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Syllabus / dates 2022W
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Ressource efficiency

& circular economy



Resource requirements

     „Grey“ resource requirements

Manufacturing & Transport Usage Recycling &

disposal



Resource requirements

     „Grey“ resource requirements

Manufacturing & Transport Usage Recycling &

disposal



Resource requirements

     „Grey“ resource requirements

Manufacturing & Transport Usage Recycling &

disposal



Closing, minimising & extending
3 possibilities to improve resource efficiency

Source: Own representation based on Walter R. Stahel: The Utilization-Focused Service Economy: Resource Efficiency and Product-
Life Extension (National Academy Press 1994) 

Open 
resource flow


Trivial

Closed

resource flow


Challenging

Minimised 
resource flow


Challenging

Slowed

resource flow


Trivial



Spaceship earth
„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




Waste hierarchy

" Refuse

" Reduce

" Reuse

" Repurpose

" Recycle

„5 Rs“, Early origins can be found in the EU council directive 75/442/EEC in 1975

https://en.wikipedia.org/wiki/Waste_hierarchy



Towards the Circular Economy
„Butterfly Diagram“

Ellen MacArtur Foundation 2012

24 | TOWARDS THE CIRCULAR ECONOMY

2. From linear to circular
Continued

  
FIGURE 6 The circular economy—an industrial system that is restorative by design
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Consumer

Biological nutrients

The drive to shift the material composition 
of consumables from technical towards 
biological nutrients and to have those 
cascade through different applications 
before extracting valuable feedstock and 
finally re-introducing their nutrients into the 
biosphere, rounds out the core principles 
of a restorative circular economy. Figure 6  
illustrates how technological and biological 
nutrient-based products and materials cycle 
through the economic system, each with 
their own set of characteristics—which will 
be detailed later in this chapter. 



Sustainable Development Goals
17 global goals set by the United Nations General Assembly (25.09.2015, New York)

https://sustainabledevelopment.un.org
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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 

 

EU action plan for the Circular Economy
Closing the loop - An EU action plan for the Circular Economy (2.12.2015, Brussels)

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52015DC0614



Master circular business with the value hill 
Elisa Achterberg, Jeroen Hinfelaar, Nancy Bocken 2016


https://hetgroenebrein.nl/wp-content/uploads/2017/08/finance-white-paper-20160923.pdf




Technical boundaries

& Pareto efficiency



Technical boundaries
 Examples

2 C8H18 + 25 O2  !  18 H2O + 16 CO2

" Specific heat capacity of water 


" Chemical reaction of octane 
 

" Standard enthalpy of a reaction 
 

" Carnot-efficiency

" 1mol·("249,90 kJ/mol) + 8mol·("393,51 kJ/mol)

+ 9mol·("241,82 kJ/mol) = "5074,56 kJ

ηCarnot = 1 −
Tc

Th

cwater = 4,182
kJ

kg ⋅ K



Specific heat capacity of water
Energy requirement for Heating up 


1 Liter of water by 1 degree celsius:


= 1.16 Watt-hours 


Technical boundaries

cwasser = 4,182
kJ

kg ⋅ K



Chemical reaction of octane
Amount of CO2 emitted by combusting


1 Liter (= 0.77 kg) of octane or gasoline:


= 2.32 kg 


Technical boundaries

2 C8H18 + 25 O2  !  18 H2O + 16 CO2



Standard enthalpy of a reaction
Energy released during the combustion


of octane or gasoline:


= #5074,56 kJ 


Technical boundaries

" 1mol·("249,90 kJ/mol) + 8mol·("393,51 kJ/mol) + 9mol·("241,82 kJ/mol) = "5074,56 kJ



Carnot-efficiency
Theoretical efficiency of a gasoline burning engine  


at 300 K ambient and 550 K combustion temperature:


= 45 % 


Technical boundaries

ηCarnot = 1 −
Tc

Th



1937: Bendix 

Home Laundry
First automatic washing machine

Source: automaticwasher.org



Sinner’s circle
4 principle factors determine the success of a wash


" Chemicals

" Mechanical power

" Temperature

" Time

Herbert Sinner, tenside chemist at Henkel (* 1900 in Chemnitz, † 1988 in Hilden)

https://www.miele.com/en/com/sinners-circle-5149.htm



Approaching technical boundaries
Average energy– and water consumption of washing machines by year of manufacture between 1970 – 2018 with 5kg load using 
the cotton-program

 
Source: Own representation based on IKW: Nachhaltigkeit in der Wasch-, Pflege- und Reinigungsmittelbranche in Deutschland (2019) 
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Potentials of closing, 
minimizing & extending



Open resource flow 



Open resource flow
Over the last century resource requirements have 
risen substantially. During the period form 1900 to 
2015


# 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 (9$)


# the relative amount of biomass within the 
composition declined from 70% to 40% (0.6$)


# the absolute amount of biomass extract rose to 
23 Gt/yr (4$)

Growing resource requirements

Global socioeconomic flows of fossil materials, biomass, metals and (non-metallic) minerals 
through the global economy between 1900 and 2015 (rearranged representation)



Closed resource flow 





Minimizing 
resource requirements



Thinkstep 2018


What is Sustainability?

The fascinating Life of Cheese – How understanding the life cycle of 
your product or company allows you to make the right decisions.

(Dauer 3:24)

https://www.youtube.com/watch?v=XmFmXyChufs



LCA Software
E.g. GaBi – Ganzheitliche Bilanzierung (engl. ‚holistic accounting‘)

https://gabi.sphera.com/international/software/gabi-universities/



Slowed resource flow



A European Green Deal
„[…]

Making sustainable products the norm


The proposal for a Regulation on Ecodesign for Sustainable Products addresses product design, 
which determines up to 80% of a product's lifecycle environmental impact. It sets new 
requirements to make products more durable, reliable, reusable, upgradable, reparable, 
easier to maintain, refurbish and recycle, and energy and resource efficient.

[…]“ 
—Green Deal: New proposals to make sustainable products the norm and boost Europe's resource 
independence 


30 March 2022 


https://ec.europa.eu/commission/presscorner/detail/en/ip_22_2013



Design targets

& options



Design targets & options
For long lasting products

Mean time between failure:


!Material quality


!Dimensioning


!Failure tolerance!

Maintenance & repair:


!Accessibility


!Unambiguity


!Documentation


!Licencing!

Repair:


!Standard components


!Manufacturing process


!Independence


!Adaptability!

End of life:


!Patina-ability


!Recyclability


!Disposal

Repair

MTBF

Maintenance

EOL





Manufacturing processes – lot sizes
To enable the subsequent production of spare parts

Required: 

Manufacturing processes that are economically 

applicable even in small quantities, e.g. 


" CNC milling

" CNC laser cutting

" CNC punching & nibbling

" CNC bending

" All 3D printing processes


Additionally possible:

Manufacturing processes that require costly 

tool making, e.g. 


" Injection moulding

" Punching

" Deep drawing of sheet metal 
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http://blog.oshpark.com/2020/01/11/open-source-hardware-in-industry-meet-din-spec-3105/

Open Source Hardware – Requirements for Technical Documentation & Peer-Certification (Submitted 2019)

DIN SPEC 3105-1 & 2



Durable



Durable
" Material quality

# Dimensioning

# Failure tolerance

Objectives

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

‚Ashby‘ chart: Strength vs. density



Durable
" Material quality

# Dimensioning

# Failure tolerance

Objectives

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

‚Ashby‘ chart: Young's modulus vs. density



Durable
" Material quality

# Dimensioning

# Failure tolerance

Objectives

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

‚Ashby‘ chart: Young's modulus vs. embodied energy



Durable
# Material quality

" Dimensioning

# Failure tolerance

Objectives

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



Durable
# Material quality

# Dimensioning

" Failure tolerance

Objectives

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 the 
mean time between failures (MTBF) can be 
extended.



Maintainable & repairable



Material intensity

& embodied energy / carbon









Energy Trumps
The Agency of Design „A new tool for understanding the environmental impacts of materials.“

http://www.agencyofdesign.co.uk/energytrumps/

The 1 megajoule lamp.

1 megajoule doesn’t give you a lot of material; this meant subtractive manufacturing processes were instantly ruled out. Instead, a formable material with the a high volume per megajoule was required. 
By experimenting with a range of concrete mix ratios and fillers we formed an optimised concrete to provide maximum volume with good strength and insulation properties. A super lightweight glass filler added volume for minimal additional energy and an aluminous cement provided enough tensile strength to not need reinforcement. 

The form of the lamp was designed to make the most out of the small volume of material. Multiple sitting positions and the ability to hang off its surroundings meant that it maximised the possible functionality from a small amount of energy.

18

The Agency of Design

What does a Megajoule look like?

A joule is a unit of energy and is 

defined as the energy expended 

in applying a force of one newton 

through a distance of one metre. It is 

approximately the energy required to 

lift a small apple one meter straight 

up. A megajoule is 1 million joules.

Embodied energy data tells you how 

many megajoules of energy it took to 

produce 1kg of a material (MJ/kg). 

This visualisation shows what volume 

of a material would be produced for 

1 Megajoule of energy. It gives you a 

sense of what materials are plentiful 

from an energy perspective.

CorkConcretePlywoodPETStainless 
Steel

Titanium

12

The Agency of Design

!"#
$%&'()*+%,

-"-
$%&'()*+%,

."#
$%&'()*+%,

Understanding the energy in 
simple products.

Embodied energy data makes it 
very easy to understand the energy 
in simple products. Multiplying the 
embodied energy figure by the 
weight of the product gives you a 
rough estimate of its total embodied 
energy.

13

The Agency of Design



Design recommendations



Example goal

!Reducing variety 
of required spare parts 
and tools

Source: https://www.fysetc.com/products/fysetc-voron-2-4-3d-printer-project-fasteners-screws-nuts-full-kit-v2-4-3d-printer-screws-
full-kit?variant=38052334239919



System of units



System of units
There are currently three main measurement systems in use worldwide:


! International System of Units (SI)

! US Customary System (UCS)

! Imperial System of Units


All but 3 countries adopted the International System of Units as their official system, i.e. 94,9% 
of the global population (only the United States of America, Myanmar, and Liberia use the UCS).

Preferred system of units: International System of Units (SI)

https://en.wikipedia.org/wiki/International_System_of_Units



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


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


! The SI is 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.)


! Since 2019 all of the SI’s 7 base units are defined by fundamental constants of nature


All other units are defined on those 7 base units (e.g. speed = m!s#1, voltage = kg!m2!s#3!A#1, 
etc.).

Preferred system of units: International System of Units (SI)

https://en.wikipedia.org/wiki/International_System_of_Units



Standards



Standards
! 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 (ISO) and International Electrotechnical Commission (IEC).  The ISO 
and the IEC are an independent, non-governmental organisations, headquartered in Geneva, 
Switzerland and have 165 (ISO) / 89 (IEC) member countries.

Preferred standard: ISO / IEC

https://en.wikipedia.org/wiki/International_Organization_for_Standardization, https://en.wikipedia.org/wiki/
International_Electrotechnical_Commission



Standards
! Examples for SDO’s with a national scope are the American National Standards Institute 

(ANSI), Austrian Standards Institute (A.S.I., formerly Österreichisches Normungsinstitut 
ÖNORM), Deutsches Institut für 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 
Électrotechnique (CENELEC, English: European Committee for Electrotechnical 
Standardization).

Preferred standard: ISO / IEC

https://en.wikipedia.org/wiki/International_Organization_for_Standardization, https://en.wikipedia.org/wiki/
International_Electrotechnical_Commission



Standards
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


! International: ISO 4762

! National: DIN EN ISO 4762 (German), ~DIN 912 (German, withdrawn), ~CSN 021143 (Spanish), 

~PN 82302 (Polish), ~UNI 5931 (Italian)

Preferred standard: ISO / IEC

https://en.wikipedia.org/wiki/International_Organization_for_Standardization, https://en.wikipedia.org/wiki/
International_Electrotechnical_Commission



Joining



Joining
Several features for joints are important to improve the maintain- and repairability of a product:


! ability for assembly, disassembly and reassembly

! availability in small lot sizes

! durability


On the other hand not so important features are


! higher speeds during assembly

! lower purchasing costs



Screw joints



Screw joints
The anatomy of a screw consists of several features:


! type and size of helical thread,

! screw head shapes,

! screw drives,

! material,

! grade, and

! dimensions



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



Screw joints –"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:


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


Hexagon None Cylinder Rounded Countersunk

Sechskant Stif Zylinder Linsenkopf Senkkopf

DIN EN ISO e.g. 4014 4026 4762 7045 10642

DIN e.g. 931 913 912 7985 7991



Screw joints –"drives
Common screw drives and their different practical qualities are:


The preferred drives are hexagon and hexagon socket.

Hexagon Slotted Cross 
recessed 

type H

Cross 
recessed 

type Z

Hexagon 
socket

Hexa-lobular

Aussen-
sechskant

Schlitz Kreuzschlitz 
Typ H aka. 

‚Phillips‘

Kreuzschlitz 
Typ Z aka. 
‚Pozidriv‘ 

Innen-
sechskant

Innen-
sechsrund 
aka. ‚Torx‘

ISO e.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



Screw joints –"materials
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.



Screw joints – grades
The most common grade is 8.8 for screws and 8 for nuts and thus they are the preferred ones.





Screw joints –"tool sizes
The required tool sizes for the preferred screw variants are:


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.

ISO DIN
Wrench sizes 5.5 7 8 10 13 17 19
4032 934 Hexagon regular nuts M3 M4 M5 M6 M8 M10 M12
4014 931 Hexagon head bolts M3 M4 M5 M6 M8 M10 M12
Key sizes 2 2.5 3 4 5 6 8 10
4762 912 Hexagon socket head cap screws M3 M4 M5 M6 M8 M10 M12
10642 7991 Hexagon socket countersunk head 

screws
M3 M4 M5 M6 M8 M10 M12



Repair costs





Right to repair





Right to repair
! iFixit https://www.ifixit.com/Right-to-Repair

! repair.org https://www.repair.org

! Right to repair Europe https://repair.eu

! Anstiftung https://anstiftung.de

! Reparatur- und Service-Zentrum (R.U.S.Z.) https://rusz.at

! RepaNet https://www.repanet.at

! Die Umweltberatung https://www.umweltberatung.at




Service life & maintainability
ON-Rule 192102:2014

R.U.S.Z & BMLFUW
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