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ABSTRACT

Norway is one of the countries in Europe generating the most waste from electri-
cal and electronic equipment (WEEE) per capita. Extended producer responsibility
schemes are incorporated as part of the national waste policy, with clear goals to-
wards recovery of materials from the waste fraction. Investigating the WEEE flows
in Norway, we observe clear improvements needed in the transparency of the sec-
tor, and based on the information gathered, we estimate lower recycling of materi-
als than provided through official statistics based on reporting. 68% of WEEE sent
to recycling treatments are recycled into reusable material. Accounting for WEEE
occurring outside of the treatment system, only 58% is recovered for recycling. We
also estimate the CO,-equivalent emissions of different End-of-Life treatments of
WEEE, and the embodied CO,-eq emissions of each WEEE category, illustrating 1)
what category carry the largest environmental burden with respect to its embedded
materials, and 2) the environmental impact of specific treatment options within the
system. We show how the recycling rate of precious metals have significant influ-
ence over the environmental impact recovery potential of the system. It is not just the
amount of material that is recycled that is important, including a proxy for expended
emissions effectively illustrates the need for more precise policy implementation to

1. INTRODUCTION

Collection and safe treatment of Waste from Electrical
and Electronic Equipment (WEEE) has been established
through regulations, both in Norway and in the EU, with a
strong focus on avoiding emissions of hazardous com-
pounds embedded in the waste products (Oguchi et al.,
2013). In recent years the focus has expanded to include
material recycling of WEEE, with a recent strategic policy
shift to recovering critical raw materials (CRMs). The Euro-
pean Commission has introduced the Critical Raw Materi-
als Act, with a clear push towards improving sustainability
and circularity within a commodity market with strategic
importance for future renewable energy and technology
sector growth in Europe (European Commission. Joint Re-
search Centre., 2021).

Waste data from Eurostat and the Norwegian statisti-
cal agency (SSB) shows that Norway and the other Scandi-
navian countries are generating and collecting significant
amounts of WEEE per capita compared to the rest of the
EU. In 2018 the consumer WEEE per capita collection was
14.5 kg for Norway and 7.8 kg for the EU (Constantinescu
et al,, 2022).With an average recycling rate of 80.5% be-
tween 2015 and 2021 reported by official statistics (SSB,

ensure a functional circular economy.

table 10513), one could naturally assume that the system
for WEEE management is a significant contributor to the
circular economy.

Multiple studies have investigated both the economic
and the environmental effects of collecting WEEE for recy-
cling (Messmann et al., 2019; Peng & Shehabi, 2022; Rod-
riguez-Garcia, n.d.). Ismail & Hanafiah (2019) provide a re-
view of 61 Life Cycle Assessment (LCA) studies performed
between 2005 and 2018 on WEEE collection and treatment.
Although the quality of the studies was high, one apparent
weakness is a general lack of holistic or full-system per-
spective when analyzing WEEE treatment. Most studies
focus their environmental analysis on a limited number of
EEE products and/or potential treatments, these studies
do generally show significant environmental benefits of
recycling WEEE (Ismail & Hanafiah, 2019). A study by De
Meester et al., (2019) provide a mixed Material Flow Anal-
ysis (MFA) and LCA assessment of WEEE treatment in Bel-
gium, also a country with highly developed collection and
treatment systems for waste. The study shows that there
is significant material loss in the treatment system due
to sorting activity, and significant functional loss due to
downcycling of materials, effectively embedding precious
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metals and other critical materials in lower value recycled
materials (De Meester et al., 2019). Multiple studies have
highlighted the same issue with sorting and separation of
critical/precious metals from WEEE in Europe (Bigum et al.,
2012; Parajuly et al., 2017; Ueberschaar et al., 2017).

Recently the complexity of modern electric and elec-
tronic equipment (EEE) has gained more attention in the
literature, highlighting the complex composition of the
resulting WEEE (Babbitt et al., 2020, 2021; Graedel et al.,
2022), and the various treatments available for extended
recovery of CRMs (Chen et al., 2021). As this brief review
of the literature shows, collection and treatment of WEEE
is a significant challenge in terms of separating and valor-
izing CRMs embedded in the waste stream. However, due
to large metal fractions embedded in the waste, recycling
generally provides significant benefits compared to landfill-
ing or incineration (Ismail & Hanafiah, 2019).

In Norway few studies have been conducted on the
WEEE management system specifically. One study by
Baxter et al., (2016) performed an LCA of the downstream
treatment of three different kinds of WEEE (refrigerator,
mobile phone, and LCD TV). The study shows benefits of
recycling metals and highlight the importance of proper
handling of smaller trace elements like refrigerator gases
and recovery of precious metals as important drivers for
GHG emissions (Baxter et al., 2016). Others have analyz-
ed trends in WEEE generation, collection, and alternative
routes of disposal outside the Extended Producer Respon-
sibility (EPR) scheme adopted in Norwegian legislation for
the collection system (NORSUS, 2021). No full system as-
sessment of the WEEE management has been performed
for Norway using LCA or MFA methodology.

Within the Norwegian waste regulation framework,
waste policy towards recycling and reuse is clearly formu-
lated and provided as requirements for EPR companies.
The regulations set specific requirements for the recovery
of eight specific WEEE product categories. These require-
ments are set as a percentage of the total mass of each
product category to be either recovered in the form of re-
use, material recovery, or energy recovery (incineration).
The recovery target can vary from 75% to 85% when includ-
ing energy recovery, or between 55% and 80% when exclud-
ing energy recovery of products put on market (Avfallsfor-
skriften, 2004). These regulations are clear indications of
waste policy, providing a push for increased material re-
covery. However, as pointed out by Bigum et al., (2012) in
the case of Denmark, and Baxter et al., (2016) in the case
of Norway, policy focused on optimizing aggregated and
simple quantitative measures, like bulk recovery rates and
recycling rates, might fail to address significant challenges
within the system, or fail to incentivize recovery of small,
but important materials.

In this paper we first focus on identifying the flows of
consumer WEEE in Norway, addressing both the collection
within the EPR schemes, and the potentially missed waste
occurring outside regulated collection. We then focus on
the flows of materials, and the embedded emissions of
these materials. This approach is taken to assess the flow
of already expended emissions within the system, and to
investigate how much of our GHG emissions are being kept

within the economy with the potential to substitute raw
materials. Does the current system adequately recover and
maintain the environmental load associated with produc-
ing consumer electronics? We address these questions by
first investigating the reported flows and interviewing EPR
companies, and use this data to produce a static material
flow analysis model for WEEE flows in Norway. Material
flow indicators are supplemented with a greenhouse gas
footprint approach using LCA calculation software.

2. METHOD AND APPROACH

In this research work we gathered information from
official databases, literature, and direct communication
with WEEE management industry on the collection and
treatment of WEEE. We follow the material flow of con-
sumer WEEE from collection to end treatment, assessing
the waste flow composition. We characterize the content
of WEEE using reference products, covering iron/steel
containing metals, non-ferrous metals, plastic, glass, and
some precious metals. To assess the embodied emissions
of different materials embedded in the waste, we use a
life cycle assessment screening method to calculate the
CO,-eqvivalent (CO,-eq) emissions associated with pro-
duction, and the life cycle emissions generated by recy-
cling, incineration, or landfilling of the respective materials.
The term CO,-eq emissions encompasses “..the amount of
carbon dioxide (CO,) emissions that would cause the same
integrated radiative forcing or temperature change, over a
given time horizon, as an emitted amount of a greenhouse
gas (GHG) or a mixture of GHGs” (IPCC, 2018).

2.1 Waste generation and composition

The generation of WEEE is taken from the Environmen-
tal Agency’s online database for producer responsibili-
ty reporting on electric and electronic waste. The data is
generated by approved EPR companies, and report yearly
quantity of different categories of waste collected, and the
respective aggregate downstream treatments for each cat-
egory (Table 1).

The amount of WEEE within each category is gathered
from the database itself, however, the database has no in-
formation on the material composition of each category.
To assess this, we gathered composition data from one
product within each category, using this as a proxy for
material composition. Table 2 shows the composition as-
sumptions used and the reference product assumed for
each category.

2.2 WEEE Flows

The total mass flows of generated e-waste are based
on data from the Norwegian Environmental Agency report-
ed by the return companies (Miljgdirektoratet, 2023). In to-
tal, 142,000 tons of e-waste is collected annually (based on
a four-year average of 2019-2022) in Norway, which con-
tains all eight product categories including the large indus-
trial equipment and large industrial cables which are not
considered in this paper. The large industrial equipment is
approximately 13% of the collected e-waste and the large
industrial cables are approximately 12%. Excluding the in-
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TABLE 1: Average share of WEEE category going to different waste treatments 2019 — 2022 according to the Norwegian Environmental

Agency.
WEEE Category Product mix Totalo Reuse Landfilling Energy Material
share (%) recovery recovery

1 Heating and cooling equipment 20% 0% 0% 3% 16%
Screens, monitors and equipment containing o o o o o

2 screens with a surface of more than 100 cm? 6% 1% 0% 0% 4%

3 Light sources 1% 0% 0% 0% 1%

4 O‘ther Ia_rge products where one of the outer 36% 0% 2% 2% 30%
dimensions is over 50 cm other large

5 O.ther smal! products where the longest outer 30% 0% 1% 2% 24%
dimension is less than 50 cm
Smaller IT and telecommunications equipment

6 where the longest outer dimension is less than 7% 1% 0% 1% 5%
50 cm

Total 100% 2% 4% 12% 82%

TABLE 2: Material composition for reference products within each WEEE category based on Baxter et al., 2016 (a), Filimonau et al., 2021

(b), Fulvio et al., 2015 (c), Gallego-Schmid et al., 2018 (d).

Precious

Product Steel Aluminum Plastic Glass Copper metals Source
Refrigerator 73.9% 0.7% 24.7% 0.0% 0.60% 0.0% (a)
Television (LCD screen) 34.7% 8.1% 44.5% 5.8% 1.7% 5.2% (a)
CFL Lamp (Compact fluo- 12.2% 7.8% 23.1% 45.7% 6.8% 4.4% (b)
rescent lamp production)

Dishwasher 78.8% 0.9% 16.9% 0.0% 2.9% 0.4% (c)
Microwave 66.4% 5.8% 7.4% 11.4% 6.1% 2.9% (d)
Smartphone 3.0% 2.0% 59.0% 16.0% 15.0% 5.0% (a)

dustrial waste, the amount of collected e-waste that will
be considered in this study is approximately 107,232 tons
per year.

The collection and first-hand treatment of WEEE we
consider rather transparent, however, the recycling down-
stream treatment chain is significantly lacking in transpar-
ency with low reporting standards, thus leading to certain
model assumptions being necessary. Assessing the treat-
ments within the system is limited to available general
treatment options in the latest Ecoinvent database (3.9.1).

We added estimates on WEEE being generated but un-
available for the collection and treatment system due to
scavenging and illegal export, leading to uncontrolled dis-
posal and highly speculative end-use of the waste. This
was estimated by NORSUS (2021) at approximately 10% of
EEE put on market. Based on this we estimate that 10,921
tons of WEEE is generated outside of the collection system
and illegally exported with no consequent control of the
material flow. We assume this category of WEEE is a mix
of all categories usually collected within the EPR system.

Using waste composition analysis from residual waste
generation in the households (CIVAC, 2021), we can esti-
mate the likely collection of 1-2% of WEEE going directly
to municipal solid waste incineration. We assume that
this category is heavily represented by smaller WEEE like
phones, lamps, electric toys, smaller electrical equipment
etc. (NORSUS, 2021). We estimate at that at least 7,500
tons of WEEE are directly sent to incineration.

The total amount of consumer WEEE collected for
treatment and other illegitimate End-of-Life (EOL) options
are estimated at 125,653 tons per year. Table 1 in the sup-
plementary information shows the amount of each materi-
al within each category.

2.3 Treatment assumptions

Collection and manual sorting: Manual sorting is as-
sumed to occur at collection and sorting facilities operated
by EPR-companies or affiliated companies with permission
from the Environmental Agency to store different kinds of
electronic and hazardous waste. The reuse fraction is as-
sumed to be sorted manually according to Table 1. Parts
of category 2 and 6 is assumed to be sorted manually due
to having high composition of precious metals (phones,
laptops, etc.). Based on the WEEE products accepted at
UMICORE plants for recycling, we assume that most EPR
companies and first order collectors of WEEE would avoid
shredding these categories. However, we assume that 20%
of these fractions could be shredded together with other
electronic waste.

Collection and shredding: Most categories are as-
sumed to undergo shredding to efficiently sort out metallic
fractions from the WEEE (Bigum et al., 2012; Baxter et al.,
2016). Most of the ABS plastic fraction is assumed to be
sorted out for incineration due to hazardous compounds
embedded in the plastic (Baxter et al., 2014). A mix of
shredder residue from all fractions is assumed to provide
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the remaining fraction going to incineration. The amount
going to landfill from sorting operations is assumed to
mainly be glass or other inert masses contained in WEEE.

Recycling yields: Table 3 summarizes the recycling
yields assumed for each material fraction making it to ma-
terial recovery. We assume that all loss is landfilled from
recycling plants, except for plastic recycling, where the loss
fraction is sent for incineration.

The underlying assumption of waste generated and the
specific treatment options within the EPR scheme is based
on the assertion that the treatment statistics show frac-
tions sorted for specific treatments and does not include
any estimate of recycling loss. Effectively not reporting re-
cycling rates, but the level of sorting for recycling, exclud-
ing actual yields. Recycling loss is introduced in the model
from the review of the scientific literature referenced in ta-
ble 3. Communication with industry failed to get a definitive
clarification on this assumption (personal communication,
2023), the Environmental Agency is also unclear regarding
the nature of the reported numbers (personal communica-
tion, 2022).

Incineration and landfilling: These treatments are based
on Ecoinvent life cycle inventory models for average treat-
ments and are referenced in section 2.5.

2.4 Material Flow Analysis model

MFA has been widely used within the research field
of waste management in order to represent complex sys-
tems within an analytic framework, providing a systematic
and quantitative overview of any given system over space
and time (Allesch & Brunner, 2015; Hendriks et al., 2000).
Following the data gathered in section 2.1 to 2.3, we con-
struct a simple static system, representing an average flow
of WEEE being generated in Norway, and sent to specific
treatments. The system is mass balanced and provides a
full account of mass and substance flows within the sys-
tem boundary.

Figure 1 illustrates the MFA system definition, show-
ing inputs to the system (l) in terms of WEEE collected/
delivered to waste facilities of different kinds, and electron-
ics found in the residual bin of households. The system is
mass balanced by subtracting the flow of outputs (O) from
the inflows. The outputs are further specified into A) Re-
cycling yield, B) Incineration, C) Landfilling, and D) lllegal
export.

The recycling rate of the total WEEE system is then cal-
culated by dividing the recycling yield (A), over the sum of
all outputs of the system:

Recycling rate = %

The transfer coefficients of each process (collection
and sorting, material recovery, recycling, incineration etc.)
is based on section 2.3, while the input to the system is
based on section 2.2. Material flowing through the system
are based on section 2.1.

2.5 Embodied category and EOL CO,-eq emissions

Categories of embodied emissions are calculated
based on the material composition of the WEEE reference

TABLE 3: Recycling yield based on literature assessing the mass
balance of recycling activities, yield indicate the share of materi-
al output from a recycling process that can substitute a primary
material.

Material Recycling Yield Source

Steel 87% (NORSUS, 2022)
Aluminium 75% (Bigum et al., 2012)
Plastic mix 70% (Rigamonti et al., 2020)
Glass 90% (Haupt et al., 2018)
Copper 60% (Pfaff et al., 2018)
Palladium 90% (Bigum et al., 2012)
Gold 90% (Bigum et al., 2012)
Silver 90% (Bigum et al., 2012)
Nickel 90% (Bigum et al., 2012)

products and the respective Ecoinvent Life-Cycle-Invento-
ry (LCI) data. Further information on Ecoinvent inventories
used in the CO,-eq footprint calculations is available in the
supplementary information. The impacts of production
and treatment was scaled up by the respective demand for
each material within each category and treatment option
and multiplied with environmental impact indicators taken
from the IPCC2021 GWP100 method made available by
ecoinvent. This quantifies the embodied impacts of pro-
duction in terms of CO,-eq emissions over the time-horizon
of 100 years (Forster et al,, 2021), and include the CO,-eq
emissions due to EOL recycling, incineration or landfilling
of the composite materials. The calculations were per-
formed using the Brightway open-source framework for
LCA calculations in python (C. Mutel, 2017). This approach
does not constitute a full life cycle assessment, but an LCA
screening approach similar to other footprint calculation
approaches within the environmental assessment litera-
ture (Hung et al.,, 2020; Kaufman et al., 2010; Mora-Sojo et
al., 2022; Song et al., 2017).

3. RESULTS

The following section show the results of the identified
WEEE flows and the embedded materials, and the embed-
ded CO,-eq emissions of materials and the added emis-
sions of electronic waste EOL treatment. The recycling rate
of materials is estimated, and consequently the reintroduc-
tion of embedded emissions is also estimated and illustrat-
ed with the use of Sankey diagrams.

3.1 Material flows

Combining the data on WEEE collection and treatment
with the literature data on the material composition of
WEEE products, in Figure 2 we can observe the distribution
of materials between the main categories included in our
system.

Categories 1,4 and 5 are dominated by steel, with some
plastic mix, glass and copper making up the rest of the
main mass. Categories 2, 3, and 6 are mainly dominated
by plastic mixes. We also observe significant amounts of
steel and plastics not entering the EPR-scheme via residu-
als and illegal exports.
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WEEE Flow Norway — average yearly flows investigated for the period 2019 - 2022

Inputs, | 4 Category L Outputs, O
: 1 ..":I’ E )
Category 2 A
Collection, —— ——
Sorting, ) '
’ Material i B1
. Category 3 Shredding by eSS
Collection Recovery i
o EPR- ' c1
Facilities ) [ |
companies !
Consumer Category 4 ' B2
WEEE
Category 5 Cc2
Category 6
‘l"‘-,‘ D
1 Scavenging
Residual | Curbside B3
Waste collection

FIGURE 1: Material Flow Analysis system description for calculating the material flows and the recycling rate of the WEEE system. The
flows labeled A) for recycling, B) for incineration, C) for landfilling and D) for illegal exports.

40000
Steel
Em Aluminium
B Glass
Copper
- Palladium
I Silver
Nickel
25000 4
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v
8 20000 ]
=
e
150001
10000 I
——
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I
category 1 category 2 category 3 category 4 category 5 category 6 residual illegal export

FIGURE 2: Bar graph showing the total yearly mass per WEEE category and its subsequent share of embodied materials.

Figure 3 shows the mass flow of the WEEE manage-
ment system in Norway, including consumer electronics
discarded as part of household residual waste, and elec-
tronics scavenged from collection facilities. Based on the
assumption that the official statistics are not including
losses occurring at the recycling plants, we can observe
that 68% of category 1-6 is recycled. 2% is reused. If we
include the amounts generated outside the EPR scheme,
58% of generated WEEE is recycled into materials.

Here we denote the recycling and reuse of materials into
valuable goods “Circular Material Use”, meaning that the
system provides a flow of materials that can potentially be
used, and contribute to a circular economy. We denote the
end treatments that destroy, store, or in other ways lose ma-
terials from the downstream treatment chains, making them
inaccessible for further valorization, as “Linear Material
Loss”. This highlights that the loss of material in terms of ex-
port, the incineration of materials, and the landfilling of ma-
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FIGURE 3: Mass flow diagram of material production, collection within and outside the EPR scheme, and materials going to Circular Ma-
terial Use, or Linear Material Loss based on collection raters and recycling yields.
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FIGURE 4: Kg CO,-eq emissions embedded in material production within each waste category, and End-of-Life (EOL) treatment emissions

due to incineration, landfilling or recycling processes.

terials, is directly linked to a linear system model, where we
extract materials and dispose them with no significant value
added in the process (Romero-Hernandez & Romero, 2018).

3.2 Embedded carbon footprint and EOL GHG emis-
sions

Figure 4 include the embodied CO,-eq emissions of the
materials within each category and the added aggregate
EOL emission. Steel is dominant for the larger categories,
however, we see the significant contribution of gold, silver,
and nickel, as well as aluminium for smaller fractions. Ma-
terials that occupy a tiny fraction in terms of the total mass

of a product, still contribute a significant share of the emis-
sions associated with the production of the product. We
can also observe that the EOL emissions are comparatively
small to the emissions of the embodied materials within
the discarded electronic products.

Figure 5 further disaggregates the emissions from EOL
into specific treatments. In terms of CO,eq emissions
from downstream waste treatment, we see that incinera-
tion of plastic and shredder debris contribute significantly
to the emissions within each WEEE category.

We see that sanitary landfilling of waste have low emis-
sions of CO,-eq, emissions are mainly from operating vehi-
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cles and maintaining landfill operations and infrastructure.
We can observe that the treatment of precious metals
dominates much of the emissions from EOL recycling
treatments. Following a contribution analysis of the results
for gold recycling, we can observe that the main emission
drivers are high energy use. This being the case for all pre-
cious metal recycling processes. Energy use, sorting and
pressing, and quicklime production are the main contribu-
tors to CO,-eq emissions within the steel recycling process.
In terms of incineration, the process-specific emissions are
the most important component, especially since the main
waste type sent for incineration is plastic, with high carbon
content. (Fiore et al., 2019; Stubbings et al., 2021)

We add the embodied CO,-eq emissions of materials in
WEEE to the material flows shown in Figure 3 and add the
EOL CO,-eq emissions (orange flow) from each EOL treat-
ment, showing the flow of emissions through the WEEE
treatment system in Figure 4.

This helps us to illustrate the impacts associated with
both production and EOL treatment and the large amounts
of embodied emissions being directed back to the econo-
my, or to Linear Material Loss. Figure 6 is based on the offi-
cial information provided by the Norwegian Environmental
Agency, assuming valorization of all material content. In
Figure 7, instead of assuming precious metals (PM) go-
ing to Circular Material Use, we assume that 50% of these
metals are downcycled into steel, other metallic fractions,
incinerated or landfilled, which in either case means that
the PM is not actually reintroduced in a functional way to
the circular economy, they are “functionally lost” (Ortego
etal. 2018).

We see from Figure 7 a 50/50 split of total emissions
between Linear Material Loss and Circular Material Use.
Redirecting a tiny fraction of specific materials contribute
to a 9% shift towards loss of materials. Indicating that a

significant amounts of expended CO,-eq emissions are di-
rectly lost and permanently unavailable for reintroduction
to the circular economy, requiring continued extraction of
primary raw material, and consequently a substantial po-
tential for increasing GHG emissions if we are to sustain or
grow our consumption of consumer electronics.

4. DISCUSSION

This material flow and life cycle emissions screening
approach shows that the embodied emissions of EEE
products is mainly coming from metals, with significant
shares from precious metals. The CO,-eq emissions from
production of materials embedded in the WEEE categories
is estimated at approximately 320 kg CO,-eq / household in
Norway. These results where comparable to previous stud-
ies on GHG emissions from EEE in Norwegian households
(Hertwich & Roux, 2011). Emissions from EOL is reported
by Hertwich & Roux (2011) at 43 kg CO,-eq per household,
where our results indicate approximately 75 kg CO,-eq
per household. Our assessment likely overestimates the
amount of precious metals going to recycling, which is the
main contributing processes to EOL emissions within our
system. Itis quite likely that larger shares of precious metal
containing category waste is downcycled.

The material composition of each category of WEEE is
a significant source of uncertainty in this analysis, howev-
er, the data considered does give some useful indication
of the potential composition and embodied emissions
due to primary production. The lack of transparency into
downstream treatment chains within the WEEE manage-
ment sector is also a significant challenge for assessing
both the resource recovery efficiency of different recycling
paths, and the environmental impacts generated for these
treatments. These issues have been highlighted by other

w

kg CO2-eq

) ]

Incineration
Landfilling

Steel recycling
Aluminium recycling
Plastic recycling
Glass recycling
Copper recycling
Palladium recycling
Gold recycling
Silver recycling
Nickel recycling

Category 1 Category 2 Category 3

Category 4

Category 5 Category 6 Residual

FIGURE 5: Breakdown of CO,-eq emissions for each End-of-Life treatment, per waste category.
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FIGURE 6: Emission flow layer showing embodied CO,-eq emissions from material production, and emissions occuring at EoL treatments,
baseline assumption is recycling of precious metals.
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FIGURE 7: Emission flow layer showing embodied CO,-eq emissions from material production, and emissions occuring at EoL treatments,

Scenario with 50% less recycling of precious metals.

studies assessing the environmental impact of WEEE in
specific countries or Europe in general (Di Maio et al., 2015;
De Meester et al., 2019; Horta Arduin et al., 2019). A recent
comprehensive comparative LCA study on gold recycling
from WEEE, highlights the variability of human health im-
pacts and energy requirements for the most conventional
gold recycling techniques (He et al., 2023). Better reso-
lution on the specific treatments used for recycling is of
crucial importance when indicating environmental perfor-

mance. Amending existing gold refining techniques (Fer-
nando et al., 2019) and optimizing gold refinery operations
(Mahyapour & Mohammadnejad, 2022) has a significant
part to play when it comes to lowering the environmental
burden of continued gold use.

Using waste treatment life cycle inventories available in
Ecoinvent, we have added an emissions layer to our materi-
al flows, showing that there exists a significant advantage
to recycling materials compared to primary production of
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materials. However, the model approach is simplistic, and
as pointed out by Fortier et al., (2022) in the 2021 annual
review of critical minerals by the United States Geological
Survey; existing LCI data is highly variable and based on
information on few mining sites. The LCI would not be able
to account for capacity issues due to increased demand,
or spatially explicit emissions (Fortier et al., 2022). Only fo-
cusing on the climate change indicator in our case, does
reduce some of the uncertainty due to GHG emissions rep-
resenting a global impact. In this study we do not include
the environmental impacts of dismantling and shredding
operations, this should be included when assessing the di-
rect impacts on human health from WEEE treatment (Lan
et al., 2023). Impacts does naturally also occur during col-
lection, dismantling, shredding, and transport operations,
for a full LCA study of WEEE, these aspects should be in-
cluded in the system.

This initial study does not look carefully into the issue
of downcycling and substitution rates of the recycled ma-
terials, which has been highlighted by multiple previous
studies (Rigamonti et al., 2020; Vadenbo et al., 2017; Viau
etal., 2020). It is unclear to what extent the output of the re-
cycling processes could be used directly in the production
of complex electronic equipment. To assess these issues,
plant level studies would be needed in order to model these
complex material processes.

In the results we present a Sankey flow chart of em-
bedded CO,-eq emissions and include the emissions be-
ing produced in the treatment of WEEE. This helps us see
where the treatment emissions are occurring, what cat-
egories of WEEE have the largest footprints, and it also
indicates how well the system can avoid spending emis-
sions (in terms of incineration and landfilling) and wasting
forgone emissions (embodied emissions from produc-
tion) in a linear “one-time-use” system. The idea of Linear
Material Loss indicate that the emissions expended while
producing a certain product, permanently goes to waste.
This is contrasted with the Circular Material Use, indicat-
ing a renewed life for past emissions, albeit at the cost
of some recycling emissions and recycling loss. It is clear
from the result that if the current system fails to incentives
the delivery of critical or precious materials back into the
production system for consumer EEE, we are in dire need
of better policy, or radically different use-patterns for elec-
tronics.

Adding the layer of emissions to the material flow anal-
ysis helps us illustrate that materials that represent a very
small fraction of the total weight of embedded materials,
has a disproportional level of environmental impact. See-
ing the problem in this way, exemplifies the necessity for
policies that target these small but critical materials.

This concept could be extended further, looking at
more aggregated impacts in terms of human health, eco-
system damage, and resource depletion. For instance us-
ing the ReCiPe2016 method for life cycle impact assess-
ment (Hauschild & Huijbregts, 2015; Huijbregts et al., 2017,
Woods et al., 2018). Making it possible to assess the im-
pact of multiple environmental emissions, not just the once
relevant for climate change. However, in order to capture
these impacts to a higher degree of certainty one would

need to address spatio-temporal characteristics of pro-
duction and treatments of WEEE categories (Beloin-Saint-
Pierre et al., 2020; C. L. Mutel & Hellweg, 2009; Pfister et al.,
2020). This could be done by a combining dynamic-Materi-
al Flow Analysis with a regionalized Life Cycle Assessment,
making it possible to look at multiple policy options over
time, and the potential environmental effects with greater
spatial resolution (Barkhausen et al., 2023). Further devel-
opment of these environmental systems analysis methods
is important for developing more concrete policies for re-
source management, especially for the advanced material
demand from technology and energy sectors.

Another aspect of the waste management system that
is not assessed in this paper, is the importance of consum-
er sorting behavior and engagement with the recycling sys-
tem (Flygansveer et al., 2021). One aspect is the lifetime
of the EEE products (Bridgens et al., 2019), another is the
willingness to engage with the recycling system by citizens
and businesses (Jabbour et al., 2023). The referenced pa-
pers highlight the importance of information on the value
and benefit of recycling, which is hard to adopt in a regula-
tory framework. However, national policies should reflect
that convenience of recycling (Wang et al., 2019) and infor-
mation on recycling benefits (Jabbour et al., 2023) could
promote better practice. Having transparent information
on the WEEE treatment system becomes an important part
of any information campaign.

Multiple review studies have highlighted the impor-
tance of improved and enforceable waste legislation for
WEEE (Constantinescu et al., 2022; Patil & Ramakrishna,
2020; Shahabuddin et al., 2023). In the case of Norway, the
type of strict legislation suggested by Patil and Ramakr-
ishna (2020) does exist, but it is clearly not enough to suf-
ficiently incentivize the recycling of smaller and more com-
plex materials (i.e., gold, palladium, nickel etc.). Claims of
recycling rates and EPR schemes successful integration of
circular economy principles should be scrutinized and as-
sessed critically. Researching the downstream treatments
of the different WEEE categories proved difficult, especially
due to limited information and proof regarding countries
actual recovery rates. It would be advisable for policymak-
ers to engage more directly with the existing EPR structure,
and tailor regulations towards value and emission-based
recycling goals, in contrast to bulk recycling requirements
which is the current practice.

5. CONCLUSIONS

We show that the effectiveness of the Norwegian WEEE
management system in terms of resource management
is highly dependent on how well the precious metals are
recovered at the EOL. There is a significant lack of trans-
parency within the WEEE sector, and there are few indica-
tions of an effective valorization of precious and/or critical
materials embedded in electronic consumer products. We
argue that resource management should include embed-
ded emissions of production, to effectively include the high
environmental costs of producing as well as managing our
waste. If we fail to reintroduce materials into the economy
within the same product niche they initially where part of,
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we are at a significant risk of not curbing future demand
for materials that will require substantial amounts of en-
ergy and resources to acquire. Its apparent that current
policy enacted in Norway is not sufficient to safeguard the
recovery of critical raw materials from WEEE. The first step
to improve and incentivize for increased Circular Material
Use would be to set recycling goals for specific material
fractions (precious metals, aluminium, copper etc.), and
introducing stricter reporting requirements, providing clear
information on both the real recycling yield, and the limita-
tions of current systems and technologies.
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