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Abstract

In recent decades Europe has been increasing its demand and consumption of electronics. This has
in turn resulted in major outflows of waste electronics (WEEE) that are usually not properly dealt with.
This is especially the case for low to medium grade printed circuit boards (PCBs) which unlike higher
grade electronics such as computers are currently not profitable to recycle. Therefore this thesis, as
a part of the Peacoc project, investigated the low energy separation methods roll sorting, magnetic
separation and magnetic density separation to concentrate the precious and critical metals found in the
components of these discarded PCBs. The resulting secondary material flows were then evaluated on
their impact in the EU from a material and energetical perspective.

The roll sorter was able to significantly increase the concentrations of the precious metal rich target
components (Central processing units, IC chips and transistors, MLCC + Ta capacitors, Small transis-
tors and IC chips andConnectors of plastic with golden pins). The machine sorted the feed into multiple
width sizes (< 3.0, 3.0 - 5.0, 5.0 - 7.0 and > 7.0 mm) of which all except > 7.0 were used for further
processing, increasing the overall grade from 18.66 to 42.61 wt%. This was further increased by the
magnetic separator (lightly and non magnetic fractions for < 3.0 mm and only the non magnetic fraction
for 3.0 - 7.0 mm) to 53.69 wt% and magnetic density separation (only for non magnetic 5.0 - 7.0 mm)
to 66.23 wt%. Recovery for all target categories was near 100% with the exception of Connectors of
plastic with golden pins as these were too large for the roll sorter to sort.

The thesis also took a broader approach by employing a dynamicmaterial flow analysis to determine the
low tomedium grade PCBs and their accompanying preciousmetal flows in the EU. The expectedmetal
flows were low (∼4%) compared to the EU’s overall demand in 2020 and expected to decrease over the
years due to miniaturisation (decreasing size and weight) of the components. Furthermore, only around
36.68 wt% of the maximum precious metal flows were expected to be captured due to low collection
rates of WEEE and small loses in separation and metallurgical recovery. Nonetheless, a sizeable
fraction of the EU’s electronics sector’s demand (over 10%) could be supplied. These results were
confirmed by modelling different future scenarios, a Monte-Carlo uncertainty and sensitivity analysis of
the model.

Lastly, the thesis explored the topic of critical raw materials (CRMs) and the direct energy requirements
of Peacoc’s recovery system. It was found that beryllium, antimony, platinum and palladium were the
only CRMs that had any significant potential to supply the EU (9.13% for beryllium, 1.58% for antimony,
1.32% for platinum and 4.02% for palladium). If only looking at the electronics sector this was also the
case for cobalt and vanadium. The newly captured secondary precious metals were shown to require
significantly less energy to produce, around an order of magnitude, compared to primary production
but were similar to other recycling pathways. Furthermore, the majority of energy was required during
metallurgical recovery showing a potential for further mechanical concentration during separation.

In conclusion it can be stated that the separation technologies (roll sorting, magnetic separation and
magnetic density separation) are effective methods for separating the components of low to medium
grade PCBs. However, their impact on the circularity and energetical footprint of the whole EU are
expected to be small.
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1
Introduction

The philosopher’s stone is one of the most famous and elusive mythical devices known to humanity,
both through ancient andmodern stories [1, 2]. According to myth, the stone can convert or transmutate
base metals (e.g. lead) to precious metals such as gold [3]. Many people have dedicated their lives
to the continued search, yet to no avail. Even though we nowadays know the stone cannot exist, the
persistence of this legend shows the continued interest that we as humanity hold in our most beloved
precious metals: gold, silver and platinum.

Throughout history, precious metals have been used in a multifold of applications such as coins, jew-
ellery or simply to store wealth [4]. This continued demand is due to their beauty, rarity, resistance
to corrosion and ease of working [5]. Therefore, it should come as no surprise that they have also
historically been some of the most recycled and reused metals [6].

Over time our usage of thesemetals has shifted. New commercial and industrial applications to improve
our lives have been found such as paints for silver and auto-catalysts for platinum [7, 8]. Except, these
products use the precious metals as an additive and not as their main material. This results in low
concentrations and/or complex forms, such as alloys and nanoparticles, making it hard to recycle [9].
For example, the catalyst in a car contains only 0.179 wt% platinum [10]. However, the precious metals
still encompass the majority of the product’s value, showing their importance again [11].

Low concentrations and negligible recycling rates are not unique to precious metals and can also be
found in a group of materials called the critical raw materials (CRMs). CRMs are materials (metals,
organics and minerals) which have a high vulnerability to supply chain disruptions while being of high
economic importance [12, 13]. CRMs are often mined/refined in small quantities or as a companion to a
major metal [14]. For example, all indium is currently won as a by-product of zinc mining thus disabling
normal supply demand behaviour [15]. Furthermore, primary production tends to be highly centralised
in a limited number of countries/regions. For instance, China produces 89%of all magnesiumworldwide
[8]. Yet at the same time CRMs are essential to the economy and have therefore been called the
vitamins of the economy and industry [16, 17].

Modern electronics might be one of the best examples of the problem at hand. Gold and silver are a
preferred metal in electronics as they are great electrical conductors, while being strong and resistant
against damage [18, 19]. However, due to their cost they are only used in small amounts and in a
select number of components, such as the central processing units (CPUs) and connectors [20, 21].
Furthermore, we as humanity have developed an insatiable hunger with ever increasing needs for
these electronics, thus also increasing our demand for the metals. At the same time we are also quick
to replace our electronics with new products resulting in very short lifespans [22]. After they become
waste, known as waste electrical and electronic equipment (WEEE), we exert minimal effort trying to
regain them and dump, export or burn them instead [23]. And even if we put in the effort, the methods
we use tends to be unselective and energy intensive, such as Umicore’s Precious Metal Refining [24].

1
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Therefore, a new way has to be found. The EU has recognised this problem and started the Peacoc
Project in 2021 [25]. As a part of this project, the Resources & Recycling research group at the TU
Delft has the goal of separating the components found on discarded printed circuit boards (PCBs)
in a cheap, effective and energetically efficient way. This will allow metallurgical recyclers to tailor
their hydrometallurgical processes to the specific composition of the components resulting in improved
energetical and material efficiency. Furthermore, electronics’ producers can learn from and aid in the
separation by designing their products for recycling [26, 27].

This thesis will take a wide and in-depth view at the WEEE issue and Peacoc project. A technical case
study will be presented regarding the separation of components found on PCBs taken from flat display
panel TVs andmonitors. Here, different methods will be employed such as sieving, magnetic separation
and magnetic density separation. From a birds eye view, an overview of the stocks and flows for PCBs
of low and medium grade electronics in the EU and their accompanying critical/precious metals will be
presented using a material flow analysis (MFA). This will be compared with the current demand of these
metals within the EU and its impact on their criticality for the CRMs. Lastly, the energy requirements
for the recovery of precious metals will be determined and compared to primary production and current
recycling methods.

This thesis report will start out with a theoretical background, followed by the research questions. The
technical case study will be presented in chapter 2, followed by the stocks and flows in chapter 3. In
chapter 4 the topic of CRMs will be addressed and chapter 5 covers the energy requirements of the
Peacoc project. Finally, a conclusion and recommendation will finish the thesis report in chapter 6.
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1.1. Sorting technologies

1.1.1. Roll sorter (RS)

The roll sorter (RS), also known as roller or fruit grader, is a shape separation method. It is a well es-
tablished separation method in the food industry for separating fruit, fish and seeds [28–33]. The oldest
patents stem from the early 20th century [34–36]. However, outside of this field little to no research or
adoption has taken place, except one patent from 2004 on regenerating spent catalysts and another
from 2009 on separating plastic flakes from rubber [37, 38].

Figure 1.1: A side (left) and top (right) view diagram of a roll sorter: 1 engine, 2 sorting rollers,
3 classification chute, 4 feed particle, 5 container. Adapted from [39].

A roll sorter is operated by two counter rotating cylinders/rollers, which are placed at an angle with
a small gap in between (see figure 1.1). By decreasing the width of the cylinders or increasing the
distance between them, a widening of the gap can be achieved [39, 40]. The feedstock can only
pass through the two rollers when the gap is wide enough for its smallest dimension. For example, a
postcard can pass easily, but a cube will not. This allows the machine to sieve/sort the feedstock along
its thinnest axis [41]. To avoid crushing the feedstock between the rollers, an inside to outside rotation
of the cylinders is implemented. Furthermore, the cylinders should be placed at an angle which will
allow the feedstock to be gravity fed over the whole length of the machine [42, 43].

1.1.2. Magnetic separation (MS)

The magnetic separator (MS), also known as magnetic concentrator, was invented in the late 19th
century and exploits the magnetic properties that are found in metals [44]. It has been adopted by a
multitude of sectors including microbiology, mining and waste separation [45–47].

A (stationary) magnetic field is created through the use of a permanent magnet or electromagnet.
Ferromagnetic (and paramagnetic if the field is strong enough) particles are attracted by the magnet
and can overcome gravity leaving the feed stream, thus allowing their separation from the feed [44].
Out of the ferromagnetic materials iron, nickel and cobalt are the most important targets [48].

One of the methods to achieve magnetic separation is the overbelt magnet, see figure 1.2. A magnet is
hung above to the feeding stream. The magnetic particles (blue in the figure) will leave the feed stream
due to the magnetic field, removing them from the non magnetic particles [50].



4 1. Introduction

Figure 1.2: A schematic diagram for an overbelt magnetic separator with the blue particles
being magnetically susceptible, adapted from [49]

1.2. Magnetic density separation (MDS)
Magnetic density separation (MDS) is a novel separation technology in development at the Resources
& Recycling department of the TU Delft [51]. It can best be seen as an advanced form of the sink-float
separator, allowing the feedstock to be sorted based on its density [52]. In a normal sink-float separator,
the feedstock is released in a liquid medium with a preselected density (usually water). If the feedstock
particle has a higher density than the medium it will sink (heavy fraction), while a lower density will
result in a floating particle (light fraction) [53]. However, this method is limited by the fact that only two
fractions are produced. The novelty of MDS stems from its ability to create a density gradient in the
medium, thus creating more than two density fractions.

Figure 1.3: A schematic overview of a sink-float separator with the particles possessing either
a higher (orange) or lower (green) density than water.

The gradient in density (see figure 1.4) is achieved by using a magnetic fluid as medium and a magnet
[54]. The magnet is placed below or above the separator, which in turn attracts the magnetic particles
in the fluid. If the magnet is placed below the fluid, the attraction increases the (effective) density of the
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fluid near the bottom. By carefully selecting the size and shape of the magnet it is possible to have a
uniform magnetic field and density gradient in the horizontal axis while decreasing in the vertical axis,
see figure 1.4. This allows the particles to settle at their preferred density while flowing from left to right
[55]. As creating this magnet setup has been extensively explored by Jaap Kosse of Twente University,
it is considered outside the scope of this thesis [56–58].

Figure 1.4: An example of the density gradient in a MDS for plastics with the magnet at the
bottom, taken from [55].

The (effective) density (𝜌 apparent) a particle feels depends on several parameters. Most important during
operation is the distance from the magnet (z). Other variables include the original density of the liquid
(𝜌), the magnetisation of the liquid (M), the strength of magnetic induction at the surface of the magnet
(B0), the wavelength of the field (w) and gravity (g) [59].

𝜌𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 = 𝜌 +
2𝜋𝑀𝐵0
𝑔𝑤 𝑒−2𝜋𝑧/𝑤 (1.1)

Two limitations for accurate sorting regarding the feedstock can be found. First of all, it is not possible to
sort magnetic particles on their density as they will be attracted to the magnet. The magnetic particles
either have to be removed beforehand (as a pre-processing step) or are collected during the MDS
process as a magnetic, instead of density, fraction. Secondly, care must be taken to avoid the formation
of air bubbles on the particles as these will influence the density of the particle [59–61]. This can be
achieved through steaming or boiling the feed particles with tap water which deposits a thin layer of
water and calcium carbonate [62].

MDS is already a technology with proven success. It has been applied to a multitude of feedstocks
including vegetable seeds, bottom ash from incineration and plastics [55, 63, 64]. Furthermore in the
case of plastics, a commercial scale has been achieved by the Umincorp company [65].

1.3. Material flow analysis (MFA)
Material/substance flow analysis (MFA/SFA) is a non-standardised analytical method based on the
mass-balance [66]. It is used to quantify the stocks and flows of materials in a pre-defined system
(both by geography and time) [67]. The mass-balance exploits the conservation of mass (what flows
in must leave again or accumulate) to analyse, visualise and predict the behaviour of the materials.
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In an MFA, there are processes, stocks and flows (see figure 1.5). A process is an operation where
the material is created, changed or used (e.g. manufacturing, consumption or stockpiling) and is rep-
resented by a square box [68]. A stock is a special process where (a part of) the material stays within
the process for longer than the time step of the model (e.g. a house on a yearly timescale) and is
represented as a rectangle within the process box [66]. A flow is a movement of the material between
two processes and is represented by an arrow [68]. It should also be noted that a process/stock always
uses a non time-dependent unit (e.g. kg of iron or number of TVs), while a flow is time-dependent (e.g.
tons of concrete per year) [66].

Figure 1.5: The representations of a process (left), stock (middle) and flow (right) in a material
flow analysis (MFA).

An MFA model can either be accounting, static or dynamic in nature. An accounting model is purely
based on historical data and the principle of mass-balance within processes. A static model introduces
causality within processes using Transfer Coefficients (TC), which tell the process what fraction of inflow
x goes to outflow y [68]. Therefore, not all flows have to be known in advance if enough TCs are known.

Even though accounting and static models might keep track of the size and in/outflows of a stock they
do not properly interact with the stock. As these models take the form of a “snapshot” (e.g. one year),
the model does not know how its stocks are composed or when an inflow will flow out again in the
future (the model does not have a memory). This is not the case in a dynamic model, where time
does play a role [69]. The model keeps track of each individual inflow into a stock and when (parts of
this) inflow flows out again based on a predefined lifespan [67]. Therefore, a better understanding of
the flows can be achieved. Furthermore, it is even possible to go beyond the historical data to future
periods for prediction/exploration [67]. However, dynamic modelling does have some disadvantages
such as requiring historical data for multiple years, lifespan distributions and a better understanding of
the driving forces of the flows [66].

1.3.1. Scenarios

Even with the usage of stock dynamics it will not be possible to accurately predict the future. For
instance, it is near impossible to predict unexpected events (e.g. Covid-19 pandemic) or completely
understand the complexity of human society. However, it is possible to create several potential futures
called scenarios which present paths humanity can take [70]. By carefully choosing the input parame-
ters of these scenarios it is possible to create a “realistic” scenario (usually called Business as Usual
or BAU). However, the technique is probably best for creating best and worst case scenarios where
significant deviations from the current status quo are taken. All three of these types will be explored in
this research.

1.3.2. Uncertainty and sensitivity

One of the major drawbacks of MFA is that it is deterministic in nature as it uses the mass-balance.
This means that it does not take variability or uncertainty into account [71]. This can give a skewed
image of reality as a lot of assumptions and simplifications are usually made for an MFA. One of the
ways to investigate and evaluate this problem is a Monte Carlo uncertainty analysis [72]. During a
Monte Carlo analysis multiple runs (> 1,000) are performed where all the input variables of the model
are randomised. The input variables can use multiple statistical methods for randomisation including
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normal distributions, estimates by the researcher and triangle functions [73–75]. This will provide a
range of outputs which in turn can be statistically analysed for its variability showing how robust the
system and its data inputs are. Furthermore, it can also show the impact of each individual input
variable.

1.4. Critical raw material analysis
As mentioned before, critical raw materials (CRMs) suffer from supply restrictions while being of great
economic importance. They are often used in high-tech applications (e.g. electronics or green tech-
nologies) and their demand is expected to increase 20 fold by 2030 [76, 77]. At the same time, their
production is often coupled to other materials as they are mined as a by-product [15]. Furthermore,
recycling rates tend to be poor as well due to low concentrations [78]. Therefore, CRMs have been a
rising topic in the last couple of decades.

Figure 1.6: The EU’s critical raw materials according to the 2020 EU report [79].

This interest in CRMs has also resulted in methods to identify, analyse and track CRMs called critical
raw material analysis. A CRM analysis is usually performed as a form of risk assessment and multiple
methods have joined the scene with different scopes, goals and approaches [80]. One of the most
popular methods is the supply risk (SR) and economic importance (EI) two axis system [81]. A potential
CRM is scored on each axis and is deemed critical if it scores higher than a preset threshold on both
axes or if an overall score is high enough [80, 82]. However, other forms do exist such as the three
axis system developed by Graedel et al. which also includes environmental impacts in addition to the
original two [83].
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1.4.1. The EU’s CRM methodology

The EU is currently one of the major leading parties in CRM analysis. Back in 2011 the EU published
their first report on critical raw materials within the EU and has updated these every three years (2014,
2017 and 2020) [79, 84–86]. This has resulted in a standardised and adopted methodology using the
two axis system [87].

Economic importance (EI)
The economic importance (EI) axis shows the EU’s economic dependency on a material. Materials
that play an important role in the EU’s economy tend to score highly on this axis. For instance, sapele
wood is not deemed critical due to its low economic importance (1.4) even though its supply risk (SR)
score is high enough for criticality (2.3). Yet, a material does not necessarily have to be used in great
quantities to score highly as even a small quantity can be essential for a product.

𝐸𝐼 =∑
𝑠
(𝐴𝑠 ∗ 𝑄𝑠) ∗ 𝑆𝐼𝐸𝐼 (1.2)

As can be seen in equation 1.2, the EI score is composed of three main variables. The first two are
calculated for each NACE sector of the EU’s economy and summed into one value. These two are
the share of end use of a raw material (As) and the sector’s added value (Qs). This score is combined
with the economic substitution score (SIEI), which is dependent on the cost-performance of potential
substitutes.

Supply risk (SR)
The vertical axis in the EU’s criticality method is SR. Supply risk shows how likely a material is to
suffer a potential supply disruption. For instance, if all material production originates from a single
mine the SR is high as any disruptions in this location will stall all supply. SR is broken into multi-
ple variables that combine to the SR score according to formula 1.3. The SR is applied to the most
vulnerable/bottlenecked step in production (usually extraction, but refining is also possible).

𝑆𝑅 = [(𝐻𝐻𝐼𝑊𝐺𝐼,𝑡)𝐺𝑆 ∗
𝐼𝑅
2 + (𝐻𝐻𝐼𝑊𝐺𝐼,𝑡)𝐸𝑈𝑠𝑜𝑢𝑟𝑐𝑖𝑛𝑔 ∗ (1 −

𝐼𝑅
2 )] ∗ (1 − 𝐸𝑜𝐿𝑅𝐼𝑅) ∗ 𝑆𝐼𝑆𝑅 (1.3)

Import Reliance (IR) is a variable that shows how dependent the EU is on external production. Thus,
a material which is not sourced from within the EU will have an IR of 1, while an IR of 0 means that all
consumption is sourced from within the EU. If the EU is a net exporter, IR will be limited to 0.

𝐼𝑅 = 𝑖𝑚𝑝𝑜𝑟𝑡 − 𝑒𝑥𝑝𝑜𝑟𝑡
𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑖𝑚𝑝𝑜𝑟𝑡 − 𝑒𝑥𝑝𝑜𝑟𝑡 (1.4)

The second variable is the HHIWGI which is the Herfindahl-Hirschman Index scaled with the World
Governance Index of the countries in question. This variable shows how concentrated the production
(Sc) of the material is, corrected for the countries’ governance (WGIc) and trade restrictions (tc). This
variable is calculated for global sourcing (GS) and EU sourcing (EUsourcing).

𝐻𝐻𝐼𝑊𝐺𝐼 =∑
𝑐
(𝑆𝑐)2𝑊𝐺𝐼𝑐 ∗ 𝑡𝑐 (1.5)

The most relevant variable for this thesis is the End-of-Life Recycling Input Rate (EoL-RIR). This vari-
able shows the ratio between reused old scrap (End-of-Life products) and total consumption. As the EU
assumes these secondary materials do not yield any supply risks, this factor acts as a reducing factor
on the total SR. Furthermore, it also indirectly shows the EU’s dependency on primary production. It is
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important to note that only old scrap (end-of-life) is taken into account and any new scrap (production
scrap) is not counted.

𝐸𝑜𝐿𝑅𝐼𝑅 =
𝑂𝑙𝑑 𝑠𝑐𝑟𝑎𝑝 𝑖𝑛𝑝𝑢𝑡

𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 + 𝑂𝑙𝑑 𝑠𝑐𝑟𝑎𝑝 𝑖𝑛𝑝𝑢𝑡 (1.6)

The last variable is the supply risk Substitution Index (SISR), which shows how effectively the material
can be substituted in the case of a supply restriction. This score is based on the worldwide production
(scale and if it is a by-product) and criticality of the substitute.

1.5. Energy consumption
Back in 2015 the production of precious metals comprised 0.59% of all carbon emissions worldwide
[88]. Even though this is only a small amount compared to other materials such as steel (8.68%) and
concrete (7.06%), the energy intensity and carbon emissions per kg is significantly higher. For instance,
the embodied energy in 1.0 kg of primary produced gold is between 240,000 and 265,000MJ, compared
to only 25 - 28 and 1.0 - 1.3 kg MJ/kg for low carbon steel and concrete, respectively [89]. Therefore,
reducing the emissions generated by the production of these materials through recycling should be
explored.

Figure 1.7: Umicore’s precious metal recycling plant for E-waste [90].

Currently the main recycling method employed for WEEE is pyrometallurgical recycling, such as Umi-
core’s precious metal refining (see figure 1.7). Here the discarded PCBs are processed under high
temperatures (> 1,000°C). The plastics in the PCBs are burned for the required heat (e.g. 7431 kJ/kg
for mobile phones) and the metals are extracted from the slag [91]. However, this method is energy
intensive and causes the loss of the plastics as a potential material. Therefore Peacoc aims to instead
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employ less energy intensive hydrometallurgical methods instead [92].

1.6. PCB grading
As this thesis only focuses on low to medium grade PCBs, it should be properly defined what falls
under this category. Prior literature does not seem to adhere to a consistent definition, except that
higher grades possess a higher value per kg or have specific origins (e.g. WEEE category) [93, 94].
For instance, Goosey and Kellner define medium grade PCBs as £2.74 per kg and Bigum et al. define
high grade PCBs as originating from category 3 or 4 (old WEEE classification system) [95, 96].

In this report, grade will be defined using the origin method with the smallest unit being product cat-
egories (see appendix A.2) as defined by the United Nations University [97]. All products within the
WEEE category II, IV and V will be investigated with a couple of exceptions. Unu keys 303 (Laptops)
and 307 (Professional IT) will be excluded as these are deemed to high grade, while 501 (Small light-
ing equipment), 506 (Houshold Luminaires) and 507 (Professional Luminaires) will be ignored due to
a lack of PCBs in the products. Furthermore, unu key 2 (PV panels) will also not be taken into account
as these are out of scope for the thesis.

1.7. Naming hierarchy
This thesis tackles the topic of WEEE on multiple levels. Therefore, a clear (naming) hierarchy has
to be established how all the different levels encompass and interact with each other. This allows
aggregated calculations such as precious metal flows on the level of product and their relations.

Figure 1.8: The hierarchy of the different parts used in this system.

Out of the six WEEE categories only three will be investigated (II, IV and V). These WEEE categories
are composed of multiple product categories (also known as unu keys). These include but are not
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limited to CRT TVs, small household electronics and speakers. Each of these products is then broken
into different parts of which only one will be further explored (PCBs). The PCB can be further broken
down into multiple component categories (20 in total), such as Central Processing Units, Heatsinks
and Plastic connectors with pins and others (see table 2.1 in section 2.1.1). Lastly, each of these
components is comprised of a mixture of (precious) metals.

1.8. Research questions
As stated in the introduction, this thesis will focus on the urban mining potential of precious and critical
materials from low to medium grade PCBs within the EU using Roll Sorting, Magnetic Separation and
Magnetic Density Separation under different scenarios. Therefore, the main research question this
report seeks to answer is the following:

To what extent can the waste separation technologies Roll Sorting (RS), Magnetic Separation (MS) and
Magnetic Density Separation (MDS) improve the sustainability and circularity of precious and critical
metals in the European Union (EU) during the recycling of low and medium grade PCBs from E-waste?

This main research question has been broken into several sub-questions:

• Which components and precious metals can be found in low and medium grade PCBs from
WEEE?

• How effectively can RS, MS and MDS separate components from low and medium grade PCBs
as a feedstock?

• Howmuch precious metals can be recovered in the EU from low and medium grade WEEE PCBs
in the year 2050 using separation technologies?

• How variable are the precious metal flows under different scenarios and due to model sensitivity?

• To what degree can the separation system improve the recovery of critical raw materials and what
would the impact on their criticality be?

• What are the total energy requirements per kg to produce precious metals with the new separation
pathway compared to primary production and conventional recycling?

These research questions will be answered in the sequence set above. Chapter 2 will cover RQ 1
and 2 focusing on the technical aspects of the thesis. In chapter 3 material flow analysis (MFA) will be
employed to answer RQ 3 and 4. This is followed by chapter 4 and 5 which will answer RQ 5 and 6,
respectively. Lastly, chapter 6 will conclude the research by answering the main research question and
providing recommendations for further research.





2
Novel separation technologies

This chapter will tackle the technical aspects of the thesis by employing experimental research to an-
swer the first and second research questions which are:

Which components and precious metals can be found in low and medium grade PCBs from WEEE?

And

How effectively can RS, MS and MDS separate components from low and medium grade PCBs as a
feedstock?

These two RQs will be answered in sequence, starting with RQ 1 in the next section followed by RQ
2 . All of the experimental lab work was performed at the Resources & Recycling section at the Civil
Engineering and Geosciences faculty of the TU Delft.

2.1. PCB composition
In order to answer the first research question a mixed approach of technical, literature and digital
research was performed. From TREEE (a partner in the Peacoc project) the Resources & Recycling
group received a batch of 36 Flat panel displays (FDP) and 44 Cathode-ray tube (CRT) PCBs. These
PCBs were removed from televisions and monitors gathered in Italy and still had (the vast majority) of
their components. However, some of the PCBs were already slightly damaged as can be seen in figure
2.1 and 2.2. Two samples groups, 14 FDP and 3 CRT PCBs, were created from the original batch.
Care was taken to make this sample representative in regards to the size and position of the boards
in their storage container. This was needed as some smaller PCBs had fallen to the bottom between
the bigger boards. More FDP than CRT PCBs were selected as these would later also be used for
the separation experiments. Lastly, one extra FDP PCB was dismantled (but not added to the sample)
to act as a Test sample for determining throughput and testing equipment without contaminating or
damaging the actual samples.

13
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Figure 2.1: An example of a previously damaged FDP PCB
where some components were partially removed (red circle).

Figure 2.2: An example of a damaged CRT PCB, direct
connection is marked by the red circle.

Component liberation

Figure 2.3: An example of a filled collection pan
from the component removal step.

Three main methods were used to remove the components
from the PCBs. These were mechanical (using a screw-
driver and wrench pliers), thermal (using a heat gun at 400
- 600°C) and a combination of the two. Whenever possible
the lower temperature setting on the heat gun was used to
avoid melting the plastics. Furthermore, high temperatures
were usually only applied to the bottom of the PCB to just
melt the solder and not the component itself. As thermal
degradation of the components was still possible, the lib-
eration was performed in a fume hood to avoid potentially
inhaling toxic gases. All the components were gathered to-
gether in a metal pan (see figure 2.3). Lastly, the fume hood
was dusted for any loose components that missed the pan.

It should be noted that direct connections (see red circle
in figure 2.2), were not removed and have thus not been
taken into account for CRT PCBs. This choice wasmade as
they have a negligible weight compared to the components,
were hard to remove and do not contain precious metals.

Sorting and weighing of the components
After component liberation, the mixture in the pan was sorted into 20 different categories (see table
2.1). These categories were determined by partners in the Peacoc project based on the function, size
and metal concentrations. The components were separately sorted for each sample. If the component
could not be confidently identified as one of the categories it would be placed in the Other category
(e.g. loose pins, screws or stickers). In total 170 trays with components, spread over the 14 FDP
samples, were collected for an average of 12.14 component types per FDP board. This was less than
the theoretical maximum of 280 trays for FDP as not all component categories were found on every
PCB. In the case of the three CRT boards slightly less component types (34 trays) were collected
per PCB (11.33). After sorting, the bare PCBs and contents of each tray were individually weighed to
determine the weight distribution of the original PCBs. Furthermore, the number of components were
also counted to calculate the average weight per component category.
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Component composition of all products

Figure 2.4: An example of counting the
components on a camera PCB, with red arrows
counting the plastic connectors and blue arrows

the inductors. Picture taken from [98].

As stated in the research questions, one of the goals is
to collect data on all low to medium grade PCBs, not only
FDPs and CRTs. Therefore, a digital assessment was per-
formed for the other product categories using the FDP or
CRT data as a proxy depending on similarity. For each
product category three pictures of PCBs were found on the
internet and the number of components for each component
category was counted (see appendix A.2). This quantity of
components was then converted into mass by multiplication
with the average weight, resulting in a weight distribution.
The specific products within a product category could dif-
fer, for instance product category 203 (hot water) included
a water kettle and two different types of coffee machines.

Metal composition
The last step was to convert the component distributions to
metal distributions. As a part of the Peacoc project one of
the partners (ULQ) measured the concentrations of Pd, Au,
Ag, Cu, Al and Sn for each component type for FDP PCBs.
This data was then used to calculate the precious metal
compositions of all the component types. It should be noted
that the concentrations of Large steel and aluminium cases
was set to zero as problems with measurements were noted
by the partners in the Peacoc project.

2.1.1. Results

After processing all the samples (14 FDP and 3 CRT) a couple of general observations about the PCBs
could be made. First of all, the FDP PCBs had a large variability in size ranging from 40 to 450 cm2.
This variation was smaller for the CRT samples, which were between 220 and 500 cm2. Secondly, a
difference in (bare) PCB properties was observed between CRT and FDP PCBs. Under heating the
CRT PCBs would often ignite/char which was not the case for the FDP PCBs. This is likely due to
the introduction of new safety standards (e.g. brominated fire retardants) in electronics to avoid fires
[99]. Furthermore, during the mechanical removal of components the CRT PCBs would often break/rip.
Lastly, all the CRT boards were beige while the FDP boards had the seemingly standard green colour.

Component composition
As table 2.1 shows, the average weight of FDP components is significantly lower than the ones from
CRT PCBs. For example, the average weight of an IC chips and transistor from FDP is around half
(0.375 grams) compared to the CRT (0.805 grams). This decrease is a direct result of the miniatur-
isation of PCBs and their components. Due to advances in manufacturing technologies (e.g. CPU
wafers), components are smaller in size on the newer FDP PCBs [100, 101]. This change can be ob-
served for almost all categories. Two interesting exceptions are the MLCC + Ta capactiors and Small
transistors and small IC chips, which have not decreased in weight. This is likely due to the fact that
these technologies have not inherently changed (nor their weight), but are more prevalent on FDPs
compared to CRTs.

In regards to weight distribution, a couple of main observations can be made. First of all, the bare
PCB encompasses almost 50 wt% for the FDP PCBs compared to only 27 wt% for CRTs. This is
due to two main factors, the average weight for the bare PCBs had a slight increase (from 86 to 106
grams) and the previously mentioned decrease in component weight. Even though there are (usually)
more components on the FDP PCBs their total weight is lower, thus increasing the bare PCB weight
fraction. It can also be seen that a select number of components comprise the majority of the weight.
For instance, Large steel and aluminium cases embodies over 11 wt% of the total weight. Furthermore,
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a shift in technology is seen. Two old technology components, Blue capacitors and Resistors, have
almost completely disappeared in the (technologically) newer FDP PCBs. These have likely been
replaced by the small form factorMLCC + Ta capacitor category, which despite the name also includes
resistors. Lastly, an increase in connectors (VGA, USB, SCART etc.) shows the increased versatility
of the modern FDP technology.

Table 2.1: The weight distribution and average weight per component for FDP and CRT PCBs.

FDP (14 PCBs) CRT (3 PCBs)

Component category
Weight

distribution
Average weight

(g/unit)
Weight

distribution
Average weight

(g/unit)
Bare PCB 48.38 wt% 105.727 27.17 wt% 86.207
Central Processing Units 0.70 wt% 1.653 N.A. N.A.
IC chips and transistors 3.98 wt% 0.375 3.55 wt% 0.805
MLCC + Ta capacitors 1.63 wt% 0.013 0.28 wt% 0.012
Small transistors and
small IC chips

0.29 wt% 0.016 0.09 wt% 0.017

Blue and black rectangular
connectors (VGA)

1.40 wt% 8.572 N.A. N.A.

Rectangular connectors
(USB, HDMI etc.)

3.30 wt% 1.713 2.55 wt% 8.077

Golden connectors (RCA) 0.25 wt% 7.530 N.A. N.A.
Round gray connector (RCA) 2.08 wt% 4.903 N.A. N.A.
Plastic connectors
with pins and others

1.45 wt% 0.425 0.65 wt% 0.779

Large steel and
aluminium cases

11.33 wt% 19.261 N.A. N.A.

Inductors and transformers 5.08 wt% 1.495 34.68 wt% 11.381
Al electrolytic capacitors 4.89 wt% 0.389 15.09 wt% 2.112
Blue capacitors 0.12 wt% 0.305 3.09 wt% 0.841
Resistors 0.17 wt% 0.379 3.37 wt% 0.472
Quartz resonators 0.51 wt% 0.578 0.05 wt% 0.520
Heatsinks 4.60 wt% 10.820 6.80 wt% 12.938
Cables 0.50 wt% 7.600 1.49 wt% 7.075
Connectors of plastic
with golden pins

3.02 wt% 6.160 N.A. N.A.

Connectors of plastic
with silver pins (SCART)

3.53 wt% 10.806 N.A. N.A.

Other 2.77 wt% Inconsistent 1.13 wt% Inconsistent
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Palladium
As can be seen in figure 2.5, no specific component is dominant in regards to palladium for FDP PCBs.
The largest share (21 wt%) is found in IC chips and transistors. After this category the share drops and
is followed by eight other categories. This result was inconsistent with literature, as multiple papers
cited high concentrations (0.05 - 0.95 wt%) of palladium in MLCCs + Ta capacitors, which was two
orders of magnitude higher than ULQ’s results [102–105]. On average a total of 9.27 mg of palladium
was found per kg components. Therefore, it can best be concluded that palladium is (roughly) equally
distributed amongst the components and no specific target can be found.

Figure 2.5: The palladium distribution over the different components in FDP PCBs. The
categories with less than five wt% have been combined.

Gold
The precedent set by palladium does not hold for gold as can be seen in figure 2.6. By combining just
three components (IC chips and transistors, Central processing units and Connectors with golden pins)
more than 87 wt% of the gold can be captured. Moreover, almost half of the gold is located in just the
IC chips and transistors. Thus if the goal is to capture gold, one should focus on these three categories
for maximum efficiency. In total an average of 67.48 mg of gold was found per kg of components.

Silver
Silver shows a similar pattern to gold (see figure 2.7). The majority of silver (67 wt%) is located in the
MLCC and Ta capacitors. Only minor fractions can be found in the other categories such as IC chips
and transistors (15 wt%), Central Processing units (5 wt%) and Plastic connectors with pins and others
(3 wt%). This once again shows that one should focus on a select number of components to collect all
the silver found in the components (489.66 mg per kg components).
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Figure 2.6: The gold distribution over the different components. The
categories with less than two wt% have been combined.

Figure 2.7: The silver distribution over the different components. The
categories with less than two wt% have been combined.

Bare PCB
The bare PCB was not taken into account in the previous calculations as it would already be separated
during the dismantling step and not join the other components in the separation system. However, this
does not mean it is not of interest. According to the data gathered by the Peacoc project, the bare
PCB actually possesses more than five times the amount of palladium the components have (82% of
total). This provides an explanation for the previous palladium disparity in the MLCCs + Ta capacitors.
It might be possible that the MLCC + Ta capacitors were not correctly removed from the PCB leaving
the palladium contacts on the bare PCB. This explanation might also hold for the gold and silver as
these were also found in surprisingly high concentrations (13% and 78% of the amount found in the
components) on the bare PCB.

2.1.2. Target components

As has been shown in this section, not all components are created equal in regards to precious metals.
Some components have no precious metals (e.g. Inductors and transformers), while others are rich
in a specific precious metal (e.g. MLCC + Ta capacitors in silver) or overall valuable (e.g. IC chips
and transistors). Therefore, the decision was made to focus on only a select number of components
(referred to as “Target components”) for the separation technologies:

1. Central Processing Units (CPUs)

2. IC chips and transistors

3. MLCC + Ta capacitors

4. Small transistors and small IC chips

5. Connectors of plastic with golden pins

By choosing these targets it should be possible to capture 42.97 wt% of the palladium, 90.64 wt% of the
gold and 90.93 wt% of the silver from the components. At the same time, they only encompass around
18.66 wt% of the total weight, thus resulting in a significant increase in precious metal concentrations.



2.2. Roll sorter (RS) 19

2.2. Roll sorter (RS)
The roll sorter (see figure 2.8) is the first novel technology that was investigated in this thesis. As
mentioned in 1.1.1, the RS should be able to sort thin objects and is thus expected to effectively sort
CPUs and Chips.

Figure 2.8: The roll sorter used during the experiments.

The roll sorter was custommade for the Resources and Recycling research group for a previous project,
but was still suitable for this research. The two rollers are made from PE plastic and are driven by a
motor and speed controller from Tandwiel.net. Furthermore, the rollers are made using a modular
system where multiple sizes can be slotted on the same roller to provide a multitude of different sieve
sizes. On this design the sieve sizes were 1.0, 2.5, 3.0, 5.0, 7.0 and 8.0 millimetres in that sequence.
This allowed a total of six size categories to be sieved for (< 1.0, 1.0 - 2.5, 2.5 - 3.0, 3.0 - 5.0, 5.0 -
7.0 and 7.0 - 8.0 mm) and one undetermined (> 8.0 mm). The FDP PCBs were chosen as the waste
feed for these experiments as they were deemed more relevant in potential future applications than the
CRT PCBs due to their continued production.

Determining the operating conditions
The sorter has two main operating variables which can be changed, the speed and angle of the ma-
chine. Two angles were investigated (1.84° and 3.68°) by increasing the left side of the machine using
blocks of wood. The higher angle (3.68°) was chosen as observations showed that components would
more often get stuck (not moving forwards on the sieve) on the shallow angle without major differences
in sorting efficiency.

For the determination of the engine power two speedtests were performed at 60 and 120 RPM. Six
large components (transistor, inductor, electrolytic capacitor, plastic connector, USB port and IC chip)
were taken from the testing sample and were timed three times on their throughput (see table 2.2).
These components were chosen as they are wide and would take the longest to be sorted, thus giving
a lower throughput limit. Based on these results the higher speed setting (120 RPM) was chosen.
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Table 2.2: The average throughput times from the speedtests.

Component Sieve size 120 RPM (s) 60 RPM (s)
Transistor 5.0 - 7.0 mm 19.25 31.17
Inductor > 8.0 mm 20.07 33.50
Capacitor > 8.0 mm 25.98 49.87
Plastic connector 5.0 - 7.0 mm 16.70 27.21
USB port > 8.0 mm 24.46 39.11
IC chip 3.0 - 5.0 mm 20.79 13.44

Experiments
After the operating conditions were determined, all the samples were run through the sorter twice. One
by one the contents of a tray were emptied and sorted by the sieve. Care was taken to avoid double
stacking (a smaller particle being stuck on a large particle) if possible. After all the components from
a tray were sieved, each particle size was individually weighed. In the first run the sieved sizes were
recombined together for each sample. However, during the second run the resulting sieve sizes were
collected separately for later experiments, resulting in an increase from 170 to 397 trays.

2.2.1. Results

As figure 2.9 shows, the majority of components (97%) are captured/sorted by the sieve with only 3 %
falling in the > 8.0 mm category. However, the components in the > 8.0 mm category are quite heavy
(e.g. 19 grams for Large steel and aluminium cases), resulting in only 34 wt% being captured by the
machine (see figure 2.10). This points to the fact that this maximum grade size is likely not sufficient
and larger sizes should be investigated if the target materials are not properly captured.

Figure 2.9: The distribution of number of components of the rolling
sorter by sieve size (mm).

Figure 2.10: The weight distribution of the rolling sorter by sieve size
(mm).
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Recovery
Complete separation could be achieved for four of the five target components in the sieve sizes below
7.0 mm (see figure 2.11). The two smallest components (MLCC + Ta capacitors and Small transistors
and small IC chips) were predictably found in the smallest sieve sizes, none being larger than 3.0 mm.
On the other hand, the IC chips and transistors were almost equally distributed (by weight) between the
sizes smaller than 7.0 mm. It should be noted that the number of IC chips and transistors in the higher
category was lower, but each chips was heavier thus achieving the same total weight. Interestingly
enough, the Central Processing Units had a very tight size category (1.0 - 5.0 mm), with the majority
(60 wt%) falling in the 2.5 - 3.0 mm range. It might be possible to completely specify this category by
introducing a category from 2.0 - 4.0 mm.

Unlike the previous four categories, it was not possible to sort the Connectors of plastic with golden
pins as they are too sizeable with an average thickness of 15 mm. This shows that increasing the sieve
sizes might offer additional insights. Furthermore, a small amount of this component type (16 wt%)
was captured in the 5.0 - 7.0 mm size. However, these comprised plastic pieces that broke of the rest
of the connector, which do not contain any of the golden pins and will thus not be counted as targets
for the rest of the report.

Figure 2.11: The roll sorter’s recovery for the target components. Sieve sizes are in mm.

Grade
In regards to grade, the targets once again perform well in the RS, especially below 5.0 mm. As can
be seen in figure 2.12, the grade for the targets is high in most sieve sizes, reaching a maximum of 79
wt% for < 1.0 mm. However, the grade does worsen after 2.5 mm due to capturing non-targets. For
2.5 - 3.0 mm this is mostly Heatsinks (38 wt%), while 3.0 - 5.0 and 5.0 - 7.0 mm biggest categories are
Al electrolytic capacitors (9 and 29 wt%, respectively) and Inductors and transformers (12 and 11 wt%,
respectively). In the case of 5.0 - 7.0 and > 8.0, the grades are bad (17 and 8 wt%, respectively) and
need to be improved if possible. Lastly, the grade in 7.0 - 8.0 is negligible as (almost) no targets are
recovered at this size and therefore is not of interest.
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Figure 2.12: The roll sorter’s grade at each sieving size. Sieve sizes are in mm.

2.3. Magnetic separation (MS)
The second investigated separation technology was a magnetic separator. This step was required as
a pre-processing step to the MDS as magnetic particles cannot be sorted on density in the MDS.

An overbelt magnet owned by the Resources & Recycling group was modified for the experiments (see
figure 2.13). A gutter (8 cm wide) was added to the setup in the direction of the magnet at a shallow
angle (6°). By placing the gutter at an angle, the distance to the magnet was decreased over distance
from 21 to 13 cm thus allowing an increasing magnetic gradient. Furthermore as the magnet consists
of two magnets, a (relatively) flat magnetic field exists in the gutter. Lastly, a removable plastic sheet
(2 mm) was added to ease the cleaning of small particles.

To determine the components’ susceptibility to a magnetic field, each component was sorted into one
of three categories (see table 2.3). If the magnetic interaction between component and magnet was
strong enough to overcome gravity it would be attracted to the magnetic surface and sorted. The
first category (strongly magnetic) was determined by pushing the components through the gutter and
collected the strongly magnetic particles. The lightly magnetic components were sorted by holding
them at a distance of 6.5 cm from the surface in the middle of the magnet. This placement was chosen
as the field is strongest in the middle and some components were close to 5 cm in height. The last
category were the non magnetic components which were not picked up by the magnet at any distance.

Table 2.3: The different categories with their minimal and maximum field strength.

Magnetic category Min. B-field (mT) Max. B-field (mT)
Strongly magnetic 4.49 33.30
Lightly magnetic 21.70 92.90
non magnetic N.A. N.A.

Experiments
All the experiments were performed using the method described above. Furthermore, the previously
sorted sieve categories from the roll sorter experiments were used as the feed. This choice wasmade to
observe the combined effectiveness of the Roll sorter and Magnetic separator. Furthermore, it allowed
the grades of the targets to be further increased. Once again the sorting categories were separately
collected and stored, increasing the number of trays from 397 to 507.
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Figure 2.13: The modified overbelt magnet used during the experiments.

2.3.1. Results

As mentioned above, the MS is a continuation of the RS and its results will thus also be presented as
such. As can be seen in figure 2.14, the majority (89 wt%) of the targets are non magnetic. However,
a sizeable fraction of MLCC + Ta capacitors (46 wt%) and Small transistors and IC chips (44 wt%) are
lightly magnetic and care should be taken to not lose them to achieve maximum recovery. This can
best be achieved by collecting both the lightly and non magnetic particles from the smallest sieve sizes
(< 1.0, 1.0 - 2.5 and 2.5 - 3.0 mm).

Figure 2.14: The selectivity of the target materials in the magnetic separator.



24 2. Novel separation technologies

As can be seen in table 2.4, this problem does not exists for the larger sizes (3.0 - 5.0, 5.0 - 7.0 and >
8.0 mm) where (almost) all targets are non magnetic. By only collecting the non magnetic particles a
significant increase in grade should be achievable without decreasing the recovery.

Table 2.4: The weight fraction of target components in each combination of sieve size and level of magnetic susceptibility. N.A.
indicates no target components were found in this combination.

Sieve size Strongly magnetic Lightly magnetic non magnetic
< 1.0 mm 76 wt% 95 wt% 72 wt%
1 .0 - 2.5 mm 5 wt% 97 wt% 74 wt%
2.5 - 3.0 mm N.A. 51 wt% 43 wt%
3.0 - 5.0 mm N.A. 2 wt% 81 wt%
5.0 - 7.0 mm N.A. N.A. 26 wt%
7.0 - 8.0 mm N.A. N.A. 2 wt%
> 8.0 mm N.A. N.A. 16 wt%

The results from implementing both propositions can be seen in table 2.5. Without a sizeable decrease
in recovery (overall recovery is 99 wt%), the grade has either significantly improved (3.0 - 5.0, 5.0 - 7.0
and > 8.0 mm) or stayed similar (< 1.0, 1.0 - 2.5 mm and 2.5 - 3.0 mm). As expected, these increases
were especially effective for the larger sieve sizes. No further increases were achieved for the 2.5 - 3.0
mm sieve size as the majority (38 wt%) was composed of non magnetic Heatsinks likely made from
aluminium.

Table 2.5: The target components’ grade improvements after magnetic separation.

Sieve size Orginal grade New grade Share of target components
< 1.0 mm 79 wt% 79 wt% 19 wt%
1 .0 - 2.5 mm 75 wt% 79 wt% 16 wt%
2.5 - 3.0 mm 42 wt% 43 wt% 12 wt%
3.0 - 5.0 mm 53 wt% 81 wt% 13 wt%
5.0 - 7.0 mm 17 wt% 26 wt% 12 wt%
> 8.0 mm 8 wt% 16 wt% 28 wt%

2.4. Magnetic density separation (MDS)
MDS was the last investigated separation technology during this thesis. It is a density based separation
technology for non magnetic particles and was used as such (see section 1.2). Similarly to the other
machines, an older setup with small modifications was used for the MDS experiments. For previous
MDS experiments a three gutter (68 x 11 x 9 cm each) plastic box was created. Previously, the whole
gutter had to be drained to determine the results. However, as the components were (relatively) large
in size, a (non magnetic) mesh was placed inside the box to ease the removal of components and
increase experimental efficiency.

The (level) box is placed on an angled magnet (9°) of 0.6 T at its surface and a wavelength of 0.12
m. Due to the angle, the field strength decreases over the length of the box, thus creating the density
gradient. All components are placed into the liquid at the same spot (left side in picture) and will slowly
move to the right settling at the correct effective density. Therefore, the components are separated by
density over the length of the box.

Experiments
Unlike the previous machines, only one experimental run (one sieve size) was performed, due to time
and setup limitations. The 5.0 - 7.0 and > 8.0 mm non magnetic sieve sizes were deemed most inter-
esting. This was due to the fact that they still contained a sizeable share of the IC chips and transistors,
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Figure 2.15: The (modified) MDS setup used in the experiments.

and Connectors of plastic with golden pins. However, using the current setup for the > 8.0 mm setup
was not possible as the majority of components were similar in size to the width of the gutter. This
made them unable to freely float and sink at the desired density, making the experiments inconsistent.
Lastly, only one magnetic fluid (density of 1.058 kg/m3 and estimated magnetisation of 4000 A/M) was
investigated as it was considered sufficient in creating a separation of the components. This magnetic
fluid was a diluted magnetite ferrofluid (1:3) created by Ferrotech.

Several techniques were employed to achieve consistency. As is seen in the figure above, a shaker was
used to consistently drop the components from the same height (11.5 cm above the bottom). Secondly,
the gutter was always filled to the same level (6.3 cm). This was always measured on the right side
of the setup as less ferrofluid would accumulate due to the magnet. Thirdly, all the components were
prewetted in boiling water to reduce the effect of air bubbles playing a role in the components’ density.
Lastly, the experiment was performed twice.

2.4.1. Results

In total nine component categories were investigated in this experiment, of which only one (IC chips and
transistors) were a target component (see figure 2.16). Therefore, the resulting outflow was determined
by the location of this target which resulted in a density range of 5100 to 2700 kg/m3 (10 to 30 cm in the
setup). The MDS significantly increased the grade of the targets from 26 to 58 wt% (see figure 2.17).
The increase can best be attributed to the removal of Al electrolytic capacitors (31 wt% of the original
weight). They were removed in two ways. A part of them were still slightly magnetic, while the rest all
settled within the 2300 - 1900 kg/m3 range (35 - 45 cm in the setup). The magnetic capacitors still had
parts of their connectors, which were magnetic in nature. However, these weigh so little that they were
not enough for removal during the MS.
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Figure 2.16: The non magnetic 5.0 - 7.0 fractions before MDS. Figure 2.17: The non magnetic 5.0 - 7.0 fractions after MDS, taking
only the 3800 to 2200 kg/m3 density range.

2.5. Proposed separation system
Using the data collected in the previous sections it is possible to propose an optimal separation system
for the components taken from FDP PCBs. This flowchart can be seen in figure 2.18 and has been
optimised for the recovery of precious metals. The focus on precious metals was taken as this is the
main goal of the Peacoc project (see section 1).

By applying this flowchart it should be possible to recover the majority of the target components. In
total 303.82 grams left the system in the target flow of which 199.05 grams were target components
(65.52%). A full 100% recovery of theCentral Processing Units and Small transistors and small IC chips
was achieved. While for IC chips and transistors (99%) andMLCC + Ta capacitors (97%) recovery was
near total. This was not the case for the Connectors of plastic with golden pins as they could not be
properly isolated in the non magnetic > 8.0 mm sieve size nor upgraded in the MDS for technical
reasons (see section 2.4). As the grade for this category was low (28 wt%), the choice was made to
not recombine these with the other flows. If this mixing would take place the outflow would more than
double to 782.67 while decreasing the target grade to 35.50 wt%.

In regards to the precious metals around 36 wt% of the palladium, 77 wt% of the gold and 88 wt% of
the silver was captured by the flowchart (see figure 2.19 for gold). The low recovery of palladium was
expected due to the fact that palladium is roughly evenly spread over the components (see section
2.1.1). Unlike palladium, gold was only found in a select number of components resulting in its high
recovery. This recovery could be increased by an additional 13 wt% if the Connectors of plastic with
golden pins were recovered as well. Lastly, it can be seen that the vast majority of silver is indeed
captured (around 48.89 mg per PCB).
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Figure
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2.6. Conclusion
This chapter had the aim of answering the following research questions:

Which components and precious metals can be found in low and medium grade PCBs from WEEE?

And

How effectively can RS, MS and MDS separate components from low and medium grade PCBs as a
feedstock?

As was shown, only a select number of components comprise both the majority of the weight and the
gold and silver concentrations. This was not the case for palladium which was equally distributed over
more than eight component types. However, the majority of palladium could actually be found on the
bare PCBs and not the components. In total, five component types were attributed as target compo-
nents (Central processing units, IC chips and transistors, MLCC + Ta capacitors, Small transistors and
IC chips and Connectors of plastic with golden pins).

Using the proposed separation setup (see section 2.5), it was possible to collect only a fraction of the
palladium (36 wt%) but the majority of gold (77 wt%) and silver (88 wt%) in the components. Yet the
total weight of the components was reduced by an order of magnitude, showing significantly higher
concentrations. The roll sorter was able to increase the concentration of the targets from 18.66 in
the feed to 42.61 wt%. Further increases to 53.69 wt% were achieved using the magnetic separator
and finally 66.23 wt% with the magnetic density separator. However, it was not possible to sort the
Connectors of plastic with golden pins (> 8.0 mm) nor upgrade their concentration as the setup for
magnetic density separation did not allow the > 8.0 mm components due to technical limitations.





3
Material flow analysis

The main goal of this chapter is to answer RQ 3 and 4, stated as:

How much precious metals can be recovered in the EU from low and medium grade WEEE PCBs in
the year 2050 using separation technologies?

And

How variable are the precious metal flows under different scenarios and due to model sensitivity?

Both research questions employed a material flow analysis using a Python model. RQ 3 will be an-
swered in two steps. First the amount of low and medium grade PCBs in the EU will be calculated.
This is then combined with the proposed separation system (see section 2.5) to determine the precious
metal flows. The chapter will conclude with two sections to answer RQ 4 focused on different scenarios
and model sensitivity.

3.1. WEEE availability
The first step in answering RQ 3 was to calculate the amount of WEEE PCBs using a dynamic MFA in
Python (see figure 3.1). This model was run individually for each of the investigated product categories
as described in section 1.7.

The geographic boundaries for the MFA are the EU-27 as of the first of January 2022, thus including
overseas regions (e.g. FrenchGuiana) and previously independent countries (e.g. GermanDemocratic
Republic). However, EU linked countries, such as Norway and the United Kingdom, are excluded from
the analysis as data was not always available for them in all sources. Furthermore, the EU is split
into four regions (north, east, south and west) in accordance with Baldé et al. to better represent the
population dynamics, consumption per capita and collection rates [106]. Therefore, the model is run
four times (once for each region) and summed for the EU’s totals. A map of the different countries can
be found in appendix A.1.

The time frame is split into two parts. First a historical period using historical data runs from 1980 until
2020. However, two variables run until 2019 (collection rate) or 2021 (population). This is followed by
a period until 2050 for exploration of the future. The year 2050 was taken as the end point of the model
as this is often a goal in circularity targets [107, 108].

31
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Figure 3.1: The MFA flowchart for the waste availability.

3.1.1. Model

As the time scale is one year it was assumed that only one process (Stock of Electronics) behaves as
a dynamic stock and the other processes do not accumulate. This dynamic stock was inflow driven as
sales numbers (e.g. PRODCOM) and historical inflow data (e.g. ProSUM) are more easily accessible
than data on the stock.

The model has one external inflow, Products put on market (POM), which is a quantity (number of
products) based flow. This inflow is calculated using two exogenous variables and the following formula
for every cohort (x):

𝑃𝑂𝑀𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦(𝑥) = 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛(𝑥) ∗ 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎(𝑥) (3.1)

The stocks are calculated using a cohort based approach as can be seen in table 3.1. The inflow of
each year (x) decreases over time (t) due to the effects of a survival curve as can be seen in equation
3.2. The survival curve is a Weibull survival curve with a set shape and scale dependent on the EEE
product (see appendix A.2).

𝐸𝐸𝐸𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑠𝑡𝑜𝑐𝑘𝑥(𝑡) = 𝑃𝑂𝑀𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦(𝑥) ∗ 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑐𝑢𝑟𝑣𝑒(𝑡 − 𝑥) (3.2)

If the yearly total of a stock or outflow is preferred instead of the cohorts this can be achieved by
summing row of year t. An example is provided in equation 3.3

𝐸𝐸𝐸𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑠𝑡𝑜𝑐𝑘(𝑡) =
𝑡

∑
𝑡=1980

𝐸𝐸𝐸𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑠𝑡𝑜𝑐𝑘𝑥(𝑡) (3.3)



3.1. WEEE availability 33

Table 3.1: An example of the cohort based approach (stock) for Flat Display Panels in Northern Europe.

t ↓ x → 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990
1980 1,603
1981 1,600 3,219
1982 1,585 3,213 4,844
1983 1,556 3,184 4,834 6,475
1984 1,511 3,126 4,791 6,461 8,106
1985 1,449 3,035 4,703 6,403 8,089 9,750
1986 1,371 2,910 4,567 6,287 8,017 9,730 11,411
1987 1,277 2,752 4,379 6,104 7,871 9,643 11,387 13,084
1988 1,172 2,565 4,142 5,853 7,642 9,467 11,285 13,056 14,793
1989 1,057 2,353 3,860 5,536 7,328 9,192 11,079 12,939 14,763 16,547
1990 937 2,123 3,541 5,159 6,930 8,814 10,757 12,703 14,630 16,512 18,367

As the stocks are currently in quantity and the average product weight is not constant, they are con-
verted into mass per cohort using formula 3.4.

𝐸𝐸𝐸𝑚𝑎𝑠𝑠 𝑠𝑡𝑜𝑐𝑘𝑥(𝑡) = 𝐸𝐸𝐸𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑠𝑡𝑜𝑐𝑘𝑥(𝑡) ∗ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑒𝑖𝑔ℎ𝑡(𝑥) (3.4)

The outflow (Discarded electronics or WEEE) for every year is calculated for each cohort in accordance
with formula 3.5. Here the difference in stock between the current and previous is taken. One exception
is the first year when the inflow occurs where it is set to zero.

𝑊𝐸𝐸𝐸𝑚𝑎𝑠𝑠 𝑜𝑢𝑡𝑓𝑙𝑜𝑤𝑥(𝑡) = 𝐸𝐸𝐸𝑚𝑎𝑠𝑠 𝑠𝑡𝑜𝑐𝑘𝑥(𝑡 − 1) − 𝐸𝐸𝐸𝑚𝑎𝑠𝑠 𝑠𝑡𝑜𝑐𝑘𝑥(𝑡) (3.5)

Similarly to the average weight, the PCB weight fraction of new products changes over time. Therefore,
the WEEE mass outflow cohorts are also multiplied by the average PCB fraction for its inflow year.

𝑃𝐶𝐵𝑚𝑎𝑠𝑠 𝑜𝑢𝑡𝑓𝑙𝑜𝑤𝑥(𝑡) = 𝑊𝐸𝐸𝐸𝑚𝑎𝑠𝑠 𝑜𝑢𝑡𝑓𝑙𝑜𝑤𝑥(𝑡) ∗ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝐶𝐵𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛(𝑥) (3.6)

As can be seen in the formulas, multiple exogenous informational inflows are used in the model. There-
fore, each one of these will now be discussed in further detail.

Consumption per capita
The consumption per capita was mainly gathered from the Waste over Time script (part of ProSUM) by
CBS with some small changes to remove outliers (see appendix A.3) [109, 110]. This data provided
the total inflow per country in quantity (number of products) and mass from 1980 until 2015. For each
region the yearly inflow per capita was calculated by summing the inflows for all relevant countries and
dividing by the region’s population.

As historical data for ProSUM ended in 2015, data from PRODCOMwas used for 2016-2020. However,
due to the complexity and confidentiality of the ProSUM project, irreconcilable discrepancies between
PRODCOM and ProSUM exist. Therefore, the choice was made to use PRODCOM data as a trend
for the 2015 ProSUM data (see appendix A.4 for the correlation between unu keys and PRODCOM
codes). For example, if the PRODCOM data showed an increase of 10% in apparent consumption for
2016 compared to 2015, consumption per capita for 2016 would also be 10% higher. However, this
method could sometimes be quite erratic in nature due to the yearly timeframe, therefore changes to
consumption per capita were limited to ±50% each year. Furthermore, some countries showed negative
apparent consumptions and were thus set to zero for these years.
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𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛(𝑡) = 𝑖𝑛𝑓𝑙𝑜𝑤(𝑡) − 𝑜𝑢𝑡𝑓𝑙𝑜𝑤(𝑡) + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛(𝑡) (3.7)

As no data exists for the period until 2050, these were estimated using some assumptions. For each
region and unu key a linear trendline based on historical consumption (per capita) was calculated for
the last 40, 20 and 10 years. Then one of these trendlines was proposed if it seemed a good fit (high
R2 and followed the current trend well) for all regions. If no trend was deemed satisfactory, the inflow
was kept stable at current levels. An overview for each unu key can be found in appendix A.5.

Population
As the population over the period is not stable, historical and predicted population statistics created by
Eurostat were used. For the period 1980 to 2021 historical data is used, while the period 2022-2050 is
based on estimations of the growth/decline [111, 112]. It should be noted that for the period 1980-1990
Metropolitan France instead of France was used due to lack of data and Germany included the former
German Democratic Republic.

Figure 3.2: The population in the EU-27 from 1980-2050.

Survival curves
The stock dynamics of the model use a survival curve to properly represent how long a product stays
in use by consumers. The survival curves take the form of a Weibull distribution curve and were taken
from Forti et al. with all countries using data for the Netherlands/France [97]. The survival curves are
kept the same for the whole period unless stated otherwise.

Average weight
In order to convert the number of products to a mass flow, the average weight per product (unique
for each unu key and region) was calculated. This data was also extracted from the Waste over Time
script, as it both presented inflows in weight and in quantity [109]. For some of the unu keys, the
average weight was not stable and either increased or decreased over time. In order to take this into
account the average growth/decline for the period 2010-2015 was calculated and used for extrapolation
of the period 2016-2050. However, it should be noted that this growth was limited to ±1% in order to
avoid extreme exponential growths or declines over the period.

PCB fraction
The last step was to convert the weight of discarded products to the weight of discarded PCBs. There-
fore, data from appendix A28, A29 and A32 by Wagner et al. was used to make this conversion [113].
As this data was presented in graphs, the tool WebPlotDigitizer was used to create raw data [114].
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Similar to the average weight, the PCB fraction for most products was not stable and tended to de-
crease over time. Therefore, the same method was applied to the PCB fraction. However, here the
growth was limited to ± 2% as they tended to be higher. An overview of all growth rates can be found
in appendix A.6.

It should be noted that the average weight and PCB fraction are both applied on the year that the
product was originally put on market. Thus the average weight and PCB fraction of a product from the
year 2005 does not depend on the year it leaves the economy as WEEE.

3.1.2. Unknown initial stocks

The model does not use an initial stock for any of the products. This choice was deliberate as an initial
stock can create adverse effects, such as large outflows in certain years, and was not required. As the
inflow data already starts in 1980 there is a 40 year lead up period to 2020. Over this 40 year period
almost all of the original inflow from 1980 leaves the system. Therefore, it is possible to ignore inflows
from before 1980 to the system. This assumption was also checked using the Weibull data and plotted
in figure 3.3 and seems to hold for almost every product. The only product where more than 1% of the
original inflow is still in stock by 2020 is 402 (Portable Audio & Video). As this is the only case, this
discrepancy was deemed acceptable.

Figure 3.3: The percentage of every Unu key that is still left in 2020 from 1980.

3.1.3. Results

As can be seen in figure 3.4, the inflow (number of products) increases year over year with the outflow
and stock following the same trend. This was expected as both population and consumption per capita
increase over the years. An exception to this trend can be found between the years 2006-2012, where
the inflow stabilises. This is likely a result of decreasing consumption per capita due to the 2008 financial
crisis [115].

The same anomaly can also be seen when looking at weight instead of number of products (see figure
3.5). However, during the whole period average weight per product also slightly decreased. Therefore,
the effect is not completely the same in both graphs. Lastly, both graphs clearly show that the histor-
ical data ends in the year 2020 as afterwards the inflow becomes a straight line due to the previous
assumptions made.
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Figure 3.4: The inflow, outflow and stock (right axis) development from 2000-2050 (number of
units). The end of the historical data is shown with a vertical line.

Figure 3.5: The inflow, outflow and stock (right axis) development from 2000-2050 (kg). The
end of the historical data is shown with a vertical line.

The story changes when one looks at the mass (kg) of low and medium grade PCBs that flow in and out
of the system (see figure 3.6). Around the year 2006 the inflow takes a sharp decline and falls below
the yearly outflow, creating a large negative addition to stock (-4.58 ⋅ 107 kg in 2012). As a direct result
of this negative addition, the stock decreases sharply in the same period. This decrease in inflow can
best be attributed to the miniaturisation of PCBs in electronics. A perfect example is the replacement of
CRT TVs and monitors by FDP technology (see figure 3.7). The average CRT monitor in 2000 required
1.78 kg of PCB, while the average FDP in 2010 required only 0.25 kg of PCBs. This observation is also
in line with the literature [116, 117].

These trends can also be seen in the outflow compositions. Two examples (2008 and 2050) are shown
in figure 3.8 and 3.9. First of all, CRT TVs andmonitors are expected to be been completely replaced by
FDP TVs and monitors, yet at a lower combined share (28 wt%) than before (47 wt%). Video and Music
Instruments remain two of the major categories, but slightly decrease their shares. However, it should
be remembered that the actual outflow will decrease (from 131 kton to 57 kton), thus also decreasing
the Video and Music Instruments mass outflows. Lastly, the number of categories that crossed a 3 wt%
threshold (arbitrarily chosen) has increased from 4 to 11, showing a greater diversification of outflows.
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Figure 3.6: The inflow, outflow and stock (right axis) development of
PCBs from 2000-2050 (kg). The end of the historical data is shown

with a verticle line.

Figure 3.7: The PCB inflow of the most important categories from
2000-2020 (kg).

Once again, this can best be attributed to the previous dominance of CRT technology and to a lesser
degree an increased popularity of the other categories. It should also be noted that this fact will likely
complicate the waste management systems as the separation processes will have to be applicable to a
large number of product categories. However, this diversification also increases the number of potential
niches for recyclers to specialise in. For example, a recycler could specialise in recycling Toys due to
the increased outflows in 2050 (2,269 tons compared to 822 tons in 2020) and through their familiarity
with the products increase efficiency and thus reduce energy demand while increasing profits.

Figure 3.8: The weight distribution of discarded PCBs in 2008 with all
categories larger than 3 wt%.

Figure 3.9: The predicted weight distribution of discarded PCBs in
2050 with all categories larger than 3 wt%.

3.2. Precious metal flows
For the calculation of the precious metal flows the previous MFA is continued and now includes the
waste management system and recovery (see figure 3.13). First of all, a new variable called collection
rate is introduced which models the collection the WEEE/PCBs. After collection the components on the
PCBs are liberated using data gathered in chapter 2, resulting in a component and bare PCB stream.
The bare PCBs will continue directly to their metallurgical recovery while the component streams will
enter the novel separation technologies. These processes will use data gathered for RQ 2 to efficiently
separate the components to their individual categories before entering metallurgical recovery. Lastly,
during metallurgical recovery the precious metals will be recovered from the different streams.
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Two main results were calculated, the maximum potential recovery and the recycling recovery. The
former assumes that all PCBs are collected and all components enter metallurgical recovery, which
operates at 100% efficiency. Thus, showing the upper limit of precious metals which can be extracted.
However, the recycling recovery shows the predicted recovery by the proposed system of RQ 2 and is
therefore more interesting. Here the collection rates, separation and metallurgical efficiency are taken
into account. Furthermore, this second result will be evaluated using the scenarios and Monte-Carlo
sensitivity analysis of RQ 4.

Three indicators were used to present the results. The first indicator is the amount (weight) of recovered
precious metals that is achieved. The second indicator shows the ratio between this new secondary
flow and the EU’s overall raw consumption of the metal (see equation 3.8). To show the specific impact
on the sector the third indicator calculates the ratio between the inflow and the EU’s raw consumption
for electronics production (see equation 3.9). These inflows are taken from the 2020 CRM analysis
factsheets and are assumed to stay at 2020 levels for the evaluated period [7, 8].

𝑅𝑎𝑡𝑖𝑜𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 =
𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑖𝑛𝑓𝑙𝑜𝑤

𝐸𝑈′𝑠 𝑟𝑎𝑤 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠) (3.8)

𝑅𝑎𝑡𝑖𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐𝑠 =
𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑖𝑛𝑓𝑙𝑜𝑤

𝐸𝑈′𝑠 𝑟𝑎𝑤 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐𝑠) (3.9)

Collection
Quite often collection rates are calculated using by assuming the products placed on market in the
three preceding years are the current year’s outflow (see equation 3.10). To give a more accurate
view of the problem formula 3.11 was used instead as this presents the actual fraction of outflow which
gets collected by the waste management system. For each country in the EU-27 the collection rate
was individually calculated for each of the three investigated WEEE categories (II, IV and V). It should
be noted that the excluded products categories (Laptops, Professional IT, Small lighting equipment,
Household Luminaires and Professional luminaires) were included in these calculations. These collec-
tion rates were then averaged for each of the regions. This does mean that small but effective nations
(e.g. Croatia at 100) are able to compensate for large yet ineffective countries (e.g. Spain). For the
period after 2019 it was assumed that the 2019 collection rates would be kept (see table 3.2) as the
main model assumes business as usual.

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒(𝑡) = 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑊𝐸𝐸𝐸(𝑡)
𝑃𝑂𝑀(𝑡 − 3, 𝑡 − 2 𝑎𝑛𝑑 𝑡 − 1) (3.10)

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒(𝑡) = 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑊𝐸𝐸𝐸(𝑡)
𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑊𝐸𝐸𝐸(𝑡) (3.11)

Table 3.2: The collection rates for 2019 and onwards. For all years see appendix A.7

Region II IV V
North 86% 81% 30%
East 76% 74% 34%
South 72% 43% 21%
West 73% 70% 35%

Data regarding collected WEEE flows were collected in several ways. First of all, for the period 2010-
2015 data was taken from the ProSUM project (collected and reported) [110]. For the year 2019 (and
2018 for Bulgaria, Hungary, Lithuania, Poland and Portugal) it was possible to take data (Waste col-
lected from households) from Eurostat’s new WEEE database which was published earlier this year
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[118]. However, the Eurostat database does not have reporting for the six (new) WEEE categories
for the period before 2019 as it previously used the old ten WEEE categories [119]. Therefore, it was
assumed that in these years the collected WEEE flows linearly increased/decreased to 2019 levels.

In order to determine the generated WEEE flows the MFA model from the previous section was em-
ployed. Instead of running the model on a regional level it was run for each individual country. This
was possible as the EEE inflows from ProSUM and Eurostat were on the national level as well.

Finally, a couple of points should be noted. First of all, no data was gathered for the period before 2010
as this report aims for the application of future technologies and does not focus on historical behaviour.
Secondly, the collection rates for each country was limited to 100% to avoid skewing the numbers
as some collected more than they generated (e.g. Finland and Sweden). For category IV (Large
Equipment and PV panels), any data regarding the PV panels was excluded as this was considered
out of scope for this report. Lastly, four countries (Cyprus, Greece, Malta and Romania) were not yet in
the Eurostat database. Therefore the decision was made to exclude them from the averages to avoid
using old (2015) data.

Metallurgical recovery
In the last step of the recycling system the metals are extracted from the feed. Many technologies are
employed in this regard including mineral acids (e.g. HCl), cyanide or Acidic thiourea [120]. The Pea-
coc project advances the work of the Platirus project using a two step metallurgical recovery process
developed by VITO [25, 121]. The metals are leached from the substrate at a temperature of 150°C
using 6M HCl and H2O2 for 10 minutes. The metals are then recovered using gas diffusion electrocrys-
tallization (GDEx) where a gas (e.g. O2) is reduced leaving the metals [122]. The process is already
able to capture over 95% of platinum groups metals (PGMs), which includes palladium, in autocatalysts
and is in active development for WEEE [92]. Therefore, a recovery of 90% will be assumed as it is also
in line with other hydro metallurgical recoveries (90-99%) [123–125].

3.2.1. Results

Maximum potential recovery
Themaximum potential recovery for all three preciousmetals (gold, silver and palladium) can be seen in
figure 3.10. This graph shows how much precious metals would be recovered if no losses in collection,
separation or metallurgical recovery take place.

Figure 3.10: The maximum potential recovery (kg) of palladium, gold and silver.
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All the flows follow a very similar pattern to the previously established PCB outflows (see figure 3.6). In
the early years they rise, reaching their zenith in 2008, after which they slowly decrease over the years.
Silver is by far most prevalent (an order of magnitude higher) of the three precious metals. This was
expected due to the very high concentrations in the MLCC + Ta capacitors, as established in section
2.1.1.

The estimated flows are significantly lower than the Peacoc projects cites as their goal (30 ton gold,
10 ton palladium and 100 ton silver) [25]. This is likely the result of multiple factors. First of all, this
thesis only focuses on low and medium grade PCBs. So precious metal rich EoL PCBs from laptops
or phones are not included. Secondly, due to problems with the data any flows from Large steel and
aluminium cases were ignored. If this data is included precious metal flows increase significantly, 11%
for palladium, 40% for gold and 36% for silver. Lastly, it is also possible that the Peacoc proposal
overestimated the amount of precious metals available. For instance, ProSUM calculated around 2.7
tons of palladium, 13.1 tons of gold and 68 tons of silver for the investigated WEEE categories (II, IV
and V) for 2020. Although it should be noted that ProSUM also includes laptops and professional IT
(both high grade PCBs).

As can be seen in table 3.3, only a small part (less than 5%) of the current (2020) demand can be sup-
plied from PCB outflows. This even worsens in the future due to the previously mentioned decreasing
flows where only around 3% of demand can be supplied from this secondary source. Furthermore, the
actual supply will likely be far lower as this is the maximum potential outflow.

Table 3.3: The maximum outflow, current consumption and their ratio of precious metals in the EU-27 for 2020 and 2050

Pd Au Ag
2020 2050 2020 2050 2020 2050

Raw consumption
all products (ton)

2.37 1.77 3.09 2.31 35.85 26.80

Raw consumption (all products) (ton) 59 73 849
Ratio all products 4.02% 3.00% 4.23% 3.16% 4.22% 3.16%

Recycling recovery
As mentioned before, this section shows the expected metal recovery for the proposed separation
system where (household) collection rates, separation efficiency and metallurgical recovery also play
a role.

Figure 3.11: The effective recovery (kg) of palladium, gold and silver (right axis).

A couple of interesting observations can be made. First of all, the historical fluctuations and their
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later smoothing for collection rates can be observed in the early years (2010-2019). Secondly, after
2020 the recovered metal flow goes down. This was expected as the maximum potential outflows was
previously shown to decrease as well (see figure 3.10). In reality recovery would likely go up or stay
at similar levels due to increases in collection rates, thus compensating for the lower potential. These
increases in collection rates were not modelled for this system as the Eurostat database only provided
one data point (2019) for the majority of nations complicating trend extrapolation. Lastly, it can once
again be seen that the potential for silver is an order of magnitude higher than for gold and palladium.
However, it should be noted that the majority of the monetary value is still located in the gold (46.21%)
and palladium (46.45%) instead of the silver (7.34%).

Figure 3.12: An overview of where the loses take place (gold).

As can be seen in figure 3.12, only between around 40% of the potential is currently exploited by
the proposed system. However, this gap is not due to failure of the sorting system, but due to the
previously mentioned low collection rates (see section 3.2). Here the collection step loses around
52.50 wt% of all the gold, while the separation system and metallurgical recovery only lose 6.75 and
4.07 wt%, respectively, for 2050. This shows that even with an efficient separation system, proper
recovery cannot be achieved if the initial collection from households remains low. The flowcharts for
gold can be seen in figure 3.14 while palladium and silver can be found in appendix A.8.

In a similar vein, the supply to the economy also roughly halved with the system only able to supply
around 1.6% of the required input for 2020. Furthermore, this also drops again for 2050 with all three
metals being below 1.3% as the maximum potential decreases.

Table 3.4: The recovered outflow, current consumption and their ratio of precious metals in the EU-27 for 2020 and 2050

Pd Au Ag
2020 2050 2020 2050 2020 2050

Recovered outflow (ton) 1.02 0.75 1.27 0.94 15.42 11.71
Raw consumption
all products (ton)

59 73 849

Ratio all products 1.56% 1.15% 1.56% 1.16% 1.63% 1.24%
Raw consumption
electronics (ton)

2.36 8.03 110.37

Ratio electronics 38.94% 28.74% 14.19% 10.55% 12.58% 9.55%

The story changes when looking at metal consumption for electronics production. This consumption is
only a fraction of the total demand (4% for palladium, 11% for gold and 13% for silver) and secondary
production could thus significantly increase circularity and the End-of-life recycling input rate. In all



42 3. Material flow analysis

three cases this amounts to over 10% of demand can be satisfied with the current collection rates. This
is possible due to the fact that the majority of electronics are produced outside of the EU and thus do
not count in the raw consumption.

Therefore it can be stated that the implementation of this recycling system will only have a small effect
on the overall circularity of the EU, yet could provide significant yields for the electronics sector.
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3.3. Scenarios
As mentioned in the research questions (section 1.8), RQ 4 will explore several scenarios of potential
future pathways. The main input parameters for these scenarios are population growth, consumption
per capita, WEEE collection rate, product lifespan and miniaturisation (see table 3.5). All scenarios
will start in the year 2021 and will usually take until 2030 to take full effect. Any changes compared to
Business As Usual (BAU) are made used a linear growth model. Thus, if a variable increases a total
of 20% over 10 years, a 2% (cumulative) increase on yearly basis is calculated. First the results for
WEEE availability will be given followed by the precious metal flows.

Table 3.5: The different scenarios and their impact on the exogenous variables.

Scenario
Population
growth

Consumption Collection rate
Product
lifespans

Miniaturisation Repurpose

BAU Follows trend Follows trend Follows trend Follows trend Follows trend N.A.
Goals Follows trend 10% decrease Directive target 20% increase Follows trend N.A.
CE Follows trend 20% decrease Reaches 95% 50% increase 20% decrease Reaches 50%

Decline
Depends on

region
Stabilises Follows trend Follows trend Stabilises N.A.

Consumption Follows trend 50% increase Follows trend 20% decrease 20% increase N.A.

Business As Usual (BAU)
The first scenario will be a Business As Usual (BAU) scenario. Here, current trends (e.g. population
growth) will be assumed to continue on their current trajectories, while potential pitfalls (e.g. an eco-
nomic crisis) and/or unexpected benefits (e.g. new technologies) are ignored. Therefore, this can best
be seen as a “realistic” or “conservative” scenario and a baseline for the rest. All variables will follow
the calculations as previously written.

Goals
The first scenario will be followed by the Goals scenario. In this potential future the European Union
(both the governmental body, its citizens and companies) will all act towards sustainability. Through
widespread campaigns, the awareness of the population on the topic of E-waste has increased. This
results in sizeable improvements of WEEE collection and the EU reaches its goals by the year 2030
[126]. Furthermore, the population also puts pressure on the electronics producers through governmen-
tal legislation. New initiatives such as right to repair laws will be implemented, which in turn increases
the lifespan of newly produced products up to 20% by the year 2030. Lastly, as products stay longer
in use the demand for new products slightly decreases by 10%.

Circular Economy (CE)
In the third scenario called Circular Economy (CE) the campaigns of the second scenario exceed all
expectations. The EU has one mind, which is to solve the WEEE problem. By the year 2030 collection
rates for all categories reach 95%, greatly exceeding anybody’s dream. Furthermore, in addition to
the previously stated legislation new business models, such as product as a service, are adopted
by industry. This combination makes new products last for 50% longer, while reducing consumption
by 20% compared to BAU by 2030. This new market also creates new opportunities. For instance,
electronics producers recognise the outflow of cheap, clean yet usable PCBs and decide to use these
to reduce manufacturing costs. Higher grade PCBs (e.g. from FDP TVs and monitors) are repurposed
in newly manufactured equipment such as washing machines and dryers. About 50% of these higher
grade PCBs are used for this purpose closing the loop at an even earlier stage than recycling. However,
this innovation also means that old/obsolete PCBs are used in new products instead of newly designed
PCBs, slightly slowing down development. This in turn means that the rate of miniaturisation (weight
per product and PCB fraction) is decreased by 20%.
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Decline
In order to provide some contrast, the fourth scenario will be a negative scenario called Decline. In
this scenario Europe’s economy will grind to a halt causing public upheaval and an EU stuck in political
gridlock. Due to stagnating income and wealth, consumption will no longer increase and stabilise at
current levels. Furthermore, as nations are more focused on internal matters migration between EU
members will cease as well. This will result in a decrease in population growth for northern and western
Europe, while increasing growth in southern and eastern Europe compared to the growth in BAU (see
appendix A.9). Lastly, as the economy has stagnated, product development has not improved either,
leading to a halt of the miniaturisation process.

Consumption
The last potential future that will be explored is called Consumption. Through careful planning and
luck, new R&D breakthroughs are achieved and product innovation is greatly increased. These im-
provements allow smaller and better products to be made, resulting in increases to the miniaturisation
process of 10%. At the same time consumerism increases as well because people want the newest
and best products available. Therefore, the consumption per capita by the year 2030 is expected to
increase by 50% compared to BAU, while decreasing product lifespans by 20%.

3.3.1. WEEE availability

As expected all scenarios remain very similar for the first five years and only start to diverge after the
year 2025 (see figure 3.15). The first is the consumption scenarios, which increases sharply only to
slow down around 2035. The sharp increase can be explained by the overall increased consumption
per capita, while the latter slowdown is due to the shorter lifetimes. The extra consumption already
flows out again, thus reducing total stocks. Around the year 2030 the next divergence of the Decline
scenario can be seen. This falls in line with the expectations as the consumption slows down in the
Decline scenario, reaching full stability in 2030. The Goals and CE scenario both diverge in 2035
and behave very similar with slightly increased stocks for CE. This shows the importance of lifetimes
(increased by 50%) on stocks as CE’s stock increases even though consumption decreased by 20%. In
2050 Decline has (almost) completely stabilised (82% of BAU), while Consumption achieves the highest
stock (119% of BAU) with Goals (106% of BAU) and CE (113% of BAU) in between Consumption and
BAU.

Figure 3.15: The stock of electronics for each scenario.

The previously established conclusions do not hold in regards to the PCB outflows (see figure 3.16).
Here it can clearly be seen that the Consumption scenario produces the highest outflows (138% of
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BAU), while Goals (90% of BAU) and CE (82% of BAU) produce less waste. This should not come
as a surprise as Consumption focuses on high, short-term consumption, while CE does the exact
opposite with a strong focus on increased product lifespans. It is also interesting to note that after
the year 2040 these two scenarios actually start to convergence once again. This is likely due to the
effects of miniaturisation (increased in Consumption and decreased in CE) catching up with the product
lifetimes. It should be noted that miniaturisation is a part of all scenarios (including BAU) and is only
accelerated or slowed down by the scenarios unlike the survival curves.

Figure 3.16: The produced waste PCBs produced by the five scenarios.

3.3.2. Precious metal flows

The story once again changes when looking at the recovered precious metal flows (see figure 3.17).
Initially the Goals and CE scenario show the highest recovered outflows as their collection rates have
increased. However, both start to decrease in later years, CE after 2026 and Goals after 2030, due
to several factors. First of all, both decrease due to the preciously stated general decline (see section
3.2.1). Secondly, their increases in recovery were due to increases in collection rate, which stabilises
in 2030. Thirdly, both have decreased PCB outflows due to the increases in lifetimes. Lastly, the CE
scenario recovery decreases as repurposing PCBs reaches its full potential in 2030 (50% of collected
PCBs). Therefore, these PCBs are no longer available for preciousmetal recovery through the recycling
system.

On the other hand, the Consumption and Decline scenarios increase their metal recovery as more
PCBs are discarded (see figure 3.16). As mentioned before for the Consumption scenario, this is due
to increased per capita consumption and lowered lifetimes, while Decline increases due to the halting of
the miniaturisation process. It should also be noted that even though Goals and Consumption recover a
similar amount of gold, the Goals scenario should be the preferred outcome as it does it more efficiently
by using 40% less product outflows.
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Figure 3.17: The recovered outflow of gold in different scenarios.

3.4. Uncertainty and sensitivity analysis
In order to evaluate potential pitfalls with the MFA model and data, an uncertainty and sensitivity anal-
ysis were performed using Monte-Carlo uncertainty analysis and parameter sensitivity analysis. The
former showed the uncertainty in the data and their results for the overall model, while the latter pro-
vides the effect of each input variable. For the sake of conciseness gold will be the only precious metal
that will be explored. This was deemed acceptable as no major differences between the three metal
flows exist.

3.4.1. Uncertainty analysis

In total 1.000 runs were performed for the Monte-Carlo uncertainty analysis. During a run the flows of
all product types in each region were individually run with randomised variables. Therefore, achieving
complete randomness during every run. All variables used a normal distribution with the mean being
the original data point and the standard deviation (differed per variable) a percentage of this point. To
avoid extreme outliers and errors, the random variable had a minimum of 0.0001 and a maximum of two
times its original value. Furthermore, for the variables in the form of fractions (PCB fraction, collection
rate, component weight distribution, component separation and metallurgical recovery) care was taken
to keep the fractions between 0 and 100%.

Consumption per capita
For the consumption per capita a standard deviation of 10% was assumed for the historical period
(1980-2020). This was increased to 20% for the predicted period (2021-2050).

Population
For population it was assumed that historical data was accurate and thus not randomised. However,
uncertainty was introduced in the 2022-2050 period. As population is determined using the predicted
growth, this growth was randomised using a standard deviation of 10%.

Survival curves
In the case of survival curves, both the shape and scale were randomised. As the same survival curve
is used for the whole period, no variability in curve was introduced between different years. For the
shape and scale a standard deviation of 10% and 20% were used, respectively.
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Table 3.6: All the input variables to the model and their uncertainty.

Variable 1980-2020 2021-2050 Notes
Consumption per capita 5% 20% N.A.
Population growth 0% 10% Second period starts in 2022
Shape (survival curve) 10% N.A.
Scale (survival curve) 20% N.A.
Average product weight 10% 25% Second period starts in 2016
PCB fraction 10% 25% Second period starts in 2016
Collection rate 10% N.A.
Component weight distribution 10 or 20% Non CRT or FDP is 20%
Metal concentration 10 or 20% FDP data is 10%, CRT 20%
Component separation 10% N.A.
Metallurgical recovery 10% N.A.

Product weight and PCB fraction
For the average weight per product and PCB weight fraction a similar approach was taken. Both had
a standard deviation of 10% during the historical ProSUM period (1980-2015), but 25% from 2016
onwards. This choice was made to reflect the potential of newly produced products which currently do
not exist.

Collection rate
The collection rates were randomized with a standard deviation of 10% as their calculation methods
were not always clear and consistent.

Component weight distribution
In regard to the component fractions two rangeswere used. As the components for the CRTTV/monitors
and FDP TV/monitors were gathered from laboratory work, these had a low standard deviation of only
10%. This was not the case for the other products. As these were taken from a select number of
(online) sources and used CRT/FDP proxies (see section 2.1 and appendix A.2), they had an standard
deviation of 20% to reflect this data uncertainty.

Metal concentrations
The metal concentrations had a base standard deviation of 10%, which was increased by an additional
10% if the product used the CRT data as a proxy. This choice was made as the metal concentrations
for CRTs were not experimentally determined but based on the FDP data and thus less precise.

Component separation
As data for component separation is taken from experimental lab work, a low standard deviation of
10% was implemented. This was the same for all types of products and no differentiation was made
between FDP or CRT proxies.

Metallurgical recovery
For metallurgical recovery a standard deviation of 10% is used. This choice was made as the original
efficiency (90%) was based on an assumption, but neither significantly higher or lower values were
found in literature.
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Results

As mentioned before, overall model sensitivity was first explored with randomisation for all variables
and its results can be seen in figure 3.18. As the period 1980-2020 was based on historical data,
the uncertainty for this period is low as well. After 2020 the consumption per capita data becomes
uncertain resulting in a sharp increase of uncertainty. However, this increase in uncertainty does not
yield immediate effects on the outflow (see figure 3.19) as the uncertain inflows have a time delay
before they flow out again.

Figure 3.18: The uncertainty of the inflow of electronics. Figure 3.19: The uncertainty of the outflow of electronics.

PCB weight
The results differ after conversion to PCB mass. First of all, the uncertainty in the inflow and outflow for
the historical period is slightly wider than before due to the additional uncertain variables. Interestingly
enough, the standard deviation for the outflows (figure 3.21) stays at a very similar level throughout
the whole period even though individual parameter uncertainty was increased after 2020. This lack of
increase is likely the result of the miniaturisation process (decrease in product weight and especially
PCB fraction in the product) compensating for the increased uncertainty for each variable.

Figure 3.20: The uncertainty of the inflow of PCBs. Figure 3.21: The uncertainty of the outflow of PCBs.
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Precious metal flows
As can be seen in figure 3.22, the maximum precious metal flow follows a very similar trend to the PCB
weights from figure 3.21. It starts high with a maximum of 4,133.38 kg in 2008 and decreases over the
years. Furthermore, the standard deviation stays very similar over the years with SD being 10.69% of
the mean for 2008 and 10.64% for 2050. This shows that the relative uncertainty stays similar even
thought the absolute flows do decrease.

Figure 3.22: The uncertainty in the gold outflow.

As figure 3.10 shows, the recovered gold shows a very similar trend to the maximum gold outflow.
However, due to the introduction of more variables (collection rate, separation and metallurgical effi-
ciency) the uncertainty in the results has slightly increased to 12.29% for 2050. This once again shows
that additional input variables increase the uncertainty of the overall model.

Figure 3.23: The uncertainty in the gold outflow of the recycling system.
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3.4.2. Sensitivity analysis

In order to evaluate the robustness of the model multiple sensitivity analyses were performed. Each
evaluated a different part of the model and its underlying assumptions. In all cases the recovered gold
over the years was taken as the final indicator.

Non-limited multiplying factors
Several of the input variables behaved in a similar manner to changes (+25%) in their input, as can
be seen in figure 3.24. This was the case for the overall population, inflow per capita, product weight,
PCB fraction and metal concentration. Each of these variables is a direct non-limited multiplication in
the model. Therefore, it there is no specific difference between final outflows between these variables.

Figure 3.24: The model’s sensitivity to changes of the non-limited multiplying factors.

Limited multiplying factors
This was not the case for the limited multiplying factors collection rate and metallurgical efficiency.
When increasing (+25%) their inputs some of the values went over 100% and were thus limited. This
in turn resulted in a less than 25% increase in the final recovered outflow. It should also be noted that
this could be the case for the PCB fraction (currently non-limited) as well, yet it should increase 500%
to be the case.

Figure 3.25: The model’s sensitivity to changes of the limited multiplying factors.
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Survival curves
As can be seen in figure 3.26, increasing the shape or scale has quite a strong effect on the short and
medium term. In the case of the shape a higher outflow is found (as the median lifetime decreases),
while slightly lowering the flow around 2030. The opposite happens when increasing the scale, which
stretches the survival curve and thus lifetime, which results in more outflows on the medium term.
However, in both cases there is a negligible difference on the long term (2050). This is likely the result
of the smooth inflow due to the linear assumptions.

Figure 3.26: The model’s sensitivity to the shape and scale of the survival curves.

Inflow per capita
As the linear inflow assumptions create such a strong effect on the long term, these were also evaluated.
In the original model a mixture of linear trendlines (no trend, last 10 years, last 20 years and last 40
years) were used depending on the product category. If one of these assumptions is applied to all
products categories a strong effect on the final outflow can be found (see figure 3.27). The lowest
recovery is expected if no linear assumptions are made at all and the current consumption per capita
is continued (Current value). The strong overlap between the base model and the long term trend (last
40 years) are due to the fact that over halve of the product categories currently uses this assumption.
This in turn also means that the product categories that use the other assumptions produce a trivial
amount of recoverable gold.

Figure 3.27: The model’s sensitivity to the assumption of the inflows.
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WEEE categories
Lastly the model’s sensitivity to the three different WEEE categories was investigated. As can be seen
in figure 3.28, increases to category IV have a trivial effect on the final recovered gold while category II
and V have similar effects. This once again shows that category IV products are not of great importance
to gold recovery. This is also in line with the previous section as many category IV products do not use
long term inflow trends, but use stable inflows per capita. Yet it was slightly unexpected as collection
rates and product weights for category IV are high (e.g. 81% in northern europe and 43.3 kg for product
102).

Figure 3.28: The model’s sensitivity to the three different WEEE categories.
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3.5. Conclusion
This chapter analysed the third and fourth research questions of the thesis:

How much precious metals can be recovered in the EU from low and medium grade WEEE PCBs in
the year 2050 using separation technologies?

How variable are the precious metal flows under different scenarios and due to model sensitivity?

It was shown that only a small fraction of the EU’s demand for precious metals (4.02% for palladium,
4.23% for gold and 4.22% for silver) can be satisfied using secondary production from low to medium
gradeWEEE. However, these fractions are likely lower due to significant losses during collection (52.50
wt%), component separation (6.75 wt%) and metallurgical recovery (4.07 wt%) for an effective recovery
of 36.68 wt%. Thus it can be stated that a stronger emphasis should be placed upon collection. Yet
the effects on the electronics sector itself can be quite significant with potentials of over 10% with
incomplete collection.

This chapter also discussed different potential futures using scenarios and the model’s uncertainty
and sensitivity using Monte-Carlo simulations. It was once again shown that collection rates play an
important role combined with consumption per capita and product lifespan. By increasing the products’
lifespan less consumption is required, which in turn increases the systems effectiveness (as demand
decreases). However, this also means that recovered outflows will decrease. Additionally, it was shown
that the uncertainty in the outflows is relatively small with a maximum standard deviation of 12.29% of
the mean in 2050. Lastly the model shows a strong degree of convergence on the longer term for a
lot of variables. However, some parts are more impactful (e.g. assumptions about inflow correlations)
than other (e.g. survival curves).





4
Critical raw materials

This chapter aims to tackle the fifth research question of this report:

To what degree can the separation system improve the recovery of critical raw materials and what
would the impact on their criticality be?

In total eight different CRMs were evaluated in this thesis: barium, beryllium, cobalt, magnesium, an-
timony, titanium, vanadium, platinum and palladium. All were evaluated on their material flows and
three on their criticality as well.

4.1. Raw material flows
The material flows were evaluated using the previously established MFA system for precious metals.
This system was developed with (metal) modularity in mind and could thus easily be adapted. The only
change that had to be made were the addition of the metal concentrations for the CRMs. A paper by
Huang et al. provided data on multiple metals including the critical raw materials Ba, Be, Co, Mg, Sb,
Ti, V and Pt in different types of components [127]. However, their component categories did not align
with the Peacoc component categories and were thus converted (see appendix A.10).

For the bare PCBs multiple papers were used to determine the CRM concentrations (see appendix
A.11). However, no concentrations were found for titanium or vanadium. Furthermore, as not all papers
looked at the same grade PCBs (e.g. populated or bare), the results were also shown for both the
boards and components separately. Data for Pd was taken from the previous chapter.

For the calculation of the criticality score a number of assumptions were made. First, the introduction
of a new recycling pathway will generate a new secondary raw material flow. It was assumed that the
collection rate is 100% and metallurgical efficiency is 90%, while the separation efficiency depended
on the proposed setup. This secondary flow will in turn increase the EoL-RIR, where it was assumed
that primary consumption goes down due to the increase of secondary production to keep total input
constant. For the raw material inflows of the EU, the CRM-factsheets were used [8]. In accordance to
the EU’s CRM methodology, secondary production is a risk free SR dampener but does not impact the
Import Ratio or HHI [87]. Lastly, EI is not impacted/changed as EoL recycling does not directly impact
this axis.

57



58 4. Critical raw materials

4.1.1. Results

An overview of all outflows and their ratios compared to the EU’s total input for 2020 can be seen in table
4.1. Here it can be seen that only four CRMs (beryllium, antimony, platinum and palladium) have any
potential for supplying a part of the current consumption (defined as more than 1.0%). However, when
only looking at the electronics sector two others (cobalt and vanadium) should also be able to have a
significant impact. The consumption for the electronics sector also included batteries and magnets if
those were used for electronics [8].

Table 4.1: The maximum potential flows in 2020 for all the CRMs and their ratio compared to current (2020) consumption.

Metal Ba Be Co Mg Sb Ti V Pt Pd
Maximum outflow
in bare PCBs (ton)

13.45 1.25 107.75 40.78 191.15 N.A. N.A. 0.81 1.94

Maximum outflow
in components (ton)

217.81 2.17 67.70 529.04 222.15 407.07 16.93 0.03 0.43

Maximum outflow
both (ton)

231.26 3.43 175.45 569.81 413.30 407.07 16.93 0.84 2.37

Raw consumption
all products (ton)

506,000 37.5 36,203 113,000 17,023 1,509,000 12,717 63.9 59.0

Ratio all products 0.05% 9.13% 0.48% 0.50% 1.58% 0.03% 0.13% 1.32% 4.02%
Raw consumption
electronics (ton)

N.A. 15.75 3,258.27 N.A. 11,261.70 90,540 127.17 2.56 2.36

Ratio electronics N.A. 21.75% 5.38% N.A. 3.67% 0.45% 13.31% 32.91% 100.45%

4.2. Beryllium
Beryllium is one the CRMs that currently has no primary or secondary production in the EU and is
thus a supply risk to the EU (SR is 2.29 for 2020). At the moment the majority (55%) of beryllium is
imported from the USA and the metal is mainly used in the production of Electronics and telecommuni-
cations (42%), and Transport and Defense (44%) [8]. No production of beryllium alloys, metal or oxides
currently takes place within the EU, thus creating an import reliance of 100%.

According to the SCRREEN project, beryllium recycling from post-consumer scrap is currently not tak-
ing place. The main reasons cited are the low concentrations and dilution (2 ppm) in its most common
form (alloyed copper) [128]. Furthermore, the low price of beryllium (500 USD/kg) makes recovery
currently not economically viable [8]. Therefore, any beryllium recovery will have to find other ways to
be achieved, such as quotas or subsidies.

4.2.1. Concentration

Figure 4.1: The weight distribution of beryllium.

As can be seen in figure on the right, only a very limited
amount of components contain the beryllium. Furthermore,
there is a strong overlap in components that contain pre-
cious metals and beryllium. This is advantageous as the
same separation setup for preciousmetals can likely be em-
ployed with some small modifications. These modifications
are needed to capture the Blue capacitors as well. The Blue
capacitors can all be found in the lightly magnetic 2.5 - 3.0,
3.0 - 5.0 and 5.0 - 7.0 mm sieve sizes. The 2.5 - 3.0 mm
sieve size is already captured with the precious metals and
can thus be ignored. However, the grades for the 3.0 - 5.0
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and 5.0 - 7.0 are quite low at 21 and 4 wt%. Therefore, further upgrading will likely have to take place.

In both cases the major contaminants are Al electrolytic capacitors and Inductors and transformers,
which if removed would increase the grade to 51 wt% (3.0 - 5.0 mm) and 85 wt% (5.0 - 7.0 mm). This
could be achieved through shape separation as both Al electrolytic capacitors and Inductors are cylin-
drical in shape while Blue capacitors are not. Heavy liquid density separation might also be possible
if a density based method is preferred. MDS is not an option as all components are too magnetic in
nature. If these additional separation steps are achieved 89.45 wt% of all beryllium from components
can be captured for an average concentration of 53.09 ppm in the final mixture.

As it can be seen as an additional step to the precious metal recovery a synergy could be developed.
For instance if the removal method chosen for the precious metals also dissolves beryllium, the costs
for beryllium recovery can be decreased. This will likely also further increase concentrations, further
closing the gap to financial viability.

4.2.2. EoL-RIR and Criticality

As mentioned above, the maximum outflow for 2020 was 3.43 tons of which 2.88 tons would be re-
covered using the proposed separation system (89.45 wt% of beryllium in components and all in the
PCBs). This will in turn result in an EoL-RIR of 7.67% assuming consumption stays at the same level.
As this recycling rate is still very low it will only reduce the SR score from 2.29 to 2.11, thus it remains
a critical material.

As mentioned before, only a small amount of beryllium is used as a pure metal (5.6 tons per year)
[8]. Thus if this 2.88 tons of secondary beryllium is used in this niche an EoL-RIR of 51.37% could be
achieved, significantly reducing this application’s criticality.

4.3. Cobalt
Cobalt is one of the most contentious CRMs due to its human rights issues and conflicts during the
mining stage [129]. This can also be seen in its SR score of 2.54 for the mining stage even though
there is an EoL-RIR of 22%.

4.3.1. Concentration

Figure 4.2: The weight distribution of cobalt.
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As can be seen in figure 4.2, over 95 wt% of the cobalt is located in the Large steel and aluminium
cases. Therefore, one should focus on collecting these separately from the other components. This
can easily be achieved as 95% of all the Large steel and aluminium cases are both larger than 8.0 mm
and magnetic at a grade of 64%. This can likely be further upgraded by sieving or visual separation as
they are both larger than other components and have a metallic colour. However, it should be noted
that this is a very one sided result for the components and that more cobalt can be found in the bare
PCB than the components.

4.3.2. EoL-RIR and criticality

As mentioned before, only very little cobalt can be recovered compared to the EU’s overall consump-
tion. Therefore, its effect on the EoL-RIR and criticality score are negligible. However, when specifically
looking at the electronics sector it could supply around 5.15 wt% of the required input, showing signifi-
cant yields.

4.4. Antimony
Antimony is an interesting CRM due to several factors. First of all, it has no production during the
extraction stage within the EU, yielding an extraction SR of 2.01. However, the EU does play a major
role during antimony refining, as can be seen in figure 4.3, resulting in a refining SR of 0.99 (not
critical). Furthermore, recycling rates are (relatively) high in the EU at 28% due to functional recycling
of lead-acid batteries [128]. However, almost none of this recycling yields the original metal and thus
an interesting niche could be found.

Figure 4.3: The worldwide shares of antimony trioxide production, taken from [8].
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4.4.1. Concentration

Figure 4.4: The weight distribution of antimony.

Unlike beryllium only a small part (12.12 wt%) of the an-
timony can be found in the target components. The vast
majority (48.78 wt%) is found in the Large steel and alu-
minium cases. Less is found in the Connectors of plastic
with silver pins (SCART) (8.61 wt%) and Rectangular con-
nectors (USB, HDMI etc.) (8.09 wt%). However, this might
actually prove to be an advantage for the recovery of an-
timony as the majority of these components are found in
the currently non exploited > 8.0 sieve category. If all the
> 8.0 mm sieve sizes were used for antimony extraction, it
should be possible to recover 74.08 wt% of the available an-
timony. However, further concentrating the feed using the
magnetic separator is not possible as the components are
both magnetic (e.g. Large steel and aluminium cases) and
non magnetic (e.g. Connectors of plastic with silver pins
(SCART)) Therefore, it will be advantageous to redirect the
> 8.0 mm components directly to a metallurgical antimony
recovery facility.

4.4.2. EoL-RIR and criticality

In total 413.30 tons of antimony are available for capture. If the bare PCBs and > 8.0 mm sieve size
are properly exploited, this should result in a recovery of 320.15 tons for 2020. When comparing this
to the EU’s input an additional end-of-life recycling input rate of only 1.22% can be achieved. If this is
added to the current 28%, the SR will decrease from 2.01 to 1.98. Once again the effects on the supply
risk are minimal as the EoL-RIR only decreases marginally.

4.5. Vanadium
Vanadium might be the least interesting CRM of all discussed in this section as only very little (around
1%) is consumed by the EU’s electronics sector. Furthermore, its SR is low at 1.69 for the refining stage
as around 53% gets produced within the EU. Nevertheless, it should still be looked at as its EoL-RIR
is currently very low at 2% and can thus be easily improved.

4.5.1. Concentration

Figure 4.5: The weight distribution of vanadium.

As can be seen on the right, around 90 wt% of the vana-
dium is located in just two components (Large steel and
aluminium cases and Heatsinks) and should thus be the
focus. In the case of the Large steel and aluminium cases
a similar approach to the extraction of cobalt can be per-
formed. Heatsinks are harder to collect as only around 63
wt% of is located in one sorting category (> 8.0 mm non-
magnetic). Furthermore, the grade in this category is low
at 19 wt%, thus further upgrading with MDS would be re-
quired. This should be achievable as the majority of the
Heatsinks weight is composed of aluminium and thus has a
very specific density.
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4.5.2. EoL-RIR and criticality

Similar to cobalt, the effects on the overall EoL-RIR and criticality are inconsequential, due to the small
flows (12.87 tons using the above mentioned system). However, for the electronics sector (production
of batteries) it is able to supply around 10.11 wt% and can therefore have a significant impact.

4.6. Platinum and palladium
Like all PGMs (platinum group metals) platinum and palladium are critical raw materials (SR of 1.84
and 1.27). Both are mainly used as a catalyst in the exhausts of fossil fuelled vehicles (74 and 87% of
consumption), therefore demand is expected to decrease over time. However, at the moment demand
is still high (63.9 and 59 tons per year for the EU) and supply is limited to a few countries. South Africa
(71%) and Russia (13%) are currently the worldwide leaders for platinum and palladium (Russia 40%
and South Africa 37%). The EU on the other hand only produces around 1.0 tons of platinum and
palladium per year in Finland and Poland [8]. Therefore, the Import Reliance is very high in both cases
at 98 and 93%.

Due to the fact that almost all platinum and palladium is located in catalytic converters and their high
price (28,000 and 65,000 EUR/kg) EoL recycling is already taking place with 60-70% of old scrap being
recycled. However, this results in only an EoL-RIR of 25 and 28%.

4.6.1. Concentration

As palladium was already a target material for the original proposed system and the amount of platinum
in the components is negligible, the setup will not be changed. Furthermore, as mentioned in section
2.1.1, the majority (82 wt%) of palladium is located in the bare PCBs and thus optimising the component
separation would yield minimal results. Thus only 35.70 wt% of palladium from the components gets
recovered due to the separation but 100% of the bare PCBs.

4.6.2. EoL-RIR and criticality

Around 0.75 tons of platinum is expected to be regained. Slightly more palladium gets recovered (1.88
tons) using the proposed separation system. This results in an additional EoL-RIR of 1.17 and 2.96%,
respectively. Similar to the previous CRMs, the effects on the SR are again minimal. The SR decreases
from 1.84 to 1.81 for platinum and 1.27 to 1.22 for palladium, leaving the metals critical. However,
unlike the previous two CRMs economical viability is within reach e.g. the Peacoc and Platirus projects
[25, 121]. Furthermore, both can supply a significant fraction of the demand (29.30 and 79.66 wt%
respectively) that the EU’s electronics sector demands.

4.7. Conclusion
This chapter aimed to answer the following research question:

To what degree can the separation system improve the recovery of critical raw materials and what
would the impact on their criticality be?

Similarly to the precious metals of chapter 3, it was shown that only very little of the overall demand
for critical raw materials can be met by secondary production. Only four metals (beryllium, antimony,
platinum and palladium) were able to supply more than 1.00% of the demand. However in all cases,
the secondary supply was again limited due to the previously stated collection rates and thus only a
very limited impact on their criticality was observed. Yet, it is possible to supply a sizeable fraction of
the demand in the electronic sectors in all cases (including cobalt and vanadium).
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It was also shown that it is possible to concentrate the CRMs in the components. For beryllium one
should aim to capture the Blue capacitors which are located in the lightly magnetic 2.5 - 3.0, 3.0 - 5.0
and 5.0 - 7.0 sieve sizes. Antimony on the other hand can best be found in the large components (>
8.0 mm), but was not specifically found in magnetic or non magnetic components. Both cobalt and
vanadium could best be found in the Large steel and aluminium cases, while Heatsinks also held a
sizebale part of the vanadium.





5
Energy requirements

This chapter tackles the last research questions as stated in the introduction:

What are the total energy requirements per kg to produce precious metals with the new separation
pathway compared to primary production and conventional recycling?

To answer this question the operational energy consumption of the proposed recycling system was
analysed. Each of the individual processes was separately evaluated on both the specific energy
(kJ/kg input) and its actual consumption (kJ) which also took their inputs into account. This was then
compared to primary production and conventional WEEE recycling methods. As the aim of this chapter
is to compare the energy consumption of the recycling process, the intermediate steps (e.g. collection
and transport) are excluded.

Figure 5.1: The flowchart used for the energy calculations.

It should be noted that this analysis is not a life cycle assessment and thus does not include the complete
life cycle of the products or machinery. Therefore, it also does not include factors such as transport,
collection or the environmental footprint of manufacturing the machines. Furthermore, the RQ will be
answered using energy (Joules) and not CO2-equivalent or use a form of impact analysis.
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5.1. Required energy for every process
Component liberation
There are multiple papers discussing the removal of components from PCBs using automated machin-
ery [130, 131]. However, none specify the actual energy requirements of these machines. Therefore,
the embodied energy for this process will be estimated using data for shredding PCBs. This choice
was deemed acceptable as the machinery for dismantling and shredding is similar and it is likely that
shredding will still be used during metallurgical recovery to increase surface area. However, it might
be an overestimation as not all components will be shredded.

In total three sources (two commercial producers and one paper) that presented energy requirements
were found, as can be seen in table 5.1. The three different sources present quite a range in embodied
energy and have thus been averaged to 84.51 kJ/kg input.

Table 5.1: The energy requirements per kg input for shredding PCBs.

Max capacity (kg/hr) Power (kW) Embodied energy (kJ/kg) Source
500 11 80.54 [132]
3000 30 36.00 [133]

Literature 137.00 [24]
Average 84.51

Roll sorter
The energy requirements for the roll sorter were determined by its power draw and throughput. Using
a multimeter it was possible to measure the voltage (12 V) and current (2.56 - 2.84 A), resulting in
the setups required power (W). As the rollers are rotating outwards (thus not crushing the feed) it was
assumed that the size/weight of the feed did not increase the power consumption. The power draw
was between 30.72 and 34.08 W for an average of 32.40 W.

In order to calculate the throughput of the device a throughput test was performed. The components
from the Test sample were mixed together and run through the roll sorter while being timed. As the
weight of the Test sample (112.27 g) has less than 1% deviation from the average weight of all 14 main
samples (113.37 g), it was deemed representative. To further reduce variability the test was repeated
five times and the average was taken.

The Test sample took an average of 104.6 seconds (table 5.2) to be completely processed by the roll
sorter. This results in a throughput of 1.073 grams per second (3.86 kg/hr). If this is combined with
the power draw an average power consumption of 30.20 kJ/kg is achieved. This energy consumption
can likely be improved by increasing the speed of the components through an increased angle or roller
speed.

Table 5.2: The time the Test sample required to pass through the roll sorter.

Run 1 2 3 4 5 Average
Time (s) 115 100 107 102 99 104.6

Magnetic separation
The energy consumption of the overbelt magnetic separator was estimated using the power consump-
tion of a conveyor taken from Engineering Toolbox (extracted using WebPlotDigitizer) [114, 134]. This
is the only operational energy that the separator requires as the magnet was a permanent magnet (as
opposed to an electrical magnet).

The lowest capacity (100 t/hr) conveyor at the shortest length (7.62 m) was chosen from Engineering
Toolbox [134]. This resulted in a power consumption of 1453.88 W per belt, as there are two (one feed
and one on the magnet), this is doubled to 2907.76 W. Therefore, the total consumption per kg is 0.10
kJ/kg.
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Magnetic density separation
The MDS requires (operational) energy in two separate steps. The feed has to be wetted in (near)
boiling water and the components have to be moved through the magnetic liquid.

The energy requirements for moving the feed through the liquid using a belt were calculated by repeat-
ing the calculations for magnetic separation. However, in this case only one belt is required reducing
the embodied energy to 0.05 kJ/kg.

For the calculation of the wetting a couple of assumptions and estimations had to be made. First of all,
the average surface area of all the components that enter the MDS (5.0 - 7.0 mm non magnetic) were
measured. These surface areas were rough estimations and depended on their shape (cylindrical or a
(hollow) rectangular cuboid) as can be seen in table 5.3. This was followed by the assumption that a
thin layer of 1.0 mm thick and 100°C water was deposited on the surface area. This resulted in 0.91 ml
water being used for every gram of MDS feed. Lastly, it was assumed that the temperature increases
80°C (from 20 to 100°C) and stays in liquid form. Therefore, a total of 365.62 kJ/kg input is required
for the wetting process.

Table 5.3: The shape and surface area of the different components entering the MDS.

Component
Number of
components

Shape
Average surface area
per component (mm2)

IC chips and transistors 15 Rectangular cuboid 1242.64
Rectangular connectors
(USB, HDMI etc.)

9 Hollow rectangular cuboid 1310.71

Plastic connectors
with pins and others

58 Rectangular cuboid 575.46

Large steel and aluminium cases 1 Rectangular cuboid 1310.71
Inductors and transformers 3 Cylinder 223.78
Al electrolytic capacitors 150 Cylinder 223.78
Resistors 1 Cylinder 251.99
Heatsinks 1 Rectangular cuboid 1192.06
Connectors of plastic
with golden pins

2 Rectangular cuboid 1310.71

Other 10 Rectangular cuboid 1310.71

Metallurgical recovery
As mentioned in 3.2, two separate steps (leaching and precipitation) are employed during metallurgical
recovery and were calculated separately.

For the microwave assisted leaching, a lixiviant acid mixture (6M HCl and H2O2) of 150°C was used.
During the Platirus project 50 ml lixiviant for every 5 grams of input was required [122]. However, as
this method continued development during Peacoc it was assumed that this amount could be halved.
Furthermore, due to internal recycling of the lixiviant is was assumed that heating only took place from
90°C instead of room temperature. Lastly, as microwave assisted heating is a volume based heating
technology, any heating inefficiencies were ignored. This resulted in an energy requirement of 1,257.11
kJ/kg of input.

The metals are recovered during the GDEx step. Here the paper by Nicol et al. is once again used.
It is stated that the GDEx process requires 2-6 kWh (7,200-21,600 kJ) per kg of product [122]. Using
6 kWh as the worst-case scenario this would result in 10.13 kJ per kg of bare PCB feed and 55.70 kJ
per kg of components. As these are different it should be noted that the bare PCBs and components
were separately calculated.
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5.2. System’s energy requirements
As can be seen in table 5.4, the two metallurgical steps (bare PCBs and components) are the most
energy intensive of all the processes due to fact that water is heated 70°C in this process during leach-
ing. This is also the reason that the MDS wetting process has a relatively high energy requirement.
However, as the MDS feed is low this does not actually create a high energy demand. Lastly, it is once
again important to note that only operational energy was calculated and any indirect emissions (e.g.
production of REE’s in the magnet) are not taken into account.

Table 5.4: An overview of the energy requirements of every separation step for the dismantled PCBs from chapter 2

Processing step Energy requirements (kJ/kg) Feed (kg) Energy (kJ)
Component liberation 84.51 3.06 258.54
Rolling sorter 30.19 1.57 47.36
Magnetic separation 0.10 0.46 0.05
MDS wetting 365.62 0.13 46.66
MDS band 0.05 0.13 0.01
Metallurgy PCB 1267.25 1.48 1875.75
Metallurgy components 1311.91 0.30 398.58
Total 2,626.96

In total the whole recycling process requires around 858.69 kJ/kg of feed. As can be seen in figure
5.2, 71% of this energy is used during the metallurgical recycling of the bare PCB and only 3.58% is
used during the mechanical separation steps (Rolling sorter, MDS wetting, Magnetic separation and
MDS band). Therefore, it could be interesting to employ more separation steps and technologies to
further increase the component grades and thus decrease the metallurgical energy requirements (as
less matter enters metallurgy).

If metallurgical recycling of the bare PCB is ignored, the energy requirements decrease to 245.55 kJ/kg
feed (see figure 5.3). However, this does also mean that the majority of palladium (84 wt%), silver (44
wt%) and a small amount of gold (12 wt%) is lost.

Figure 5.2: The energy distribution of the whole process
(858.69 kJ/kg feed).

Figure 5.3: The energy distribution of the whole process
excluding bare PCBs (245.55 kJ/kg feed).
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5.3. Energy requirements per metal
In order to compare the energy requirements to primary production and conventional recycling, the
required energy per kg of precious metal was calculated. As value is currently the main driving factor
in the recycling sector, it was decided to determine allocation of the energy by monetary value of the
metals (see table 5.5). As different amounts of metal were recovered and metallurgical recovery is only
90%, this energy allocation was converted to MJ per kg of the recovered precious metal.

Table 5.5: The energy requirements of the three precious metals per kg.

Metal Recovered (g) Value fraction Energy allocated (kJ) MJ per kg product
Pd 0.075 47.7% 1,253.95 16,796
Au 0.087 44.7% 1,174.32 13,514
Ag 1.157 7.6% 198.68 172

It can be seen that palladium and gold encompass the majority of the allocated energy, as they also
represent the majority of the value. Furthermore, as their concentrations were significantly lower, the
required energy to produce 1 kg of product is also significantly higher than silver.

5.4. Comparison to primary production
The first step in the comparison was to determine the energy requirements of primary production. This
was achieved by calculating the embodied energy from multiple sources and averaging them out (see
table 5.6). If materials were used for heating (coal and natural gas) they were converted to energy using
their average heat value [135]. Furthermore, not all sources provided data for each individual metal but
gave multiple together. Therefore, the total energy requirements were calculated and allocated based
on the value of the metals. An example can be found in the production of silver from the ecoinvent
database as “gold-silver mine operation with refinery” (Global). A total of 125,348 MJ is consumed in
the production of 1.00 kg of gold and 0.48 kg silver. This was allocated to 124,588 MJ/kg for gold and
1,583 MJ/kg silver.

Table 5.6: The energy requirements for primary production from 5 different sources, all values in MJ/kg.

Metal [24] [136] [89] [137] [138] Average (MJ/kg) Peacoc (MJ/kg)
Pd 167,600 - - 55,116 308,329 177,015 16,796
Au 34,228 127,000 240,000 148,413 103,539 130,636 13,514
Ag 1,155 - 1,400 605 1,583 1,186 172

As the table shows, the energy requirements for Peacoc is around 10% of primary production for all
threemetals. This in turnmeans that significant reductions in energy consumption should be achievable
compared to the current situation (assuming consumption stays the same). As mentioned in 3.2.1,
around 2,371 kg palladium, 3,091 kg gold and 35,851 kg silver were available in 2020 from low-medium
grade PCBs. Thus, if properly exploited a reduction of 778,200 GJ could have been achieved. This
shows that secondary production is significantly more energy efficient compared to primary production.
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5.5. Comparison to conventional recycling
Even though the results from the previous section prove the concept of Peacoc, they were expected
as secondary production is regularly cited as more energy efficient. Therefore, a comparison to other
methods of secondary production was also performed. A similar approach to primary production was
taken (energy allocation based on value). For a proper comparison both pyro and hydrometallurgical
methods were used. Furthermore, it should be noted that the majority of papers were focused on
high-grade PCBs. Lastly, the heat value (incineration) of PCBs for the Umicore methods were ignored.

Table 5.7: The energy requirements for precious metal production from several WEEE recycling pathways, all values in MJ/kg.

[139] [91] [24] [140] [141] Average Peacoc
Pd 64,406 6,554 64,120 - 9,729 - - - 36,202 16,796
Au 51,821 5,274 19,322 18,765 7,828 10,323 40,390 4,075 19,725 13,514
Ag 658 67 - 980 99 - - - 451 172

Grade Medium High High High Medium High High High Low-medium
Metallurgical
pathway

Pyro Pyro Pyro Hydro Hydro Hydro Pyro
Electro-
chemical

Hydro

As can be seen, the proposed Peaecoc method consumes a very similar amount of energy compared
to other hydrometallurgical pathways, but significantly less than pyrometallurgy. This was expected as
pyrometallurgy is known to be energy intensive due to the extreme temperatures (> 1,000°C). However,
it is interesting to see that Peacoc performs similar to other hydrometallurgical methods that use high
grade PCBs, while using low to medium grade PCBs. A good example of the impact of grade can
be seen in the first two columns. Both use Umicore’s pyrometallurgical pathway (market leader in the
BeNeLux), but a different feedstock (LCDs for medium grade and mobile phones for high grade) and
an order of magnitude difference can be observed. Therefore it can be stated that the Peacoc method
performs similar, if not better, than conventional recycling methods.

5.6. Conclusion
This chapter compared the energy requirements of Peacoc’s secondary production pathway in order
to answer the last research question:

What are the total energy requirements per kg to produce precious metals with the new separation
pathway compared to primary production and conventional recycling?

As could be seen in figure 5.2, the vast majority of energy is spent during metallurgical recovery instead
of component liberation or separation. In total every kg of feed required 858.69 kJ to be processed.
This translated to 16,796 MJ/kg palladium, 13,514 MJ/kg gold and 172 MJ/kg silver. These energy
requirements were significantly lower (one order of magnitude) compared to primary production of
these metals. If all available precious metals from low to medium grade PCBs from the EU were
captured a reduction of 778,200 GJ could be achieved which is similar to the energy requirements of
the municipality of Wageningen (see appendix A.12). Lastly, the chapter also discussed other WEEE
recycling methods. Here it was shown that Peacoc’s method requires less energy than conventional
pyrometallurgical processes but similar to hydrometallurgy.
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Conclusion

The goal of this thesis was to present both a birds eye and in-depth view on the topic of precious and
critical metal recovery from low to medium grade PCBs in order to answer the main research question:

To what extent can the waste separation technologies Roll Sorting (RS), Magnetic Separation (MS) and
Magnetic Density Separation (MDS) improve the sustainability and circularity of precious and critical
metals in the European Union (EU) during the recycling of low and medium grade PCBs from E-waste?

This main research question was subdivided into six sub-questions that were answered in sequence
either through practical means, modelling or literature.

RQ 1: Which components and precious metals can be found in low and medium grade PCBs
from WEEE?
Section 2.1 of the technical case study showed the different types of components that can be found in
FDP and CRT PCBs. Both types had different technological and compositional characteristics. First
of all, the CRT PCBs were less heat resistant and more brittle than the FDP PCBs. Secondly, the
FDP PCBs used (on average) smaller/lighter components than the CRT PCBs, showing technological
advancements in miniaturisation. Furthermore, the FDP PCBs used newer types of components such
as Central Processing Units and more USB ports. It was also shown that for FDP PCBs the precious
metals gold and silver are located in only a limited number of component types, known as the target
components (Central Processing Units, Chips and transistors, Small transistors and small IC chips,
Connectors with golden pins and MLCC + Ta capacitors). Palladium on the other hand was concen-
trated in the bare PCBs with only a small amount (18 wt%) being equally distributed over nine different
components.

RQ 2: How effectively can RS, MS and MDS separate components from low and medium grade
PCBs as a feedstock?
Chapter 2 also discussed three separation technologies (RS, MS and MDS) and their effectiveness
in separating the mixture of components from FDP PCBs. It was shown that the roll sorter (RS) was
especially effective in separating small (e.g. MLCC + Ta capacitors) and thin (e.g. Central Processing
Units) components. All target components, except Connectors with golden pins, could be concentrated
with negligible losses to recovery by sieving to a size of < 3.0, 3.0 - 5.0 and 5.0 - 7.0 mm at grades of
63.43, 52.91 and 17.04 wt%, respectively.
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These grades could be further improved by applying a magnetic separation (MS) to the sieved com-
ponents. The magnetic separator removed strongly and lightly magnetic components from the feed.
A stationary overbelt magnet was employed to remove the strongly and lightly magnetic particles, re-
quiring a maximum field strength of 33.30 and 92.90 mT magnetic field, respectively. This process
removed undesirable components such as Quartz resonators, Inductors and transformers and Blue
capacitors. The majority of target components were non magnetic, except for a small fraction in the <
3.0 mm sieve size which were lightly magnetic. Therefore, only the strongly magnetic particles were
removed in the < 3.0 mm sieve sizes. The grades of the target components improved to 65.12 (< 3.0
mm), 80.58 (3.0 - 5.0 mm) and 26.24 (5.0 - 7.0 mm) wt%.

As the grade for non magnetic 5.0 - 7.0 mm sieve size was still low (26.24 wt%), this was further
upgraded using magnetic density separation (MDS). Using a magnet, this allowed the removal of non-
desirable components (e.g. Al electrolytic capacitors) and increased the grade to 58.38 wt%. MDS
should also be the preferred method for upgrading the > 8.0 mm sieve size, but this was not possible
due to setup limitations.

RQ 3: Howmuch preciousmetals can be recovered in the EU from low andmedium gradeWEEE
PCBs in the year 2050 using separation technologies?
Using a dynamic material flow analysis (MFA) chapter 3 showed that only a small amount of precious
metals can be recovered from low and medium grade WEEE in the EU. For example, in the year
2020 the expected gold recovery can only cover 1.73% of the EU’s demand for gold. This is due to
several factors. First, low and medium grade PCBs possess low concentrations of precious metals.
Secondly, only half of the maximum potential can currently be exploited due to mediocre collection rates
around 50%. The separation system and metallurgical recovery lose a small amount of the precious
metals as they are within the non-target components. However, the effects on the electronics sector
are significant (over 10% of raw consumption) as a lot of electronics are imported from outside the EU.
Lastly, the potential is expected to decrease over the years due to changes in product demand and the
miniaturisation of electronics.

RQ 4: How variable are the precious metal flows under different scenarios and due to model
sensitivity?
The MFA model was evaluated under five different scenarios and a Monte-Carlo sensitivity analysis.
The scenarios ranged from Business as Usual, sustainability focused (Goals and CE), economic de-
cline (Decline) and extreme consumerism (Consumption). These scenarios once again showed the
importance of collection rate and the miniaturisation process on the final recovered gold. For example,
the Goals (higher collection rate) and Consumption (higher consumption) scenarios performed rela-
tively similar in final recovered gold even though their storylines differed significantly. The Monte-Carlo
uncertainty analysis showed that the model had a stable uncertainty over the whole period with a stan-
dard deviation of 10.69% of the mean. It also showed that the model is more sensitive to uncertainty
to some variables than others such as the different product categories and their assumptions about
continued inflows.

RQ 5: To what degree can the separation system improve the recovery of critical raw materials
and what would the impact on their criticality be?
As chapter 4 showed, a multitude of CRMs could be recovered from low to medium grade PCBs. How-
ever, for the majority of CRMs a negligible amount compared to the EU’s demand could be recovered.
Only in the case of beryllium (9.13%), antimony (1.58%), platinum (1.32%) and palladium (4.02%) more
than 1% of overall demand could be supplied. A more sizeable fraction could be recovered for the elec-
tronics sector with cobalt and vanadium also being relevant. For beryllium it is suggested to gather and
further upgrade the Blue capacitors located in the lightly magnetic 3.0 - 5.0 and 5.0 - 7.0 mm sieve
fractions. For antimony, platinum and palladium a large fraction could be found in the bare PCBs with
the > 8.0 mm size of components also containing the a sizeable amount of antimony. However, in all
three cases the final effects on the supply risk (SR) of the CRMs were low, a decrease of 7.67, 1.70,
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1.56 and 4.10% for each respectively.

RQ 6: What are the total energy requirements per kg to produce precious metals with the new
separation pathway compared to primary production and conventional recycling?
In the last chapter (5) the energy requirements of the proposed Peacoc recovery process was compared
to primary production and current recycling methods. It was shown that metallurgical recovery of the
components and the bare PCB were the most energy intensive steps of the process at 15 and 71%,
respectively. However, the energy requirements (16,796 MJ/kg for gold, 13,514 MJ/kg for palladium
and 172 MJ/kg for silver) were still an order of magnitude lower compared to primary production for all
threemetals. Compared to conventional pyrometallurgical recyclingmethods less energy was required,
but performed similar or slightly worse to other hydrometallurgical pathways. Yet in most other cases
higher grade PCBs were used in these methods compared to Peacoc.

Main RQ: To what extent can the waste separation technologies Roll Sorting
(RS), Magnetic Separation (MS) andMagnetic Density Separation (MDS) improve
the sustainability and circularity of precious and critical metals in the European
Union (EU) during the recycling of low and medium grade PCBs from E-waste?

It can be stated that the three waste separation technologies were effective in concentrating compo-
nents containing the precious and critical metals. Furthermore, the expected primary energy demand
per kg is significantly lower compared to primary production and similar to other recycling methods.
However, the material flow analysis showed that the effect of recycling low to medium grade discarded
PCBs will be minimal on the scale of the EU as it cannot properly satisfy demand for any of the metals
(precious or critical). Therefore it can be stated that this pathway cannot solve the EU’s dependency
on primary production and its associated emissions, but could be a part of the overall solution.

6.1. Limitations and recommendations
The methods employed in this thesis had a number of limitations with regards to data collection, mod-
elling and the experiments. Therefore these will be shortly discussed. Additionally, recommendations
for further research will given.

6.1.1. Component liberation

The first research question had a couple of limitations. First of all, only a small number of PCBs were
investigated (14 FDP and 3 CRT), which were all removed from visual displays, this limited the research
for all other product categories. Consequently, assumptions with regards to the other categories had
to be made using FDP and CRT data as a proxy. Therefore it is recommended to explore more low
to medium grade PCBs from other product categories, such as Dishwashers or Household medical.
The same holds for the precious metal concentrations for each component category, which was more
limited as only FDP PCBs were analysed. This also had a strong impact on the data accuracy of the
MFAmodel as was shown in section 3.4. Lastly, the metal concentrations for Large steel and aluminium
cases were uncertain, therefore these were removed from the calculations.

6.1.2. Roll sorter

Several limitations were found for the roll sorter. First of all, a large weight fraction (66 wt%) of the
components could not be sorted as they were too wide for the sieve sizes (maximum of 8.0 mm).
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Secondly, the rollers’ diameter was too narrow for some components to stay between them and should
thus be increased. This effect was especially pronounced for some of the larger IC chips, which would
tip over the rollers due to their length (see figure 6.1). Lastly, the roll sorter cannot be scaled-up to
increase capacity as all the particles have to go single file through the machine. Therefore, it is not
possible to increase capacity by increasing the size of the machine and instead multiple parallel roll
sorters are required.

Figure 6.1: An example of how large (in length) particles, such as IC chips, tip over the rollers.

6.1.3. Magnetic separation

Themain limitation of the magnetic separator was the strength of the magnetic field on the components.
As mentioned in 2.4.1, some slightly magnetic components were found during the MDS experiments.
This shows that the magnetic separator was not sufficient for removing all the magnetic components.
Furthermore, the setup used was not automated as the belts were removed due to age. This might
limit the data’s applicability to large scale magnetic separators.

6.1.4. Magnetic density separation

As mentioned before, the major flaw with the MDS setup was the size of the gutters. As these were too
narrow the larger sieve size (> 8.0 mm) components could not be run through the setup. Furthermore,
the magnetisation of the liquid was unclear. According to the supplier (Ferrotech) the magnetisation
should be around 5000 A/m, yet from tests based on the liquid’s density it should be around 4000 A/m.
However, this new magnetisation did not seem to align with observations for the aluminium Heatsinks
which point to a magnetization of 2700 A/m.

6.1.5. Material flow analysis

One of the main limitations of the model was the aggregation of the EU-27 into four regions. Even
though the countries in each region behaved similar, it did remove specificity and simplified the model.
Secondly, the model heavily relied on the ProSUM project. This over-reliance might have impacted
objectivity to the project and give a one-sided view of the WEEE problem at hand.

Consumption per capita
One of the other major limitations were the assumptions about the consumption per capita. In all cases
these were modelled as linear correlations of (recent) trends or kept at the levels of current years.
Initially, it was tried to couple consumption to other exogenous factors such as income, GDP per capita
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(purchasing power parity) or heating days as strong correlations have previously been found for WEEE
[142–144]. However, these correlations were not found for the majority of product categories and
should thus be further explored using methods such as system dynamics. Furthermore, as the author’s
background knowledge of economics and consumer behaviour was not deemed strong enough, it was
decided to simplify the consumption to the linear correlations. A second limitation was the discrepancies
between ProSUM and PRODCOm data as previously discussed.

Population growth
As was shown in 3.4, the population growth had an almost negligible effect on the sensitivity of the
model. This is likely unrealistic as population is one of the driving forces in total consumption (eq 3.10).
Therefore it is recommended to further investigate the population variable instead of the population
growth.

Survival curves
Two main limitations for the survival curves could be found. First, all the curves stayed unchanged in
the model (not changing in later years) and were the same for all countries. This could be resolved by
a deeper investigation in the topic and the use of different curves for the different regions. Secondly,
the impact of the shape variable was significantly lower than expected and was possibly chosen too
conservative.

Collection rate
As previously discussed, the collection rate for WEEE category II (Screens) was likely an overestima-
tion of the actual value as many countries (7 out the 27 for 2015) had a collection rate over 100%.
Furthermore, not all countries had data available for 2019 (Cyprus, Greece, Malta and Romania) and
these were therefore not included in the dataset. This could have skewed the collection rates, as their
collection rates were lower than the average for the 2010-2015 period. Lastly, the collection rates were
measured per WEEE category instead of product category. The data, on product category level, was
requested from Stichting OPEN (Dutch WEEE consortium), but access was denied. Therefore it is
recommended to find alternative pathways for collecting this information.

Metallurgical recovery
The main limitation of metallurgical recovery is that the method is currently in active development within
the Peacoc project. Therefore, accurate data could not be found and the assumption based on Platirus
and similar processes had to be made.

6.1.6. Critical raw materials

The biggest limitations for the CRMs were the different sources for CRM concentrations. First of all, a
conversion between the components by the paper of Huang et al. and the Peacoc component types
had to be made. Not all Peacoc component types were available in the paper (e.g. cables) or were
merged (all ports/connectors). Secondly, it was not possible to find sources in regards to bare PCBs
for titanium, vanadium and platinum, thus reducing their yields. These problems could be navigated
by measuring the concentrations using a method such as X-ray fluorescence or Inductively coupled
plasma atomic emission spectroscopy.

6.1.7. Energy requirements

The limitations in the calculation of the energy requirements were again due to active development of
Peacoc. First of all, as the PCBs of RQ 1 were manually dismantled no energy consumption could be
calculated for PCB depopulation and a proxy (shredding) had to be used. At the moment ULI (Peacoc
partner) is working on an automated depopulation method which is not yet completed. The same holds
for the metallurgical step in development by VITO. Therefore, this topic should be reevaluated upon
their completion. Lastly, the energy attribution was based on value, resulting in favourable results for
silver at the cost of gold and palladium. If another measure, such as mass distribution, was chosen
this would likely significantly worsen the result for silver while favouring the other two.
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A.1. Map of the European Union and its four regions

Figure A.1: A map of Europe with the EU-27 in their respective regions.
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A.2. All product categories with the three PCB reference pictures
Table A.1: An overview of all product categories.

Unu key WEEE cat. Product category (taken from [97]
1 IV Central heating

101 IV Professional Heating & Ventilation (excl. cooling equipment)
102 IV Dishwashers
103 IV Kitchen (f.i. large furnaces, ovens, cooking equipment)
104 IV Washing Machines (incl. combined dryers)
105 IV Dryers (was dryers, centrifuges)
106 IV Household Heating & Ventilation (f.i. hoods, ventilators, space heaters)
114 V Microwaves (incl. combined, excl grills)
201 V Other Small Household (f.i. small ventilators, irons, clocks, adapters)
202 V Food (f.i. toaster, grills, food processing, frying pans)
203 V Hot Water (f.i. coffee, tea, water cookers)
204 V Vacuum Cleaners (excl. professional)
205 V Personal Care (f.i. tooth brushes, hair dryers, razors)
308 II Cathode Ray Tube Monitors
309 II Flat Display Panel Monitors (LCD, LED)
401 V Small Consumer Electronics (f.i. headphones, remote controls)
402 V Portable Audio & Video (f.i. MP3, e-readers, car navigation)
403 V Music Instruments, Radio, HiFi (incl. audio sets)
404 V Video (f.i. Video recorders, DVD, Blue Ray, set-top boxes)
405 V Speakers
406 V Cameras (f.i. camcorders, foto & digital still cameras)
407 II Cathode Ray Tube TVs
408 II Flat Display Panel TVs (LCD, LED, Plasma)
601 V Household Tools (f.i. drills, saws, high pressure cleaners, lawn mowers)
602 IV Professional Tools (f.i. for welding, soldering, milling)
701 V Toys (f.i. car racing sets, electric trains, music toys, biking computers)
703 IV Leisure (f.i. large exercise, sports equipment)
801 V Household Medical (f.i. thermometers, blood pressure meters)
802 IV Professional Medical (f.i. hospital, dentist, diagnostics)
901 V Household Monitoring & Control (alarm, heat, smoke, excl screens)
902 IV Professional Monitoring & Control (f.i. laboratory, control panels)
1001 IV Non Cooled Dispensers (f.i. for vending, hot drinks, tickets, money)
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Table A.2: An overview of all product categories, including the three different pictures used (available as of 16-06-2022) and their
lifespans (taken from [97]

Unu key Proxy PCB 1 PCB 2 PCB 3
Median lifespan

(years)
Shape Scale

1 LCD Link Link Link 11.8 2.00 14.21
101 LCD Same as unu 1 13.3 1.95 17.52
102 LCD Link Link Link 14.5 1.64 14.20
103 LCD Link Link Link 15.5 2.47 18.04
104 CRT Link Link Link 12.9 2.20 15.16
105 CRT Link Link Link 13.7 2.58 15.73
106 LCD Same as unu 1 13.1 2.00 13.47
114 CRT Link Link Link 11.7 1.90 14.07
201 LCD Link Link Link 6.1 1.25 8.17
202 CRT Link Link Link 9.2 2.06 11.22
203 CRT Link Link Link 6.3 1.73 7.80
204 LCD Link Link Link 7.8 1.45 10.25
205 LCD Link Link Link 7.9 1.26 10.67
308 CRT From RQ 1 10.7 2.41 12.53
309 LCD From RQ 1 6.3 2.33 7.39
401 LCD Link Link Link 7.5 1.30 9.87
402 LCD Link Link Link 4.0 0.79 7.97
403 LCD Link Link Link 4.7 2.09 5.54
404 LCD Link Link Link 8.4 1.67 10.47
405 LCD Link Link Link 8.5 1.49 10.78
406 LCD Link Link Link 6.3 1.41 8.12
407 CRT From RQ 1 10.4 2.49 12.08
408 LCD From RQ 1 9.8 2.01 11.75
601 LCD Link Link Link 12.2 1.82 11.28
602 LCD Same as unu 601 13.4 2.50 15.50
701 LCD Link Link Link 3.5 1.43 4.56
703 CRT Link Link Link 9.9 2.40 11.56
801 LCD Link Link Link 11.2 1.99 13.46
802 LCD Link Link Link 11.6 2.41 13.52
901 LCD Link Link Link 4.7 1.55 5.89
902 LCD Same as unu 901 9.6 1.92 11.56
1001 CRT Link Link Link 8.4 2.00 10.06

A.3. Changes made to the data from the Waste over Time script
Multiple changes were made to the data gathered from the Waste over Time script by CBS [109]. This
was done in order to remove outliers in regards to average weight per product and products per capita.
Overall this smoothed the inflow. The factors in the quantity and weight columns are multiplications of
the original data.

https://morcoproducts.co.uk/mcb3001-main-pcb-display-pcb/
https://heatable.co.uk/boiler-advice/boiler-pcb-faults
https://www.heatingandcateringparts.com/product/pcb-for-main-25-30-combi-25-eco-elite-combi-30-eco-5131264-7679746/
https://www.geapplianceparts.com/store/parts/spec/WD21X10371
https://catersparesuk.co.uk/product/silanos-907169-dishwasher-pcb-electronic-timer-relay-circuit-board-907181-n700/
https://www.upfix.com/product/w10084141-dishwasher-control-board-repair/
https://circuitboardmedics.com/4448871-oven-control-board-repair/
https://www.lfspareparts724.com/en/produit/control_board_platform3--WB140532
https://www.sos-parts.com/power-board-circuit-boards-programmers-electrolux-aeg-faure-progress-arthur-martin-electrolux-8077075052-19435.html
https://www.indiamart.com/proddetail/washing-machine-pcb-18588150155.html
https://www.indiamart.com/proddetail/washing-machine-pcb-circuit-20500217573.html
https://www.amazon.in/LG-Electronics-EBR62198101-Washing-Assembly/dp/B00AMF8RTE
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3DP52O_xAZM8M&psig=AOvVaw2HXlpaxVUtN0x5i1POTeSV&ust=1653490300673000&source=images&cd=vfe&ved=0CAwQjRxqFwoTCLDL8tax-PcCFQAAAAAdAAAAABAD
https://www.appliancespares.nz/products/samsung-washer-dryer-pcb-inverter-kit-assembly-dc92-01928f
https://circuitboardmedics.com/280071-dryer-control-board-repair/
https://www.repairclinic.com/PartDetail/Main-Control-Board/WB27X11080/1556156
https://www.repairclinic.com/PartDetail/Control-Board/W11179310/4547233
https://www.ebay.com/p/16047462145
https://gd-flight.en.made-in-china.com/product/vCDQHtyUYuWm/China-DC-Fan-PCB-PCBA-Circuit.html
https://hackaday.com/2021/08/08/wristwatch-pcb-swaps-must-be-in-the-air/
https://m.made-in-china.com/product/Printed-Circuit-Board-12V-24V-Power-Supply-Board-94V0-PCB-Design-Power-Adapter-PCBA-881493485.html
https://electrolux-spares.com.ua/en/p/00000036516
https://www.diytrade.com/china/pd/12555865/Water_Kettle_PCB_controller.html
https://www.espares.co.uk/product/es1674192/food-processor-pcb-assembly
https://www.diytrade.com/china/pd/12555865/Water_Kettle_PCB_controller.html
https://dutch.alibaba.com/product-detail/Automatic-Coffee-Machine-PCB-Control-Board-60761676562.html
https://nl.aliexpress.com/item/4000581318665.html
https://www.espares.co.uk/product/es1770830/vacuum-cleaner-pcb-assembly
https://www.globalsources.com/PCB-assembly/vacuum-cleaner-control-board-PCBA-assembly-1175896328p.htm
https://www.sparepartsmarkt.com/en/vacuums-and-floorcare/philips/vacuum-cleaner-pcb-p828c277m30.html#gallery
https://www.globalsources.com/Contract-manufacturing/Household-Beauty-Instrument-PCB-Assembly-1188692552p.html
https://fccid.io/SD2RBMK3B/Internal-Photos/Handle-PCB-Top-1102709
https://nl.aliexpress.com/item/1005003361640791.html
https://www.sciencephoto.com/media/702209/view/remote-control-printed-circuit-board
https://www.alibaba.com/product-detail/Aluminum-PCB-Assembly-PCBA-For-Smart_1600168336802.html?spm=a2700.7724857.normal_offer.d_image.2a1ce49eElL81M
https://kingfordpcb.en.made-in-china.com/product/bBDQCmqMHJTo/China-PCB-Assembly-for-Bluetooth-Headset-Motherboard-Manufactured-by-Kingford-.html
https://dutch.alibaba.com/product-detail/PCB-bt-audio-mp3-player-microphone-60713299773.html
https://assets.goodereader.com/blog/uploads/images/2021/02/01000830/open-book-project.png
https://commons.wikimedia.org/wiki/File:TomTom_One_(4N00.0121)_-_printed_circuit_board-1761.jpg
https://nl.rs-online.com/web/p/amplifier-modules/7868957?cm_mmc=NL-PLA-DS3A-_-google-_-CSS_NL_NL_Semiconductors_Whoop-_-(NL:Whoop!)+Amplifier+Modules-_-7868957&matchtype=&pla-338791041831&gclid=CjwKCAjwp7eUBhBeEiwAZbHwkR1H4EkzifF6YatPNIOp9GmsRKzSyh6Vlc4SG5RNhyn8tWkpWxV2ARoCPV0QAvD_BwE&gclsrc=aw.ds
https://www.soundimports.eu/nl/dayton-audio-dspb-250.html?channable=01a08b69640032313934313437333100&gclid=CjwKCAjwp7eUBhBeEiwAZbHwkaO-CRxI7UGWm6dhyB19roYkhJ1nKDk5CLVXqt-HG6Cbb6n9iGasuRoCAxwQAvD_BwE
https://www.alibaba.com/product-detail/Music-Musical-Instruments-Pcb-Pcba-Shenzhen_1600253357859.html?spm=a2700.7724857.normal_offer.d_title.7d3d5f3bgnXQpZ&s=p
https://www.ebay.com/itm/114886263127?autorefresh=true
https://www.canstockphoto.com/a-dvd-player-circuit-board-0247142.html
https://fccid.io/A7RM4E4A/jpeg/View-of-Main-PCB-Parts-Side-133442
https://www.reddit.com/r/diyaudio/comments/akni0c/how_to_add_your_own_volume_knop_between_some_old/
https://www.globalsources.com/PCB-assembly/Bluetooth-Speaker-PCB-Assemblies-1148439083p.htm
https://dutch.alibaba.com/product-detail/Electronic-Speaker-Pcb-Circuit-Board-Assembly-60480958027.html
https://www.researchgate.net/figure/Color-online-The-camera-PCB-with-analog-to-digital-converters-for-the-signal_fig7_235458932
https://dutch.alibaba.com/product-detail/6-layer-ahd-94v-0-camera-60537363243.html
https://nl.aliexpress.com/item/32868395420.html
https://www.ebay.com/itm/124874999370
https://www.youtube.com/watch?v=4qBXm7df2is
https://alitools.io/en/showcase/m18-replacement-pcb-board-charging-protection-circuit-board-for-milwaukee-electric-drill-48-11-1815-m18-18v-1-5-3-0ah-batteria-32841916589
https://www.indiamart.com/proddetail/musical-toys-pcb-board-23018505233.html
https://wltoys.eu/wltoys-pcb-box-for-models-v911-v911-2-v911-16
https://nl.aliexpress.com/i/32440255717.html
https://www.globalsources.com/Contract-manufacturing/Music-Control-Board-1181251193p.htm
https://www.tradewheel.com/p/exercise-bike-arm-foot-rehabilitation-machine-932814/
https://www.solariumparts.com/en/main-board-356513-for-alisun-sunvision.html
https://www.alibaba.com/product-detail/module-electronic-PCB-board-For-Digital_1600085528031.html
https://www.edn.com/omron-home-blood-pressure-monitor-taps-semiconductor-scaling/
https://www.researchgate.net/figure/PCB-of-our-blood-pressure-monitor-device_fig2_260739727
https://www.medicalpcba.com/product/pcb-printing-circuit-boards/
https://m.made-in-china.com/product/Medical-Instruments-Manufacturer-PCB-PCBA-SMT-in-Hospital-840603225.html
https://www.indiamart.com/proddetail/dental-chair-pcb-circuit-19118517348.html
https://nl.aliexpress.com/item/32820130765.html
https://www.cnfastpcb.com/pcb-assembly/home-appliances/pcb-control-board.html
https://www.made-in-china.com/showroom/bysco-ivy/product-detailaXBQwUDEsuhJ/China-Fire-Alarm-System-PCB-Board-in-Multilayer-PCB.html
https://www.alibaba.com/product-detail/Shenzhen-OEM-pcb-factory-for-coffee_62195021559.html
https://nl.aliexpress.com/item/32668298141.html?gatewayAdapt=glo2nld
https://www.alibaba.com/product-detail/vending-machine-pcb-board_1836331242.html


80 A. Appendix

Table A.3: Changes made to the data from the Waste over Time script.

Unu key Country Years Quantity Weight
1 Sweden 2015 200 200

101
Denmark 2015 10 10
Ireland 2015 2
Sweden 2015 2

202
Spain 2002-2007 10

Italy 2005 5 2
2006-2007 2

203 Romania 2015 2

308 Ireland 2000-2005 All years 10x data from 2004
1996-1999 Data extrapolated

402 Estonia 2005 10 10
Malta 2015 10 10

405 Romania 2006 Averaged to 2007-2011
408 Latvia 2015 Data taken from 2014

601

Bulgaria 2001 Data extrapolated
Czechia 2014-2015 2

Latvia 2006, 2008 2
2007 4

602

Bulgaria
2000-2007,
2009-2013

0.167

Italy 2003-2005 2
Malta 1980-2013 10 10

Romania 2000-2001 Data extrapolated

701
Austria 2014 2

2015 4
Lithuania 2003 2 2

802

Austria 2009 10

Denmark
2009 10

2010-2011 0.1
2012 0.5

Germany 2009 10

Finland
2009, 2015 10
2011-2012 0.5
2008-2015 10

Ireland 2008-2009 10 10
2010-2015 0.01

901

Bulgaria 2013-2014 3
Finland 2000-2007 0.25 0.25

Slovenia
2000 4

2001-2003 10
2004 2

Slovakia 2000 100 100
2001 1000 1000

1001

Bulgaria 2014 10 10
Spain 2000-2004 0.1 0.1
Estonia 2014-2015 0.1 0.1
Croatia 2003-2004 0.1 0.1
Malta 2002-2002 0.1 0.1

Portugal 2002-2005 0.1 0.1
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A.4. Correlation between unu keys, CN and PRODCOM codes
Table A.4: The relations between the unu keys, CN and PRODCOM codes

Unu key CN PRODCOM Unu key CN PRODCOM Unu key CN PRODCOM
1 84031010 25211200

205

85101000 27512200

602

84672290 282241127

101 84513000 28942130 85163100 27512310 84672951 28241150
84511000 28942250 85163200 27512330 84672980 28241180

102 84221100 27511200 85163300 27512350 84672985 28241185

103 85166010 27512810
309

85285980 26403400
701

95030030 32402000
85166080 27512870 85312040 27902020 95030081 32403900

104 84501111 27511300 85312020 27902050 95049010 32404250
84502000 28942230 401 85181030 26404100 703 85437050 27904570

105
84512100 27511300 85183020 26404270 801 90214000 26601433
84512900 28942270 402 85279900 26401100

802
90181100 26601230

84211200 28942300

403

85176200 26302320 90181200 26601280

106

84146000 27511580 85272120 26401270 90184100 32501130
85162100 27512630 85272900 26401290

901

85311095 26305020
85162910 27512650 85198111 26403100 85311030 26305080
85162999 27512690 85184080 26404355 90173000 26513300

114 85165000 27512700 85185000 26404370 90303310 26514300

201

91011100 26521100 84721000 28232110 90251920 26515135
91021100 26521200 92071010 32201400 90258040 26515175
91059100 26521400 85192010 399900Z8 90258080 26515179
91081100 26522110

404

85256000 26301100 90261021 26515235
91070000 26522470 85258011 26301300 90261029 26515239
63011000 27511400 90071000 26701500 90262020 26515271
84145100 27511530 90072000 26701650 90268020 26515283
85098000 27512190 90066100 26701910 90271010 26515313
85164000 27512370 405 85182100 26404235 90248011 26516200
84231010 28293200 85182200 26404237 90318032 26516690
84521019 28944000 406 85258030 26701300 90321020 26517015

202

85094000 27512170 408 85287299 26402090 85437060 27901150
85167200 27512450 601 84331110 28304010 85318020 27902080
85167920 27512490

602

85151100 27903109 902 90151010 26702420
85166050 27512830 85151900 27903118 1001 84762900 28294350
85166070 27512850 85152100 27903145
85166090 27512890 85153100 27903154

203
85167100 27512430 84672110 28241113
85161011 27512530 84672191 28241115
85161080 27512560 84672199 28241117

204
85081100 27512123 84672920 28241120
85081900 27512125 84672210 28241123
85086000 27512410 84672230 28241125
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A.5. Consumption trends 2021-2050
Table A.5: The chosen trends for the period 2021-2050 for each unu key.

Unu key Trend Unu key Trend
1 N.A. 402 N.A.

101 N.A. 403 N.A.
102 40 years 404 N.A.
103 40 years 405 40 years
104 10 N.A. 406 10 years
105 N.A. 407 N.A.
106 40 years 408 40 years
114 40 years 601 40 years
201 N.A. 602 10 years
202 40 years 701 N.A.
203 40 years 703 N.A.
204 40 years 801 40 years
205 40 years 802 N.A.
308 N.A. 901 40 years
309 40 years 902 40 years
401 40 years 1001 N.A.
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A.6. Average weight and PCB growth
308 (CRT monitor) and 407 (CRT TV) did not have data available as there were no inflows during the
period of 2010-2015.

Table A.6: The average weight and PCB growth/decline for each unu key over the period 2010-2015.

Unu key
Average weight
growth

Average PCB
fraction growth

1 0.00% 0.00%
101 -4.53% 0.00%
102 -0.01% -2.29%
103 0.00% -18.78%
104 0.02% -9.66%
105 0.00% -5.08%
106 0.42% 10.69%
114 0.01% -11.17%
201 -0.14% 0.15%
202 -0.87% -8.98%
203 1.54% -6.01%
204 0.04% -6.16%
205 -0.03% -5.16%
308 N.A. N.A.
309 0.01% -6.02%
401 0.00% -5.08%
402 0.24% -7.06%
403 0.90% -2.55%
404 0.00% -5.36%
405 0.82% -5.73%
406 0.09% -10.17%
407 N.A. N.A.
408 -6.33% -2.70%
601 0.07% -6.96%
602 1.00% -0.26%
701 -0.02% 9.52%
703 0.00% 0.48%
801 0.00% -5.63%
802 8.31% -0.31%
901 0.52% -6.98%
902 0.00% -1.18%
1001 0.00% -2.05%
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A.7. Collection rates
Table A.7: The collection rates for WEEE category II (Screens).

Region 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
North 92% 100% 100% 100% 100% 100% 98% 95% 92% 86%
East 32% 37% 42% 44% 41% 47% 57% 63% 68% 76%
South 38% 45% 44% 50% 49% 56% 66% 68% 70% 72%
West 67% 76% 81% 82% 86% 88% 86% 82% 78% 73%

Table A.8: The collection rates for WEEE category IV (Large equipment).

Region 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
North 71% 66% 62% 63% 66% 64% 69% 73% 77% 81%
East 38% 39% 38% 37% 47% 48% 59% 64% 67% 74%
South 29% 29% 25% 25% 29% 32% 39% 44% 48% 43%
West 43% 42% 41% 41% 45% 46% 53% 60% 66% 70%

Table A.9: The collection rates for WEEE category V (Small equipment).

Region 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
North 45% 45% 41% 42% 37% 36% 34% 33% 31% 30%
East 27% 28% 27% 26% 31% 33% 33% 31% 29% 34%
South 15% 15% 14% 13% 18% 17% 22% 23% 24% 21%
West 30% 31% 31% 32% 32% 31% 32% 33% 34% 35%

A.8. Palladium and silver flowcharts
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Figure
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A.9. Population growth and migration
In order to measure the effect of a decrease in migration, historical migration data from Eurostat was
used. The databases Immigration by age group, sex and citizenship and Emigration by age group, sex
and country of next usual residence were used to determine the patterns [145, 146]. Table A.10 shows
the net migration for each region. It was assumed that this migration would halve in the scenario,
thus impacting the population growth in each region. For northern and western Europe growth was
decreased by 0.50% and 0.29% respectively, while in eastern and southern Europe growth increased
by 0.21% and 0.08%. These changes in growth were added or subtracted from the predicted growths
as predicted by Eurostat [112]. Therefore, over the set period (2021-2050) this resulted in an decrease
in population of 13.89% and 8.25% for northern and western Europe and an increase of 6.44% and
2.53% for eastern and southern Europe compared to BAU.

Table A.10: Net migration of the four EU regions.

2015 2016 2017 2018 2019
North 36,599 38,123 34,602 30,644 26,506
East -204,884 -194,714 -199,255 -196,037 -206,767
South -29,407 -38,204 -36,862 -31,277 -27,051
West 197,692 194,795 201,515 196,670 207,312

A.10. Component reconciliation between Huang et al. and the Pea-
coc categories

Table A.11: The conversion table between the Peacoc component categories and Huang et al. [127]

Component category (Peacoc) Component category (Huang et al.)
Central Processing Units CPU
IC chips and transistors ST, ILT, PT, FET, Thyrstor and Chip
MLCC + Ta capacitors SC, MLCC, SMD-R and SMD-D
Small transistors and small IC chips SMD-T and OC
Blue and black rectangular connectors (VGA) Port
Rectangular connectors (USB, HDMI etc.) Port
Golden connectors (RCA) Port
Round gray connector (RCA) Port
Plastic connectors with pins and others Connector
Large steel and aluminium cases Tuner
Inductors and transformers FI, HPI, SMP-P, TI, TR and Transformer
Al electrolytic capacitors ETC, PC, CEC and Relay
Blue capacitors FC, CC and HVCC
Resistors AI, MFR, CR, CFR, ZD and RD
Quartz resonators PCO
Heatsinks Heatsink
Cables -
Connectors of plastic with golden pins -
Connectors of plastic with silver pins (SCART) Port
Other -
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Table A.12: The CRM concentrations (mg/kg component) from Huang et al. to the Peacoc component categories [127]. Not all
component categories could be matched.

Ba Be Co Mg Sb Ti V Pt
Central Processing Units 30,760 110 150 1,190 4,070 2,810 50 0
IC chips and transistors 71 20 156 393 4,343 2,860 63 2
MLCC + Ta capacitors 77,028 33 180 1,333 2600 2,003 40 1
Small transistors and
small IC chips

55 200 65 315 7,410 5,000 125 0

Blue and black rectangular
connectors (VGA)

320 0 10 1,560 5,360 160 40 0

Rectangular connectors
(USB, HDMI etc.)

320 0 10 1,560 5,360 160 40 0

Golden connectors (RCA) 320 0 10 1,560 5360 160 40 0
Round gray connector (RCA) 320 0 10 1,560 5360 160 40 0
Plastic connectors with
pins and others

10 0 30 440 2,580 2,940 40 9

Large steel and aluminium cases 4,400 0 8750 0 9450 19,850 1,050 0
Inductors and transformers 148 0 97 1,830 925 5,427 138 0
Al electrolytic capacitors 270 10 10 2,593 1868 5,100 68 0
Blue capacitors 59,640 2,123 1,777 22,847 89,947 3,860 620 3
Resistors 8,637 57 158 2,722 1,940 1363 92 0
Quartz resonators 29 19 4,060 1,020 340 0 60 0
Heatsinks 0 0 100 105,250 0 35,300 1,450 0
Cables Not in data
Connectors of plastic with
golden pins

Not in data

Connectors of plastic with
silver pins (SCART)

320 0 10 1,560 5,360 160 40 0

Other Not in data

A.11. CRM concentrations in the bare PCBs
Table A.13: The CRM concentrations in the bare PCBs from different sources.

Source Ba (wt%) Be (wt%) Co (wt%) Mg (wt%) Sb (wt%) Pt (wt%)

[147]
0.0022, 0.16, 0.00,

0.00, 0.02
0.08, 0.10, 0.22,

0.00, 0.16
0.45, 1.97,
0.00, 0.00

[148] 0.02 0.0038 0.16 0.34 0.0022
[149] 0.003 0.35
[150] 0.292

Average 0.0364 0.0034 0.292 0.11 0.52 0.0022
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A.12. Energy requirements of a select number of Dutch municipal-
ities

Table A.14: The energy requirements of a select number of Dutch municipalities.

Municipality
Number of
houses [151]

Natural gas per
house (m3) [152]

Natural gas
total (GJ)

Electricity per
house (kWh) [152]

Electricity
total (GJ)

Total energy (GJ)

Delft 51,495 850 1,443,559 2,350 435,648 1,879,207
Den Haag 265,959 950 8,332,761 2,339 2,239,481 10,572,243
Hattem 5,262 1,370 237,751 2,920 55,314 293,065
Leiden 60,538 820 1,637,165 2,360 514,331 2,151,496
Leiderdorp 12,379 1,020 416,425 2,790 124,335 540,759
Rijswijk 27,219 1,050 942,567 2,460 241,051 1,183,618
Voorschoten 11,504 1,160 440,106 2,850 118,031 558,137
Waddinxveen 12,797 1,060 447,368 2,880 132,679 580,047
Wageningen 18,086 1,000 596,476 2,460 160,170 756,646
Zwolle 59,491 1,020 2,001,253 2,500 535,419 2,536,672
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