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Abstract: The growing production of waste electrical and electronic equipment (WEEE) requires
close loop management to protect the environment and save resources. Repair and reuse can
extend the product’s life span. However, debates on the differences seen in resource consumption
linked to the different ways of repairing devices have received a limited amount of attention. This
article demonstrates quantification of the resource consumption (cradle-to-gate) of five types of
appliances on a component level based on life-cycle assessment within the framework of the product-
material-footprint. The data for this assessment is based on the dismantling of these products,
weighing their components, and determining their material composition. The results show that
the resource relevance of all devices is dominated by a few individual components. For example,
for flat-screen monitors, 5 out of 17 components per device account for more than 90% of resource
consumption (abiotic total material requirement). Hence, repairing devices while using new spare
parts is not always the most resource-efficient way of handling WEEE. The results of this investigation
suggest that the resource consumption in repairs should be taken into account at different levels,
e.g., regulatory, with regard to eco-design requirements, or for informational purposes with a view to
the consideration of the repair and reuse practices.

Keywords: repair; reuse; electrical and electronic equipment; waste electrical and electronic equip-
ment (WEEE); product material footprint; Life-Cycle Assessment

1. Introduction

Waste from electrical and electronic (WEEE) equipment contains many valuable metals
and other substances [1], while using equipment for a long time saves resources and
protects the environment. The production of more than 12 million tons of waste per year in
Europe [2], significantly demonstrates that the potential to protect resources is not being
utilised. Studies show, for example, that electrical appliances are often only used for a few
years [3,4].

Reusing a product extends its life span and also minimises the use of resources which
are required in the product life cycle [5,6]. This close loop management allows the product’s
economic value to be preserved for as long as possible [7].

The importance of reuse is also reflected in the waste regulation (Waste Framework
Directive) and in several scientific papers [8,9]. Repair is defined as an operation which
“refers to the fixing of a specified fault in an object that is a waste or a product and/or
replacing defective components, in order to make the waste or product a fully functional
product to be used for its originally intended purpose” [5]. According to Ardente et al. [10],
repair can be part of different types of reuse but it does not have to be (e.g., repair within a
maintenance operation). Therefore, repairing products plays an essential role in the process
of retaining its value.

Product design plays a critical role in the decision on whether the repair can be accomplished.
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Manufacturers could improve the repairability of electronic devices such as washing
machines, monitors, etc. and make spare parts available. Corresponding ambitions are
being pursued in the EU with the Eco-Design Directive. The latest regulations impose
repairability requirements for certain product groups (e.g., refrigerators, washing machines,
dishwashers, electronic displays, light sources, electric motors, transformers and welding
equipment) as of March 2021 [11]. For instance, spare parts and repair instructions must be
available seven to ten years after the product has been placed on the market. In addition, it
must be feasible to replace the parts using standard tools. Since the beginning of 2021, and
for the first time in Europe, consumers in France who purchased an electrical or electronic
appliance have been able to obtain information on how to easily repair the product via a
national repairability index [12].

The classification of products with regard to their repairability is also the subject
of various research projects and standardisation activities [13,14], which can be classi-
fied into different levels (e.g., on information, product and service levels according to
Bracquenea et al. [14]). Repairs on the material level have been given little consideration
until now. However, a device that has to be repaired due to a typical defect (e.g., the
battery of a mobile phone) and the replacement of the defective component with a new
one requires a high consumption of resources (compared to the production of the entire
device); it is to be regarded as less repairable than a device that can be repaired in a less
resource-intensive manner, for example. In 2019, Pini et al. [15] gave initial indications on
the dependence of the environmental friendliness from the reused electronic device and its
replaced components.

Relevant life cycle assessments (LCA) have already been carried out in the context
of electrical appliances [16-20]. Most LCA studies that consider the manufacturing of
appliances at the product level [21,22] show in the best scenario which material has a high
or low environmental impact, but not which component. The technical potentials and the
material basis of the individual components are largely unknown to date in terms of a
comparative investigation within a device. This information could be very revealing, for
example, in understanding the extent to which repairing defects by replacing components
can lead to resource savings in reuse processes [23].

The aim of this article is therefore to clarify the following question: How do the com-
ponents of a product differ in terms of the resource consumptions required for production?

The study is thus to be understood as an exploratory one that

e on the one hand provides insights into the resource consumption of repairs, and on
the other hand;

e  provides a basis for further data collection, e.g., in the context of case studies (e.g., is
it necessary to evaluate failure statistics? For large differences, yes, but for small
differences, no).

With regard to the first point, the study is therefore focussed on scientists who advise
decision makers and are concerned, for example, with questions relating to the eco-design
of products (such as specifications on the repairability of certain components). This study
also supports the targeted design of research in this area (e.g., consideration and analysis
of different resource uses of components in the context of reuse processes).

2. Materials and Methods
2.1. Product Selection

In order to ensure an adequate scope of work while guaranteeing the necessary depth
of analysis, this research is limited to five electrical and electronic appliances typically used
in a household. The product selection contains a range of products that are representative
of different product characteristics and the associated challenges as well as incentives for
repair and reuse. Product-specific influencing variables on the reuse potential are the type
of appliance (comparable features with regard to the type of use or function) and other
characteristics of the products, such as the scarcity of the raw materials used or technical
progress [24]. Accordingly, the following products have been selected:
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Washing machines as representatives of large household appliances;

Flat-screen monitors with LCD technology, representing information and telecommu-
nications technology equipment;

Loudspeaker boxes of stereo systems as representatives of consumer electronic equipment;
Coffee machines as representatives of small household appliances.

Washing machines are subject to rather complex repair processes, and a large number
of faults can occur [23,25], making them profoundly interesting objects of investigation.
Flat-screen monitors, loudspeaker boxes and coffee machines are products that have been
identified as being particularly important for the use of resource-relevant metals [26], and
are important products in the volume flows of the everyday practice of reuse centers [23].

Depending on the type, appliances can also significantly differ within a product
group, e.g., coffee machines can be designed as fully automatic machines, portioned coffee
machines, sieve carrier machines or filter machines [27]. These differences are also reflected
in the built-in components (e.g., with or without a pump) and can lead to completely
different material compositions. With this in mind, one filter coffee machine and one coffee
pad machine are being considered (further specification of products can be found in the
Supplementary Materials A section).

2.2. Definition of Product Components

According to DIN 40,150 [28], the devices under consideration are defined as tech-
nical systems. These technical systems are in turn subdivided hierarchically into the
following subsystems:

Part: independently usable unit in a system;
Group: unit within a part that cannot be used independently;
Element: smallest indivisible unit in a group.

The different system levels can be characterised either by functional criteria, i.e., task/effect
(e.g., water flow) or by design criteria, i.e., structure/composition (e.g., water hose) accord-
ing to the subsystems described.

With regard to the question of which units are to be replaced during a repair, the
design criteria offer the best possible option. For example, the “washing machine” (system)
contains the “motor” (part), the “carbon brushes” (group) and the “carbon” (element).

The repair of systems in terms of unit replacement is carried out in widely differing
ways—on the part level, group level or element level. On this basis, the term “component”
is introduced, which is to be understood as parts, groups and elements. The respective
definition of the components is made according to its practicability (e.g., with a view to
clarity), on the basis of experience from the literature, as well as surveys and observations
of failure patterns, dismantling, and repair practices. With this approach, the material
compositions of the systems can be systematised in a stringent and uniform but also
practice-oriented manner.

2.3. Aim and Scope of the Reference Life Cycle Assessments

The life-cycle assessment (LCA) serves to evaluate resource consumption. The present
life-cycle assessment is carried out according to ISO 14040/14044 [29,30].

2.3.1. Objective and Functional Unit

The aim of the life-cycle assessment is to calculate the resource consumption from
the extraction of raw materials up to and including the manufacture of the device compo-
nents, assembly and packaging (cradle-to-gate), and thus to describe the environmental
performance of the components and overall devices.

The functional unit is defined as the production of a new component required to repair
the device. Hence, the flows considered by the LCA are related to the different components
of an appliance (washing machine, flat-screen monitor, loudspeaker box, coffee filter
machine or coffee pad machine). Based on this, the potential resource consumption of a
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repair (replacement of defective components by a new one) are compared between the
different components of a device.

2.3.2. Defining the System Boundaries

The system boundaries are shown in Figure 1 below which include the production of
the components, final assembly and packaging of the devices.

Primary & Secondary Raw Materials

y ¥
| Component 1 II Component 2 || |

\ 4 v A 4
| Final assembly and packaging |

l

New unit for t years

Figure 1. System boundary—production, final assembly and packaging of the devices.

Material losses in the upstream chains are taken into account by the typical loss
contained in the data sets (e.g., rolling of metal sheets). Specific product-related losses
(e.g., punching losses in the manufacturing of washing machine drums) are not taken into
account. This approach is based on Gensch and Blepp [21].

The present study focuses on the description of already produced devices, therefore,
according to Weidema et al. [31], it is a so-called descriptive life-cycle assessment (“attri-
butional LCA”) and not a consequential LCA which focuses on modelling the possible
consequences of a decision maker.

2.3.3. Allocation

An allocation is always necessary if the processes which generate several usable
products include those which cannot be considered in that particular system. In this paper,
allocation is based on the approach: “Allocation, cut-off, by classification” [32]. In the
Ecoinvent data sets (Version 3.3) used for upstream chains (e.g., in raw material production),
allocations have already been made at the necessary points.

2.4. Method for Impact Assessment and Modelling Basis
2.4.1. Impact Assessment with the Product Material Footprint

Impact assessment is based on the so-called product-material footprint (PMF) [33].
The PMF is an instrument which measures the life-cycle input of raw materials and the
total amount of extracted primary material for products and services (ibid).

The methodology is based on the concept of material input per service unit (MIPS) [34,35].
However, the PMF differs from the MIPS since it focuses on material resource input, and
neglects the categories of soil movement, water, and air. The potential environmental
impacts with the product life cycle are quantified within the framework of the PMF using
the following impact indicators [33]:

e  Cumulative raw material input (RMI): The cumulative raw material input is the sum
of the primary raw material quantities used, for example, to provide a material or
product. The RMI indicates the mass turnover which ends up in the form of waste
and emissions in processes and locations subsequent to resource extraction.

e  Total material requirement (TMR): The total material requirement includes the sum of
the primary material quantities extracted from nature, which contains both used and
unused extraction (e.g., overburden). The TMR indicates the magnitude of human-
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induced material flows around the extraction locations, and thus the order of magni-
tude of environmental pressure due to landscape changes, etc.

This paper investigates both indicators, with a focus on abiotic primary raw material
consumption (impact category) (in the following briefly: TMR ypiotic und RMIapiotic)-

In the German Resource Efficiency Programme III, the RMI is the main indicator
used to determine the various ratios used to measure increases in resource efficiency
(e.g., total raw material productivity = (gross domestic product + imports)/RMI). These
assessments make it possible to formulate concrete targets precisely, and to monitor the
achievement of the targets. The German federal government agreed to stay committed
to sustain the total raw material productivity trend from 2000 to 2010 and to extend its
commitment until 2030 to be part of the German Resource Efficiency Programme II. In this
respect, indicators, such as the RMI, are presented in the programme as a valuable and
indispensable orientation [36].

Acting as an additional indicator, the TMR completes the picture, since it shows
which role unused materials, such as overburdened and mining material, play in the use
of resources.

Therefore, the TMR has high influence on the environmental impact but the use of the
indicator to define targets is still limited due to its incomplete database [33].

2.4.2. Characterisation Factors and Impact Assessment with OpenLCA

All inputs along the life cycle are counted back to resource consumption with charac-
terisation factors according to Mostert and Bringezu [33].

The PMF assessment method uses the ecoinvent database (version 3.3, cut-off LCI)
with the software openLCA (version 1.6), in which the values for the characterisation factors
are added, and each elementary flow of the database (“resources, in ground”) is assigned
to a corresponding characterisation factor.

Since Mostert and Bringezu [33] implemented the factors with version 3.1 of the ecoin-
vent database in openLCA (version 1.7), the software implementation with the ecoinvent
database (version 3.3) is conducted by comparing the names of each elementary flow
between the two versions and the assignment is adjusted accordingly. If the names of the
elementary flows match, the assignment of the characterisation factor to the elementary
flow is then adopted. If the elementary flow occurs in version 3.3 but not in version 3.1, a
characterisation factor is subsequently assigned to the corresponding raw material. In the
opposite case, i.e., when the elementary flow occurs in version 3.1 but not in version 3.3, no
adjustment is made.

Supplementary Materials B section show an overview of the changes made to imple-
ment the methodology.

2.4.3. Data Quality Requirements, Data Collection and Cut-Off Rules

Considering the availability of material compositions in research, which usually refers
to appliances and not to the component level, it is mandatory to disassemble products in
order to evaluate repairs of individual components.

Five appliances (one appliance per product group, except for coffee machines with two
appliances) are dismantled and the components are weighed. If a component consists of
one material and weighs less than three grams (the smallest weight increment of the scale),
it is not included in the material balance. In practice, however, the total weight determined
does not significantly underestimate the respective real weights of the appliances, as only
very few components are under the cut-off criterion.

For the individual components, the main materials are determined and quantified
according to their mass.

The material is determined on the one hand visually, acoustically, and haptically, in
combination with

e general knowledge (e.g., the fact that aluminium is relatively light compared to steel,
that copper has a distinctive colour or that plastics sound different from metals) and
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e information available in the literature (e.g., determining whether the magnet in the
motor of the washing machine is a permanent magnet or a layered electrical sheet).

On the other hand, the type of material could also partly be determined directly from
material designations on parts or elements of components.

The weight of the materials is determined or estimated by further disassembling the
components (destructively, if necessary). If a material has a (weighed or estimated) share
of less than 1% of the weight of the component under consideration, the material is named
but not taken into account in the modelling (marked < 1%). If further disassembly of
the component which consists of different materials is very time-consuming (e.g., desol-
dering all components of a printed circuit board) and/or the estimation of the material
composition is impossible due to the complexity of the component, then the weight of
the entire component is included. Nevertheless, in order to be able to carry out the LCA,
the data from the LCA database is used. In addition to data sets on materials, processes,
transports, etc., LCA databases also contain data sets on entire components. In this way;, it
is possible, for example, to estimate the resource consumption for complex components
such as the liquid crystal display of an LCD monitor without determining the material
composition itself.

The assumptions and allocations of the specific materials to the Ecoinvent datasets are
made consistently for all selected products by modelling the same materials with the same
data sets. Inconsistencies result from the age of the data in the data sets, whereby these are
partly resolved by modifications, e.g., ratios of certain inputs (e.g., electric steel and oxygen
steel, primary aluminium and secondary aluminium) in the sense of values established
in research.

The tables with the material compositions per appliance (see Supplementary Materials
C section) indicate whether the determination of the material composition is based on a
measured value (in the following: M) or an estimated value (in the following: SZ). This
information is not required if components consist of only one material. The method used to
determine the type of material has also been indicated by either a research-based, general
knowledge estimate (in the following: SA), or is stated on the component marking (in the
following: K). In total, only 10% of the material composition is estimated, while 58% of the
material type is determined by an estimated value. The estimated values for the type of
material dominate, especially for flat screens and loudspeaker boxes.

In addition to weights, other units are also used to describe some components (e.g., di-
mensions) if the data sets used for subsequent modelling require it.

3. Life-Cycle Inventory
3.1. Structure and Material Composition of the Reference Appliances

An overview of the number of components and the total weight of the five dismantled
appliances is shown in Table 1. The description of the material composition and the
weight of the individual components as well as the determination method is shown in the
Supplementary Materials C section.

Table 1. Number of components and weight of the selected appliances.

. Number of Components Total Weight of the
Device . .o
Per Device Devicein g

Flat-screen monitor 17 5712
Loudspeaker box 8 2298
Filter coffee machine 17 1472
Coffee pad machine 24 1865

Washing machine 41 70,122

With 41 components and a weight of around 70 kg, the washing machine has the
highest number of components and is the heaviest. The loudspeaker box has the fewest
components and the filter coffee machine is the lightest.
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3.2. Final Assembly, Packaging and Transport of the Units

In the literature, component assembly to form a complete unit is described as the least
significant step from an ecological point of view [37]. This part is, therefore, neglected in
the study.

After final assembly, the devices are packed. The packaging includes foil and card-
board as well as shock-absorbing materials if necessary. Table 2 shows the estimated
material and weight used to pack devices. Due to the comparable product size, although
different in form, the packaging requirements for flat-screen monitors are also applied to
that of coffee machines and loudspeaker boxes.

Table 2. Packaging of the devices.

Device Weight (kg) Material Reference
84% coarse chipboard *, 10%
Washing machine 3.84 polystyrene, Gensch and Blepp [21]
6% cardboard
. 45% polystyrene, o
Flat-screen monitor 1.5 55% cardboard Hischier et al. [38]
Filter coffee machine, coffee pad 45% polystyrene, . ) .
machine, loudspeaker box 15 55% cardboard Assumption as flat-screen monitor

* Data set used requires input value in volume. Dimension estimated at 0.005 m3. Estimate based on the
assumption that the density of the coarse chipboard is 600 kg/m?.

All transports are already recorded with the (global) datasets used in the Ecoinvent database.

4. Results: Product-Material-Footprint of Device Manufacturing at Component Level

In order to model the manufacturing and packaging of the devices, inventory analysis
is used to allow the datasets to be selected in the Ecoinvent database.

4.1. Flat-Screen Monitor

In total, the TMR piotic and RMIp;otic of component production including device
packaging amounts to 2247 kg and 998 kg, respectively. Figure 2 shows the contribution of
the individual components to the main indicators.
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Figure 2. TMRpiotic; RMIpiotic and mass fractions of components, production and packaging, Flat-
screen monitor.
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The figure shows that TMRpiotic; RMIpiotic and mass fractions are dominated by
specific components with high contribution rates:

e  The high gold content in the electronic circuit integrated in the LC display is the main
driver for the high TMR p;0tic and RMIpiotic.

e Both indicators are also determined by the content of valuable metals in the printed
circuit board (in the following: PCB). The higher the proportion of PCBs with surface-
mounted components, the higher the value and consequently the TMR ;o und
RMI piotic proportions. This is due to the surface-mounted boards having a higher
packing density than boards with components attached with wire.

e  The mass is determined by the proportion of plastic (backlight, back cover) and of
sheet steel (base, inner housing).

e  Sorting the respective shares of TMR piotic and RMI piotic by size results in only slight
differences with regard to the order of the components.

Overall, the LC display and all PCBs make up 93% of the TMR piotic, 89% of the
RMlIpiotic and only 15% of the mass. Whereas the percentage of the mass and the resources
used for the housing parts (back panel, base, inner case) and the backlight is exactly the
opposite: the TMRpiotic and RMIp;q1ic ratio is 4% and 6%, respectively, and the mass is
almost completely determined by the components at almost 80%.

The Supplementary Materials D section shows the results of the modelled flat-screen
monitor in detail.

4.2. Loudspeaker Boxes

In total, the TMR piotic is 594 kg and the RMI ;1 are 551 kg per pair (including
packaging). Considering the TMR piotic, RMIgpiotic and mass fractions of the components in
the respective total value for loudspeaker boxes, the enormous differences in the resource
and mass relevance of loudspeaker boxes becomes clear (see Figure 3).
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Figure 3. TMR piotic; RMIpiotic and mass fractions of components, production and packaging,
loudspeaker boxes.

The reason for the high TMRpiotic and RMI ot of the woofer and tweeter is the
permanent magnet. The neodymium content of the magnet (compared to the iron content)
leads to a resource relevance of more than 70% of the whole device, especially for the
woofer (which contains a large permanent magnet). The mass fraction of the woofer is
significantly lower at 23% but is in second place compared to the other components. The
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bulk of the loudspeaker box is clearly dominated by the housing (65%), which in turn has a
negligible resource relevance of about 0.5%.

The detailed modelling results per box for loudspeakers are shown in the Supplemen-
tary Materials D section.

4.3. Filter Coffee Machine

Allin all, the production and packaging of the filter coffee machine is associated with
a TMRpiotic of 64 kg and a RMI,p;o1ic of 43 kg. The values of the two indicators and the
mass are shown in Figure 4 as ratios across the individual components.
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Figure 4. TMR piotic; RMIpiotic and mass fractions of components, production and packaging, filter
coffee machine.

The figure shows that TMRpiotic, RMIpiotic and mass fractions are dominated by the
temperature switch, the heating element and the power cable with high contribution numbers:

e  The resource consumption of the temperature switch is mainly determined by the gold
content in the electronic component.

e  For the heater, aluminium production is the main driver for the high proportion of
RMI piotic of 35% and the TMR ;01 Of almost 30%.

e Both indicators are also relatively high for the power cable. The copper contained in
the cable is responsible for this.

e  The mass is determined with the largest share (almost 40%) by the housing including
the water tank, filter device and elements of the water flow (without bottom and lid).

The Supplementary Materials D section shows the modelling results for the filter
coffee machine per component.
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4.4. Coffee Pad Machine

The production and packaging of the complete device generates a TMRpiotic Of about
164 kg and RMI,p;otic 0f 86 kg. Figure 5 illustrates the resource consumption for the different
proportions related to the total device. The resource relevance is shown in comparison to
the mass relevance.
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Figure 5. TMR ppiotic; RMI piotic and mass fractions of components, production and packaging, coffee
pad machine.

The high TMR jpiotic and RMIpioic fraction is mostly due to the gold content of the
PCB. In the heating chamber, gold production (for the electronic components) and stainless
steel are also responsible for the majority of the resource consumption of the individual
indicator values; neodymium in the permanent magnet and copper play a central role in the
pump. Copper is also largely responsible for the cable’s resource consumption. These four
components account for more than 94% of each indicator value’s resource consumption,
while contributing to only about half as much of the device’s mass.

An overview of the calculated values for the RMIp;otic and TMRpiotic by component
can be found in the Supplementary Materials D section.

4.5. Washing Machine

The production and packaging of the washing machine is associated with a TMRp;otic
of 2292 kg and a RMI ;01 of 1393 kg. Figure 6 shows the resource and mass relevance of
the individual components.
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Figure 6. TMR piotic; RMIpiotic and mass fractions of components, production and packaging,
washing machine.

In particular, the PCB has a high environmental impact compared to its weight propor-
tion. Thus, the PCB accounts for 38%, or 24% of the resources used, but its mass fraction
is well below 1%. The (counter-)weights, on the other hand, are the components with the
largest weight proportion but have a resource relevance of less than 2%.

The Supplementary Materials D section shows the modelling results of washing
machine production and packaging.

4.6. Comparison of Results

Looking at the number of components with the highest absolute values for resource
consumption, which account for at least 90% of the resource consumption of the entire
device, it is clear that the resource relevance of all devices is dominated by a few individual
components. In

flat-screen monitors there are 5 (TMR piotic) OF 7 (RMI,piotic) out of 17, in
loudspeaker boxes there are 2 (TMRpiotic and RMIp;qtic) out of eight, in

filter coffee machines there are five (TMR piotic and RMI,p;04c) out of 17, in

coffee pad machines there are four (TMRpjotic and RMIp;otic) of 24 and in
washing machines there are nine (TMR pjotic) 0r 10 (RMIpiotic) of 41 components.

A comparison of devices clearly shows that flat-screen monitors require by far the
most resources related to the respective device’s weight (see Table 3). The differences
between the specific TMR piotic and RMIp;otic are smaller with the loudspeaker box than
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with the other products. Hence, the environmental impact at the resource extraction sites
in the production of the flat-screen monitors, filter coffee machines, coffee pad machines
and washing machines is relatively higher.

Table 3. Specific TMRpiotic and RMIp;otic-

Device TMRpiotics kg/kg RMIpiotics kg/ kg
Flat-screen monitor 391.42 173.15
Loudspeaker box (per box) 126.51 117.42
Filter coffee machine 40.59 27.04
Coffee pad machine 85.79 44.37
Washing machine 32.05 18.91

The considerable differences between the individual components as well as devices
indicate that, on the one hand, repairing defects by exchanging components can lead to
great variations, while on the other hand, the type of devices supplied for a second life
cycle can also have a considerable influence on the potential resource savings.

5. Discussion
5.1. Findings

Overall, the results show that the primary material consumption for the production
of the individual components are very different. A few components almost completely
dominate the resource consumption of the entire device. Thus, if appliances are repaired
and, for example, defective components with high resource relevance are replaced with
new spare parts, the primary material consumption for the repair can be relatively close to
the resource consumption for the production of a new appliance. Repair is therefore not
always the most resource efficient way of dealing with WEEE, considering that the entire
device’s life span, despite the repair of individual components, may no longer correspond
to that of a new device. For example, the device may be subject to another irreparable
defect within the following year, while a new device can be used for several years before
the first defect occurs.

However, this picture changes with repairs that use reused spare parts. Therefore
the results suggest that, in order to evaluate reuse practices, the focus should also be on
repairing measures, such as the quantitative relevance of certain components with regard
to replacement during repairs and the respective proportion of used and new spare parts.

A complete evaluation of repairs can only be done when considering the whole context.
In addition to the technical product characteristics (design and materials), the reuse practice
determines which resource effects ultimately result from repair and reuse measures. The
concrete design of the collection, reprocessing and distribution structures (e.g., access to
products, personal know-how) determines whether a particular product enters the repair
process at all. Consumption patterns also play a role—for example, the offer of a cheap
second-hand product can also lead to additional consumption that would not have taken
place otherwise [39].

The results presented here on resource consumption of individual components should
be seen as part of the knowledge required to evaluate reuse practices from a resource-
conserving perspective.

5.2. Methodological Challenges

When interpreting the results, the extent to which the results are determined by
methodological definitions, underlying data and assumptions must be taken into account.
In this sense, the assessment of data validity shows the following: between 6% and
24% (depending on the device) of the material compositions are estimated (see the Sup-
plementary Materials C section). In contrast, the estimated values for the type of material
are significantly higher, accounting for 43% to 54% for the filter coffee machine, coffee pad
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machine and washing machine, and over 90% for the flat-screen monitor and loudspeaker
box. Consequently, variations in material composition could change the results.

In order to show the significance of the results depending on the material composi-
tion of the respective reference devices, the question of how the results would change is
investigated, assuming that another device of the same type would be used instead of the
reference device.

For this investigation, the material compositions of the reference device are first
compared with those from the literature [40—45]. The material compositions in the literature
are often only available at product level and not at component level, which is why the
life-cycle inventories of the reference devices are aggregated at the product level. The total
weight of the respective equipment is also compared. In addition, the sensitivity of the
results with regard to the material composition of the permanent magnets used is examined
where relevant. This applies to loudspeaker boxes and the coffee pad machine, as the
permanent magnets in these devices account for a significant share of the total resource
consumption of each indicator value. Supplementary Materials E section show relative
sensitivities of influencing factors.

The results for the flat-screen monitor show that the significance of the results is
still given despite the expected changes in resource consumption: flat-screen monitors
have by far the highest specific resource consumption of each indicator value and the
components with the highest share of resource relevance also remain unchanged. The
results for the loudspeaker boxes react very sensitively to possible changes in the material
compositions. The specific TMR piotic and RMIpiotc 0f the coffee filter machine would
double. In comparison to the other devices, the results would thus be approximately of the
same order of magnitude as the results of the coffee pad machine. The specific TMR yp;otic
and RMI ;. of the coffee pad machine differ only slightly from the original calculation.
For the washing machine the results for the entire device can be considered robust.

The following exemplary calculation of the effort for the final assembly of a washing
machine (as the largest and heaviest appliance with the most components) supports the
assumption that the assembly effort can in principle be neglected. Data for modeling
final assembly of a washing machine is based on the assumptions made by Gensch and
Blepp [21]: electricity: 48 kWh per appliance, natural gas: 2.9 kWh per appliance, water:
23.6 kWh per appliance. The data includes the efforts required for assembly at the manu-
facturer’s site and may include additional steps besides the assembly of the components
(e.g., cutting of sheets). For the washing machine, a TMR yp;otic Of 26 kg and a RMIp;otic of
17 kg can be respectively calculated for the assembly. This corresponds to only about 1%
of the total effort for component production, assembly and packaging. The other devices
(loudspeaker box, filter coffee machine, coffee pad machine) are less complex. Therefore
it can be assumed that the assembly effort will be low, both in terms of the number of
components and the components themselves. The same applies to flat-screen monitors:
although flat-screen monitors are significantly more complex devices, it should be noted
that the assembly of the components themselves, such as the assembly of the PCB and the
assembly of the LC display, are included in the datasets of entire components and thus in
the calculated component resource consumption. As a result, it can be assumed that the
assembly effort will be low.

At this point, it is important to consider that some of the data in the Ecoinvent database
(e.g., ore concentration) is outdated and can have a considerable influence on the modeling
results. The Center for Environmental Systems Research (University of Kassel), for example,
conducted a comparative study of the Copper Mine Operation coupling process in the
cut-off variant for the production of copper and molybdenum concentrate in the Ecoinvent
databases 3.1 and 3.3 for all existing regions. This investigation resulted in discovering that
the data shown in the Ecoinvent database is either older than 15 years, or the age of the
data is even unknown [46]. Therefore, it is urgently recommended to review the data in the
near future.
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6. Conclusions

In this paper, based on the life-cycle inventory data of five selected appliances, the
resource consumption from raw material extraction to production and packaging is cal-
culated per component using the life-cycle assessment method. The use of raw materials
in the life cycle was measured by using two complementary indicators; the RMI as an
indicator for the environmental pollution potential along with the production chain up
to final disposal, and the TMR as an indicator for the environmental pollution at the raw
material extraction locations. With the component as a reference value which enables an
assessment of the resource consumption of individual components, a relevant research gap
is closed. These assessments allow to for the understanding of the relationship between the
primary material consumption required for a repair and the resource consumption for the
production of a new appliance.

This paper has shown how important this information is, since it demonstrates that
often the entire resource consumption of a product is dominated by only a few components.

A repair which includes resource-intensive components should be critically evaluated,
and be supported only when reused components can be used.

Therefore, decisions during the reuse process should consider such aspects. Clearly,
all other inputs in the product’s life cycle must also be taken into account, and undoubtedly
those for the repairs, which are hardly found on this level of detail in the literature. The
paper has provided insights on the need for further research on establishing databases
with differentiated product information, e.g., on statistical failures of specific product
components, their repair and the resource consumption of spare parts. Such databases can
be used in the practice of reuse and are also part of the basis for informed policymaking to
promote reuse and resource-efficient repair.
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