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Pneumatic actuators are used in a wide variety of industrial applications. The life 
cycle costs (LCC) of the drives become more and more important in investment 
decisions as the acquisition costs do not necessarily reflect the drives’ economic 
efficiency. 

This thesis describes the examination of the entire life cycle of pneumatic drives 
based on economic and ecological impact factors. The LCC of the actuators are 
estimated based on typical load cycles and compared to electromechanical linear 
drives designed for comparable applications. 

Furthermore, an assessment of the efficiency potential of the pneumatic drives is 
executed by implementing different exergy saving measures with low installation 
effort and their experimental investigation. Nowadays, the operation of the whole 
pneumatic system at a lower system pressure gathers growing attention to reduce 
thermodynamic losses in the compressor. On the downside, lower pressure 
requires the implementation of larger drives to gain the same output force and 
load stiffness. 

Some applications still afford small drives with high force. To avoid the  
implementation costs of an additional high-pressure system, it is possible to install 
pneumatically driven pressure boosters that enable local increase of the pressure 
near the drives. The thesis presents the development of a novel pressure booster 
concept based on pneumatic radial piston units with inner support. Its working 
principle is evaluated in a simulation study and a functional model is designed 
and manufactured. The functional model is examined in experiments and different 
optimisations regarding the control concept and technical design of the booster 
are implemented to increase its exergy efficiency. As a conclusion, the impact 
of low-pressure pneumatic systems including pneumatic boosters on the overall 
efficiency and the LCC is estimated.

Facing the anthropogenic climate change, greenhouse gas (GHG) emissions 
also become more important in the decision between different technologies. 
Besides the economic analysis of the drives, the thesis shows the results of an  
examination of the environmental impact of pneumatic linear drives with focus 
on the climate change. A life cycle analysis focusing on the GHG emissions is  
conducted for one exemplary drive starting with the production of the materials up 
to the recycling of the components. 
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“Large increases in cost with questionable increases in performance can be tolerated 
only in race horses and fancy women.” 

William Thomson, 1st Baron Kelvin (1824 – 1907) 
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II Kurzfassung 

Pneumatische Antriebe werden in vielen indrustriellen Anwendungen eingesetzt. In 

jüngerer Vergangenheit treten neben den Anschaffungskosten immer öfter auch die 

gesamten Lebenszykluskosten bei der Investitionsentscheidung in den Vordergrund.  

Die Arbeit beschreibt eine ökonomische und ökologische Lebenszyklusanalyse 

pneumatischer Antriebe. Die Lebenszykluskosten pneumatischer Antriebe werden für 

typische Lastzyklen ermittelt und mit denen elektromechanischer Antriebe verglichen. 

Auf Basis des Exergiekonzepts wird die Effizienz der beiden Antriebsarten ermittelt. Aus 

den Energiekosten wird mit der notwendigen Investition sowie weiteren anfallenden 

Kosten der gesamte Lebenszyklus bilanziert. Weiterhin erfolgt eine Untersuchung des 

Effizienzpotentials pneumatischer Antriebe mit verschiedenen, einfach umzusetzenden 

Energiesparschaltungen, die die Betriebskosten mit verhältnismäßig geringem 

Implementierungsaufwand erheblich senken können. 

Um thermodynamisch bedingte Verluste zu reduzieren, kommt einer Reduktion des 

Betriebsdrucks steigende Aufmerksamtkeit zu. Um die gleiche Antriebskraft und 

Laststeifigkeit zu erreichen, macht dies jedoch den Einsatz größerer Antriebe notwendig. 

Manche Anwendungen erfordern jedoch weiterhin kompakte Antriebe bei gleichzeitig 

hoher Kraft. Um die Installation eines zusätzlichen Hochdruckluftnetzes zu vermeiden, 

besteht die Möglichkeit des Einsatzes druckluftgetriebener Doppelkolbendruckübersetzer, 

die prinzipbedingt hohe Verluste und ein sehr lautes Betriebsgeräusch aufweisen. Die 

Arbeit stellt die Entwicklung und Funktionsprüfung eines neuartigen, auf 

Radialkolbeneinheiten basierenden Druckübersetzerkonzepts vor. Nach einer 

Simulationsstudie wird ein Funktionsmuster entwickelt und untersucht. Zur Steigerung 

der Effizienz werden verschiedene Optimierungen durchgeführt und validiert. Weiterhin 

erfolgt eine Abschätzung des Einflusses eines Niederdrucksystems mit Einsatz 

pneumatischer Druckverstärker auf die Effizienz sowie die Lebenszykluskosten der am 

Niederdrucknetz bzw. mit Luft auf verstärktem Hochdruck betriebenen Antriebe. 

Vor dem Hintergrund des Klimawandels wird der durch die Antriebe verursachte Ausstoß 

an Klimagasen zu einer wichtigeren Größe bei der Entscheidung zwischen unter-

schiedlichen Antriebssystemen. Zum Abschluss der Arbeit erfolgt daher eine Betrachtung 

der ökologischen Auswirkungen pneumatischer Linearantriebe mit Fokus auf den CO2-

Ausstoß. Hierzu wird anhand eines beispielhaften pneumatischen Zylinders eine Analyse 

der Emissionen über den Lebenszyklus von der Rohstoffherstellung bis zum Recycling 

durchgeführt. 
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III Abstract 

Pneumatic drives are used in a wide variety of industrial applications. Recently, the life 

cycle costs (LCC) of the actuators become more important in investment decisions as the 

acquisition costs do not necessarily reflect the drives’ economic efficiency. This thesis 

describes an economic and ecological life cycle analysis of pneumatic actuators. First, the 

LCC of the drives are estimated based on typical load cycles and compared the LCC of 

comparable electromechanical actuators. Therefore, the efficiency of both drive types is 

compared based on the exergy concept. Together with the acquisition costs and further 

cost elements, the LCC are calculated depending on the load cycles. 

Furthermore, an assessment of the reduction potential for the exergy demand of the 

pneumatic drives is executed by an experimental investigation of different exergy saving 

measures with low installation effort which can reduce the demand for compressed air 

and working costs immensely while affording relatively low installation effort. 

In addition to these measures installed in direct vicinity to the drive, nowadays, the 

operation of the whole pneumatic system at lower pressure gathers growing attention. A 

lower system pressure leads to a reduction of losses in the compressor. On the downside, 

the implementation of larger drives to gain the same output force and load stiffness is 

necessary. Some applications still afford small drives with high force. To avoid the 

implementation costs of an additional high-pressure system, local pressure boosting by 

means of pneumatically driven boosters is feasible. For this, double piston boosters are 

state of the art. Their working principle implies high exergy losses and noise emissions. 

The thesis presents the development and functional testing of a novel pressure booster 

concept based on pneumatic radial piston units. The concept is evaluated in a simulation 

study and a functional model is designed and manufactured. It is examined 

experimentally and different optimisations to increase its exergy efficiency are 

implemented and validated. As a conclusion, the impact of low-pressure pneumatic 

systems including pneumatic boosters on the overall efficiency and the LCC of the drives 

is estimated. This includes drives working at a reduced driving pressure as well as at 

boosted high pressure. 

Facing climate change, the emissions of greenhouse gases (GHG) become more important 

as an additional parameter for the decision between different drive technologies. Besides 

the economic analysis of the drives, the thesis shows the results of a life cycle analysis 

focusing on the GHG emissions for one exemplary actuator including its whole life cycle 

from production of the materials up to the recycling of the components after their end-of-

life.  
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IV Formula Symbols 

Latin Symbols 

Symbol Description Unit 

 Expenses in year   

 Specific isobaric heat capacity  

 Diameter  

 Earnings in year   

 Exergy  

 Force  

 Specific enthalpy  

 Moment of inertia  

 Heat transfer coefficient  

 Present value  

 Length  

 Residual value 

 Mass  

 Torque  

 Material removal rate  

 Polytropic coefficient  

 Pressure  

 Power  

 Discount factor  

 Specific gas constant  

 Specific entropy  
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x   

 Specific energy consumption  

 Time  

 Temperature  

 Specific volume  

 Volume  

 Specific energy  

 Energy  

 Piston stroke  

 

Greek Symbols 

Symbol Description Unit 

 Exergy Efficiency  

 Isentropic coefficent  

 Push rod ratio  

 Mass flow ratio  

 Pressure ratio  

 Density  

 Angular position  

 Angular velocity  

 



  Abbreviations 

  xi 

V Abbreviations 

Abbreviation Description 

AC Alternating current 

CA Compressed air 

CAS Compressed air system 

CO2eq Equivalent of CO2-emissions 

DC Direct current 

EM Electromechanical 

FS Full scale 

GHG Greenhouse gas 

GWP Global warming potential 

HP High pressure 

IDC Inner dead centre  

LCA Life cycle analysis 

LCC Life cycle costs 

LCCBOU Life cycle cost based on users 

LCI Life cycle inventory analysis 

LCIA Life cycle impact assessment 

LP Low pressure 

NBR Nitrile butadiene rubber 

ODC Outer dead centre 

PCF Product carbon footprint 

PN Pneumatic 

Rd Random error 
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rpm Revolutions per minute 

TCO Total cost of ownership 

tkm Ton kilometer 

 


