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Introduction

Resource efficiency

To improve the sustainability of a product, it is necessary to reduce the total resource
requirements per use and thus maximise its resource efficiency.

For the user of a product only the resource requirements during its use phase are directly visible,
but the life cycle of a product consists mainly of three phases:

m Production,
m use,
m recycling & disposal.

Figure 1: Total resource
requirements of a product during
its life cycle

In order to assess the sustainability of a product, the expense of production, recycling, and
disposal must be attributed to the use phase.

Figure 2: Resource requirements
per use

A simple option to reduce the resource requirements per use is to design products for

= longevity,
= maintainability,
m and reparability.

For products where the technical limits have already been reached, this is often the most
effective option.

Figure 3: Reduced resource requirements per use by extending the service life
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Closing, minimizing & extending

Extending the service life of a product is the most trivial way of maximising its resource
efficiency.

Beyond extending the service life of a product there are in total three complementary concepts
to improve the resource efficiency of a product:

m Closing the resource flow

m Minimizing resource requirements
m Extending the life span

Open Closing Minimising Extending the
resource flow resource flow resource requirements service life
Trivial Challenging Challenging Trivial

Figure 4: Closing, narrowing end slowing the resource flow

Circular economy

The concept of a circular economy dates back to at least 1966. Later visualisations try to
emphasise the circularity on different levels spanning from prevention to disposal.

The combination of those three concepts is the foundation of any circular economy, a concept
that dates back to at least 1966. Since then the concept has been reiterated several times with
different impacts and emphases.

»The closed economy of the future might similarly be called the "spaceman" economy, in
which the earth has become a single spaceship, without unlimited reservoirs of anything,
either for extraction or for pollution, and in which, therefore, man must find his place in a
cyclical ecological system which is capable of continuous reproduction of material form even
though it cannot escape having inputs of energy.”

—Kenneth E. Boulding, The Economics of the Coming Spaceship Earth?, 1966

The three concepts (closing, minimising, extending) are also part of the European Unions Waste
Framework Directive (WFD), which originated in the Council Directive 75/442/EEC2 in 1975:
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m Prevention
m Reuse
Recycle

Recovery
Disposal

In 2012 the Ellen MacArtur Foundation published the Butterfly Diagram which visualises
different pathways of closing resource flows.

Mining/materials manufacturing

|

Parts manufacturer
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Source: Ellen MacArthur Foundation circular economy team

Figure 5: The butterfly diagram published by the the Ellen MacArtur Foundation in 2012
The diagram distinguishes biological (on the left) and technical (on the right) ,nutrients’ and
their various pathways. One key takeaway from this diagram is the insight, that shorter pathways

(smaller circles) are preferable, since in general they require less resources.

In 2015 the 17 sustainable development goals3 issued by the United Nations General Assembly

reiterating the importance of resource efficiency with goal 12: Ensure sustainable consumption

and production patterns4.
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Figure 6: The 17 sustainable development goals (SDGs)

In the same year the EU issued Closing the loop - An EU action plan for the Circular Economy5

which also emphasises the importance of a circular economy:

»The transition to a more circular economy, where the value of products, materials and

- EUROPEAN
COMMISSION

Brussels, 2.12.2015
COM(2015) 614 final

COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN
PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL
COMMITTEE AND THE COMMITTEE OF THE REGIONS

Closing the loop - An EU action plan for the Circular Economy

The European Unions action plan for the Circular Economy from 2015
resources is maintained in the economy for as long as possible, and the generation of waste
minimised, is an essential contribution to the EU's efforts to develop a sustainable, low

carbon, resource efficient and competitive economy.”

In 2016 Elisa Achterberg, Jeroen Hinfelaar, Nancy Bocken published Master circular business

with the value hillé which again visualises the importance of short pathways.
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USE POST-USE USE POST-USE

The ,value hill‘ visualising different pathways of adding and retaining values.

Growing resource requirements

Although Fairfield Osborne expressed his concern about resource limits in his 1948 book ,,Our
Plundered Planet®, increasing resource demands accelerated to the present day.

Over the last century resource requirements have risen substantially. Over the period from 1900
to 20157

m the amount of processed materials surged from 7.6 to 95.0 Gt/yr (12.5%)
the output of materials rose from 7.1 to 63.8 Gt/yr (9x)

m the relative amount of biomass within the composition declined from 70% to 40% (0.6x)
m the absolute amount of biomass extract rose to 23 Gt/yr (4x)
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Global socioeconomic flows of fossil materials, biomass, metals and (non-metallic) minerals through the global economy
between 1900 and 2015 (rearranged representation from Spaceship earth's odyssey to a circular economy - a century long
perspective, Willi Haas et al., December 2020)

Over the same period the world population grew from 2 to 7.7 billion (3.9x).

Technical boundaries

Fundamental laws of natural sciences like physics and chemistry impose boundaries to all
technical developments.

EXAMPLE 1: SPECIFIC HEAT CAPACITY OF WATER

=4 181.3; ——

water

kg - K
The specific heat capacity of water
The specific heat capacity c of a substance is the amount of energy required to change one unit

of mass of the substance by one unit in temperature. The Sl unitis J-kg1-K- (joule per kilogram
per kelvin). Example values ares:
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Material cinJ kgt K1

Iron solid 412
Granite solid 790
Sand solid 835
Brick solid 840
Glass, silica solid 840
Concrete solid 880
Aluminium solid 897
Air gas 1012
Gypsum solid 1090
Water liquid 4181,3

A selection of different materials and their heat
capacities

As one can see water has an exceptionally high specific heat capacity, so any process that heats
up (like cooking, using an electric boiler, a dishwasher or washing machine) or cools down
water (like a refrigerator) requires a high amount of energy.

EXAMPLE 2: CHEMICAL REACTION OF OCTANE

2CsHis+250: — I8 HO+ 16 CO2

The stoichiometric equation for the combustion of octane (similar to gasoline)

2C1Hx+ 3702 — 26 HO + 24 CO;

The stoichiometric equation for the combustion of dodecane (similar to diesel fuel)

Stoichiometric equations are founded on the law of conservation of mass and describe the
relationship between the quantities of substances before and after a chemical reaction. They can
be used to calculate e.g. how much CO, the combustion of 1 liter of gasoline or diesel fuel will
emit. Both motor fuels are a combination of a variety of mostly hydrocarbons, so there is no
simple, single formula to describe the reaction, but the two above are a good approximation.

Fuel density CO, emissions in
Motor fuel kg L1 kg-L1 kg kgt
Gasoline 0,755 2,3 3,0
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Fuel density CO; emissionsin
Motor fuel kg L1 kg L1 kg kgt

Diesel 0,8325 2,64 3,2

The CO; emissions of gasoline and diesel fuel per volume and mass

Because of the fact that the standard atomic weights of carbon (12) and hydrogen (1) molecules
are less than the one of oxygen (16), which is not part of the fuel but supplied by the atmosphere,
the weight of the CO, emissions is around three times the weight of the combusted fuel.

EXAMPLE 3: STANDARD ENTHALPY OF A REACTION

A:H(Octane) =

=— 1 mol - ArHu(CsHs) + 8 mol - ArHn(CO3) + 9 mol ArHu(H20)

= — 1 mol-(—249,90 kJ/mol) + 8 mol-(—393,51 kJ/mol) + 9 mol-(—241,82 kJ/mol)
=—5074,56 kJ°

The amount of energy yielded by the combustion of octane

In chemistry the amount of heat (= total chemical bond energy) released by an exothermic
reaction can be predicted by calculating the difference between the reactants and products
molar enthalpies.

EXAMPLE 4: CARNOT-EFFICIENCY
T

c

Ncarnot = 1 Th

The maximum achievable efficiency is set by the hot and cold reservoirs of any thermodynamic engine

The carnot-efficiency is the theoretical maximum efficiency that any classical thermodynamic
engine (e.g. a gasoline or diesel fuel powered engine) can achieve during the conversion of heat
into work. Thus the theoretical maximum efficiency of a gasoline burning engine at 300 K
ambient and 550 K combustion temperature is 45%. Since this cannot be achieved due to a
variety of losses like e.g. the friction between moving parts, the actual efficiency is
approximately 35%.
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The potentials of closing, minimizing & extending

CLOSING THE RESOURCE FLOW

The least favourable, but unfortunately most advertised way of closing the resource flow is
recycling. The potential of recycling is limited by the theoretical recyclability of a material, which
is the result of a combination of technical and economical feasibilities. In addition to that the
actual recycling rates are always lower than the theoretical ones.

Compostable Recycleable Downcycleable Incineration Landfill
Renewable
wood, cotton, N HE EEN EEN EEN
wool
Not renewable
metal, glass EEE EEE EEE
plastics | | N | EEE EEE EEE
compound [ | EEE EEN
materials
ceramics, ] EEE
concrete

Qualitative overview of different material groups and their theoretical recycling potentials: ®low, @ B medium, ® B B high

In order to improve the closing of the resource flow the pathways prior to recycling have more
potential:

m reuse / redistribute
m repair / refurbish
m remanufacture

MINIMIZING THE RESOURCE REQUIREMENTS

Some product features, like using less energy or water, are directly exposed to the competition
amongst various manufacturers. E.g. most battery operated appliances nowadays can be
assumed to use already state-of-the-art technologies to be competitive and thus they probably
reached their technical limit.
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EXTENDING THE SERVICE LIFE

The potential for extending the service life of a product is probably the one with the least
technical boundaries. Several aspects have to be considered during the whole life span:

MTBF
Maintenance
Repair

EOL
Mean time between failures: Maintenance & repair: Repair: End of life:
- Material quality - Accessibility - Standard components - Patina-ability
> Dimensioning - Unambiguity - Manufacturing process - Recyclability
> Failure tolerance - Documentation - Independence - Disposal

> Licencing - Adaptability

EXAMPLE 1: MATERIAL QUALITY — ELECTROLYTIC CAPACITOR

An electrolytic capacitor is an electronic component that ages (,dries out‘) due to its way it is
built. The speed of the aging process depends on the quality of the materials and on the
environmental temperature (the hotter the faster). The expected service life is stated in its data
sheet. While usual values for service life are 1.000-2.000 hours at a given temperature, some
companies specialise on longer service lines up to 20.000 which result in higher purchasing

costs.
E.g. Electrolytic capacitor 33 uF, 160 V (Manufacturer: Rubycon, LLE series?0)

m Service life 2.000 vs. 20.000 hours
m Purchasing cost 18 vs. 28 cent

Since the service life and the purchasing costs scale at different rates, the more durable
component results in lower costs over its life span, even without considering lower labour cost

for maintenance and repair:
m 56% higher purchasing cost

m 900% longer service life
m 0.009vs. 0,0014 cent per hour
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EXAMPLE 2: MANUFACTURING PROCESSES - LOT SIZES

Some manufacturing processes like e.g. injection molding require costly tool making and are
only economical at large lot sizes. If a spare part is required for a repair later computer controlled
manufacturing processes have the advantage that they are also applicable even at small
quantities since the tool making process is replaced by machines that are controlled by data.
This way spare parts can be manufactured on demand. The most beneficial way is to design
product parts so that they can be manufactured with either process.

Required: m All 3D printing processes
Manufacturing processes that are economically
applicable even in small quantities, e.g. Additionally possible:

Manufacturing processes that require costly tool

m CNC milling making, e.g.

m CNC laser cutting

m CNC punching & nibbling m Injection moulding
m CNC bending m Punching

Pareto efficiency
Named after Vilfredo Pareto (1848-1923), an Italian civil engineer, economist, and sociologist, a
Pareto efficiency or Pareto optimality is achieved, if an improvement of one aspect results in the

worsening of another one and thus no overall improvement can be achieved.

E.g. adding a 6th wheel to an office swivel chair would improve the stability against tipping over
but adds to the number of required parts and thus complexity and costs.
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Objectives

Sustainable and long lasting products demand, aside of repairability, other objectives as well.
According to the diagram within the section Extending the service life, the whole life cycle of a
product can be split into 4 phases:

m Phase 1 - Mean time between failures (MTBF): The product works without any failure
m Phase 2 - Maintenance: Extends the phase 1 by maintaining parts that might fail first
m Phase 3 - Repair: A component failed and needs to be repaired

m Phase 4 - End of life (EOL): A product cannot be repaired or used anymore

Each of the 4 phases puts an emphasis on (at least one) objective, which can be approached with
different measures.

Durable

MATERIAL QUALITY

First and foremost any material selected for a part within a product has to satisfy its intended
purpose. Usually a balance between different material requirements has to be found. One way to
compare material properties in pairs is the use of ,bubble‘ or ,Ashby‘ chartsi?,
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Technlcal T Nialioys s PN B Metals
1000+ ceramics o Tt L2 s 1034 NE
a— gl ~~c, y
Composites CFR= Technical o W aloys
100 ey — Custoys ceramics Shug.“ Cualioys
Non-technical Sovesios V““ Tistoys
.  Wood jF— Matals Aw?’ ceramics g e
& " S Load aloys © \ . Alaioys
o 104 5 . Zinc stoys E-D (\ Eumboc
ar < 0
w s Non-technical o0 N { u<
Epones  CEFamics 1 10 | J
ER g - A Concrete B
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3 R’?’“;’i"“’\o S Wood 0 grain
£ \O T Polymers 8 Wood Bogran
» 107 / E 14 Natural
k= Foams P materials ~~
c \ g)
3 ; \| e < "y =3
> 102 olastomers >°- P‘ng
- e )
Isoprene 4 =
102 |,,,v~ooeem . o \ juretrace
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1044 : T T T
- r r T
10 100 1000 10,000 102 103 104 105 106 107
Density, p (kg/m?3) Embodied energy per cubic meter, Hy.p (MJ/m3)

Comparing the modulus of elasticity vs density and embodied energy with two ,bubble‘ or ,Ashby* charts
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DIMENSIONING

To test at an early stage of the development process, if any dimensions like e.g. wall thicknesses
fullfill the strength requirements, the use of simulation software can be used.

oes

The deflection for a load on a beam, calculated by a simulation software.

In dependence of the intended purpose a certain safety margin to the expected workloads has to
be taken into consideration. While an enlargement of any dimensions commonly will also
increase the durability and purchasing cost, it can decrease the total cost of ownership by
decreasing the failure rate and thus, decreasing the costs for maintenance and repair.

But there are also at least two reasons to decrease dimensions or alternatively remove material
at certain places: When being lightweight is a major objective or when reducing the required
amount of material benefits the overall ecological footprint.

FAILURE TOLERANCE

Not all components are essential for the fundamental functionality of a product. By providing
basic functionality and tolerating the failure of non-essential components, the mean time
between failures (MTBF) can be extended.

E.g. when the display as part of the user interface of a product fails, the complete spectrum of

operational modes might not be accessible anymore, but a basic functionality could still be
provided.
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Maintainable & repairable

ACCESSIBLE
For maintenance and repair it is important to provide easy access to all components. Preferably
an obvious way to open any enclosures without the need of any special tools should be

available.

E.g. non-hidden screw heads or latches can be self-explanatory whereas hidden snap-fit
connectors might require time consuming guesswork and special tools.

For diagnostic process it’s also advantageous to be able to run any tests while parts of a products
enclosure have been removed.

E.g. the chassis of a product has to be rigid enough for any test runs and should not depend on
the rigidity gained with the enclosure.

UNAMBIGUOUS

To ease the reassembling of any product, unambiguous components can avoid access to the
documentation and also improve safety.

E.g. sockets and plugs should be clearly labelled, coloured and use keyed casings so that they
can only be plugged correctly.

DOCUMENTATION

If any documentation already exists, the easiest way to improve the maintain- and repairability is
to make it publicly accessible without any restrictions.

E.g. enclosing a printed sheet within a product picturing the circuit diagram was a practise up to

maybe the 1980ies. At that time, repair shops for electric devices still existed and thus an easy
access to the most crucial part of the documentation was provided.
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PERMISSIVE LICENSING

Spare parts should be available to everybody and not be restricted to selected service centers or
require costly tools that have to be purchased.

E.g. the practice of component pairing, where the functionality of a working display from one

smartphone requires a special software to unlock it for the use within another smartphone of
exactly the same model has to be avoided.

Repairable

STANDARD COMPONENTS

Repairing sometimes requires the replacement of components. Standardized components are
most likely quite easy to be purchased and are thus the preferred way wherever applicable.

E.g. wherever possible common screw sizes, ball bearings, metal profiles, motor dimensions, etc.
are preferred.

MANUFACTURING PROCESSES

The availability of spare parts are decreases when a certain amount of years have passed after
the production of a dusting model of a product has been ended. To be able to manufacture spare
parts even in small lot sizes, ideally the design allows multiple manufacturing processes for large
and small lot sizes.

E.g. whenever possible plastic parts should be designed to be manufactured by injection
molding and 3D printing.

MANUFACTURER INDEPENDENCE

To improve the availability of spare parts it is beneficial if they are produced by multiple
manufacturers.

E.g. manufacture independence is inherently achieved by using standardised or open source
components whenever possible. If a specific component from a single manufacturer has to be
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used the design should at least be adaptable, so that when the manufacturer decides to stop the
production, an alternative similar component can be used as a replacement.

COMPONENT INDEPENDENCE
The replacement of a failed component can happen on at least two levels:

m Replacement of an inseparable (discrete) component (e.g. an electronic component like a
capacitor or a compound component like a display)

m Replacement of a component group (e.g. control electronics, motor power stage or
human-machine interface)

For the latter it is beneficial to increase the modularity and the versatility of a component group
by keeping separable functional units apart and not combine them e.g. on one printed carrier
board even though this might lower the manufacturing costs.

E.g. controls like knobs, switches, indicator lights, and displays for a given product are usually
quite specific and should be separated as a component group. Otherwise, if combined with e.g.
the control electronics on the same printed circuit board (PC), an avoidable amount of still
working components would have to be replaced collaterally (or an avoidable high amount of
effort has to be made for the repair).

ADAPTABLE

Some parts that cannot be manufactured on a small scale economically might be very specific
and thus introduce a certain amount of manufacturer dependence. To maximise the adaptability
of a design, common sizes and wide-spread interfaces should be favoured to make the switch to
a similar part from another manufacturer as easy as possible.

E.g. displays with a diagonal of 7-inch are very wide-spread because of their use within
smartphones. Acommon connector standard for displays is the MIPI Display Serial Interface
(MIPI DSI) connector which is defined by the MIPI Alliance!2. Though the mounting points,
connector positions, and software requirements might differ between manufacturers a design
could be adapted with a reasonable amount of re-design.
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UPGRADEABLE

Upgrade paths should be taken into consideration within the design, since some parts might be
succeeded by an improved version and they should be the preferred choice over their
predecessors, which might then also reach their end-of-life (EOL) within their product cycle.
While upgrades are common practise for software it might be more challenging for hardware.

E.g. Prusa Research’s 3D provides upgrade kits for their 3D printers. The model MK3S which was
released in 2017 can be upgraded with the reasonably priced kit (less than 10% of the cost of the
complete printer kit) to the most current model MK3S+ which was released 2021.

End of life

PATINA-ABLE

Sometimes products that are still completely functional and usable are disposed because their
aesthetic appearance shows strong traces of use and did not age well.

E.g. bright surfaces of ABS plastic will show yellowing if they are exposed to ultraviolet light for a
certain period (usually e few years), plastics with a soft touch surface can get sticky over time,
and hard plastics can get brittle because of plasticiser loss and might get cracks. Those signs of
age are usually perceived as not desirable whereas a flower pot made out of clay which was
placed outside might show traces of weathering which might be perceived as honorable ageing.

COMPOSTABLE /| RECYCLABLE

When a product or component is severely damaged and cannot be repaired anymore it is
favourable if its materials are separable as much as possible and either compostable or
recyclable to minimise the amount that has to go to landfill.

E.g. woods, metals and glass are very suitable for recycling and are thus highly preferable

choices, whereas compound materials like glass- or carbon fibre can only be shredded and
eventually down-cycled.
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DISPOSABLE

Some components are hard to re- or downcycle and will eventually be putin an incinerator

before they end up in landfill.

E.g. only a small part of the materials used in electronic components can be recovered (mined)
and those processes require usually high amounts of energy and sometimes even additional
toxic chemicals. Thus any electronic components have to be made long-lasting and used only
where they are highly beneficial for the overall lifecycle by e.g. improving the energy efficiency of

a product.
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Legal situation and other practices

EU Law

TYPES OF LEGISLATION

In the EU there are various types of legislation3 with regulations and directives being the most

important ones.

= Regulations A'"regulation" is a binding legislative act. It must be applied in its entirety across the EU.
Verordnungen
= Directives A"directive" is a legislative act that sets out a goal that all EU countries must achieve.
Richtlinien However, it is up to the individual countries to devise their own laws on how to reach
these goals.
® Decisions A"decision" is binding on those to whom it is addressed (e.g. an EU country or an
Beschliisse individual company) and is directly applicable.

= Recommendations A "recommendation" is not binding.

Empfehlungen
= Opinions An "opinion" is an instrument that allows the institutions to make a statement in a non-
Stellungnahmen binding fashion, in other words without imposing any legal obligation on those to whom it

is addressed.

DIRECTIVES REGARDING WASTE, ENERGY EFFICIENCY AND HAZARDOUS

SUBSTANCES
Directive Date issued Short name Topic Status
2000/53/EG  2000.09.18 End-of life vehicles In force
2002/95/EG  2003.01.27 RoHS1  Restriction of the use of certain Repealed
hazardous substances in electrical and
electronic equipment
2002/96/EG  2003.01.07 WEEE Waste electrical and electronic Repealed
equipment
2005/32/EG  2005.07.06 EuP Ecodesign requirements for energy- Repealed
using products
University of Applied Arts Vienna S04017 Design for Repairability

Current

version
2020.03.06

2011/65/EU

2012/19/EU

2009/125/EC
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2008/98/EG  2008.11.19

2009/125/EG  2009.10.21 ErP

2011/65/EU  2011.06.08 RoHS 2

2012/19/EU  2012.07.04 WEEE

Waste and repealing certain Directives

Establishing a framework for the setting
of ecodesign requirements for energy-

related products

Restriction of the use of certain
hazardous substances in electrical and

electronic equipment

Waste electrical and electronic

equipment

Current legislation promoting repair

In force 2018.07.05

In force 2012.12.04
In force 2021.11.01
In force 2012.12.04

Over the last years several countries introduced tax reliefs to prevent waste and support local

repair businesses. Only a few examples are mentioned here - without claiming to be complete.

SWEDEN'S TAX RELIEF FOR

DOMESTIC SERVICE WORK

Eventually being one of the first countries in July 2007 the Swedish Government introduced tax

reliefs for consumers on the labour costs and reduced value-added tax rate for three groups of

services:

= ,ROT“ (renovering, ombyggnad och tillbyggnad = repairs, conversion, and extensions) and

m ,RUT“ (rengoring, underhall och tvatt = cleaning, maintenance, and laundry)

m ,REP“ (cyklar, skor, ladervaror, klader och hemtextilier = bicycles, shoes, leather goods,

clothing and household linen)

The combined amount of ROT and RUT deductions must not exceed SEK 75.000 per person per

year. The general VAT in Sweden is 25%.

Type of tax reduction
ROT
RUT (for buyers between 18-64 years)
RUT (for buyers aged 65+ years)

REP (minor repairing)

University of Applied Arts Vienna

Max. % of labor costs Reduced VAT
30 % —
50 % —
50 % —
— 12%
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Max. per person per year
SEK 75.000 = EUR 6.900
SEK 25.000 = EUR 2.300

SEK 50.000 = EUR 4.600
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More detailed information can be found at https://rutavdrag.se and https://

www.skatteverket.se/privat/fastigheterochbostad/rotarbeteochrutarbete (both swedish

language).

AUSTRIA'S REPAIR BONUS

Since January 2021 a reduced value-added tax (VAT) for small repair services and a nation-wide
repair bonus starting in March 2022, which was preceded by similar state-wide promotions the
years before, have been made available.

m Repair bonus (covering electrical and electronic devices)
m Reduced VAT for minor repairing (covering bicycles, shoes, leather goods, clothing and
household linen)

The repair bonus is funded with EUR 130 million from the EU Recovery and Resilience
Mechanism (RRF) until 2026. The general VAT in Austria is 20%.

Type of tax reduction Max. % of repair costs Reduced VAT Max. amount per household
Repair bonus 50 % — EUR 200
Minor repairing — 10 % —

More detailed information can be found at https://www.ots.at/presseaussendung/
OTS 20220223 0TS0235 and https://www.ris.bka.gv.at/eli/bgbl/1/2021/3.

Current legislation limiting repair

REDUCED VAT FOR SMALL REPAIR SERVICES

The product groups for a reduced VAT for minor repairing (including mending and alteration) are
currently limited to bicycles, shoes, leather goods, clothing and household linen and defined by
the EU. Applications to expand the product groups are currently in progress.

More detailed information can be found at https://ec.europa.eu/taxation customs/system/files/
2021-06/vat_rates en.pdf
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PART PAIRING

Part pairing is the practice of manufacturers to introduce serial numbers to electronic
components that can be read by the control circuits of the product and, if a component gets
replaced, require custom software to unlock the new component to work without any
restrictions. Since that custom software in general is only provided to authorised service
providers, this imposes a barrier to independent repair businesses.

This practice was first implemented by John Deere, an agricultural equipment manufacturer,
and soon copied by other consumer electronic manufacturers like e.g. Apple, albeit Apple (at

least partially) stepped back by announcing a Self Service Repair program in November, 2021.

More detailed information can be found at https://www.vice.com/en/article/kz5qggw/california-

farm-bureau-john-deere-tractor-hacking-right-to-repair, https://www.ifixit.com/News/32343/

apple-is-locking-batteries-to-iphones-now and https://www.apple.com/newsroom/2021/11/

apple-announces-self-service-repair/

Repairability scores
Up to date one company (iFixit) and one country (France) defined repairability scores for several
product categories. Both share 2 categories: smartphones and laptops. The differences in their
rankings are a result of different requirements and weightings like e.g. the delivery times for
spare parts.
IFIXIT’S REPAIRABILITY SCORES
iFixit repairability scores!4 currently covers 3 device categories:

m Smartphones

m Tablets

m Laptops

with 229 devices scored since 2007. The calculation of the scoring process is not publicly
available yet, but might be released in 2022.

The top 3 highest ranking scores in the smartphone category are:

Smartphones Tablets Laptops
Fairphone 3 2019 HP Elite x2 2016 Framework Laptop 2021
Fairphone 2 2015 HP Elite x2 G4 2019 HP EliteBook 800 G5 2020
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FRANCE’S REPAIRABILITY INDEX

Shift 6m 2019

HP Elitex2 1012 G2 2019

France’s repairability index!s currently covers 5 device categories:

Washing machines
Smartphones
Laptops

TV sets

Lawn mowers

HP EliteBook 840 G6 2019

with 1.192 devices scored since 2021. The calculation of the scoring process is publicly available.
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Screenshot of the provided spreadsheet to calculate a smartphone’s
repairability index
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Washing machines Smartphones
Samsung Ecobubble Athesi
WW90T634DHH AP6301
2020 2021
Samsung Ecobubble Athesi
WW80T754DBT AP5801
2020 2021
Samsung QuickDrive Athesi
WW10T734DBH AP5705S
2020 2021
Right to repair

Laptops
Lenovo ThinkPad
L450 13
n/s
Dell
XPS 13-9350 15
n/s
Lenovo ThinkPad
P50

n/s

TV Sets Lawnmowers
Samsung NEO QLED ID TECH
65QN95A CLMF 3637E
2021 2021
Samsung CRYSTAL Bosch
UHD 85AU8075 AdvancedRotak 36-660
2021 n/s
Samsung NEO QLED Bosch
65QN900A UniversalRotak 36-560
2021 n/s

The right to repair is a reaction to the practice of companies that, e.g. restrict the availability of
spare parts and repair instructions to licensed businesses thus making it hard or even impossible

for a even a skilled owner to repair a purchased product.
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Open source

Because of their different characteristics, history, and legislation open source products and
components have to be split into two categories:

m open source hardware and
m open source software

Open source software licenses Open source hardware licenses
Derived from copyright Derived from patent law
e.g. e.g.
m Source code m Principles of operation
m Technical drawings m Manufacturing processes
m Schematics m Hardware design
m PCB layouts

Avery simplified way to describe open source hardware is that the design has been made
publicly available so that anyone can

= study,
modify,

m distribute,
= make, and
= sell

The importance has also been recognised by the EU which presented the final study report ,The

impact of open source software and hardware on technological independence, competitiveness
and innovation in the EU economy“16 on September, 6th 2021.
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Licenses

One main difference between open source hardware and software licenses is that they are

derived from different laws as a starting point:

While there are many licenses available for open source software, only two exist for open source

hardware:
TAPR OHL CERN OHL
Tucson Amateur Packet Radio Corporation open Conseil européen pour la recherche nucléaire open
hardware license hardware license

m https://tapr.org/the-tapr-open-hardware-license/ m https://ohwr.org/cernohl

m First & current version 1.0 since 2007 m Firstversion 1.0in 2011

m Current version 2.0 since 2020

The one to prefer is the CERN OHL, since it is actively maintained. It is available in 3 variants:

m CERN-OHL-S strongly-reciprocal
m CERN-OHL-W weakly-reciprocal
m CERN-OHL-P permissive

The differences arel” that the

m CERN-OHL-S is for designs that remain open along with all their derivatives, similar to the
copyleft principle of e.g. the GNU General Public License (GPL).

m CERN-OHL-W is where the design can be used as a component within other designs
without requiring the whole product to become open source

m CERN-OHL-P allows developers to use the design without any restrictions or obligations

Organisations

Several organisations are trying to push the idea of open source hardware forward e.g. (without
claiming completeness):

= Open Hardware Repository https://ohwr.org
Founded by Javier Serrano, an engineer at CERN ,,a place on the web for electronics
designers to collaborate on open hardware designs, much in the philosophy of the free
software movement.“ As the name suggests it also serves as a host for open source
hardware projects at https://ohwr.org/explore
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m OSHWA Open source hardware association https://www.oshwa.org

Established in 2012. A hub of open-source hardware activity of all genre
m OHO e.V. Open hardware observatory https://oho.wiki

Founded in 2020 as a Spin-Off of the Technical University Berlin
= Open Source Ecology https://opensourceecology.org

Founded in 2003 by Marcin Jakubowski as ,,an open collaborative of engineers, producers,
and builders developing the Global Village Construction Set (GVCS).“
m OSE Germany e.V. https://www.ose-germany.de

Founded in 2016. Inspired by Marcin Jakubowski’s Open Source Ecology in the USA.
= LabMaker GmbH https://www.labmaker.org

»~Amaker and assembly service for OPEN SCIENCE instruments“ located in Berlin
m anstiftung https://anstiftung.de

»The Foundation anstiftung carries out research into commons, do-it-yourself and
sustainable regionalisation”
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Design considerations

One strategy to maximise the maintain- & repairability of a product is to reduce the variety of
available options to a preferred selection of sustainable, practical, durable, and easily
available choices. This simplifies (re-)assambling, stocking of spare parts, and lowers costs
through purchases in larger quantities.

The preferred selections listed in the sections below aim to be simple and have to be applied
with reason.

System of units
Preferred system of units: International System of Units (SI)
There are currently three main measurement systems in use worldwide:

= International System of Units (SI)
m US Customary System (UCS)
m Imperial System of Units

All but 3 countries!8 adopted the International System of Units as their official system, i.e. 94,9%
of the global population.

While there is, and most likely for the foreseeable future will be a mix of systems?9, the preferred
system of units is the International System of Units.

There are a few noteworthy differences between the Sl, UCS and the imperial system of units:

m Only the Sl covers all 7 base units (time, length, mass, electric current, thermodynamic
temperature, amount of substance, and luminous intensity)

m The Slis decimalised (e.g. 1.000 mm =1 m, 1.000 m = 1 km, etc.) while the other two use a
mix of multipliers (12 inch = 1 foot, 3 foot = 1 yard, 1.760 yards = 1 mile, etc.) which can be a
source for confusion and error.

m Since 2019 all of the SI’s 7 base units are defined by fundamental constants of nature (e.g.
time is defined by the hyperfine transition frequency of the caesium 133 atom, length by
the speed of light, etc.), whereas since 1959 the inch is defined as being 25,4 mm.
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Standards
Preferred standard: 1ISO [ IEC

Standards are defined by standard defining organisation (SDO), vary in their scope (e.g. national,
regional, international) and are voluntary.

The world largest developers of international standards are the International Organization for
Standardization (1SO) and International Electrotechnical Commission (IEC). The ISO and the
IEC are an independent, non-governmental organisations, headquartered in Geneva,
Switzerland and have 165 (1SO) / 89 (IEC) member countries.

Examples for SDO’s with a national scope are the American National Standards Institute (ANSI),
Austrian Standards Institute (A.S.1., formerly Osterreichisches Normungsinstitut ONORM),
Deutsches Institut flir Normung e.V. (DIN, English: German Institute for Standardisation).
Examples for SDO’s with a regional scope are Comité Européen de Normalisation (CEN, English:
European Committee for Standardization) and Comité Européen de Normalisation

Electrotechnique (CENELEC, English: European Committee for Electrotechnical Standardization).

In case for very common standards like e.g. screws, equivalent standards are issued by several
SDO’s.

E.g. equivalent standards for Hexagon socket head cap screws
m International: ISO 4762
m National: DIN EN ISO 4762 (German), ~DIN 912 (German, withdrawn), ~CSN 021143
(Spanish), ~PN 82302 (Polish), ~UNI 5931 (Italian)
Joining
Several features for joints are important to improve the maintain- and repairability of a product:
m ability for assembly, disassembly and reassembly
m availability in small lot sizes
m durability

On the other hand not so important features are

m higher speeds during assembly
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m lower purchasing costs

SCREW JOINTS

Preferred screw joints: ® type and size of helical thread: metric ® head: hexagon, cylinder,
and countersunk head B drive: hexagon and hexagon socket ® material: zinc plated steel
B grade: 8.8 (screws) / 8 (nuts) ® thread dimensions: M3 and larger, screw lengths: 5 mm,
10-60 mm in 10 mm increments, 80 mm upwards in 20 mm increments.

The anatomy of a screw consists of several features:

m type and size of helical thread,
m screw head shapes,

m screw drives,

m material,

m grade, and

m dimensions

TYPE AND SIZE OF HELICAL THREAD

Since the International System of Units is the preferred one the type and size of helical thread
should be metric.

SCREW HEAD SHAPES

Common screw head shapes, without taking into account sub-variants such as flat or raised
countersunk head shapes and special types such as eyebolts are:

Hexagon None Cylinder Rounded Countersunk
Sechskant Stift Zylinder Linsenkopf Senkkopf
DIN EN ISO e.g. 4014 4026 4762 7045 10642
DIN e.g. 931 913 912 7985 7991

The preferred variety can be reduced to hexagon, cylinder, and countersunk.

University of Applied Arts Vienna S04017 Design for Repairability Page 33 of 39



SCREW DRIVES

Common screw drives and their different practical qualities are:

Hexagon Slotted Cross Cross Hexagon Hexa-
recessed recessed socket lobular
typeH type Z
Aussen- Schlitz Kreuzschlitz Kreuzschlitz Innen- Innen-
sechskant TypHaka. TypZaka. sechskant  sechsrund
,Phillips* ,Pozidriv* aka. ,Torx‘
ISOe.g. 4014 1580 7046 7046 4762 14579
DIN e.g. 931 85 965 965 912 —
Driver self centering n/a no yes yes no no
Driver can slide out no radially axially no no no
Driver can stay in place yes/no no no no yes yes
Wrong driver sizes can be used no yes yes yes no no
Driver can wear out drive yes yes yes yes no no
Driver can be used at an angle no no no no yes no
Highest torque transmission no no no no no yes

The screw drives hexagon, hexagon socket, and hexalobular (aka. ,Torx‘) have an advantage
regarding their durability since slotted and cross recessed type H (aka. ,Phillips‘) and type Z (aka.
,Pozidriv‘) are more susceptible to wear. But since hexalobular screws still suffer limited
availability across material options or purchases in smaller quantities, the preferred drives are
hexagon and hexagon socket.

MATERIAL

Typical materials are steel (plain or zinc plated), stainless steel, and plastic (e.g. Nylon), with zinc
plated steel being the preferred choice, since it is the most readily available one and having
good durability for most applications.

GRADE

The grade of a screw denotes its ultimate tensile strength (before the comma) and yield strength
ratio (after the comma). The most common grade is 8.8 for screws and 8 for nuts and thus they
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are the preferred ones. A grade of 8.8 means 800 MPa = 8 x 100 MPa (mega-Pascal) ultimate
tensile strength and 640 MPa = 800 MPa x 0.8 yield strength.

DIMENSIONS

The variants of e.g. ISO 4762 screws (cylinder head, hexagon sockets) from M1.6 (the smallest

available helical thread size) until M12 and the available lengths is 114. By reducing the selection
to M3 and upwards and the lengths to 5, 10 to 60 by 10, and 60 to 120 by 20 the variety of
preferred sizes can be reduced to 40%:

Helical thread
Length min.
Length max.

Available variants
Preferred variants
2,5
3
4

5

10

20

30

40

50

60

80
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M1.6 M2
2.5 3
16 20

+0 114 9 9

u 40 0 0

M2.5 M3
4 5
25 30
9 9

0 4
u

|

u

|

M4
6
40
10
4
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M5
8
50
11
5

Mé6
10
60
12

M8
12
80
14

M10
16
100

15

M12
20
120

16
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Helical thread Mi16 M2 M25 M3 M4 M5 M6
Length min. 2.5 3 4 5 6 8 10
Length max. 16 20 25 30 40 50 60

Available variants o+m 114 9 9 9 9 10 11 12
Preferred variants L] 40 0 0 0 4 4 5 6
100
110
120
TOOL SIZES

The required tool sizes for the preferred screw variants are:

I1SO DIN
Wrench sizes 5.5 7 8 10
4032 934  Hexagon reqular nuts M3 M4 M5 M6
4014 931  Hexagon head bolts M3 M4 M5 M6
Key sizes 2 2.5 3 4 5
4762 912  Hexagon socket head cap screws M3 M4 M5 M6
10642 7991 Hexagon socket countersunk M3 M4 M5 M6 M8

head screws

M8
12
80

14

13

M8

M8

6

M8

Mi10

M10 Mi12
16 20
100 120
15 16

7 8

] ]
|

17 19

M10 Mi2
M10 Mi2

8 10

M10 Mi2

Mi2

Since some tool manufacturers offer double open-end wrenches and (ratcheting) double ring-
end wrenches in the dimensions 7+8, 10+13, and 17+19 the number of wrenches can be cut

down to 6 covering the dimensions from M3 to M12 for hexagon nuts and bolts. Combination

wrenches with an open-end and a ring-end of the same size are not recommended since there

are many situations where two wrenches of the same size are required (e.g. when tightening a

nut on a bolt).

Electronics & Software

POWER SOURCES

In order to improve resource efficiency, corded devices are preferred over cordless devices

since a well designed power supply (if even required) provides a greater life-span, less

resources, and a greater achievable energy efficiency.
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CORDED DEVICES

Preferred power supply type: switched-mode

In retrospect, there were two predominantly used types of power supplies: linear and switched-

mode power supply (SMPS).

Linear power supply Switched-mode power supply
Efficiency Lower (~60%) Higher (~80-95%)
Weight Higher Lower
Size Larger Smaller
Input voltage range Narrow Wide (e.g. 100-250 V)
Output Voltage ripple Lower Higher
Complexity Lower Higher

Early SMPS appeared in the 1960s and slowly became widespread in the late 1970s with the
SIS B S PIEAFASF 51 PR M St NG R e VR e A RBUE IoEr supplies have been
almost entirely replaced by SMPS and can only be found in niche applications, where a low
output voltage ripple is important such as e.g. laboratory or high-end audio equipment.

CORDLESS DEVICES

Preferred cells: ® type: secondary (= rechargeable) B electrode material: Li-ion ® sjze:
18650

For cordless applications there are two different cell types available: primary (= non-
rechargeable) and secondary (= rechargeable). Both cell types have been commercialised since
the end of the 19th century, and a variety of different designs have been developed to date.

Depending on the application, power requirements can range from micro-Watts e.g. for realtime-
clocks (RTCs) to kilo-Watts for power tools. Secondary cells have a lower environmental impact
than primary cells due to their longer service life and are also more cost effective and are
therefore to be preferred.

Lithium Alkaline NiMh Li-ion
Cell type primary primary secondary secondary
Anode material Li Zn Mh C
Cathode material MnO, MnO, NiO(OH) LiCoOy
Nominal voltage v 3.0V 1.5V 1.2V 3.6V
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Lithium Alkaline NiMh Li-ion

Common sizes CR2032 AAA, AA, PP3 AAA, AA, PP3  AAA, AA, 18650
Energy density by mass Wh/kg 150-330 85-190 100 195
Energy density by volume Wh/L 300-710 250-434 401 560
Self-discharge %/month <1.0 <0.3 1-30 5-10
With regard to the dimensions of primary and secondary cells, there is no unlform
Charge/discharge efficiency % 80-90

standardisation. There are only a few standardised cell sizes where both cell types are
B HIBE available: AAA (or 10440), AA (or 14500). For Li-ioricells the most¥mmon S9&-#000

RSy A3 020mBHE 2058922 3 L00AIE AL N ALSIY MSE S marked in bold.

Common name Shape Dimensions[mm] Typical use

CR2032 Round 20x3.2 Backup battery for e.g. real-time clocks, nonvolatile memory, etc.

or small devices like key fobs, digital calipers, etc.

AAA Round 10.5x44.5 Household & electronic devices

AA Round 14.5x50.5 Household & electronic devices

PP3 Cuboid 17.5%26.5x48.5 Household & electronic devices

10440 Round 10x 44 Similar to AAA size

14500 Round 14 x50 Similar to AA size

18650 Round 18 x 65 Battery packs in electric vehicles, power tools, electric cigarettes,
laptops

26650 Round 26 x 65 Battery packs in electric vehicles, power tools, electric cigarettes

21700 Round 21x70 Battery packs in electric vehicles

Comparison of common cell size dimensions and their typical use.

For interchangeable battery packs outside any of proprietary systems20, 3 cross-brand variants2!
are available:

m Cordless Alliance System (CAS)22 initiated by Metabo in 2018 and currently includes 35
manufacturers.

m AMPshare2 initiated by Bosch in 2020, aimed at commercial users, and currently includes
29 manufacturers.

m Power for All Alliance?4 initiated by Bosch in 2020, aimed at private users, and currently
includes 10 manufacturers.

All three share the fact of being a cross-brand 18V battery system.

University of Applied Arts Vienna S04017 Design for Repairability Page 38 of 39



References

1 http://arachnid.biosci.utexas.edu/courses/THOC/Readings/Boulding SpaceshipEarth.pdf

2 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:31975L0442

3 https://sdgs.un.org

4 https://sdgs.un.org/goals/goall2

5 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015DC0614

6 https://www.circle-economy.com/resources/master-circular-business-with-the-value-hill

7Willi Haas, Fridolin Krausmann, Dominik Wiedenhofer, Christian Lauk, Andreas Mayer:
Spaceship earth's odyssey to a circular economy - a century long perspective
https://www.sciencedirect.com/science/article/pii/S0921344920303931

8 https://en.wikipedia.org/wiki/Table of specific heat capacities

9 https://www?2.klett.de/sixcms/media.php/229/756830_ 0500 loe durchblick.pdf

10 http://www.rubycon.co.jp/en/catalog/e pdfs/aluminum/e_lle.pdf

11 https://www.grantadesign.com/education/students/charts/

12 Mobile Industry Processor Interface (MIPI) Alliance, https://www.mipi.org

13 https://european-union.europa.eu/institutions-law-budget/law/types-legislation_en

14 https://www.ifixit.com/Right-to-Repair/Repairable-Products

15 https://www.indicereparabilite.fr/grilles-de-calcul/

16 https://digital-strategy.ec.europa.eu/en/library/study-about-impact-open-source-software-and-hardware-technological-
independence-competitiveness-and

17 https://ohwr.org/project/cernohl/wikis/faq#qg-what-are-all-these-suffixes
18 United States of America, Myanmar, and Liberia

19 E.g. tire dimensions, display diagonals, pin spacings for electronic (through-hole) components, camera tripod bolt threads,
etc. use inches

20 https://de.wikipedia.org/wiki/Akkuplattform

21 https://www.testberichte.de/elektrowerkzeuge/akkus.html

22 https://www.cordless-alliance-system.com

23 https://www.ampshare.com

24 https://www.powerforall-alliance.com



https://www.indicereparabilite.fr/grilles-de-calcul/
https://www2.klett.de/sixcms/media.php/229/756830_0500_loe_durchblick.pdf
https://digital-strategy.ec.europa.eu/en/library/study-about-impact-open-source-software-and-hardware-technological-independence-competitiveness-and
https://digital-strategy.ec.europa.eu/en/library/study-about-impact-open-source-software-and-hardware-technological-independence-competitiveness-and
https://digital-strategy.ec.europa.eu/en/library/study-about-impact-open-source-software-and-hardware-technological-independence-competitiveness-and
http://www.rubycon.co.jp/en/catalog/e_pdfs/aluminum/e_lle.pdf
https://www.ifixit.com/Right-to-Repair/Repairable-Products
https://www.testberichte.de/elektrowerkzeuge/akkus.html
https://de.wikipedia.org/wiki/Akkuplattform
https://www.cordless-alliance-system.com
https://www.circle-economy.com/resources/master-circular-business-with-the-value-hill
https://www.mipi.org
https://sdgs.un.org
https://www.ampshare.com
https://sdgs.un.org/goals/goal12
https://european-union.europa.eu/institutions-law-budget/law/types-legislation_en
https://www.sciencedirect.com/science/article/pii/S0921344920303931
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:31975L0442
https://www.powerforall-alliance.com
http://arachnid.biosci.utexas.edu/courses/THOC/Readings/Boulding_SpaceshipEarth.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52015DC0614
https://en.wikipedia.org/wiki/Table_of_specific_heat_capacities

	Introduction
	Objectives
	Legal situation and other practices
	Open source
	Design considerations
	References

