pri-
mary zinc metallurgy, through which cadmium is produced
as a by-product. 90% of the global primary zinc production
occurs through hydrometallurgy, which also generates iron-
rich precipitates, i.e., jarosite, goethite, or hematite (a plant
with an annual zinc production of 200 kt generates 88.3 kt
of jarosite [19]). These residues are landfilled in ponds,
which occupy a considerable land area and may generate
environmental impacts if they are not safely operated. How-
ever, these iron precipitates entrain important technological
metals such as indium or germanium, which are also land-
filled and lost, but may create an incentive to process these
if the valuable contained elements have an economic value.
Therefore, the zinc industry has always been investigated
for possibilities of dealing with the residues by, for example,
(i) a new way of producing primary zinc such as direct zinc
smelting [20] in a proactive manner while producing slag
as a manner to capture the iron in a higher density form
than the water-rich precipitates of iron or (ii) treatment of
these iron residues once they are produced through the roast-
leach-electrowinning process (reactive approach) [19, 21].
In order to understand very large-scale circular economy
systems, a simulation-based methodology is applied to
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quantify, evaluate, and improve the resource efficiency in
terms of exergy dissipation (thermoeconomics) and environ-
mental impacts of the metal/material infrastructure central to
the CE. This discussion is conducted in two steps:

¢ Firstly, the resource efficiency limits of the complete CE
system of CdTe PV modules are quantified by the crea-
tion of a very large-scale simulation model composed of
223 detailed modeled unit operations, over 860 flows, 30
elements, and all associated compounds. The simulation
of this system provides the simulation-based indicators
that are used to evaluate the exergy dissipation along the
life cycle of the CdTe PV modules, as well as its mate-
rial losses. This CE example illustrates two of the main
thoughts of this paper:

e A comprehensive metallurgical processing infra-
structure is necessary to move towards a CE since
the production and recycling of most metals are inte-
grated with the metallurgies of other metals

e A complete CE is not possible because of the inevi-
table losses, residues generated, and the additional
resource consumption that is required for processing
residues.

e Secondly, the optimization of the primary zinc produc-
tion, a subsystem of the CdTe PV module CE, was evalu-
ated following the methodology presented in this paper.
Ten scenarios to decrease or eliminate the generation of
iron precipitates during the roast-leach-electrowinning
(RLE) process for zinc production are considered and
their resource efficiency and environmental impacts are
quantified. Subsequently, the impacts of every scenario
in the three dimensions of sustainability are discussed by
using proxies for societal, economic, and environmental
impacts obtained from the simulation-based indicators
that were previously calculated, including their synergies
and possible trade-offs.

Simulation-Based Methodology
for the Resource Efficiency Evaluation
of Large-Scale CE Systems

Large-scale CE systems are complex. The CE of the CdTe
PV module requires base-metal metallurgies such as zinc,
copper, and lead as well as the PV module manufacturing,
EoL collection, and recycling stages. Therefore, simulation
models capable of predicting the performance and resilience
of these CE systems must be used to facilitate decision-mak-
ing. A simulation-based methodology aiming to do this is
presented in this section.



Journal of Sustainable Metallurgy (2020) 6:34-67

37

Step 1: Digital Twin of the CE System Using
a Metallurgical Process Simulation Tool

Through the simulation of the system, every element, com-
pound, mineral, alloy, residue or end-of-life product (along
with their thermochemical properties), and process engi-
neering knowledge (including metallurgical, energy, miner-
als processing) can be combined into a digital platform to
obtain a digital twin of the system [22, 23]. This requires
detailed process knowledge of the metallurgical and physical
separation as well as product design steps in the CE system.
Reuter and Verhoef [24] developed a dynamic simulation
model to investigate the effect of the removal of lead from
solders on the metallurgies of copper, silver, tin, or nickel
among others, at that time excluding exergy analysis. HSC
Sim is the simulation platform used in this paper that permits
the exergy analysis. It is a module of the HSC Chemistry 9.9
software that allows the creation of flowsheets composed
of unit operations, whose models are built by the user, and
the streams connecting them, which contain all their ther-
mochemical properties [25]. Furthermore, the simulation of
the system provides the mass, energy, and exergy balances
that are used to obtain the indicators required to evaluate the
resource efficiency and environmental impacts of the system.

Step 2: Material Recovery and Losses and Residue
Production

Through the mass and energy balances provided by the sim-
ulation of the CE system, the recovery rates of all the ele-
ments (through their various compounds) can be evaluated,
as well as where from the system and in which form they are
recovered [26]. Furthermore, the unavoidable material losses
can be identified and tracked along the flowsheet. These
indicators provide an idea of how much material or metals
can be recovered and also what materials can be lost from
the system. By using this approach, Reuter et al. have stud-
ied different processing and recycling routes for a cellphone
with the objective of evaluating the material losses so that
the circularity limits of the life cycle of the cellphone can be
identified and pushed towards a more circular scenario [27].

Step 3: Resource Consumption—Thermoeconomics

The CE system requires resources (materials, energy, and
water) to operate. Ideally, these resources would be entirely
transformed into useful products. However, the ubiquitous
2LT dictates that some of the resources will be transformed
into residues/emissions or they can be irreversibly lost.
Exergy, which is a measure of the thermodynamic quality
of a system, can be used to evaluate this resource consump-
tion. As it is based on the 2LT, every process performed
in the system will create entropy, i.e., its thermodynamic

quality will be degraded. This means that the resources of
the system will be downgraded or irreversibly destroyed.
Therefore, the irreversibility of a process or the entire sys-
tem, i.e., its exergy dissipation, can be used to evaluate its
resource consumption. This exergy dissipation also implies
that every product of the system will have an exergy cost,
i.e., the exergy destroyed to produce it. To calculate these
exergy costs in large systems, thermoeconomics, a meth-
odology combining thermodynamics and economics, was
developed [28]. Thermoeconomics has been largely used for
the assessment and optimization of energy systems [29, 30].
However, it has been also applied to industrial symbiosis
cases [31, 32]; however it lacks the metallurgical detail as
reported in [9].

The evaluation of resource consumption through the
2LT permits the evaluation of all the resources with the
same indicator (exergy flow units, kW), which solves the
problem of integrating different resources such as energy
resources (Joule), water, or raw materials, which are meas-
ured in mass units. For these reasons, the 2LT is applied
as a good basis to evaluate the resource consumption of
complex systems [32-37]. It has been largely used for this
purpose in energy systems [29, 38—41], while other authors
have already applied it to evaluate resource consumption
in metallurgical processes [42—45]. Thermoeconomics has
been implemented in HSC Sim (2019) by Abadias Llamas
et al. to perform this task [45]. Chemical and physical exergy
are considered for the exergy calculation of raw materials
and water, while the exergy value of heat flows is calculated
considering the Carnot efficiency [35, 46].

Step 4: Emissions and Their Associated
Environmental Impact

During the operation of metallurgical processes, different
emissions may appear, e.g., emissions to air or water. The
emissions of the system are well characterized in terms of
composition and mass flow through the mass balances per-
formed by simulation of the process. Therefore, the envi-
ronmental impact of the CE system can be evaluated from
the simulated data by linking the results of the simulation
platform to a life cycle assessment (LCA) software through
the dedicated LCA tool of HSC Sim and GaBi [47]. Reuter
et al. [23] have implemented and applied this methodology
to evaluate the environmental impact of primary copper
production, e-waste recycling, and nickel pig iron using
the HSC Sim process simulation tool [25]. The value of
the simulation-based approach is that the destination of all
compounds, cations, ions, solutions, etc., can be predicted
and subsequently evaluated. Since the processes are becom-
ing more complex, environmental databases lack sufficient
granularity to still provide meaningful assessments of these
very large CE systems.
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Step 5: Optimization of the CE System and Effect
on Sustainable Development—Saocial,
Environmental, and Economic Impacts

Once the flows of the CE have been quantified in kWh/h
(kW) for different possible flow sheets and the different com-
ponents in each stream, the optimization of a subsystem or
the entire CE can be performed. Several scenarios can be
assessed by using these simulation-based indicators to find
the most resource-efficient and environmentally friendly
alternative, which, moreover, assures a sustainable devel-
opment. The simulation of CE and the indicators explained
previously provide an appropriate picture to start finding and
discussing all the factors, and associated trade-offs, affect-
ing the social, environmental, and economic sustainability
of our society, thus maximizing the resource efficiency of
the CE system.

A first quantification of the factors affecting these three
pillars can be performed by normalizing the indicators pro-
vided by the simulation. For instance, the CO, emissions,
which affect the environmental sustainability, can be nor-
malized with respect to the lowest emissions value of all
the evaluated alternatives (best-case scenario), or even to
the emission limit, to evaluate the deviation of the emission
values for every scenario. The same can be done for resource
consumption, land use, or capital expenditure (CAPEX) and
operational expenditure (OPEX). If the normalized values
are calculated in a scale from 0 to 100%, where O is the sce-
nario with the most negative impact and 100 is the best-case
scenario (the positive one), a good comparative overview of
all the evaluated factors affecting society, environment, and
economics can be obtained. Thus, a first conclusion about
the effect of the different solutions in sustainability can be
obtained.

Fig.2 Exergetic harmonization
of the energy and resource sys-
tem. Production route of CdTe
PV modules from raw materials
to metals and product, and from
end-of-life product to metals.
Cu, Pb, and Zn metallurgy must
be integrated to produce the Te
and Cd in a resource-efficient
way, while slag is a feed to
construction materials (Color
figure online)
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The Non-ideality of the CdTe PV Module Life
Cycle

Figure 2 shows that base-metal metallurgies are central
to the metal/material infrastructure needed in a CE soci-
ety such as copper, lead, and zinc studied in the produc-
tion of CdTe PV modules. Additionally, the manufacturing
of the modules as well as an efficient EoL collection and
recycling stages are required for the correct performance of
the CE of the CdTe PV modules. As previously discussed,
these large systems have unavoidable resource losses, even
if they are optimized to improve their circularity, e.g., by
adding residue-treatment processes. This affects negatively
the resource efficiency of the CE. Therefore, these resource
efficiency limits must be determined so that the system can
be optimized, and our society can migrate towards a more
informed CE in a most sustainable manner. For this reason,
the methodology presented in this paper was used to evaluate
the material recovery and losses that appear during the CE
of the CdTe PV modules, as well as the exergy dissipation of
the system to account for its resource consumption.

Simulation of the Circular Route of the CdTe PV
Module

A unique simulation model including 223 interconnected
unit operations, 869 flows, and 30 different elements and
their compounds was created in HSC Sim (HSC 9.9, [25])
to simulate the system shown in Fig. 2. In this model
(flowsheets describing it are shown in “Appendix”), spe-
cial attention was paid to the metallurgy of the base metals
required for the production of the CdTe films, their produc-
tion, and recycling, creating a unique detailed simulation
model:

Recycle

Energy

. Resources
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e Zinc simulation model: the electrolytic (roasting, leach-
ing, and electrowinning—RLE) and direct smelting
routes for zinc sulfide concentrates were simulated, also
based on the best available techniques [19, 48]. During
the purification of the Zn solution, several residues are
produced. One of them is a cadmium cementate, which
can be treated to produce the cadmium that is going to
be used to manufacture the PV modules. The details of
this model are discussed in the next example and give
the reader an indication of the detail of the other models
included in this example, i.e., for copper and lead.

e Copper simulation model: the primary and secondary
production of copper was simulated based on the best
available techniques and industrial data [49, 50]. The
main blocks considered in this model are (i) the primary
route for copper sulfide concentrates through flash smelt-
ing, converting, and refining and (ii) secondary route or
black copper smelting. The configuration of the simu-
lated black copper smelting uses a reduction stage fol-
lowed by oxidation and refining. However, as shown in
Fig. 3, other flowsheets were linked to the copper one to
treat the residues produced during the copper production
(see “Appendix”). The most relevant in this case is the
precious metals’ recovery, where the anode slimes from
the copper anode electrorefining are treated to recover
gold, silver, or the tellurium that will be used to produce
the CdTe film.

e Lead simulation model: the direct smelting and bullion
refining route was chosen and simulated to treat lead
sulfide minerals [51, 52]. In this flowsheet, tellurium is
also produced through the treatment of a caustic slag pro-
duced during the bullion refining.

e Valuable technology element and residue treatment: The
considered system has several common flowsheets to
treat the residues produced on the three base-metal simu-
lation models. For instance, as these metals are produced
from sulfides, a common sulfur capture plant was created
and connected to eliminate the sulfur of the off-gases
and to produce sulfuric acid. Additionally, a slag fumer
used to clean the slags with high zinc content has been
included. Here, the slags from the direct lead smelting
and secondary copper are reduced to fume the zinc. This
is necessary to clean the slags so that they can be further
used as, e.g., construction material or as a supplementary
cementitious material. Fumes are treated in various reac-
tors in the system.

e Manufacturing: Once the cadmium and tellurium have
been produced through the abovementioned metallur-
gical infrastructure, the PV cell is manufactured. This
manufacturing process was simulated based on the cur-
rent technologies for the production of CdTe thin-film
PVs, that is to say, through the production of the CdTe
and CdS compounds and vapor transport deposition [53,

54]. During the use phase of the PV modules, resource
consumption and emissions have not been considered,
i.e., the cleaning and maintenance of the modules during
the use phase are not considered in the simulation as well
as the production of the electrical infrastructure required
to connect the modules to the electricity grid.

e Recycling: At end-of-life, the modules are recycled in
a recycling infrastructure. Collection efficiency of 95%
has been assumed; thus, 95% of the produced PV mod-
ules enter the recycling process, and the rest goes to an
undefined loss. During recycling the frame of the PV
panel is dismantled before being shredded. Subsequently,
the shredded module (glass and films) is leached with a
sulfuric acid and hydrogen peroxide solution to dissolve
the cadmium and tellurium of the thin films [55]. After
a solid-liquid separation to split the glass and the met-
als, the cadmium and tellurium are precipitated from the
solution [56, 57], forming a sludge or, when dewatered,
an unrefined semiconductor material [58].

In summary, Fig. 3 shows the different in the tab at the
bottom (from left to right) of all the linked and integrated
flowsheets, viz. (i) primary copper flowsheet (Fig. 17),
(i1) gas cleaning (Fig. 18), (iii) copper reduction furnace
(Fig. 19), (iv) copper/cobalt-nickel solvent extraction
(Fig. 20), (v) cobalt/nickel solvent extraction (Fig. 21), (vi)
precious metals’ recovery (Fig. 22), (vii) tellurium produc-
tion (Fig. 23), (viii) electricity and heat production (Fig. 24),
(ix) sulfur capture plant (Fig. 25), (x) oxygen production
plant (Fig. 26), (xi) copper electrolyte cleaning (Fig. 27),
(xii) secondary copper flowsheet (Fig. 28), (xiii) zinc roast-
ing + leaching (R +NL) (Fig. 29), (xiv) jarosite precipitation
and cadmium production (Fig. 30), (xv) direct zinc smelting
(Fig. 31), (xvi) lead production (Fig. 32), (xvii) slag fuming
(Fig. 33), (xviii) PV cell manufacturing, use, and collec-
tion (Fig. 34), and (xix) PV cell recycling (Fig. 35). Note,
while there are hydrometallurgical processes to refine the
semiconductor material (CdTe), the unrefined material in the
sludges is recycled back to the existing metallurgical process
to produce pure cadmium and tellurium. These sludges are
introduced into the reduction stage of lead smelting, where
the cadmium reports mainly to the off-gas and the tellurium
reports to the bullion, after which it is recovered through
refining processes. The recovery of cadmium and tellurium
through lead smelting by introducing the unrefined semi-
conductor material must be cognizant of the fact that a high
concentration of tellurium in lead affects the production and
refining of lead. This highlights that the quantity and quality
of material fed to any smelter must be controlled to ensure
maximal resource efficiency. A flexible and economically
viable infrastructure is thus required to make the CE work.
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Material Recovery and Losses

The metallurgical infrastructure required to produce the
CdTe PV modules is capable of recovering to a large extent
(over 90%) metals such as silver, gold, zinc, copper, or cad-
mium as depicted in Fig. 4 [27]. Moreover, other metals
such as selenium or nickel could be produced in pure form if
further treatment is performed, e.g., processing of the nickel
sulfate produced during the electrolyte purification to pro-
duce pure nickel.

Elements such as aluminum, iron, magnesium, or silicon
form oxides that report to the slags; thus, they cannot be
recovered economically in pure form. Furthermore, some
elements, such as zinc and, to some extent, cobalt or lead,
are also entrained in the slag, which is the main source of
material losses of this system. These slags, if cleaned, can
be used as a construction material.

This reflects the necessity to have a metallurgical pro-
cessing infrastructure to process materials. It is of great
importance for policy to recognize that without the critical
metallurgical processing infrastructure, there is no basis for
recovering critical elements in a CE system; therefore, the
CE system breaks down.

Resource Consumption of the CdTe CE System
An exergy analysis of this CE system was performed by

using the dedicated tool of the simulation module of the
HSC software, HSC Sim [25]. All the processes composing
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Fig.4 Metal recovery flower showing the element recovery to slags,
i.e., Al, Fe, Mg, or Si, is generally not economically recoverable,
whereas Ni or Se is recovered as by-products through further treat-
ment. Sulfur is recovered as sulfuric acid, while the high recovery of
Hg is efficiently captured during the off-gas cleaning process as calo-
mel (Color figure online)

the CE system were grouped in subsystems and their exergy
dissipation was represented through the Sankey diagram
shown in Fig. 5. As depicted, every subsystem requires
entering resources, which some of them will be transformed
into products, as final or intermediate products, and others
will be irreversibly lost, represented by the irreversibility.
These losses include, for instance, metals entrained in the
slags or sulfur that cannot be totally recovered through the
sulfur capture plant. Therefore, even if the system is opti-
mized to recover as much material as possible and minimize
the residue production, a complete CE will not be achieved
as the Sankey diagram of this CdTe PV module example
shows.

As shown in Fig. 5, primary metallurgy accounts for large
resource consumption. Sulfide minerals have high chemical
exergy, e.g., 1534.4 kJ/mol of chalcopyrite vs. 134.3 kJ/mol
of metallic copper. However, this thermodynamic quality
is downgraded during the extractive metallurgy of these
minerals. Some of this exergy is used to supply heat to the
process, e.g., the smelting of chalcopyrite is exothermic,
while the rest is lost. However, the recycling of these met-
als is also resource consuming as the “Secondary Copper”
process shows. This exergy dissipation happens because the
thermodynamic quality of metallic copper is low. Therefore,
energy carriers must be used to counter this and perform
the recycling process. Additionally, the more impurities in
the copper feed, the more complex the secondary copper
flowsheet, increasing its exergy consumption.

Cadmium and tellurium are produced as by-products of
base metals such as copper, zinc, and lead, and they are
concentrated along their metal extraction and refining pro-
cesses. This makes the production processes of cadmium
and tellurium not very resource consuming as shown in
Fig. 5, where the “Tellurium Processing” and “Cadmium
Processing” subgroups have an irreversibility of 0.4 MW
and 1 MW, respectively, compared to 211 MW for primary
copper production. The same occurs for the precious metal
production, which demonstrates that producing gold, silver,
or platinum-group metals (PGMs) as by-products of copper,
lead, or zinc is not as resource consuming as extracting them
directly from gold or silver ores. However, in order to pro-
duce all these minor but technologically and economically
important metals, a base metals’ infrastructure is required.
Therefore, if the metallurgy of a base metal collapses, for
instance a production location must shut down because
of changes in market, or a base metal is banned, e.g. ban-
ning lead because it is a hazardous element, the dream of
having a CE or a more renewable energy supply could be
jeopardized [59]. This is due to the fact the metallurgical/
metal infrastructure required for the good performance of a
resource-efficient society would not be able to provide and
recycle the materials our society needs, or it could do it,
but at the cost of consuming more resources and causing a
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larger environmental impact, producing a rebound effect.
Therefore, any decision or optimization procedure of the CE
system must be evaluated through a systemic approach that
is capable of predicting their effects on the performance of
the entire system, as well as on its surroundings, i.e., society,
economy, and environment.

Furthermore, the idea that CE is the panache that trans-
forms the residues or end-of-life products into valuable prod-
ucts without any waste production or cost is erroneous, since
the required metallurgical infrastructure to “closing” the
loop has limits. Even if the system is optimized to recover
as much material as possible and minimize the residue pro-
duction as this CdTe PV module example, a complete CE
will not be achieved, a rather inconvenient truth. It will need
additional resource consumption, as some of these resources
will be inevitably lost as irreversibilities or residues of the
system as depicted in Fig. 6. For instance, the sulfuric acid
plant is required to remove the sulfur dioxide from the off-
gases and the secondary copper production is required to
recycle copper as well as metals such as silver, gold, or
platinum. These two processes or systems are key to a CE;
however, they have an inevitable irreversibility as shown in
Fig. 5. Note also the large exergy content of solutions, that,
if not well managed will create a large dissipation of exergy.

Optimal Processing Routes in the CE System:
Zinc Production

The inevitable resource losses happening in CE cannot
be eliminated as demonstrated for the CdTe PV mod-
ule life cycle. However, they can be reduced through the

organic
solutions

concentrate
feeds

fuels &
reductants

reagents,
electrolyte

-_—
I Product

Fig.6 The CdTe PV module entering resources are depicted as fuel
in blue, which are partially transformed into products, while some of
them are lost as residues (represented in purple) and others are irre-
versibly lost (orange fraction). The surface area in orange suggests

I Loss through wastes
I Loss through irreversibility

optimization of the system. One of the subsystems com-
posing the CdTe PV module CE system is the production
of zinc. 90% of the primary extraction of zinc is based on
the roast-leach-electrowinning (RLE) process, which is
shown in Fig. 7. In this technology, zinc sulfide concen-
trates are roasted to eliminate the sulfur, transforming the
feed material into an oxide form that will be leached through
the “Neutral Leach—NL” and “Weak Acid Leach—WAL”
stages. The zinc sulfate solution produced during the leach-
ing is purified to remove elements such as Cu, Cd, or Co,
before reporting to the electrowinning stage, where super
high-grade zinc cathodes are produced through electrowin-
ning [19, 48]. The tab at the bottom of Fig. 7 shows all the
interconnected zinc processing flowsheets, which include
(i) zinc concentrate splitting between RLE and DZS, (ii)
RLE flowsheet, (iii) zinc ferrite leaching and jarosite pre-
cipitation, (iv) electrolyte storage and distribution, (v) DZS
flowsheet, and (vi) material recoveries of the system.

Zinc ferrites (ZnFe,0,) are formed during the roasting of
the concentrate, requiring another leaching stage (or stages
depending on the plant configuration) under more acidic
conditions to leach the ferrites. This leaching stage dissolves
both zinc and iron. The dissolved iron must be eliminated
from the solution by precipitation as either jarosite, goethite,
or hematite. Two routes of zinc ferrite leaching, as well as
iron precipitation, are depicted in Fig. 8. These are the con-
ventional route, i.e., ferrite leaching and jarosite precipita-
tion, where lead and silver can be recovered as solid residue
prior to the iron removal, and the conversion process, where
the leaching of ferrites and iron precipitations happen in the
same operation. Lead and silver cannot be precipitated and
separated prior iron precipitation in the conversion process;

_— Exergy losses
/ through wastes:
/ 72 % heat & steam
16 % hazardous slags

11 % off-gases
1 % dusts

spent solutions
(may require
cleaning before
recirculation)
organic
solutions

that there is large dissipation of exergy, showing the rather poor per-
formance of the system, i.e., there is a limit to achieving circularity as
also revealed in Fig. 5 (Color figure online)
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thus, these are lost in the jarosite residue. These iron resi-
dues have to be stabilized and ponded well to avoid environ-
mental risks. Furthermore, the iron precipitate includes tech-
nologically valuable metals such as indium or germanium,
which are lost if the residue is landfilled [19].

Several options to avoid producing an iron precipitate
exist. The ferrites may be treated in a Waelz kiln process or
in a lead smelter with a zinc fumer, where the remaining zinc
was recovered as zinc oxide fume that is recirculated to the
leaching plant. The iron reports to the slag of this process
in a stable, high density, and dry form. However, this pro-
cess can produce a slag with a high base-metal content, e.g.,
0.2-0.4% of Pb, which does not meet the elution criteria for
environmental disposal [19].

The direct zinc smelting process (DZS) depicted in Fig. 9
is another option to reduce the generation of the iron precipi-
tate during the RLE process [20]. In this processing route,
zinc oxide dust is produced through a pyrometallurgical
flowsheet where two main processes are performed, viz.
(i) concentrate smelting and (ii) zinc fuming through slag
reduction to clean the slag. In the first stage, the concentrate
is smelted to remove the sulfur as sulfur dioxide through
the off-gases and generate a slag. During this stage, ele-
ments such as Zn, Pb, Ag, In, or Ge are fumed and collected
as oxide dust. In the second stage, the slag is cleaned and
zinc is fumed, along with Cd, Sb, or Ge to produce a clean
iron-rich slag containing 2-3% of Zn. This step is included
to further clean the slag so that in better complies with the
quality constraints of construction material. This, however,
requires an additional consumption of resources (mainly
reductants). Additionally, reducing the zinc content in the
final slag to significantly below 1% would imply the reduc-
tion of iron, which will then collect various other elements
due to the strong reducing conditions. This “dirty” iron alloy
can then be used somewhere else in the depicted non-ferrous
flowsheets depicted in “Appendix’ section, e.g., as a reduc-
ing agent for Fe** to Fe’* to control magnetite formation
in the slag. If the DZS is integrated with an RLE plant, the
iron residue produced during the RLE can be fed to the DZS
smelting stage to control its slag chemistry, while the zinc
oxide-rich dust can be leached in the neutral and weak acid
leach stages of the RLE. This would free land occupied by
residue dumps and recover co-precipitated elements dur-
ing jarosite process such as indium and germanium. This
option would extend the life of the current RLE plants [20]
as jarosite dumping is minimized. Recent industrial trails
[60] have shown that >90% of zinc is already recovered
during the smelting stage. However, the resource consump-
tion, material recovery and losses, environmental impact,
and residue production of this circular action must be care-
fully evaluated so that the resource efficiency of the system
can be assessed objectively. Therefore, the methodology pre-
sented in this paper was applied to this case to find the most

@ Springer

resource-efficient option to reduce or eliminate the genera-
tion of iron-rich precipitates during the primary production
of zinc.

Simulation of the RLE-DZS System

An integrated RLE-DZS system has been modeled with
the simulation platform HSC Sim. This sub-model of the
PV model is composed of 58 unit operations, 222 streams,
and over 20 elements (and all compounds), whose main
flowsheets are depicted in Figs. 7, 8, and 9. The input of
the process is an average zinc concentrate with a flow rate
of 60 t/h, which is composed of 51% Zn, 5% Fe, 3% Pb and
minor elements such as silver, indium, germanium, or arse-
nic in their average concentration in zinc concentrates, while
its water content is 5%. The zinc concentrate is split between
the RLE and the DZS flowsheets and the ratio is varied
between 100% RLE-0% DZS to 0% RLE-100% DZS in six
different scenarios to evaluate how it affects the resource
efficiency of this preventive alternative. The jarosite (sodium
and potassium jarosites) produced is fed to the DZS to dilute
the zinc oxide in the smelting slag, while the dust collected
in the DZS flowsheet is recirculated back to the RLE to be
leached. Furthermore, two 100% DZS cases with different
operation parameters are considered. The fuming of the zinc
ferrites and the pyrometallurgical treatment of jarosite have
been also considered as they are not preventive solutions to
avoid the generation of jarosite, but reactive, i.e., the jarosite
is generated and then treated.

Material Losses, Metal Recoveries, and Residue
Production of the Evaluated Scenarios

In the 100% RLE scenario considered, metals such as
indium, germanium, or antimony report to the jarosite resi-
due, and thus they are lost. Additionally, as the jarosite is not
treated, total recovery of lead, silver, or zinc is lower since
these metals contained in the jarosite are landfilled. Usually,
the total recovery of these three elements in a 100% RLE
scenario is over 90% (99% in the case of zinc), as shown in
Fig. 10. Furthermore, metals as cobalt, nickel, or cadmium
are recovered during the purification of the electrolyte, as
well as the calcium as gypsum, which is filtered and washed
to ensure its safe disposal.

If the concentrate is split equally between RLE and DZS
and the jarosite residue is fed to the DZS process, the recov-
eries of zinc, lead, or silver increase since they are collected
through the smelting and reduction dust. Additionally, as
the dust is leached again in the RLE plant, it increases the
concentration of the germanium and indium into the jarosite
residue fraction that is not treated in the DZS; thus, it is
more suitable for the recovery of these technological metals.
However, during DZS, elements such as cobalt or nickel go
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Fig. 10 Metal recovery flowers showing the recovery rates of differ-
ent elements considered in the simulation model, both in pure or in
a by-product form. Three different configurations of the integrated
RLE-DZS are depicted: (i) 100% of the concentrate going to the
RLE, (ii) concentrate splits equally between RLE and DZS, where

to the slag and they are lost since they are too diluted in the
slag. Therefore, the cobalt and nickel introduced to the DZS
flowsheet will likely be lost, reducing the recovery rates of
the entire system for these metals. These elements follow the
same trend when a 100% DZS scenario is studied, as shown
in Fig. 10. Metals such as indium, silver, and germanium can
be recovered while nickel and cobalt may be lost in the clean
slag of the DZS flowsheet. The performance of cadmium is
independent on the processing route since it is recovered
through the fumes in the DZS. As the cadmium is leached
with zinc in the neutral leaching stage, it is recovered along
the solution purification.

The integration of the DZS and RLE transforms the
problematic hydrometallurgical iron precipitate into a clean
disposable slag that may be used as construction material.
Through this integration, the clean slag becomes a valuable
product for the plant, while freeing landfill space around
zinc smelters, which would help to improve the society’s
perception of zinc metallurgy.

Resource Consumption Evaluated Through
the Exergy Dissipation of the Ten Scenarios

The integrated RLE-DZS system simulation model for
zinc production provides also the exergy values of all the
streams composing the flowsheet. With the exergy values
of the flows and the thermoeconomics tool of HSC Sim, the
resource consumption of 10 scenarios has been evaluated
and depicted in Fig. 11.

The base case, i.e., the current operation of the zinc smelt-
ers (100% RLE), and the five scenarios varying the fraction
of concentrate introduced to the DZS flowsheet are depicted
in Fig. 11a. The DZS operation parameters of these five DZS
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the jarosite residue is partially fed to the DZS flowsheet to control the
slag chemistry, and (iii) 100% DZS, where zinc dust is produced and
leached in neutral and weak acid leach stages of the RLE and iron
reports mainly to slag (Color figure online)

scenarios are defined according to Hoang et al. [20] with
an oxygen enrichment of 60%, which reports zinc fuming
rates of 62% in the smelting stage. However, improved zinc
fuming rates have been recently estimated during the smelt-
ing stage of the DZS on a commercial scale in one plant
located in China, where 93% of the zinc is fumed during
this stage [60]. Therefore, a 100% DZS scenario consider-
ing these fuming rates has been also evaluated (“0 RLE-100
DZS (Smelt.)” scenario), as well as a scenario where no
oxygen enrichment was considered (“0 RLE-100 DZS (No
02 Enr.)”). The other two scenarios, whose resource con-
sumption is depicted in Fig. 11b, correspond to (i) roasting,
neutral leaching (R + NL), and ferrite fuming to extract the
zinc of the ferrites as an iron-free zinc dust and (ii) jarosite
treatment through smelting and reduction stages for material
recovery and the conversion of the residue into a slag that,
if the composition complies the specifications, can be used
as building material [61].

The lowest resource consumption, by a very narrow mar-
gin, appears during the base case (“100 RLE-0 DZS”) since
the electrolyte of the RLE flowsheet can be reused, while the
reducing agents and energy carriers required to perform the
smelting and reduction stages of the DZS are irreversibly
lost, representing a large exergy dissipation. However, the
total resource consumption of a 100% DZS scenario with
an oxygen enrichment of 60% and the zinc fuming rates of
the smelting stage reported by Wood et al. [60] (93% of Zn
fumed in smelting), i.e., the “O RLE-100 DZS (Smelt.)”
scenario, is just slightly higher. The resources required to
operate the DZS flowsheet are compensated with the lower
resources consumed in the RLE since the roasting, hot acid
leaching, and iron precipitation stages are eliminated. The
high oxygen enrichment DZS has the additional advantage



Journal of Sustainable Metallurgy (2020) 6:34-67

49

350000

300000

250000

200000

150000

kW (Exergy)

100000

50000

350000

300000

250000

200000

150000

kW (Exergy)

100000

50000

Fig. 11 Resource consumption depicted as exergy dissipation for
10 different cases for the jarosite residue treatment produced during
RLE. “100 RLE — 0 DZS” is the reference case. a The exergy dis-
sipation from a 100% RLE scenario to 100% DZS. b The resource
consumption associated to the treatment of jarosite and the fuming of
ferrites, as well as two 100% DZS scenarios with different operation
parameters from the DZS cases represented in a. Resource consump-
tion allocated to the hydrometallurgical route, i.e., RLE, is repre-
sented as a solid blue color. Exergy dissipation allocated to the pyro-
metallurgical flowsheet, i.e., DZS and pyrometallurgical treatment of
RLE residues, is depicted as striped-red (Color figure online)

that exergy dissipation can be balanced between hydro- and
pyrometallurgical operation, and the RLE route is much
more limited in this regard.

Furthermore, if the zinc fuming rates of the DZS plant
are the expected by Hoang et al. [20] (63% of Zn fumed
during smelting), the resource consumption will follow an
increasing linear tendency when the quantity of concentrate
treated during DZS increases, as shown in Fig. 11a for the
cases 2—6. The reason is that the zinc concentration in the

smelting slag must be diluted by recirculating clean slag
and feeding iron residues to the smelter, which increases the
quantity of material circulating along the DZS flowsheet;
thus, the energy requirements are larger. However, if more
zinc is fumed in the smelting stage as happens in case 9,
the zinc content in the smelting slag will be below 25%;
thus, no slag recirculation will be required, which implies
that the material quantity entering the furnace is lower, and
hence the energy carrier and reductant required decrease.
Furthermore, the use of oxygen-enriched (Enr.) air in DZS
reduces the resource consumption as the quantity of nitrogen
introduced to the furnace decreases, as the “0 RLE-100 DZS
(No O, Enr.)” shows.

When the jarosite precipitation process is avoided through
the zinc fuming of the ferrites (“100 R + NL + Ferrites
Fuming” scenario), i.e., the zinc ferrites are treated in a
fumer instead of leaching them in the hot acid leach, its
resource consumption is comparable to treating 80% of the
concentrate in a DZS flowsheet. The reason for this high
resource consumption is that the zinc ferrites would be
fumed together with the lead-silver residue precipitated,
increasing the amount of material to fume. This action would
also increase the lead circulation load since the lead—silver
residue where lead reports is not produced. Therefore, the
lower resource consumption of the hydrometallurgical route
for the treatment of the ferrites, i.e., the base case, is one
of the reasons why zinc ferrite fuming fell from favor after
the new hydrometallurgical methods to leach the ferrites
and precipitate the iron were successfully applied, since the
pyrometallurgical process required to fume the zinc of the
ferrites is removed.

Another good option would be the pyrometallurgical
treatment of the jarosite residue produced during the RLE
(i.e., case 7), as depicted in Fig. 11. This option would con-
vert the jarosite residue into a cleaned slag, which could
be reusable depending on its characteristics and composi-
tion, and elements such as indium, germanium, or antimony
would be fumed, as well as the co-precipitated zinc and lead.
Obviously, these extra jarosite smelting and reduction stages
would require extra resource consumption; however, it is
not as high as the other options evaluated. This is because
the jarosite smelting stage would not need a slag recircula-
tion to control the zinc oxide content in the smelting slag
since the zinc content in the jarosite is low enough to avoid
problems associated to a high viscous slag. Therefore, the
quantity of energy carrier and reductant required to perform
the smelting would decrease since the amount of material to
be treated would be lower in comparison to the one treated
during DZS or ferrite fuming.
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Emissions and Environmental Impact Associated
with the Primary Production of Zinc

The environmental impacts of the studied RLE-DZS sys-
tem have been obtained through the connection between the
simulation platform and the LCA software GaBi. Several
indicators can be obtained through the LCA; however, the
global warming potential (GWP), measured in kg of CO,
equivalent, will be discussed in this case. The GWP fol-
lows the same trend that the resource consumption explained
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Fig. 12 Global Warming Potential (GWP) represented as kg of CO,
equivalent, for the 10 studied scenarios. The solid-yellow part repre-
sents the CO, emissions associated to the RLE process, which come
mostly from the production of electricity required to electrowinning
the zinc from the solution (electricity mix from China chosen for this
study as representative zinc producer). The striped-red area repre-
sents the emissions related to the production of the metallurgical coke
required for the pyrometallurgical operations, while the plaid-green
part shows the CO, emissions produced in the pyrometallurgical
flowsheet, both during DZS or pyrometallurgical treatment of RLE
residues (Color figure online)
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before, as depicted in Fig. 12. The CO, emissions associated
with the RLE flowsheet come mainly from the production
of electricity required during the zinc electrowinning. It is
the same for all the cases since the amount of zinc cathodes
produced is the same (30 t/h). However, the CO, emissions
increase with the use of the DZS technology due to the use
of fuels as energy carriers and reductants. Despite the need
of a roasting stage during the RLE, the lower temperatures
required and the lower quantity of input material in compari-
son with the smelting stage of the DZS (due to the require-
ment of controlling the slag chemistry) make the consump-
tion of fuel of the RLE considerably lower; thus, the CO,
emissions of the 100% RLE case because of the concentrate
roasting are small.

The pyrometallurgical treatment of jarosite appears as the
best alternative to the RLE in terms of GWP, since the emis-
sions associated to the direct fuming of the zinc ferrites are
considerable because of the fuel and reductant requirements
for the fuming process. However, improved zinc fuming
rates during DZS and oxygen enrichment make the differ-
ence to the pyrometallurgical treatment of jarosite smaller.

Selection of the most resource-efficient

alternative and its effect of the CE on sustainable
development—social, environmental, and economic
impacts

Although the 100% DZS with high zinc fuming rates (sce-
nario 9) is the best option from the point of view of resource
consumption, elements such as cobalt or nickel would not be
recovered as they would be mainly captured by the slag, and
thus they would be lost. Additionally, CO, emissions would
increase in comparison with the base case. For these reasons,
a 100% RLE followed by a pyrometallurgical treatment of
the jarosite residue would be the most suitable option to
avoid the generation of a wet hydrometallurgical residue.
An existing RLE plant and the infrastructure required for the
DZS could create this integrated system, with the difference
of, instead of splitting the concentrate and feeding it to the
DZS, only the produced jarosite residue would be fed to the
pyrometallurgical flowsheet; thus, the concentrate would be
entirely fed to the RLE flowsheet (scenario “100 RLE +
jarosite treatment”).

In terms of material recovery, elements co-precipitated
with the jarosite residue, e.g., indium, germanium, or anti-
mony, could be recovered through the fumes generated dur-
ing the pyrometallurgical treatment of the jarosite, if these
were not recovered during the typical RLE operations. Addi-
tionally, the copper, cobalt, nickel, cadmium, and lead—sil-
ver residues would be still produced; thus, the recovery of
these elements through further treatment would be possible.
Therefore, the material recovery would improve with respect
to the base scenario, while in addition the jarosite residue is
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converted into a clean slag with the potential of being com-
mercialized as a construction material.

Obviously, the resource consumption of the integrated
system would increase in comparison to the base case
and the high-fuming DZS. The reason is simple, the 2LT
dictates that every extra process performed will require
extra resources to be used or destroyed. However, the
extra resources required to conduct this pyrometallurgical
treatment are not much larger than the options shown in
Fig. 11. Furthermore, the same occurs with the GWP of
the integrated system. An increase in the CO, emissions is
expected when the system is integrated because of the fuel
and reductant required for the thermal treatment; however,
the CO, emissions of this scenario are the lowest of all the
considered options.

The proposed alternatives must fit into the CE society
depicted in Fig. 1 in a way that sustainable development is
guaranteed when they are applied. Sustainable development
is based on keeping the balance between social, environmen-
tal, and economic sustainability. For this reason, the effects
of the CE solutions for the reduction of iron-rich precipitate
during hydrometallurgical zinc production on these three
pillars are discussed, with a few examples on how the impact
of some factors affecting them can be quantified.

Effects on Society

As mentioned before, the hydrometallurgical production of
zinc generates around 0.5 to 1 t of jarosite per ton of zinc
produced, which must be landfilled. Therefore, the prob-
lems related to this residue production could affect this
social welfare due to large landfill areas required for the
disposal of this residue. This fact affects especially the com-
munities living next to the places where the jarosite pond is
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Fig. 13 Normalized value of iron removed as slag (highest density
and land freeing) with respect to the best-case scenario, i.e., 100%
iron removed as slag during 100% DZS operation. This indicator can
be used to discuss how the land is freed up, being 100% the best case.

situated, generating a “not in my backyard NIMBY” effect
as it happens with other projects such as landfill sites or
incineration plants [62, 63]. Therefore, the social acceptance
for the jarosite volume increase in ponds may be jeopard-
ized. Reducing pond volume and creating high-density and
dry slag from jarosite, which is suitable for safe disposal,
or even as a building material if the slag is clean enough,
is a positive development for the society, helping the zinc
industry to get the “social license to operate” over the years
[64]. This can be confirmed by linking the simulation-based
indicators obtained to, for example, land use reduction. As
a proxy, the iron removal as slag is studied and normal-
ized with respect to the best scenario, i.e., 100% of the iron
removed through a slag (represents the highest density and
cleanest of products); the deviations of each of the 10 sce-
narios evaluated with respect to the ideal case to freeing
up land can be obtained, as represented in Fig. 13. In sum-
mary, this means, 0% is the worst scenario, i.e., all the iron
is disposed off as jarosite as it happens during a 100% RLE
case; and 100% the best one, where all the iron is removed
as slag, which may find an application as a building mate-
rial. As shown in Fig. 13, the more concentrate is treated
in the DZS flowsheet, the more land will be released. This
relationship is not linear since the quantity of iron removed
as slag depends on several factors such as the concentrate
feed ratio or the quantity of jarosite the DZS flowsheet can
treat (the lower concentrate feed to DZS, the lower jarosite
can be treated since the DZS facilities would be smaller). In
the same way, the ferrite fuming and jarosite treatment cases
do not require a large land use since the iron is transformed
into a clean slag through these two alternatives.
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Green represents the pyrometallurgical treatment of jarosite, while
yellow depicts the iron removed as slag during DZS, whose values
are the maximum (Color figure online)
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Effects on the Environment

Besides the social benefits of reducing the land use dis-
cussed in the previous section, clearing up land also avoids
potential environmental issues, e.g., pond failures or metal
emissions to the environment. Therefore, it entails a synergy
between society and the environment. However, the resource
consumption, mainly energy resources as coal or pet coke,
and the GWP associated with this new configuration for the
zinc smelters increases. Therefore, this supposes a trade-
off that the environment must accept if the production of
jarosite wants to be eliminated. For this reason, a quantita-
tive evaluation of factors affecting the environmental sus-
tainability of the system can be also done in the same way
that the land use indicator used to start discussing the social
impacts. In this case, the resource consumption increases
in every alternative evaluated. Therefore, by normalizing

the resource consumption with respect to the base scenario,
i.e., dividing the exergy dissipation of the base case by the
exergy dissipation of every case, an indicator of how close
the alternative is to the minimum exergy dissipation, on a
scale from 0 to 100%, can be obtained as represented in
Fig. 14. As the results show, the 100% DZS with high zinc
fuming rate alternative (represented in yellow) accounts for
the lowest resource consumption within the alternatives to
the RLE. The largest resource consumption, as discussed
before, happens when the DZS is operated without oxygen
enrichment, while the pyrometallurgical treatment of jarosite
accounts for the second-lowest resource consumption within
the alternatives.

Another indicator of the effects of the system on the
environment is the CO, emissions. As done with the exergy
indicator, the CO, emissions of the system can be normal-
ized with respect to the 100% RLE scenario, which accounts

> 100%
Do 9%
28  8ou
w o o°
‘;’ig 70%
EB )
So 5%
TE 40%
N7 30%
© o>
£  20%
6%  10%
= 0%
s s s . :
) 2_2007’ E,A0°7’ €,60°7’ 90O _0001 os\e“ea wes© pu ” gree) e g e
N z\%“” DO BT 0BT oRET e e a0 o
AT R g o®F e
! N

Fig. 14 Normalized value of resource consumption, measured by
exergy dissipation, with respect to the minimum resource consump-
tion value. The closer to 100%, the lower resource consumption. Red
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represents the base case, green the pyrometallurgical treatment of the
jarosite, and yellow the DZS with high zinc fuming rates (Color fig-
ure online)
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Fig. 15 Normalized value CO, emissions with respect to the mini-
mum emission value, which happens in the base case. The closer to
100%, the lower CO, emission of the alternative; red represents the
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base case, green the pyrometallurgical treatment of the jarosite, and
yellow the DZS with high zinc fuming rates (Color figure online)
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for the lowest CO, emissions of all the cases, as explained
before. The results of Fig. 15 show that the alternative that
is closer to the minimum of CO, emissions is the pyrometal-
lurgical treatment of the jarosite with a deviation of 9% on
its relative value with respect to the minimum CO, emission
(best case represented as 100%) as depicted by the green bar.

Effects on Economics

The pyrometallurgical treatment of the jarosite residues
would imply an investment by the RLE plants. Even if the
smelting and reduction stages can be performed in one
reactor, if it permits a flexible operation in oxidizing and
reducing conditions, e.g., top submerged lance technology,
the investment on the furnace and the peripheral equipment
required, i.e., off-gas treatment, dust filters or slag granula-
tion, would be considerable. Additionally, larger operational
costs are expected since the larger resource consumption is
required, whose normalized value with respect to the mini-
mum has been depicted in Fig. 14 and discussed previously.
Therefore, these economic requirements for the operation of
the CE action imply that a compromise between cost/benefit
must be achieved to guarantee the economic sustainability
of the selected CE action.

The economic benefits of this circular option include that
the products of the RLE plant would increase, e.g., germa-
nium and indium-rich dust or a potentially marketable slag
if it is cleaned enough. Furthermore, the problems related to
the jarosite landfilling and its cost would be avoided, which
can also suppose an economic saving and a more circular
and environmentally friendly image for the smelter. This is
very important for RLE plants located in countries where
the restrictions on residue landfilling are strict or the space
available for residue deposition is small, since they could
keep operating if the legislation for residue production or
landfilling becomes more restrictive, e.g., the Directive
2018/851 on waste of the European Union, which suggest
the state members restrictions or economic penalties for the
landfill of waste [65]. This must be confirmed through a
CAPEX/OPEX analysis so that all the factors affecting the
economics of the solution are considered, e.g., metal prices,
downstream refining costs, or avoided landfilled costs. A
CAPEX/OPEX analysis is outside the objective of the paper.

Sustainability of the DZS and Pyrometallurgical
Treatment of Jarosite Solutions

The factors affecting society, environment, and economics,
which are quantified by normalization as shown in Figs. 13,
14, and 15 can now be gathered together to evaluate the sus-
tainability of the options selected to deal with the reduction
of residues during zinc production. There may be factors
affecting several pillars at the same time, e.g., diminishing

water use by industries may affect positively the society
in regions where water resources are scarce as well as it
prevents the risk that aquatic ecosystems are affected by
industrial practices, i.e., having a beneficial impact for the
environment too. If the impacts on the three dimensions of
sustainability of the two best options from a resource effi-
ciency and environmental impact point of view are evalu-
ated, i.e., DZS operated with oxygen enrichment and achiev-
ing high fuming rates and the pyrometallurgical treatment
of jarosite, positive impacts are obtained. In terms of social
impacts, both options minimize the generation of jarosite
as shown in Fig. 14, and thus the growth of jarosite ponds
is avoided. However, the pyrometallurgical treatment of
jarosite has a more positive impact on the environment than
the DZS because of the higher CO, emissions, at the cost
of expending more resources. However, the impact of the
CO, emissions is more negative than the extra resources
that must be consumed; thus, the best option that guarantees
a better sustainable development is the pyrometallurgical
treatment of jarosite. Obviously, this is a case to show how
the indicators provided by the simulation can be used to start
quantifying and discussing the sustainability of the different
CE solutions, and thus more factors affecting to every pillar
of sustainability must be evaluated to perform a rigorous
evaluation, e.g., water use, CAPEX/OPEX, and more envi-
ronmental impact indicators.

Conclusions

A CE society needs a capable and agile metallurgical infra-
structure to “close” the material loop; in short, the metallur-
gical infrastructure is the key driver [66]. While CE thinking
is key to resolving the fact that our society lives on a finite
planet, it has been clearly quantified in this paper that the
ubiquitous material/metallurgical system associated with a
CE has material and energy losses, consumes resources, and
produces secondary and tertiary residues; thus, the CE has
clear limits. These limits must be quantified to inform soci-
ety and policy so that the ideals of the CE can be realistically
achieved in a sustainable manner.

This paper shows how to quantify these limits by develop-
ing a detailed large-scale flowsheet of the CE system. The
mapping of the system with a process simulation platform
is a good option since process engineering and the resources
consumed, produced, lost, or exchanged between all the
actors of the CE system, including all their thermochemical
data, can be defined. This platform predicts and shows all
material recovery and losses, residue generation, resource
consumption, and environmental impact. On this basis,
alternatives to move the system towards a more CE can be
evaluated and selected to guide policy to improve resource
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efficiency in the best possible way to achieve circularity, i.e.,
guarantying a sustainable development.

The paper shows firstly how very large CE systems can
be evaluated to find their resource efficiency limits and then
how these limits can be optimized by using the simulation-
based methodology explained in this paper:

e Resource efficiency quantification of the CdTe CE sys-
tem: The zinc, lead, and copper base-metal infrastruc-
tures are required since elements such as cadmium and
tellurium are produced as by-products of this metallurgi-
cal infrastructure and applied in the CdTe infrastructure.
Manufacturing and recycling infrastructures are also
required to produce the panels from these metals and
recycling them to produce cadmium and tellurium at the
end-of-life of the solar panels. This complex infrastruc-
ture for the CE of the CdTe PV modules was simulated
using the systemic approach explained in this paper.
This example shows uniquely the exergy dissipation,
thus the non-ideality, of this complex CE system linking
energy and resources between 223 unit operations, fur-
naces, manufacturing, etc. through 869 flows and around
30 different elements and all their compounds. It is the

largest such model existing to show how to simulate a
complete CE system for a product. It is clear that from
all the resources required only a part is transformed into
products as shown in Fig. 6, the losses are significant.
Much of the resources are transformed into residues,
which generate an environmental impact that could be
calculated in the same way it was done for the zinc pro-
duction case, while some of them are irreversibly lost.
The CdTe example shows that the effect of the 2LT on
the CE systems can be studied to find the limits of new
products and renewable energy infrastructure. A unique
Sankey diagram shows the true exergy dissipation of the
system summarized by the losses depicted in Fig. 5.

e Resource efficiency optimization in zinc production:
Through the simulation of the problem, a good basis to
evaluate and optimize the material losses, residue produc-
tion, environmental impact, and resource consumption of
the current RLE for the zinc production was obtained.
Obviously, the reduction of the volume of residue, e.g.,
as a clean slag plays an important role. The results clearly
show which routes would be best to clear up land as effi-
ciently as possible, i.e., diminishing the ponding volume.
To arrive at this result, several options to understand CE
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material, and mobility infrastructures/grids for maximizing the
resource-efficient performance of circular society. A smart and adap-
tive metal and material production, processing, and recycling infra-
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structure are central to “fueling” the materials needs of the renewable
energy infrastructure of society while minimizing residues production
[9] (Color figure online)
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scenario were simulated, and the best option was selected
from resource efficiency and an environmental impact
point of view. The selected alternative was the integration
of the RLE flowsheet with the pyrometallurgical treat-
ment of the iron-rich precipitate through smelting and
reduction stages to recover the valuable co-precipitated
metals and convert the residue into a benign slag, which
could be marketable for construction applications. It can
be concluded from this analysis that the integration of a
pyrometallurgical treatment with the RLE flowsheets of
the current zinc production plants ensures social sustain-
ability since it affects society positively due to the low
land use required to landfill residues. However, it must
be considered that an increase in resource consumption
and CO, emission would appear. Therefore, a trade-off
between land freeing and environmental sustainability
will happen.

In summary, this paper demonstrates that the 2LT can be
used to quantify the limits of our CE society. Mapping the
CE system as reflected in Fig. 16 through system simulation
platforms provides a rigorous quantification of its material
losses, residues produced, the environmental impact associ-
ated, and resource consumption. This is key to understand-
ing the economics and efficiency as well as limits of the
CE system. The complex interactions shown in Fig. 16 can
only be done if its Smart Materials Grid is evaluated in the
manner shown in this paper while also linking the simula-
tion models to the water and energy systems. The complex
models in this paper show that this can be done to the depth
of evaluating the total exergy dissipation while also being
able to understand all the other usual impacts based on the
shown rigorous simulation platform.

Central to making all of this work is a smart and adaptive
metallurgical processing infrastructure as shown by all the
flowsheets in this paper. Showing how to create a digital twin
of a very large CE system to evaluate this infrastructure is a

key contribution of this paper. Protecting this metallurgical
and therefore critical processing infrastructure is thus a key
to realizing a circular society, the key message of this paper
[59]; just discussing the criticality of elements is not good
enough. We need to understand how sustainable metallurgy
and its infrastructure drives the CE system to its maximum
resource efficiency and therefore to its lowest exergy dissipa-
tion. This paper shows that this can be done, therefore linking
resources and their mineral compositions to product design
and their composition and their subsequent recycling, there-
fore true geometallurgy enabling sustainable metallurgy!
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Fig. 17 Primary copper flowsheet located in the ta

Gas Cleaning - Cu

Gas Mixer Dust FSF #3 Recycled Dust FSF

118 Dust HRB FSF | | 123 Dust ESP FSF

Gas HRB FSF Gas ESP FSF

47. Oft-gas FSF
48_Dust FSF

119. Off-gas FSF AC
- 122, Cleaned Off-gas
©120. Dust FSF AC i

121. EC ESP FSF
117. Steam FSF to PP

116. Water HRB FSF
Gas Pump HRB FSF
118,

Heat Loss ESP FSF

nergy PHRB FSF'

114, Water PHRB FSF

138: Dust KRB AF 142. Dust ESP Anode Fumace

Gas ESP AF
77.Oft-gas S removal -

o 76.Dust S removal
84. Off-gas O removal

o 85 DustOremoval

139. Off-gas HRB AF Cooled

143. Off-gas ESP AF
140. Dust HRB AF Cooled 4

141. ECESP AF
137. Steam AF to PP

136 Water HRB AF Heat Loss ESP AF

Gas Pump HRB Al
135 Energy PHRB AF

134, Water PHRB AF

o

88. Air Launders AF - AC

rs‘ Off-gas Launders AF - AC
——
87. NG Launders AF - AC

90. Copper Anode to AC
Cu1 Launders AF - AC

92. Rejected Anodes

Cu1 Anode Casting - PCu

Electrity coniumpuon ER

AA
91. Water AC 94. Casted Anode. l
|

95. Electrolyte to ER @

Heatloss -ER
‘.-..Jh.d o

Cu1 Electrorefinlng plant - PCu

93. Steam AC to Ems

of the simulation pane in Fig. 3 (Color figure online)

42. Recycled Dust PS
Gas Mixer Dust P!

128 Dust HRB PS, |

5P PS

Gas HRB PS
129. Off-gas HRB PS Cooled

59.DustPSSF -
°760. Off-gas PS SF
66_Off-gas PS CM

67. Dust PSCM

132. Off-gas to Treatment PS

= 130. Dust HRB PS Cooled

131.ECESPPS

Heat Loss ESP PS

127. Steam PS to PP
126. Water HRB PS
Gas Pump HRB PS._
125, Energy PHRE PS
124. Water PHRB PS
Gas Mixer DustEP!s! fom EF to Leaching

HL Mixer Dust |

149. Dust HRB EF
148 Air - HRB EF:
104. Offgas EF
mal o Gas HRB

146. Water HRB EF’

1]

154. Dust ESP EF

150 Off-gas HRB EF Cooled

153. Off-gas ESP EF
N 151. Dust HRB EF Cooled =

°
Heat Loss ESP EF 152. ECESPEF
147. Steam EF to PP

Gas Pump HRB EF

145 Energy PHRB EF
144. Water PHRB EF

Fig. 18 Gas cleaning flowsheet of primary copper production located in tab “ii”” of the simulation pane (Color figure online)
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Fig. 19 Electric reduction furnace flowsheet located in tab “iii” of the simulation pane (Color figure online)
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Cu/Co Solvent Extraction
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Fig.20 Copper/cobalt—nickel solvent extraction flowsheet located in tab “iv”’ of the simulation pane (Color figure online)
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Fig.21 Cobalt/nickel solvent extraction flowsheet located in tab “v” of the simulation pane (Color figure online)
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Fig. 22 Precious metals’ recovery flowsheet located in tab “vi” of the simulation pane (Color figure online)
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Fig. 23 Tellurium production flowsheet located in tab “vii” of the simulation pane (Color figure online)
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Fig. 24 Energy production
flowsheet located in tab “viii”
of the simulation pane (Color
figure online)
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Fig. 25 Sulfur capture flowsheet located in tab “ix” of the simulation pane (Color figure online)
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Fig.26 Oxygen production
flowsheet located in tab “x”
of the simulation pane (Color
figure online)
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Fig. 27 Electrolyte cleaning flowsheet located in tab “xi” of the simulation pane (Color figure online)
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Fig. 28 Secondary copper flowsheet located in tab “xii” of the simulation pane (Color figure online)
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Fig. 29 Roast-leach-electrowinning flowsheet located in tab “xiii” of the simulation pane (Color figure online)
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Fig. 30 Jarosite precipitation and cadmium purification flowsheets located in tab “xiv” of the simulation pane (Color figure online)
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Fig. 31 Direct zinc smelting flowsheet located in tab “xv” of the simulation pane (Color figure online)
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