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Abstract 
 

Energy efficiency in manufacturing is gaining importance due to legislative pressure and as a potential 

economic factor. It is addressed by multiple approaches in research and industry, resulting in a wide field 

of different approaches for measurement, analysis, and optimization. In research, two principal 

approaches for the energy evaluation can be distinguished – bottom up and top down. Only a few 

research results are implemented in todays’ industrial environment, whereas other application fields, e.g. 

building technologies, are more advance in respect of energy efficiency. The application of energy 

efficiency improvement developments from research into the industrial environment requires 

comprehensive and methodological evaluation approaches, e.g. elaborate and standardized 

measurement on the machine tool level or multilevel LCAs, and an economic incentive. A further reason 

for the limited application of energy efficiency solutions in industrial environments is, that rule-based 

optimization strategies show low effectiveness due to and depending on the variability of machine tools, 

their configuration, individual utilization, and specific machining processes. Lack of simple and effective 

evaluation approaches, in combination with the low cost share for energy in manufacturing and an ex-ante 

unknown optimization potential, lead to a gap between research results and industrial requirements. 

Investigations for the comprehensive machine tool evaluation, based on detailed measurement within 

industrial settings, have been made. The research shows, that standardized and methodological 

approaches on the machine tool and component level are missing but required, as they represent a key 

element for an effective optimization of the machine tool energy efficiency. 

This thesis deals with the characterization, the measurement and evaluation of the energy consumption of 

machine tools and its components. The focus is given on a methodological approach and related 

measurement equipment for selective measurements and monitoring applications, that meets the 

industrial requirements. 

In order to achieve a fundamental understanding of the machine tool evaluation requirements, a series of 

measurements on machine tools with multiple configurations and various machining processes were 

performed in industry. The measurements revealed the energetic relevant machine tool states, relevant 

components, their individual energetic machine tool behavior, and potential optimization measures. These 

findings show that synchronized multichannel measurements on machine tools are required but not 

present in research and industry of today. 

Generally, the machine tool is seen as an assembly of components, e.g. motors, spindles and fans with 

different control settings and resulting energetic behavior. This behavior can be classified in three 

categories - constant, controlled-constant, and variable, whereas constant represents a stationary 

energetic behavior. Based on this classification, further analysis algorithms and a machine tool monitoring  
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strategy were developed. The analysis algorithms allow to indicate the individual energy efficiency of 

components within a machine tool system. This evaluation leads further to the indication of specific on and 

offline optimization measures. 

In order to establish a technically and economically reasonable measurement and monitoring strategy, a 

methodological implementation approach was developed. The combination of data generated by 

measurements, through internal and external sensors in combination with simulation, represents a 

sensible tradeoff between costs and accuracy as well as application and simplicity of the system 

according to industrial requirements. 

The developed findings were implemented in the ISO14955 standard as well as the SRM legislation 

process on the European legislation level, and serve as a basis for the ETH startup SIGMAtools LLC. 
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Kurzfassung 
 

Energieeffizienz innerhalb der industriellen Fertigung erfährt durch die aufkommenden gesetzgebenden 

Ansätze, als auch als potentieller wirtschaftlicher Faktor, zunehmend an Relevanz. Energieeffizienz an 

Werkzeugmaschinen wird heute durch verschiedene Ansätze zur Messung, Analyse und Optimierung in 

Industrie und Forschung adressiert. Im Bereich der Forschung zeigt sich, dass die heute verfügbaren 

Optimierungsansätze grundsätzlich in zwei Kategorien unterteilt werden können – einem Bottom-up- und 

einem Top-down-Ansatz. Nur wenige Ansätze werden auch industrieseitig implementiert, wohingegen in 

anderen Industriezweigen, z.B. der Gebäudetechnik, Ansätze zur Energieeffizienz bereits erfolgreich 

umgesetzt werden. Die Anwendung von Lösungen aus dem Forschungsbereich in der Industrie, erfordert 

einen umfassenden und methodischen Bewertungsansatz, z.B. ein standardisiertes Messverfahren oder 

mehrstufige LCAs auf der Werkzeugmaschinen- und Komponentenebene, als auch einem wirtschaftlichen 

Anreiz. Ein weiterer Grund für den geringen Einsatz von Bewertungs- und Optimierungsverfahren in der 

Industrie ist dadurch gezeigt, dass regelbasierte Optimierungsansätze nur eine geringe Effektivität 

aufgrund und in Abhängigkeit der Variabilität von Werkzeugmaschinen, ihrer Konfiguration, dem 

individuellen Gebrauch sowie dem spezifischem Maschinenprozess, zeigen. Der Mangel an einfachen, 

universellen und effektiven Bewertungsansätzen, in Zusammenhang mit einem geringen 

Gesamtenergiekostenanteil und unbekanntem Optimierungspotential, führt zu einer Diskrepanz zwischen 

dem Forschungsresultaten und den industriellen Erfordernissen. 

In der vorliegenden Arbeit wurden Untersuchungen zur umfassenden Werkzeugmaschinenbewertung auf 

Basis detaillierter Energie- und Ressourcenverbrauchsmessungen in der Industrie durchgeführt. Die 

Forschungsarbeit zeigt, dass standardisierte, methodische Ansätze auf der Werkzeugmaschinen- und 

Komponentenstufe heute nicht vorhanden sind. Diese gelten allerdings als Kernelement für eine effektive 

Optimierung der Energieeffizienz an Werkzeugmaschinen. 

Die vorliegende Arbeit behandelt die Messung sowie Beurteilung des Energieverbrauchs von 

Werkzeugmaschinen und deren Komponenten. Fokussiert wird dabei auf methodische Ansätze auf Basis 

selektiver Messungen durch Mehrkanalmesstechnik, sowie dem Einsatz von Überwachungssystemen, die 

den industriellen Anforderungen entsprechen. 

Für das grundlegende Verständnis der industriellen Anforderungen, wurden mehrere 

Mehrkanalmessungen auf verschiedenen Werkzeugmaschinen mit unterschiedlichen Konfigurationen und 

Maschinenprozessen durchgeführt. Die Ergebnisse der Untersuchungen zeigen, dass synchronisierte 

Mehrkanalmessungen an Werkzeugmaschinen notwendig sind. Diese sind heute, weder in der 

Forschung, noch in der Industrie vorhanden. 
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Grundsätzlich kann die Werkzeugmaschine als Verbund unterschiedlicher Komponenten, z.B. Motoren, 

Spindeln und Lüftern, mit unterschiedlicher Regelung und hieraus resultierenden energetischen 

Verhalten, verstanden werden. Dieses energetische Verhalten kann prinzipiell in drei Kategorien unterteilt 

werden – konstante, konstant-geregelte sowie variable Verbraucher. Auf Basis dieser 

Komponenteneinteilung, konnten weiterführende Analyseverfahren zur Energieeffizienzoptimierung 

entwickelt werden. Die Analysealgorithmen erlauben die Bewertung der individuellen 

Komponenteneffizienz innerhalb des Maschinenverbunds. Sie erlauben auch eine zielgerichtete Indikation 

auf spezifische Online- und Offlineoptimierungsmassnahmen. 

Zur Entwicklung einer technisch und wirtschaftlich angemessenen Mess- und Überwachungsstrategie, 

wurde ein methodischer Implementierungsansatz entwickelt. Die Kombination aus Messdaten, durch 

interne und externe Sensoren in Kombination mit Simulationen, löst den sensitiven Zielkonflikt zwischen 

Investitionskosten und Messgenauigkeit, unter der Berücksichtigung einer einfachen Anwendbarkeit des 

Systems in der Industrie. 

Die Forschungsresultate wurden in die Norm ISO 14955 sowie in das Selbstregulierungskonzept SRM auf 

Europäischer Gesetzebene aufgenommen und dienen als Basis für das ETH Startup-Unternehmen 

SIGMAtools GmbH. 

. 
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The economic importance of the manufacturing sector in relation to energy efficiency measures is also 

accentuated by Swiss industry turnover of 100 billion Swiss francs with an export rate of more than 85% 

[1]. This leads to an in-depth impact and competitive advantages on and towards the global manufacturing 

sector. Energy efficiency implies not only environmental and economic benefits, but is also relevant for 

statutory auditing. Despite the importance of energy consumption traditional goals in manufacturing such 

as costs, quality, time, flexibility and reliability are still dominant. A systematic approach for the 

quantification, effective analyses and optimization approaches of this potential on machine tools are still 

missing according to Schleich [13] and Dietmair et al.. Schichke et al. [14] and Zein [15] point out, that a 

structured consideration, assessment, analysis and implementation of energy-related improvements is not 

yet given.  Besides the relatively small share of energy prices in comparison to other production cost, the 

unknown and individual energy improvement potential, and its dependency on assumptions, energy 

efficiency requires a higher effort than benefit. Still, it is generally recognized that the energy consumption 

of machine tools is gaining economic relevance according to Kuhrke [16], Denkena [17] und Abele [18]. 

An early relation and general insight for the relation between energy consumption and economic 

importance is introduced by Meadows [19], who conducted the energy dependency for economic benefit. 

Pilogea et al. [20], Berndt [21] confirm that the economic growth and industrial productivity is directly 

connected to the energy consumption and its improvement. 

The European Union (EU) introduced a regulatory framework which targets at 20% emission reduction by 

2020 compared to 1990 [22]. Machine tool and production systems are in the review process for the 

extension of the Eco-design Directive and related assessment as they are also considered as energy 

related products (ErP) [23]. A current alternative approach, based on the Eco-Design Directive and 

towards potential legislative initiatives, is currently launched by the European Association of the Machine 

Tools Industries (CECIMO) with the Self-Regulatory Initiative (SRI) / Self-Regulatory measure (SRM) [24]. 

According to the CECIMO study [25] only a minority of interviewed companies are able to quantify their 

energy consumption while more than 60% see this as essential. The legislative approach is accompanied 

with related standardization efforts (Appendix A.1). These approaches indicate potential fields of interest 

in upcoming legislative initiatives. The ISO14000 [26] series, in particular the ISO14001, address aspects 

for companies and organizations to identify and to control their environmental aspects. This also includes 

the assessment of energy and resource consumption. On basis of the ISO14001 standard, the ISO50001 

[27], describing energy management systems and required data acquisition, is currently of particular 

interest for organizations and companies in Germany, as its certification can lead to tax reduction. Muller 

et al. [28] conduct that measurement equipment for various energy forms exist, whilst a poor linkage 

between Energy Measurement Systems (EMS) and Manufacturing Execution Systems (MES) is given in 

order to satisfy the requirements the current standard ISO EN ISO 50001 [27]. MES represent production 

management systems and is used for the scheduling and planning of the production. Based on the 

machine tool level and in line with the SRI/SRM approach, the currently established standard ISO14955 

[29], deals with the evaluation of energy and resources on the shop floor level. 
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From a technological point-of-view upcoming solutions are related to the analysis and improvement of 

energy efficiency in manufacturing. The continuous monitoring of the machining process, especially in the 

aerospace and automotive industry is required. The automotive industry further requires detailed 

information on the actual cost incurred during machine tool life and the machining process for TCO and 

LCC calculations. To consider energy and resource efficiency on installed machine tools and production 

systems an increased demand on retrofit and service and maintenance solutions can be observed. 

In this regard, comprehensives measurement or monitoring equipment for machine tools that foster 

different energy forms with additional real-time analysis tools are currently not existent in industry. 

Measurement and analysis on more specific levels, e.g. process unit and component level, are required in 

order to understand the full energy consumer behavior and to enable remaining unnoticed optimization 

potentials. The major challenges for the evaluation and analysis of manufacturing systems in order to 

model, improve and forecast energy and resource consumption are primarily given by the variety of 

machine production systems and processes, the selection of adequate system boundaries, 

multidisciplinary energy conversion factors and environmental evaluation metric, as well as the economic 

amortization of eco-friendly solutions. Furthermore, possible upcoming statutory requirements from the EU 

[23], the resulting Self- Regulatory Initiatives [25], and the fact that there are no related standards on this 

topic are challenging for machine tool builders as well as users for the application of adequate machine 

tool measurement and monitoring approaches. 
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2 State of the Art 

2.1 Sustainability evaluation approaches in manufacturing 
 

The following chapter describes the current state of the art for evaluation methods for energy efficiency 

and related sustainability. In this context the common definitions of sustainability, efficiency, and 

effectiveness are assessed. Furthermore, current measurement and monitoring approaches are evaluated 

towards their technical and economic benefit, as well as resulting challenges and requirements. This also 

includes the evaluation of potential sources for information, e.g. measurement or simulation approaches, 

and solutions for the evaluation of the machine tool system and resulting findings. The structure of this 

chapter is given as follows: 

 Definition of Sustainability, 

 Sustainable Evaluation Methods, 

 Machine Tool Measurement, 

 Analysis and findings and 

 Simulation Approaches. 

2.1.1 Definition of Sustainability 

The most widely used definition for the sustainable development is provided by the United Nations’ 

Brundtland Commission [30]: “Sustainable development seeks to meet the needs and aspiration of the 

present without compromising the ability of future generations to meet their own needs”. The evaluation of 

Ferstel et al. [31] on the given definitions of sustainability revealed a strong dependency on the inspected 

matter. Teichert [32] confirms the difficulty for a proper definition and that a common definition is not 

given. Huber et al. [33] separates sustainability in three strategies such as efficiency, sufficiency, and 

consistency. Whereas sufficiency represent the amount of resources based on the abdication of goods 

and can therefore lead economic and social constriction and stagnation. Efficiency strategy aims to 

increase the resource productivity in order to perform tasks with a minimum use of resources. 

Consistency, on the other hand is environmental based and represents a strategy that shields against 

environmental effects or aims to be fully compatible with it. Based on the Agenda 21 [34] of the UN 

Department of Economic and Social Affairs, and the basic principles of a sustainable development, 

environmental, economic and social goals were combined. This model, called Triple Bottom Line (TBL), 

represents a triangle in which the single goals influence each other, as shown by Elkington [35]. 

As stated by Jayal et al. [36] research activities reveal a resource efficient and effective manufacturing 

and its evaluation. Duflou et al. [37] distinguish between efficiency and effectiveness where efficiency 

refers to the amount of resources required to produce an defined output, and effectiveness is focused on  
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making wise choices with respect to how resources are used. ISO 9000 [38] confirms the efficiency 

definition as the relation between results achieved (outputs) and resources used (inputs). Efficiency can 

be enhanced by achieving better results with less resources or same results with less resources, which is 

in line to the economical principle of the maximum and minimum principle according to Pehnt [39]. 

The given literature research shows that a clear definition of sustainability is missing and dependent on 

the intended goal. The given definitions have in common that sustainability in general contains actions 

and measures to reduce resource use and to increase efficiency. Sustainability is therefore understood in 

line to the efficiency strategy definition by Huber et al. [33] and follows the ecological and economic 

branches of the TBL. 

2.1.2 Sustainability Evaluation Methods 

For the effective evaluation of sustainability various aspects and application levels can be considered 

including the product, the manufacturing process, the product supply chain, and the manufacturing system 

across multiple life-cycles, as indicated by Jayal et al. [36]. Jayal et al. further show that todays’ 

sustainability evaluation methods can be applied on the product, process, and system level. Resources in 

general represent all inputs, e.g. energy or materials, to fulfill a designated manufacturing process as 

defined by Newman et al. [40]. As indicated by Ostrom et al. [41] the resource utilization is directly 

associated with the sustainability performance. According to Beltratti [42] and based on the manufacturing 

sector, resources can be divided in technical-economic resources, such as labor, maintenance, capital, 

knowledge, and natural resources. The approaches have in common that energy must be considered on 

all relevant application levels. For the evaluation of used or needed resources and depending on the 

individual assessment goal, Vijayaraghavan and Dornfeld [43] and Neugebauer et al. [44] introduced 

different application level. Brecher et al. [45] define resources on the machine tool level as electrical 

energy, compressed air, cooling media (water, recirculated air) and process gases. According to 

Neugebauer et al. [44] the energy relevant hierarchy in production technology consists of: 

 Product definition 

 Manufacturing Process 

 Machine tool 

 Production System 

 Factory 

In relation to sustainable production, Zein [46], Bellgram et al. [47], and Schieferdecker [48] define the 

interrelation between the elements of a production system as shown in Figure 2.1. Zein [15] further states 

that manufacturing systems contain the elements process, operand, and operator. Schieferdecker [48] 

further diversified the process system in unit process, supplementary, and auxiliary system. The unit 

process defines the entity where the designated value creation occurs. This statement is in line with the 

definition of the reference process according to the functional evaluation given by ISO14955 [29]. 
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2.1.3 Top down approaches for sustainable evaluation 

In reference to comprehensive top-down approaches for the assessment of resources in production, 

Westkämper et al. [51] and Hauschild et al. [52] introduce and apply the Life Cycle Management (LCM) 

and Life Cycle Assessment (LCA). LCAs represent a methodology for assessing the environmental impact 

and resource consumption for products throughout their entire life cycle. Whereas products are defined as 

“any goods or services” by ISO 14040 and can therefore contain logistics, maintenance or any other 

supporting service as well. Thus, LCA encompasses all processes and environmental releases across the 

entire product life cycle, as confirmed by Xirouchakis [53]. 

Jayal et al. [54] depicts that LCAs attempt to quantify the overall environmental and economic impact, 

considering all resources such as materials and energy along the entire life-cycle. The authors further 

state that a practical application is cumbersome. Despite several attempts to simplify LCA as shown by 

Kaebemick et al. [55], the practical application remains difficult, is not possible due to the level of detail, or 

cannot replace a full LCA. Reap et al. [56] further state that even though this is the most common method 

for evaluating the environmental footprint, it is not suitable for economic or social aspects as it reflects a 

static behavior. 

In line with the definition of sustainability towards efficiency, the evaluation of resource use in 

manufacturing is essential to determine the input-output ratio of resources as described by Hendrickson et 

al. [57]. It is further seen by Zein [15] as a basis in order to improve the energy and resource efficiency 

which is deemed as a highly cost-effective and immediate measure. Gutowski et al. [58] as well as Thiede 

et al. [59] introduce an output-input model for the resource assessment in manufacturing along with the 

quantification of material and energy flows. In industry, and in line with strategic and legal requirements, a 

comprehensive and general approach to assess the sustainable performance is given by sustainability 

reports on the enterprise or company level. Those annual reports describe the strategic orientation 

towards given or individual sustainability goals and the current and historical sustainability performance as 

shown by Kolk [60]. Chen et al. [61] evaluated different sustainability assessment tools on the factory 

level. Chen et al. concluded that the vast majority of given indicators can only be used for product or 

branch specific assessment tools. Bunse et al. [62] examined the requirements of the manufacturing 

industry towards sustainability and compared them to the scientific literature on the integration of energy 

efficiency performance in production management. Bunse et al. [62] concluded that various energy 

efficiency performance measures on an aggregated level are available, e.g. on the enterprise or country 

level to analyze the success or failure of policy initiatives, but unfortunately these performance measures 

are not necessarily suitable to assess the energy efficiency performance of single manufacturing 

processes. In addition, Bunse et al. showed that the manufacturing industry is lacking of appropriate 

energy efficiency metrics on the machine tool, manufacturing process and plant level. 
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Communication Technology Tools (ICT). This approach does not consider the data and information 

sources and the aggregation of the collected information. 

The Global Reporting Initiative (GRI) represents one of the world's most prevalent standards for 

sustainability reporting based on predefined indicators. It is related to the Ecological Footprint Reporting, 

Environmental Social Governance (ESG) reporting, Triple Bottom Line (TBL) as well as the Corporate 

Social Responsibility (CSR) reporting, and extended by additional KPIs. Organizations publicly 

communicate their economic, environmental, and social performance based on accredited evaluation 

schemes. Kolk [60] showed that sustainability reports often fail to follow a certain standard. GRI seeks to 

make sustainability reporting comparable to the financial reporting. Hussey et al. [68] indicate in their 

study and comparison on different GRI reports from industry that this approach is promising even though 

its completeness is often not given and its structure is still undefined. Still, more than 1,500 corporate 

businesses, public agencies, smaller enterprises, and NGOs from more than 60 countries use GRI. 

Another evaluation approach on the wider organization and country level is given by the OECD indicators. 

The Organization for Economic Co-operation and Development (OECD) addresses with more than 46 

indicators a broad spectrum of sustainable development concerns across its program of work [69]. 

The evaluation of sustainability in manufacturing is also addressed by standardization. ISO14040:2006b 

and ISO14040 [70] represents a standard procedure for the application of the LCA [71] as introduced by 

Finkbeiner et al. [72] and Reap et al. [56]. ISO14031:2013 [73] gives guidance on the design and use of 

the environmental performance evaluation. It further guides on the proper identification and selection of 

environmental performance indicators to be used by all organizations regardless of their type, size, 

location or complexity. ISO 50001 [27] provides a systematic approach to implement an EnMS for 

continuous improvement independent from the energy form. Assistance on how the needed information 

has to be procured is not given. 

2.1.4 Bottom up approaches for sustainable evaluation 

Bottom up approaches are used on specific applications with defined system boundaries and based on 

information from measurements or simulation. They are applied on the manufacturing process-, system-, 

and component level, and represent a specific or process-related assessment. 

Brinksmeier [2], Schulz [74], Kuhrke [75], and Augenstein et al. [76] have introduced bottom up 

approaches in which direct process parameters, e.g. cutting force or cutting depth, are used for calculation 

of the related energy consumption. Schulz [74] points out that there are three major initial energy 

consumption fields such as chip removal, machine internal process, and machine external peripheral. 

Newman et al. [77] describe the Computer Aided Process Planning (CAPP) and how it helps to release 

energy efficient processes. Newman et al. further recommend the electrical consumption measurement of 

a machine tool as a low cost, highly reliable, flexible, and quick method for tool condition monitoring. 

Based on their findings they suggest a number of general approaches to increase the efficiency of metal 
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cutting processes, e.g. redesigning machines and controllers, redesigning controller software and adding 

external devices to regulate energy use. Dahmus et al. [78] introduced a system-level environmental 

analysis of machining. In this work they describe an analysis together with a breakdown of energy usage 

for different machine tool types. An event stream processing-based framework has been introduced by 

Vijayaraghaven [43]. This framework identifies five different levels of manufacturing analysis scales. Each 

level represents its own temporal decision scale, energy consumption characteristics, and affecting 

parameters for further evaluation. Behrendt et al. [79] provide a test procedure to evaluate the energy 

consumption of production systems. The methodology is based on the JSA standard to define different 

sized workpieces which are relevant for the reference process. The goal of this approach is a lookup table 

which indicates the relation of the energy consumption of the machine tool towards the given machining 

parameters. Behrendt et al. [79] also emphasize that a general methodology to determine the 

environmental impact of machine tools is not present in research or industry. Diaz-Elsayed et al. [80] 

confirm this statement by their analysis of available environmental assessment tools in industry. 

Lv et al. [81] developed an activity-based energy calculating methodology (ABE) which can calculate the 

required energy demand of a machine tool based on the given machining processes. The ABE 

methodology distinguishes between the energy consumption of the machine components into fixed energy 

and variable energy. This methodology uses the NC machining process file as the input source. The 

authors claim that there is no need to measure all components to evaluate the energetic machine tool 

behavior. The methodology neglects the dynamic machine tool behavior, e.g. spindle starts or tool 

changes. Hu et al. [82] developed an energy evaluation tool based on estimations and single point 

measurement to indicate the energy efficiency of a machine tool. The estimations are based on the 

combination of component measurement and information of the machine tools operating state. In this 

approach energy efficiency is understood as the ratio of the total input energy and the required energy for 

cutting. Hu et al. [82] state that measurement equipment is essential and further indicates the need of an 

economical use of measurement systems within industrial environments. A sensor-free energy evaluation 

method is presented by He et al. [83]. In their research the authors suggest a practical estimation method 

for evaluating the energy consumption of machine tools based on the correlation between NC codes and 

the energy-consuming components of machine tools. This correlation characterizes the energy 

consumption of components and results in the estimation of the total machine tool energy consumption. 

This method is independent from measurements but limited in its accuracy. Steinhilper et al. [84] 

developed a procedure which allows the identification of inefficient machine tools within a factory. The 

methodology strongly bases on expert judgment and a questionnaire applied on each machine tool. 

Steinhilper et al. [84] suggest a longstanding experience in the machine tool industry as fundamental for a 

successful application of this method. 
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Conclusion 

Approaches for the evaluation of sustainability, and more specific the resource and energy consumption, 

are present in research, industry, and legislation. Furthermore, approaches can be distinguished by the 

intended goal, related system boundary as well as accuracy in top down and bottom up approaches. 

Today, the required information is based on general and aggregated data, on assumptions or is revealed 

by complex task specific measurements based on defined machining parameters. Relevant parameters 

are further dependent on the specific definition of sustainability. 

Benchmarks or standardized approaches for the assessment of energy efficiency of machine tools are 

missing. Available performance measurement approaches as well as other evaluation approaches 

consider the sustainability performance on general application level in order to access the effectiveness 

and strategic orientation towards sustainability goals, but do not adequately assess the resource 

consumption of machine tools or production process in order to define individual optimization measures. 

Some approaches are inconsistent due to the lack of appropriate and required data. Up to now, only a few 

key statements and findings are consistent in cross-comparison. This is mainly the result of the degree of 

individuality and the fully arbitrary systems- and system-boundary definitions. The evaluation shows that 

top-down approaches are based on aggregated data which strongly depend on the selected evaluation 

method and intended goals. On the other hand bottom-up approaches represent a strong connection to 

the machining process, specific analysis and optimization goals. Both approaches rely on detailed 

information either from measurements, simulations or trusted assumptions. 

The research shows that relations to the energy consumption and resulting system efficiency is not 

determined or standardized yet and that these further dependent on the analyzed machine system, 

system boundaries, machine configuration, and the operating mode. A generalized methodology for the 

evaluation of the environmental impact of production systems is not yet established. From industrial areas 

that are more advanced in energy assessment, such as building technology, it is known that knowledge of 

the behavior of the consumer is the key point in efficient energy management. Even though the influence 

of a machine tool user is limited and requires more system-dependent interventions in comparison to 

building technologies. Energy audits are seen as one example of a systematic and analytic approach, to 

monitor industrial energy consumption and to identify sources of wastage. The developed and applied 

analytical methods for machine tool energy consumption analysis differ in their results, are not 

comparable among each other and not universally applicable. 

In conclusion and apart diverging approaches, detailed data is needed to conduct performance evaluation 

and optimization indication on machine tools and production systems. Reliable data is also required on the 

factory and enterprise level. For this reason further research focus is given on todays’ measurement 

equipment. 
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2.2 Machine tool measurement 
 

As stated by Duflou et al. [85], manufacturing activities dominate the industrial energy consumption. A 

major focus must be therefore given on energy measurement and monitoring strategies during the use 

phase of production systems. Measurement represents a selective data acquisition for the description of a 

certain system state or temporary behavior, whereas monitoring is considered as continuous 

measurement. Thus, measurement is seen as an essential element of a monitoring application. The 

following chapter introduces various approaches for energy measurements and monitoring on production 

systems. 

Referring to the lack of appropriate energy efficiency metrics on machine tools as indicated by Bunse et 

al. [62], emerging new sensor technologies and smart embedded devices, in the field of energy 

monitoring, enable operation-based process measurements. Furthermore this technology can provide 

accurate information for the production performance monitoring as stated by Karnouskos et al. [86]. 

Dietmair and Verl [87] indicate that a clear picture of the energy consumption of machines and production 

systems does not exists. Furthermore, the saving potentials are unknown or based on assumptions. Dörr 

et al. [88] indicate that the consumption of energy of processes is rarely known because of an insufficient 

existing infrastructure and missing measuring devices. The evaluation of the energy consumption and 

associated adequate optimization measures requires comprehensive information about the actual energy 

demand on the machine tool as indicated by Jaffe and Stavins [89] and Larek et al. [90]. Koopman et al. 

[91], as well as Schleicher [92] confirm the statement of Dietmair and Verl [87]  of missing or imperfect 

information on the energy consumption of machine tools. Zein [15] states that the missing or deficient 

information is not only given by the lack of the energy or power measurements, but also by poor operating 

performance monitoring and missing information of actual machine tool use. Zein [15], Brecher et al. [93], 

and Kellens et al. [94] confirm that effective power profiles of machining processes represent an essential 

element in order to indicate the share of productive and non-productive times of machine tool operations. 

Wanke and Trenz [95] indicated that the reason for missing information is the complexity, individual 

design, and diverse use of machine tools, as well as the general unwillingness of machine tool builders as 

well as users to perform measurements. This is mainly caused by the fear of expensive and/or time-

consuming measurements as stated by Stasinopoulos [96]. Schleich [92] further depicts that as long as 

the optimization potential and actual saving are unknown, manufacturer nor users are willing to perform 

measurements or implementations. As shown by Abele et al. [97], the average industrial energy cost 

represent 2.2% of the gross production value in the German metal processing sector. From the economic 

perspective the costs and effort of energy measurements with available measurement equipment of today 

in order to improve energy efficiency on given machine tools is not justified. Therefore, evaluation must be 

performed cost-effectively or combined with other benefits, e.g. macro or micro optimization or 

purchasing, and need to consider energy-efficiency related parameters, e.g. machine tool usage. 
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Brecher et al. [45] confirm that in most cases machine tools are over-dimensioned as there is commonly 

no information on the actual energetic needs or control-dependency of auxiliaries in relation to the actual 

machining process. The maximum connected load of the machine tool is known and taken as a reference 

for the sub-component selection, while not even the actual average consumption is not known, as 

depicted by Lindemann [98]. In most cases the actual power consumption of machine tools is significantly 

lower than the connected load as shown by Abele and Kuhrke [99, 100]. Dietmair et al. [101] confirm that 

the connected load does not imply the actual power consumption of the machine tool auxiliary. In 

accordance to the sub-component selection without energy measurements Schäfer [102] estimates a 

general safety margin for machine tool auxiliaries of 1.2 to 2 to ensure all possible load conditions and to 

guarantee the machine tool and process reliability. A general estimation proposed by Abele et al. [99] 

identified a square proportion of the weight of horizontal lathe to its connected load due to dynamic forces 

and additional cooling auxiliaries. Therefore, it can be confirmed that over-dimensioning and inefficient 

construction of machine tools is caused by reliability reasons and results from missing information on the 

actual energetic need. 

The relevance to delve into the data acquisition, analysis and optimization actions is not only given by the 

technical efficiency but can also reveal economic benefits, as mentioned by Kuhrke [16]. According to 

Brecher et al. [45], only one third of manufacturers in industry disposes measures, methods, and 

guidelines on the strategic management level to push energy efficiency and resource saving. In most of 

those cases amortization periods of investments are unclear or considered as uneconomical. Therefore, it 

is essential that measurement and monitoring equipment justify the effort in comparison to the potential 

improvement. Neugebauer et al. [103] estimate the total saving potential in manufacturing up to 30%. 

Schischke et al. [104] and Hegener [105] assorts an indicative ranking of energy efficiency measures 

revealing an estimated relative improvement potential of up to 40%. Thus, different studies underline the 

significant potential for improving the energy and resource potential. 10% to 40% of efficiency 

improvement can be achieved with available technology of today if the required measure is known, as 

stated by Thiede et al. [106]. 

Before any machine tool data can be analyzed, data and related information have to be collected by 

measurements, simulations or assumptions. Schischke et al. [107] derive a definition of machine tools, 

based on engineering considerations, economic classifications, standards and legal framework in the 

following way: 

 

’A machine tool is a stationary or transportable [. . .] assembly, dependent on energy input [. . . ] when in 

operation, consisting of linked parts or components, [. . . ] which are joined together for a specific 

application, which is the geometric shaping of workpieces made of arbitrary materials using appropriate 

tools and forming, cutting, physical-chemical processing or joining technologies, resulting in a product. 
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For the application on machine tools and production systems, measurements should consider the final 

energy as  defined by Pehnt [39], which is revealed through transformation processes from secondary 

energy and is further transformed to so-called useful energy, e.g. heat, light or mechanical energy. On the 

machine tool and production system level, forms of useful energy, in accordance with the guideline on 

energy systems VDI 4608 [114], are primarily represented by electricity and compressed air. Other media 

and energy forms, e.g. steam and cooling water, must be considered if they are relevant as stated in the 

ISO 50001 [115] and ISO 14955 [29]. The measurement of final energy is done indirectly through the 

measurement of the effective power. As indicated in the EuP-Report by Fraunhofer IZM [116], electrical 

energy has the highest relevance of environmental parameters in comparison to other energy forms. 

According to the sustainability report of Daimler AG [117] the electrical energy is the dominating form of 

energy with a share of 43% of the total energy demand. A review of three Volkswagen automotive 

manufacturing factories [118] revealed a share of 48% to 65% electrical energy. Those figures reflect a 

generic magnitude based on the total energy demand. 

 

Further dominating energy forms within a manufacturing system are compressed air, process gases or 

steam as confirmed by Thiede et al. [119, 120] and Gutowski et al. [58]. While these energy forms 

represent the input streams, Thiede et al. [119] further identified and defined three different output or 

waste streams, such as waste energy, e.g. heat, gas emissions, e.g. SOx, NOx, CO2 and material waste, 

e.g. chips, rejected products. Due to the heat transfer and large share of waste heat, a measurement 

strategy for the energy output streams is not applicable or does not justify the needed effort. Furthermore, 

the entire input energy is considered as consumed. Duflou et al. [85] and Kara et al. [5] confirm that 

electrical energy represent the most important resource in industry and manufacturing as it can be easily 

converted into many lower energy forms such as heat, light, compressed air, and mechanical torque. 

Szargut et al. and Gutowski et al. [121, 122] point out the high exergy value in electrical energy if the 

generation and transmission is neglected. 

 

Kara et al. [5] states that the consumption of electrical energy can be easily measured with high precision 

in comparison to other energy forms, e.g. compressed air or cooling media flow. This also reflects the fact, 

that today’s commercially available measurement equipment is focusing on the quantification of effective 

power and electrical energy, and enables fast and clear measurement in research and industry. The 

power and resulting energy consumption of machine tools and components are predominantly measured 

by direct or clamp-on multimeters as described by Kordonowy [123]. O’Driscoll and O’Donnell [124] state 

that industrial power meters typically consist of the three elements; a voltage sensor, a current sensor and 

a microprocessor. Furthermore, different sensor settings and architectures are possible and dependent on 

the intended application and measurement goal. 

 

Multimeters are often used in industrial settings for selective measurements. Effective power 

measurement equipment is well developed but implicates considerable instrumentation effort for 
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multichannel measurements for 3-phases alternating current (AC). Due to the used power generator 

voltage and current can deviate significantly from a sinusoidal shape, for instance though harmonics and 

distortions. Therefore, the relevant measuring output is not necessary limited to instant or average real 

power but may include information about the phase angle, e.g. ܿݏ݋	߮ or the waveform. Clamp-on 

multimeter require tapping of voltage for each phase separately. Especially if multiple machine tool 

components are measured the procedure can be complex as confirmed by Brecher et al. [125]. A 

wattmeter simplifies the measurement process by calculating the effective power in one step. For this 

reason mainly wattmeters and power analyzers are used in industry and research. 

 

Brecher et al. [93] combined power analyzers to cover power measurements of various machine tool 

components in parallel. Up to 6 channels can be measured in parallel as introduced by Brecher et al. [45]. 

Furthermore, the authors combined different flow and pressure sensors to analyze the subcomponents of 

the system. This approach is based on a research project and leads to an expensive, complex and 

machine-dependent measurement architecture layout for research purposes. A significant cost driver are 

the appropriate sensors for various energy forms. O’Driscoll and O’Donnell [124] point out that the most 

important criteria for the proper measurement sensor evaluation are: Sampling rate, accuracy, and 

resolution. Especially the output resolution is a dominant cost driver as indicated by Kara et al. [5]. To 

enable and assist an industrial application, O’Driscoll and O’Donnell [124] further segregate power meter 

in the following clusters: The level of application, sampling rate and accuracy, communication methods 

and regulatory compliance. Energy related information can also be obtained from a machine tool control, 

e.g. via control-internal parameter readout, or Programmable Logic Control (PLC) as shown by Siemens 

[126]. Brecher et al. [45] use internal measurement systems for data acquisition in order to measure the 

machine tool efficiency. However, it is not specified which information and information interfaces are used 

and limited to specific machine tool components. Moreover internal sensor and control information, e.g. 

the spindle torque or direct effective power measurement, indicates and provides data on the energy 

consumption of a machine tool or production system. Still this information is hardly used in todays’ 

industrial environment. Today, the functionality of internal sensor readout is predominately used for 

machine tool monitoring for compensation or accuracy analysis within research as shown by Byrne et al. 

[127]. 

 

Power and energy measurement equipment of today is capable to measure multiple different parameters, 

e.g. total ሺܫ௧௢௧ሻ	and phase current ሺܫ௅ଵ, ௅ଷሻ, effective power ሺܫ	,௅ଶܫ ௘ܲ௙௙ሻ, idle power ሺ ௦ܲ௧௕௬ሻ among others. 

Most measurements in manufacturing are focused on measuring effective power ሺ ௘ܲ௙௙ሻ. An overview of 

different measurement techniques is given by Weiss [128]. O’Driscoll et al. [129] assessed and classified 

different metering systems for the effective power measurement. Their proposed system architecture is 

designed for monitoring purposes of electrical consumers within a manufacturing environment. Other 

energy flows, e.g. compressed air or process gases, are not considered. Behrendt et al. [130] and Avram 

et al. [131] use conventional single channel 3-phase metering systems in their electric measurement 
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activities. Beside the measurement equipment and measurement architecture the sampling rate leads to a 

trade-off between needed accuracy and sensor costs. Behrendt et al. [130] has performed measurements 

with an output frequency ݂ of 1	ݖܪ with and a pre-sampling of 12.5	݇ݖܪ. According to Kuhrke [132] this 

sampling rate is not sufficient to assess fast dynamics, e.g. spindle startups or fast axis movement, on a 

machine tool. This statement is confirmed by Avram [133] in order to perform analysis of the tool condition 

and energy consumption. Vijayaraghavana and Dornfeld [134] showed a range of needed resolution and 

temporal decision scale between milliseconds and days, depending on the application level and related 

optimal resolution rate. 

The majority of commercially available measurement equipment and services are tailored to buildings, 

facilities, and energy networks as indicated by Bornholdt et al. [135]. Consequently, the majority of the 

measuring systems are designed for this application and single point measurements. The core element of 

this measurement equipment is represented by the power sensors which are based on the hall-effect 

principle. Hall-effect sensors, can be used without the interruption of the circuit as pointed out by Avram 

[133]. Energy meters and analyzers for 1- and 3-phase for a single channel are available from various 

manufacturers, e.g. Fluke [136], Chauvin Arnoux [137] or Siemens [138]. The field of multichannel or 

synchronized sensor architecture is application-specific. Multichannel measurement systems for machine 

tools are commercially available from Bosch Rexroth [139], Komet Brinkhaus [140], and Siemens [141]. 

Those measurement applications are mostly related to building technologies or address research 

applications. They are partially used in the overall production system analysis or represent devices to 

enable synchronized analog data capturing. 

Besides electrical energy also other resources and flows must be measured. Weiss [128] merges all 

energy forms besides electrical energy to “non-electrical energy distribution”. The electricity used by air 

compression systems amounts to 7.5% of energy consumption in 2004 in the EU-15 states as indicated 

by Radgen and Blaustein [142]. Curtner et al. [143] estimate that 3% to 9% of total energy consumed is 

encountered for air compression in manufacturing. Compressed air is widely used for operations such as 

actuating, cleaning, cooling, drying parts, removing metal chips. As it is also mostly generated apart of the 

machine tool, its consumption is underestimated as indicated by Sweeney [144]. In most cases it is used 

as sealing air to prevent entering chips into the linear drive and guiding, as developed by Klabunde [145]. 

Compressed air is evaluated, measured, and optimized by compressed air audits as indicated by Yuan et 

al. [146] and Saidur et al. [147]. The energy efficiency on compressed air systems is also addressed by 

the improvement and measurement campaign “Druckluft effizient” as introduced by Radgen and Blaustein 

[142]. Those evaluation and optimization approaches are not intended to provide a direct comparison and 

calculation with electrical or other energy forms within a machine tool system boundary. Zein [15], Avram 

[133] and Brecher et al. [45] do not consider or cumulated compressed air with other energy forms, e.g. 

electrical power, in their machine tool evaluation as well, whereas Kellens et al. [148] consider 

compressed air. Still, Kellens et al. [148] consider compressed air as an own entity without a direct 

comparison or conversion with and into electrical power. Their consumable study is done in parallel with 
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time and power study and considers materials, semi-products and operating supplies like compressed air 

or lubricants per operating state and unit process. Additionally, in the emission study, which takes place 

also in parallel, all relevant aerosol, particle, and gas emissions are examined. Hermann and Thiede [149] 

indicate the necessity for compressed air assessment but refer to technical documentations or rudimental 

measurements. It can be therefore seen, that resources on machine tools are evaluated by different 

approach, however, a combined evaluation of compressed air and electricity is not applied in research or 

industry. An overview on possible measurement principles and measurement equipment for compressed 

air can be taken from Radgen [150]. Saidur et al. [147] further point out 14 most important datasets for 

compressed air energy audits, including mass flow rate, temperature and pressure. 

Besides selective measurements, energy monitoring applications are becoming increasingly important. 

Monitoring is commonly defined as continuous data acquisition for the purpose of supervising activities to 

ensure performance targets. Salonitis and Ball [151] point out that traditionally the performance of a 

production system is assessed by the monitoring of costs, time, quality, and throughput rate, without the 

consideration of energy consumption. In most cases monitoring systems on machine tools represent a 

sensor network and are mainly used for the surveillance of the machining process and tool condition 

monitoring, e.g. tool breakage, TCP position, vibration, and thermal state, as shown by Tönshoff et al. 

[152], Byrne et al. [127], Kim et al. [153] and Hu et al. [82] point out that TCM application can also be done 

by cost effective indirect methods, e.g. usage of power measurement systems. Vijayaraghavan and 

Dornfeld [43] introduced an energy machine tool monitoring approach based on event stream processing 

using the standard interface MTconnect. A similar approach is given by the Profienergy working group 

[154] with the limiting factor that only devices can be monitored and controlled that are equipped with a 

standard data bus, e.g. MTconnect, Profibus, Profinet, AutomationML or OPC. Behrendt et al. [155] 

introduced a monitoring approach based on a three-step methodology and aggregated system level. 

O´Driscoll et al. [156] introduced a metering approach on an aggregated level. This can be used to 

calculate values for the manufacturing performance and KPI evaluation. However information on 

component level cannot be revealed or require additional sensors. 

Hu et al. [157] introduce an online monitoring approach that is based on an energy consumption model of 

the machine tool. The advantages of this approach, e.g. cost savings and low implementation effort, are 

accompanied by certain disadvantages, e.g. accuracy in the revealed consumption data and poor 

interoperability with other machine tool systems. Due to accuracy and reliability reasons, as well as 

reliable monitoring features, screened data cables within manufacturing environments are required. 

Electromagnetic Compatibility (EMC) interferences in the measurement can occur, particularly in industrial 

environments and larger sensor networks, as shown by Singh et al. and Timperley [158, 159]. The 

communication network has to be secured against noise, electromagnetic interferences, mechanical 

stress and chemical corrosion. Data security within the organization must also be insured. Today, 

commercially available machine tool manufacturer-dependent and independent sensor and 

communication elements for the machine tool monitoring are given. The user interface CELOS from DMG 
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Mori contains elements for the machine tool energy monitoring [160]. Energy information is represented 

on an aggregated level with electrical energy and compressed air with integrated analysis features. The 

manufacturer-independent solution smartPN-Units by Harting [161] represents a sensor network and 

analysis feature for production system energy monitoring. This system leaves it up to the user where 

sensors must be implemented and what has to be analyzed. 

Conclusion 

Different hard and software approaches for the energy measurement and monitoring are given in research 

and industry for various energy forms. While the main resources are seen in electrical energy and 

compressed air, available measurement approaches neglect a combined and time-synchronized 

assessment of various energy streams based on one energy equivalent. Furthermore, the application of 

selective measurements based on single energy flow is common. Although machine tools represent an 

assembly of different components, combined multichannel measurements are rarely applied, but are 

technically reasonable for a comprehensive machine tool analysis and improvement. The literature 

research further reveals a tradeoff between the needed accuracy and costs for hardware and 

implementation. This also results in the poor application of measurement and evaluation procedures. 

A universally applicable method of capturing and interpreting the resource and energy consumption 

on various machine tools, machine tool configurations and manufacturing processes, is not yet available. 

Furthermore, the available evaluation approaches are based on complex and expensive measurement 

architectures. It is also seen that the diversity and complexity of machine tools make it difficult to propose 

a reasonable method. It can be revealed that multichannel measurements of electrical, pneumatic, and 

thermal energy, can indicate the energetic significance of each component and lead to the indication of 

optimization measures, for instance by retrofit solutions. An evaluation of the energy consumption and 

energy efficiency of different process technologies, machine tool configurations and given components 

can hardly be achieved by applying only a single point measurement. Commercially available interfaces 

and solutions for the energy monitoring are given. Still solutions from machine tool manufacturers only 

represent aggregated energy data, or solutions which leave it open to the users where and how these 

solutions are applied and further how the revealed data needs to be analyzed. 

A defined and individual potential assessment can only base on adequate measurement equipment. It is 

obvious that detailed measurement information can be up scaled on high application level, e.g. production 

line, factory or KPI calculation, whereas aggregated information can be easily obtained, e.g. billing 

information from the energy provider, but cannot be assigned to the machine tool or subcomponent level. 

Up to now comprehensive measurement equipment is missing. For the visualization and analysis of fast 

dynamics on machine tool systems, e.g. spindle start up or tool change, no unified resolution or sampling 

rates are defined but represent a strong cost driver for sensor equipment. For this reason commercially  
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available measurement equipment of today is only used for individual and non-standardized 

measurements and analysis in research and industry. 

Apart from the application level, sensors choice, related physical principle, sensor accuracy and 

resolution, it is important to provide adequate solutions for the data acquisition and analysis, e.g. software. 

Chapter 2.3 reviews some approaches towards the analysis of revealed machine tool energy and 

resource consumption data. 

2.3 Analysis and findings 
 

This chapter addresses analysis and findings from machine tool evaluation and measurements from 

literature and shows findings on how data is used to indicate optimizations, help to evaluate the machine 

tool, or indicate a value add information. 

Energy and power consumption data is commonly represented by time-based profiles (P-t-diagrams), 

tables or pie charts. Depending on the applied system level and used measurement equipment, different 

resolutions are possible as indicated by Vijayaraghavan and Dornfeld [43]. Which makes it possible to 

evaluate and analyze the energetic behavior of production systems and machine tools, e.g. with peak 

load, constant and variable load, and the alternation of component power depending on the component 

state. In combination with the P-t-diagram, Brecher and Weck [162] introduce a power log chart on the 

machine component level. This evaluation visualizes synchronously the energetic behavior and 

consumption of the machine tool components during machine operations. Brecher et al. [45] and 

Draganescu et al. [163] synchronize these diagrams with machining parameters. 

Brecher et al. [125] confirm that the visualization of energy consumption leads to awareness and could 

also lead to energy saving and is therefore of particular importance. A common method for energy and 

resource visualization is the Sankey diagram as shown by Augste et al. [164]. Sankey diagrams allow the 

visualization and indication of energy flows in complex systems, e.g. machine tools or production systems. 

The actual energy need towards the resulting output is visualized. Neugebauer et al.[165] show that this 

method makes the visualization of connections between system components on various levels of detail 

possible. Moreover, other extensive properties like materials or costs can be illustrated by Sankey 

diagrams according to their amount and distribution within a system, as described by Neugebauer et al. 

[166], Hu et al. [82], and Dietmair and Verl [87]. Today, multiple software tools for the Sankey visualization 

are commercially available as presented by Wohlgemüth [167]. Neugebauer et al. [165] introduce the 3D-

Sankey diagram for the examination of energy flows within a machine tool. The diagram is combined with 

the virtual reality (VR) sketch of the related machine tool, in which the diameter of branches flow 

represents the average energy and the color the currently active flow. Thereby the evaluation of time 

characteristics of the system and the representation of the location of the energy flow is possible. Hence, 



 

22 
 

the propo

flows of c

A visuali

Map (EV

for energ

times, se

enhance

emission

processe

and Hind

highest d

output st

industry. 

Based on

al. [58, 1

constant 

Figure

 

Gutowsk

individua

osed 3D-San

conventional 

zation and a

VSM). EVSM

gy and resou

etup times, s

d by environ

ns and can b

es. An analys

dmarsh [169]

degree of ene

treams withi

 

n power over

170] and Li e

and variable

e 2.6: Typical

ki et al. [58]

al machining 

nkey diagram

 Sankey diag

analysis tool 

, as propose

urce-related d

scrap rates, a

mentally rele

be used to e

sis approach

 with the pin

ergy recovery

in the produ

r time studies

et al. [171] d

e power cons

l constant an

 demonstrat

process. Th

m represents

grams, which

on the facto

ed by Sproed

data in comb

and lot sizes

evant input a

evaluate the 

h on the mac

ch design m

y possible. T

uction site. It

s Kordonowy

istinguish in 

sumers amon

nd variable po
and

ted that the 

e consumpti

additional an

h are introduc

ory level is re

dt and Plehn

bination with 

s. In contras

nd output flo

economic p

chine tool an

ethod which 

This method i

t is designe

y [123] (Figu

their analys

ng machine to

ower consum
d Kordonowy 

energy dem

ion and emis

nd dynamic i

ced by Dietm

epresented b

n [168] is an 

other produ

t to tradition

ws such as e

performance

nd production

indicates the

is based on t

d for the op

re 2.6), Dahm

is of machin

ool compone

mption diagra
[123]. 

mand can v

ssion profile 

information in

mair and Verl 

by the Enviro

adaption of 

uction-related

al value stre

energy, mate

of a factory 

n line level is

e most efficie

the analysis o

ptimal plant 

mus and Gut

e tool power

ents. 

ams by Dahm

ary significa

of single ma

n comparison

[87]. 

onmental Va

Value Stream

d information

eam mapping

erials, water, 

and related 

s presented 

ent plant layo

of the therma

layout in the

towski [78], G

r consumptio

mus and Guto

antly depend

achining proc

n to energy 

lue Stream 

m Mapping 

, e.g. cycle 

g, EVSM is 

waste, and 

machining 

by Linnhoff 

out with the 

al input and 

e chemical 

Gutowski et 

on between 

 

owski [78] 

ing on the 

cesses and 



 

23 
 

related components can be cumulated. Those load profiles are relevant to consider different analysis 

parameters, e.g. costs, peak surcharges, component dimensioning, and control of the auxiliary equipment. 

Schulz [74] and Dietmair [87] found out that the major share of energy consumption of a machine tool is 

load-independent and used by peripheral equipment. This load is further frequently independent from the 

given machining process. These findings are also confirmed by Neugebauer [166] and Akbari et al. [172], 

who point out that up to 78% of the total energy consumption of a machine tool is a process-independent 

base load. Therefore, a classification into value-adding energy share, e.g. direct process-dependent 

spindle movement and non-direct-value-adding energy share, e.g. chip conveyor motor, appears to be 

reasonable. Furthermore, it shows that energy and power consumption-related control applications are 

generally not implemented. To these findings, contradictory statements are given by Rothenbücher [23] 

and Diaz [173] where the major energy share of the machine tool is represented either by the process 

cooling system or the drives. Dahmus and Gutowski [78] present an environmental analysis of machining 

processes by balancing the material removal process, material, and cutting fluid preparation. It shows that 

the required energy for the actual cutting can be small compared to the total energy required by the 

machine tool for material removal. 

Besides this variety of different physical evaluation and optimization approaches within various system 

boundaries, several economic approaches can be pointed out to evaluate a production system in relation 

to the energy and resource consumption. An approach that refers to a simultaneous view of economic and 

ecologic objectives within a manufacturing system is represented by Franke [174] with the Operating 

Environment Information System (BUIS). In line with Franke [174], Bruns et al. [175], applies simulation of 

the energy- and resource consumption of a manufacturing system and computes the resulting energy 

costs. Reich-Weiser [176] established a metric that is based on economic and environmental basis for 

decision making for efficiency optimization measures. Nevertheless, this methodology neglects process-

dependent metrics. Energy efficiency measures, e.g. retrofitting or procurement of new machine tools, 

cost related analyses such as TCO or LCC are becoming increasingly important as stated by Denkena et 

al. [177] and Harizopoulos et al. [178]. According to Kuhrke [16] and Kircher [179] the economic relevant 

phases are represented by the procurement phase, use phase, and post use or recycling phase of the 

machine tool. Most cost-related analysis approaches, such as TCO, LCC, and ROI are applied on the 

procurement and use phase. The authors confirm that despite the focus on the procurement and use 

phase, energy efficiency measures are hardly applied and rely on inconsistent information from the 

manufactures. This confirms therefore the requirement for reliable information and measurement data. 

 

Conclusion 

A method for the visualization and interpretation of the energy consumption of various machine tools is not 

yet available. The diversity and complexity of machine tools makes it difficult to propose a reasonable and 

universal method. Available methods are application-specific and not usable for comprehensive  
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optimization comparison. Even though certain offline and online analysis and visualization tools are 

available, a direct indication for optimization still requires an expert or the combination of different 

information. Further analysis indication, e.g. Sankey diagrams, pie charts, EVSM and Pitch Analysis help 

to understand the energetic flows and can be used for further analysis. All available methods require 

reliable information on different energy forms. A structured energy data analysis and visualization method 

in combination with the indication on individual energy optimization, e.g. component over dimensioning, is 

not yet available. Today, a general and universal approach for data visualization and analysis is 

represented by time-based profiles, e.g. P-t-diagrams. This profiles leave it open to the user how to 

proceed further. The application of the mentioned methods requires a physical machine tool system. For 

this reason a research on given simulation approaches for the energy evaluation is introduced in the 

following section. 

 

2.4 Simulation approaches for energy evaluation 
 

The following chapter addresses simulation approaches for the energy evaluation of machine tools and its 

components. Furthermore, the current fulfillment of industrial requirements and practical application are 

considered. A major requirement for the energy evaluation and measurements is the accuracy of the 

results. This requirement is also valid for simulation approaches. Simulation in relation to energy efficiency 

is seen essential in order to indicate, optimize, or forecast the energetic behavior of machine tool without 

given sensors or physical machine tool systems, for instance in an early development stage. For this 

reason existing works on energy modeling are evaluated. 

 

A model is a description of effects and dynamics, e.g. energetic behavior, without the need of physical 

entities. Based on this description and in relation to energy evaluation and optimization of machine tools, 

reasonably simplified simulation approaches are required to be used for monitoring and analysis. Due to 

the large variety of models it is advisable to classify model and simulation approaches. Domschke and 

Scholl [180] classify models in their intended application in descriptive, causal, forecast, optimization and 

simulative models. In relation to the given model input models can be further classified in black box, grey 

box or white box models as defined by Kroll [181]. Black box models represent a defined output based on 

defined inputs, whereas grey box and white box models combine the partial theoretical structure with data, 

e.g. additional measurements or signals. Models can be further classified in static or dynamic, 

deterministic or stochastic, continuous or discrete. Bi and Wang [182] classify methodologies of energy 

simulation into three types; energy modeling for material removal, energy modeling for machine tools, and 

integrated energy modeling for machining processes. In order to use simulations for the component 

behavior simulation and further analysis purpose, main focus is given on discrete-event simulations and 

the modeling of machine tools and machining process. 
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The application of models for the monitoring purpose strongly depends on accuracy requirements. 

Therefore, not only energy or power consumption measurements are used for data acquisition, as shown 

by Brecher et al. [93] and Nelles et al. [76] for various components of a machine tool, but also simulations, 

as shown by Dietmair and Verl [87] or Eisele et al. [183]. As confirmed by Thiede et al. [119], modelling of 

energy consumption of manufacturing processes can provide an indication for optimization and better 

understanding of where and how efficient energy is used within the system. As stated by Hermann et al. 

[184] energy consumption of machine tools is nontrivial to estimate or predict, because several 

dependencies on the system, e.g. thermal condition, and its environment, e.g. multiple energy supplies, 

need to be considered. The power demand of machine tools is commonly variant and dynamic due to 

specific operational modes, process settings, machine use, and the component configuration. This can 

impede the application of models as confirmed by Schultz [185] and Hermann et al. [186]. In line with the 

above mentioned system boundaries, Shao et al. [187] defines a system boundary based on the 

machining system as a whole, including activities such as tool preparation, material handling, material 

removal, tool changing, cooling, cleaning and the chip conveyor in his simulation approach. 

Verl et al. [188] focus on direct machine tool control mechanisms through simulation of components. The 

authors introduce a generic component of a machine tool with defined inputs and outputs based on a 

modular approach. Due to the expected inaccuracy of the resulting data, this approach is considered as 

an estimation tool rather than a monitoring application. An approach of a process chain simulation that is 

supposed to enable production system design and control regarding economic and ecological variables is 

given by Herrmann and Thiede [149]. This approach does not aim to reflect the behavior of a single 

technical system by analyzing the physical detail, but considers the coherent manufacturing process on 

the factory level and results in aggregated in and output data. A model based energy monitoring approach 

on the machine tool level is introduced by Hu et al. [82]. This approach mainly focuses on cost saving 

through indirect data capturing methods without using external sensors and is based on empirical data 

and estimations. Furthermore, this approach is only covering the main drives and strongly depends on 

cutting parameters which have to be revealed through extensive cutting experiments. Commercially 

available manufacturing system simulation software such as Plant Simulation by Siemens [189] and Quest 

by Delmia [190] do not cover energy- and resource consumption so far but are currently developing 

related solutions. Shao et al. [187] confirm that up to now there is not much demand for simulation 

technology to deal with sustainability or energy consumption features, so that software vendors and 

analysts have not addressed these issues yet. Despite the missing need the given approaches only 

address the entire production layout and not machine tools or its components. 

 

Götze [191] describes a general descriptive model for technical processes focusing on material and 

energy flows on the basis of an Input-Throughput-Output-Modeling. In his approach Götze [191] presents 

the combination of experimental and simulated data resulting in an energetically-environmental 

accounting model. In the context of Computer Aided Process Planning (CAPP), Newman [40] applies a  
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mathematical model that takes into account materials, environmental data, and environmental impact of 

the materials based on existing commercial database tools to compute an environmental score for each 

tooling operation. Based on LCC, the International Electro-technical Commission (IEC) [192] developed 

an extensive LCC model that can be used for all electric and electronic products. Dietmair and Verl [87] 

point out the optimal combination of process parameters for doing a particular cutting job can be solved by 

a mathematical optimization formula. Their mathematical model for the machine tool’s energy 

consumption as a function of its working parameters underlies this approach and essentially influences 

the machining results. Due to the process complexity and related parameterization the approach is limited 

to certain machining processes and not generally applicable. 

 

Whereas most authors focus on the electrical energy, Santo et al. [193] focus on the modeling of the 

machining process including needed cutting fluids. Based on the machining process, a well-known 

process model for geometrically defined cutting edges is described by Kienzle and Victor [194]. This 

model describes the relation between the actual cutting, feed forces, and passive forces on the axes 

which are dependent on the cutting profile. The system boundary is defined as the immediate zone 

around the cutting tool. This approach allows the computation of the mechanical power which is required 

for the cutting process. By extending the system boundary by the main drive, the energy flow from 

electrical to mechanical power at the cutting edge can be revealed. Draganescu et al. [163] describe a 

statistical approach for the modelling of the process and the drive subsystem. The authors identified the 

coefficients of a second order approach for the description of the electrical to mechanical power 

transformation efficiency, depending on process parameters and based on the Response Surface 

Methodology (RSM) in combination with empirical data taken from experiments. This approach requires a 

physical machine tool and a large set of measurements, but it is capable to describe non-linear effects 

over a wide range of process parameters variance to calculate the electric energy consumption. This 

approach provides further an appropriate mathematical model of a machine tool based on few parameter 

sets. 

 

The required energy for a machine tool consists of the energy for machining processes, e.g. forces at the 

TCP in milling processes, together with the required energy for the auxiliaries. Thus, considerations must 

include the overall energy which is required to fulfill a certain machining process with a defined quality, 

reproducibility and output quantity. Therefore, auxiliaries must be included in the overall evaluation as 

indicated by Avram et al. [195]. Li and Kara [196] introduced an empirical approach including the auxiliary 

devices by a simplified model to predict the total energy consumption of a lathe. A combination of 

statistical and physical modelling is shown by Avram [133]. This approach combines measured data with 

physical models in a modular machine tool model. The author provides a statistical measurement 

database for certain machining processes. Based on different weighting factors, the author provides a 

selection of the optimal machining process parameters with respect to economy, technology, and ecology. 
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A second database includes the components and the system topology. The two databases are combined 

with defined relations from the component model, its parameters and the related measurement database. 

 

A similar approach is introduced by Eisele et al. [183] and is based on physical models of the components 

followed by measurements to identify the system parameters. The authors use this model for the system 

optimization in order to increase the energy efficiency of the machining process. By changing the 

component parameters and characteristic, based on the performed measurements and simulated 

interrelations, the overall efficiency can be optimized. This has been done on the example of a lubricant 

system containing a motor, a pump, valves and pipes in an early machine tool development phase as 

shown by Eisele et al. [183]. Nevertheless, both approaches require measurements from an existing 

machine tool or production system and are specifically designed of the given machine tool configuration 

and machining process, or limited to one consumer. Sheng et al. [197] introduce a methodology using an 

environmental-based process model for the calculation of energy use and wastes together with other 

process parameters. As an extension of previous methods based on the machine tool subsystems, Narita 

et al. [198] developed a simulation approach to find the environmentally optimized parameter sets for dry, 

minimal quantity lubricant (MQL) and wet machining processes, based on the electrical power 

consumption, cutting tool status, coolant quantity, lubricant oil, metal chips, and other factors. An energy 

model focusing on the machine tool and machining process optimization is represented by Bi et al. [199]. 

Roman and Bras [200] use an empirical database and modeling approach for the setup optimization. 

Rajemi et al. [201] focus with their optimization model on the tool life in relation to the energy 

consumption. 

 

Conclusion 

 

The literature review showed that models focusing on the energetic behavior on the machining process, 

the machine tool auxiliaries, and the entire production systems are represented by multiple concepts in 

research. It further reveals that models and simulations for energy efficiency are highly various and based 

on their intended goal and application. Furthermore, this review shows that modelling and simulations are 

used in the context of energy efficiency and are applied for evaluation, prediction and optimization. The 

available concepts and techniques differ in the applied system boundaries, their underlying calculation 

methods, accuracy, detail and their individual purpose. For evaluation and optimization on machine tools it 

is commonly accepted that the system boundary of machine tools is covering the subsystems including all 

auxiliaries needed to perform a manufacturing task. There exist various types of machine tool models. 

Physical, statistical and black-box models are used for process and machinery simulation. These models 

focus on the machining process and the machinery performing the corresponding axis movements. The 

review also reveals that modular approaches are useful and necessary.  
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As confirmed by Shao et al. [187] a defined industrial need for energy simulation cannot be recognized 

yet. Therefore, most modelling approaches are represented in research rather than in industry. The most 

relevant modeling purpose is the prediction of the environmental impact depending on different 

parameters. Due to their complexity, frequently cumbersome parametrization, and parameter-dependent 

accuracy, simulations are generally not used for the substitution of sensors in order to collect data. The 

revealed models are either specifically defined for a certain machine tool type or for ad hoc application. 

Process models, describing the needed energy for a certain machining process based on the relevant 

forces and velocities with the interconnection to higher evaluation approaches, e.g. LCA, always require a 

measurement database for its development and setup. Some approaches discuss possibilities to replace 

sensors entirely, as shown by Hu et al. [82]. Those approaches are designed to describe the machining 

process, but neglect the machine tool auxiliaries. Therefore, depending on the accuracy and robustness of 

the model, applications for sensor replacement have to be proven. 

 

2.5 Research gaps and need for action 
 

From the existing literature, it is obvious that a lot of research on the analysis, assessment, and 

optimization for energy and resource efficiency in manufacturing has been done. The indication of limited 

resources, related to the limited ability of the environment to absorb material streams without being 

harmed, was already mentioned in 1972 by Meadows [202]. Energy and resource efficiency in general is 

still up to date and is also important for the economic benefit in order to produce “more with less” and to 

ensure the productivity, efficiency and resulting competitiveness of European production sites. The 

literature review examined related procedures and methods, e.g. approaches for the evaluation, 

monitoring, measurement and optimization of energy efficiency; as well as simulation concepts to foster 

energy efficiency on machine tools and production systems. 

The power consumption and energetic behavior of machine tools and production systems are known in 

principle. Still, optimization potentials are present and improvements can be made on the right selection 

and dimensioning of machine tool components, adjusting the machine tool configuration towards the 

actual need, minimize the power consumption of auxiliary in non-value adding machine tool modes and 

machining times. Due to unknown economic potentials and missing tools for improvement those 

improvements are hardly implemented in industry of today. 

The review of the sustainability evaluation methods revealed that despite the fact that the given 

approaches proofed their feasibility and credibility, machine tool builders as well as users are still 

hesitating to apply those concepts in industry. Besides unclear economic relevance this is mainly caused 

by the current legislation which is not clearly derived. Furthermore, it is revealed that most concepts are 

not suitable, because of their individual system boundary determination, to be adapted due to the large 
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variety of machine tools and production systems. This is especially the case for top down approaches. 

Available bottom up approaches however are process and application specific, neglect auxiliaries and are 

dependent on adequate measurement data. For this reason accurate data of the overall machine tool and 

production system, including all relevant components and energy forms, is required to consider 

comprehensive bottom up analysis approaches for enabling the given assessment and evaluation 

concepts. 

The review of machine tool measurement and simulation shows that in general two possible ways of 

collecting information for data analysis can be distinguished. One can either measure quantities on 

physical systems or build a more or less complex model and use simulations to collect the required data. 

Depending on the use case, it might be also appropriate to combine both methods. With the review on the 

analysis and current findings it is shown that the combination of an appropriate measurement and 

monitoring application, with selective simulations including technical and economic analysis, is not given 

yet. This combination is required to close the gap between technical efficiency and appropriate 

investment. This is further required to achieve the goals of improved energy efficiency and related 

economic benefit. 

The review of current analysis procedures shows that technical approaches for the modeling of resource 

consumption on different system levels with their limitations and specific focuses are already present in 

science. Nevertheless, a guideline for the evaluation, analysis, optimization, and reduction of the overall 

energy- and resource consumption cannot yet be derived from these approaches. Furthermore, and also 

as a result of missing standards and legislation, the manufacturing management of today relies on unclear 

databases or rudimental data information. Measurement and monitoring applications represent therefore 

essential industrial requirements to assess the entire power consumption of a machine tool or production 

system. 

The review further reveals that there is a gap between the machine tool process and component level, 

e.g. process-dependent initial energy usage of a machine system component, and reasonable 

manufacturing performance indicators for the strategic management. This is needed to analyze, define, 

and optimize energy consumption and to foster energy consumption saving applications, e.g. through 

EnMS. In addition, these optimizations also refer to several unvalued technical process-independent 

factors, e.g. output rate or machining modes and usage. The strategic management, represented by 

operating data logging, production dashboards and other monitoring entities must therefore be extended 

by an expedient input for the initial energy and resource location. For this reason a comprehensive 

machine tool measurement and monitoring methodology has to be found to fulfill the information gaps in 

research and industry. 
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With all the needs shown above four main research objectives in this thesis can be summed up: 

 Development of a suitable and industrial applicable measurement equipment and procedure to 

evaluate the energy consumption of machine tool and production systems for further analysis. 

 Development of suitable analysis procedures based on the industrially applicable measurement 

methodology and equipment. 

 Development of a suitable and industrially applicable monitoring procedure to monitor the energy 

and resource consumption including a suitable implementation methodology based on the 

developed measurement and analysis approach. 

 Bridge the gap between technical development, legislative issues and industrial requirements to 

enable potential applications for the measurement, evaluation, analysis and optimization of 

machine tools and production systems with top-down and bottom-up evaluation methods. 

Out of the scope of this thesis are 

 Machine tool simulations and analysis without a physical machine tool system for the machine tool 

design and consumption prediction. 

 Measurement and analysis of material and resources other than energy compressed air and 

fluidic media. 

 Influences on energy efficiency and related parametrization of the machining processes and 

thermal behavior. 
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3 Machine Tool energy measurement 

3.1 Introduction 
 

Measuring represents a selective and punctual acquisition of defined information during a certain state 

and / or observation period, whereas monitoring approaches represent continuous measurements, in most 

cases, combined with an embedded metering system. The following chapter focuses on the selection and 

development of an appropriate measurement equipment with related methodology for the effective power 

and energy measurement of machine tools within industrial environments. Based on this development and 

resulting findings monitoring equipment and related implementation methods will be defined. 

 

3.2 Energy forms and dependencies 
 

The relevant energy forms for measurement and monitoring primarily depend on the manufacturing 

process and applied system boundary. Based on the ISO 8580 classification of manufacturing processes, 

Dornfeld [203] classified four groups of energetic flows related to the given machining processes. 

Table 3.1 indicates that electrical energy and compressed air are relevant energy forms and present in 

most machining processes, whereas the utilization of other energy forms, e.g. process gases or fluids, 

depends on specific processes. 

Table 3.1: Relation of DIN 8580 with relevant energy flows. 

Coherence 

state   
Machining processes Relevant energy flows 

Create Creating material by casting, iron 
casting, and extrusion 

Electrical energy, compressed air, thermal 
energy, chemical media, oils 

Maintain Arrangement of material by volumetric 
and geometric  changes to the bonding 
structure, forming 

Electrical energy, compressed air, water, oils, 
solid waste, 

Reduce Shearing, cutting, e.g. removal, grinding, 
milling, electro discharge machining 
(EDM), punching. 

Electrical energy, water, oils, compressed, air, 
solid waste, liquid waste, cutting tools 

Increase Formation of material layer, joining, 
bonding and assembly. 

Electrical energy, water (DI), solid waste, 
liquid waste, hazardous waste, chemicals 
(solidifying agents, adhesion 

 

According to ISO14955 [29] and based on the machine tool system boundary, all energies that are 

supplied to the machine tool and that are necessary to perform a defined machining process must be 

considered. The amount of energy consumed of all the resources must be expressed in a common unit, in 
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order to allow the consolidation and comparison of the different energy forms. This is necessary for the 

comparison of different energy carriers and components, in order to perform further analysis and 

optimization measures. Performed measurements on multiple machine tools and production systems 

revealed that in 92% of all cases, electrical energy and compressed air represent the only relevant energy 

form. Thus, measurements focus on these two energy forms with the optional consideration of other 

process-dependent energy forms. 

3.3 System boundaries 
 

As the measurement, monitoring and further analysis depends on the intended scope and reference 

object on the machine tool and production system, a valid and explicit definition of the applied system 

boundaries is required. In the following, the system boundary is applied on the unit process level as 

introduced by Kellens [204]. Based on this consideration level, the system boundary not only defined as a 

physical entity, but also in relation to the life cycle phase. In relation to performed LCA analysis of 

machine tools [112], the use phase is further considered in the given measurements as it represents the 

dominant phase for the energy and resource consumption as confirmed by Avram [133]. Zein [15] and 

Schischke [205] bring to attention that a definition of a unified system boundary as well as measuring 

routine is challenging due to the variety of machine tools and its applications. The system boundary must 

enclose all consumers and energy inputs to the machine tool system, which are required to perform the 

intended machining process. A measurement based on this system boundary definition must therefore 

include relevant machine tool components and auxiliaries in order to evaluate the energy efficiency and 

potential optimization. Thus, components of machine tools that are connected to an external or centralized 

auxiliary system, e.g. heat exchange, chip removal or exhausting system, must be adequately considered 

as well. For instance, external cooling water can either be counted as a heat sink ሺെ ሶܳ ሻ within the system 

boundary or must be add as the energy supplied ሺ൅ܧሻ, according to the electrical energy equivalent of the 

cooling water, i.e. the energy needed for pumping and cooling the cooling water by the infrastructure 

outside the system boundary. The same applies for production systems in combination with tempered 

rooms. The ISO 14955 defines energy forms as relevant if the electrical energy equivalent exceeds 

10	%	of the total energy ܧ௧௢௧ supplied to the system in all machine tool states. The relevance for the 

required consideration of a component is therefore dependent on the component power share during 

different machine tool states, e.g. off, standby, ready, and machining. Besides this general applicable 

definition, ISO14955-2 defines also variable system boundary definitions in order to cover the large variety 

of machine tools. Based on this request, a classification in 3 different system boundary applications as 

defined in Figure 3.1 - Figure 3.3  can be applied. Own measurements proofed that in 92% in all cases for 

measurements in industry, electricity and compressed air, are given and correspond therefore to the 

system boundary as shown in Figure 3.2. Figure 3.2 represents the most common case in the machine 

tool and production system power evaluation. 
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System boundary 

Machine tool 

Peripheral A Peripheral B .... 

Compressed air  

Electrical energy 

 

Machine tools with only external electricity 

supply (Figure 3.1): This system boundary 

covers only the external electricity supply and 

represents a basic system boundary without the 

need of energy conversion of other energy 

forms. All needed energy forms are generated 

by the supplied electrical energy, e.g. internal 

compressor for compressed air generation. 

 

Machine tools with external electricity and 

compressed air supply (Figure 3.2): 

This category represents all machine tools with 

more than one energy form supply and the 

process is independent of ambient conditions. 

This system boundary represents the most 

typical energy supply of machine tools, in 

particular for milling and grinding operations. As 

compressed air is supplied externally a 

conversion factor has to be determined for the 

quantification of the energies within the system 

boundary. 

 

Machine tools with complex energy 

infrastructure (Figure 3.3): 

This category represents all machine tools and 

production systems with complex or individual 

energy supplies and multiple energy forms or 

energy is supplied decentralized. 

It also includes systems where the 

infrastructure is process dependent. In this 

category the system boundary definition must be 

set individually. 

 

 

 

 

System boundary 

Machine tool 

Peripheral A Peripheral B .... 

Electrical energy 

System boundary 

Machine tool 

Peripheral A Peripheral B .... 

Compressed air  Heat exchange 
 

Contaminated Air 

Electrical energy 

Figure 3.1: System boundary definition with 
only external electricity supply. 

Figure 3.2: System boundary definition with 
electrical and  compressed air supply. 

Figure 3.3: System boundary definition with 
individual energy supply. 
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3.4 Electrical power measurement 
 

For the electrical power measurement on machine tools and production systems different measurement 

approaches in research and industry can be distinguished which depend on the connection type and given 

production infrastructure. For the physical fundamentals on power measurement further reference is given 

to [206-210]. 

 

The relevant parameter for the energy evaluation is the measurement of the effective power ௘ܲ௙௙ in 

relation to the observation period. In manufacturing and on machine tool components direct current (DC) 

and alternating current (AC) systems with a line frequency of 50	ݖܪ or 60	ݖܪ are usual. However, DC 

components are seldom applied on machine tools and can be typically found in robotics for drives or 

process control systems. DC current is further used in specific areas, e.g. in electrochemical processes 

and aluminum production, whereas AC current represent a worldwide commonly used power supply [184]. 

In direct current the product of current ܫሺݐሻ and voltage ܷሺݐሻ results in the power ܲሺݐ): 

 ܲሺݐሻ ൌ ܷሺݐሻ ∙ ሻ (3.1)ݐሺܫ

AC electrical power supply sources with 3 - phase systems, if a neutral conductor is applied, are most 

common in manufacturing. Thus, it is reasonable to consider apparent power ܵሾܸܣሿ, reactive power 

ܳሾݎܽݒሿ, as well as harmonics. 

The effective power ௘ܲ௙௙ሺݐሻ within an electrical AC power supply results in: 

 ௘ܲ௙௙ ൌ ௘ܷ௙௙ ∙ ௘௙௙ܫ ∙ cos߮ 
(3.2) 

with 

 
௘ܲ௙௙	 ൌ 	 ௘ܷ௙௙,௅ଵ ∙ ௘௙௙,௅ଵܫ ∙ ଵ߮ݏ݋ܿ ൅	 ௘ܷ௙௙,௅ଶ ∙ ௘௙௙,௅ଶܫ ∙ ଶ߮ݏ݋ܿ ൅ ௘ܷ௙௙,௅ଷ ∙ ௘௙௙,௅ଷܫ ∙ ଷ (3.3)߮ݏ݋ܿ

 

Where ߮௡ represents the phase angle between the current ܫ௡	and the voltage ܷ௡ for each phase. As a 

simple arithmetic mean value calculation of the alternating current and voltage results in zero, effective 

values for the current ܫ௡	and voltage ܷ௡ are calculated. Effective values are root mean square values and 

represent equivalent values for the current ܫ௡	and voltage ܷ௡in AC systems. This results in: 

 

௘ܷ௙௙ ൌ ඨ
1
ܶ
න ሺݑሺݐሻሻଶ݀ݐ
்

଴
 (3.4)

Due to the power network quality with the resulting asynchrony of each phase, it is needed to measure 

voltage ܷሺݐሻ and the current ܫሺݐሻ of each phase separately. The share of inductivity and capacitance of 

each electric consumer leads to an asymmetric dispersion of the phase-specific sinus waves and high 
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One of the main cost drivers for effective power measurement device is the sampling rate and resolution 

as confirmed by O’Driscoll and O’Donnell [213]. The measurement resolution implies the tradeoff between 

the full energetic picture and a cost effective measurement approach. According to Zein [15] 

measurements with an output resolution of 1	ݖܪ are obtained and suitable for most application on the 

process unit level. According to Kellens [204] and Herrmann et al. [111] this refreshing rate facilitates the 

indication of dynamics and the data handling in further analysis of the machine tool. Kara et al. [5] define a 

resolution range for the unit process level for highly and low dynamic, dependent of the analysis goal, in 

resolution from 10	ݖܪ to 0,003	ݖܪ. High sampling rates can lead to a large amount of data. For instance, 

measurements with 16 three-phase channels with the additional measurement of compressed air create 

 Large data packages hamper the calculation with analysis .ݖܪ	data with a output rate of 5 ݄/ܤܯ	17

algorithms. 

The requirement for the output sampling rate of the sensor is dependent on the intended measurement 

application, e.g. network quality analysis, peak loads from electrical components and compressed air. 

Peak analyses are performed to evaluate start and stop events on the component level and the 

dimensioning of the wiring and related fuses. For the quantification and measurement of the peak power 

two parameters need to be analyzed. 

 Peak height ௉ܲ,௠௔௫ 

 Peak duration ݐ௉ 

Starting of three-phase standard motors leads to a start current ܫ	up to 6-8 fold motor rated current ܫ௘ and 

resulting motor torque ܯ௬ with a given load torque ܯ௅ as shown in equation (3.5). The motor torque ܯ௬ 

lasts until the motor rotation speed ݊ is reached. The motor startup time ݐ஺ is dependent on the motor 

specific acceleration torque ܯ஻ሾܰ݉ሿ, the shaft moment of inertia ܬᇱሾ݇݃݉ଶሿ and the motor rotational speed 

݊ሾ݉݅݊ିଵሿ: 

 
஺ݐ ൌ

′ܬ ∙ ݊
9.55 ∙ ஻ܯ

 (3.5)
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In the practical implementation, the measurements within a 50	ݖܪ network show that low pass filtering of 

 fulfill the requirements of harmonic waves influence identification. A low output sampling can lead ݖܪ	2000

to false signal interpretation due to the Shannon-Nyquist theorem:  

 ௦݂௔௠௣௟௘ ൒ 2 ∙ ௦݂௜௚௡௔௟ (3.6)
 

The applied analog low-pass filters cut off all signals above 2000	ݖܪ to avoid the interference with 

harmonic waves. To avoid aliasing, the filtered signals of ܷሺݐሻ and ܫሺݐሻ are sampled by a sampling rate of 

 .by the A/D converter 	ݖܪ	4000

3.6 Multichannel measurement  
 

Machine tools consist of different interrelated or independent electromechanical subcomponents, e.g. 

fans, pumps, and motors. Furthermore, these components vary in their energetic behavior, depending on 

the given infrastructure, individual use, machining process and machine tool state. The vast variability of 

production systems with more than 400 different machine tool types in combination with various 

configurations and different energy supplies impedes a comprehensive approach based on commercially 

available measuring equipment. Todays’ measurements and service approaches for detailed resource 

consumption evaluation on machine tools are laborious, expensive, time-consuming, and requests 

significant personnel resources. The costs for measurement equipment and its implementation complexity 

often exceeds the theoretical optimization potential of machine tools and production systems. This is 

particularly true for SMEs with limited personnel and the priority for productivity, product quality and costs. 

The review revealed available systems that support the multichannel measurement [139, 140, 215]. 

However, these systems are limited to electrical components, analog signals, and require additional 

sensors with limited data analysis features. The available systems are mainly designed for network 

analysis with sampling rates ൐  A detailed measurement of a production system is principally .ݖܪ	2000

possible but time-consumption, due to selective measurements and complex data synchronization. This 

results in poor inter-operational information on the component control dependency often based one 

energy form. 
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Figure 3.11 and measurement equipment as shown in Figure 3.7 the following indication can be made: 

1. Machine tool state: The measurement shows all active machine tool components and peak behavior. 

This analysis can indicate active components with and without direct value add or machine function and 

their actual power share within a specific machine tool mode. 

2. Component behavior: A classification of the machine tool components in constant, controlled-constant 

and variable consumers can be made. The dynamic energetic behavior and control accuracy of the 

components can be seen. For instance it shows that the peak load is caused by the compressed air. 

3. Share of compressed air: The combined plot shows the share of compressed air in comparison to the 

total effective power ௘ܲ௙௙,௧ and compared to the auxiliary components ௘ܲ௙௙,௡. Herewith two energy forms 

can be compared with each other. 

4. Component dependencies: Based on the synchronized measurements the component and control 

dependencies can be revealed, e.g. the exhaust air system starts with the refrigerating coolant system. 

5. Analyzed share: As defined in ISO 14955 the analysis needs to cover at least 80% of all active machine 

tool components. The example measurement shows the delta between the sum of all components ∑ ௘ܲ௙௙,௡ 

and the total effective power ௘ܲ௙௙,௧. In the following example over 90% of all active components are 

covered. 

6. Trend and thermal behavior: Based on the energetic behavior of the components, e.g. fluid pump, 

indication on the thermal behavior, viscosity or filter condition can be made. For instance, this can be seen 

by an increasing or decreasing effective power value on the pump system. 

3.7 Synchronization 
 

The start and the stop of measurement of all sensors are controlled by global software trigger. Still this 

does not guarantee a synchronized measurement as data read and write times are not synchronized. 

Thus, the synchronization of the raw data within the multichannel measurement is done offline by merging 

the raw data files into one synchronized data file. The raw data files are defined with a header, 

coordinated universal time timestamp (UTC) and the effective power of each phase ଵܲ, ଶܲ, ଷܲ as well as the 

resulting effective power ௘ܲ௙௙. The timestamp is set for each channel separately and depends on the 

sensor read request and value write time. The read and write time is dependent on the operating system. 

In the following case Microsoft Windows 7 was used where a real-time data read and write due to a non-

realtime software system cannot be guaranteed. Due to internal process priority settings, IO functions and 

read and write function on hard drive or from serial port, are set on interrupt. That means that other kennel 

processes can interrupt this function to guarantee system stability and multitasking functionality of the 
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Accuracy: The accuracy is dependent on the measurement settings, e.g. use of CTs and related 

standards according to which the sensor is assessed. Generally the accuracy for the sensors is defined in 

the standards IEC 62053, IEC 60051, and ANSI C12.20. 

Resolution: The resolution, output or refreshing rate defines the interpolation of the pre-sampled values. 

The output rate is an important cost factor. Therefore, the selection of appropriate sensors must consider 

the requirement for the dynamic energetic behavior for the component which needs to be monitored. 

Costs: Limited costs represent a dominating requirement for the selection of sensors in industrial 

environments. Nevertheless, the cost of the sensor must not be related to its accuracy, features, or 

supported protocols. In the case of multichannel measurements costs are of particular importance. 

Communication: For manufacturing environments it is recommended to use digital outputs. Sensors with 

analog outputs are cheaper but susceptible to EMC which can lead to measurement noise and affect the 

measurement accuracy. Therefore, only sensors with integrated A/D convertor are evaluated. The 

common industrial protocol is Modbus via RS485. 

In addition to the above mentioned factors, sensor types can be distinguished. Handheld multimeters, e.g. 

Fluke 179, can measure voltage and current values but a commonly only used for testing. Build-in 

multimeters for aggregated measurement points fulfill multiple analysis functions and communication 

requirements but are often designed for the application in building infrastructure. The Siemens Sentron 

represents a measurement device which is commonly used in manufacturing on aggregated 

measurement points, e.g. systems and subsystems including several dependent and independent 

components. In research, power quality analyzers are used for network analysis and sensor calibration, 

e.g. Yokogawa WT3000. These sensors provide sample rates of more than 1ݖ݄ܯ and precision of up to 

േ0.01% on the voltage and current measurement but are expensive and limited to one or only a few 

measurement channels. For the multichannel measurement system several multimeters with build-in A/D 

converter and digital output were evaluated and tested (Appendix A.3): 

Table 3.3 defines the following specification for the multichannel measurement sensors based on the 

above mentioned requirements and needed analysis features: 

Table 3.3: Required specification for the selection of sensors in the multichannel measurement. 

Measurement principle 3-phase effective power up to 600V via hall effect  with digital 

output
Sampling rate and output rate 4000Hz, refreshing output rate min. 5Hz 

Input signals  
3 phase alternating current with 220-240V per phase, min current 

16A per phase  

Communication RS232 / RS485, Modbus, open communication system  
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does not receive a valid value from the sensor. Furthermore, an electric inertia which is caused by the 

inductivity and internal resistance of the sensor can be seen in measurement 4. Acuvim II and the CLT310 

show a similar behavior, whereas the peak detection and refreshing on the CLT310 is faster and suitable 

for dynamic analysis as shown in measurement 2 and 4. 

According to the CLT data sheets [219] the sensor accuracy is indicated with ±1.0% on voltage and 

current and ±1.5% for derived parameters such as active and reactive power or the power factor. Based 

on the sensor comparison a detailed analysis on the accuracy of the active power on the CLT device was 

done. 

Three 100 W consumers were connected to a three-phase 230V/400V electric power system. For the 

evaluation of the sensor accuracy and related dependencies, the following modification and 

parametrizations were done during the measurements: 

 Change in the load from symmetric to asymmetric, 

 Connect and disconnect of the neutral conductor, 

 One or all devices were connected in series. 

This results into the following measurement settings: 

Table 3.4: Test setup for detailed accuracy measurement on CLT310. 

Load Neutral Conductor In series 

Symmetric (ABC) No No 

Symmetric (ABC) Connected No 

Symmetric (ABC, BCA, CAB) No Yes 

Asymmetric (L1, L2, L3) No No 

Asymmetric (L1, L2, L3) Connected No 

Asymmetric (L1, L2, L3) No Yes 

 

Each measurement was done during ݐ ൌ  resulting to 2500 data ݖܪ	with a refreshing rate of 5 ݏ	500

samples per measurement. For the symmetric load each 100 W - consumer was connected to a different 

electrical phase. For the asymmetric load, all 100 W - consumers were connected in parallel to on 

electrical phase, while the other phases are left unconnected. 

 

 

Figure 3.15: Cabling of the three 100W consumers (A, B and C) for symmetric load (left) with 
the three phases (L1, L2 and L3) and asymmetric load (right). 
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The result of the performed measurements shows the statistical analysis of all measurements (Figure 

3.16). On the x-axis the device number is listed over the active power, normalized power or reactive 

power on the y-axis. The central mark represents the median with the 25th and 75th percentiles. Points are 

drawn as outlines if the if their value exceeds 150% of their 25th to 75th percentiles distance. 

 

Figure 3.16: Overview of measurement with symmetric load and disconnected neutral conductor. The 
results are normalized to the mean value of all CLTs median value (100 ≙ 312.4W). 

The following observations can be made: 

 The devices show a deviation in their variance and value. Same dependency can be observed 

with the measurement of the symmetric load and the neutral conductor connection. 

 The total power values of the devices vary between േ1.5	% from the overall mean which confirms 

the manufacturers’ specification. 

 For the symmetrical load the connection or disconnection of the neutral conductor does not have 

any effects on the accuracy of the device. 

 For the asymmetrical load the active power values of the phases vary between േ3	% with 

connected neutral conductor. With disconnected neutral conductor an accuracy of േ	5%	can be 

observed. 

Thus, an overall accuracy of േ5% on the power values within a multichannel sensor setting can be 

revealed. The overall sensor comparison shows that the deviations between the sensors result from the 
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fabrication quality and secondly dependents on the load and the adequate connection with the neutral 

conductor. 

 

 

3.9 Compressed Air Measurement 

3.9.1 Introduction 

Based on its importance and the positive properties such as clean application, safe usage and storability, 

compressed air is used in many industrial applications. More than three-quarter of the total financial life 

cycle costs of compressed air supplies are represented by energy costs, besides capital and maintenance 

costs [146, 147]. In machine tools, energy in the form of compressed air is generated by integrated 

equipment or - more often - supplied by the shopfloor. Air supplies at the shopfloor are often designed as 

centralized systems with long distribution networks and are therefore particularly vulnerable for leakage 

and pressure drops. Moreover the generation of compressed air is given by a low efficiency factor as 

indicated by Gauchel [222]. In comparison to electrical energy and depending on the pressure ratio 

between system pressure p1 and environment pressure p0, compressed air requires up to eight times 

more energy than electrical energy for comparable work, e.g. lifting movement. For this reason the costs 

of electrical energy used by compressed air can exceed the capital costs within a year [223]. For the 

measurement and monitoring application of compressed air, the following requirements can be revealed: 

 Comprehensive measurement: A comprehensive measurement of machine tools and 

production systems contains different energy forms. For this reason the consolidation and 

comparison of compressed air with other energy form must be guaranteed. 

 Universal application: Compressed air measurements must be available on various machine 

tool and production system configurations. Therefore, all applied measurement approaches, 

simulations, data processing and analysis must be designed system independent. 

 Industrial application: Measurement equipment and used methods should be applicable to the 

industrial infrastructure. Parametrization of simulations, measurement system setup and analysis 

should be as easy, fast and reliable in their application. This requirement also covers the limitation 

of complexity and costs for compressed air measurements and monitoring. 

3.9.2 Conversion factor 

Manufacturing systems and machine tools are designed for individual applications and machining 

processes. In those processes different energy forms are used predominately represented by electrical 

energy and compressed air. Thus, electrical energy and compressed air must be comprised into the 

energetic balance. 
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A consolidation is required as it enables the indication of improvement potentials within a machine tool or 

production system. For this reason a transformation unit between electrical power (ܹ݇) and flow ሺ݉ଷ/݄ሻ 

must be applied. As electrical power represents the most dominant energy form in manufacturing, 

comprising high exergy, the transformation reference is given with kW. 

The conversion from compressed air flow ሺ݉ଷ/݄ሻ in electrical equivalent (ܹ݇) can be done by a linear 

multiplication with an equivalent factor ܥ஺௜௥. This equivalent must be adaptable for various conditions and 

parameters, e.g. different pressure levels, system characteristics, operational schedules and degrees of 

system integration. In literature different energy equivalents can be found depending on the compressor 

type, capacity, pressure and temperature level. Hinsenkamp et al. [224] indicate the specific power 

consumption of a screw compressor for an industrial 6	ܾܽݎ supply is given with ܥ஺௜௥ ൌ 0.1006	ܹ݄݇/݉ଷሻ at 

a capacity of 90%. This value rises to ܥ஺௜௥ ൌ 0.1286	ܹ݄݇/݉ଷሻ at 50	%	capacity. Further reference to 

energy equivalents in compressed in the range from 0.09 െ 0.14	ܹ݄݇/݉ଷ is given in [223, 225-227]. 

The following procedure was developed, partly published in [228], and introduces a model based 

approach for the conversion factor description. This approach considers heat sources and sinks within the 

compressed air generation and enables the individual calculation of the compressed air conversion 

equivalent. 

The model inputs consist of the demanded amount of compressed air ௡ܸ and inlet air conditions, 

represented by pressure ݌௜௡ and temperature ߴ௜௡. The outputs of the model are given with the required 

electric energies ௘ܹ௟ and thermal losses ܳ௧௛. Given this dependency the energy equivalent in this 

approach is defined as: 

 
஺௜௥ܥ ൌ

׬ ௐ೐೗,ೕା∑ ஼೟೓,೔ሺொ೟೓,೔ሻ೔
೙
ೕ

௏೙
  (3.9) 

By the assumption of an isothermal and isobaric expansion, and the application of the first law of 

thermodynamics the calculation can be simplified to: 

஺௜௥ܥ  ൌ 	ܴௌ ∙ ௡ߩ ∙ ௜௡ߴ ∙ ln ቀ
௉೎೚೘೛

௉೔೙
ቁ ∙ ௦௬௦ܥ ∙ ௢௣ܥ ∙  ௟௘௔௞  (3.10)ܥ

By combining the electric energy consuming components the function ܥ௧௛,௜ሺܳ௧௛,ሻ describes the energy 

required to treat the i-th thermal loss ܳ௧௛,௜. The revealed conversion equivalent is strongly dependent on 

the given system parameters and conditions, e.g. leakage. For an individual calculation of the conversion 

factor ܥ஺௜௥ a validation measurement was performed. The compressor with a rated power of 15	ܹ݇ and 

throughput of 2.11 ௠య

௠௜௡
	 is combined with a vessel with 250݈	under a pressure of 10 െ  For the .ݎܾܽ	11

validation measurement a defined orifice with a constant flow rate of 3.75݈	was applied. According to the 

compressor data sheet the compressor operates, based on this configuration, at the average duty cycle of 

20	% during stationary consumption. The power consumption of the compressor was measured at the 
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main input with an expected relative error of േ4.5%	for the power measurement and ± 3.5 % for the flow 

measurement. 

 
஺௜௥ܥ ൌ 	න തܲ݀ݐ

௧మ

௧భ

න തܸሶ ݐ݀
௧మ

௧భ

ൎ 0.55 ܹ݄݇/݉ଷ൘  (3.11) 

The measurement value is further compared with the calculation as given in equation (3.11) by using 

conditions of the DIN1343 and the ideal gas properties, the conversion equivalent results to: 

஺௜௥ܥ  ൎ 0.57 ܹ݄݇/݉ଷ 
(3.12) 

This results into a relative error of േ	4	% and shows that the defined model can be used in order to 

calculate the conversion equivalent ܥ஺௜௥, for compressed air flow into kilowatts, for individual compressed 

air systems. Nevertheless, this approach requires complex parametrization and is therefore only suitable 

to a limited extent for the application in industrial settings. A simplified approach for the calculation of the 

conversion equivalent ܥ஺௜௥ based on the assumption of an adiabatic change of state during compressed 

air generation and neglecting the HVAC system, is represented in [216]. 

Assuming an adiabatic change of state and ideal gas, the compression work ܲሺݐሻ in relation to the 

massflow of compressed air ሶ݉ ሺݐሻ, dependents on the specific heat capacity ܿ௣, the intake temperature 

 :is represented by ߢ and the isotropic exponent for air (௖௢௠௣݌ ௜௡ and݌) ௜௡, in- and outtake pressureߴ

 
ܲሺݐሻ ൌ ܹሺݐሻ ∙ ሶ݉ ሺݐሻ ൌ ܿ௣ ∙ ௜௡ߴ ∙ ቎ቆ

௜௡݌
௖௢௠௣݌

ቇ

఑ିଵ
఑
െ 1቏ ∙ ሶ݉ ሺݐሻ ൌ ஺௜௥ܥ ∙ ሶ݉ ሺݐሻ (3.13) 

 

Due to the uncertainties in the in- and outtake air temperature, humidity, thermodynamic behavior, and in- 

and outtake air pressure, the simplification in equation (3.13) is reasonable for industrial applications. The 

deviations within the air flow signal acquisition is given with േ10%. The simplification leads to an 

infrastructural dependent transformation with major influence on the pressure ratio ݌௜௡ ⁄௖௢௠௣݌  and intake 

temperature ߴ௜௡. Based on the defined system around the machine tool, the value of 6.5 െ 7.5	ሺܹ݇ሻ	/	ሺ݉ଷ/

݉݅݊ሻ for ܥ஺௜௥ is reasonable. Examples for numerical evaluations of the compressed air equivalent 

according to Hirano et al. [229] and Züst et al. [228] are shown in Table 3.5, where different efficiencies, 

pressure levels, and degree of system integration are compared. The comparison shows that the 

equivalent values are within the range of 0.08 െ 0.90	ܹ݄݇/݉ଷ. For high efficient systems, the estimated 

equivalents are given at 0.08 െ 0.20	ܹ݄݇/݉ଷ. 
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Table 3.5: Examples of estimated compressed air electric energy equivalents for different systems, 

pressure levels and system integration (low efficient: u=20%, ε=2, η=30%; high efficient: u=60%, ε=4, 

η=80%) according to Hirano et al. [229] and Züst et al. [228] the units of the listed equivalents are 

ܹ݄݇ ݉ଷ⁄  at normal conditions. 

 No secondary 

thermal 

treatment 

Air-Air heat

exchange 

Connection to 

HVAC, 

moderate climate 

Connection to HVAC,

cold climate 

Description Only electrical 

power has to be 

taken into account, 

since no secondary 

treatments of heat 

sinks and sources 

are required. 

Heat loss is exhausted 

to the ambient air, which 

is conditioned by the 

HVAC of the building. 

The compressor is 

connected to the 

HVAC system of the 

building. During six 

months per year the 

excess heat is used 

for heating. 

The compressor is 

connected to the 

HVAC system of the 

building.The excess 

heat is used to heat 

the building. 

6bar     

low efficient 0.55 0.65 0.50 0.45 

high efficient 0.11 0.13 0.10 0.08 

8bar     

low efficient 0.63 0.75 0.58 0.53 

high efficient 0.12 0.15 0.11 0.10 

10 bar     

low efficient 0.70 0.84 0.64 0.58 

high efficient 0.14 0.17 0.12 0.11 

12 bar     

low efficient 0.75 0.90 0.69 0.63 

high efficient 0.15 0.18 0.13 0.12 

 

It is obvious that the conversion equivalent depends on different parametrization and applied system 

boundaries. For this reason the following approaches for the conversion of compressed air in power 

equivalent for further consolidation are chosen: 

1. Standard benchmark factor of 0.12	ܹ݄݇/݉ଷ (or 0.72	ܹ݇/ሺ݉ଷ ݉݅݊⁄ ሻ). 

2. Individual calibrated conversion equivalent of the industrial site. 

3. Model dependent on system parametrization according to equation (3.13). 
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As a comparison has to be established and applicable within an industrial setting, the first method is 

preferred in the following procedure and applied in the given measurements. 

3.9.3 Measurement equipment 

For the compressed air measurement the flow rate ሶܸ , pressure ݌,	and temperature ߴ for a given flow are 

required. The reference conditions are given by DIN ISO 1343 [230] within a standardized industrial 6	ܾܽݎ 

air supply. Based on the measuring method, e.g. calorimetric measurement, turbulences in the flow can 

influence the measurement results. Therefore, an upstream pipe length of 20 times the pipe diameter, and 

a respective downstream length of five times is required. Various measurement systems with different 

physical background are present in industry (Table 3.6). A comprehensive summary of given approaches 

is presented by Fraunhofer [225]. 

The selection for an industrial selective measurement and monitoring application leads to the following 

requirements: 

 Measurement principle selection depending on requested accuracy. 

 Universal application, adaptable on industrial infrastructure for 6 െ  .compressed air supply ݎ10ܾܽ

 Reasonable cost-to-benefit ratio. 

 Measurement of flow rate and pressure for up to 250݉ଷ/݄ with up to 10ܾܽݎ. 

Measurement equipment for compressed air and coolant flow is strongly dependent on the individual 

throughput rate. In most machining application, e.g. milling processes with ேܲ ൑ 100ܹ݇, an air flow rate of 

up to 250	݉ଷ/݄ and a coolant flow of 100	݉ଷ/݄ can be expected. The most convenient measurement 

method for air and gas measurements is given by the calorimetric measurement principles [231]. Liquids, 

e.g. cooling fluid, are commonly measured by rotameters amongst other principles. In principle, flow 

measurements can be differentiated in direct and indirect measurement principle. Direct measurements 

require the sensor built-in existing compressed air supplies, whereas indirect measurements can be 

applied by clamp-on solutions without the manipulation on the existing infrastructure. For the compressed 

air measurement indirect measurement principles are neglected due to their poor accuracy and related 

costs. 

Table 3.6: Sensor types according to required variables. 

Measurement variables Type of sensor 

pressure manometer 

volumetric flow calorimetric  

mass flow  coriolis 

volumetric flow, leakage ultrasonic 
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The working principle of the calorimetric measurement approach is given by a thermal change on the 

sensor tip. The heat is dispatched from the tip and the resistance adjusts to a reference value. So the 

output voltage ܷ௢௨௧ changes with the flow velocity [178]: 

 ܷ௢௨௧ ൌ ݇ ∙ ߣ ∙ ߩ ∙ ߱ ∙ ሺ ௌ௘௡௦௢௥ߴ െ  ி௟௨௜ௗሻ (3.14)ߴ

 
where ݇ is a sensor geometrical constant, ߣ the thermal conductivity of the gas, ߩ the density of the gas 

and ሺ ௌ௘௡௦௢௥ߴ െ	ߴி௟௨௜ௗሻ	the measured difference in temperature. With  

 
ሶܸ ൌ ߱ ∙  (3.15) ܣ

The volumetric flow ሶܸ  can be computed with the fluid velocity ߱ and tube area ܣ. Together with the flow 

measurement it is required to consider the pressure drop in the pipe. Generally compressed air follows the 

ideal gas equation.  

݌  ∙ ܸ ൌ ݊ ∙ ܴ ∙  ߴ
(3.16)

 

With pressure ݌, fluid flow ሶܸ  in relation to substance quantity ݊, specific gas constant ܴ	and absolute 

temperature ߴ. A comparison measurement of the flow rate and pressure was performed on an open pipe 

at a 6	ܾܽݎ industrial supply. The measurement consists of a flow measurement with a calorimetric flow 

sensor and a pressure measurement based on a DMS ceramic sensor. Figure 3.17 shows a pressure 

drop of 0.4 െ  .ݏ/݉ଷ	at a flow rate of 33 ݎ0.5ܾܽ
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Furthermore, the range of the VPFlowMate (sensor 1) is bigger. Hence it makes the sensor more 

inaccurate for small volumetric flows. 

The deviation in the stationary phase leads to two perspectives. The allowed measurement error given by 

the manufacturer is േ1%. In the comparison measurement the relative mean deviation between sensor 1 

and sensor 2 is 7%. This requires recalibration of the sensor. The measurement shows also that sensor 2 

reacts fast to strong volumetric flow changes but needs more time to stabilize and approach to a steady 

phase. This also explains the slower decrease in the end of the measurement. 

3.10 Measurement methodology  
 

The procedure for the detailed multichannel measurement was further defined in ISO 14955 [29] and 

consists of the following 5-steps methodology. 

1. Identification of measurement points: According to the machine tool architecture and individual 

configuration, relevant measurement points are selected based on the machine tool E-scheme. In 

accordance to ISO 14955, minimum 80%	 of all components must be measured. Energetically relevant 

components are defined as minimum 5% of the total effective power ௧ܲ௢௧ in each machine tool mode. 

2. Measurement system Implementation: Each channel of the measurement system can be either 

connected directly through an external implemented connector to the machine tool or through CTs as 

shown in chapter 3.4. 

3. System configuration and tests: Based on the measured component and related direct or indirect 

measurement the measurement system needs to be configured accordingly, e.g. setting of used CTs. A 

system test is performed to check phase balancing, correct wiring, CT direction validation, and 

completeness of the required measured components. 

4. Measurement of reference process: The reference process represents a typical part and process 

combination for the intended machine tool operation in the field. It is recommended to define a 

reproducible process for further comparison. The measurement is further performed in all possible 

machine tool modes. 

5. Data analysis: Finally, the collected and preprocessed data can be used for further analysis. The raw 

data of each measured channel is synchronized in the preprocessing and merged into a common file for 

further analysis. 

The electrical and compressed air measurement can be combined to the multichannel measurement as 

shown in Figure 3.7. The main requirements for the appropriated machine tool measurement can be 

summarized to five requirement groups as listed below. Furthermore, the requirements refer to the 

analysis features based on the multichannel measurement data. 
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 Safety: All measurements need to be performed with safety equipment based on EN61010 [189]. 

Besides the wiring safety appropriate measurement equipment and measurement points need to 

be chosen. 

 Measurement points: Measurement points need to be accessible and its wiring should not be 

changed. For warranty and safety issues, changes at the machine tool electric circuit are 

forbidden. Where possible standard taping, e.g. for voltage, should be used. 

 Machine downtime: The machine tool downtime should be limited to a minimal duration for the 

measurement preparation. Due to safety reasons the machine tool must be switched off and 

disconnected from the power outlet. 

 Analysis: The measurement should cover all relevant machine tool components. Measurement 

data should be further used for the analysis and further indication on optimization measures. This 

also includes all required energy forms within the machine tool system boundary. The 

measurement must further be based on the intended machining process. 

 Costs: The costs for the measurement service, including the measurement preparation, 

measurement, and analysis must be appropriate towards the potential benefit of the 

measurements. 

Based on the industrial requirements and the measurement equipment the following measurement 

methodology was developed. 

3.10.1 Measurement preparation 

The preparation of the measurement equipment covers all machine tool energy supplies and is based on 

the E-scheme of the machine tool. The selection of the relevant machine tool is done in dependency of 

the ratio of the machine tool rated power ௥ܲ and the effective power of each machine tool component 

௘ܲ௙௙,௡.  

 ௥ܲ ൑ 0.1 ∙ ௘ܲ௙௙,௡ 
(3.17) 

If the effective power of each component equals 10% of the machine tool rated power, the component is 

relevant and needs to be covered by the measurement. This verification must be true for the machine tool 

standby and processing mode. As the effective or rated power of a component might be not known, the 

maximal current at the fuse ܫ௦௘௖ together with the power factor ܿ߮ݏ݋ ൌ 1 and the effective total power on 

the machine tool ௘ܲ௙௙,௧ can be taken as an indication for the relevance of machine tool components. 

 ௘ܲ௙௙,௧ ൑ 0.1 ∙ 400ܸ ∙ ௦௘௖ܫ ∙  ߮ݏ݋ܿ
(3.18) 

Form this pre-selection of potential components and measurement points the measurement system needs 

to be prepare for 1, 2, or 3-phase measurement settings. 
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3.10.2 Machine tool preparation 

The measurement can be performed by a direct or indirect measurement principle as shown in Figure 3.5. 

The direct measurement leads to higher measurement accuracy but requires the implementation of 

connectors and results in changes on the machine tool electrical circuit. The compressed air flow sensor 

needs to be built in in line with the machine tool air supply. An example of the allocation of all required 

measurement points with used CTs is shown in Table 3.9. 

Table 3.9: Example of measurement configuration at an EDM machine tool. 

Name Measurement point Sensor Remark 

Total power supply 400V At MT input  Acuvim 8 CT 100/5A 

24V DC supply  NF4 (e-scheme) Acuvim 3 CT 50/5A 

Generator  NF2 (e-scheme) Acucim 4 CT 50/5A 

200V AC supply NF0 (e-scheme) Acuvim 5 CT 100/5A 

Drives  FP2 Acuvim 6 direct 

Filterpump KM2 Acuvim 1 direct 

Feed pump FP1 Acuvim 7 CT 50/5A 

Cooling pump KM7 Acuvim 2 direct 

Compressed air External Cair 00 direct 

  

After the measurement points are defined and the sensors connected, several measurement system tests 

need to be performed to guarantee valid data. This includes the test for the appropriate phase assignment 

and CT direction by the phase balancing and plausibility check with 

 ଵܲ,௡ ൅ ଶܲ,௡ ൅ ଷܲ,௡ ൒ ௘ܲ௙௙,௡ 
(3.19)

 

To check the correct CT direction, the effective power of each component must always be positive. 

Furthermore, a checksum of all measured phases ଵܲ to ேܲ is compared to the total effective power ௘ܲ௙௙,௧. 

 ௘ܲ௙௙,௡ ൒ 0  and   ∑ ௘ܲ௙௙,௡
௡
ଵ ൑ ௘ܲ௙௙,௧ (3.20) 

 
These tests ensure the correct measurement results of the implemented sensors. 

3.10.3 Machining processes 

As indicate in the state of the art the evaluation of the machine tool depends not only on the machine tool 

configuration but also on the individual use. The machine tool use and resulting energetic behavior is 

defined by the duration and sequence of the given machine tool states. The machine tool states are 
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defined by the mode of operation. Modes of operation represent the machine tool behavior according to 

the safety standards, e.g. manual mode, automatic mode, setting mode. Based on this definition the 

energetically relevant machine tool operating states can be defined in; OFF, Startup, Standby, Ready, 

Processing. This definition is also given in ISO 14955 [29]. For the measurement the following operating 

states are chosen (Table 3.10). 

Table 3.10: Machine tool operation modes 

Name Mode Description 

OFF OFF Machine tool in OFF mode 

Startup OFF--> ON Turn on main switch of machine tool  

Standby STBY Machine tool in standby mode 

Ready RDY Machine tool in ready mode 

Process PR Machine tool in process mode  

Switch off ON --> OFF Turning off machine tool   

 

Machine tool mode OFF 

The operation mode “OFF” represents the machine tool when the main switch is turned off. This machine 

tool mode can be performed on all machine tools and production systems and indicates active but not 

needed components or energy loss, e.g. external monitoring devices, or compressed air leakages. The 

measurement is performed for ݐ௠ ൌ  This observation period in combination with the measurement .ݏ	180

resolution of 5ݖܪ results in minimal 900 measurement points and is required to detect any periodical 

component power consumption, e.g. periodic air compressor activity or valve control. The measurement 

duration is valid as all auxiliary devices are expected to be switched off. As this mode represents a 

stationary energetic machine tool behavior, the power average value Ø ௢ܲ௙௙ is considered as a valid and 

commonly applicable Energy Performance Indicator (EnPI). 

Machine tool mode Startup 

The operation mode Startup represents the machine tool mode where the main switch is turned on and 

the machine tool is starting up. In this machine tool mode the system software, control and individual 

components are starting up and the control behavior is measured. This mode can include operations for 

the component heat up, e.g. spindle pre-lubrication. The observation period is manufacturer-specific and 

depends on the individual startup times. As this mode represents a transient machine tool behavior, the 

power average value Ø ௦ܲ௘௧௨௣ is restrictedly suitable as an EnPI. 

Machine tool mode Standby and Ready 

Some machine tools have multiple standby state levels. The operation mode Ready is one possible 

standby state and machine tool manufacturer-dependent. The machine tool mode is given when the main 
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drives are activated and the actual machining process could be started immediately. The observation 

period is fixed to minimum ݐ௦௧௕௬ ൌ  .to detect any periodical component power consumption, e.g ݏ	180

cooling compressors or hydraulic pumps. The observation period is valid when the periodic energetic 

behavior is known and adequately represented, e.g. at least two full periodic cycles, in the given 

observation period. As this mode represents a stationary energetic machine tool behavior, the power 

average value	Ø ௦ܲ௧௕௬ or Ø ௥ܲௗ௬ represents a valid and commonly applicable EnPI. 

Machine tool mode Process 

The operation mode Process represents the machining process during a defined reference process. The 

reference process or a set of relevant reference processes, represent all relevant machining operations 

which are required for the intended use of the given machine tool. The reference process represents 

therefore a typical machining process, including process forces and/or process-required energies, tool and 

workpiece handling and use of required fluids and/or process gases. The observation period is not fixed 

as the machining process is individually defined, machine tool and application-dependent. As this mode 

represents a transient machine tool behavior, the power average value Ø ௉ܲோ is restrictedly suitable as an 

EnPI. 

Machine tool Switch off 

The operation mode Switch off is given when the machine tool is switched off according to OEM 

specification. In this machine tool mode the individual, automatic or semi-automatic component switch off 

and control behavior is measured. This can include operations for the component cooling or cleaning, e.g. 

fans or exhauster. In accordance to Startup measurements, Switch off measurements indicate the 

energetic machine tool component behavior. The observation period is machine tool dependent. As this 

mode represents a transient machine tool behavior, the power average value Ø ௦ܲ௪௢ is restrictedly suitable 

as an EnPI. 

The entire measurement including the measurement equipment implementation takes up to four hours 

and requires a minimal machine tool downtime, due to safety reasons, of currently 30݉݅݊. This application 

fulfils the industrial requirement of a comprehensive and efficient machine tool evaluation. The resulting 

data from the performed measurements are further used in the analysis which is explained in chapter 5. 

3.11 Measurements and resulting findings 
 

In the following measurement examples for the above mentioned machine tools states are shown. Figure 

3.20 shows a multichannel measurement of a grinding machine tool during the off state. As the main 

switch is off the measurement shows a stationary compressed air leakage of 4.08݉ଷ ݄⁄  or 0.52	ܹ݇. In the 

following case the leakage is exceptionally high in comparison to other machine tools. 
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4 Simulation  

4.1 Introduction 
 

As shown in the chapter 2, simulation and modeling is applied to support the evaluation of resource and 

energy and are used for further analysis and optimization. In the following thesis models represent the 

mathematical and stochastic description of a system, whereas simulation use these models in relation to 

the time sequence to indicate the model behavior. Various statistical, physical, and hybrid modeling 

approaches on different system levels from machining to manufacturing processes exist. A modular 

approach or parameterizable macro models which is based on only a few essential parameters for the 

assessment and prediction of energy consumption with the inclusion of auxiliaries, does not exist. 

Furthermore, most simulation and model approaches for data evaluation are represented in research 

rather than in industry. In the following the application of simulation approaches is reviewed to be used for 

industrial measurement and monitoring tasks. 

The goal of this chapter is to find suitable replacement of sensor and measurement information for the 

application in energy and resource monitoring in industry in accordance to available modelling 

approaches. Simulations should also be used for predictive applications as unnecessary and cumbersome 

measurements on the machine tool periphery installation can be avoided. In relation to the multichannel 

measurement approach, the application of supportive models is required to save costs and 

implementation effort in monitoring applications. Based on the selected approaches a validation in 

measurement and monitoring is performed to assess the benefit and required accuracy. 

4.2 Energetic modeling approaches 
 

A survey among Swiss SMEs [232] revealed available machine tool models in research and industry. Few 

models are applied on the machine tool level and are specifically designed for a particular parameter set 

as shown by Altintas et al. [233] and Eisele et al. [183]. The simulation approaches were classified 

according to the model classification of Domschke and Scholl [180] and the system application level as 

introduced by Neugebauer et al. [44] and combined in Figure 4.1. 

This classification shows that several approaches are given but descriptive models on machine tool level 

are missing in research and industry. These models are required to replace sensors in monitoring 

applications. The study revealed further that the most important aspect for the simulation of energy on the 

machine tool is the possibility for optimization followed by the required information on the energetic 

behavior of the machine tool component. It can be therefore seen that various approaches of energetic 

machine tool models exist, whereas only a small share focuses not only on the process zone but also 

considers the auxiliary devices. 



 

 

 

 

The maj

concept 

approach

approach

In summ

optimizat

compone

energetic

sufficient

specific m

compone

by simula

4.3 Re
 

The revi

following

evaluatio

for the ap

or requireme

of modular m

h in the field 

h shows that 

mary, differe

tion procedu

ents as well 

c behavior a

tly answered

machine tool

ents in order

ation today. 

equiremen

ew of availa

 requiremen

on and applic

pplication of 

F

ent to evalua

models is rea

of sensor ne

sensors can

ent approach

ures on the 

as accuracy

and its depe

d in literature

ls and manuf

r to replace s

nts 

able simulatio

nts for the ap

cation in mea

modelling ap

Figure 4.1: A

ate different 

asonable as 

etwork simul

n principally b

hes can be

entire mach

y of the com

endencies m

e. A large m

facturing sys

sensor and f

on approach

pplication of 

asurement an

pproaches fo

Available simu
energy 

machine too

indicated by 

ation for the 

be replaced b

e distinguish

ine tool syst

ponent mode

must be unde

majority of th

stems. The u

for optimizati

hes and the 

simulations 

nd monitoring

r the machin

ulation appro
and resource

ol types and

Verl et al. [1

test and dev

by adequate 

hed which a

tem, the inte

els are of sp

erstood. The

he reviewed 

niversal ada

on measures

survey amo

and modellin

g. These req

e tool evalua

oaches relate
e consumptio

d configuratio

188]. Shnayd

velopment of

models. 

are focused

erconnection

pecial import

ese requirem

approaches

ptation and p

s at machine

ong Swiss S

ng approach

quirements a

ation and mo

ed to the eval
on. 

ons conclude

der et al. [23

f sensor netw

 on optimiz

 and interop

tance. Furthe

ments are cu

s base on ex

parametrizati

e tools is not

SMEs [232] l

hes in the m

re taken as a

nitoring. 

luation of 

69

 

 

 

 

 

 

 

 

 

es that the 

4] show an 

works. This 

zation. For 

perability of 

ermore, the 

urrently not 

xisting and 

ion of other 

t supported 

lead to the 

achine tool 

a reference 



 

70 
 

 Purpose: The interaction and the energetic behavior of the machine tool components must be 

quantified. Special focus for simulation approaches is given on the machine tool auxiliary as it can 

represent a major share of the total energy consumption and might also be process-independent. 

 Adaptability: Analysis and optimization indication based on data analysis must be applicable. 

The application of simulation must lead to clear optimization and evaluation results. 

 Simplicity: In order to the useful application in the industrial environment, model and simulations 

approaches need to be covered by an useful and simplified application. This covers the 

complexity of the model, the type and quantity of needed parameters, as well as the input mask or 

user interface. The parametrization effort should be limited while retaining the required accuracy. 

For this reason, effects with minor relevance to the energy demand, e.g. vibration or friction 

effects, should be neglected. 

 Effectiveness: Only a s can be fully revealed mall number of input parameters is required. 

Simulation approaches must be based on only a few and accessible parameters, e.g. from the 

component data sheet. 

 Accuracy: By using models in order to replace sensor for measurements the accuracy needs to 

be sufficient. Results from the modelling approach must meet the accuracy requirement which 

equals the given sensor accuracy of at least േ5%. 

 Flexibility: Modeling approach must be applicable for various machine tool setups and 

configurations. A flexible and modular approach is therefore required. 

 Modularity: Due to the large variety of different machine tool types, configurations, component 

setting and parametrization models and simulations need to be adjusted and be configurable in 

order to describe the reality and the individual setting as accurate as possible. 

 Level of detail: The simulation should focus only on the essential information. As models are 

used to replace sensors, the same or equal information is required. Information should be used for 

further comparison to measurement data and analysis. 

4.4 Electrical component modeling 
 

The following chapter is partly published in [235]. Two approaches for the energetic machine tool 

modeling, EMod (Energy Modelling approach) and Teach-in, were developed and reviewed in order to be 

used to replace sensors in monitoring applications for electrical machine tool components. 

The modelling approach EMod primary addresses the evaluation of the entire machine tool and its 

components in an early development phase. For this reason a physical machine tool system is not 

required for the parametrization. The approach represents the significant physical effects and the 

energetic behavior of the machine tool system. It contains a configuration procedure based on given 

inputs as a component database which is linked to a physical model library. The actual simulation leads to 

an analysis procedure and further outputs in accordance with the above mentioned requirement of the 
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An essential element of this approach is the modularity and interchangeability of the machine tool 

component models. The model has been designed and evaluated upstream the energy flow, starting from 

the initial cutting process. This energy demand is described mathematically by the application of the 

Kienzle cutting force model. Input parameters of each modelled machine tool component are therefore 

directly or indirectly dependent of the initial machining process. 

Thus, in accordance with Guzzella and Sciarretta [236], a quasi-static simulation (QSS) is applied. For this 

reason it is essential to describe the machining process, in particular, the required forces or process 

energy at the TCP. Transient activities represented by peak values, e.g. spindle startup, are neglected in 

this model approach because of the following reasons: 

 Some transient activities, e.g. spindle startup, are represented by dynamic forces and inertia. 

Therefore additional models of the mechanical relations are required which are not present in the 

given approach. 

 Transient activities are dependent on the control of the system. The given approach does not 

cover the system component control. 

 A peak value at the startup of the component infringes the fundamental assumption of the QSS of 

a quasi-static behavior. 

QSS can reduce the simulation times in comparison to a dynamic simulation within a complex 

environment. This is due to the reduced number of differential equations. Investigating the causalities of 

the power consumption on the level of components, the input energy flow is driving the output energy flow. 

For example, the input, voltage and current, to a drive determine its output power. In QSS, this 

relationship has to be inverted: 

 ௢ܲ௨௧ ൌ ݂ሺ ௜ܲ௡ሻ ௜ܲ௡ ൌ ݂ିଵሺ ௢ܲ௨௧ሻ  (4.1) 

Hence, QSS requires an invertible mapping function of the input to the output power. To achieve the 

requested modularity of the simulation approach, generic components are used. A generic component can 

be represented for instance by a motor with pre-defined inputs, e.g. rotational speed and torque, and 

outputs, e.g. consumed power and heat loss. Subsystems of the same generic type have the same 

interfaces and can be replaced by another generic component of the same type. In the following, relevant 

generic machine components for the electro-mechanical part are derived. 

Constant consumer: Based on an operating state, the consumption, e.g. power or material flow, is 

stationary. The input signal is given by the operating state, whereas the output is represented by a 

constant power consumption. 

Motor: A given rotational speed and torque demand is mapped to a power demand. Dependent on the 

point of operation and related motor efficiency map, the effective power is calculated. 
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Pump: A pump moves an incompressible fluid. For a given mass flow demand and a state of operation, 

the requested power is calculated. Furthermore, the effective power is calculated. In cases where the 

pumping system includes storages – i.e. a pressure tank – the inlet flow rate may differ from the 

demanded outlet flow rate. In this case, the inlet flow rate is calculated additionally. 

Fan: A fan is used to move a compressible fluid over small pressure gradients. The operational level of 

the fan is given as an input. The power demand and the resulting mass flow are calculated. 

Figure 4.3 shows an example of the total interrelation of components with different generic types and their 

in- and outputs on an example of the turning machine tool Schaublin 42L. 

 

 

 

 

 

 

 

 

 

The application of the EMod modelling approach for the measurement and monitoring purpose is focusing 

on auxiliary components as marked in red in Figure 4.3. Table 4.1 shows the selected generic 

components and related in- and outputs. 

The initial energetic behavior of the auxiliary is initialized directly or indirectly by the actual cutting process 

at the TCP as shown in Figure 4.3. For the validation of the modeling results, the machine tool energy 

model was applied on a turning process and is mainly based on static cutting parameters. 

 

 

 

 

Figure 4.3: Example topology of a machine tool system. The red box represents auxiliary 
components which are fully or partly independent from the machining process. 
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Table 4.1: Types of generic components and their inputs and outputs. 

Generic component Inputs Outputs 

Constant consumer ܵ௖௠௣	ൣ–൧ state of the component ௧ܲ௢௧ ሾܹሿ resulting consumption 

Motor ܶ ሾܰ݉ሿ required torque 

߱	ሾ݉݌ݎሿ required rotational speed 

௧ܲ௢௧ ሾܹሿ resulting consumption 
ሶܳ ௟௢௦௦ሾܹሿ thermal losses 
ߟ ൣ– ൧ current efficiency 

Pump ܵ ሾെሿ operational state 

ሶ݉ ௗ௠ௗሾ
݇݃

ൗݏ ሿ required mass flow 

௧ܲ௢௧ ሾܹሿ resulting consumption 
ሶ݉ ௜௡ሾ݇݃ ⁄ݏ ሿ mass flow into the pump 
ሶܳ ௟௢௦௦ሾܹሿ thermal losses 

 

Fan ݑሾെሿoperational level (0…1) ௧ܲ௢௧ ሾܹሿ resulting consumption 
ሶܳ ௟௢௦௦ሾܹሿ thermal losses 
ሶ݉ ௜௡ሾ݇݃ ⁄ሿݏ created mass flow 

Hydraulic ܨௗ௠ௗሾܰሿ demanded force 

ௗ௠ௗሾ݉ݒ ⁄ݏ ሿdemanded displacement 

speed 

Resulting pressure  

ሶ݉ ሾ݇݃ ⁄ݏ ሿ resulting mass flow  

 

The following turning process parameters are considered: Rotational speed of the main spindle ߱஼, the 

translational speeds of the z-axis ݒ௭ and x- axis ݒ௫, and the cutting depth ߙ௣. Moreover, parameters on the 

workpiece material, cutting tool and angle of setting ߢ between the work piece and cutting tool are 

needed. Relevant parameters can be found as statistical data in literature. As these parameters are 

strongly dependent on the individual work piece and tool relationship as well as cutting edge condition, 

force measurements are required to define specific Kienzle parameters for the given test case scenario 

and to reach a simulation accuracy of േ5%. 

According to this approach the cutting force ܨ஼, feed force ܨ௙ and passive force ܨ௣ can be calculated. By 

neglecting the bearing friction caused by side forces, ܨ஼ is the most relevant for the torque calculation of 

the spindle. 

௖ܨ  ൌ ܾ ∙ ݄ଵି௭೎ ∙ ݇௖ଵ.ଵ (4.1)

When applying the equation to the model, the relation between rotational speed ߱஼, feed rate ݒ௭ and chip 

dimension have to be made, while constant chip dimension with constant diameter and no z-movements 

are given.  
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With the applied assumptions and further geometrical simplification, the resulting cutting force ܨ஼ is 

represented by: 

 
௖ܨ ൌ

ܽ௣
sin 

∙ ൬
2 ∙ ߨ ∙ ௖ݒ
߱௖

∙ sin  ൰
ଵି௭೎

∙ ݇௖ଵ.ଵ (4.2) 

ܾ	ሾ݉݉ሿ:   Chip height ݒ௖ ቂ
௠௠

௦
ቃ:  Cutting speed   

 
ܽ௣	ሾ݉݉ሿ:  Cutting depth ߱௖ ቂ

௥௔ௗ

௦
ቃ:  Rotational speed  

 

 ௖ሾെሿ:  Corrective factorݖ ሾ݀݁݃ሿ:   Setting angle (static)	ߢ
 

݇௖ଵ.ଵ ቂ
ே

௠௠మቃ:   Unit specific cutting force coefficient  

 

Constant consumer 

The energetic component behavior is derived from the machine tool operation mode and/or the initial 

cutting process. Within the EMod simulation the timing for the machine tool operation has to be assumed 

or combined with other machine tool components. A certain state of the component causes a defined 

output ܲ, where the component state ܵ௠௖௛ is caused by the machine state ܵ௠௖௛. The set of states of the 

machine tool are given as ܵ௠௖௛ ൌ ൛ܵ௠௖௛,௜ห݅ ൌ 1,2,… ,ܰ௠௖௛ൟ and the states of the component as ܵ௖௠௣ ൌ

൛ܵ௖௠௣,௝ห݆ ൌ 1,2, … , ௖ܰ௠௣ൟ, where ܰ௠௖௛ ൒ ௖ܰ௠௣. The relationship between ܵ௠௖௛ and ܵ஼ெ௉ is defined in a 1-to-

1 relationship. In order to simulate the component behavior two state mappings are required. First the 

mapping of the machine state to the component state ߪሺܵ௠௔௖௛ሻ, second the mapping of the component 

state to the output ∑൫ܵ௖௠௣൯.	This leads to the equations for a constant component: 

 ܵ௖௠௣ሺݐሻ ൌ ሻ൯ݐ൫ܵ௠௖௛ሺߪ	 and ௧ܲ௢௧ሺݐሻ ൌ ෍൫ܵ௖௠௣ሺݐሻ൯ 
 

(4.3) 

Furthermore, each machine tool component state ܵ௖௠௣	 ∈ 	 ሼ1,2,… , ܰሽ	 with ܰ	component power levels 

needs to be defined. The mapping can be realized by a vector ሬܲԦ ൌ ሾ ଵܲ, … , ேܲሿ். The states can be taken 

from the component data sheet or need to be assumed when a physical system component is not present. 

Asynchronous motor 

Within the machine tool system various types of electrical motors exist, e.g. synchronous or asynchronous 

motors. The motors reprent fans, pumps or filter motors. For the asynchronous motor with given rotational 

speed ߱ሺݐሻ and torque ܶሺݐሻ, the mechanical power is calculated according to: 

 ௠ܲ௘௖௛ ൌ ߱ሺݐሻ ∙ ܶሺݐሻ 
(4.4)
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݉ ∙

݀ଶ

ଶݐ݀
ݔ ൌ෍ܨ௜

௡

௜ୀଵ

  (4.13) 

 

The relation of the cylinder surface and required force equals in: 

 
݉ ∙

݀ଶ

ଶݐ݀
ݔ ൌ ଵ݌ ∙ ଵܣ െ ଶ݌ ∙ ଶܣ െ ܨ െ ோ (4.14)ܨ

with 

݉: Mass ሾ݇݃ሿ ݌ଶ: pressure in cylinder chamber 2 ሾܲܽሿ 

 ଶ: cylinder cross section, chamber 2 ሾ݉ଶሿܣ control variable ሾെሿ :ݔ

 cylinder force ሾܰሿ :ܨ ଵ: pressure in cylinder chamber 1 ሾܲܽሿ݌

 ோ: Friction force ሾܰሿܨ ଵ: cylinder cross section, chamber 1 ሾ݉ଶሿܣ

 

As the friction force can be replaced by the hydraulic-mechanical efficiency which is available from the 

manufacturer’s datasheet and the dynamic term is neglected as it is considered as energetically not 

relevant, equation (4.14) can be simplified to: 

 
ଵ݌ ൌ

ܨ
ଵܣ ∙ ௛௠ߟ

൅ ଶ݌ ∙
ଶܣ
ଵܣ

 
(4.15)

As ݌ଵrepresents the pressure in the cylinder chamber one the pressure in cylinder chamber 2 ݌ଶ results 

from the Bernoulli resistor equation in: 

ଶ݌  ൌ
ሶ݉ ଶ

2 ∙ ߩ ∙ ݇ଶ ∙ ௣௜௣௘ܣ
ଶ  

(4.16)

The relation between the input and output is given with the piston radius r and drilling hole radius R: 

 
ሶ݉ ൌ ߩ ∙ ݓ ∙ ଵܣ ൅

݌∆ ∙ ߨ ∙ ሺܴ ൅ ሻݎ ∙ ሺܴ െ ሻଷݎ

12 ∙ ߥ ∙ ܾ
 (4.17)

and 

 
ଵ݌ ൌ

ܨ
ଵܣ ∙ ௛௠ߟ

൅
ଶܣ
ଵܣ

∙
ሶ݉ ଶ

2 ∙ ߩ ∙ ݇ଶ ∙ ௣௜௣௘ܣ
ଶ  

(4.18)

Distribution 

The distribution of hydraulic oil is represented by a pipe. The pressure drop within a pipe dependents on 

the diameter and the friction coefficient ߣ. This relation is given in the Darcy-Weisbach equation: 
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Table 4.2: Parameters chosen for the pump. 

Parameter Unit Value   

Pressure ݌ሾܲܽሿ 5900000 6000000 7000000 

Power ܲሾܹሿ 650 650 700 

Power ܲሾܹሿ 950 950 990 

Volumetric flow (idle) ሶܸ ሾ݈ ݉݅݊ሿ⁄  6 6.5 6.6 

Volumetric flow (flow) ሶܸ ሾ݈ ݉݅݊ሿ⁄  8.5 9.5 9.6 

 

Table 4.3: Parameters for the reservoir. 

Parameter Unit Value

Reservoir volume ܸሾ݉ଷሿ 0.01 

Initial gas pressure ݌௜௡௜௧ሾܲܽሿ 6000000 

Initial liquid volume ௧ܸሾ݉ଷሿ 0.0005 

Maximum pressure ݌௧,௠௔௫ሾܲܽሿ 7000000 

Minimum pressure ݌௧,௠௜௡ሾܲܽሿ 6000000 

Ambient pressure ݌௔௠௕ሾܲܽሿ 100000 

 

Table 4.4: Parameters for the cylinder. 

Parameter Unit Value 

Piston cross section 1 ܣଵሾ݉ଶሿ 0.085 

Piston cross section 2 ܣଶሾ݉ଶሿ 0.025 

Piston thickness ܾሾ݉ሿ 0.01 

Efficiency ߟ௛௠ሾെሿ 0.95 

Stroke ݌௧,௠௔௫ሾܲܽሿ 0.032 

Fluid density ߩሾ݇݃ ݉ଷሿ⁄  878 

 

Table 4.5: Parameters for the pipe. 

Parameter Unit Value

Pipe length ݈ሾ݉ሿ 1 

Pipe diameter ݀ሾ݉ሿ 0.05 

Initial liquid volume ௧ܸሾ݉ଷሿ 0.0005 

Maximum pressure ݌௧,௠௔௫ሾܲܽሿ 7000000 

Minimum pressure ݌௧,௠௜௡ሾܲܽሿ 6000000 

Fluid density ߩሾ݇݃ ݉ଷሿ⁄  878 
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In the second step the PLC address of the hydraulic system is read. In the following case and based on 

the Siemens Solutionline NC, this information can be revealed from the machine tool individual Step 7 

project and assigned R-parameters. The behavior of the hydraulic system can be separated into four 

segments: 

A: For ܵ௉௅஼ ൌ 0;	 ௘ܲ௙௙ ൌ 0 

B: For  ܵ௉௅஼ ൌ 0	 → 1;	 ሬܲԦ௘௙௙ ൌ ሾ0, 1210, 649.9, 648.4ሿ଴,ଶ 

C: For ܵ௉௅஼ ൌ 1	;	 ௘ܲ௙௙ሺݐሻ ൌ
ଵ଴.ସ

଼ଵ
ݐ ൅ 648.4 for Δݐ଴→ଵ 

D: For ܵ௉௅஼ ൌ 1	 → 0; ሬܲԦ௘௙௙ ൌ ሾ730, 732.6; 	53.5, 0	ሿ଴,ଶ 

The four segments represent the energetic behavior of the hydraulic pump accordingly to the given signal 

from the PLC ܵ௉௅஼ and result in Figure 4.14: 

 

Figure 4.14: Segmentation of hydraulic pump measurement for Teach-In modelling. 

The input parameter of the Teach-In approach is given by the PLC signal ܵ௉௅஼ which is continuously 
monitored over a PLC readout. The accuracy of the model depends on the sampling rate of the pre-
measurement. 
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For the quantification of the data accuracy of the simulation, the applied models are compared to actual 

and trusted power measurements which are performed by the multichannel measurement system as 

introduced on chapter 3. 

According to the given requirements on the simulation of the machine tool components in order to replace 

sensors for the energy and resource monitoring in chapter 4.3 the following conclusions can be made: 

Purpose: Both simulation approaches fulfill this requirement as the simulations are applied on machine 

tool components and subcomponents and the overall machine tool auxiliary. 

Adaptability: The result of both simulation approach result in effective power values with a defined time 

stamp. Based on the applied sampling rate analysis methods can be applied on the EMod and Teach-in 

approach. In order to detect power peaks the Teach-in approach needs to be used. 

Simplicity and effectiveness: As shown by Table 4.2 to Table 4.5, and despite some simplifications and 

subsystem complexity, more than 23 parameters are required in to set up the EMod component model on 

the hydraulic system. Those parameters are either not given or inaccurate. The Teach-in approach 

requires a pre-measurement and a PLC signal. This is not always possible. 

Accuracy: The Teach-in model showed that an accuracy of േ5% can be achieved as it primary depends 

on the applied measurement. As the energetic behavior of the machine tool components might change 

over time, e.g. through wear, a continuous comparison with measurements and recalibration must be 

performed in order to guarantee an adequate optimization indication. The accuracy of the EMod approach 

is highly dependent on the parametrization. For a monitoring approach the accuracy of േ10% is 

considered as not sufficient. 

Flexibility: Both models can be applied on machine tool components and subcomponents. For the EMod 

modeling the application and related accuracy strongly depends on the available parameters. The Teach-

in approach is applicable on components with a stationary energetic behavior with a clear signal indicating 

the operational mode. 

Modularity: The EMod simulation strongly depends on the available parameters. While a physical entity 

is required in the Teach-in approach. Therefore, the level of modularity with the Teach-in approach is 

considered higher compared to the EMod simulation approach. 

Level of detail: The comparison of the two approaches with the actual effective power measurement 

proofs that the Teach-in approach fulfils all required details for a further analysis and monitoring. However, 

only the sampled signal is reflected. Therefore, the correctness of the initial and measured signal is of 

high importance and the measurement value must be approved by independent external sensors. The 

EMod approach can be used as a quantitative tool as it indicates the basic energetic behavior without a 

direct validation and approval of correctness. 
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level are given by Avram [243] and Gontarz et al. [235]. For the analysis and evaluation of compressed air 

systems the software tools AirMaster+ [244] and AirSim [245] are available. The available software 

approaches are either too detailed and thus require multiple parameters and detailed measurements, or 

are only valid for a particular system layout, generally limited to the specific compressor provider and 

related components, and thus cannot be used for the replacement of sensors within a measurement or 

monitoring setting. 

For this reason it is necessary to understand the energetic behavior of a compressed air system to 

develop a universal model in order to replace flow sensors by accurate models for the monitoring 

application. According to the measurement requirements for compressed air, the following requirements 

are given for the simulation of compressed air systems: 

 Accuracy: The simulation approach requires at least an accuracy of േ5% in comparison to the 

measurement equipment. This is required for further analysis and optimization indication. 

 Parameters: The quantification of pressure ݌௟௢௦௦ሺݐሻ and flow losses ሶܳ ௟௢௦௦ሺݐሻ is required as they 

represent the most important losses within a compressed air system. 

 Relevance: It is required to implement a simulation approach within the machine tool system 

boundary according to ISO 14955 [29]. As compressed air is generated in most cases 

decentralized, multiple losses with increasing complexity outside the system boundary occur. 

 Modularity: The key function for simulation approaches within this thesis is the application in 

energy- and resource monitoring of machine tools. For this reason a modular application for 

measurement and monitoring purposes which can be adopt on different systems is required. 

The compressed air system including the compressor and the distribution in the machine tool can be 

separated in two main groups: Processing and distribution. These two groups can be further subdivided 

into six subsystems for the evaluation and quantification of inefficiencies in the form of flow ሶܳ ௟௢௦௦ and 

pressure losses ݌௟௢௦௦ as indicated in Figure 4.17. 
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The density at fluid rest is given with ݓ ൌ 0, representing a static condition. This occurs in big vessels or in 

the stagnation point of a body which is exposed in a flow. A series expansion of the equation (4.32) can 

be written as a function of Ma: 

଴ߩ  െ ߩ
଴ߩ

ൎ
1
2
ଶܽܯ ൅  ସሻܽܯሺߠ

(4.33)

For small Mach numbers ሺܽܯ → 0ሻ, equation (4.33) can be rewritten to: 

଴ߩ  െ ߩ
଴ߩ

ൎ
1
2
ଶܽܯ ݎ݋݂ ܽܯ → 0 

(4.34)

With ߛ ൌ 1.4, ܴ௔௜௥ ൌ and ௔ܶ௠௕ ܭ݃݇/ܬ	287.058 ൌ ܽ into equation (4.34) one obtains ܭ	293.15 ൌ

 This can be seen as a typical value in a compressed air distribution system. Varying the .ݏ/݉	343.237

velocity in (4.34) results in the values as given in Table 4.7. Thus, up to a value of ܽܯ ൎ 0.3 the relative 

change of density is below 5%. This confirms the assumption of incompressible flow for compressed air. 

As recommended by Barber [248] the air velocity ݓ	should not be higher than ݓ ൌ 15݉ ⁄ݏ  to avoid too 

high friction at the pipe wall. The velocity within a compressed air distribution is between 

ݓ ൌ 1݉ ⁄ݏ ݓ	݀݊ܽ	 ൌ 6	݉ ⁄ݏ . The change of density is therefore negligible. 

Table 4.7: Relative change of density at low Mach numbers at a temperature of ࢈࢓ࢇࢀ ൌ ૛ૢ૜. ૚૞ࡷ. 

ሾ݉ݓ ⁄ሿݏ ܽܯ  ሾെሿ ߩ௢ െ ߩ
௢ߩ

 

1 0.0029 4.2 ∙ 10ି଺ 

5 0.0146 1.06 ∙ 10ିସ 

10 0.0291 4.24 ∙ 10ିସ 

20 0.0583 0.0017 

50 0.01457 0.0106 

100 0.2913 0.0424 

150 0.4370 0.0955 

 

For the pressure drop, caused by friction, in a straight tube (Figure 4.18) the Bernoulli for incompressible 

flow can be applied as given in: 

 
ቂ݌ଵ ൅

ߩ
2
∙ ଵݓ

ଶ ൅ ଵቃ݄݃ߩ ൌ ቂ݌ଵ ൅
ߩ
2
∙ ଶݓ

ଶ ൅ ଶቃ݄݃ߩ ൅ Δ݌ଵଶ െ Δ݌௘௫௧ (4.35)

The mean velocity is calculated as ݓ ൌ
௠ሶ

ఘ∙஺
. Since for an ideal tube the volumetric flow remains constant 

within a constant cross section, the mass flow is constant as well. Thus, the velocity applies as: 

ଵݓ  ൌ ଶ (4.36)ݓ
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For gases, the potential energy ܧ௣௢௧ ൌ  :can be neglected and equation (4.36) simplifies to ݄݃ߩ

 
Δ݌ଵଶ ൌ ଵ݌ െ ଶ݌ ൌ Δ݌ଵଶ െ Δ݌௘௫௧ (4.37)

-௘௫௧ describes the possible influence of an energy input or output. These are for example continuous݌∆

flow components, e.g. pumps or turbines. The expression ∆݌ଵଶ contains two parts, the friction in a straight 

pipe ݂ ቀ௅
஽
ቁ	and fittings in the distribution system ݂ሺ∑  :ሻߞ

 
ଵଶ݌∆ ൌ ௙௥௜௖௧௜௢௡݌∆ ൌ

ߩ
2
ഥଶݓ ∙ ݂ሺ

ܮ
ܦ
൅෍ߞሻ (4.38)

Within the simulation approach, the friction is represented by the Darcy-Weisbach equation. ܮ represents 

the characteristic length of the straight pipe, ܦ the inner pipe diameter and ݂ represents the Darcy friction 

factor. 

 

 

 

 

 

 

 

For the calculation of factor ݂ the flow behavior must be considered. Figure 4.18 shows the velocity 

distribution in a straight pipe for laminar and turbulent flow. The friction factor is determined by the 

Reynolds ܴ݁஽ number which leads to different pipe surface friction: 

 
ܴ݁஽ ൌ

ഥݓ ∙ ܦ
߭

 (4.39)

 represents the kinematic viscosity. Up to the critical Reynolds number	is the mean flow velocity and ߭	ഥݓ

ܴ݁ ൌ 2300, a laminar flow is given and the friction factor results in: 

 
݂ ൌ

64
ܴ݁஽

 
(4.40)

 
For turbulent flow, ܴ݁ ൐ 2300, ݂ depends not only on the Reynolds number but also on the pipe surface 

roughness ݇௦. For smaller Reynolds numbers and smooth surface roughness ߱ ∙ ݇௦ ߭ൗ ൏ 5, where ߱ 

describes the velocity gradient equation  is used: 

 

Figure 4.18: Model of a straight pipe with a laminar and turbulent 
velocity profile 
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 1

ඥ݂
ൌ 2 ∙ log൫ܴ݁஽ ∙ ඥ݂൯ െ 0.8 

(4.41)

 

For the model implementation, various supporting points were calculated numerically and implemented 

into a lookup table. Based on this table, linear interpolation is used in the simulation. To obtain ݂ for very 

rough pipes with ߱ ∙ ݇௦ ߭ൗ ൐ 70, von Karman’s explicit formula is used: 

 

 1

ඥ݂
ൌ 1.14 െ 2 ∙ log ൬

݇ௌ
ܦ
൰ 

(4.42)

 
As transitional roughness is often observed in the entire distribution system, for the quantification of the 

roughness Colebrook and White [249] developed a curve fit. An alternative for the roughness modeling is 

used with the explicit Chen approximation according to Brkic [250]. Together with the known pipe length 

and the gas properties, the pressure loss can be calculated for constant pipe diameter as shown in 

(Appendix A.2). In order to quantify the pressure loss at fittings in this simulation, an empirical method is 

chosen. Depending on the fitting geometry an equivalent straight pipe length ܮ can be obtained which 

represents the same pressure loss ݌௟௢௦௦. Forder [251] and Miller [252] tabulated the values for different 

pipe diameters. All losses obey the same functional dependency on the flow velocity. The given model 

approach corresponds to the values of the pressure drop in straight pipes and fittings. 

4.8.2 Modeling of Leakage 

In compressed air systems, leakage causes the biggest part of energy losses. It can be found throughout 

the entire compressed air system. Leakages often represent a significant cost factor, as shown in Table 

4.8 within an industrial 6 bar supply based an electrical equivalent power of ௘ܲ௤ ൌ 7ܹ݇/ሺ݉ଷ min	ሻ⁄ . The 

values are given for an operation time of 8760 h per year and an electricity price of 0.15 € per kWh 

according to [32]. 

Table 4.8: Examples of the costs for an air leak through a hole with different diameters. 

Hole 
diameter 

Air 
consumption 

Leakage loss 

mm M3/min kW €/year 
1 0.065 0.46 604 
2 0.257 1.80 2364 
4 1.03 7.21 9474 
6 2.31 16.17 21247 
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Given with the adiabatic coefficient ߛ, pressure ݌, media velocity ݓ and density ߩ. This equation can be 

further simplified according to Siekmann and Thamsen [254] by assuming a free jet at orifice with the 

same ambient conditions, pressure ݌ଶ ൌ ଶߩ ௔௠௕ and density and݌	 ൌ   of the fluid. As the velocity at	௔௠௕ߩ

the orifice ݓଶ	is assumed to be much higher in comparison to the velocity in the tube ݓଵ, ݓଵ can be 

neglected. With assumption of an adiabatic process with ݌ ⁄ఊߩ ൌ  the velocity of the fluid at the orifice	ݐݏ݊݋ܿ

 :ଶ can be described asݓ

 

 

ଶݓ ൌ ඨ
ߛ2
ߛ െ 1

∙
ଵ݌
ଵߩ
ሺ1 െ

௔௠௕݌
ଵ݌

∙
ଵߩ
௔௠௕ߩ

ሻ ൌ
ඥ2ߩଵ݌ଵ
௔௠௕ߩ

∙ ඨ
ߛ

ߛ െ 1
∙ ൥൬

௔௠௕݌
ଵ݌

൰
ଶ
ఊ
െ ൬

௔௠௕݌
ଵ݌

൰
ఊାଵ
ఊ
൩ (4.46)

	

 

 
According to the law of conservation the highest velocity occurs at the smallest orifice. According to [247] 

the area velocity relation is given with: 

 
ݓ݀
ݓ

ൌ
1

ଶܽܯ െ 1
∙
ܣ݀
ܣ

 (4.47)

 
This results in the critical pressure relation where ܽܯ ൌ 1 is given and to  
 
 
 

൬
௔௠௕݌

ଵ݌
൰
௖௥௜௧

ൌ ൬
2

ߛ ൅ 1
൰

ఊ
ఊିଵ

 (4.48)

 
 
The discharge function Ψ	remains constant for the critical pressure relation ሺ݌௔௠௕ ⁄ଵ݌ ሻ௖௥௜௧ ൑ 0.528 and 

represents the so-called choked flow. The maximum value with ሺ݌௔௠௕ ⁄ଵ݌ ሻ௖௥௜௧ ൑ 0.528 and ߛ ൌ 1.4 is 

Ψ௠௔௫ ൌ 0.48418. The desired leakage volumetric flow is ultimately obtained by multiplying the outflow 

velocity ݓଶwith the orifice cross section ܣଶ with: 

 ሶܸ௅ ൌ ଶݓ ∙ ଶ (4.49)ܣ

For the consideration of friction and non-ideal effects at the orifice, a correction factor ܿௗ needs to be 

considered and determined empirically. This leads to equation: 

 

 ሶ݉ ௅ ൌ ܿௗ ∙ ௔௠௕ߩ ∙ ଶݓ ∙ ଶ (4.50)ܣ
Conclusion and Validation 
 

For the validation of the findings and implemented models a defined leakage test was performed. As 

shown in Figure 4.20 a defined 2mm (8) and 4mm leakage was measured and compared against the 

defined model. The entire electrical power input on the compressor (1) against the flow (7) was measured. 

The tank (2) was filled up to a system pressure at the manometer (3) to 10.6 bar. A ball valve (4) was 

݁݃ݎ݄ܽܿݏ݅ܦ  Ψ	݊݋݅ݐܿ݊ݑ݂
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opened and released the stored compressed air through a high pressure hose (5) and filter (6) to a test 

pipe with the defined leakage (8). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The parameters for the validation measurement are shown in Table 4.9. 
 
 

Table 4.9: Parameters of the measurement setup as shown in Figure 4.20. 

Number Component Parameter Value 
1 Compressor Kaeser SK25 -  
2 Tank Volume [݉ଷሿ 0.25 
3 Pressure manometer Measurement Range [Pa] 0 - 15000000 
4 Ball valve - - 
5 Hose Length [m], diameter [m] 0.55, 0.00127 
6 Filter - - 
7 Sensor Length [m], diameter [m] 0.7, 0000254 
8 Pipe Length [m], diameter [m] 0.5, 0.000254 
9 Leak Position [m], diameter 1 and 2 [m] 0.4, 2, 4 

 
 
Additional parameters for the simulation are shown in  
Table 4.10: 
 

 
Table 4.10: Initial, ambient, and other conditions of the leakage measurements. The measurement 

conditions were the same as for the sensor measurement. 
 

Parameter  Unit Value 
Tank temperature ்ܶ K 293 – 300 
Initial tank pressure ݌௧,௜௡௜௧ PA 10700000 
Maximal tank pressure ݌௧,௜௠௔௫ PA 11000000 
Response pressure 
difference 

 PA 200000 ݌∆

Ambient temperature ௔ܶ௠௕ K 293 
Ambient pressure ݌௔௠௕ PA 101300 
Leak diameter ݀௅ mm 2 and 4 

 
 

Figure 4.20: Piping and instrumentation diagram of the leakage 
measurement setup. 
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reached. Furthermore, the given approach relies on several parameters that might be not available or not 

sufficiently precise. Other losses in the system are strongly dependent on the actual use and volume flow 

ሶܸ . For the monitoring purpose, compressed air is considered as too important to be evaluated through a 

modelling approach based on few parameters. Therefore measurement of compressed air is 

recommended for monitoring applications. 

4.9 Conclusion 
 

For electric components, e.g. motors, the EMod and Teach-in approaches were developed and 

validated against the effective power measurement. For the compressed air supply a 

compressed air simulation was applied and validated with flow measurements. It can be 

revealed that the given simulation approaches are only partly applicable for the adaption of a 

sensor within a monitoring application. The comparison shows that the implementation and 

parametrization effort in order to reach the required value accuracy is high. Based on this 

requirement the Teach-in approach is seen as a promising solution. Still it can be only used for 

the replacement of constant and controlled-constant components with a direct relation to the 

PLC. The EMod approach and the related compressed air simulation can indicate the qualitative 

energetic behavior of the system in order to predict the energy consumption of a component and 

machine tool system, but requires parameters which are partly not given or not accurate enough 

in order to indicate optimization potential and/or measures. This missing parameter set leads to 

false timestamps and effective power value output. Therefore, an implementation in the 

industrial setting is not applicable. The modeling approach EMod reaches an accuracy of േ20% 

and is therefore hardly applicable for the monitoring, analysis and indication of energy efficiency 

potentials within a machine tool system.	 

 

Thus, the EMod and compressed air simulation approach are reasonable where physical 

systems are not given and for a first estimation. This approach does not cover the given 

industrial requirements towards accuracy, implementation effort, and general applicability. For 

the industrial application the developed modelling approach Teach-in can be used on constant 

and controlled-constant components as it covers the industrial requirements in accuracy and 

applicability.  
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is related to all optimization measures within the machine tool system boundary as defined in ISO 14955 

[29]. Macro-optimization comprises parametrization related to the manufacturing process, factory logistics, 

and production scheduling without changing the configuration or control of the machine tool components. 

Thus, it is related to all optimization measures outside the machine tool system boundary. 

The basis for all developed analysis approaches in this research is given on grounds of the multichannel 

measurement system as introduced in chapter 3.4. The raw data consists out of a data header with a UTC 

time stamp and the effective power for each measured phase ଵܲ- ଷܲ and the overall effective power for 

each device ௘ܲ௙௙ሾܹሿ as shown in Appendix A.4. Other values, e.g. ܿ߮ݏ݋, reactive power ௏ܲ஺ோ, or apparent 

power ௏ܲ஺ are collected if specifically required for further analysis. The raw data of each machine tool 

component is furthermore synchronized according to the given time stamp of the main supply in UTC. 

In general optimization approaches aim to increase the efficiency of a system. Efficiency can be increased 

by either increasing the output, or minimize the input for a certain process as defined in ISO 9000 [38] and 

shown in: 

 
݁௉ோ ൌ

௜௡ܧ
௢௨௧ܧ

 
(5.1)

 

The analysis and optimization procedure within the following chapter follows the minimum principle as 

introduced by Pehnt [39]. Thus the goal of the following selective methods is to reduce resources to a 

minimal required amount (input) by maintaining a constant process output, e.g. quality and quantity which 

results to an increased machine tool efficiency. 

5.2 Analysis of Measurement Findings 
 

In principle, the energetic behavior and resulting individual optimization findings are primary defined by the 

machining process, system configuration, component parametrization, as well as the individual use of the 

machine tool and production system. For instance, grinding processes, in particular in finishing operations, 

require low process forces at the main drives, whereas the auxiliary equipment, e.g. cooling or fluid 

filtering, dominates the energetic behavior of the production system (Figure 5.3). On the other hand, 

roughing cycles in milling operations show high forces and resulting effective power ௘ܲ௙௙ demand at the 

main drives with a limited effective power share of auxiliary devices ௘ܲ௙௙,௔௨௫. Furthermore, the individual 

machine tool usage and related machine tool mode are influencing factors on the energetic behavior of 

the entire machine tool. Table 5.1 shows the performed multichannel measurements in this research. 
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active at any operation stage and for how long this state occurs as not all active components are quality or 

safety related. Further important information for the analysis and optimization is if the duration of the 

standby mode. A detailed standby time prediction can lead to an optimized machine tool component 

behavior. Thus, it is required to measure the power share of active components in standby mode, its 

duration, and occurrence. 

Active components: The multichannel machine tool measurement enables the measurement of all active 

components. In accordance to ISO 14955 [29] all machine tool functions and subfunctions need to be 

measured which are relevant for energy supplied during different machine tool modes. Therefore, it is 

required to measure and analyze at least 80% of the total power supplied to the machine tool in all 

possible machine tool modes ௘ܲ௙௙,௧௢௧. The sum of the effective power of all components ∑ ௘ܲ௙௙,௜ must be 

equal or higher than 80% of the total power consumption ௘ܲ௙௙,௧௢௧: 

 
෍ ௘ܲ௙௙,௜ ൒ 0.8 ∙ ௘ܲ௙௙,௧௢௧

௜

ଵ

 (5.2)

The performed measurements show that the delta of the sum of the power of all components towards the 

total power ∆ܲ	can vary depending on the machine tool mode and even on the applied machining process 

by up to 25%. For this reason it is necessary to measure the total power input ௧ܲ௢௧ in comparison to the 

sum of all components ∑ ௘ܲ௙௙,௜	to guarantee that all components are measured in all machine tool modes. 

Internal dependencies: The subsystem control behavior is given by the PLC, process-related operations, 

external sensors, or manual inputs. It is observed that some machine tool components are interconnected, 

e.g. master and slave application. The energetic behavior is directly depended on the energetic behavior 

of other components. For this reason it is required to perform parallel measurements to detect given 

dependencies. Single channel and sequential measurements require a high synchronization effort to 

indicate these dependencies. 

Component pre and overrun: Measurement for the machine tool startup and switch-off show that based 

on machine tool provider information, rule-based operations on the machine tool components are 

required. For instance, the oil temperature for cooling and lubrication needs to reach a certain thermal 

state and viscosity to provide the intended functionality and output. Other operations require staggered 

intervals for the spindle speed. After machining processes, in particular in grinding operations, it is needed 

that the process zone is free of any dust or oil mist. To guarantee this the exhaust system has to overrun 

for a defined duration after machining stop. These functions are machine tool safety and process quality 

related. Still, these operations require energy and resources during non-productive machining time and 

need to be measured and analyzed. 

Comparison of machine tools: Even though machine tools are mostly designed to perform a specific 

machining task with individual parametrization, it might be still required to provide an adequate 
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comparison of the energetic performance of a machine tool or production system, e.g. in order to evaluate 

a production scheduling or detect differences on the component level. This might be required for 

machining processes, that can be performed by different machine tools or aggregated reporting, for 

instance EnPI acquisition. The selection of measurement points on various machine tools revealed that 

components and subcomponents of machine tools can be classified in recurring consumer groups as 

indicated below: 

 Cooling pumps 

 Hydraulics 

 Pneumatics 

 Main drives / auxiliary drives  

 24V DC supply  

 230V AC supply  

 Chip conveyor  

 Exhausting systems  

 Cabined cooling  

The above mentioned observations and findings taken from the multichannel measurement show the 

need to focus the analysis on auxiliary components, non-productive time optimization, and dimensioning 

of subcomponents. As machine tool measurements can only reveal some of the above mentioned findings 

analysis tools for direct indication are developed. For this reason the above mentioned observations and 

findings are further transformed into the following requirements for data analysis tools. 

 

5.3 Requirements for data analysis 
 

Based on the performed measurements with the multichannel measurement system, in order to find 

inefficiency on the machine tool or production system, the following requirements can be revealed from 

the above mentioned observations: 

 Classification / Evaluation: For the evaluation and comparison of similar machine tools a unified 

methodology is required. As machine tools are highly variant in the usage and configuration this 

requirement implies a method which is as detailed as possible while maintaining the unified 

application on different machine tools. 

 Component measurement: It is required to measure all active and inactive components within 

the system boundary according to the ISO 14955 [29] definition. As the control and energetic 

behavior of machine tool components and subcomponent varies, it is needed to perform the 

measurement of all components to ensure and the sum of all components of 80% of the total 

energy input in all machine tool modes. This ensures a detailed analysis on all machine tool 
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components, e.g. fluctuation, share, and dependencies, for the indication of inefficiencies on the 

component level. 

 Machine tool modes: The measurements must be performed in all possible machine tool modes. 

This ensures the analysis on possibly relevant machine tool states, e.g. off or standby, and 

guarantees the evaluation of all active and relevant components. 

 Resolution: For the analysis of peak loads and dynamic component behavior, e.g. spindle start or 

stop, a minimal resolution of 5ݖܪ is required. This requirement includes the detailed analysis on 

the component level in order to detect and quantify peak loads and synchronous component 

startups. 

 Observation period: As the energetic behavior and component interrelation depends on the 

machining process, different machine tool modes, and thermal stability management, a 

representative observation period needs to be applied. This observation period must cover 

therefore all possible and relevant stages of the energetic machine tool behavior. 

 Economic factor: The analysis should indicate inefficiencies and potential optimization 

measures. For a full evaluation besides the technical view, the analysis needs to encompass also 

an economic assessment. Based on the given information on the component level, economic 

assessment should be done. This information, among others, should be further used for service 

and maintenance reasons. 

Based on these requirements and the multichannel measurement the following analysis and evaluation 

tools are developed in order to facilitate and indicate optimization measures on machine tools and 

production systems. 

 

5.4 Analysis tools  

5.4.1 Functional Component classification 

In order to compare and evaluate machine tools and production systems an adequate evaluation method 

is required. In particular in macro optimization (Chapter 5.1), the comparison and evaluation of machine 

tools is required in order to quantify an aggregated efficiency and optimization evaluation on the machine 

tool level or for the comparison of similar machine tools for the same or similar product. A comprehensive 

comparability can set the basis for decision-making within manufacturing, e.g, type and selection of 

machine tools based on specific machining tasks and can represent an important indication of the 

machine tool purchase. In accordance to the European Energy Labelling of Productions Directive [259] an 

universal evaluation is required. Its definition, development and implementation is very cumbersome due 

to the heterogeneous application, design and configurations of machine tools. A unified classification 

approach as given in white ware [260] or automotive industry [261] in order to objectively classify and 
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compare system with each other is requested from the legislative point of view. Schischke et al. [205] 

summarized the reasons for the challenging definition of a universal evaluation of machine tools:  

 Undefined scope of the evaluation and definition of machine tools: 

 Diversity in configuration and parametrization and machining process variety 

 Diversity and complexity of machine tools 

 Organizational applicability and energy wise classification 

 Lacking of simplicity and inclusion of required relationships 

 Transparency and reproducibility   

 Missing completeness and agreements  

A generally applicable evaluation method for machine tools and production system was developed based 

on the above mentioned requirements and challenges. The following method and related findings were 

adopted in the first part of the ISO 14955 [29] standard and are partly published in [262, 263] and [264]. 

A machine tool represents an assemblage of different components and subcomponents. Therefore, a 

comparability of energy and resource consumption and their resulting energy efficiency on different 

process technologies or machine tool configurations cannot be identified by applying a single component 

evaluation. Based on the above mentioned observations, it is obvious that the actual needed energy for 

the machining process, performed by the main drives, has a minor energetic influence. In other cases, the 

auxiliaries that disprove a common energetic comparison on the component level, dominate the total 

energy consumption as introduced by Dietmair and Verl [87]. From these findings, a comparison based on 

the chip-removal energy only is not applicable. Based on the findings from performed measurements, 

auxiliary components can be classified in component groups as specified above. 

Depending on the machine tool mode and configuration, auxiliary components fulfill essential functionality 

without a direct added value. The goal of the following analysis and optimization measures is to minimize 

the power consumption of all components to the essential physical minimum by maintaining the output, 

flexibility, costs and quality of the machining process. The resulting component functionality, e.g. cooling, 

might be substituted by corresponding technologies or proper dimensions in order to increase energy 

efficiency. Therefore, an abstract view of the overall machine tool system, including the peripheral 

consumers, is chosen for the evaluation and resulting conclusions from the component power 

measurements. These evaluation statements can be reached by detaching from the component to a 

functional view of the system and represent a view detached from technical solutions or implemented 

components. 

Function orientation is primarily represented in the development of complex technical systems with high 

variability, e.g. automotive sector. The development, testing, and evaluation of the system properties can 

be challenging since complex mechatronic or hybrid systems such as vehicles, buildings, and machine 

tools fulfill their defined functionality by subsystems. 
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A function is defined as the outcome, task, action, or attribute of an object or component as introduced by 

Pahl and Beitz [265]. In general a functional description is independent of the system design. As revealed 

from the performed measurements and component groups, machine tool components can be generally 

clustered to one of five main machine functions, as illustrated in Figure 5.8 (left) for a generic sample 

machine tool. The assignment of the machine tool components to the functions is specific for each case. 

Figure 5.8 shows the transition from total energy consumption via functional level and functional mapping 

to component level with hereby defined five main machine functions. The machine tool components are 

assigned to their related function by general rules and best knowledge of the user. If a component cannot 

be mapped completely to one function, its power consumption share is split and is assigned to several 

functions according to measurements or estimations. 

 

 

 

 

 

 

 

 

 

 

 

In the following each machine tool function is defined and explained in detail. 

Machining - machining process, motion and control 

This function summarizes the target function of the machine tool and represents the energy demand 

which is required to realize the intended machining process, e.g. chip removal. For instance, it comprises 

the realization of cutting velocity, of an electro-discharge process, or of laser beam for cutting. 

Furthermore, it includes the needed energy for machine motion needed during machining, e.g. supporting 

axis. As this function is driven by a NC containing the NC kernel, drives, and amplifier, the PLC, HMI, 24V 

supply, monitoring systems, and measuring systems, except the cooling of these parts. 

Figure 5.8: Selection and classification of machine tool components into machine tool functions. Left figure 
shows the classification of machine tool components and measuring points into five functions. Right figure 

shows the selection of the component share in each function. 
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Process Conditioning and Cooling 

Measurements show that cooling application can be distinguished in process and machine tool related 

cooling. The following function refers only to the machining process, e.g. cooling or lubrication of the tool. 

It also comprises conditioning, e.g. heating of the process zone within the machining process. This 

function encompasses needed power to maintain the temperature and other relevant conditions of the 

working volume, the tools, the fixtures and the workpieces within their default settings and limits. The 

function might interfere with the machine cooling and heating. Therefore, the share needs to be defined 

individually. Process cooling is indicated when a direct added value, e.g. workpiece surface quality or 

machining output, is given.  

Workpiece and Tool Handling 

The function, workpiece and tool handling, implies changing, grasping, clamping, handling, and lifting of 

the workpiece, the tool, or both; furthermore, it includes the infeed of raw material and the measurement 

of workpieces in the machine tool. Typical mechanical components for handling workpieces are robots, 

hydraulic fixtures, and pneumatic chucks. Typical mechanical components for tool handling include a 

turret of a turning machine and tool changer of a machining center. In some cases, this function must be 

separated into two sub functions: workpiece handling and tool handling as shown in ISO 14955. 

Waste Handling 

This function summarizes the handling of chips, cutting fluids, the separation and filtering, handling of dust 

and fumes, and handling of dirt, including the protection of machine components against ingress of 

harmful waste. Typical mechanical components for the function waste handling consist of a chip conveyor, 

filter systems, and exhaust systems. A common measure to protect components is to seal air for motors 

and measuring systems. 

Machine Cooling and Conditioning 

This function summarizes the energy which is required for all cooling and heating activities that are 

independent from the machining process. This function does not add direct value to the machining 

process. It is applied to keep thermal stability of the control cabinet within the operational limits to ensure 

that components are not damaged or distorted. This function can overlap with the process cooling and 

conditioning. One way to distinguish machine cooling from process cooling is to consider the location of 

the related components. Process cooling is directly connected to the workpiece and process area, 

whereas machine cooling and conditioning is apart of the machine tool auxiliary, e.g. control cabinet. 

Components mapping  

Based on the definition and classification in five generalized functions made above, various machine tool 

systems can be characterized, independently from their configuration or individual machining process. 
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With this abstract view it is possible to evaluate and compare similar but not identical machine tool 

configurations on a detailed level. For example, the main machine functions, machine motion, with the 

generation of relative movement of axes can be realized by different technologies, quantity, and type of 

components. The function remains the same and is independent of the individual machine tool 

configuration and dimension. Herewith the attribute power consumption of each energetic relevant 

component ௘ܲ௙௙,௜ must be summarized and clustered according to the functional component mapping as 

shown in Figure 5.8. The mapping of the components and their share to the intended function must be 

defined individually. The methodological approach as shown in this research should be performed in 

cooperation by the machine tool builder and user. The mapping is seen as an orientation and is done with 

the best knowledge and inspection by the machine tool builder and machine tool user. A certain 

imprecision is indispensable and deviations on the component shares are likely as the component 

mapping bases on a qualitative approach. The uncertainty is given as this classification combines a 

quantitative with a qualitative approach. In general a deviation within the mapping of േ10% is possible. As 

the total sum of the power demand ௧ܲ௢௧ is split on the given functions and all functions on the given 

components are considered vice versa:  

 ௜ܲ → ሼܨ|ܨଵ, ,ଶܨ ,ଷܨ ,ସܨ ହሽ (5.3)ܨ
and 

௡ܨ  → ሼܲ| ଵܲ, … , ௜ܲሽ (5.4)

 

Besides the mapping uncertainty, this qualitative approach is seen as an appropriate indication of the 

machine tool potential and importance of functions. 

Most components represent a one-to-one relation to a certain function. A spindle is clearly assigned to the 

function machine motion. However, a coolant pump contributes not only to the process cooling but also to 

the machine cooling and waste handling as well. Consequently, the energy consumption of the coolant 

pump must be split into these three functions. The proper assigned share of the machine tool components 

indicates the ensuing evaluation and optimization and needs to be evaluated based on experience and by 

expert assumption, e.g. machine tool builder and machine tool user. The functional energy evaluation can 

be structured into a general and qualitative part which is valid for all machine tools, and a specific and 

quantitative part, which represents the individual machine tool configuration. The general approach is 

completely machine tool independent but implies the qualitative component mapping, whereas the 

machine tool specific part is based on a selected machine tool and quantitative evaluation according to 

multichannel measurements on the component level. 
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low in comparison to other functions. This finding is true as in the following configuration waste handling is 

only represented by a constantly running exhaust fan. The functional analysis can be applied on a specific 

machine tool mode, e.g. machining process, other relevant machine tool modes or over a set of different 

modes resulting from a defined reference process. In the following case the waste handling function is the 

dominant function in standby mode. In consideration of the relevant time share of each machine tool mode 

within a given production, appropriate optimization measures might therefore be suitable within specific 

machine tool functions and related component relation. 

The functional evaluation method was introduced in the SRM proposal to be able to evaluate and optimize 

machine tools and production system based on an unified methodology and to indicate specific 

optimization measures based on inefficiency detection and potential quantification. The SRM approach 

requires the applicability on various machine tool systems. A general acceptation of the SRM can only be 

reached by an easy to apply and comprehensive approach. The proposed functional oriented analysis 

procedure, based on the multichannel measurement is classified in four independent steps and described 

as follows. 

Step 1: Measurement and functional evaluation 

In the first step it is required to measure the machine tool based on the multichannel measurement or 

multi-selective measurement approach. It is considered as reasonable to measure a reference process 

which represents a typical machining process for a given configuration as defined in ISO 14955 [29]. This 

reference process should also take different machine tool modes and their individual time share into 

consideration. The measured values must be mapped accordingly to their function as indicated in Figure 

5.10 resulting in Figure 5.9. It is possible to perform the measurement with conventional sequential 

multimeter measurements. 

Step 2: Determination of scope 

In the second step a relevance threshold is set for the indication of relevant machine tool function for 

further analysis and optimization. The threshold is required as it sets the focus level which functions and 

components should be further considered or not. The threshold value is variable but is oriented towards 

the connected load, the amount of active components, and effective power range during the machining 

process and / or reference process. The threshold level can be adjusted further accordingly to legislative 

requirements. As the performed measurements show that a connected load of ேܲ ൌ 100ܹ݇ leads in most 

cases to an effective power average of ∅ ௘ܲ௙௙ ൌ 6ܹ݇ based on up to 12 to 15 active machine tool 

components within various machine tool modes, a threshold of ∆ܲ ൌ 1	ܹ݇ or 10% on the total average 

effective power during machining process ∅ ௘ܲ௙௙,௧௢௧ is considered as reasonable. This threshold can be 

either defined by a relative value, e.g. ൒ 10%	of the total effective power ௘ܲ௙௙,௧௢௧, or an absolute value, e.g. 

൒ 1ܹ݇. This threshold defines the relevance and level of detail for the further analysis and optimization of 

all functions and interconnected components. 
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Conclusion  

The functional oriented energy evaluation represents an approach of a conceptual review of machine 

tools. It helps to understand the energetic behavior of a machine tool and establishes a common basis for 

comparison, energetic evaluations, and further optimizations. The assessment is made based on total 

energy consumption and data acquisition, which is attributed to defined machine tool functions. The 

functional oriented evaluation provides a clear depiction of value adding functions, as well as a sensible 

clustering of data acquired from a machine tool production system. The advantage is a simple, easy to 

understand picture of the energy consumption distributed on the general machine tool functions. 

Furthermore, it provides the obviousness of proportions which can indicate to the potential field for 

optimization. Another advantage is the possibility to compare different assemblies of components, either 

for one machine tool or the comparison of various machine tools for the decision-making on purchasing or 

production planning. Based on the relation of qualitative to quantitative elements, a disadvantage is given 

by the uncertainty in the component mapping. As it is related to known function-oriented methods in value 

analysis, target costing, product development and testing, the concept is easy to adapt and can be 

implemented in an industrial R&D environment and current SRI/SRM approaches as a complementary 

tool for energy assessments. 

5.4.2 Retrofit Indication 

A key optimization goal is the indication of inefficient components in order to define specifically and target-

oriented optimization measures. An indication of inefficient components should lead to their replacement 

or retrofit. The potential for retrofit in industry is either unknown or underestimated as showed by an 

internal study among Swiss SMEs [266]. 

Retrofit is recognized by Ayres and Ayres [267] as a potential energy and waste saving activity. Kircher et 

al. [179] and own measurements [268] ascertain that machine tools are often not designed towards 

energy consumption requirements, mainly due to the peripheral design and the inter-peripheral 

adjustment. On given machine tool systems with defined machining processes retrofit can be applied in 

line with economic and ecologic requirements. As the use phase of machine tools is expected to be higher 

than ten years [18], retrofit and refurbishment must be considered not only for maintenance and service 

reasons but for continuous improvement during machine tool usage as well. For this reason an indication 

of inefficient components is developed. The following chapter was partly published in Gontarz et al. [262]. 

Measurements of the effective power of subcomponents revealed that process-relevant components 

follow a process-dependent or demand-driven fluctuation. It is assumed that supporting function, e.g. 

cooling or process conditioning, should be fluctuating and controlled as well to reach a load and demand-

driven application. For this reason two technical aspects are considered for evaluation of the energy 

efficiency of a machine tool components: 
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• Share of energy consumption ሺܣாሻ: Components with a high share of the energy consumption in 

comparison to other subcomponents of the machine tool are assumed to have a higher saving 

potential. 

• Mode of operation ሺܣ௢ሻ: Open loop controlled components are assumed to have a higher 

potential for efficiency improvement than closed loop controlled components. 

In combination, both indications represent an indicator ሺܫோሻ for the potential inefficiency of a 

subcomponent:  

 
OER AAI   

(5.1)

 

In equation (5.1) ܣா	ሾെሿ represents the share of the average power consumption ∅ ௜ܲ in relation to the total 

power of the machine tool system ∅ ௧ܲ௢௧ in each operational state. ܣைሾെሿ represents a weighting factor for 

the mode of operation of each component, whereas ܣை ൎ 1	 indicates a stationary energetic behavior and 

ைܣ ൎ 0 indicates an alternating or variable energetic behavior as further explained below. This follows the 

assumption that variable component power behaviour indicates a need-driven and therefore more efficient 

application. 

Methodological steps 

Step 1 – Machine tool measurement 

For the retrofit indication a detailed effective power measurement of all subcomponents within the system 

boundary is mandatory. The indication methodology depends on the individual energetic subcomponent 

behavior and its interrelation as well as environmental and infrastructural constraints. For this reason the 

measurement data based on the component measurement needs to be synchronized or done 

simultaneously by a multichannel measurement system as introduced in chapter 3. This is required to gain 

coherent data from all active machine tool components in all relevant machine tool modes. The machine 

tool measurement and assessment include several subtasks: 

• Definition of appropriate system boundaries that includes all relevant and peripherals and all 

relevant energy forms as in- and outputs to and from the system boundaries simultaneously. A 

valid definition of a system boundary is defined in chapter 3.3 and clause 6.2 of the ISO 14955-1 

[29]. 

• Definition of operation states and definition of shift regime, i.e. sequence of operating shifts, 

observation period and use scenario for the given machine tool manufacturing environment. 

Usually those machine tool operating states are manufacturer-specific. 
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• Definition of a reference process for the operation state machining, which exploits the 

capabilities of the machine tool and defines a basis for optimization. This reference is machine 

tool dependent and represents in the best case the target machining process for this machine tool 

and its configuration. The reference process can be also represented by a set of different machine 

tool modes.  

The indication methodology further focuses mainly on the process-independent optimization of auxiliary 

devices. For a simplified evaluation, the function-oriented classification, as introduced in chapter 5.4.1, is 

recommended to classify the machine tool subcomponents. 

To evaluate the needed parameters in (5.1) the following measurement values have to be identified: 

 ∅ ௧ܲ௢௧ሺݐሻ: This value represents the average effective power of the entire machine tool during the 

reference process. 

 ∅ ௜ܲሺݐሻ: This value represents the effective power of each subcomponent ݅ during the reference 

process in the sampling intervals of the length ݐ௦. 

Step 2 – Calculation of retrofit indicator IR 

For each machine tool component, the retrofit indicator ܫோ must be determined by an individual 

measurement during the observation period, where the period is subdivided by sampling intervals of 

length ݐ௦. As the measurement consists of discrete effective power values, the energy share of each 

component ݅, ܣா,௜ is calculated as follows: 
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with 

 

sample

total

t

t
n   

(5.3)

 .௜ሾܹ݄݇ሿ: Energy supplied to component i during observation periodܧ

 .௦௬௦ሾܹ݄݇ሿ: Energy supplied to machine tool, accordingly to system border definitionܧ

௜ܲ,௝ [W]: effective power of each component i at sampling point. 

௜ܲ,௦௬௦௧௘௠,௝ [W]: total effective power of machine tool, according to system border definition at sampling 

point. 

  



 

125 
 

 

݊ [-]: number of samples within observation period ttotal. 

 .௧௢௧௔௟ [s]: observation time variation of process parametersݐ

 .௦௔௠௣௟௘ [s]: length of sampling intervalݐ

The second parameter, the actual component power behavior requires a more detailed approach. As 

components, which are generally considered as constant, e.g. fans, represent a startup peak a variance 

analysis cannot be applied to evaluate the individual machine component power constancy. Thus, several 

mathematical methods were evaluated for an adequate representation of the subcomponent operational 

mode. A component is considered as process-independent if it has at all sampling points the same power 

values within the measurement accuracy. Components with a close loop controlled energetic behavior are 

represented by power values on different power levels. This fluctuation is considered to be either process-

dependent or party needs-oriented towards the machining process. A mathematical description is required 

to indicate the fluctuation of a component’s power supply. Methods such as rainflow [269], time at level 

counting [270], occurrence frequency evaluation [271], or Gini coefficient [272] were investigated and 

reviewed for this application. Special focus and a detailed validation is given on the following approaches 

for the calculation of the ܣை factor: 

 Time on level counting 

 Occurrence frequency evaluation 

 Gini coefficient 

Time on level counting 

The time on level counting classifies a statistical value, in the following the effective power measurement 

values, in equidistant classes. Thus, an appropriate definition of the class width ∆௖௟௔௦௦ሾܹሿ is needed for 

the signal interpretation. In the following the procedure for the evaluation of ܣை according the time on level 

counting is introduced. 

An approach with an assumed class width of ∆௖௟௔௦௦ൎ 0.005 ∙ ሺ݉ܽݔሼ ௜ܲሺݐሻሽ െ ݉݅݊ሼ ௜ܲሺݐሻሽሻ is chosen. This 

value is chosen as a tradeoff between required calculation time and level of detail based on the 

measurement accuracy. The class definition and corresponding quantity are represented by: 

Positive-oriented effective power leveling: 

class ݊ ൌ ሼݔ|ሺ݊ െ 1ሻ ∙ ∆௖௟௔௦௦൏ ݔ ൑ ݊ ∙ ∆௖௟௔௦௦ሽ for ݊ ∈ ܰ⋂1 ൑ ݊ ൑
௠௔௫ሼ௉೔ሺ௧ሻሽ

∆೎೗ೌೞೞ
൅ 1 

(5.4)

Negative-oriented effective power leveling: 

class ݌ ൌ ሼݔ|ሺ݌ െ 1ሻ ∙ ∆௖௟௔௦௦൏ ݔ ൑ ݌ ∙ ∆௖௟௔௦௦ሽ for ݌ ∈ ܰ ∩
௠௜௡ሼ௉೔ሺ௧ሻሽ

∆೎೗ೌೞೞ
െ 1 ൑ ݌ ൑ 0 

(5.5)

ܰ:	natural number. 
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௠ܲ௔௫ሾܹሿ:	Highest effective power among all consumers. 

௠ܲ௜௡ሾܹሿ:	Lowest effective power among all consumers. 

A linear interpolation between the discrete normed effective power values is made to find the 

corresponding points for the evaluation plot. Finally, the gradient of a regression line through the allocated 

points quantifies the dimension of the operational mode of each consumer ݅. The weighting factor ܣை,௜ is 

calculated according to: 

 
ை,௜ܣ ൌ

90ሾ°ሿ െ |ܽ௜|

90ሾ°ሿ
 

(5.8)

The time at level counting complicates the interpretation by class-width-dependent convergence behavior 

in the analyzed data. The calculation of the ܣை factor requires multiple calculation steps, high calculation 

effort, and depends on the signal quality and resulting ∆݈ܿܽݏݏ definition. The appropriate definition of the 

class width ∆௖௟௔௦௦ሾܹሿ is needed for the signal interpretation, but is also dependent on several aspects, e.g. 

signal noise and signal quality and the resulting calculation period. Wide class ranges (∆௖௟௔௦௦	൐ 0.005 ∙

ሺ݉ܽݔሼ ௜ܲሺݐሻሽ െ ݉݅݊ሼ ௜ܲሺݐሻሽሻ) could lead to false interpretations of the effective power signal, whereas 

narrow class ranges (∆௖௟௔௦௦൏ 0.005 ∙ ሺ݉ܽݔሼ ௜ܲሺݐሻሽ െ ݉݅݊ሼ ௜ܲሺݐሻሽሻ) increase the calculations time without any 

improvement in the information content. For this reason further methods were determined to find a 

suitable description of the component constancy. 

Occurrence frequency evaluation 

In this given approach, a definition of classes is not needed as a consequence of a direct value counting 

procedure, as it is mandatory within the time at level counting. The calculation of ܣை,௜	can be described in 

four steps. 

Step 1 - Value transformation 

The measured discrete values ௜ܲ must be transformed with the lowest global value ௠ܲ௜௡,௚ in order to 

provide ௜ܲ,௧௥ ൒ 0 values for further accumulation and comparability among the components. The 

transformation, given by an origin of coordinates shifting, is done by: 

 ௜ܲ,௧௥ ൌ ௜ܲ െ ௠ܲ௜௡,௚ 
(5.9)

with 

௜ܲ,௧௥ሾܹሿ: Transformed effective power of each component ݅.  

௜ܲሾܹሿ: Effective power of each component ݅ during the observation period. 

௠ܲ௜௡,௚௟ሾܹሿ: Lowest global value within the observation period. 
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can be applied on discrete and continuous distributions (Equation 5.13). A resulting Gini value ܣை,ீூேூ ൌ 0, 

represents a perfect quality or static machine component energetic behavior, whereas a Gini value of 

ை,ீூேூܣ ൌ 1 expresses a maximal equality and therefore a variable or highly controlled machine tool 

component. The Gini coefficient is explained by a simplified three step methodology. Further reference on 

the calculation is given to Jovanovic [273]: 

Step 1 – Arrange effective power data: In the first step the effective power values ௜ܲሺݐሻ according the 

performed measurement are arranged for the lowest value to the highest value. 

Step 2 – Distribution of values: In the second step it is needed to divide the value in quintiles and define 

the highest value in each quintile and individual share within each quintile. 

 
ܵ௤ ൌ

௘ܲ௙௙,௦௢௥௧௘ௗ

5
→ ܵ ൌ

ܵ௤
∑ ௘ܲ௙௙,௜

 
(5.13)

with 

 ܵ௤ሾܹ݇ሿ: Sum of the sorted ௘ܲ௙௙ values per quintile. 

ܵሾ%ሿ:	Share of each quintile in comparison to the sum of ௘ܲ௙௙. 

Step 3 – Plot the Gini coefficient: Based on the ܵ௤and ܵ values the Gini Coefficient can be plotted. The 

resulting curve represents the Lorenz Curve. 

The application of the time-on-level approach showed that a brief peak load within an ideally periodic 

controlled component (ܣை ൎ 0ሻ leads to an increase of the ܣை	factor and results in an indication of an 

inefficient component. On the other hand a brief peak load within an uncontrolled component (ܣை ൎ 1ሻ 

decreases the ܣை value. In second case this is reasonable as a control application might occur whereas 

the first case is not reasonable. The observations based on the test values show that a duty-cycle of 20% 

results in a better ܣைሺ݄ݐ݅ݓ	ܣை → 0ሻ that a duty-cycle of 10%. This would result that a consumer which is 

switched on for a short time is more efficient and better controlled than a consumer which is switched on 

for a longer time within the same observation period. Appendix A.5 shows the evaluation of the Gini 

coefficient based on a test signal. 

Conclusion 

The following analysis of the possible and available evaluation methods, to determine the constancy of 

values within measurements, and performed experiments reveals that the occurrence frequency 

evaluation fulfills the analysis requirements to the furthest extent through a clear peak- and constant value 

identification, interpretation, and weighting. Furthermore, it provides an easy-to-read statement and 

acknowledges the performed experiments. The time-on-level counting is reasonable for consumers which 

are either very constant or very variable, e.g. high duty cycle. It shows massive misinterpretations based 
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on various measurement data. On the other hand the Gini coefficient approach is suitable for the exact 

interpretation of value distribution. Still a comparison of components with similar energetic behavior or 

short and frequent peaks is not possible. For this reason the occurrence frequency evaluation is used for 

the retrofit analysis. 

5.5 Economic Analysis 
 

Besides the given mathematical and statistical approaches as introduced above, several economic 

approaches can be pointed out to describe and assess a production system. The economic evaluation of 

machine tools based on the investment costs is not sufficient according to Lauven et al. [274]. It is obvious 

that energy efficiency considerations need to be combined with economic evaluation, especially in retrofit 

application, to achieve an industrially applicable optimization. Current methods such as Total Cost of 

Ownership (TCO) and Life cycle costing (LCC) based on VDI-2884 [275], Design for Manufacture and 

Assembly (DFMA) [276], Return on Investment (ROI) [277], Methods-Time-Measurement (MTM) [278] or 

REFA [279], are generally not applied in combination with the power measurements on machine tool 

components. 

The economic performance evaluation of machine tool components in combination with the energetic 

machine tool behavior, depends on the segregation and identification of the machine tool states off, on, 

standby, ready and in process for the retrofit optimization. The detection of these modes is required to 

assess the active and inactive components and their energetic share in order to evaluate their individual 

improvement potential. The findings based on the technical and economic system evaluation provide a 

reasonable basis for decision-making for optimization measures and related investments. The following 

method was developed in order to quantify the economic performance of different machine tool 

configurations and to evaluate retrofit options on given machine tool systems. 

Economic machine tool evaluation 

The following method combines LCC and TCO elements with the detailed effective power measurement 

as introduced in chapter 3. The combination of a detailed multichannel measurement based on the 

machine tool component level enables the calculation of the actual costs for the machine tool use phase 

for the comparison of optimization options and possible machine tool configurations. 

Step 1: Machine tool state definition 

Multichannel measurement must contain all possible machine tool modes on all relevant machine tool 

components. In some cases individual machine tool modes of the machine tool standby must be defined. 

The measurement should be performed in the following machine tool states: 
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Table 5.2: Relevant machine tool states for economic evaluation. 

Machine tool mode Description  
OFF Machine tool main power supply is turned off 

STBY Machine tool in standby and remains in a constant or near constant 
energetic behavior, e.g. power fluctuation due to cooling compressor. 

READY Machine tool is heated up and pre-lubricated and all necessary setup is 
done and machine is ready for production. 

PR Processing. The machining process begins as soon as NC code is running. 
The process is either defined internally or is represented by a customer 
part, including all required preparation, setup, and handling activities.   

 

Step 2: Machine tool measurement 

The multichannel measurement system should be installed covering all necessary channels according to 

ISO14955 [29], incl. compressed air and external cooling units. For the comparison of retrofit options or 

the comparison of two machine tool configurations the measurement of the standard machine tool 

(machine A) and the optimized machine tool configuration (machine B) needs to be measured resulting in 

the following measurements: 

Measurement set for machine tool A: 

Table 5.3: Measurement set of machine tool A. Machine tool in standard configuration. 

Measurement  Description  

M01 Effective power measurement with a sampling rate of 5Hz for 5 min in machine tool mode OFF 

on all relevant machine tool components. 

M02 Effective power measurement with 5Hz for 5min in STBY mode on all relevant machine tool 

components. 

M03 Optional. If the machine tool mode READY is available the measurement of needs to be 

applied within this machine tool mode for 5min on all relevant machine tool components. 

M04  Measurement of the machining process. 

 

Same measurements are applied on the optimized machine tool configuration resulting into the 

measurements M05, M06, M07, and M08. 

Step 3: Required parameters 

For the detailed economic machine tool evaluation several input parameters are required in order to fulfil 

the requirements for a TCO evaluation based on the multichannel measurement. The following 

parameters are required: 
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Table 5.4: Required parameters for the economic evaluation. 

Parameter Description  

KE [CHF/kWh] Price of Energy for specified region and supplier default is set to 0.14 CHF/kWh 

FCO2: [CO2/kWh] Local emission rate for the calculation of CO2 emissions 

TU [a] Lifetime of machine tool, default is set to 15 years 

NS [-] Number of shifts in production 1, 2, 3 shift 

dw [d] Number of working days of production per week 

df [d] Number of non-working days in the year  

Cair [kW/(Nm3/h)] Internal compressed air conversion factor in 6bar environments to power, default is set to 

0.13 kW/(Nm3/h). 

Em [kWh] equivalent energy consumption 

Δt [h] Duration of machine tool mode 

Pm [kW] Average machine tool power consumption 

 

Furthermore, all financial related parameters for the economic evaluation must be given. These 

parameters are split in variable and fix costs and are defined as follows (Table 5.5 and  

Table 5.6): 

Table 5.5: Required parameters for fixed costs. 

Parameter Description  

KA [CHF] Purchase price of the machine tool, default is set to 500 000 CHF 

Ki [CHF] Installation costs of the machine tool at customer site, default is set to 5000 CHF 

KR [CHF] Define costs for machine tool handling and all related costs, e.g. customs, default is set to 5000 

CHF. 

 

Table 5.6: Required parameters for variable costs. 

Parameter Description  

KW [CHF] Service and Maintenance costs per year, default is set to 5000 CHF 

KB [CHF] Operating costs of machine tool system (will be calculated) 

KE [CHF] Energy costs of machine tool system (will be calculated) 

 

The machine tool use phase and related value add time is defined by the production type, days of 

production, and numbers of shifts. In the following the parameters for each production type are predefined 

in the evaluation tool according to [16] but can be changed by the user if required. The default values are 

represented by Table 5.7: 
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Table 5.7: Machine tool mode share according to production type according to Kuhrke [16]: 

Production type OFF (sOFF) STBY (sSTBY) READY(sREADY) PR (sPR) 
Single-part 30% 40% 10% 20% 
Small series 20% 30% 10% 40% 
Mid series 10% 20% 10% 60% 
Full-production 0% 20% 10% 70% 

 

The production type is further related to the number of shifts and resulting active production time. 

Table 5.8: Relation of production type to number of shifts and related working hours per day. 

Production type  Number of shifts Hours per day  

Single-part production 1 shift 8h per day 

Small series production 1 shifts 8h per day 

Mid series production 2 shifts 16h per day 

Full-production run 3 shifts 24h per day  

 

Step 4: Calculation  

The measured or estimated time shares in combination with the actual power measurement in each 

machine tool mode result in the equivalent energy consumption and results in the actual machine tool 

usage profile. The individual usage profile of each machine tool and its components is represented by: 
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  ௉ோݐ∆ ൌ ሺ52 ൈ ݀௪ െ ݀௙ሻ ൈ ݊௦ ൈ 8݄ ൈ ௉ோ (5.22)ݏ
 

Step 5: TCO calculation 

The TCO calculation evaluates the expected costs for the machine tool, based on the detailed knowledge 

on the machine tool use and energetic behavior. The total costs are represented by fixed costs and 

variable costs. While related fix costs are represented by the sum of purchase price ܭ஺, installation costs 

 ூ, and other related costs, the variable cost follow a linear function dependent on the equivalent energyܭ

consumption and machine tool life time ௎ܶ. This equals to: 

Fixid costs: 

௙ܭ  ൌ ஺ܭ ൅ ௜ܭ ൅  ோܭ (5.23)
Variable costs: 

஻ܭ  ൌ ௠ܧ ൈ ாܭ ൅ ௐܭ ൈ ௎ܶ  (5.24)
TCO (KTCO) can be calculated to: 

஼ை்ܭ  ൌ ௙ܭ ൅ ஻ܭ   (5.25)
 

Step 6: ROI calculation 

For the calculation of the amortization time both cost function, standard machine tool costs and optimized 

machine tool cost, have to be equalized to calculate the amortization time. 

Cost function standard machine tool: 

KTCO ST = Costs of standard machine tool: 
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and the cost function of the optimized machine tool. 

KTCO OPT = Costs of optimized machine tool  
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qualitative indication if an investment is worthwhile and should be not used to compare several 

investments on different machine tool systems. A positive NPV indicates a worthwhile investment into the 

new technology as the following method evaluates alternative investments based on their present value. 

This value is represents by the imputed interests on the initial investment during the amortisation time. If 

the NPV is negative the investment is financially not worthwhile and should be denied. An alternative for 

the NPV is given by the internal rate of return (IRR). In the following the focus is given on the NPV as this 

method is used of the calculation of life cycle costs according to Herrmann [283]. The NPV value is 

calculated by: 
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with 

௧ܦ  ൌ െሺܧ௠஻ ൈ ாܭ ൅ ௐ஻ܭ ൈ ௎ܶሻ ൅ ሺܧ௠஺ ൈ ாܭ ൅ ௐ஺ܭ ൈ ௎ܶሻ  (5.32)
   

 ூ஺: Investment in machine Aܫ ை: Initial investmentܫ

 ௧: Difference between variable costs of component A and Bܦ ௧: Cash-flow per yearܥ

 % observation period ݅: Required rate of return in :ݐ

  ூ஻: Investment in machine Bܫ

 

A similar approach to the NPV approach is represented by the IRR-method. The internal rate of return 

(IRR) is calculated accordingly to the NPV, whereas the NPV is set to zero. The requested value results in 

the effective interest rate i and is called IRR: The IRR represents the rate of return which is required to be 

used for interest of the investment. The IRR is calculated as follows: 

 
0 ൌ െܫ଴ ൅෍

௧ܥ
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்

௧ୀଵ

 (5.33)

 with 

 ௧: Net flow of fundsܥ Internal rate of return :ܴܴܫ

 ଴: Initial investment ܶ: Observation timeݐ

 

Step 8: Additional KPIs   

The used parameters in combination with the measures effective power values can be used for further 

KPI calculation. For instance, the CO2 value for the entire machine tool configuration A and B can be 

compared down to the component level. The CO2 depends on the regional gCO2/kWh value. The regional 
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carbon dioxide equivalent ܨ஼ைଶfor the metropolitan area of Zurich Switzerland is given with 124g CO2/kWh 

and can be calculated as follows: 
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The presented method represents an economic evaluation of machine tools and its configuration based 

on the multichannel measurement. This approach is based on the TCO calculation with additional 

information on the component level by detailed effective power measurements. This leads to a detailed 

analysis down to the component level and helps to not only compare different machine tool configurations 

but also to indicate retrofit options. As amortization times of energetic optimization and retrofitting exceed 

two years in most cases, a dynamic evaluation method is required. The NPV shows if a given investment, 

e.g. retrofit solution, is economically reasonable based on the entire machine tool use phase. This helps to 

detect worthwhile investments. In combination with the technical analysis approach the economic 

approach fulfills the industrial requirements and represents the approach as indicated in Figure 5.1. 

5.6 Conclusion 
 

The given chapter introduced micro and macro optimization approaches in line with the findings from the 

multichannel measurement. Based on the presented energy evaluation levels from literature, this analysis 

and evaluation is applied on the subcomponents of a machine tool. Main focus was given on micro 

optimization. It implies all optimization activities that are given within the machine tool system boundary as 

defined by ISO 14955 and can be further aggregated towards macro optimization, e.g. production 

scheduling or production-dependent machine tool selection. 

The evaluation of the machine tool component efficiency with the indication of individual optimization 

measures have influence on both, the energy consumption and investment, and is an important aspect of 

competitiveness and improvement of SMEs. In the future this might also become mandatory in EU 

legislation [23]. Indefinite information or the application of rule based optimization could lead to false or 

ineffective investment strategies. For instance, a machine tool that is used in a three shift work pattern 

requires different optimization actions and retrofit solutions as machine tools for occasional use on the 

shop-floor level. One main reason for those differing optimization activities is the effectiveness and the 

value-add and nonvalue-add usage ratio of the machine tool components in various machining processes. 

Retrofit in combination with service and repair, longevity of the product and replacement is seen as a 

potential technical and economic field of action. In retrofitting, the challenge remains the selection of 

appropriate, economic, and ecologic solutions. The detection and evaluation of potential retrofit activities 
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is particularly given on peripheral equipment whereas process-related components are analyzed in a 

second optimization step. This focus is preferred according to [11,2] and since measurements show that 

there is less potential for optimization for process-related components, e.g. controls. 

Multichannel measurements indicate the individual energetic behavior of each component, its control and 

dependency towards other machine tool components and the machining processes. The use of the 

multichannel measurement system based on machine tool subcomponents is therefore a key element for 

the analysis towards the energy efficiency on the subcomponent level. In combination with analysis 

algorithms to for the indication of system inefficiencies and the economic assessment of these measures, 

retrofit and other optimization can be applied where necessary and worthwhile. 
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measures can lead to an efficiency increase of up to 30% through awareness raising and adequate code 

of practice, e.g. the machine tool switch of in non-productive machine tool modes or reduction of 

compressed air leakage.  

Data capturing for monitoring applications can either be done by the use of sensors or precise simulation. 

Simulation can provide different kind of necessary information. For monitoring purposes, system 

supervision and dynamic optimization, simulations are only partially applicable as shown in chapter 4. 

Limitations for the industrial application of simulations are given by unproven or imprecise parameters, the 

amount of required parameters and the resulting accuracy of the calculated effective power. Elements for 

the power and flow measurement are provided by the multichannel measurement approach as introduced 

in chapter 3 and in [216]. The following development is based on the process unit level and is intended to 

provide adequate data and optimization indication to apply macro optimization, e.g. production scheduling 

or automated machine tool switch off, and micro-optimization, e.g. machine component control as shown 

in chapter 5. 

A major requirement of an industrially useful approach and applicable method is the modularity of the 

given approach as confirmed by Verl et al. [188]. This is required to serve the variety of machining 

procedures as well as the individual machine tool and production system configuration and use. As the 

optimization potentials can vary from 10% to 50% an accuracy of at least േ5% is mandatory for 

monitoring applications. 

Substantial improvement potential in energy efficiency is seen in the energetically dynamic component 

compensation and control according to the current machining process. For this reason monitoring systems 

are required to provide all relevant information based on a real-time or near-real-time system with a direct 

or indirect interface to the machine tool control, e.g. NC kernel, and external systems such as MES. 

The application of energy and resource monitoring to enable energy efficiency methods must be given 

without compromising the flexibility, quality, and output of the manufacturing system. Therefore, main 

attention is given to auxiliaries and non-value adding machine tool states with limited influence and 

dependency on the machining process, e.g. external cooling, chip conveyor, exhausters. Still, relevant 

data from the component and subcomponent level need to be aggregated to higher shop floor data 

collection, e.g. MES or ERP, to be able to evaluate the overall energy and resource-related performance 

of the machine tool or production system. The environmental performance in manufacturing, which is 

assessed from a bottom-up approach, can be attained by technical measurements on the shop floor, 

machine tool and component level. A top-down approach represents strategic goals based on aggregated 

predefined measurement points in manufacturing or at the enterprise level. A combination of both 

approaches as depicted by Bunse et al. [62]. Westkämper et al. [51] have proven its industrial applicability 

in the operationalization of stakeholder requirements to shop floor level, which serves as a basis for eco-

efficiency improvements in production, planning and control (PPC) and as a first step to prioritize further 

improvements at the machine design level.  
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As stated by Hu et al. [157] an energy efficiency monitoring system is a base to improve the energy 

efficiency. Therefore, a high precision as well cost efficient energy efficiency monitoring system is 

necessary. Assessing the power consumption and the energetic behavior of machine tool components, 

based on direct measurements with a high time resolution, is considered as expensive due to complex 

system architecture and required sensor implementation. Resulting benefits of this detailed evaluation is 

the quantification of the improvement potential and the indication for possible analysis applications. 

Furthermore, the combination with different resources and energy forms can cause complex, expensive 

sensor architectures. For this reason most monitoring applications of today focus on the tool wear or on 

the machine tool condition monitoring [127]. It is therefore obvious, that energy and resource monitoring 

systems are confronted with the tradeoff between reliability, accuracy, and costs. The developed 

monitoring strategy within this study, as a new patented approach, is paving the road for smart monitoring 

devices by keeping implementation costs low, whilst ensuring a high level of detail in the revealed 

information. To do so, an implementation method leading to a customized monitoring architecture, based 

on different information sources, is created. The developed system architecture selection was applied on 

two different machine tools to ensure the interoperability for different machine tool controls, configurations 

and machining processes. 

The following section was party published in [286] and [287] and introduces a condign monitoring strategy 

and architecture that fills this gap and fulfils the requirements of accuracy within an acceptable cost-to-

information ratio. 

 

6.2 Requirements 
 

Today’s data acquisition for electrical power measurement in research and industry is mainly based on 

external sensors. In industry, data acquisition can be divided into two principle approaches: Either 

sequential measurement in order to obtain punctual and detailed information with high resolution, or the 

continuous monitoring of machine tools over a longer observation period. Measurement systems of today 

are restricted to a few measuring points, especially for monitoring systems and continuous measurement. 

Furthermore, most monitoring systems provide a low data resolution. Apart from this, external sensors 

represent the main cost factor and require complex implementation procedures. Therefore, there is a 

strong interest in finding alternative ways for the necessary data acquisition. 

The following requirements for energy efficiency monitoring on machine tools and production systems can 

be revealed: 
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 Accuracy: The monitoring system must guarantee an accuracy for the indication of improvements 

of േ5%. 

 Resolution: For an appropriate machine tool or production system evaluation in-depth power 

level data is needed with a sampling rate of 5 Hz or better for an appropriate analysis of dynamic 

machine tool features. 

 Completeness: The energetic behavior is mostly dominated by auxiliary components of the 

machine tool. Therefore, it is required that all energetic relevant components need to be 

assessed. The predominant energy forms are electrical energy and compressed air. Components 

are electronically controlled either by the CNC kernel or the PLC. Some components may 

comprise dedicated sensors for control reasons or safety purposes. As there is no standardized 

interface or data format for energy relevant data, the data acquisition system must support 

interfacing with various data sources. 

 Costs: For the industrial application of energy monitoring systems direct monetary benefits can 

hardly be quantified. Monitoring systems for process and tool condition monitoring are situated 

between 1-10% of the machine tool costs. It is therefore required to minimize the costs for an 

energy monitoring system. 

Solutions for energy consumption measurement and monitoring in manufacturing are known but rarely 

implemented due to several reasons such as lack of awareness, high costs, implementation complexity, 

unknown indication possibilities and optimization measures definition. Despite the availability of several 

standards and guidelines towards environmental performance evaluation and optimization as well as 

punctual energy measurements for production systems, a user-oriented monitoring system to gather the 

relevant data in an efficient way has not been formulated yet. 

6.3 Implementation methodology 
 

The implementation methodology consists out five steps and considerations which are explained in detail 

below: (1) machine tool selection, (2) component classification, (3) architecture definition and (4) 

implementation. The monitoring approach consists of developed elements from the previous chapters in 

order to measure machine tools, perform analysis on the given data, and for the information source 

selection including internal, external, and simulated data. This section is partly published in the patent 

PCT/IB2013/001677. 

Machine tool selection 

Monitoring strategies have to be applied reasonably were systems can be changed, different parameters 

can be set or the selected system represents a key process in relation to importance and energetic 

relevance. Therefore, an overview on the production systems within a given production site is 

recommended. The deployment of the following monitoring strategy is appropriate on production systems 
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1. Component classification 

For the machine tool component classification in constant, controlled-constant and variable energetic 

behavior, each component need to be measured in its possible energetic states and evaluated based on 

the occurrence frequency evaluation as shown in sub-section 5.4.2. The evaluation of the energetic 

behavior of the machine tool components is required for the definition of the monitoring system 

architecture. Based on the multichannel measurement on revealed energetic machine tool component 

behavior, the components are assigned to the specific data source within the monitoring architecture. 

The relevance of energy consumers is dependent on the individual machine tool configuration and use. 

For this reason the monitoring architecture is individual but based on a structured modular system 

approach. One of the main problems encountered by commercially available effective power sensors and 

power analyzers besides the accuracy and resolution is the amount of available measurement points. A 

five axis milling machine tool requires 12 to 15 measurement points (see Figure 5.8) for the measurement 

of all relevant machine tool components. This leads to a high implementation errors and high costs. The 

monitoring architecture is individually defined, based on the given machine tool system configuration and 

related energetic behavior of the machine tool components. 

In line with the commonly accepted energy evaluation by Dahmus and Gutowski [112]; idle, run-time, and 

production mode, the given approach classifies the energetic behavior of machine tool components in 

three different consumption behavior modes as described in the analysis chapter 5, Figure 5.5. 

Constant: Constant machine tool components in discrete part manufacturing are represented by a 

process independent stationary energetic behavior and are mostly used to maintain a certain machine tool 

state, e.g. thermal stability. Those components are either on or off and show a fixed power level within the 

measurement accuracy of േ5%. In the given methodology, constant components are classified by their 

time on level calculation and AO value according to Gontarz et al. [24]. AO is a weighting factor which 

indicates the mode of operation of the component as shown in chapter 5.2. ܣ௢ ൒ 0.9 indicates a stationary 

energetic behavior.. 

Controlled-constant: Controlled-constant components, e.g. pumps or chip conveyor are represented by 

a periodic switch on and switch off mode which is controlled by the PLC or external devices. In most 

cases the PLC status indicates the current ON/OFF status of this component. The energetic behavior 

during operation mode can be separated into three phases that have to be either measured or simulated. 

Those phases imply the startup and switch-off peak which need to be recorded with a minimum resolution 

of 5	ݖܪ, to ensure the evaluation of the peak amplitude and length and the constant phase as defined 

above. Components in this category are represented by ܣைሾെሿ ൌ 0.5. 

Variable: Variable components, e.g. spindle or axis, are represented by a process dependent and 

heterogeneous energetic behavior. In monitoring applications those components need to be measured  
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with a minimum resolution of 5	ݖܪ or are required to be simulated with a precise model. This can either be 

done by the evaluation of given forces at the TCP or parameter readout to achieve an accuracy of at least 

േ5%. The behavior of these components is characterized by the weighting factor ܣை ൑ 0.5. 

Other energy flows, such as compressed air, are classified according to the component characterization 

as introduced above. The presented monitoring approach includes the measurement or simulation of 

media flows and calculates the measured values into electrical equivalent, e.g. standard cubic meter per 

hour (m3/h (ANR)) into kilowatt (kW). This can be done by either using a general benchmark factor, e.g. 

0.13 kWh/m3 for compressed air according to [289] or individually measured with the following equation 

(6.1) as shown in [228]. 

 
௖௔௜௥ܥ ൌ

∑ ௘ܹ௟,௝ ൅ ∑ ௧௛,௜൫ܳ௧௛,௜൯௜௃ܥ

௡ܸ
 

(6.1)

This equation reveals the individual transformation factor ܥ௖௔௜௥ and combines the electrical energy used by 

the components ௘ܹ௟,௝ with the required energy for additional compressor functions ܥ௧௛,௜ሺܳ௧௛,௜ሻ, for example 

fluid cooling, as a function of the consumed compressed air ௡ܸ at normal conditions. Therefore, this 

approach includes a defined conversion rate into an electrical equivalent from flow (m3/h (ANR)) to power 

(kW) in two ways. 

2. Architecture definition 

The system architecture defines the type of the data source for each component effective power value 

௘ܲ௙௙,௡. The possible data sources are internal sensors, external sensor or simulations. The monitoring 

system comprises a hardware and software part. The software part contains the readout of internal 

sensors and simulations. The step represents the selection of data sources, based on a case wise 

observation to reach the full improvement potential with a reasonable cost-benefit ratio. 

Internal sensors 

According to the requirements related to cost saving, accuracy, and reliability all available internal energy-

dependent sensors within the machine tool control are used. Open Computer Numerical Controls (open 

CNCs) facilitate for users the use of various programming languages, operating systems, control 

strategies, system dynamic models and sensor signal processing. CNCs provide multiple internal sensors 

necessary for regular operation which can additionally be used to decrease the number of external 

sensors for energy consumption monitoring. These functionalities are rarely used or in most cases 

unknown. As external sensors represent a primary cost driver in energy monitoring, their reduction and / 

or replacement is an integral part to create customer acceptance for energy efficiency monitoring systems. 

CNCs data from internal sensors and controllers is occasionally used for process tracing, tool failure 

monitoring, thermal compensation or other process related purposes by dedicated supplementary 

systems. The required power information is available from the drive controller as part of the drive control 
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loop and internal reference parameter on a system variable. For instance the system variable AA_Power 

on SIEMENS 840D controls [126] represents the a system variable defining the set value of a specific 

machine tool axes. Altintas and Erol [290] have used a similar procedure in order to access the motion 

and machining process control. CNCs without integrated PCs offer specific communication protocols. In 

case of FANUC for instance Focas2 (FanucOpen CNC API specification version 2) for bidirectional 

communication of the CNC kernel with an external PC [291] is used. This allows accessing the power 

consumption information on control-dependent and highly variable machine tool components, such as 

spindles, axes, or lasers, without using external sensors. Despite of the multitude of available data and 

controllers on the machine tool controls this information is rarely used in order to achieve a cost-efficient 

and effective measuring and monitoring of the machine tool or machining process. One reason is the 

missing standardization of protocols and interfaces, and manufacturer-specific solution for data acquisition 

opportunities on machine tool controls. The required elements for data acquisition from CNCs are 

described below. 

Data link layer 

In the automation technology process field bus is standardized and a commonly used communication 

protocol within industrial applications. The standard is not openly published and governed by the 

PROFIBUS and PROFINET international consortium. The protocol is physically build on EIA-485 twisted 

pair cable. Alternatively Profibus DP can be used with a fiber optics bit transmission layer. Other physical 

transmission layers are given with Ethernet and TCP sending data on three media; optical fibre, shielded 

twisted pair and coaxial Ethernet. In industrial equipment, coaxial Ethernet is commonly used. It 

represents a low cost, compact, and low-noise solution according to Gosbell et al. [292]. For this reason 

Ethernet is preferred for the physical data transmission layer for internal sensor communication. 

The access to available data and available real-time variables, e.g. AA_Power, the system specific 

solutions as modular software packages are briefly introduced. In relation to the data link layer several 

options based on a SIEMENS 840D Solutionline control for the data acquisition from the machine tool 

control are possible as represented in Figure 6.4. Different data read-out options and their required 

elements are explained.  
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Compile Cycles (CC): This function represents a core Siemens technology. This function is designed to 

withdraw, manipulate, or alter machine tool data. 

PRO: Control is fully accessible, all features of the control are available. All data is accessible 

including NC, PLC, and system variables. Furthermore, external sensors can be read and written 

if those are connected to PLC or through Profibus. 

CONTRA: As all features are accessible fatal error are possible, e.g. machine damage, axis 

movement, and security features. CC are considered as very complex and are generally used for 

machine tool adaptive control or thermal compensation. A development environment is required 

and has to be done under the supervision of Siemens if they are commercially used. Licensing 

from Siemens is required. The CC-functions are not available on export versions of SIEMENS 

machine tool controls. 

Direct Read Out: This function is also available on other controls. Herewith it is assessed based on the 

SIEMENS technology. 

PRO: Easy to implement but with limited possibilities which is considered as a secure approach 

for data acquisition. 

CONTRA: Limited possibilities, such as missing real time functionalities. The readout code must 

be written in the NC program. The available data is limited, no PLC readout. 

Based on possible ways to access data and information of the machine tool control different machine tool 

control providers are investigated and compared. 

Siemens 

Siemens CNCs give users a wide variety to access information on the NC control. The highest flexibility in 

the data availability and processing is achieved through a system level implementation by Compile Cycles 

(CC) and direct access to the Profibus as described above. This is required as the access to the NC 

through Compile Cycles can lead to a serious damage of the CNC system and related machine tool 

components. An alternative is given through synchronous actions to prepare data for the transmission 

over the network protocols. Real-time variables representing the set value of a component state, e.g. 

AA_Power for the set value of the axis power, can be read, aggregated and stored in so-called R-

parameters. Those parameters have defined readout gateways for the external data readout. This 

requires an access to the PLC program of the machine tool. Direct reading of parameters is provided 

through an OPC and DDE Server to access R-parameters, as well as machine, channel and drive data. 

OPC DA (data access) is being currently defined in IEC62541 [293] and represents a potential 

standardized data access approach. 
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The above mentioned data access is based on Siemens controls only. The data access path for common 

machine tool controls of other manufactures is introduced below in brief. 

Fanuc 

For Fanuc controls the consumption data is available through diagnosis data and can be read directly 

from the CNC kernel or the Programmable Motion Control (PMC) through the FOCAS2 library. Both 

machine and drive data can be read. For the newer generations of the CNC, such as 30i, 31i, 32i version 

15 or later, the axes power consumption can be read directly through the SV_meter variable. As an 

alternative, the power consumption of servo axes can be read through the diagnosis variable 4901 or 

4902 for spindle axes respectively. Older versions such as 16i, 18i or 21i need to calculate the power 

consumption of each axis ௘ܲ௙௙,௡ from the axis load ܿ and the axis' nominal power	 ௡ܲ௢௠,௡: 

 ௘ܲ௙௙,௡ ൌ ܿ ∙ ௡ܲ௢௠,௡ 
(6.3)

 

Direct access through Ethernet connection is available and allows for network based diagnostics. 

Heidenhain 

The software interface Heidenhain Direct Numeric Control (DNC) provides a multitude of possibilities to 

access data from the TNC based on the proprietary LSV2 protocol. The DNC provides Microsoft common 

object model components. It is based on Ethernet TCP/IP communication and provides direct access to 

PLC input, output and memory. 

Fidia 

Fidia controls do not provide absolute power values of the machine tool components. Similar to the Fanuc 

approach the power consumption of each axis is calculated on the given load and relation to the nominal 

power 	 ௡ܲ௢௠,௡:. This information is available through servodrive parameters which can be accessed directly 

through the Common Object Request Broker Architecture (CORBA) protocol over Ethernet. 

 

External sensors  

External sensors are required for variable machine tool components ሺܣைሾെሿ ൏ 0.5ሻ and where simulation 

results fail to reach the required output data accuracy of േ5% and when no internal sensor covers the 

information needed. External sensors are further needed for internal calibration and verification in 

combination with the PLC controlled simulation and internal sensors. In the given monitoring strategy 

external sensors guarantee the accuracy of the entire system by plausibility checks in relation of the 

measurement value at the main supply ௘ܲ௙௙,௧௢௧ and the sum of all internal measurement points ௘ܲ௙௙,௡	:  
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௘ܲ௙௙,௧௢௧ ൒෍ ௘ܲ௙௙,௡

௡

௜ୀଵ

 
(6.4)

This condition is true for all machine tool states, also in case of energy recovery. For this reason at least 

one external sensor has to be installed on the main power supply of the machine tool. The amount of 

needed sensors can be further minimized by several machine tool specific preconditions: 

Relevance: If the machine tool component represents a share below 10% of the entire machine tool 

effective power ௘ܲ௙௙,௧௢௧ in all possible machine tool modes, the measurement point is not relevant for 

further monitoring purposes. The relevance threshold is defined in ISO 14955 [4]. 

Dependency: In some cases it is possible to reduce required measurement points if same or similar 

energetic behavior is given by a component which is already measured. For instance the cooling 

compressor of a cabinet cooling can consist of two connected devices in master and slave configuration. 

Therefore the master signal can be copied and no additional measurements of slave components are 

required. 

Energetic behavior: Depending on the energetic behavior as indicated above, an external sensor might 

not be not needed and can be replaced by suitable simulations. This can either be done with the sensor 

analysis according to its energetic behavior or through individual accuracy restrictions. 

Energy forms: Depending on the energy form, various sensors can be used. As flow measurements, e.g. 

compressed air, can be cumbersome and costly, alternative indirect measurement points can be chosen. 

The fluid flow of a pump, for instance, can be measured through the combination of the pump power 

supply and the individual efficiency map provided by the component data sheet. This leads to the 

application of an effective power sensor instead of a fluid measurement sensor and results in cost 

reduction. In the case of the use of indirect measurement it is required to calibrate the sensor for the 

assurance of the measurement accuracy. 

When the measurement points based on the above mentioned reduction and selection options are done, 

suitable sensors can be chosen. Table 6.1 shows tested external sensor for the applied energy and 

resource monitoring system architecture. 

Table 6.1: Possible application of sensors. 

Sensor type Energy form Communication

Christ CLT 310 Electric RS232 / analog

Accuvim II Electric RS485/Modbus

Sentron PAC4200 Electric Modbus / Profibus

Postberg&Co BS Air flow RS232 / analog

VP FlowMate Air flow RS485 / Modbus

EndressHauser Fluids RS485 / Modbus
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Simulation 

As shown in chapter 4, two possible ways for the adaptation of simulations for monitoring purposes are 

introduced. In the following the Teach-in approach is chosen. The simulation s applied on machine tool 

components with a constant or controlled-constant energetic behavior. For those components a virtual 

measurement channel, as a PLC-controlled I/O model can be defined. In order to achieve the highest 

accuracy in the power and energy monitoring, the energetic machine tool components behavior can be 

distinguished in three different component states; startup phase, constant phase, and switch off phase, 

leading to the exact energetic behavior and power level. The model inputs are received by the PLC status 

through a DDE gateway or PLC listener and indicate the machine component state, such as on, off or 

standby. This component model is based on recorded component power measurement and reveals the 

detailed energetic behavior of the machine component without the use of any external sensor. To ensure 

the accuracy of the monitoring system and for the internal calibration, the sum of all simulated 

components	∑ ௦ܲ௜௠,௡ and all additional power measurements ∑ ௘ܲ௙௙,௡ is compared continuously with the 

external sensor data at the overall machine tool supply ௘ܲ௙௙,௧௢௧ (equation (6.5)). In the case of a deviation 

of േ10% (equation 6.6) the virtual measurement channel must be recalibrated. This can be the case when 

the energetic behavior of the simulated component changed, e.g. component breakdown or component 

change. 

 
෍ ௦ܲ௜௠,௡ ൅෍ ௘ܲ௙௙,௡

௡

௜ୀଵ

൑ ௘ܲ௙௙,௧௢௧

௡

ூୀଵ

 
(6.5)

and 

 

  0.9 ∙ ∆ ௧ܲ௘௦௧,ଵ ൑ ∆ ௧ܲ௘௦௧,௡ ൑ 1.1 ∙ ∆ ௧ܲ௘௦௧,ଵ (6.6)
 

 

Implementation 

For the implementation of the energy and resource monitoring on the selected machine tool system a 

detailed multichannel measurement is required to evaluate the energetic behavior and interdependencies 

of all active machine tool components based on individual machining processes and various machine tool 

states. Based on those measurements the type and quantity of required data sources can be evaluated 

and the parametrization of the simulation models and virtual channel can be done. The energy and 

resource monitoring architecture is shown in Figure 6.6. 



 

154 
 

A: Modu

equidista

B: Modu

module is

C: Modu

compres

D: Modu

function 

E: Modu

 

 

Figure 6.6:

ule A represe

ant format wit

ule B represe

s part of the 

ule C repres

sed air flow m

ule D repres

F1, machine 

le E represen

 Overall arch

ents the sign

th a resolutio

ents the sim

signal aggre

ents externa

measuremen

sents the ma

 motion and 

nts the huma

hitecture of th

nal aggregat

on of 5ݖܪ with

ulation block

egation modu

al sensors fo

nt equipment

achine tool n

control. 

an machine in

he energy an

tion module. 

h a polynomi

k which conta

ule with a com

or the effecti

t as shown in

numeric con

nterface (HM

nd resource m

Consumer 

ial interpolati

ains all cons

mmunication 

ve power m

n Table 6.1. 

ntrol (NC) an

MI) for informa

monitoring sy

signals are s

on algorithm

sumers that 

interface to t

measurement

nd all related

ation input an

ystem (EMon

synchronized

m. 

can be simu

the PLC. 

, e.g. smart 

d energy flo

nd output. 

 

n). 

d to a time 

ulated. This 

meter and 

ows for the 



 

155 
 

6.4 Conclusion 

A combination of internal sensors, external sensors and simulation provides comprehensive information of 

the monitored manufacturing system in line with the requirements of the ISO 14955 and ISO 50001 

standards. Moreover, it represents an integrative element of the environmental EnMS described in DIN 

EN ISO 14001 and the DIN EN ISO 9001 organization principle. The given system can be used for the 

continuous machine tool monitoring and the application of micro and macro optimization. The system 

enables to calculate energy performance indicators (EnPIs) or Key Performance Indicators (KPI) for 

efficiency improvement. Relevant EnPIs are elaborated by the ISO 22400-2 [16]. EnMSs depend on 

reliable, robust data for control purposes. In contrast to punctual effective power measurements, energy 

monitoring comprises the continuous or repetitive measurements of a set of linked data for control, 

feedback and tracing purposes. The implementation is verified within an industrial case study based on 

industrial requirements. As this application is in line with the industrial requirement and at the same time 

aims at indicating measures of energy efficiency optimization, further links towards legislation are 

possible.     

The given monitoring architecture represents a modular approach which is suitable for various machine 

tool configurations and requested levels of detail. The necessary elements for the application of a 

monitoring system are given by the multichannel measurement and the selection method for the individual 

definition of the system architecture. The developed monitoring approach is further compared to the 

industrial requirements: 

 Accuracy and resolution: Based on the component behavior the appropriate information source 

is used. Furthermore, the correctness of the simulated values is monitored by a continuous 

checksum calculation as indicated in equation (6.4). The simulated values correspond to the 

measurement values including all transient energetic behaviors. This guarantees an overall 

accuracy of േ5% which is defined by the multichannel measurement system accuracy. The 

multichannel measurement as well as monitoring approach, including the modeling elements, 

provide a data output rate of 5	ݖܪ. Based on the internal sensors and for further dynamic analysis, 

process-related components, e.g. spindle and axes, can be monitored and measured with higher 

frequencies. 

 Completeness: All active components with a share of more than 10%	within all possible machine 

tool modes and at least 80%	of all system components are either measured by internal or external 

sensors or simulated. The given approach includes all auxiliary components and enables 

therefore complete analysis possibilities as indicated in chapter 5. 

 Costs: The tradeoff between completeness of required data for the analysis features and cost can 

be solved by the modular monitoring implementation approach. This approach focusses on the 

reduction of external sensors by maintaining a high level of detail and accuracy. Based on the 

component classification the appropriate data source, observer or sensor can be chosen. The 
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accuracy of the developed simulation relies on the available PLC signal and related component 

behavior. If the component behavior information is available, externals sensors are not needed 

and models can be used. 

The developed multichannel monitoring strategy proofs that detailed and required information on the 

energetic behavior of machine tools can be revealed and used to indicate optimization potential on the 

component level and through component control. The approach further shows an universal monitoring 

system with a reasonable cost to benefit ratio as the amount of external sensors, representing the main 

cost driver of the system, is reduced. Thus, detailed information on the component level can be 

aggregated for higher assessment level and various top down evaluation approaches as shown in chapter 

2.1.3.   

6.5 Case study 
 

In the following implementation the EDM machine CUT 200 of AgieCharmilles was chosen in order to 

validate the concept and to support the interconnection with the parametrization software by 

AgieCharmilles. The given machine tool consists of 7 subcomponents which are shown in table 6.7. 

Table 6.2: Components of the AgieCharmilles CUT 200 for energy monitoring. 

Subcomponent Description Source

24 V AC Supply of all 24V components including PLC Simulation 

Cooling/Deion. pump Cooling pump of the deionizing fluid, incl. Part cooling Simulation 

Filter / filling pump Pump for tank filling and deionizing fluid filtering Simulation 

Drives X, Y, Z Axis incl. motors for EDM wire FOCAS 2 

Flushing pump Fluid pump for tank flushing and filtering Accuvim II 

Generator EDM generator, externally controlled device FOCAS 2 

 

Accordingly to performed pre-measurements (Figure 6.7), the energetic behavior of the given EDM 

machine is dominated by the generator power and auxiliary pumps. The generator power can be revealed 

by the machine tool control, whereas the auxiliary pumps represent components with a stationary 

energetic behavior. Therefore, the monitoring architecture requires only two external sensors. One sensor 

is required for the flushing pump and one for the value supervision of simulated and measured values. 
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7 Conclusion and Outlook 

 

In this thesis, the energetic behavior of machine tools and related optimization analysis is characterized 

based on a multichannel measurement procedure. Power and energy measurements of machine tools 

during different operational states show that significant inefficiencies are given in manufacturing 

operations. These inefficiencies represent not only economic or environmental factors, but might have 

also negative effects on the machining process and manufacturing environment. While the European 

Union set machine tools under environmental supervision, a comprehensive machine tool evaluation on 

the component level for industrial use does not exist yet. Results in this thesis clarify that this needs to be 

changed, and a proposal for a comprehensive machine tool measurement and monitoring procedure for 

the determination of energetic inefficiencies is given. 

Measurements on various machine tools during different machining processes show that inefficiencies of 

up to 40 % are present. As most of these inefficiencies depend on individual parameters, e.g. 

configuration or use, rule based optimization measures are not sufficient. While direct process-related 

machine tool components, e.g. spindles and control, are often adjusted to the required machining 

operation, main focus must be given on uncontrolled auxiliary components. Therefore, the machining 

process optimization is neglected in this thesis. As machine tools represent an assemblage of different 

components with various energy forms and behavior, conventional single-channel measurement systems 

are not expedient. The developed multichannel measurement system in this thesis covers relevant 

resources, electrical energy and compressed air that are required to perform a specific machining 

operation. This system is marvelously suited to identify inefficiencies on the component and 

subcomponent level. Thereby, it is shown that in addition to the machine tool energy evaluation in ISO 

14955 besides the analysis of machine tool functions, control-dependencies and operational modes of 

subcomponents have to be considered. When comparing the energetic behavior of machine tools during 

different measurements, differences in the consumption and component controls carried out that the 

machine tool configuration and individual use strongly influences the type and location of optimization 

measures. These indications are strongly dependent on the measurement procedure. Therefore, it is 

fundamental to specify the way measurements have to be carried out when optimization measures have 

to be identified. 

The measurement and monitoring methodology developed in this thesis follow and assist the ISO 14955 

and ISO 50001. In addition to measurements procedures for the machine tool retrofit indication, some 

indications for the machine tool design improvement are given. This indications show that the machine 

tool development and pre-configuration has a significant or dominant influence on the energetic machine 

tool consumption behavior and further studies are of essential importance. 
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In order to improve the efficiency of machine tools and production systems it is necessary to evaluate the 

actual share of process-independent and constant machine tool subcomponents, and to apply a needs-

based control. A lot of approaches to measure and indicate inefficiencies can be found in literature: 

Besides top down evaluation, e.g. performance indication of the manufacturing processes and machine 

tools, many different bottom up approaches, represented by measurement, monitoring and modelling 

approaches on the machine tool and process level, have been developed.  

In this thesis, two evaluation approaches are presented that are suitable for industrial use: The 

multichannel machine tool measurement (1) and the monitoring approach (2). Whereas the measurement 

approach provides a static and selective analysis tool, based on multichannel sensors, the monitoring 

approach uses a combination of sensors, internal signals of the numerical control, such as the power 

supplied to the axis and PLC states, and simulations for the continuous system evaluation and indication 

of individual energy efficiency optimization measures. 

The measurement hardware can be extended modularly and consists of sensors which are suitable for 

multichannel measurements of electrical power and fluid flow. The elementary components of this system 

are the time synchronization of the sensor information and the system-independent coverage of the 

required energy forms and active components within the system boundary. The system is designed in line 

with industrial requirements, such as costs, completeness, accuracy, and available communication 

protocols. The idea beyond the approach is to simplify the application of a multichannel measurement and 

to assure all required information with a minimal implementation effort. This enables the comprehensive 

measurement of all active machine tool components in order to specify and indicate the individual, 

technically and economically reasonable, efficiency optimization measures. 

The monitoring approach developed in this thesis, combines suitable data sources from sensor hardware, 

numerical control, and simulations. The information source architecture is based on the individual 

energetic machine tool component behavior and its selection is defined by a methodological approach. 

Thereby, the architecture solves the tradeoff between hardware costs and the required accuracy on an 

industrial monitoring system for the system evaluation. The chosen model approach is based on a teach-

in application and applied to replace sensor hardware. The continuous multichannel data acquisition, in 

combination with developed analysis algorithms, enables realtime optimization capabilities, e.g. adaptive 

component control. The monitoring system can be applied machine tool independent and can be used, in 

combination of process monitoring systems, for optimization and prediction of energy consumption and 

expected costs. 

For both approaches, analysis algorithms are developed which are suitable for the evaluation of 

multichannel data to indicate individual inefficiencies within the machine tool system. Currently this 

monitoring approach is tested on two prototype systems and will be further developed for the industrial 

application.  
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Due to the modularity and applicability on different machine tool systems the development shows the 

great potential for a successful, industrial transfer and market readiness. With both approaches, a 

significant increase of energy efficiency of up to 40 % can be reached. More significant is the fact that 

machine tool and system independent and individual inefficiencies can be addressed. 

Measurements and resulting optimization measures revealed that the predefined machine tool 

configuration has a significant effect on the machine tool efficiency. Technically identified optimization 

measures might be economically non reasonable or the pre-configuration cannot be changed on a given 

system. Further optimization potential is seen in the adaption of production system within the production 

infrastructure, for instance through HVAC management. In order to consider these effects more detailed, 

the machine tool design, configuration, and infrastructural amendment need to be analyzed. A promising 

approach to tackle the pre-configuration is to apply suitable energy models of machine tools on the basis 

of actual machining processes and future machine tool use. 

Both evaluation methods presented in this work, represent bottom up approaches for the measurement, 

monitoring, and analysis of machine tool to increase the efficiency and to predict the machine tool 

performance. The monitoring system with modular information source architecture, guarantees a cost-

effective and detailed monitoring approach. A disadvantage of this approach is the requirement of detailed 

multichannel measurements on an available machine tool system and the recalibration of the component 

models after a conventional service and maintenance time to guarantee the accuracy of +/- 5%. For an 

industrial application on ex-work level this seems to be technically and economically reasonable. The 

multichannel machine tool measurement duration with the developed system takes four hours on average 

today, which lead to the founding of SIGMAtools LLC in order to provide this solution as an industrial 

service. Further investigations need to be done in order to minimize the measurement effort and duration. 

A promising approach is to define standardized measurement points and voltage tapping. For the 

monitoring approach predefined machine tool models and control relation can be used in order to 

minimize the number of external sensors. Up to now and based on more than 50 measurements more 

than 3 GWh could be saved with this system. 
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A Appendix 
A.1 Overview of standards and technical guidelines  

Those standards and guidelines are related to energy efficiency in manufacturing. 
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A.3 Overview of power sensors 

The following sensor were used and analyzed in the given research. 
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