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Abstract 

The lack of access to electricity is still a huge issue in various regions around the world. Especially in rural 

areas many people are negatively affected. Renewable energy technologies like micro- or pico-hydroelectric 

turbines can offer a solution to this problem. Yet the distribution of these technologies is still developing 

slowly, also because the manufacturing process is very costly. 

In recent times the concept of distributed manufacturing has become a more popular topic among futurolo-

gists, particularly because of the fast progress and dissemination of low cost open-source desktop manufac-

turing devices like 3D-printers. These Fused Deposition Modeling devices enable a strong reduction in cost 

and environmental impact through the alteration of the production process and yet there is still many fields 

of application where 3D printing has not yet been tested. 

In this thesis the concept of distributed manufacturing with low cost open source 3D printers for rural elec-

trification is analyzed and connections to the concept of commons-based peer production are demonstrated 

by a brief review of current literature. In order to demonstrate the applicability of 3D printing for low cost 

turbine manufacturing a case study is conducted in which runner cups of a pico-hydroelectric turbine are 

printed. As the process aims to be representative for a local manufacturing environment an open source 3D 

printer is assembled and an appropriate material, namely ABS, is chosen as a filament. An injection moulded 

nylon cup is scanned and a simplified finite element analysis is conducted confirming that the 3D-printed cup 

will withstand the mechanical stresses caused by the water jet. For the printing process different print orien-

tations are tested and with a proper orientation 20 cups are printed, which are used for the assembly of the 

runner. A cost comparison is conducted and tests are run at the test site to assess the performance of the 

different runners. The results of the tests show that with the printed runner losses of 4,2% occur for the 

overall efficiency of the turbine. The cost analysis indicates that the price for printing a cup is only 9,7% of 

the price for ordering the original cup. 

In summary, open source 3D printing has demonstrated to be a valid manufacturing method for producing 

turbine runner cups in a distributed manufacturing environment and to be able to contribute to further re-

ductions of the system costs of a hydro turbine. 
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Zusammenfassung 

In vielen Teilen der Welt gibt es noch immer keinen Zugang zu Elektrizität. Besonders ländliche Gebiete sind 

davon negativ betroffen. Erneuerbare-Energien-Technologien wie Kleinwasserkraftanlagen können als Lö-

sung für dieses Problem dienen.  Jedoch verbreiten sich diese Technologien noch sehr langsam, auch weil sie 

in der Herstellung sehr kostspielig sind.  

In der letzten Zeit hat das Konzept „Distributed Manufacturing“ an Popularität gewonnen, vor allem wegen 

der Verbreitung günstiger quelloffener (open source) 3D Drucker und der rasanten Entwicklungen in diesem 

Bereich. Durch ihre alternative Produktionsweise ermöglichen diese Maschinen eine beträchtliche Reduktion 

in Produktionskosten und in Umweltauswirkungen, und dennoch gibt es noch viele Bereiche, in denen diese 

Technologie noch nicht ausprobiert wurde.  

In dieser Arbeit wird „Distributed Manufacturing“ mit kostengünstigen open source 3D-Druckern für die 

Elektrifizierung ländlicher Gebiete untersucht. Durch eine Literaturrecherche werden dabei Verbindungen zu 

dem Prinzip der Commons basierten Peer Produktion (commons-based peer production) aufgezeigt. Um die 

Anwendbarkeit von 3D-Druck für die Herstellung von günstigen Turbinenläufern zu demonstrieren wird eine 

Fallstudie durchgeführt, in der die Schaufeln für den Läufer einer kleinen Wasserturbine gedruckt werden. 

Da dieser Prozess auch für die lokale Fertigung reproduzierbar sein soll, wird ein quelloffener 3D-Drucker 

selbst zusammengebaut und ein geeignetes Material, in diesem Fall ABS, ausgesucht. Eine Turbinenschaufel 

aus Nylon wird dafür gescannt und eine Finite-Elemente-Analyse durchgeführt, die bestätigt, dass die ge-

druckte Schaufel den Beanspruchungen standhält. Für den Druckprozess werden verschiedene Druckausrich-

tungen ausprobiert und mit der besten Ausrichtung werden 20 Turbinenschaufeln gedruckt, die dann für den 

Läufer benutzt werden. Die Kosten für den Druckprozess werden untersucht, und Versuche werden durch-

geführt um die Leistungen der verschiedenen Läufer zu beurteilen. Die Ergebnisse zeigen, dass die Gesamt-

effizient der Kleinwasserkraftanlage mit den gedruckten Schaufeln um 4,2% reduziert ist. Der Kostenvergleich 

deutet darauf hin, dass die gedruckte Schaufel 90,3% weniger kostet als die originale Schaufel. 

Die Arbeit hat gezeigt, dass quelloffener 3D-Druck für die Fertigung von Turbinenschaufeln für Kleinwasser-

kraftanlagen geeignet ist und das eben auch im Rahmen von „Distributed Manufacturing“. Des Weiteren 

trägt dieser Prozess zur Reduktion der Gesamtkosten einer solchen Anlage bei.  
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1 Introduction 

The ongoing destruction of our environment like e.g. the loss of biodiversity, the acidification of the oceans 

and the soil etc. has been going on for decades and is strongly related to the most frightening change in our 

world: the heating of the planet and the resulting climate change. What the Club of Rome already analyzed 

in its publication 'Limits to Growth' [1] in 1972, in which they state that there can be no infinite growth on a 

finite planet, meaning that the growth dependent economic system is causing the environmental destruc-

tion, is still neglected by most of the political leaders in our world. This becomes obvious regarding the non-

binding results of the reoccurring Climate Conferences including the latest one in Paris (COP21) and the ev-

erlasting incentive for prosperity through growth [2]. With 2015 being the hottest year in human history it is 

sad to acknowledge that the lack of action, especially by the leading industrial nations, will first cause prob-

lems for those parts of the world, which have been emitting a fraction of what high income countries have 

been emitting [3].   

According to Klein [4] and many others, the fact that within the growth and profit oriented capitalistic system, 

which is dominant all over the world, enterprises and individuals are pushed to choose profit over environ-

mental sustainability, is responsible for most of the environmental destruction happening nowadays. Over 

the past decades people have come to the conclusion that there is a necessity to form a renewed critique of 

growth. They include this very critique of economic growth as a social objective in a concept called degrowth. 

The term degrowth was first mentioned in its original French version under the name ‘decroissance’ in 1972 

by André Gorz, a French intellectual [5]. Different to Marxists critiques of capitalism, degrowth also signifies 

a desired direction, pointing to a path on which societies will decrease the use of natural resources and will 

live and organize their lives differently than today. “’Sharing’, ‘simplicity’, ‘conviviality’, ‘care’ and the ‘com-

mons’” are concepts used in the degrowth framework that indicate how this desired society might look like 

[5]. The degrowth movement connects a lot of different ideas and proposals, sometimes also including con-

flicting ideas. Yet there are some basic points which can be found in nearly all the literature connected to 

degrowth. Two of the major aspects are the criticisms of growth and the criticism of capitalism, as it is a social 

system that is dependent on growth. Two other currents are on the one hand the criticism of GDP (Gross 

Domestic Product) and on the other hand the criticism of commodification as a process of turning “social 

products and socio-ecological services and relations into commodities with a monetary value” [5]. But the 

major point is actually that degrowth does not only focus on criticism, but tries to create alternatives. These 
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can vary a lot in their appearance and can range from eco-communities, cooperatives to open-source pro-

jects. Also initiatives supported by the government can be seen in a degrowth context. Such institutions can 

be for example an unconditional basic income, allowing people to spend less time on paid work and to con-

tribute to society through unpaid communal activities. There is also a strong emphasis that degrowth does 

not necessarily imply negative GDP growth. Especially in the global south growth is needed to satisfy basic 

needs and as the North is, according to Kallis, responsible for the poverty in the South due to the “exploitation 

of its natural and human resources at low cost” [5]. So a reduction in production and consumption in the 

North would enable the South to use the then accessible human and natural resources in a way that benefits 

the local communities. Of course the hope is that the countries in the South do not follow the same path as 

the countries in the North, but stick more to their alternative cosmovisions like Buen Vivir (Latin America), 

Ubuntu (South Africa) or the Economy of Permanence (India), all visions that object to the concept of ‘devel-

opment’ and demand ‘environmental justice’ [5]. 

Also the concept of distributed manufacturing, especially in terms of rural electrification, can be put in a 

degrowth context, as the idea of commons and with that commons-based peer production are one of the 

most auspicious possible outcomes of distributed manufacturing. In a lot of cases countries with low electri-

fication rates in rural areas can benefit a lot from renewable energy technologies that can be manufactured 

and maintained by the local community, allowing them to focus on self-directed sustainable development 

and to be less dependent on third party interests. The idea of open source soft- and hardware plays a decisive 

role for the manufacturing of these low cost renewable energy technologies, also called appropriate tech-

nologies (AT). Due to the open design and its free accessibility, it lowers the cost of the installation of a 

system, as it lowers the dependence on proprietary soft- and hardware. Moreover the local manufacturing 

has an educational and empowering aspect, facilitating the local community to maintain the technology 

through the knowledge gained during the manufacturing and installation process. Taking all this into account 

also the manufacturing of runner cups for a pico-hydroelectric turbine for rural electrification using an open 

source 3D printer can be put in a degrowth context.  
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2 Objective and Methodology 

The objective of this thesis is to examine the concept of distributed manufacturing in the context of rural 

electrification while using a 3D-printer to manufacture runner cups for a pico-hydro-electric turbine. More-

over the goal is to contribute to the ongoing, academic and non-academic, research of alternative ways of 

manufacturing technologies or objects, in order to provide open designs that can enable a higher number of 

people to locally manufacture objects. This work also aims to demonstrate that 3D printing can be useful for 

open source appropriate technology (OSAT) for sustainable development and to highlight which future con-

tributions can be made to facilitate the manufacturing process of these technologies. 

Initially the idea of distributed manufacturing and open source 3D-printing are examined and put in the con-

text of commons-based peer production. The aspect of rural electrification is investigated and the basic work-

ing principle of micro- and pico-hydroelectric power generations are explained. In order to work in the frame-

work of commons-based peer production open source tools and software are used where possible. Therefore 

different open source RepRap 3D-printers are compared and a Prusa i3 is assembled. In order to benefit from 

the experience of the community the 3D printer is assembled at the Hackerspace in Athens [6]. For printing 

the cups different materials are compared. In order to print the cup and conduct a comparative study one of 

the original cups is scanned using a 3D-scanner. In order to reassure that the cup, printed with a different 

material than the original, will withstand the mechanical stress caused by the water jet a FEM analysis is 

conducted with ANSYS. For the printing process different print settings are compared using the trial-and-

error method. Also the results for different print orientations are compared. In order to find out the differ-

ence in overall system efficiency tests with the original and the 3D-printed runner are conducted at the Hy-

dropower Laboratory at the University. For the determination of the turbine efficiency a torque meter is 

added between the turbine and the generator. The torque meter construction is constructed at the lab and 

adjusted to the turbine. More tests with the integrated torque meter are run and for additional comparative 

results the ABS runner is tested in three versions, differing in their treatments: no treatment, sand paper 

smoothed and coated with resin.  The different results for the turbine efficiency are compared. Finally a 

conclusion is drawn, which evaluates the process of 3D-printing for the given application and indicates which 

further research is necessary to advance in this topic.  
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3 Theoretical foundations 

3.1 Distributed manufacturing 

3.1.1 Commons-based peer production and distributed manufacturing 

Distributed manufacturing is a form of decentralized production. This can refer to enterprises dispersing their 

manufacturing facilities geographically or to consumers manufacturing at their homes or in a publicly acces-

sible facility and by this becoming so called prosumers (producer + consumer) [7]. This method of production 

is fundamentally different to the dominant centralized production in modern industrialized societies. Along-

side the term distributed manufacturing other expressions like cloud manufacturing, distributed production 

or local manufacturing have been connected to similar attributes [8].  

Distributed manufacturing is closely related to commons-based peer production (CBPP), a concept first men-

tioned by Benkler in 2006 [9]. And although an in-depth analysis of commons, capitalism and future scenarios 

of collaborative production clearly exceeds the scope of this work it seems necessary to highlight some as-

pects of the concept of commons-based peer production in order to point out the interconnections between 

CBPP and distributed manufacturing, especially because in the context of low cost rural electrification open 

source soft- and hardware are applied to a great extent.  

Peer production, sometimes also described as mass collaboration, is a form of production that takes ad-

vantage of peer-to-peer (P2P) infrastructures such as the Internet. As described by Kostakis and Bauwens 

[10] this form of production can have a for profit orientation, aiming to accumulate capital, or a for the com-

mons orientation. Prominent examples of networks that take advantage of P2P infrastructures in order to 

gain profit are companies like Facebook, Uber or Airbnb, where the actual value is created by the users of 

the platforms. Yet the profits go, at least in the case of Facebook, entirely to the company, whereas Uber and 

Airbnb share profits with their users. In the category of for commons orientation several very well-known 

projects like Wikipedia, Linux or RepRap can be found. Here again they distinguish between projects that 

focus on a global scale (Global Commons), creating value that is accessible and useful for people all around 

the globe (Linux, Wikipedia,…) and projects that create value, goods or services on a local level (Resilient 
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Communities), mainly benefitting the involved community (Transition Town Movements, Public Urban Gar-

dening). Figure 1 shows the assignments of different commons-orientated P2P projects, distinguishing be-

tween Global Commons (GC) and Resilient Communities (RC) [11]. 

 

Figure 1: commons-oriented peer-to-peer projects [10] 

In general the term commons, as referring to Olstrom [12], describes shared resources where the different 

stakeholders have the same interest. This can mean in particular natural resources like water, air, the oceans, 

the biosphere and wildlife. But it also refers to knowledge commons, which are shared assets like language, 

the internet, cultural heritage and public knowledge that has been accumulating for millions of years [11]. 

According to Kostakis et al. [11] there are three major characteristics that distinguish peer production from 

proprietary models of production. The first one addresses the decentralized way of assessing problems and 

implementing solutions. The second difference is the strong diversity of contributor’s motivations. As a third 

difference they mention the fact that there is no need of governance regarding private property and con-

tracts between contributors [11]. Regarding these very characteristics it does not come as a surprise that 

peer production can work in quite difficult environments and can provide outcomes like the Apache web 
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server, the Linux Kernel, the Firefox browser and several other open source hardware projects like the 

RepRap project or Open Source Ecology.  

3.1.2 Open source 3D printing and distributed manufacturing 

These very projects, the open source hardware projects, show the actual strong connection to the concept 

of distributed manufacturing. They embrace a concept that Kostakis and Bauwens call ‘design global – man-

ufacture local’, meaning that through open design and unconditional sharing via the Internet, people all 

around the globe are able to benefit from the work of others and are able to actually manufacture goods 

locally decreasing their dependence on proprietary goods [11]. One of the most prominent examples is the 

RepRap project. As also in this work a RepRap printer, namely a Prusa i3, is used for printing the cups, a more 

detailed description of the RepRap project is given: The RepRap was first developed by Adrian Bowyer at Bath 

University in the UK in 2005. The initial goal was to develop an open source 3D-printer that is capable to 

replicate itself by printing its own parts, with an ultimate goal to provide a low cost manufacturing device 

that can print a wide range of useful objects for home users. Since the very beginning of the project all of the 

designs and the technical specifications were open sourced allowing others to experiment with it. It did not 

take long until people around the world gathered in hacker- and makerspaces sharing ideas, improving de-

signs and creating the first version of RepRap called “Darwin” in 2007. After that the community grew rapidly 

and other designs were created. The most interesting part of the RepRap project is arguably the fact that the 

exceptional community growth is strongly related to the intellectual property rights of the 3D-printing tech-

nology. On industrial level 3D-printing has existed for more than 40 years, but it was a patented technology 

and therefore did not allow a broader community to participate in its development. Once some of the patents 

expired projects like the RepRap could rise. According to Dafermos the strong involvement of hackerspaces, 

communal workshops, played a crucial role in the development of the RepRap, because “such user-managed 

spaces formed a key component of the distributed technological infrastructure” [13]. The implication of the 

development of the RepRap project are outstanding. The costs for a RepRap are now only at around 500€, 

depending on the model. Moreover the community did not only focus on the improvement of the printer 

design but also contributed in the creation of designs for different objects. The open designs freely available 

on platforms like thingiverse range from small wind turbines [14], photovoltaic mounting systems [15], pros-

thetic body parts [16] to multiple parts for open source satellite ground stations [17]. In terms of sustainabil-

ity the effect of such a paradigm shift in manufacturing are positive, as the embodied energy of transport is, 

at least for a lot of products, responsible for a major part of the environmental impact over its life cycle [15] 
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[18]. The main point to conclude here is that the shift from large scale industrial infrastructures working with 

a model of mass production, to micro-manufacturing in micro-factories, such as hackerspaces or fablabs, is 

already happening. Designs are being distributed and shared online on different websites. Some of them are 

commons oriented and allow free access to the designs (Thingiverse) [19]. Other websites serve as a platform 

for buying and selling designs (www.threeding.com), positioning them on the for profit sector, as shown on 

the left in Figure 1 [20]. The same goes for platforms like ‘3dhubs’ (www.3dhubs.com) which allow private 

owners of 3d-printers to register and provide printing service in exchange for money [21]. This obviously does 

not work with the same spirit found at hackerspaces where the idea of unconditional sharing is predominant.  

3.2 Rural electrification 

3.2.1 Basics of rural electrification 

Although there is a massive increase in wealth all over the globe, there is still a striking number of people 

without access to electricity. According to the IEA, in 2013 an estimated 1,2 billion people were lacking access 

to electricity. This equals 17% of the global population during that time. The vast majority (95%) are living in 

sub-Saharan Africa and developing Asia. More precisely: 634 million people are lacking electricity access in 

sub-Saharan Africa and 526 million in Developing Asia. Looking closer at the data one can easily see that, 

although there are urban spaces without access to electricity, it is mostly a rural issue [22].  

 

 

 

 

 

 



Theoretical foundations   

   

 

8 

 

Lehrstuhl
Umweltgerechte
Produktionstechnik

UP
Lehrstuhl
Umweltgerechte
Produktionstechnik

UP

Table 1: Electricity access in 2013 for different regions in the world [22] 

Electricity access in 2013 - Regional aggregates 

Region Population without 

electricity  

 

millions 

Electrification 

rate 

 

% 

Urban 

electrification 

rate 

% 

Rural 

electrification 

rate 

% 

Developing countries 1.200 78% 92% 67% 

 Africa 635 43% 68% 26% 

 North Africa 1 99% 100% 99% 

 Sub-Saharan Africa                634 32% 59% 17% 

Developing Asia 526 86% 96% 78% 

China 1 100% 100% 100% 

India                237 81% 96% 74% 

Latin America 22 95% 98% 85% 

Middle East 17 92% 98% 79% 

Transition economies & OECD 1 100% 100% 100% 

WORLD 1.201 83% 95% 70% 

 

Regarding the regions where the lack of electricity access is the most acute it is also important to mention 

that, according to the United Nations World Population Prospects 2015, the population of Asia will rise from 

4,4 billion in 2015 to about 5,3 billion in 2050. They estimate that in the same time frame Africa’s population 

will more than double from 1,2 billion to 2,5 billion people [23]. Taking this into account it is quite obvious 

that the lack of access to electricity will increase even more in the regions where it is the most distressing. In 

this context it seems reasonable to briefly highlight the difference in energy consumption and carbon emis-

sions (see Figure 2) between the different parts of the world in order to stress the urgent need for sustainable 

energy technologies but also to show the important task of lowering the energy demand in industrialized 

countries.  
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Figure 2: global CO2 emissions from fuel combustion between 1971 and 2013 [24] 

 

It does not come as a surprise that indicators like the Human Development Index correlate with access to 

electricity. Figure 3 demonstrates that better results in HDI are connected to higher levels of access to elec-

tricity. So it is very clear that little access hinders the enhancement of the economic situation of the con-

cerned country, by not enabling the population to progress their economic activities. As a result the quality 

of life is increasing only gradually whereas access to electricity can function as an effective accelerator [25]. 



Theoretical foundations   

   

 

10 

 

Lehrstuhl
Umweltgerechte
Produktionstechnik

UP
Lehrstuhl
Umweltgerechte
Produktionstechnik

UP

 

Figure 3: correlation between Human Development Index (HDI) and electricity access [25] 

In terms of how electricity can be provided to the regions in need there are different alternatives. Figure 4 

shows a decision tree and displays that there are different options for providing electricity. S. C. 

Bhattacharyya indicates that the decentralized mode of supply is already challenging the concept of grid 

extension [25].  
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Figure 4: Decision tree for decentralized solutions [25] 

According to Kaundinya et al. [26] the decentralization can either exist on a village level, where the goal is to 

provide electricity for the rural needs, or on an industrial level, where the demand of the industry is most 

important and remaining energy is fed back to the grid. A decentralized solution can either be a grid-con-

nected or an off-grid option. Grid-connected systems tend to be larger in scale and are supply-driven options, 

whereas off-grid systems are demand-driven and are mostly implemented in areas where grid connection is 

not feasible. Because of their technological characteristics they often have seasonal fluctuations and need 

some kind of storage, which can account for a large part of the system costs.  
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Figure 5: different alternatives for renewable energy sources for rural electrification [25] 

There are two categories of power generation technologies. One produces Direct Current (DC) and the other 

one produces Alternating Current (AC). DC is produced by photo-electric devices, thermo-electric devices and 

fuel cells. The direct current can be used directly, although a more preferred option is to convert it to AC 

using an inverter, because most appliances work with AC. The second category includes the prime mover-

generator system. The most common prime movers are steam, gas, water and wind turbines or different 

reciprocation engines which work with diesel, petrol, gas etc. Not all of the prime movers available are suited 

for decentralized application. Some can be rather expensive or very difficult to manage in a decentralized 

mode. The generators can be classified in three categories: induction, synchronous and permanent magnet 

generators. As induction generators require an active grid they are not an option for decentralized electricity 

generation. There are several different energy sources for the prime movers including hydro (using potential 

energy), wind (using kinetic energy), heat from solar or geothermal sources and different fuels like biodiesel 

etc. Figure 5 describes the chain of processes linked to decentralized power generation [27]. As this work 

focuses on pico-hydroelectric systems, only this mode of power generation will be described in more detail. 
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3.2.2 Micro and pico-hydroelectric power generation  

Hydro power can be described as the power which is produced by harnessing energy from falling or flowing 

water in streams, canals or rivers. While using a hydro turbine the pressure created by the water is converted 

into mechanical energy. This mechanical energy can either be used to drive a generator which then in return 

produces electricity or it can be used to run small-scale industrial applications which require mechanical 

power at the shaft. A common example for this application is a water powered grain mill. Micro hydro sys-

tems produce power in a range of about 5-100 kW. Systems that produce even less power are called pico-

hydroelectric systems and belong to the category with the smallest nominal power. These systems usually 

do not supply electricity to the grid. Their application is mostly suited for remote rural areas, where they can 

provide power for a local community or a rural industry. Due to the fact that those systems do not require a 

dam or a stop in the river flow they are called “run-of-the-river” schemes. Instead of accumulating water 

mass they divert a certain part of the river flow, to guide it through a channel or a pipe to finally hit the 

turbine with one or more water jets [27].  

A pico-hydroelectric system consists of the following major components: the intake and diversion weir, the 

channel which takes the diverted water to the fore bay tank and the penstock pipe, which connects the tank 

with the nozzles of the hydro turbine. The general layout of a hydro scheme can be very different depending 

on the geological characteristics of the site, its morphology and the results of a hydrology study. Common 

differences are the head or the length of the penstock pipe. In order to produce mechanical power a hydro 

scheme needs a flow of water and a drop in height. It takes power in form of the head and the flow and 

converts it into mechanical power at the shaft, which can then be used to produce electricity through a gen-

erator. As the flow of water can vary throughout the year, due to the weather conditions in different seasons, 

it is important to take this into account when estimating the annual potential energy output of a hydro 

scheme. A general formula for the power output Pout of a hydro system is described by the equation: 

 

�!
� = ��#$%  (1) 

With nt: overall efficiency of the hydro system, equal to the product of the efficiencies of individual compo-

nents 
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 ρ =1000 kg/m³: the density of water 

 Q [m³ /sec]: the water flow 

 g [9,8m/sec²]: the acceleration due to gravity 

 H [m]: the head, which is the difference in height between water intake and turbine 

 

Figure 6: efficiencies for each component of the hydro system [28] 

Figure 6 illustrates the layout of a hydro system with assumed efficiencies for channel nc=0,95, penstock 

np=0,9, turbine ntur=0,8, generator ng=0,8 and transmission ntrana=0,9. The product of these individual effi-

ciencies give the overall efficiency of the system, which is in this example: 

�� = � �'��
��������� = 0,49248 (2) 

For a better understanding of how a pico-hydroelectric system is set up a brief description of the design 

process is given, which will in more detail focus on the sizing of the hydro turbine and more or less neglect 

the design process of the penstock and the generator. As the main goal of this work is to print runner cups 

for an impulse Turgo turbine it seems more than reasonable to give a description on how the runner design 

process takes place.  
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After deciding on the turbine type, in this case the Turgo turbine, the specific characteristics of the turbine 

runner are to be decided on. This includes the correct number and the right size of the turbine spoons, which 

then give the turbine diameter. Also an adequate nozzle number and diameter have to be chosen. The tur-

bine used for the experiments directly drives a (locally manufactured) axial flux permanent magnet synchro-

nous generator. This generator has a nominal power of 350 W and a nominal rotational speed of 750 RPM. 

Figure 7 illustrates the magnetic flow caused by the magnets, coils and the iron disks. Figure 8 shows the 

process of assembling the magnet disk and the coils.  

 

Figure 7: schematic side view of the generator  

 

Figure 8: assembly of the magnet disk (left) and assembly of the coils (right)  
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For sizing the Turgo turbine the following equations are needed. The velocity of the water exiting the jet 

can be calculated by the equation: 

���� = ./02$%��� 1ms 4 (3) 

With cv=0,98: the velocity coefficient of the nozzle 

and g =9,8m/sec²: the acceleration due to gravity 

nrunner is the rotational turbine speed and is calculated through the speed ratio x=48,5%, which gives the 

best efficiency and is given by the turbine constructor [29]: 

6�
���� = 60 ⋅ 100 ⋅ 9 ⋅ ����: ⋅ �.; <=�>? (4) 

With pcd [cm]: pitch circle diameter  

The pitch circle diameter is defined by the center of the spoons. It depends on the kind and the number Nsp 

of the spoons. For the runner cups used in the experimental set up the pitch circle diameter is found by the 

equation: 

�.; = @0,242��' + 2B2,54 (5) 

Anozzle is the required jet area and is related to the number of jets for the given application and can be found 

by the equation (6): 

D�!EE�� = 10#F ���� <.>G? (6) 

With Cc=0,97: the contraction coefficient of the jet as given by its constructor [29]. 

The diameter of the nozzles dnozzle can be calculated through (7) if the number of the nozzle Nnozzle is provided: 
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;�!EE�� = 10I��!EE�� ⋅ :4D�!EE�� <>>? (7) 

The installed hydro turbine used for the tests in 5 has a nozzle number of Nnozzle=2 meaning that the water 

stream is split in two and two water jets hit the cups at an angle of ���� = 20° what can be seen in Figure 9. 

For lower heads (<3,5m) multi-criteria analysis has shown that under specific circumstances single-jet Turgo 

turbine are the best solution [30]. 

 

Figure 9: water jets hitting the cups 
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4 Printing the runner cups 

4.1 Prusa i3 

One criteria for deciding on which printer to use was the requirement that it would be representative for a 

distributed manufacturing environment. So the idea is to use a printer which is commonly used in hack-

erspaces, fablabs or in private homes, places to which individuals have easy and free access. To remain close 

to the CBPP idea a low-cost open source printer (Prusa i3) was chosen. Due to time constraints a kit was 

ordered and it was decided to not source the parts. The Prusa i3 is one of the most common printers devel-

oped by Josef Prusa, one of the major contributors of the RepRap project. And the fact that the open source 

RepRap printer are able to print some of their own spare parts is an argument for them to be used in a rural 

distributed manufacturing environment, as it facilitates occasional maintenance.  

A brief summary of the assembly of the printer can be found in 7.1. This section aims to describe the func-

tional principle of a 3D printer. 3D printing is a process of additive manufacturing, meaning that layer by layer 

three dimensional objects are synthesized. The formation of the 3D object is computer controlled, indicating 

that a 3D-printable model has to be formed and processed. To obtain such a 3D-modell of an object standard 

CAD-Software or 3D-scanning devices can be used. In order to print a 3D model from a .STL file (STereoLithog-

raphy) the file has to be repaired, because errors occur in the 3D modelling or scanning process. The repairing 

and processing of a file is done by a G-code generating software (see 4.4). The Prusa i3, like many other 

RepRap printers, has a very simple design. The freedom of movement in all three axes (Cartesian coordinates) 

allows the printer to create three dimensional objects. The Prusa i3 uses three stepper motors to control the 

position of the extruder. Two of them are needed to change the position in the z-axis, meaning they move 

the extruder up and down. Another motor enables the extruder to move left and right in the x-axis. The 

extruder is not able to move back and forth in the direction of the y-axis. To allow the creation of a 3D object 

the printing bed, the surface where the material is extruded on, is controlled by another stepper motor, 

enabling it to move back and forth. A fifth motor is attached to the extruder in order to pull the filament so 

that it can pass through the heated nozzle and be extruded. 
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4.2 Choice of material 

The material of the cup which serves as a template was Ultramid 8233 HS, a heat stabilized, 33% glass fiber 

reinforced PA6 (Polyamide 6) reinforced injection moulding compound [31]. The mechanical properties of a 

3D printed part are due to the layer-by-layer manufacturing less strong than a part that has been injection 

moulded. This has to be taken into consideration during the selection of a material and also during the sim-

ulation of the cup. Due to the application of the printed cups in water the material has to be suitable for 

permanent exposure to water. Also the mechanical stresses, caused by the force of the water jet which is 

applied on the cup, have to be considered. Therefore a material with appropriate mechanical properties has 

to be chosen. PLA (polylactide) and ABS (acrylonitrile butadiene styrene) are the most common 3D printing 

filaments. PLA is a biodegradable polyester and can therefore not be used for a long term application with 

water. ABS on the other hand is suitable for applications in water and has mechanical properties which are 

acceptable for the desired application. As ABS is one of the most common polymers and is widely available 

it was chosen for printing the cup. Moreover ABS is easily recyclable and as Baechler has demonstrated, the 

waste can be turned back into RepRap feedstock by using an open source waste plastic extruder, also known 

as RecycleBots [32]. The material properties of 3D-printed ABS differ from injection moulded ABS. In order 

to run the simulation in ANSYS (see 4.3) a reliable value for the tensile strength of the material is needed. 

Pearce et al. have investigated the material properties of ABS by printing tensile test specimens according to 

the ASTM D638 standard [33]. The created .STL file is distributed online so that anyone can print it to test 

ABS with different print settings or other filaments. Luckily the specimens were printed with 100% infill, 

meaning that they are completely solid, and a layer height of 0.2mm – which is identical to the settings cho-

sen for printing the cups. Therefore the obtained data for the 3D-printed ABS can be used for the simulation 

and no extra test runs have to be conducted to figure out the material properties for the simulation. The 

tensile strength of the printed ABS are on average 28.5 MPa in comparison to 34-43 MPa for injection 

moulded ABS [33]. For a comparison Figure 10 shows the different tensile strengths and elongations ratios 

of ABS and other filaments.  
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Figure 10: Tensile Strength and elongation for different filaments [34] 

4.3 Analysis in ANSYS 

4.3.1 Force on the cup 

In order to create a simplified model for the simulation a value for the applied force is needed. A simplified 

formula found in [35] for the calculation of the force on a Pelton turbine can also be used to obtain a rough 

estimation of the force acting on a Turgo cup: 

K =  ⋅ # ⋅ 02$% (8) 

Where  = 1000 ���L (density of water), $ = 9,81��M and % = 10>	(head)  

The flow Q can be calculated with  
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# = ���� O:��G4 P 
(9) 

Where the jet diameter is Dj=15,1mm. 

Through the integration of a flow meter it is known that the flow for the test application has a value of  

# = 5 �� = 0,005�L
�  and as the stream is split in two for the two water jets the flow needed for the calculation 

of the force is  

 

# = 0,5 ⋅ 0,005>Q
� = 0,0025>Q

�  
(10) 

The velocity of the flow leaving the nozzle can be calculated by (3) but is not needed for as the value of the 

flow is known. With (10) integrated in (8) a value of K = 35� results. This is the value applied on the cup in 

the simulation. This value is a very conservative estimate because the rotational velocity is not considered. 

The cup is regarded as fixed, what of course means that the stresses acting on the cup are higher than in the 

actual application.  

4.3.2 Simulation 

In order to ensure that the printed cup will withstand the mechanical stresses caused by the impact of the 

water jet a numerical simulation is carried out. Therefore a static structural simulation in ANSYS is realized. 

For an ANSYS static structural analysis there are several steps that have to be taken. As a first step the engi-

neering data has to be assigned. Because there is no material data for ABS in the ANSYS database a new 

material has to be created. As 3D printed ABS does not have the same mechanical properties as injection 

moulded ABS, an accurate source of information is necessary. As previously mentioned there is data for the 

material of 3D-printed ABS available online [33]. For the assignment of a new material ANSYS demands three 

values, which are then enough to run a static structural simulation: the density and the isotropic elasticity 

which can be derived from the Young's Modulus and the Poisson's Ratio (see Figure 11).  
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Figure 11: assigning the material properties for 3D-printed ABS in ANSYS 

For a comparative evaluation the simulation was run for both materials: ABS and glass-filled nylon. After the 

correct material properties have been assigned, the geometry has to be adjusted to enable the correct ori-

entation of the force which is caused by the impact of the water jet. Therefore a cylinder, with a diameter of 

15,1mm, which is equal to the jet diameter is created and arranged with the jet inclination angle of 20°. Then 

the edge of this cylinder, which represents the water jet, is projected on the inner surface of the cup and in 

a way that the edge of the projection aligns with the upper edge of the cup surface, which can be seen in 

Figure 12. This step is necessary to divide the cup surface in to different surfaces because that is the only way 

the force can be applied properly. Also for the creation of a proper mesh in ANSYS this step is important. In 

a similar way the surfaces at the 'shaft' of the cup are split, which is necessary to set adequate boundary 

conditions for the cup. 
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Figure 12: projection of the water jet using the Design Modeler tool in ANSYS 

The individual cups are not touching alongside the entire edges between the two adjacent cups. It is very 

difficult to assess the exact surface where the adjacent cups are touching, and therefore holding each other 

in place, even while entirely disassembling the rotor. Therefore different assumptions were made and as the 

results did not change significantly between the various approaches (unless the surface exceeds the diameter 

of the metal disks) one of the assumptions was chosen. So for each boundary condition at the outer surfaces 

of the cup a new coordinate system was integrated and the freedom of movement was disabled for the 

direction perpendicular to the surface. For the hole for the bolt a cylindrical support is chosen, where only 

the radial direction is fixed, meaning that in theory the cup could rotate or move up and down along the bolt. 

The surfaces where the metal disks touch the cup were fixed in the y-direction, meaning the cup is restricted 

in moving up and down. The projected surface where the water jet hits the cup is loaded with a force of 35N 

as calculated in (8). Figure 13 shows the boundary conditions for the simulation.  
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Figure 13: Boundary conditions for the cup: force (red), support (purple and yellow) 

The results of the numerical simulation indicate that for both materials, ABS and glass-filled nylon, stresses 

do not exceed the corresponding maximum tensile strength. The simulation shows maximum von-Mises 

stresses to be at 10,635 MPa whereas the allowed maximum tensile strength is 28,5 MPa for 3D-printed ABS. 

The stresses for glass-filled nylon are at around the same value, but the tensile strength is much higher at 36 

MPa. The maximum stresses occur at the edges of the boundary conditions and at the edge where the arch 

starts, which can be seen in Figure 14, Figure 15 and Figure 16. 
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Figure 14: von-Mises stresses view one 

 

Figure 15: von-Mises stresses view two 
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Figure 16: von-Mises stresses at the edges of the boundary conditions  

Regarding the total deformation there is a more visible difference in the results for the two different materi-

als. Glass-filled nylon shows a maximum deformation of ����,�	� = 0,38789	>> whereas the deformation 

with ABS is twice as high with a value of ����,RST = 0,79057>> (see Figure 17).  
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Figure 17: Total deformation of the cup with ABS as material 

Overall this very simplified ANSYS structural analysis proofed to be useful in understanding whether the cho-

sen material in connection with the manufacturing process of 3D-printing is suitable for the given application. 

And although the assumption made in this analysis were quite conservative regarding the applied force, it 

can be concluded that even with a higher mechanical load the cup would still withstand the stresses. If the 

simulation would have indicated that the maximum stresses exceed the tensile strength an alteration in the 

design would have to be made, as demonstrated by Wittbrodt et al. [15].  

4.4 Using Slic3r 

4.4.1 About Slicer 

Slic3r is an open source G-code generator for 3D printers and belongs to the CAM (Computer Aided Manu-

facturing) software category. It is a software tool that makes it possible to convert a given 3D model into 

print instructions. It takes the model and discretizes it into horizontal layers (slices), calculates the quantity 

of the material that will be extruded and generates toolpaths to create the layers one after another. Slic3r 

was born in 2011 and started within the RepRap community. Now it is a non-profit community project where 

people are working together on GitHub, an open-source platform for collaboration [36]. Since its beginning 

it has developed several new features which were first introduced by Slic3r and are now implemented in 
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different commercial software. There are several other open source (Skeinforge, KISSlicer, Cura, MakerWare) 

and closed source g-code generation software available. For printing the cups only Slic3r is used.  

4.4.2 Slicer Settings 

This section aims to provide more detailed information for the specific settings in Slic3r in order enable re-

production of the very steps and to facilitate the printing for people who want to print turbine cups or similar 

objects. 

The basic printer settings will not be further described here, because they usually only differ in the size of the 

bed and the specific printer which is used. 

The filament settings describe several settings concerning the filament, the print temperatures and the cool-

ing mechanism. The diameter of the filament is in our case ;��� = 1,75>>. Alteration of the extrusion mul-

tiplier value can be useful to avoid an overflow or to counteract if there is too little material flow, but in for 

the printing of the cup the default of 1 was enabled. After some initial test, which led to low adhesion be-

tween the final layers, the extruder temperature was raised to 255°C and the temperature for the heating 

bed was set to 105°C. A higher extrusion temperature enables a stronger bond between the layers. High 

temperatures at the heating bed also help the bonding of the final layers, because the heat dissipation is 

stronger at larger distances from the bed, whereas the layers close to the heating bed do not show any prob-

lems concerning adhesion. This might seem irrelevant, but it can be an easy way to ensure stronger bonding 

between the layers and prevent detachment of the layers (see Figure 18). For the cooling settings the param-

eter of the maximum fan speed was lowered to 50% in order to counteract a drop of temperature during the 

print.  
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Figure 18: layers breaking apart with only little force applied due to bad bonding 

The print settings include most of the print specific settings which usually are altered for different objects. 

The layer height was set to 0.2mm. A smaller layer height results in more accurate prints, but takes longer to 

print and lowers the bonding of the layers [37]. Due to the fact that the cup is printed with 100% infill there 

is no need for horizontal shells to reinforce the top and the bottom layer like in many other objects that are 

commonly printed. Regarding the vertical shells however a value of 10 was chosen for the amount of perim-

eters in order to assure that for most of the layers the printer would start in the middle of the layer surface 

and then gradually reach the external perimeter (see Figure 25). A proper connection between the external 

perimeters to the previous perimeter is important, because otherwise the external perimeter blends up due 

to contraction when the material cools. The quality settings were all disabled because no real improvement 

in the print could be noticed, only an increase in printing time. For the infill a rectilinear pattern with 100% 

infill was chosen, in order to provide the highest strength and to have an object with material properties that 

is close to the model created in the static structural simulation in 4.3. Also the infill before perimeters was 

enabled, as it showed to be helpful to avoid accumulation of material in the gap, which remained to be filled 

when the perimeters where printed first. The settings for skirt and brim do not play a decisive role, although 

a wider brim may prevent the object from detaching of the heating bed. Therefore a value of 3mm was 



Printing the runner cups   

   

 

30 

 

Lehrstuhl
Umweltgerechte
Produktionstechnik

UP
Lehrstuhl
Umweltgerechte
Produktionstechnik

UP

chosen. A more critical part of the settings is the support material. How much support material is created 

depends on the print orientation of the object and the value set for the overhang threshold, which indicates 

the slope angle above which no support material will be created. This value was set to 40%. In order to find 

the correct value it is recommend to check the layers in the plater and see whether the results of the alter-

nation of the values are satisfying. The contact z distance turns out to be a significant setting because the 

very distance between the support material and the actual object can cause problems during the print, such 

as deformation close to the support material or rough surfaces. Also the pattern and the pattern spacing play 

an important role concerning the connection of the object to the support. After several different tests the 

contact z distance was set to 0 and a rectilinear pattern was chosen with 0.3mm of pattern spacing and 70% 

for the pattern angle. This resulted in a very good support for the part of the cup, which is held by the two 

metal disks, but made it harder to remove the support at the bottom of the curved part. The speed settings 

are different for each printer and can be adjusted gradually to reach an adequate quality to print time ratio. 

4.4.3 Different print orientations 

The first very obvious task when thinking about printing is to figure out the most appropriate orientation of 

the object. Especially unexperienced users of 3D printers have to play a lot with different alignments, as it 

takes some time to get a feeling about how the print will go and most of the time issues occur which were 

not taken into account beforehand. Figure 19 shows the print orientation of cup that turned out to show the 

best print results. Important factors especially for the hydro application were: 

• Smooth surfaces (especially the inner surface) 

• A proper and strong last layer at the edge where the water jet hits the cup and splits the jet 

• Strong cohesion between all layers 

• No occasional print errors 

Other factors, not directly connected to the given application, to take into account for deciding on which 

orientation to choose include: 

• Little support material 
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• Short print duration 

• Good removability from the heating bed 

Although these different criteria could be applied in various decision making methods, no such analysis was 

conducted, as the final orientation shown in Figure 19 was a very obvious choice for the print orientation. 

 

Figure 19: 3D view of the final print orientation of the cup in Slic3r 

The other print orientations showed major or minor issues during the test prints. For a better understanding 

three of the alternatives and their individual issues are described below. The orientation shown in Figure 20 

for example did not show very smooth surface structures in the middle of the inner surface. This is caused 

by the support material attached to the inner surface. As this is a part where the water flow is divided smooth 

surfaces are vital to keep turbulences as low as possible. Another issue with this specific print orientation is 

the edge where the water jet hits the cup. Due to the fact that there is no support material the printer creates 

a bridge at some point. Bridging can lead to scruffy surfaces and especially as this is a crucial part of the cup 

this is an undesired print result.  
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Figure 20: alternative print orientation A (printed with PLA) 

The print orientation in Figure 21C initially seemed like a good option, and with PLA the prints looked quite 

good. Minor deformations at the outside, due to the support material, occurred. But the same print orienta-

tion turned out to be problematic while using ABS. As ABS is softer the outer perimeters tended to bend 

upwards because the angle of the slope was slightly too high. The orientation in Figure 21B showed very nice 

results at the edge where the water jet hits, as it was the only contact for the first print layer. Although from 

that perspective the print orientation is very good, the fact that a big block of support material has to be 

created in order to support the part of the cup which is connected to the metal disks, leads to a very rough 

surface. Also the high amount of support material needed prolongs the necessary print duration. All these 

minor issues can affect the print a lot and with the final print orientation in Figure 19 these issues do not 

occur. 
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Figure 21: alternative print orientations B (left) and C (right) 

Figure 22 shows the print paths of the first layer of the final orientation of the print shown in Figure 19. The 

red lines are the outer perimeters, the blue lines are the infill and the grey lines are support material and the 

brim. This image shows how important the brim is for the adhesion of the first layer. 

 

Figure 22: Layer view of the first layer of the final print orientation in Slic3r 
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Especially when, such as in this orientation, there is only very little material connected to the first layer it is 

important to create a bigger surface that is connected to the heating bed, since the vibrations during the 

print can easily lead to detachment of the object from the surface. A way to reduce these vibrations is to set 

the Slic3r settings in way that there is no infill pattern causing the stepper motors to switch their direction of 

rotation with a high frequency. This ‘zig-zag’ infill pattern is shown in Figure 23 and can be avoided by creating 

more perimeters so that the extruders moves in more circular ways starting from the middle and gradually 

reaching the outer perimeters. 

 

Figure 23: layer view with undesired ‘zig-zag’ pattern in Slic3r 

 

Figure 24: layer view of the cup with three perimeters as vertical shell 

This difference in the infill pattern can easily be reconstructed by comparing Figure 24 and Figure 25. The 

first version with three perimeters as vertical shells has a rectilinear fill pattern with an angle of 45°. Setting 
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the perimeters for the vertical shells to ten (or more) creates a toolpath where almost no fill pattern has to 

be followed as shown in Figure 25. 

 

 

Figure 25: layer view of the cup with ten perimeters as vertical shell 

Overall the print orientation turns out to play an important role for the print, indicating that it can be rea-

sonable to spend more time finding an appropriate print orientation. Especially when the goal is to print a 

large quantity of the same objects special attention should be paid to this step. 

4.5 3D-printing the cups 

4.5.1 Printing the cups 

The printing of the runner cups is a simple but time consuming process. Although the print surface is big 

enough to print several cups in one go the cups were printed one at a time, because if an error occurs during 

the print the whole process has to be restarted. Also the calibration of the heating bed has to be very accurate 

if the whole surface is made use of, meaning that it is easier to only use the middle part of the heating bed. 

The print duration for one cup takes 76 minutes. A brief cost analysis, including the used energy, can be found 

in 4.5.3. For the printing process the heating bed is prepared with so called ABS-juice, consisting of ABS dis-

solved in acetone. This ABS juice, shown in Figure 26, can easily be made by mixing ABS and acetone at a 
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ratio of 20cm of 3mm ABS filament to 30ml of acetone. With the ABS juice preparation of the heating bed 

the first layer of printed cup attaches more easily to the bed and also does not detach that fast in case of a 

lot of vibrations.  

 

Figure 26: ABS juice 

As previously mentioned the distance between the support material and the printed part was set to 0 mean-

ing that the support material is completely attached to the cup. This leads on the one hand to superior surface 

quality at those very regions of the cup, but on the other hand it makes it harder to remove the support 

material. While removing the support material there are still some remains attached to the cup which have 

to be smoothened with a file or sand paper as demonstrated in Figure 27. 

 

Figure 27: cup with attached support material (left), removed support material (right) 
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Figure 28: ‘Micro-factory’: producing the runner cups at home 

Figure 28 shows how the manufacturing can easily take place at home. The cups were printed over the course 

of a few days at my apartment. Yet it is important to mention that studies have shown that 3D-printing, 

especially with styrene based materials like ABS, can be harmful for humans, because the printing process 

leads to a higher concentration of volatile organic compounds (VOCs) and ultrafine particles (UFP) [38]. 

Therefore it is recommended to take precautions and to print in ventilated spaces. 

4.5.2 Different treatments for the cups 

In order to enhance the surface quality different treatments were applied on the cups. For ABS it is very 

common to cure the printed objects with acetone (propanone), as ABS dissolves in acetone. The acetone 

vapor gradually dissolves the surfaces structure and merges the individual lines created by the layer-by-layer 

printing. To cure an object it has to be placed in a, preferably sealed, jar, consisting of material, like glass, 

that does not react with acetone. The object should not touch any part of the jar as the material becomes 
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soft and would deform even more once it touches other objects. Once the object is properly placed a thin 

layer of acetone is poured in the jar and vaporizes. To create a bigger vaporization surface, paper towels, 

which slowly resorb acetone, can be attached to the jar. After some time the surface of the object becomes 

shiny, indicating that the curing has begun. How long the object should rest in jar depends on the individual 

application. But one should keep in mind that after removing the object the curing continues for some more 

minutes meaning that the object should be removed before the desired result is actual visible.  

The result of the initial acetone curing tests showed a nice and smooth surface structure, but also defor-

mations, especially to be found at thinner parts of the cup (see Figure 29). These deformations affect the 

edge where the water jet hits the cup and as this is a crucial part, it was decided that with these issues a 

comparative analysis would not lead to representative results. 

 

Figure 29: acetone cured cups (left) and curing process (right) 

As an alternative treatment sand paper smoothening was chosen. Figure 30 displays the sand paper smooth-

ened cups next to the originally printed cups.  
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Figure 30: runner with sand paper smoothened cups (left) and untreated cups (right) 

As a second form of treatment the already sand paper smoothened cups were coated in vinyl ester resin (see 

Figure 31). For the resin to cure a catalyst has to be added to the resin at a ratio of 
GU�V��. Once the cups are 

coated with the resin it takes several hours for the resin to cure.  

 

Figure 31: coated cups (left) and resin with catalyst (right) 
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4.5.3 Cost comparison 

Although a more accurate evaluation of costs and environmental impact between the two modes of manu-

facturing would involve a detailed Life Cycle Assessment (LCA) a brief cost comparison is made to show with 

which order of magnitude cost saving could take place. The amount of filament used for printing one cup can 

be derived from the .gcode file created in Slic3r. The amount of filament used has the length of ���� =
4561,8	>> of 1,75 mm filament which equals to volume of WRST = 11	.>Q. ABS filament has a density of 

RST = 1,04 � �L and with these two values the amount of filament can be indicated in kilogram by using the 

following formula: 

>RST = WRST ⋅ RST = 11,44	$ = 0,01144	X$ (11) 

The price for one kilogram of ABS filament is about 25€. With this information the costs for the material of 

one cup can be calculated: 

FV 
' = 0,01144	X$ ⋅ 25 €X$ = 0,286€ 
(12) 

The energy consumed during one print was measured with a standard power consumption meter and indi-

cated that one print consumes Z'���� = 0,2X[ℎ. With a price of ���� = 28,7 ]������  (Germany, 2016) the 

cost for the energy needed to print one cup can be calculated [39]: 

F^�,V 
' = 0,2X[ℎ ⋅ 28,7 F_6`X[ℎ = 0,0574€ 
(13) 

 

 

 

 

With the two values for the costs for material and energy for printing one cup the total cost can be calculated: 
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F�!���,V 
' = 0,286€ + 0,0574€ = 0,3434€ (14) 

The price for one of the original spoons from the manufacturer Hartvigsen Hydro is 4$ = 3,542€ (not includ-

ing shipping and custom taxes) [29]. Therefore the difference in the cost is for one cup 3,199€, meaning that 

90,3% of the costs can be saved through the process of printing.  For 20 runner cups this adds up to be an 

amount of  

bV�
���� = 20 ⋅ 3,199€ = 63,972€ (15) 

This calculation is made without taking into consideration that usually printing errors occur, which lead to an 

increase in material and energy consumption. Yet it can be assumed that these additional costs would not 

impact the end result that much. Another thing that has not been integrated in the calculation is the cost for 

the 3D-printer. Here an assumption was made that an already existing 3D-printer, located at a hackerspace 

or something similar, could be used free of charge. It is clear that especially in the case of rural electrification 

in sub-Saharan Africa these printers might not be as easily accessible as in northern countries, where the idea 

of hacker- or makerspaces has spread more. But there is indication that this might change in the future and 

that 3D printing will spread even more around the globe. Also when looking at the amount of money saved 

for one runner as calculated in (20)	it is visible that with an increase in material output, that is printed instead 

of ordered from somewhere around the globe, the payback period for a 3D printer decreases significantly. 

Another factor which is not taken into account are the working hours needed for steps like adjusting the print 

settings, removing the support material or drilling the holes also take time, but are not calculated with as it 

is ‘unpaid work’.  
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5 Testing the printed runner 

5.1 Tests without torque meter 

5.1.1 Experimental setup 

In order to evaluate the idea of 3D printing the runner cups for a pico-hydroelectric turbine a comparative 

analysis is conducted. The tests were run at the hydro test facilities at the Hydro Department of the National 

Technological University of Athens (NTUA). One objective is to check whether the cups will, as the ANSYS 

analysis indicated, withstand the mechanical stresses. Another objective is to figure out the exact efficiency 

losses between the injection moulded fiber-glass reinforced nylon cups and the 3D printed ABS cups. In ad-

dition to that the following different treatments of the 3D-printed cups are compared: no treatment (rough), 

sand paper smoothing (sanded) and resin curing (resin). An initial comparative analysis shows the perfor-

mances of the different cups regarding the overall system efficiency. The setup is shown in Figure 36. After 

that the experimental set up is altered and a torque meter is integrated to give more accurate results for the 

different turbine efficiencies, which can be seen in Figure 32. The installation of the torque meter is briefly 

documented in 7.3. 

 

Figure 32: turbine setup with torque meter, Ammeter, power analyzer and variable resistance 
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Figure 33: system setup with pump and pipe for the water flow 

The general experimental set up consists of a motor driving a pump to provide the head and the flow by 

creating a constant pressure. The motor and the pump are shown in Figure 34.  

 

Figure 34: motor with constant RPM driving the pump to create a constant pressure 
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The RPM for the motor are manually adjusted through a controller, but due to this manual adjustment the 

RPM for each experiment are slightly different, leading to different values for pressure and flow and there-

fore to non-constant values for the input power Pin.  This pressure is measured throughout the experiment 

and is necessary for further calculations. The flow meter shown in Figure 35 gives information about the 

water flow.  

 

Figure 35: direction of the water flow and position of the flow meter 

Through the two nozzles the water jets hit the cups and the rotor starts spinning and turning the generator. 

The current is measured with an ammeter (see Figure 32) at one of the three phases of the generator and is 

assumed to be almost identical at the other two phases. The voltage is taken from two of the three phases 

in order to create an average value. An alterable resistance is installed and allows to change the resistance 

and with that the current in the generator which gives control over the RPM of the turbine. An increase in 

the resistance connected to the generator leads to a decrease in the current and is therefore lowering the 
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magnetic field in the generator causing a lower torque and therefore an increase of the RPM of the turbine. 

The relationship between current and resistance is described in (16). 

c = Wd 
(16) 

Where I (A) is the current, V (V) is the voltage and R (Ω) is the resistance. 

The frequencies of the voltages are measured and the rounds per minutes can be derived from the follow-

ing formula for synchronous electrical machines [40]: 

=�> = 120 ⋅ gh!�������������  
(17) 

Where Nmagnets=12 indicates the number of magnets on the disk. 

The input power which is related to the head and the flow is called Pin can be calculated through the following 

equation: 

��� = # ⋅ % ⋅ $ ⋅  (18) 

In the experimental setup the head is created through the pressure. This hydrostatic pressure is described in 

(19):  

� =  ⋅ $ ⋅ % (19) 

The electrical power Pel which is the output power of the whole system can be calculated through the current 

and voltage measured at one phase of the star connected three phase generator assuming a power factor of 

one.  

��� = 3 ⋅ i ⋅ c (20) 

This enables the calculation of the overall efficiency ��	� of the system:  
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��	� = ������ 
(21) 

 

Figure 36: turbine setup without torque meter 

5.1.2 Initial comparison of system efficiency (without torque meter) 

For a first result the overall system efficiency ��	� was examined and compared for both the injection 

moulded nylon cups and the 3D-printed ABS cups, which are both shown in Figure 37. For the test setup the 

motor, which drives the pump, was manually set to 1262 RPM. As previously mentioned the pressure p and 

the flow Q fluctuate slightly between the different tests due to the fact that the motor speed was difficult to 

adjust by hand. As described in (21) the overall system efficiency is a quotient of output over input so the 

fluctuations do not interfere with the comparative results. A comparison of for example just the electric 

power Pel produced by the generator cannot be really conducted as it is dependent on the input power Pin of 

the water. In order to obtain accurate and useful results measurements were taken in steps of about 50 RPM 

starting at around 350 RPM and stopping at around 1000 RPM. For each step data was saved for one minute 

and from this data average values were created. As previously mentioned the value for the voltage Vph is 

derived from the average values of two of the three phases of the generator.  
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Figure 37: Injection moulded nylon cups (left) and 3D-printed ABS cups (right) 

For the test with the nylon runner the average value for the flow is # = 5,0271�L
�  and the average value for 

the pressure is � = 1,09761	jk=. Plugged in (18) a value of ��� = 529,949	[ results. Pel can be derived 

through (20) at each step of the measurement and with (21) a value for ��	� can be obtained. The maximum 

value for the efficiency is found at around 750 RPM and is ��	� = 0,748, although at 700 RPM the value is 

only slightly smaller. This can been observed in Figure 38 and Table 2. 

 

Figure 38: system efficiency ��	� without toque meter for nylon cups and 3D-printed cups 
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Table 2: data for the test run without torque meter for the nylon runner 

RPM ( mnop)  Iph (A) Vph (V) Pel (W) Pin (W) qrsr 

651,400 5,387 23,481 379,499 529,949 0,716 

706,560 5,033 26,004 392,609 529,949 0,741 

750,312 4,715 28,012 396,236 529,949 0,748 

804,837 4,208 30,635 386,736 529,949 0,730 

851,217 3,904 32,768 383,817 529,949 0,724 

 

The test with the 3D-printed runner showed results of # = 5,05354�L
�  for the flow and � = 1,09693	jk= 

for the pressure. With (18) the input power is equal to ��� = 532,406	[. The maximum efficiency for the 

ABS runner, which can be seen in Table 3, is at both monitoring points 713 RPM and 757 RPM equal and has 

a value of ��	� = 0,701.  

Table 3: data for the test run without torque meter for the printed runner 

 RPM ( mnop)  Iph (A) Vph (V) Pel (W) Pin (W) qrsr 

603,755 5,369 21,740 350,184 532,406 0,658 

660,445 5,024 24,295 366,215 532,406 0,688 

713,505 4,652 26,733 373,055 532,406 0,701 

757,565 4,330 28,750 373,473 532,406 0,701 

802,884 3,952 30,893 366,236 532,406 0,688 

853,938 3,617 33,232 360,625 532,406 0,677 

 

In order to get more accurate values for the difference in the maximum efficiency between the two runners 

it is recommended to insert a trend line and use the trend line equation to be able to compare values at the 

same RPM. In this case both runners show maximum efficiencies at 750 RPM. Some of the values are shown 

in Table 4. The difference in efficiency can be calculated through (22) and is equal to Δ��	� = 0,042. 

Δ��	� = ��	�,�	� − ��	�,'�� (22) 
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Table 4: values created with the trend line equation 

RPM ( mnop)  qrsr,psv qrsr,wxo 
650 0,720 0,682 

675 0,730 0,691 

700 0,738 0,698 

725 0,742 0,702 

750 0,745 0,703 

775 0,744 0,702 

800 0,740 0,697 

825 0,733 0,689 

 

So the initial test shows on the one hand that the 3D-printed runner cups withstand the mechanical stresses 

caused by the water jet. On the other hand an already expected loss in efficiency can be observed. In addition 

to that it can also be observed that with rising RPM the difference in efficiency becomes larger as well.  

5.2 Tests with torque meter 

5.2.1 Integration of the torque meter  

In order to obtain accurate values for the turbine efficiency the torque of the turbine has to be determined. 

Therefore a torque meter was installed between the generator and the turbine, which can be seen in Figure 

32. As previously mentioned a brief documentation of the manufacturing and the installation of the torque 

meter can be found in 7.3. With the value of the torque � (Nm) and the angular velocity �	 y=k;� z a value for 

the mechanical power Pmech can be derived. The angular velocity can be calculated through the following 

formulas: 

� = 2: ⋅ 6 (23) 

6 = Δ�Δ{ = =�> 
(24) 
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Where 
|}|~  is the amount of rotations divided by a specific time interval, meaning that it is equal to rounds 

per minute (RPM). The mechanical power Pmech can be calculated through (25) 

��� � = � ⋅ � (25) 

With mechanical power Pmech on the turbine shaft and the input power Pin of the water the turbine efficiency 

��
� can be calculated: 

��
� = ��� ����  
(26) 

The torque meter is installed between the generator and the turbine and is mounted with two bearings as 

shown in Figure 39. The actual torque measured with the torque meter consists of the torque on the turbine 

shaft created by the water jet hitting the runner and the torque created by the bearing between the runner 

and the torque meter. Other minor losses, like air resistance, can be neglected. In order to figure out the 

magnitude of the torque created by the first bearing, the overall efficiencies of the nylon cups were tested 

for both cases with and without the torque meter. The same comparison was made for the 3D-printed cups. 

As minor losses in the generator can be neglected it can be concluded that the difference in the overall sys-

tem efficiency is caused by the losses in the two bearings. It is assumed that the losses in both bearings are 

more or less equal. So half of the difference in system efficiency is equal to what is lost in one bearing. As a 

conclusion this value can be added to the mechanical power calculated through (25) where � is the value 

calculated with the torquemeter. By this addition the actual value for the mechanical power on the shaft 

without a torquemeter can be approximated. And with this value a more accurate result for the turbine effi-

ciency can be obtained. 
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Figure 39: view of the torque meter and the two bearings  

In order to find out the difference in efficiency between the tests with and without torque meter for both 

cases the system efficiency 	��	�,���� and ��	�,����!
� are plotted and a trend line is created. For the nylon 

cups this can be seen in Figure 40 and for the 3D-printed cups in Figure 41. 
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Figure 40: system efficiency for nylon cups with and without torque meter 

 

Figure 41: system efficiency for 3D-printed cups with and without torque meter 

With the trend line equation values for steps of 25 RPM are created, starting at 350 RPM and finishing at 900 

RPM. The values for the system efficiency with torque meter ��	�,���� are subtracted from the corresponding 

values for the system efficiency without torque meter ��	�,����!
�. This leads to a new value set which is then 
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plotted over the RPM in order to figure out whether the losses increase in a linear way. Figure 42 shows that 

with increasing RPM of the turbine the difference in system efficiency between the test with and without 

torque meter increases linearly. Especially for the 3D-printed cups the linearity is clearly visible. 

 

Figure 42: increase of difference in system efficiency with and without torque meter  

Table 5: turbine efficiency for the different runners and losses of one bearing 

x ynylon yrough ysanded yresin Lnylon       Lrough ynylon+ yroug+ ysanded+ yresin+ 

600 0,767 0,730 0,697 0,719 0,018 0,021 0,787 0,748 0,715 0,738 

625 0,776 0,739 0,704 0,728 0,020 0,022 0,798 0,759 0,724 0,748 

650 0,782 0,745 0,708 0,734 0,022 0,024 0,807 0,767 0,730 0,756 

675 0,786 0,750 0,710 0,738 0,024 0,027 0,813 0,774 0,734 0,762 

700 0,787 0,752 0,710 0,739 0,026 0,029 0,816 0,777 0,736 0,765 

725 0,786 0,751 0,707 0,738 0,028 0,031 0,817 0,779 0,735 0,765 

750 0,782 0,748 0,703 0,734 0,029 0,034 0,816 0,778 0,732 0,763 

775 0,774 0,743 0,695 0,727 0,031 0,037 0,811 0,774 0,727 0,758 

 

Table 5 shows the turbine efficiencies for the nylon, rough, sanded and resin cups. The first row on the left 

indicates the steps of the RPM, the next four rows list the turbine efficiencies calculated with (25) and (26). 

Lnylon lists the values for the losses in one bearing for the nylon cups, Lrough does the same for the rough cups. 
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The last four rows show the more accurate turbine efficiencies with the added values from the losses of the 

first bearing. For the nylon cups the losses Lnylon were added and for all of the different treatments of the 3D-

printed cups the losses Lrough were added, because no individual data for each of the treatments was available, 

as the initial test without torque meter was only conducted for the nylon cups and the rough cups. The max-

imum turbine efficiencies for the different runners are found in a range from 675 to 725 RPM. For the nylon 

cups the maximum efficiencies are ��	�!�,��� = 0,786 for the calculation without considering the bearing 

and ��	�!��,��� = 0,817 with subtracting the bearing losses. Accordingly the maximum values for the other 

runners are: ��!
��,��� = 0,752 , ��!
���,��� = 0,779, �������,��� = 0,710, ��������,��� = 0,736, 

������,��� = 0,739 and �������,��� = 0,765. Figure 43 shows the turbine efficiencies and their trend lines 

for the different runners without considering the losses of the bearing between generator and turbine. Figure 

44, however, displays the more accurate turbine efficiencies taking into account these very losses. 

 

Figure 43: turbine efficiency for the different runners without subtracting losses 

The losses caused by the sandpaper smoothening can be calculated by  

Δ��
�,�' = ��!
��,��� − �������,��� = 0,042 (27) 

And the losses due to the resin smoothening are: 
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Δ��
�,��� = ��!
��,��� − ������,��� = 0,013 (28) 

 

 

Figure 44: more accurate turbine efficiency without losses from the first bearing 

5.2.2 Comparison of system efficiencies for the different runners 

Due to the layer-by-layer manufacturing of the 3D-printing process the surface quality of the printed cups 

are lower than the injection moulded nylon cups. This has negative impacts on the overall efficiency of the 

turbine and therefore of the whole hydro system which demonstrated in Figure 38. To counteract these 

losses two different treatments for the 3D-printed cups were applied: sandpaper smoothening and resin 

coating. The very common curing with acetone was tested, but due to deformations of the cups it was de-

cided that this treatment will not be analyzed in the tests, as indicated in 4.5.2. Unlike initially expected 

neither of the treated runners improved in terms of overall system efficiency compared to the runner without 

any treatment. Figure 45 shows how the different treatments effect the overall system efficiency.  
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Figure 45: comparison of the different treatments of the cups in terms of system efficiency 

Although the surface felt much smoother after the sand paper treatment losses occurred in terms of tur-

bine and system efficiency. The reason for that could be that the sand paper smoothing creates a surface 

with a lot of unstructured grooves which lead to more turbulences than the very linear and structured 

grooves created by the layer-by-layer printing. A more detailed analysis of this change in efficiency could be 

subject to future research, possibly including a CFD analysis. 
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6 Conclusion and outlook 

The results of this work have demonstrated that 3D-printing can be applied for manufacturing runner cups 

for pico-hydroelectric turbines. An initial simplified static structural analysis in ANSYS confirmed that the 

runner cups would withstand the mechanical stresses caused by the water jet. The maximum stresses that 

occurred for conditions very similar to the test site setup were 10,635 MPa and did not exceed the maximum 

tensile strength of ABS at 28,5 MPa. The deformations due to the applied force were twice as high for the 

simulation with ABS (����,RST = 0,79057>>) as they were for the simulation with nylon (����,�	� =
0,38789>>) as an assigned material. It is assumed that this difference in deformation has an impact on the 

efficiency of the different cups although the order of magnitude of this impact would be subject to further 

research. The process of printing the cups, including adjustment of the settings for Slic3r, is not very chal-

lenging for an experienced 3D printer user. For unexperienced users the task is rather time consuming, but 

very educational, giving a detailed insight on how a 3D printer works and where to pay extra attention while 

adjusting the settings in Slic3r. The initial test results (without torque meter) have shown that, although the 

printing process works fine for the cups, there are losses in the overall system efficiency which are at the 

maximum efficiency of both runners at around 4,2%. These losses are mostly attributed to the difference in 

smoothness of the surface structures, but can also be connected to the difference in deformations between 

the printed and the moulded cup. Two different treatments, sand paper smoothening and resin coating, were 

applied and both of them did not enhance the system efficiency for the 3D-printed cups. Through the inte-

gration of a torque meter accurate values for the turbine efficiency could be measured. The sand paper 

smoothening resulted in losses in turbine efficiency of 4,2% whereas the curing with resin made the turbine 

1,3% less efficient.  

Over all this work has shown, what Pearce et al. [41] already indicated, that low cost open-source 3D printing 

can have useful application in the field of appropriate technology. By using mostly open source soft- and 

hardware it was demonstrated that the manufacturing of the runner cups could take place in an environment 

suited for distributed manufacturing. Although open source 3D-printing has already proven to have beneficial 

applications in terms of distributed manufacturing there is still a lot of research to be done. In the case of 

printing runner cups for hydro turbine there are some aspects that are missing in this work due to time con-

straints but would contribute a lot to the better understanding of the topic. Further work could include test-

ing and comparing different materials for the hydro application. In relation to this the 3D printed turbine 
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could also be tested for long term application in order to see what kind of deterioration occurs for different 

materials and manufacturing processes. Moreover different surface smoothening methods, like acetone cur-

ing, could be tested to see how the surface structures affect the efficiency.  A life cycle assessment could be 

conducted to indicate how the local manufacturing affects the ecological footprint of the whole hydro sys-

tem. Also the print process can be enhanced by fine tuning the settings in Slic3r or any other g-code gener-

ating software. In addition to that design alteration could be made in order to provide different designs 

(mostly in scale) for the cups to reach higher efficiency according to the given head and flow, allowing users 

to adapt their design very precisely to the environmental conditions at the site. Moreover it would be inter-

esting to investigate which other parts of the hydro system could be 3D-printed and how this would affect 

the cost and the manufacturing of the whole system. 
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7 Annex 

7.1 Annex A: Assembly of the printer 

As previously mentioned there are several good reasons to assemble the printer yourself instead of buying a 

kit. Some of these include of course the lower price for a kit. But more important is the fact that it gives you 

on the one hand a good understanding about how the printer works and what role each component plays. 

By building a printer once, the transferred knowledge one can derive from this process is limited, but the 

benefits of the construction become more visible once the first print issues occur. Especially when a part, for 

example the extruder (reference to troubleshooting), has to be dis- and reassembled, it is really helpful to 

have the experience of building the printer. Otherwise one might be more likely to rely on professional help 

in order to avoid damage parts of the printer.  

The Prusa i3 kit is neatly packed and for each step of the assembly the needed parts are separately plastic-

wrapped to facilitate the construction. The few tools that are needed are included in the kit and no soldering 

or wire crimping is required. The manual is extremely detailed, including pictures, which can be viewed in 

higher resolution online. The orange components are the 3D printed parts, which are printed with ABS. Figure 

46, Figure 47 and Figure 48 display some of the steps of the assembly.  

The construction is structured in different steps, which consist of the assembly of: the y-, x- and z-axis, the 

extruder, the LCD, the power supply unit (PSU) and the heat bed and finally the electronics. Most of the steps 

are quite straight forward, so this paragraph will just briefly list some delicate steps to give a better under-

standing which parts of the assembly and also the operation of them are crucial: 

• special accuracy should be given to the assembly of the y-axis to facilitate the calibration of the 

heating bed for the first printable 

• tightening of screws and nuts adjacent to 3D printed parts should be done gently to avoid damag-

ing the parts. 

• tightening and cutting of zip ties should be done carefully to avoid damaging the wires 

• the nozzle tightening (with preheated nozzle) is crucial before the first print – otherwise leakage 

can occur at some point (see reference) 
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• special attention should be paid to the connections of the electronic components – triple check 

(see reference) 

 

 

Figure 46: all parts of the Prusa i3 kit 
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Figure 47: tools needed for the assembly (top left) and assembly of the axes  

 

Figure 48: assembly of the extruder (top left), wiring (bottom left) and first print (right) 
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7.2 Annex B: Problems while printing and trouble shooting 

During the actual printing process there are several different problems which can (and did) occur. Some 

problems can be solved with common sense or a basic understanding of 3D-printing, with other the help of 

the 3D printing community can be very useful as there are many experienced users, who are enthusiastic 

about helping and sharing knowledge unconditionally. The following will list some of the errors/problems 

which can occur during the printing process. 

MAX Temperature error 

The display shows MAX TEMP ERR and indicates that the nozzle has reached a temperature 739°C. In most 

cases it is clear that the nozzle cannot actually have reached this temperature and that this must be a tech-

nical error. But to be sure it is advised to immediately switch off the printer because in case the nozzle is 

actually continuously heating there is no way to see the correct temperature. If the nozzle temperature ex-

ceeds a certain threshold it can do major damage to the parts close to the nozzle (temperature sensor, struc-

ture supporting the nozzle). In order to solve the maximum temperature error a reinstalling of the printer 

firmware was applied. This did not resolve problem so it is indicated that there is an issue with the thermistor 

itself. A likely reason for the display of a very high temperature is that the thermistor is currently short cir-

cuited. This can happen if the thermistor somehow moved and the two poles of the thermistor touch. Due 

to the short circuit the thermistor experiences no resistance and therefore the temperature is at its maxi-

mum.  

In order to check whether this explanation is correct the entire extruder has to be disassembled in order to 

loosen the screw which fixes the thermistor onto the nozzle. Due to the prefixed cables there is no way to 

access the thermistor screw without the disassembly, but this can of course vary between the different types 

of printers. This plays also a role in the design of a printer. After loosening and moving the thermistor a little 

bit the nozzle has to be heated once again to check whether the problem has been resolved. In this specific 

case this was the solution and no further errors occurred. But overall these problems can be really annoying 

because it takes quite some time to find a proper solution. 
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Loose nozzle 

Another issue that causes problems is a loose nozzle. This allows liquid filament to accumulate inside the 

extruder and eventually to slowly stream out forming a drop which can, if not intervened quickly enough, 

cause damage and destroy the current print. The solution to this problem is to refasten the nozzle. It is cru-

cial to check whether the nozzle is really tight. The difficult part here is how to remove the solid plastic 

which surrounds and blocks the thread and the very narrow hole of the nozzle. Again based on experience 

of the 3D-printing community it is advised to position the nozzle on a metal (or any other inflammable ma-

terial) surface and to use a torch to heat and melt the plastic. Once all the plastic is removed the nozzle can 

be hold up against light in order to check whether there is a small hole visible, indicating that the nozzle is 

clean and filament can be properly extruded. After the disassembly of the extruder the heating bed has to 

be recalibrated. Figure 49 shows part of the trouble shooting process. 

 

Figure 49: loose nozzle with accumulated plastic (top left), dirty and clean nozzle (top right) 
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7.3 Annex C: Construction and integration of the torque meter 

For accurate measurements for the turbine efficiency a torque meter had to be integrated in the test set 

up. For the integration of the torque meter between the runner shaft and the generator shaft a whole new 

set up had to be assembled in order to provide an accurate alignment of the torque meter and the two 

shafts. Figure 50 shows and Figure 51 show some of the steps of the construction process.  

 

Figure 50: construction of the torque meter set up including cutting and welding 
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Figure 51: aligning the torque meter with the runner shaft and the generator shaft 

7.4 Annex D: Test results without and with torque meter 

Table 6: tests with nylon cups without torque meter 

RPM ( mnop) Vph1 (W) Vph2 (W) Iph (A) Vph (W) Pel (W) Pin (W) qrsr 
355,755 10,123 10,319 7,307 10,221 224,045 529,949 0,423 

407,197 12,346 12,571 7,022 12,458 262,445 529,949 0,495 

456,569 14,518 14,772 6,717 14,645 295,097 529,949 0,557 

517,380 17,168 17,467 6,383 17,318 331,627 529,949 0,626 

556,188 18,937 19,258 6,094 19,098 349,166 529,949 0,659 

606,292 21,196 21,550 5,761 21,373 369,384 529,949 0,697 

651,400 23,289 23,674 5,387 23,481 379,499 529,949 0,716 

706,560 25,792 26,216 5,033 26,004 392,609 529,949 0,741 

750,312 27,780 28,244 4,715 28,012 396,236 529,949 0,748 

804,837 30,387 30,883 4,208 30,635 386,736 529,949 0,730 

851,217 32,504 33,032 3,904 32,768 383,817 529,949 0,724 

907,427 35,135 35,698 3,476 35,416 369,347 529,949 0,697 

955,850 37,464 38,067 3,017 37,766 341,803 529,949 0,645 

992,347 39,207 39,836 2,698 39,522 319,837 529,949 0,604 
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Table 7: tests with rough cups without torque meter 

RPM ( mnop) Vph1 (W) Vph2 (W) Iph (A) Vph (W) Pel (W) Pin (W) qrsr 
351,382 10,515 10,710 6,788 10,613 216,105 532,406 0,406 

408,706 12,958 13,188 6,525 13,073 255,912 532,406 0,481 

455,782 15,003 15,259 6,271 15,131 284,644 532,406 0,535 

504,134 17,103 17,398 6,008 17,250 310,912 532,406 0,584 

555,901 19,426 19,751 5,664 19,589 332,868 532,406 0,625 

603,755 21,562 21,918 5,369 21,740 350,184 532,406 0,658 

660,445 24,098 24,492 5,024 24,295 366,215 532,406 0,688 

713,505 26,516 26,950 4,652 26,733 373,055 532,406 0,701 

757,565 28,514 28,985 4,330 28,750 373,473 532,406 0,701 

802,884 30,644 31,142 3,952 30,893 366,236 532,406 0,688 

853,938 32,966 33,497 3,617 33,232 360,625 532,406 0,677 

904,008 35,293 35,854 3,255 35,574 347,389 532,406 0,652 

960,070 37,952 38,560 2,751 38,256 315,749 532,406 0,593 

1002,642 40,000 40,631 2,343 40,315 283,378 532,406 0,532 

 

Table 8: tests with nylon cups with torque meter 

RPM ( mnop) 
Vph1 
(W) 

Vph2 
(W) 

Iph 
(A) 

Vph 

(W) 
Pel  

(W) 
Pin  
(W) 

qrsr � 
(Nm) 

� yx��r z 

Pmech 
(W) 

q��x 

351,51 10,71 10,58 7,10 10,64 226,61 541,58 0,42 8,41 36,80 309,63 0,57 

399,40 12,78 12,61 6,79 12,69 258,62 541,58 0,48 8,07 41,74 336,84 0,62 

454,26 15,22 15,01 6,40 15,12 290,27 541,58 0,54 7,66 47,60 364,83 0,67 

502,54 17,33 17,08 6,14 17,21 316,73 541,58 0,58 7,36 52,52 386,74 0,71 

561,34 20,01 19,70 5,72 19,85 340,60 541,58 0,63 6,92 58,67 406,06 0,75 

601,47 21,84 21,49 5,42 21,67 352,55 541,58 0,65 6,60 62,85 414,55 0,77 

659,66 24,54 24,14 4,97 24,34 362,78 541,58 0,67 6,13 69,16 423,82 0,78 

703,61 26,58 26,14 4,63 26,36 366,08 541,58 0,68 5,76 73,62 424,11 0,78 

757,62 29,06 28,58 4,23 28,82 366,15 541,58 0,68 5,33 79,30 422,98 0,78 

806,89 31,39 30,86 3,83 31,13 357,33 541,58 0,66 4,90 84,45 413,76 0,76 

854,39 33,65 33,08 3,41 33,36 341,30 541,58 0,63 4,45 89,35 397,46 0,73 

894,93 35,63 35,03 2,97 35,33 314,80 541,58 0,58 3,98 93,96 374,27 0,69 
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Table 9: tests with rough cups with torque meter 

RPM ( mnop) 
Vph1 
(W) 

Vph2 
(W) 

Iph 
(A) 

Vph 

(W) 
Pel  

(W) 
Pin  
(W) 

qrsr � 
(Nm) 

� yx��r z 

Pmech 
(W) 

q��x 

354,63 11,24 11,09 6,59 11,16 220,58 538,77 0,41 7,90 37,06 292,83 0,54 

409,35 13,50 13,32 6,38 13,41 256,58 538,77 0,48 7,69 42,81 329,29 0,61 

457,12 15,72 15,49 5,98 15,60 280,00 538,77 0,52 7,26 47,85 347,30 0,64 

512,41 18,21 17,93 5,60 18,07 303,75 538,77 0,56 6,86 53,53 367,14 0,68 

559,88 20,33 20,01 5,32 20,17 322,09 538,77 0,60 6,54 58,58 382,92 0,71 

601,78 22,21 21,86 5,07 22,03 334,79 538,77 0,62 6,24 62,92 392,83 0,73 

651,17 24,47 24,07 4,70 24,27 342,07 538,77 0,63 5,86 68,14 399,55 0,74 

708,92 27,06 26,61 4,39 26,84 353,25 538,77 0,66 5,52 74,11 409,10 0,76 

751,39 29,07 28,59 3,98 28,83 344,47 538,77 0,64 5,09 78,60 400,09 0,74 

797,33 31,21 30,69 3,64 30,95 337,62 538,77 0,63 4,72 83,61 395,00 0,73 

857,60 34,01 33,44 3,21 33,72 324,45 538,77 0,60 4,26 89,84 382,45 0,71 

912,34 36,62 36,00 2,74 36,31 298,96 538,77 0,55 3,74 95,29 356,05 0,66 

948,68 38,37 37,73 2,40 38,05 273,73 538,77 0,51 3,36 99,18 332,86 0,62 

 

Table 10: tests with sanded cups with torque meter 

RPM ( mnop) 
Vph1 
(W) 

Vph2 
(W) 

Iph 
(A) 

Vph 

(W) 
Pel  

(W) 
Pin  
(W) 

qrsr � 
(Nm) 

� yx��r z 

Pmech 
(W) 

q��x 

349,82 11,15 11,00 6,37 11,07 211,59 544,22 0,39 7,68 36,70 281,89 0,52 

403,35 13,42 13,23 6,11 13,33 244,32 544,22 0,45 7,36 42,14 310,17 0,57 

450,67 15,55 15,32 5,81 15,43 268,73 544,22 0,49 7,06 47,30 333,93 0,61 

500,24 17,75 17,48 5,50 17,61 290,76 544,22 0,53 6,71 52,33 351,03 0,65 

559,91 20,42 20,10 5,15 20,26 312,96 544,22 0,58 6,34 58,55 371,13 0,68 

609,07 22,62 22,26 4,86 22,44 326,87 544,22 0,60 6,01 63,58 382,37 0,70 

654,30 24,73 24,33 4,51 24,53 331,99 544,22 0,61 5,66 68,51 387,57 0,71 

698,10 26,76 26,33 4,16 26,54 331,50 544,22 0,61 5,28 73,10 385,59 0,71 

755,51 29,40 28,91 3,77 29,15 330,11 544,22 0,61 4,85 78,92 382,71 0,70 

801,65 30,94 30,42 3,49 30,68 321,22 544,22 0,59 4,40 83,95 369,42 0,68 

851,76 33,72 33,17 3,07 33,45 307,75 544,22 0,57 4,01 89,20 357,67 0,66 

898,15 35,98 35,39 2,72 35,69 291,34 544,22 0,54 3,62 94,05 340,28 0,63 
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Table 11: tests with resin cups with torque meter 

RPM ( mnop) 
Vph1 
(W) 

Vph2 
(W) 

Iph 
(A) 

Vph 

(W) 
Pel  

(W) 
Pin  
(W) 

qrsr � 
(Nm) 

� yx��r z 

Pmech 
(W) 

q��x 

348,48 10,87 10,74 6,66 10,81 215,86 550,34 0,39 7,96 36,48 290,29 0,53 

407,55 13,42 13,23 6,37 13,32 254,72 550,34 0,46 7,63 42,56 324,68 0,59 

457,19 15,60 15,38 6,09 15,49 282,85 550,34 0,51 7,31 47,72 349,04 0,63 

506,91 17,82 17,56 5,76 17,69 305,72 550,34 0,56 6,98 53,09 370,46 0,67 

558,96 20,18 19,87 5,40 20,03 324,47 550,34 0,59 6,59 58,36 384,31 0,70 

601,15 22,10 21,74 5,13 21,92 337,05 550,34 0,61 6,30 62,78 395,27 0,72 

652,42 24,45 24,05 4,75 24,25 345,52 550,34 0,63 5,90 68,38 403,43 0,73 

708,59 27,04 26,59 4,34 26,82 349,34 550,34 0,63 5,47 74,28 406,15 0,74 

747,63 28,83 28,36 4,04 28,59 346,90 550,34 0,63 5,13 78,18 401,30 0,73 

806,88 31,57 31,04 3,64 31,31 341,50 550,34 0,62 4,70 84,58 397,78 0,72 

848,71 33,56 32,99 3,25 33,28 324,27 550,34 0,59 4,29 88,74 380,69 0,69 

893,61 35,74 35,13 2,84 35,43 301,41 550,34 0,55 3,82 93,30 356,77 0,65 

 



 

69 

 

8 Literature 

 

[1]  Meadows et al., The Limits to Growth, New York: Universe Books, 1972.  

[2]  F. Harvey, „www.theguardian.com,“ 14 December 2015. [Online]. Available: 

www.theguardian.com/environment/2015/dec/13/paris-climate-deal-cop-diplomacy-developing-

united-nations. [Zugriff am 2 July 2016]. 

[3]  J. Gillis, „www.nytimes.com,“ 20 January 2016. [Online]. Available: 

www.nytimes.com/2016/01/21/science/earth/2015-hottest-year-global-warming.html?_r=0. [Zugriff 

am 2 July 2016]. 

[4]  N. Klein, This Changes Everything : capitalism vs. the climate, Toronto: Penguin Random House, 2014.  

[5]  G. Kallis, F. Demaria und G. D'Alisa, „Introduction: degrowth,“ in Degrowth - A vocabulary for a new 

era, Abingdon, Routledge, 2015.  

[6]  „hackerspace.gr,“ [Online]. Available: www.hackerspace.gr. [Zugriff am 2 July 2016]. 

[7]  J. Rifkin, The Zero Marginal Cost Society, New York: Palgrave Macmillan, 2014.  

[8]  Wu et al., „Cloud manufacturing: Strategic vision and state-of-the-art,“ Journal of Manufacturing 

Systems, 2013.  

[9]  Y. Benkler, The Wealth of Networks, New Haven and London: Yale University Press, 2006.  

[10] V. Kostakis and M. Bauwens, Network Society and Future Scenarios for a Collaborative Economy, New 

York: Palgrave Macmillan, 2014.  

[11] Kostakis et al., „Design global, manufacture local: Exploring the contours of an emerging productive 

model,“ Futures, 2015.  

[12] E. Ostrom, Governing the Commons, Cambridge: Cambridge University Press, 1990.  

[13] G. Dafermos, „www.peerproduction.net,“ 2014. [Online]. Available: 

http://peerproduction.net/issues/issue-7-policies-for-the-commons/peer-reviewed-

papers/distributed-manufacturing/. [Zugriff am 2 July 2016]. 

[14] V. Kostakis, M. Fountouklis und W. Drechsler, „Peer Production and Desktop Manufacturing: The Case 

of the Helix_T Wind Turbine Project,“ Science, Technology and Human Values, 2013.  



 

70 

 

[15] Wittbrodt et al., „Distributed manufacturing with 3-D printing: a case study of recreational vehicle 

solar photovoltaic mounting systems,“ Journal of Frugal Innovation, 2015.  

[16] M. Molitch-Hou, „www.3dprintingindustry.com,“ 6 November 2013. [Online]. Available: 

http://3dprintingindustry.com/news/father-son-activities-go-building-prosthetic-hands-wins-hand-

foot-19635/. [Zugriff am 2 July 2016]. 

[17] „www.captechu.edu,“ Capitol Technology University , 2016. [Online]. Available: 

https://www.captechu.edu/node/2216. [Zugriff am 10 August 2016]. 

[18] M. Kreiger und J. M. Pearce, „Environmental Impacts of Distributed Manufacturing from 3-D Printing 

of Polymer Components and Products,“ Material Research Society, 2013.  

[19] „www.thingiverse.com,“ [Online]. Available: www.thingiverse.com. [Zugriff am 2 July 2016]. 

[20] „www.threeding.com,“ [Online]. Available: www.threeding.com. [Zugriff am 2 July 2016]. 

[21] „www.3dhubs.com,“ [Online]. Available: www.3dhubs.com. [Zugriff am 2 July 2016]. 

[22] IEA, "World Energy Outlook 2015," OECD/IEA , 2015. 

[23] United Nations, Department of Economic and Social Affairs, "World Population Prospects: The 2015 

Revision," United Nations, New York, 2015. 

[24] IEA, „Key world energy statistics,“ OECD, IEA, 2015. 

[25] S. C. Bhattacharyya, Rural Electrification Through Decentralized Off-grid Systems in Developing 

Countries, London: Springer-Verlag, 2013.  

[26] D. P. Kaundinya, P. Balachandra und N. Ravindranath, „Grid-connected versus stand-alone energy 

systems for decentralized power—A review of literature,“ Renewable and Sustainable Energy 

Reviews, 12 Februar 2009.  

[27] V. V. N. Kishore, D. Jagu und E. N. Gopal, Rural Electrification Through Decentralised Off-grid Systems 

in Developing Countries, Technology Choices for Off-Grid Electrification, London: Springer-Verlag, 

2013.  

[28] B. Langley und D. Curtis, Going with the Flow, Powys: CAT Publications, 2004.  

[29] „h-hydro.com,“ [Online]. Available: http://h-hydro.com/New_Site/turgo-spoons/. [Zugriff am 2 July 

2016]. 

[30] S. Williams, B. Stark und J. Booker, „Low head pico hydro turbine selection using a multi-criteria 

analysis,“ Renewable Energy, 2012.  



 

71 

 

[31] „plasticportal.com,“ [Online]. Available: 

http://iwww.plasticsportal.com/products/dspdf.php?type=astm&param=Ultramid+8233G+HS. 

[Zugriff am 10 August 2016]. 

[32] C. Baechler, M. DeVuono und J. M. Pearce, „Distributed Recycling of Waste Polymer into RepRap 

Feedstock,“ Rapid Prototyping Journal, 2013.  

[33] B. Tymrak und M. P. Kreiger, „Mechanical Properties of Components Fabricated with Open-Source-3-

D Printers Under Realistic Environmental Conditions,“ Materials & Design, 2014.  

[34] „taulman3d.com,“ [Online]. Available: http://taulman3d.com/how-to-choose.html. [Zugriff am 2 July 

2016]. 

[35] M. Nechleba, Hydraulic Turbines Their Design and Equipment, Prague: ARTIA Prague, 1957.  

[36] „github.com,“ [Online]. Available: https://github.com/alexrj/Slic3r. [Zugriff am 2 July 2016]. 

[37] „slic3r.org,“ [Online]. Available: http://manual.slic3r.org/advanced/flow-math. [Zugriff am 2 July 

2016]. 

[38] Azimi et al., „Emissions of Ultrafine Particles and Volatile Organic Compounds from Commercially 

Available Desktop Three-Dimensional Printers with Multiple Filaments,“ Environmental Science and 

Technology, 2016.  

[39] „strompreise.de,“ [Online]. Available: https://www.strompreise.de/strompreis-kwh/. [Zugriff am 12 

August 2016]. 

[40] R. Fischer, Elektrische Maschinen, Munich: Carl Hanser Verlag, 2013.  

[41] Pearce et al., „3-D printing of Open Source Appropriate Technologies for Self-Directed Sustainable 

Development,“ Journal of Sustainable Development, 2010.  

 

 

 

 

 

 


