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„Ja, mach nur einen Plan 

sei nur ein großes Licht 

und mach dann noch 'nen zweiten Plan 

gehn tun sie beide nicht.“ 

 

“Yes, make yourself a plan; 

it just goes up in smoke! 

And make yourself a second plan; 

they both come to nothing.” 

 

taken from “The Song about the 

Insufficiency of Human Striving” 

Bertolt Brecht (1898 – 1956) 
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Abstract 

Improved use of resources is of enormously high relevance and 

crucial for achieving as well as maintaining a sustainable condition. 

Especially industrial production has a superior responsibility in 

creating a long-term viable way of living. However, there is a lack of 

systematic evaluation procedures for operational resources in 

production systems, meaning product material, energy, equipment 

and humans. Especially small and medium-sized enterprises, 

representing the largest number of all companies in Europe, are 

mostly not able to deal with these kinds of issues in addition to their 

daily business. 

The purpose of this licentiate thesis is the investigation for and 

development of an evaluation approach for resource efficiency and 

effectiveness in small and medium-sized enterprises. Two literature 

reviews and one industrial case study have been carried out. To start 

with, the first literature review founds a theoretical basis for the 

meaning of resource efficiency and effectiveness. The second 

literature review investigates latest measures and approaches for 

production system evaluation. In the next step an evaluation approach 

for resource efficiency and effectiveness evaluation in small and 

medium-sized enterprises is developed and tested within a single case 

study. The result consists of a comprehensive approach for small and 

medium-sized enterprises with focus on economic short-term and 

long-term improvements.  

 

Keywords: resource, efficiency, effectiveness, production system, 

evaluation, small and medium-sized enterprises 
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1. Introduction 

The purpose of this introductory chapter is to describe the 

background and objective of the presented research. The chapter 

provides the reader with an understanding of the importance and 

complexity of resource efficiency and effectiveness at production 

system level. First, the vital role of resource efficiency and 

effectiveness is treated. Then, the problem area for the research is 

described, followed by a presentation of the objective and research 

questions. The chapter is concluded with an outline of the entire 

research intention. 

 

1.1. Strong need for improved use of 

resources in industry 
Globally, there has been a remarkable increase of manufacturing 

activities. Figure 1 pictures the development of economic activity 

within manufacturing over the recent years for the 20 largest 

countries by GDP (UN Statistics Division, 2012) indicating a global 

annual growth rate of 3 % on average. 

 

 

Figure 1: Economic activity within manufacturing in constant 2005 

US dollars for the 20 largest countries by GDP from year 2002 until 

2011, based on (Wiktorsson, et al., 2008) with updated data from 

(UN Statistics Division, 2012) 
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While in the past global resource extraction can be numbered with an 

aggregated growth of 45% between 1980 and 2005 (World Resource 

Forum, 2013), further significant increase of natural resource 

extraction is being predicted for the future (Giljum, et al., 2008). As it 

is obvious that natural resource supplies are limited and cannot meet 

the requirements of steady growth (Meadows, et al., 1973) the 

problem of scarcity tends to grow to a more acute extent in future. 

Consequently, in order to be sustainable, i.e. to meet the needs of the 

present without compromising the abilities of future generations to 

meet their own needs (UN World Commission on Environment an 

Development, 1987), manufacturing industry as one of the main 

resource consumers (European Parliament, 2012) plays a key role. By 

examining the development of productivity regarding material, 

energy and labor in Europe, it can be concluded that the resources 

material and energy have not been as much in focus as labor during 

the past decades when it comes to productivity (EEA, 2012) as shown 

in Figure 2. 

 

 

Figure 2: Growth in the productivity of material, energy and labor in 

EU-15 (EEA, 2012) 
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The “Roadmap to a Resource Efficient Europe” has been initiated 

towards a greener economy heading for lower environmental impacts 

while keeping a high living standard as well as economic 

competitiveness (Roadmap to a Resource Efficient Europe, 2011). In 

the meantime European industry has anticipated potential savings of 

around 630 billion US dollars per year through improved use of 

resources (European Parliament, 2012). The average monetary 

expenditure of manufacturing companies in Europe for material and 

energy can be numbered with at least 50% of the overall costs while 

labor costs account for about 20% (Europe Innova Eco-Innovation 

REMake, 2012). Figure 3 shows the cost structure of Swedish 

industry for the year 2011 (SCB Statistics Sweden, 2013) as well as 

the trend of energy prices in Swedish industry. While costs of raw 

material make up more than half of the overall costs
1
 the yet 

comparably low energy prices illustrate a price increase of more than 

70% over the last few years. 

 

 

Figure 3: Cost structure in 2011 (left) and trend of energy prices 

from 2007 until 2012 (right) for Swedish industry (SCB Statistics 

Sweden, 2013) 

Furthermore, from a customer’s perspective products with lower 

environmental impact receive higher attention and are more likely to 

                                                      
1
 considering industries for: motor vehicles, rubber and plastics, basic metals, 

fabricated metal products, machinery and equipment, computers, electronics, 

electrical equipment, paper (data from SCB) 
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turn out as order winner and long-term qualifier during purchasing 

decisions (Björkander, et al., 2009).  

Regardless of the perspective taken, improved use of resources is of 

enormously high relevance and crucial for achieving as well as 

maintaining a sustainable state. Especially manufacturing industry has 

a superior responsibility in creating a long-term viable way of living. 

In this perspective this thesis focuses on operational resources for 

such as labor, energy and material in daily operations with regard to 

sustainability. 

 

1.2. Evaluation as a tool for production 

system improvement 
The evaluation of production systems is an activity of high relevance 

when it comes to improving existing production systems, which is 

mostly embedded in a cyclic method as plan-do-check-act. 

Considering that a production system is passing through an iterative 

life-cycle within production system development in which an existing 

production system is taken as basis for improvement, four phases can 

be identified (Säfsten, 2002) as presented in Figure 4. Accordingly, 

an existing production system can be evaluated after a change, during 

its operation as continuous follow-up as well as preparatory before a 

change. Additionally evaluations are of interest when it comes to 

judging alternative system solutions and compare those to each other 

before the actual change is carried out. 



5 

 

 

Figure 4: Production system life-cycle phases where evaluations are 

of interest (Säfsten, 2002) 

 

Evaluations enable to determine values or results of for example an 

operating system or a change of system (Bellgran & Säfsten, 2010) 

and therefore represent the base for relevant decisions in production 

environments. Due to the urgent call for sustainability and 

emphasized movement towards sustainable production (Jovane, et al., 

2003) evaluation activities focusing on the use of resources in 

production systems play an outstanding role when it comes to 

changing existing production systems towards sustainable ones. 

 

1.3. Efficiency and effectiveness as concept 

for improving resource productivity 
There is strong consensus in research and practice that in order to 

meet a competitive and sustainable state resources need to be used 

with “increased productivity” (Jovane, et al., 2008) (McKinsey 

Global Institute, 2011) or in a “more efficient and effective” way 

(Duflou, et al., 2012). High values of both efficiency and 

effectiveness lead to high productivity and therefore increased 

competitiveness (Tangen, 2005). This view is also supported by 

Drucker (Drucker, 1974): 
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“Even the healthiest business, the business with greatest 

effectiveness, can well die of poor efficiency. But even the most 

efficient business cannot survive, let alone, succeed, if it is efficient in 

doing the wrong things, that is, if it lacks effectiveness.” 

 

Defining productivity as relation between output and input efficiency 

is furthermore linked to the utilization of resources and mainly 

concerns the input of the productivity quota while. On the other hand, 

effectiveness is rather output-focused and relates to satisfying 

customer demand, linked to the output of the productivity quota 

(Tangen, 2005) (O'Donnel & Duffy, 2002). As illustrated in Figure 5 

both terms are mapped into production context (Sink & Tuttle, 1989). 

Efficiency can be interpreted as ‘doing things right’ and effectiveness 

as ‘doing the right things’ (Drucker, 1964). 

 

 

Figure 5: Efficiency and effectiveness within productivity based on 

(Sink & Tuttle, 1989) (Drucker, 1964) 
 

The concept of efficiency and effectiveness constitutes the underlying 

basis for productivity and is therefore of high relevance when it 

comes to resource use especially from a production system 

perspective. Hence, to strategically affect decision making processes 

within manufacturing companies’ resources are to be viewed 

simultaneously from an efficiency perspective as well as an 
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effectiveness perspective in order to influence long-term productivity 

and therefore competitiveness. 

 

1.4. Problem description 
There is a strong need for enhanced sustainable development in 

industry starting from purely economic growth towards sustainable 

growth which -among others- contains the proper exploitation of 

resources to be made consistent with current and future needs 

(Jovane, et al., 2008). At the same time as resource efficiency and 

effectiveness have high influence on a company’s competitiveness it 

is difficult for companies to identify the most significant potentials 

among given approaches which might even be optimized with little 

effort (Slawik, 2012). Evaluating operational resources such as 

material, energy and labor seems to have become an increasingly 

complex task for industrial companies. One aspect makes the 

improved use of resources in production systems particularly 

complicated: 

 

There is a lack of systematic evaluation procedures for operational 

resources in production systems especially for small and medium-

sized enterprises. 

 

The evaluation of production systems has received a lot of attention 

especially during the last two decades as the field of performance 

measurement has steadily advanced from traditional financial 

measurement to a rather multi-dimensional orientation of strategic 

measures (Kaplan & Norton, 1992) (Hon, 2005) (Neely, 1999) 

(Tangen, 2004). On a global level multinational companies have 

launched numerous programs to improve their production systems 

and increase productivity (Netland, 2012). However, evaluating 

production systems on shop floor level seems to play a rather 

subordinate role. Especially small and medium-sized enterprises 
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(SMEs) which are known for having a rather reactive fire-fighting 

mentality are rarely able to deal with these kinds of issues in addition 

to their day-to-day business. Their limited resources require 

approaches and models that respond to their specific needs and which 

are efficient and easy to implement (Hudson, et al., 2001). In practice, 

evaluations of existing production systems are still labeled as 

unsystematic and unstructured (Bellgran & Säfsten, 2010). Having in 

mind that the number of SMEs (1-250 employees) stands for 99% of 

all companies in Europe (European Commission, 2013) and assuming 

that their cost structure is similar to the one shown in Figure 3 (left 

side), large potentials are existing which are quite difficult to access. 

Particularly when it comes to operational resources there is a lack of 

methods which enable accessing resource savings in a comprehensive 

way (Steinhilper, et al., 2011) leaving potentials for superior 

competitiveness untouched. As a consequence it does not seem 

surprising that enormous needs are lately identified regarding tools 

and techniques towards sustainable manufacturing (Wiktorsson, et al., 

2008) (Jovane, et al., 2009) (Gutowski, 2011), and especially energy 

and material efficiency in production (Duflou, et al., 2012) (Bunse, et 

al., 2011) (Allwood, et al., 2011) (Rashid, et al., 2008). Hence, 

evaluating existing systems in the light of operational resources is to 

be perceived as a major need and requires facilitation for SMEs in 

order to enable sustainable production system development. 

 

1.5. Scope of the thesis 
 

1.5.1. Objective 

Given the insight that resource efficiency and effectiveness play a 

vital role for industrial companies and that there is a lack of 

systematic approaches for production systems in the resource 

perspective, the objective of this licentiate thesis can be stated as: 
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Investigation for and development of an evaluation approach for 

resource efficiency and effectiveness in SMEs 

 

This investigation will be used as an attempt to develop an approach 

for quantitatively evaluating resource efficiency and effectiveness in 

production systems. The result shall increase knowledge and 

comprehension of operational resources in production systems in 

order to improve resource use and support decision making towards 

sustainable production. 

 

1.5.2. Research questions 

Based on the problem description and the objective the following 

research questions are in focus of the presented research. 

 

RQ1: What constitutes resource efficiency and effectiveness in 

production systems? 

RQ2: What are current approaches of quantifying and evaluating 

resource efficiency and effectiveness in production systems?  

RQ3: How can resource efficiency and effectiveness be 

comprehensively quantified as part of a method for industrial 

use in SMEs? 

 

By answering these research questions a preliminary hypothesis on 

resource use in production systems for the future doctoral work is 

going to be elaborated at the end of this licentiate thesis.  

 

1.5.3. Delimitations 

As ‘resource’, ‘efficiency’ and ‘effectiveness’ are terms which cover 

large topics in various interdisciplinary production areas and have 
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been studied from general views as well as from detailed ones, the 

research carried out in this licentiate thesis has been limited. The 

focus is explicitly put on assessing existing production systems in 

operation (see Figure 4) in order to increase knowledge and 

understanding about existing circumstances as a basis for decision 

making. The emphasis regarding resources is thereby put on 

operational resources, i.e. labor, energy, direct material for products, 

indirect material and handling of direct material in daily production 

operations. The purpose is thereby to support improvement activities. 

Development of new production systems is referred to as changes in 

existing ones. Product design or purchasing activities are not 

included. Furthermore, the focus is not put on single production 

processes, but rather on a system perspective. 

 

1.6. Outline of entire research intention 
Since this is a licentiate thesis the research is mainly dealing with the 

investigation for an evaluation approach and detailing of the problem 

description. The forthcoming doctoral thesis consists of a first attempt 

to a suggested solution based on previous findings including a 

validation and overall conclusion. The outline is summarized in 

Figure 6. 

 

 

Figure 6: Outline of the entire research approach  
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2. Research approach 

In this chapter the research is outlined from a scientific perspective. 

The chapter describes the research context and perspective which has 

been selected in order to answer the research questions as well as the 

design of the research. 

 

2.1. Research context 
This research was partly originated from a European research project 

called ‘Methods for Efficiency - M4E’. The project has been initiated 

in order to develop a comprehensive concept to detect and tackle 

resource losses particularly in SMEs (Univerity of Bayreuth, u.d.). 

Together with the University of Bayreuth, the Fraunhofer IPA and 

nine industrial partners the Department of Production Engineering at 

KTH developed a supporting tool for the consistent assessment of 

resource efficiency for SMEs (Lieder, 2011) which motivated and 

initiated the research presented in this licentiate thesis. 

 

2.2. Applied research and research 

perspectives 
One of many ways to define research and development is “creative 

work undertaken on a systematic basis in order to increase the stock 

of knowledge, including knowledge of man, culture and society, and 

the use of this stock of knowledge to devise new applications” 

(Organisation for Economic Co-operation and Development (OECD), 

2002). Since this research is conducted within the field of 

engineering, the practical applicability of the results is of high 

relevance. This consequently initiates the discussion at what point 

research results can be regarded as scientific as well as practically 

useful. Hence, an appropriate balance between and combination of 
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scientific validity and industrial relevance is vital for carrying out 

research in the field of engineering successfully. In order to cope with 

both requirements a consciously followed methodology
2
 is regarded 

as mandatory. There are three dominating scientific perspectives 

which found methodological views as a guide for creating knowledge 

(Arbnor & Bjekre, 2009): 

 

 The analytical view pictures reality as filled with facts and 

explained through logical cause-effect relationships. In this 

objective description of reality, created knowledge is independent 

of individual perception. Furthermore it is assumed that reality as a 

whole consists of the sum of its parts and that therefore problems 

can be divided into fragments which can be examined separately. 

The aim is to achieve best generalizable explanations by 

formulating and verifying hypotheses. 

 

 In the systems view reality is not regarded as summative since the 

whole is more than the sum of its parts. Single system parts 

influence each other they cannot simply be added up. The 

relationships between system parts are significant as they cause 

synergetic behavior. Accordingly, each part needs to be observed 

in its system context, i.e. with all the other system parts and 

including their interactions and relations. As a consequence, 

knowledge depends on the situation of structures as well as 

relations and is therefore system dependent. 

 

 From an actor’s view reality is a social construction dependent on 

human beings and cannot be described by generalized explanations 

but rather through creating understanding and insightful action. 

Improvisation and creativity while creating knowledge are vital in 

                                                      
2
 The term methodology is in this case interpreted as ‘understanding of how 

methods are constructed’. 
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this perspective. As a result knowledge depends on individuals and 

is thus subjective. 

 

Figure 7 places all three views within a boundary between 

explanatory and understanding knowledge. While the analytical view 

assumes that reality is objective and summative, trying to produce 

explanatory knowledge, the actors view, in contrast, considers reality 

as social construction and strives to generate understanding 

knowledge
3
. The systems view can either be applied to describe and 

explain or provide an understanding of reality and therefore overlaps 

with the other two views. 

 

 

Figure 7: Three methodological views and the boundary between 

explanatory and understanding knowledge (Arbnor & Bjekre, 2009) 

 

As this research work intends to investigate resource efficiency and 

effectiveness from production system level, the systems view has 

been adopted as the main view. This view enables production systems 

to be studied with focus on relationship of system components in 

order to describe operational resources in combination with the 

overall production system outcome. However, research questions in 

this licentiate thesis are not positioned equally within the boundary of 

                                                      
3
 While ”explanatory” stands for providing objective and/or subjective reasons for 

phenomena and events “understanding” stands for providing knowledge which is 

dependent on individuals. 
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Figure 7. The first research question (RQ1) has a rather analytical 

character as it seeks to outline a generic meaning of relevant 

terminology for resource efficiency and effectiveness in production 

systems. The second research question (RQ2) is less definite than the 

first one as it intends to investigate existing evaluation approaches 

resulting from different intentions. The third and last research 

question (RQ3) aims at a first attempt for a solution including a 

practical application. Since SMEs and their production environments 

are incredibly unique, practical applications are less likely to have 

generic value. Hence, the final research question contains the most 

subjective notion. 

 

2.3. Research strategies 
In order to achieve a satisfying result in research it is essential to 

choose proper research methods. In applied research the research 

problem, the used methods and the research material affect each other 

and furthermore influence the overall research result (Ejvegård, 2009) 

as pictured in Figure 8. The design of the research approach is 

therefore crucial to obtain valid research results. 

 

 

Figure 8: Problem, method and material affect the research result 

(Ejvegård, 2009) 

 

Research design can be defined as “plan or proposal to conduct 

research” (Creswell, 2009). In this manner the use of qualitative and 
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quantitative methods as well as their combination plays an essential 

role and is frequently discussed and compared in research 

environments. Quantitative methods try to examine behavior in forms 

of models, relations among variables and numerical occurrences by 

numerically display empirical facts as precisely as possible. Objective 

measurement therefore grants high validity. On the other hand, 

qualitative methods aim at exploring and understanding phenomena 

that are difficult or impossible to quantify. Furthermore qualitative 

methods are characterized by ascertainment of not standardized data 

as well as its analysis. One advantage qualitative methods have over 

the quantitative methods is the consideration of the entirety of a 

problem in a way not possible in quantitative research. A case study 

approach, for instance, involves the use of multiple sources of data in 

order to gain the fullest understanding, which again might involve 

multiple data collection methods (Yin, 2009). However, this far more 

open and flexible approach bears threats to validity if not carried out 

properly. Every research method has its advantages and 

disadvantages and there seem various possibilities to approach a 

research task. Depending on the type of research question and the 

perspective taken, methods need to be chosen that will best fit the 

purpose while ensuring maximum validity within the conceptual 

context of their specific research topic. Combining qualitative and 

quantitative methods might increase the overall strength of the 

research instead of using each of the methods exclusively (Creswell, 

2009).  

Given the previous positioning of the research questions a 

consecutive research approach has been adopted, which aims at 

answering all three research questions in the order in which they have 

been posed.  

As the first research question aims at describing and clarifying 

terminology unambiguously, existing literature in academia is an 

informative source which is investigated. The second research 
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question seeks investigates what other attempts in the same area have 

been like. Once again, a literature study of pervious academic efforts 

is considered to deliver insightful results. The results of both 

investigations are subsequently applied to develop an evaluation 

approach which is then tested within an SME in a single case study in 

order to answer the third research question. Table 1 summarizes all 

chosen research methods. 

 

 

Table 1: Chosen research methods per research question 

 

2.4. Chosen research methods 
Literature review 

Literature reviews are commonly known as summary of published 

information. More often they are critical and evaluative while 

presenting the current state of knowledge in a particular area, while 

showing relationships between various writings as well as to the 

author’s work. In the context of research synthesis literature reviews 

can be described as ‘detailed independent work’ with focus on 

outcomes, methods, theories and/or applications (Cooper, 1998) and 

be structured in sequential phases: 

 

1. Problem formulation  

2. Literature search 

3. Evaluation, analysis and interpretation of findings 

4. Presentation of results 

 

Chosen research methods

1) What constitutes resource efficiency and 

effectiveness in production systems?
→ Literature review

2) What are current approaches of quantifying and 

evaluating resource efficiency and effectiveness 

in production systems?

→ Literature review

3) How can resource efficiency and effectiveness 

be comprehensively quantified as part of a 

method for industrial use in SMEs?

→ Qualitative approach (case study)

Research questions
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A substantial part of this licentiate thesis is based on literature 

reviews as also triggered by the nature of research questions one and 

two. The reviewed literature includes journal articles, research papers, 

books, standards and sources from the internet. The first literature 

review (chapter 3.1 and 3.2) focuses on the clarification of basic 

terminology as well as related terms and perspectives to ensure 

common understanding of resource efficiency and effectiveness in 

production systems. The second literature review (chapter 3.3) aims 

at identifying metrics for efficiency and effectiveness as well as 

existing evaluation concepts. 

 

Case study 

A case study is a qualitative empirical study which deals with a set of 

contemporary events and is usually carried out when the investigator 

has no control over behavioral events given an explanatory research 

question (Yin, 2009). Furthermore, the empirical evidence of case 

studies retains real-life events. Accordingly, a case study approach 

consists of five components, which will be detailed in chapter 5. 

 

1. A study’s question 

2. Its propositions (if any) 

3. Its unit(s) of analysis 

4. The logic linking the data to the propositions 

5. Criteria for interpreting the findings 

 

Since research question three is of exploratory character the 

ascertainment of not standardized data and its analysis with the goal 

to entirely cover the problem area described, a case study approach is 

considered as adequate and complementary to previously applied 

methods. The case in chapter 5 consists of one SME of discrete part 

manufacturing in sub-contractor business and comprises typical 

production processes such as manual and automated processes, which 
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constitutes a proper basis for a practical application of a proposed 

evaluation approach. 

 

2.5. Research description 
Figure 9 pictures the research steps taken in this licentiate thesis and 

their relation to the research questions (RQs) and content. A major 

part of this work consists of reviewing literature in order to get a 

preferably complete picture of what already has been done in the area 

of resource efficiency and effectiveness and to create a firm 

theoretical basis. Based on these outcomes a first solution is proposed 

and applied in an SME within a case study. The final result is used to 

narrow down the broad view of resource efficiency and effectiveness 

in production systems and to specify the knowledge gap for further 

research. 

 

 

Figure 9: Overview of entire research approach  
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3. Resource efficiency and effectiveness 

in theory 

For an investigation regarding resource efficiency and effectiveness 

in production systems it is essential to understand what these terms 

actually stand for. The chapter starts with an introduction to the 

production system perspective followed by a discussion of the terms 

resource, efficiency and effectiveness as well as related terms and 

their strategic relevance. After a concluding overview of the 

terminology different evaluation measures and approaches are 

explored. The chapter ends with an overview of common measures 

and approaches. 

 

3.1. The production system perspective 
To place production systems into a clearer setting relevant 

characteristics and functionalities are briefly introduced in this 

section. At this point it should be noted that the term production is 

often synonymously used for the term manufacturing. Nevertheless 

throughout this thesis the term production will be applied. 

In general, production can be described as a rather complex activity 

involving various elements such as materials, humans, machines and 

information. The systems in which the production takes place are 

commonly labeled as production systems and can be described as 

people, equipment and procedures organized for the combination of 

materials and processes that constitutes the manufacturing operation 

(Groover, 2008) or as a group of technical production facilities linked 

with each other for a certain type of production, which includes the 

existing reactions between them (International Institution for 

Production Engineering Research, 2004). 
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Taking a system perspective when examining production systems is 

generally accepted as this view supports enhanced comprehension 

about the complexity in production systems (Wu, 1994) (Bennett, 

1986) (Bellgran & Säfsten, 2010). The system view is based on 

systems theory which has already been mentioned briefly in section 

2.2. This view perceives reality as being more than the sum of its 

parts: As single system components influence each other and they 

cannot simply be added up. Synergetic behavior resulting from 

relationships between system parts is a significant characteristic. 

The main function of production is to transform input into output 

(Wu, 1994) (Hubka & Eder, 1988). In this context Hubka and Eder 

refer to the expression transformation system which major elements 

consist of process, operand and operator. The purpose of a 

transformation system is to perform a transformation which 

transforms operands from its initial state to a desired state as pictured 

in Figure 10. Several subsystems exist as part of the transformation 

system. These subsystems participate in the transformation of input 

towards output. The executing system is represented by human and 

technical system while the active environment is referred to as 

information and management system. Hence the operand in its 

desired state is resulting as a consequence of a causal relationship 

from processes as cause. Human and technical system together with 

energy and product material represent operational resources as 

previously defined in order to investigate resource efficiency and 

effectiveness in production systems. 
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Figure 10: Operational resources in a simplified model of the 

transformation system based on (Hubka & Eder, 1988) 

 

There are several ways to describe a production system depending on 

what the purpose of the description is aiming at. One way to classify 

production systems can, for instance, be according to function, 

structure or hierarchy (Seliger, et al., 1987). Taking a functional 

perspective, the system is perceived as a black box which converts 

inputs into outputs. From a structural view, single elements can form 

a system which includes the relations between the single system 

elements. Lastly, the hierarchical perspective can refer to subsystems 

within a larger system. 

Another significant characteristic of production systems is the fact 

that they are dependent on the environment in which they operate in, 

and are hence defined as open systems. As indicated in Figure 10, the 

transformation system interacts directly with the active environment 

by means of management and information system. Adaptability to 

changes caused by the dynamics of the environment a key requisite in 

order to ensure competitiveness. For working with production 

systems and models in practice this means to carefully define system 

boundaries including their interfaces to the environment. 
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3.2. The meaning of resource efficiency and 

effectiveness 
In order to clarify the meaning of the expression resource efficiency 

and effectiveness the terms resource, efficiency and effectiveness are 

examined separately in this section to identify relevant characteristics. 

Afterwards related terms as well as strategic relevance are discussed. 

 

3.2.1. Definition and characteristics of resources, 

efficiency and effectiveness 

 

Resource 

The word resource has its origin in the French language and means 

“something that is a source of help” or “a means of supplying a 

deficiency or need” (Oxford University Press, 2013). From a classical 

economics view resources are recognized as land, labor and capital. 

In the field of production interpretations regarding the term resource 

vary thoroughly reaching from broad perspectives as available money 

for operations in companies including patents, contracts or privileges 

(International Institution for Production Engineering Research, 2004) 

to more narrow perspectives as human and physical resources 

(Bernolak, 1997) or assets, humans, material, energy, equipment, 

machines, information, knowledge (Westkämper, 2006). Due to the 

manifoldness of what the term resource might imply depending on the 

context it is used in, it is necessary to narrow down what resources 

are dealt with for the scope of this licentiate thesis. For this research 

work resources are investigated that count as operational resources on 

shop floor level, namely labor from human and automated systems, 

energy, direct material for products, indirect material and handling of 

direct material during operation phases in production systems. 
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Efficiency & effectiveness 

The two terms efficiency and effectiveness are of frequent use in 

academia and practice. Mainly shaped by Drucker and his perspective 

on management the terms can be described as “doing things right” 

and “doing the right things” respectively (Drucker, 1964). However, 

these descriptions are too wide to be useful for production system 

evaluation. Consequently, there are many ways in which both terms 

are interpreted and understood in specific contexts. As previously 

indicated in Figure 5, both terms are closely connected to the concept 

of productivity which is defined as the relation between output and 

input of a transformation process. In this context efficiency and 

effectiveness have been discussed extensively (Tangen, 2004). The 

international standard organization (ISO) defines efficiency as “effort 

related to the usage” and effectiveness as “relation between a planned 

to an actual value” (International Standard Organization, Sept. 2013). 

Looking at each of the two terms separately, the meaning of 

efficiency is mostly associated with the utilization of resources and a 

rather input oriented perspective of a transformation process. On the 

other hand, effectiveness is mainly connected to an output oriented 

perspective and the creation of customer value of a transformation 

process. Another possibility to describe the term effectiveness is the 

ability to reach a desired objective. One highly significant 

characteristic is the fact that there theoretically are no limits of how 

effective one can be. A given objective can always be achieved in a 

new or improved way while exceeding expectations.  

A valuable example of how efficiency and effectiveness can be 

modeled is given by O’Donnel and Duffy (O'Donnel & Duffy, 2002). 

In this model activities are described based on IDEFØ, which is one 

of the computer aided manufacturing definition techniques. 

Transforming input into output using resources which act on the input 

in order to produce the output under given goals and constraints 

allows picturing a transformation process as shown in Figure 11. 
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Figure 11: Model for measuring efficiency and effectiveness of an 

activity based on (O'Donnel & Duffy, 2002) 

 

Using this formal description, efficiency can be formulated as a ratio 

measuring the gain obtained from the activity, i.e. comparison 

between output and input, in relation to the amount of resources used 

during the activity. The effectiveness of the activity can be described 

as a comparative relationship of the resulting output and the desired 

goal. This formal description of efficiency and effectiveness 

obviously presupposes a meaningful quantification which allows 

direct comparisons. In order to achieve high productivity both is 

required, high efficiency and high effectiveness. Figure 12 shows a 

summarizing picture of both terms including their main 

characteristics. 
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Figure 12: Characteristics of efficiency and effectiveness within 

productivity based on (Sink & Tuttle, 1989) (Tangen, 2004) 

 

Relating the concept and characteristics of efficiency and 

effectiveness to operational resources on the shop floor, one possible 

way to describe resource efficiency is how well operational resources 

are utilized during operations in order to achieve a desired outcome 

while effectiveness can be taken as a corresponding indication to 

what extent a desired outcome has been reached with the used 

resources. This description still does not satisfy applicability in 

production systems, but it assists in obtaining first delimitations as it 

defines the scope for an evaluation framework in a narrower manner. 

 

3.2.2. Related terms and perspectives 

Resource productivity, resource efficiency, resource effectiveness 

As a consequence of recently increased activities in the area of 

improved resource use, a multiplicity of terminology and its 

interpretation has evolved. Particularly, the expressions resource 
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productivity and resource efficiency have become quite popular. 

However their interpretations vary depending on the scope and 

perspective taken. On the international level, for instance, both 

expressions are used interchangeably as explicit definitions do not 

exist (EEA, 2011). While some authors tend to either use one of the 

expression resource productivity or resource efficiency, other authors 

equalize both expressions (Rashid, et al., 2008). There does not seem 

to be a common distinction between resource productivity and 

resource efficiency. Table 2 summarizes latest definitions of both 

expressions including their contexts and sources. 

 

 

Table 2: Selection of definitions for resource productivity and 

resource efficiency including their sources 

 

While some of the definitions for resource productivity are quite 

broad, relating to the relative concept of outputs and inputs on a 

general basis (Wiktorsson, et al., 2008) (Pearce, 2001) others describe 

outputs and inputs as service and physical resource respectively 

(Hargroves & Smith, 2005) (Schmidt-Bleek, 1999). A likewise 

incoherent image is given by the definitions of resource efficiency. 

Definition Source Definition Source

Resource productivity:

Doing more with less
Wiktorsson, et al., 2008

The resource efficiency of a 

manufacturing company is the 

relationship between product 

output and resource input.

Europe Innova Eco-

Innovation REMake, 2012

The key idea behind resource 

productivity is to maintain or 

increase the service flow while 

radically cutting the physical 

resource requirements of the 

physical delivery platform.

Hargroves & Smith, 2005

Resource efficiency is efficiency of 

used energy, materials, machines 

and work force in order to add 

value.

Steinhilper, et al., 2012

Resource productivity means 

raising the ratio of ‘output’ to 

natural resource ‘inputs’.

Pearce, 2001

Resource efficiency is eco-

efficiency which concentrates on 

the relationship between the 

economic performance and 

resource use performance 

respectively of a product or 

process which fulfills a function or 

serves a given need.

Schaltegger, et al., 2009

Resource productivity:

Service unit or utility unit per 

material plus energy input

Schmidt-Bleek, 1999

Resource efficiency or resource 

productivity can be defined as the 

efficiency with which we use energy 

and materials throughout the 

economy, i.e. the value added per 

unit of resource input.

Commission of the 

European Communities, 

2003

Resource productivity Resource efficiency
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Some definitions match with the meaning of resource productivity 

(Europe Innova Eco-Innovation REMake, 2012) (Commission of the 

European Communities, 2003), while only one refers to efficiency in 

the light of physical production resources (Steinhilper, et al., 2012). A 

further definition refers to eco-efficiency (Schaltegger, et al., 2009). It 

seems efficiency in many cases does not seem to be perceived as 

subordinated part of productivity as discussed previously, but rather 

as equalized with the overall relative concept of productivity. In 

conclusion, no consistent use regarding scope and meaning appears to 

be deducible to facilitate understanding concerning the terms 

resources productivity and resource efficiency.  

On the contrary, the expression resource effectiveness is scarcely 

defined in literature. There are indications that the scope concerns 

sustainable impacts regarding the ecological environment caused by 

manufacturing industry (Bauernhansl, 2013) (Sustainability East - 

Incorporating Climate East, 2013) and accordingly needs to be solved 

on a long-term base by decoupling natural resource use and 

environmental impact from economic growth. However, clear 

definitions do not seem to exist. One possible explanation for this 

might be the previously explained fact that efficiency is mostly 

associated with the utilization of resources and an input oriented 

perspective whereas effectiveness implies focusing on output-related 

objectives. Hence, it can be confirmed that the resource view seems 

to be instinctively connected to efficiency while leaving the 

effectiveness of resource use aside. 

 

Resource efficiency and effectiveness in a globalized world 

According to the triple bottom line, sustainability for companies 

means considering economic, social as well as ecological aspects 

(Elkington, 1998). In an increasingly globalized world in which 

natural resources have replaced labor as determining factor, 

companies cooperate with each other as they build global networks 
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for value creation in order to fulfill customer needs (Seliger, et al., 

2008). Within this global network useful functionalities are evaluated 

according to ecological, social and economic criteria with the 

motivation to switch from pure profit orientation towards sustainable 

orientation. In this connection, the role of resource efficiency and 

effectiveness consists of reducing environmental pressure while 

ensuring economic growth. Moreover, its role covers several 

sustainability criteria and is placed on the ecological dimension, as 

pictured in Figure 13, dealing with, for instance, environmental 

protection, waste and emissions and raw material acquisition. 

 

 

Figure 13: Sustainable value creation in a global network (Seliger, et 

al., 2008) 
 

The given description places resource efficiency and effectiveness on 

a global scale and has a quite visionary notion. Hence, it can be taken 

as indication for what dimensions of sustainability are affected, but 

lacks details for implementation in industry. 
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Green manufacturing 

Another expression found in literature, predominantly used in the 

USA, is green manufacturing. Green manufacturing is defined as “the 

creation of manufacturing products that use materials and processes 

that minimize negative environmental impacts, conserve energy and 

natural resources, are safe for employees, communities, and 

customers and are economically sound” and is labeled as first steps 

towards sustainability (Dornfeld, 2010). These so called first steps 

towards sustainability can be thought of as consisting of multiple 

small steps each emblematizing a small advance in efficiency 

improvements, reduction of environmental impacts or improvement 

of social aspects. Hence, green manufacturing embraces and 

addresses the entire magnitude of sustainability and has a rather broad 

scope. 

 

3.2.3. Strategic relevance of resource use 

Resource use may be of strategic relevance. Strategy involves long-

term decision making under consideration of a company’s objectives 

and has been introduced to the area of production by Skinner 

describing manufacturing as missing link in corporate strategy 

(Skinner, 1969). Since the awareness about the extensive effects of 

strategic decisions on companies has grown, the research area of 

strategy has occupied many researchers which has led to a variety of 

interpretations about what strategy is and how it can be 

operationalized (Porter, 1996) (Hill, 1993) (Hayes & Wheelwright, 

1984). Slack and Lewis summarize four major perspectives on 

operations strategy (Slack & Lewis, 2008), which is supposed to 

concern actions and pattern of strategic decisions, as shown in Figure 

14. 
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Figure 14: Four perspectives on operations strategy (Slack & Lewis, 

2008) 
 

 Top-down perspective: This perspective is a reflection on whatever 

business sees as strategic direction and encompasses a company’s 

self-positioning within its environment. Along a hierarchy of 

strategies a corporate strategy is broken down into a business 

strategy and furthermore into a functional strategy as, for example, 

production. 

 Bottom-up perspective: The bottom-up perspective is an activity 

which considers daily work experiences from which strategy 

emerges in a cumulative way and is shaped over time. As opposite 

of the top-down perspective it is based on practical day-to-day 

experiences rather than theoretical positioning. 

 Operations resource perspective: This perspective concerns 

capabilities of operations resources and how these are exploited. 

Long-term competitive advantages in chosen markets are ascribed 

to core competences resulting from proper use of their resources. 

This resource-based view not only includes tangible, but also 
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intangible resources such as knowledge, reputations or 

competences. 

 Market requirements perspective: The market requirement 

perspective involves decision making for operations based on 

market requirements. Customer satisfaction plays the central role 

in this view. Hence, competitive factors of a company are of major 

relevance and are furthermore classified as order-winning factors, 

order-qualifying factors or less important factors. 

As concluded by Slack et al. “none of these four perspectives alone 

gives the full picture of what operations strategy is” (Slack, et al., 

2010). Likewise it is difficult to place and limit resource efficiency 

and effectiveness to one or certain few of these perspectives: 

Customers in the market demand green products and business 

opportunities towards environmental friendly production arise. 

Further, daily operations favor savings of tangible resources as well 

as the proper exploitation of their capabilities.  

As a conclusion, resource efficiency and effectiveness can involve 

all four perspectives of operations strategy. However, the focus on 

operational resource, as defined in this thesis, puts particular 

relevance on the operations resource perspective for this research 

work. This particular perspective looks at a company in terms of its 

resources rather than its products and is often referred to as resource 

based view (Wernerfelt, 1984). According to the long-term character 

of strategic planning the interpretation of what is considered as 

resource involves an immensely broad scope covering tangible and 

intangible assets of a company. Hence, examples of resources can 

consist of brand names, in-house knowledge of technology, 

employment of skilled personnel or trade contacts. Although this 

strategic definition of resource is wide it suits the scope of operational 

resources as this view emphasizes resources instead of products with 

inputs and outputs. One further significant matter within the 
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operations resource perspective is the differentiation and content of 

strategic decision areas in terms of structural and infrastructural 

decisions. These two decision categories determine in what way a 

company’s capabilities and resources are used in order to succeed in 

the market (Bellgran & Säfsten, 2010) (Slack, et al., 2010). Structural 

decisions deal with design activities concerning, for instance, process 

technology, new product or service design or facilities. Infrastructural 

decisions in turn concentrate on workforce organization, planning and 

control or improvement activities. A figurative example of 

distinguishing structure and infrastructure in this context can be a 

computer with its hardware and software. While the hardware is 

setting capability constraints, the software runs the system and 

exploits its potential within. 

For production systems this implies that physical constraints are set 

in structural decisions by determining the physical shape of a 

transformation system as for instance buildings, capacity or 

technology. This again means that efficiency and effectiveness of 

resource use are affected by both types, structural and infrastructural 

decisions and that it is up to the management to decide what long-

term objectives should be tracked. It needs to be decided what role 

resource efficiency and effectiveness is playing within corporate 

strategy. Competitive advantages resulting from improved resource 

utilization have to be put in context of a company’s, and hence the 

production system’s long-term goals. Consequently, resource 

efficiency and effectiveness should not be regarded as a goal itself, 

but rather as a means to a strategic purpose as, for instance, cost 

reduction, lower dependency on suppliers, environmental protection 

or marketing purposes (Schmidt & Schneider, 2010). It is therefore 

crucial to discuss and define strategic relevance and scope of resource 

efficiency and effectiveness. 
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A hierarchy for sustainable strategy 

Rashid et al. suggests a hierarchy between various production 

strategies in order to clarify terminology and relative scope (Rashid, 

et al., 2008). In this hierarchy the concept of sustainability builds the 

philosophical basis as all strategies within this hierarchy aim at 

sustainability as pictured in Figure 15. In this context eco-efficiency is 

the broadest strategy as it incorporates tangible, as well as intangible 

dimensions such as added value, environmental issues, social aspects 

and quality of life. A narrower scope is allocated towards resource 

efficiency as, in contrast to eco-efficiency, it does not include social 

aspects, toxicity or earth carrying capacity, but rather focuses on 

material and energy efficiency including environmental issues. As 

part of the resource efficiency scope, material efficiency emphasizes 

an improved use of material and reduction of environmental impacts. 

Waste minimization contains the narrowest and most tangible scope 

as it is relatively concrete in its definition and simple to measure. 

Activities regarding minimization of waste are considered as first step 

by industry towards sustainable production.  
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Figure 15: Hierarchy of sustainable strategy (Rashid, et al., 2008) 

 

The higher the position of a strategy within the presented hierarchy in 

Figure 15 the more philosophical and complex the strategy becomes, 

while the concern of the lowest level is more concrete and therefore 

has simpler measurements. The lowest level deals with minimizing 

waste while the highest level deals with the improvement of social, 

economic and environmental sustainability. 

Despite the inaccuracy in wording, the scope of this thesis towards 

resource efficiency and effectiveness is most likely to be placed on 

the same level as resource efficiency in the presented hierarchy. The 

strategy of resource efficiency in this hierarchy is furthermore labeled 

as more philosophical than concrete and its measurement as rather 

complex than simple concerning material, energy, service and 

environment. Wider views of sustainable resource use as quality of 

life and social aspects are thereby not considered. The 
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implementation of resource efficiency into operative action is 

accordingly not regarded as a simple task.  

 

Shop floor strategies for efficiency and effectiveness  

A more concrete view which considers efficiency and effectiveness as 

shop floor strategies for improved resource use in production is given 

by Bauernhansl (Bauernhansl, 2013). In this perspective efficiency 

and effectiveness are interpreted as belonging to different mindsets. 

The understanding of efficiency is in general based on reduction of 

resource use, following the statement the less, the better. This 

comprises that efficiency approaches in practice aim at minimizing 

negative impacts, such as economic and environmental waste, by 

increasing the utilization of materials, reducing energy consumption 

or optimizing existing processes. Losses referring to low efficiency 

ought to be kept at minimum.  

On the other hand, effectiveness is based on enabling sustainable 

production activities following the approach the more, the better. This 

is to be achieved through economic feasible as well as entirely 

environmentally conscious production activities, as, among others, 

zero-waste processes or use of renewable energy. In doing so, 

environmental issues are not perceived as a contrary or negative 

counterpart towards economic performance, but rather as beneficial 

enabling an infinite source of resources for sustainable production 

and business activities. Figure 16 depicts a summary of both 

perspectives. 
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Figure 16: Efficiency and effectiveness strategies (Bauernhansl, 

2013) 
 

In this two folded view the effectiveness strategy in Figure 16 seems 

to concern fundamental and hence structural decisions while the 

efficiency strategy aims at improvement activities and infrastructural 

decisions. Furthermore, a switch from the mindset of efficiency 

towards effectiveness is suggested since efficiency strategies ‘only’ 

minimize negative economic impacts instead of eliminating them and 

consequently lack a long-term solution in terms of sustainability.  

In fact the underlying issue seems to concern decoupling resource 

use from environmental impacts whilst ensuring economic growth. 

More specifically, a transition is promoted from a short-term 

economic decision scale towards a sustainable, i.e. long-term decision 

scale considering environmentally feasible solutions for 

manufacturing businesses. This simultaneously means raising the 

presented view of effectiveness on a strategically more relevant 

position, whilst ensuring lowest risk and economic feasibility for 

industry. However, implementations towards effectiveness in this 

interpretation are more likely to have the character of radical changes 

connected to large invests as they lead to complete makeovers, which 

increases risk and therefore lowers attractiveness for industry. One 

proposed course of action to resolve this drawback in the long run is 



37 

 

to finance the switch towards effectiveness by using the economic 

benefits which result from implementing efficiency strategies.  

 

3.2.4. Intermediate conclusion and proposed model 

Intermediate conclusion  

The literature review so far revealed that the topic of resource 

efficiency and effectiveness can accommodate a high diversity of 

terms and meanings which can be taken as indication for the maturity 

of the subject. Considering both terms simultaneously and on a 

general basis, the term efficiency seems more definite and easier to 

grasp than the term effectiveness. Attributes like ability and 

objectives need to be clarified in order to evaluate effectiveness while 

efficiency is per se tied to utilization. Once put into context the scope 

of the term efficiency is definite while system perspective and scale 

need to be clarified for specifying effectiveness, which includes 

proper consideration of all relevant circumstances and subjective 

notions. As a consequence, efficiency does not seem to be as difficult 

to be substantiated and evaluated as effectiveness. On a global system 

perspective, for instance, given a time period of decades, effective 

resource use contributes to reaching a sustainable state as it reduces 

ecological pressure while ensuring economic growth. On a more 

narrow perspective as machining equipment and a time period of one 

shift effectiveness can mean to maximize outputs and consequently 

aim at productivity increases.  

Moreover, no clear description can be found for resource 

effectiveness, there appears to be a notion for resource effectiveness 

towards decoupling economic activity from natural resource use and 

environmental impacts in long-term (United Nations Environment 

Programme, 2011).  

Strategically, the resource-based view is the view most likely to be 

adopted for operational resources. In that way focus is put on 

resources instead of products in long-term. However, the relative 
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strategic importance of resource efficiency and effectiveness may 

vary for each company. Depending on strategic relevance, resource 

efficiency and effectiveness may concern infrastructural and 

structural decisions and hence need to be put in context of a 

company’s long-term objectives as a means to a specific strategic 

purpose as e.g. lower dependency on suppliers or environmental 

friendly marketing.  

After this first literature review RQ1 can be addressed which was 

posed as: What constitutes resource efficiency and effectiveness in 

production systems? 

 

A proposed way to generally describe resource efficiency and 

effectiveness for this research work is how well operational resources 

are utilized during production operations in order to achieve a 

desired outcome and to what extent the desired outcome has been 

reached considering the adopted system perspective and time 

horizon. This description emphasizes a dualistic view as a foundation 

to positively influence resources productivity in production with a 

variable system perspective. 

 

Proposed theoretical model  

Based on the resulting description of resource efficiency and 

effectiveness a model has been developed to give an overall view of 

how relevant terminology can be put into each other’s context and to 

build a foundation for an evaluation approach. The model includes 

two separate but generic views. One perspective focuses on efficiency 

while the other perspective focuses on effectiveness as pictured on the 

rights side of Figure 17. The efficiency perspective on the production 

system describes utilization of operational resources during operation 

phase. This input oriented perspective is limited to a maximum value 

of 100% fully utilized resources, meaning in turn 0% waste at its best. 

The effectiveness perspective on the production system emphasizes 
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outputs and deals with the ability to reach a desired objective 

depending on the perspective on the production system. As this 

perspective is based on structural, i.e. fundamental decisions 

regarding design of the production system, there is no limiting scale 

of how a desired goal can be reached.  

 

 

Figure 17: Integrated evaluation model for resource efficiency and 

effectiveness within a production system hierarchy 

 

Both, efficiency and effectiveness perspective are finally considered 

to determine an overall system value, which reflects the system’s 

overall performance. Since objectives and abilities within the 

effectiveness perspective most probably vary depending on the 

adopted system perspective, this integrative model is embedded into a 

hierarchically classified system of three levels as shown on the left 

side of Figure 17. These four levels consist of single work unit, 

production lines, production plant and the natural environment. A 

single work station may for instance consist of an assembly station or 

a CNC machine, while several work stations can make up a 

production line. In doing so, the model allows for flexible definitions 

of objectives and abilities from different system perspectives. In order 

to get a more concrete comprehension of the model suitable measures 



40 

 

need to be identified for comparability and scalability. Thus, the 

following section investigates existing evaluation approaches towards 

quantifying and evaluating resource efficiency and effectiveness in 

production systems. 

 

3.3. Approaches to evaluate industrial 

resource efficiency and effectiveness 
This section investigates different single measures and evaluation 

approaches within the area of resource efficiency and effectiveness. 

Before exploring existing measures a clear delimitation on what to 

measure is supposed to ensure conformity of the results. In the next 

step conceptual approaches are discussed. This sections ends with a 

brief overview of the findings. 

 

3.3.1. Delimitations on what to measure 

Measuring efficiency and effectiveness of operational resources 

incorporates various views on production. In order to choose suitable 

measures for evaluation and possibly improvement of resource use, 

certain aspects need to be considered.  

As defined previously in chapter 1, the focus is put on operational 

resources, i.e. labor, energy, direct material for products, indirect 

material and handling of direct material in daily production 

operations. Consequently, the shop floor area needs to be considered 

as level of measurement from an efficiency perspective. Such 

measures are further discussed in section 3.3.2. For the effectiveness 

perspective relevant system levels need to be taken into account and 

possibly a distinction of short-term and long-term objectives. As the 

tangibility of the data in terms of detectability and measurability 

decreases the higher the system level, the decision what to measure 

might become complicated. Section 3.3.3 treats possible measures for 

the effectiveness perspective in more detail. 
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Various ways of quantifying efficiency and effectiveness can be 

found in literature. A generalized attempt to differentiate measures in 

production is given by the ISO. Accordingly, different types of 

measures are distinguished by their unit of measure (International 

Standard Organization, Sept. 2013): 

 

 Ratios are defined as relation between two elements of the 

same unit of measure. 

 Utilization is defined as the relation between two elements, 

both having time as unit of measure. 

 A rate is defined as relation between two elements of different 

units of measure. 

 

Depending on the purpose, each type of these measures has its 

advantages and disadvantages. In the following subsections the 

measures are categorized according to these three types. 

 

3.3.2. Efficiency measures for production systems 

In this subsection efficiency measures for product material, energy, 

resources, automated and manual activities are discussed. 

 

Material efficiency 

Improving material efficiency saves energy and reduces the 

consumption of primary resources and reduces the volume of waste 

(Worrell, et al., 1997). In line with the previous discussion about 

efficiency, material efficiency can be quantified as ratio by relating 

the weight of the final product to the initial amount of material 

weight, assuming that output weight is always lower than input 

weight. In this way unnecessary use of material or material losses in a 

defined system can be quantified as a percentage share, which is e.g. 

the case in automated processes during discrete part production. 
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Another possibility for quantifying material efficiency is by using a 

rate measure. In doing so the processes material weight is related to a 

criterion of a different unit as, for instance, produced quantity. 

Although this way of measuring considers more than one dimension it 

is usually difficult to evaluate and determine at what degree this 

measure is to be considered as efficient.  

One attempt to quantify material efficiency on shop floor level 

concerning factors as scrap, cut off material and rework, 

demonstrated that an immense effort is needed to determine 

improvement potentials (Steinhilper, et al., 2011). Main reasons for 

this effort have been the complexity of production process and a lack 

of practical methods for exact quantifications of cause and effects of 

material wastes.  

Furthermore, criticism has been raised that tracking material 

efficiency measures in industry will not reduce impact to a 

sustainable level (Allwood & Cullen, 2012). In this perspective a 

change towards the use of sustainable materials is proposed in order 

to solve the long-term issue of resource depletion. The perspective 

taken in this argumentation justifies for a quite high system 

perspective as well as a long time horizon. 

 

Energy efficiency 

Similarly as for material efficiency, energy efficiency can be 

quantified as rate or as ratio. A rate for energy consumption is 

proposed by the ISO as relation “between all the energy consumed in 

a production cycle and the produced quantity” (International Standard 

Organization, 2013). This measure delivers information about how 

much energy is consumed per produced part.  

Considering the process energy consumption of automated 

machining activities different operation modes can be identified 

(Steinhilper, et al., 2011). In doing so, the overall consumption of a 

machine can be divided into value-adding energy consumption like 
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milling operations and baseline energy consumption of a machine as 

illustrated in Figure 18. In idle mode the baseline consumption 

represents a standby consumption and ought to be minimized. 

 

 

Figure 18: Load curve and breakdown of overall consumption of 

automated equipment (Steinhilper, et al., 2011) 

 

Accordingly, the energy efficiency of equipment can be expressed as 

ratio namely the relation of value-adding energy consumption (work 

load in Figure 18) to the overall consumption (sum of idle mode and 

production mode consumption in Figure 18). In most cases individual 

power measurement and characterization of the energy consumption 

profile is necessary for automated equipment in order to distinguish 

work load and baseline consumption as automated energy monitoring 

is not quite established in practice (Vijayaraghavan & Dornfeld, 

2010). Additionally, there is always a subjective notion of what is to 

be considered as value-adding. It can be argued that all energy that is 

used during the value-adding operations actually adds value, i.e. 

including what is labelled as ‘baseline consumption’ in Figure 18. 

Hence, it is of relevance to acquire consensus about a clear definition 

in order to interpret a measure for energy efficiency correctly. 
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Automated and manual activities 

One possibility to measure efficiency is the use of time. Seeing time 

as a resource, the efficiency of equipment and manual operations can 

be evaluated by utilization ratios. In this way the efficiency of an 

operation can be calculated as value adding time in relation to the 

planned production time. Furthermore, the use of cycle times, i.e. the 

time duration that a part requires in order to pass through a production 

process, is very common in practice when it comes to continuous 

improvement activities on shop floor level.  

Generally, the use of time measures does not give any information 

about the consumed resources in the production processes. 

Consequently, pure focus on time-based measures is therefore to be 

regarded as insufficient for resource evaluation purposes. There are 

further advantages and disadvantages regarding the application of 

time-based measures (Tangen, 2004) (Jackson & Petersson, 1999). 

Advantageous aspects are that time is simple to measure, simple to 

understand and that it facilitates the comparison between shop floors 

due to independence of cost structure. On the other hand 

disadvantages consist of the subjective notion of what actually is 

considered as value adding during an operation and the support of 

activities without questioning the process itself. Hence, it needs to be 

emphasized to follow more than one measure and to define their 

meaning precisely. 

 

Resource efficiency 

One generic way of quantifying resource efficiency is given by 

Schaltegger (Schaltegger, et al., 2009). Using a rate measure and 

relating economic performance to a unit of resources use, the resource 

efficiency of a product, process or production function can be 

calculated. The resource efficiency of a function can, for example, be 

the contribution margin divided by the resource use per product of an 

assembly or automated system operating in production. This 



45 

 

definition allows for considering all kinds of resources with respect to 

their economic impact. In fact, the scope of this measure deals with 

strategies for cleaner production and addresses the system level of 

environmental management accounting. Consequently, the handled 

information is rather aggregated compared to the scope of operational 

resources. 

 

3.3.3. Effectiveness measures for production 

systems 

This subsection discusses performance criteria for effectiveness in 

production systems, which are grouped as follows: 

 Generic performance criteria for production systems 

 Overall equipment effectiveness  

 Sustainable aspects 

 

The field of performance criteria for production systems has steadily 

advanced from traditional financial measurement to a rather multi-

dimensional orientation of measures in the last few decades. After 

1960 attention moved away from purely cost-based measures towards 

total productivity measures since they provided a more detailed view 

about the overall performance of an organization. Afterwards, quality 

issues were of major significance with the movement of the ISO9000 

standard until a rather multi-dimensional view evolved, which 

initially has been introduced by the balanced scorecard in 1992 

(Kaplan & Norton, 1992). Hence, today’s understanding of a well-

functioning evaluation system combines a rather balanced set of 

measures separating internal from external views as well as financial 

from non-financial views thus resulting in a broader overall 

perspective. In doing so, the risk of adopting a narrow focus is 

avoided (Neely, et al., 1997).  
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Generic performance criteria for production systems 

The performance of production systems can be described with the 

help of the tripe P-model (Tangen, 2005). The triple P-model gives a 

schematic view on how relevant terminology can be placed in relation 

to each other. As illustrated in Figure 19, the relation between output 

and input forms the central core of the model, referring to 

productivity as a purely physical phenomenon. Extending this relation 

and including monetary factors as price recovery leads to 

profitability. The umbrella term embracing productivity, profitability 

as well as additional non-monetary factors constitutes the 

performance of an entire organization, such as quality, speed, 

dependability and flexibility. In this perspective efficiency and 

effectiveness play a cross-functional role. For each of the three terms 

efficiency represents how well input is utilized and effectiveness 

represents to what extent a desired result is achieved. 

 

 

Figure 19: The triple P-model (Tangen, 2005) 

 

In this model a dualistic view on efficiency and effectiveness is 

further emphasized. Standing for cross-functional elements of the 

triple P-model, the simultaneous consideration of both views affects 
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all of the three, productivity, profitability and overall performance of 

an organization. 

The result oriented perspective of effectiveness on the upper half of 

the triple P-model can be further specified. Hon defines five major 

criteria suitable for evaluating various levels of production system, 

ranging from machines, cells, lines and factories, to entire factory 

networks. These major metrics are grouped on a general base under 

time, cost, quality, flexibility and productivity (Hon, 2005). Slack et 

al. in principle cover the same criteria and furthermore describe how 

these criteria are related to each other (Slack, et al., 2010). 

Accordingly, the overall performance of an organization can be 

broken down into five generic performance objectives. Each of these 

performance objectives contributes to satisfy stakeholder needs by 

ensuring high quality, dependability, speed, flexibility and low cost. 

 

 

Figure 20: Performance objectives (Slack, et al., 2010) 
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As furthermore shown in Figure 20, all five performance objectives 

have external and internal effects. External effects are related to 

stakeholders outside the organization while internal effects deal with 

operations inside the organization aiming at reducing cost and 

increase productivity. There are different theories about how 

performance objectives are related to each other. The theory of a sand 

cone model, for instance, states that all objectives can be met, if a 

unique sequence is followed when tackling the performance 

objectives (Ferdows & Meyer, 1990). On the other hand, the trade-off 

theory states that trying to improve one objective comes at expense of 

another performance objective leading to the conclusion that an 

organization would be better off if focus is put just on one or a few 

objectives instead of all. 

 

So far five areas of effectiveness can be identified consisting of cost, 

productivity, quality, time and flexibility. These result-oriented 

criteria can be broken down further. 

 

 Monetary values, as cost values, can be taken as an indication of 

how well a goal has been reached. Further financial measures as 

profit margin or return on assets can also be considered but rather 

focus on external financial effects of an entire organization as sales 

and profit. However, financial measures are considered as limited 

in significance when it comes to controlling production and 

represent monthly reported results based on previous decisions 

(Maskell, 1991). In addition, single focus on cost reduction may 

force decision makers to favor short-term results instead of long-

term improvements (Crawford & Cox, 1990). 

 Productivity can be generally defined as a relationship of output to 

input and is usually associated with profitability (Tangen, 2005). 

When measuring productivity, rate measures are usually applied in 
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practice considering two different units of measure. As an 

example, the labor productivity of a worker can be measured as 

relationship of produced product quantities and employed time for 

production. Depending on the production system view and scope 

of measurement output can be quantified by using altering units as 

quantity, weight or even revenue. Likewise the unit of 

measurement for input can vary by using units as quantity of used 

machines, time or space, for instance (Westkämper, 2006).  

 The quality of a product is evaluated by the customer. In order to 

maintain customer expectations and requirements errors and 

deviations needs to be avoided on shop floor level. In production 

systems quality ratios are often used describing the relationship 

between a quantity of parts that fulfills quality requirements and 

the produced quantity (International Standard Organization, 2013).  

 The performance criteria time can be divided into speed and 

dependency for production systems. On an overall production 

system level the customer perspective is mainly emphasized and 

with it the reaction time of a production system to customer orders. 

As a result, the speed of delivering the right products at the right 

time turns out to be a crucial competitive factor. Referred to as 

lead time from a production flow perspective, the absolute time 

period between the placement and the delivery of a product is 

usually in focus of improvement efforts within lean management 

(Rother & Shook, 2003). Additionally, the dependability of 

production systems is an indication about how stable internal 

processes operate and how well resources are coordinated. The 

dependability of a product can be calculated as ratio, i.e. the 

relationship of deliveries which have been on time and total 

amount of deliveries in a defined time period (Lödding, 2008). On 

shop floor level cycle times are used to determine time periods and 
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speed during which one part or product is processed in an 

operation (Erlach, 2007). Alternatively the throughput rate of a 

product, production order or even entire plant can be calculated as 

relation between produced quantities of an order and the actual 

execution time of an order to evaluate the process performance 

(International Standard Organization, 2013). 

 Flexibility can be interpreted as “capacity of a system to change 

and assume different positions or states in response to changing 

requirements” (ElMaraghy, 2005). This change ought to be 

realized with as little effort as possible. In most cases the set-up 

time, i.e. the necessary time for the re-tooling of a machine or even 

an entire production system is considered as measure for flexibility 

on production system level.  

 

Overall equipment effectiveness 

One of the most spread and accepted measures for (semi-)automatic 

manufacturing processes is undoubtedly the overall equipment 

effectiveness ratio (OEE). Measuring availability, performance 

(sometimes also referred to as ‘speed’) and quality of semi-automatic 

and automatic production processes considers both efficiency criteria 

in terms of availability and effectiveness criteria in terms of time and 

quality. Figure 21 summarizes how the elements of are related to each 

other and considered as ratios for the calculation of the OEE.  

 

 

Figure 21: The concept of the overall equipment effectiveness 
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Sustainable aspects 

It is expected that sustainability aspects will play an equally 

significant role as the presented performance criteria as an integrated 

part in daily practice (Lubin & Esty, 2010). As the scope of 

sustainability, however, has a rather philosophical character and is 

complex to measure (see section 3.2.3) a lot of research efforts have 

focused on the quantification of sustainability. On a global ecological 

scale concepts as MIPS, i.e. material input (incl. energy) per unit 

service, have been developed to assess the environmental impact of 

products over their entire life cycle (Schmidt-Bleek, 2000). On a 

production system level the following measures are proposed in order 

to meet sustainability requirements (Dornfeld, 2010): 

 Gas emissions (CO2, methane CH4, N2O, CFC’s) per capita, 

per GDP, per area or nation 

 Recyclability 

 Reuse of materials 

 Energy consumption 

 Pollution of air, water, land 

 Ecological footprint 

 Exergy (available energy) or other thermodynamic measures 

 

Relevant sustainability criteria can moreover be identified according 

to process-related activities and material-related activities which 

affect society and living environment as pictured in Figure 22 (Bi & 

Wang, 2013). Sub-categories of society are ‘employee’, ‘customers’ 

and ‘community’ whereas the living environment can be broken 

down into ‘environmental impact’, ’conserve energy’ and ‘natural 

resources’. The identification of relevant activities and metrics for 

sustainable production can be facilitated by investigating the 

relationships between the mentioned sub-categories and process-

related activities and material-related activities. 
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Figure 22: Activities and metrics in manufacturing sustainability (Bi 

& Wang, 2013) 
 

As the focus is put on operational resources, the interaction between 

the production system and living environment is of major interest. In 

this view suitable measures for sustainable production need to be 

related to economic criteria (A1-A2), releases to environment (A1-

C1), consumption of energy (A1-C2) and usage of natural resources 

(A1-C3). Corresponding measures for activities are concerning 

planning and controlling of production (A2-A1), waste management 

(A2-C1), recycling and redesign (A2-C2) and recycling and 

recovering of natural resources (A2-C3). 

 

Finally, it can be concluded that a lot of measures exist which try to 

cover multiple perspectives when it comes to evaluating if “the right 

things” have been done in production systems. Rather traditional 

result-oriented measures like cost and productivity are supported by 

additional measures, which predominately consist of quality 
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measures, time-based measures, flexibility measures and 

sustainability measures. However, difficulties arise when it comes to 

the use of certain definitions of measures. As introduced in the 

beginning of this chapter 3.3.1, ratios, utilization measures and rates 

are distinguished. In order to express the characteristics for efficiency 

and effectiveness appropriately in a quantitative manner based on the 

preceding theoretical discussion, ratios and utilization measures are 

assigned to quantify efficiency while rates are assigned to quantify 

effectiveness. This clear classification of measures stands in conflict 

with some of the previously presented ones as the ‘OEE’ or ‘resource 

efficiency’.  

The OEE is an aggregated measure combining an efficiency 

criterion (availability) and two effectiveness criteria (performance 

and quality) quantified as utilization measure or ratio. In order to 

avoid misunderstanding during the forthcoming chapters it is 

therefore regarded as appropriate to solely include the availability 

part of the OEE measure for automated equipment as utilization 

measure for efficiency. The remaining two components of the OEE, 

i.e. performance and quality, account for effectiveness criteria on 

production system level. 

Likewise the previously presented definition of “resource 

efficiency” by relating economic performance to a unit of resource 

use rather accounts for cost calculation and is therefore, in line with 

the other cost measures, considered as belonging to the area of 

effectiveness. A summary for direct measures is given in Table 5 at 

the end of chapter 3. 

 

3.3.4. Conceptual approaches 

In the previous section different types of individual measures for 

efficiency and effectiveness have been reviewed. In this section the 

focus is put on conceptual approaches that have been developed in 

order to evaluate production systems. Since many concepts, strategies 
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and frameworks have been developed to support decision-making 

during the last decades only a collection of approaches will be 

presented and discussed that are considered as appropriate in terms of 

resources use. Some of the following approaches are very narrow and 

explicit in content, while others are rather open and need to be 

adapted to the individual production environment. The upcoming 

approaches can be grouped in the following categories: 

 Strategic decision approaches 

 Economic motivated approaches 

 Life cycle assessment 

 Waste minimization approaches 

 Relevant standards 

 

Strategic decision approaches 

Strategic approaches focus on long-term objectives that are difficult 

to quantify as they deal with attributes as business advantage, future 

goals and competitive factors as discussed previously. The main issue 

in this rather abstract perspective has been what and how to measure 

(White, 1996), which is why performance measurement experienced a 

revolution in the 1990s (Neely, 1999). In this perspective the 

procedure of performance measurement is understood as “the process 

of quantifying the efficiency and effectiveness of action” (Bourne, et 

al., 2003) to support the process of evaluating how well organizations 

are doing. As a consequence a large amount of performance 

measurement approaches emerged and with them a strong expansion 

of measures due to increased global competition. Examples of 

performance measurement systems are the balanced scorecard 

(Kaplan & Norton, 1992), performance measurement matrix (Keegan, 

et al., 1989), performance pyramid (Cross & Lynch, 1992) or the 

performance prism (Neely, et al., 2001). Today’s difficulty rather 

consists of choosing the correct measure out of a large number of 

quantification possibilities as an increasing variety of customer needs 
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have emerged and with it an increasing complexity of production 

systems. 

One example of an expanding performance measurement approach 

on strategic level is the Sustainability Balanced Scorecard (SBSC) 

(Figge, et al., 2002). By incorporating the three pillars of 

sustainability into Kaplan and Norton’s initial concept of multi-

dimensional performance measurement system sustainability 

management is presumed to be supported from an overarching 

strategic perspective. This is achieved through integrating 

environmental and societal aspects into the existing balanced 

scorecard methodology resulting in a non-market perspective as an 

addition to the existing four perspectives, namely finance, customer, 

internal process as well as learning and growth. A simplified 

hierarchical illustration of all perspectives and their cause and effects 

is given in Figure 23. 

 

 

Figure 23: Simplified strategy map for a SBSC (Figge, et al., 2002) 

 

Operational resources as such remain unconsidered, although the 

identification process of the environmental exposures during the 

formulation of the SBSC addresses certain “types of environmental 

intervention” like emissions, waste, material input, energy intensity, 

noise, radiation and direct interventions on nature. Further critics 

related to the balanced scorecard have been the prior focus on 



56 

 

providing an overview for top management from a business 

perspective and a lack of guidance for identification and 

implementation of proper measures, which makes the approach less 

suitable for use on shop floor level in industry (Ghalayini, et al., 

1997) (Neely, et al., 2000). Hence, the SBSC seems to be a helpful 

tool to fit resource efficiency and effectiveness into an overall 

strategic context of a company, but is of abstract character and thus 

solely suitable for evaluating effectiveness at high system level.  

In order to consider quantitative as well as qualitative factors and 

identify conflicts and trade-offs multi-criteria decision analysis 

(MCDA) has occupied a wide range of applications to facilitate 

decision-making considering a wide range of stakeholders. Different 

variants of MCDA evolved of which some will be briefly described 

(Liu, et al., 2011). 

In the 1980s the analytic hierarchy process (AHP) emerged as a 

technique for structuring and analyzing complex decisions (Saaty, 

1980). It supports decision makers to find one decision that best suits 

their goal based on the decision maker’s subjective weight for each 

criterion and the preference for decision alternatives taking into 

account each weighted criterion. Disadvantage of the AHP consists of 

disregarding relationships between decision factors. As a 

consequence the analytic network process (ANP) evolved, which 

takes relations between decision factors into account. Instead of 

specifying hierarchies, the ANP defines networks for analysis of 

interaction between decision elements and hence supports problem 

solving that includes dependencies between decision alternatives or 

criteria. Major drawback of the ANP is that an increased effort by 

decision makers is needed as the number of decision factors increase. 

Since the level of uncertainty and vagueness for decision makers 

might grow due to missing information in increasingly complex 

decisions AHP/ANP become less suitable for decision support as 

incorrect decisions might result. In order to take uncertainty and 
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vagueness in decision making into consideration, fuzzy set theory has 

been integrated with AHP/ANP and applied in practice for the 

purpose of selecting among enterprise resource planning outsourcing 

alternatives on company level (Kahramann, et al., 2010). The purpose 

of fuzzy set theory is to quantitatively represent uncertainty and 

provide decision support by using crisp analysis, i.e. analysis of data 

that is “yes-or-no type rather than more-or-less type” (Zimmermann, 

2010), and thus solve real-world problems under uncertainty. Fuzzy 

AHP/ANP combines all strengths of fuzzy set theory and AHP/ANP 

and enables robust decision analysis, but is, however, regarded as 

time consuming and complex. Figure 24 shows an overview of 

relationships between the various presented MCDA methods. 

 

 

Figure 24: Relationship between different types of MCDA methods 

based on (Liu, et al., 2011) 

 

Economic motivated approaches 

In contrast to strategic decision approach economic approaches are 

simpler to quantify as they are based on monetary values. Traditional 

economic approaches involve for instance the calculation of the net 
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present value, internal rate of return or payback periods (Brealey, et 

al., 2008). One way of bridging the gap between the financial 

management domain and the production shop floor is given by the 

method of material flow cost accounting (MFCA). MFCA is known 

as a tool for assisting organizations in enhancing understanding for 

their potential environmental and financial consequences of their 

material and energy practices (International Standard Organization, 

2011). Main goal of the MFCA method is the quantification of 

material flows and their efficiency to foster improvement, but can 

likewise be applied on energy flows (Wagner, et al., 2010). As a basis 

for MFCA a mapping of material flows along cost centers and 

production processes is needed. Accordingly, assessments can be 

achieved through linking physical information from the shop floor to 

monetary information, which makes MFCA a useful tool especially 

for industrial production. While accounting approaches as 

“environmental management accounting” are often considered on 

rather site or corporate level. In contrast to conventional accounting 

methods the focus of MFCA is to allocate production costs to 

material flows (Jasch, 2009). Emphasis is thereby put on costs for 

product output and non-product output. In conventional cost 

accounting the value of waste is not registered separately. MFCA, on 

that other hand, treats waste as a separate negative product whereas 

cost amounts are allocate according to weight of product and non-

product. Figure 25 shows an exemplary comparison of conventional 

cost accounting and MFCA. 
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Figure 25: Comparison of Cost of waste in conventional cost 

accounting and in MFCA (Jasch, 2009) 

 

Advantages of MFCA are the focus on cost reduction and reduction 

of environmental impact as result of improved efficiency, the 

connection of physical and monetary data in comparison to 

conventional accounting methods, the incentives to develop new 

products, technologies and processes, the stimulation of inter-

departmental collaboration and the focus on improving material and 

energy efficiency rather than reducing workforce.  

Limitations of MFCA are similar to those for decision making based 

on financial measures. Although a link is established between 

physical and monetary information, MFCA considers monetary 

values as a result of material flow and efficiency and may therefore 

force decision makers to favor short-term results instead of long-term 

improvements. Also, the customer perspective is not truly taken into 

account since internal cost values are of primary interest and 

environmental impact only reduced if justified by cost savings. 

 

Cost analysis of rather labor oriented criteria in production systems, 

as machining equipment and manual activities, can be carried out by 

applying cost calculation models (Ståhl, 2013). Thereby different 

types of costs that incur during production are added up and related to 

the total sum of produced parts. A simplified calculation model is 

illustrated in equation (1) which shows the total cost per produced 

part as a sum of different cost sections per produced part.  
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                                (1) 

 

where 

cost = cost per product 

Cf = Correction factor which considers losses
4
 

 

The cost sections consist of material cost, operating cost, cost of 

idleness and cost for staff, i.e. wages. Each of these cost sections is 

multiplied with a specific correction factor (Cf) which considers the 

influence of quality losses and time losses during the production 

process and thus adjusts costs accordingly. These influencing losses 

are calculated and normalized using time-based units of measure, e.g. 

in minutes, which enables an allocation of cost based on time models. 

Hence, it is possible to systematically analyze causes for time losses 

and their effects on cost in a production system. 

In line with MFCA, the focus of the presented cost calculation 

model is to reduce financial expenses and furthermore allows for 

more extensive root cause analysis. Cost amounts are allocated to 

time measures giving the incentive to develop faster technologies and 

processes as well as avoid time losses. Inter-departmental 

collaboration is fostered aiming at high utilization of equipment and 

staff. Disadvantages of applying the cost calculation model are sole 

focus on time and monetary values to assess workforce and the 

promotion of high utilization of production equipment.  

Altogether, with regard to evaluating of resource efficiency and 

effectiveness, the model-based cost calculation and the MFCA 

approach can be seen as complementary for evaluating cost 

effectiveness of operational resources material, energy and labor as 

well as their efficiency. Major advantages of allocating monetary 

values to shop floor level activities consist of simple quantification 

                                                      
4
 for detailed calculations see (Ståhl, 2013), pp. 72 
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procedures and the ability to identify profitability of improvement 

efforts. However, as monetary values are the only justification criteria 

taken into account from an internal result perspective, profitable 

short-term solutions are more likely to be preferred than other 

solutions which are not related to financial performance. 

 

Life cycle assessment 

Another well-known technique for assessing environmental impacts 

of products and services is the Life cycle assessment (LCA) 

(International Standard Organization, 2006). The LCA technique 

focuses on consecutive stages of a product’s life from cradle-to-grave, 

i.e. from raw material acquisition through material processing in 

production, use, end-of-life treatment, recycling and final disposal. 

Recently the LCA technique has been expanded to production 

processes and systems. Based on the assessment of types and quantity 

of input and output during life-cycle phases the purpose of LCA is to 

identify potentials for environmental improvement and assisting 

decision-makers in their strategic planning, priority setting, and 

product or process design. Classic LCAs consist of the four 

consecutive phases, goal and scope definition, inventory analysis, 

impact assessment and interpretation. Figure 26 gives an overview of 

how these four phases are related to each other during the assessment 

process. 
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Figure 26: LCA phases and their interrelations (International 

Standard Organization, 2006) 
 

A narrow perspective on environmental influences is avoided by 

LCAs as they consider an inventory of relevant energy and material 

inputs and environmental releases, evaluate potential impacts 

associated with these inputs and releases and interpret the results. 

However, LCAs do not consider economic or social aspects. Another 

major issue is that not every relevant influencing factor can be 

quantified. Furthermore, accuracy and availability of data might 

become problematic depending on the scope and system boundary of 

the LCA. As a consequence, assessment models have been developed 

that integrate LCA with decision analysis frameworks, as e.g. the 

analytic hierarchy process (Pineda-Henson & Culaba, 2004), in order 

to take rather qualitative factors into account.  
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Waste minimization  

Waste minimization has been discussed as most tangible area in the 

hierarchy for sustainable strategy in section 3.2.3. One way to get an 

overview about the different views on waste is to categorize waste 

management into perspectives for zero waste, waste prevention, 

cleaner production and zero emission (Shahbazi, et al., 2013). 

 

 Zero waste deals with the prevention and minimization of waste 

and high material efficiency by matching input and output of 

different industries and thereby reusing waste. In line with closed-

loop solutions, the goal is rather to prevent waste than generating 

waste. 

 Waste prevention comprises prevention, reduction and reuse of 

waste. By emphasizing not only the reducing of waste volumes but 

also the quality of waste in terms of toxicity both, waste 

prevention and high material efficiency, are crucial to reach zero 

waste. 

 The scope of cleaner production in a broader sense is to increase 

productivity and environmental performance at company level. 

Focus is put on reducing consumption of water and energy usage 

as well as the generation of emissions in production.  

 Zero emission stresses total reduction of waste and emissions 

towards an amount of zero without losses in productivity. 

 

A further and probably most established definition regarding waste in 

production context is provided by the nature of lean thinking, i.e. 

“activities that do not add value for the customer‟ (Shingo, 1989). As 

lean approaches aim for achieving maximum economic efficiency 

with a minimum of available resources lean tools and techniques 

address operational resources at shop floor level and the identification 
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and elimination of possible waste sources, as for example categorized 

as the seven forms of waste. 

One of the most established techniques of lean management is value 

stream mapping (Rother & Shook, 2003). Value stream mapping can 

be considered as a useful technique to improve efficiency and 

effectiveness of operational resources on shop floor level, based on 

time-based performance criteria. Main goal of this technique is the 

shortening of lead time, i.e. the latency between the beginning of 

operating a production order and the delivery to the final customer. 

Thereby analysis and design of material and information flow in the 

production system is carried out across multiple processes in order to 

identify and eliminate waste sources. As demand for more sustainable 

production systems emerged, value stream techniques have been 

modified and extended to address not only the improvement of time-

based measures but additional operational criteria as material, energy, 

environmental impact or trade-offs between monetary benefits and 

non-monetary benefits. Table 3 depicts a brief summary of value 

stream mapping approaches based on (Rother & Shook, 2003) (Erlach 

& Westkämper, 2009) (United States Environmental Protection 

Agency, 2007) (Green suppliers network, u.d.) (Sihn & Pfeffer, 

2013).  
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Table 3: Selection of value stream mapping approaches 

 

Relevant standards 

So far, a few standards have been mentioned or cited when 

appropriate. “A standard is a document that provides requirements, 

specifications, guidelines or characteristics that can be used 

consistently to ensure that materials, products, processes and services 

are fit for their purpose” (International Standard Organization, 2013). 

Standards support harmonization of technical specifications of 

products and services making industry more efficient and breaking 

down barriers to international trade. Conformity to international 

standards helps reassuring consumers that products are safe, efficient 

and good for the environment. Considering that standards can be used 

and referred to as mandatory by the legislation or also be used as 

recommendation or for reputational reasons (like the quality standard 

ISO9001) the result of standard development, i.e. the definition of a 

compromise what actually is to be set as standard merged in a single 

Name Focus of analysis Measures Source

Value stream mapping
materia and information 

flow
- lead time per order (Rother & Shook, 2003)

Energy value stream 

mapping

energy consumption in 

production processes

- energy consumption per product

- energy efficiency

(Erlach & Westkämper, 

2009)

The Lean and 

Environment Toolkit

material consumption in 

production processes

- various input measures

  (e.g. Energy, material)

- product measures

  (e.g. Energy, water, waste)

- non-product output measures

  (e.g. Emissions, water pollution)

(United States 

Environmental 

Protection Agency, 

2007)

Lean and clean value 

stream mapping

comparison of used 

and actually needed 

water, raw materials, 

hazardous substances

- consumption of water

- consumption of material

- consumption of hazardous

  material

(Green suppliers 

network, u.d.)

Comprehensive value 

stream evaluation

monetary and non-

monetary benefits of 

value streams

- lead time

- flow degree

- every part every interval (EPEI)

- overall equipment effectiveness 

  (OEE)

- space

- expenses

- savings

- process costs

(Sihn & Pfeffer, 2013)
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document, can be crucial for the survival of stakeholder groups. Table 

4 gives a brief overview of selected standards that are related to some 

of the previously presented approaches and considered as supportive 

in evaluating production systems. 

 

 

Table 4: Selection of supportive standards for production systems 

evaluation 

 

3.3.5. Overview 

Up to this point numerous quantification and evaluation approaches 

have been discussed. An overview of all direct measures and 

conceptual approaches is given in Table 5. As mentioned at the end of 

chapter 3.3.3, ratios and utilization measures are favored for 

quantifying efficiency while rates are used for quantifying 

effectiveness. This consequently leads to discussions regarding 

classification of the presented measures. 

While measures for efficiency can be defined for each operational 

resource in an immediate way, unambiguous quantification for 

effectiveness is difficult to achieve due to a lack of specific 

information. For effectiveness only rather broad definitions of direct 

measures could be defined on a generic level as e.g. shown for 

productivity and sustainability, which allows for a manifoldness of 

possible, more specific measures. The unavailability of utilization 

measures for the scope of effectiveness in Table 5 seems plausible 

Number Name Scope Measures

ISO 14040 
Environmental management - Life 

cycle assessment

consecutive sequence of interlinked 

stages (from cradle to grave)

absolut quantities of inputs, 

outputs and releases

ISO 14051 
Environmental management - 

Material flow cost accounting

quantification of material and energy 

flows and their associated cost

material weight, energy 

consumption and cost

ISO 22400*

Automation systems and integration - 

Key performance indicators for 

manufacturing operations 

management

quantifiable strategic measurements that 

reflect critical success factors of an 

organization

34 measures for the scope of 

manufacturing operations 

management (level 3 of functional 

hierarchy IEC 62264-3)

ISO 20140*

Automation systems and integration - 

Evaluating energy efficiency and other 

factors of manufacturing systems 

that influence the environment

assessment of the environmental 

influence of nvironmental influence of 

production systems for discrete parts

environmental index for the entire 

production system

* under development
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since this type of measure rather corresponds to the scope of 

efficiency. Hence, it seems unviable to come up with generalizations 

for quantifying effectiveness without defining a system perspective 

with specific scope and objectives.  

The OEE as such is not included within the collection of direct 

measures. The availability component of the OEE measure is listed as 

utilization measure on the efficiency side. The other two components 

of the OEE, i.e. speed and quality, account for effectiveness criteria 

on production system level. 

Since the previously presented definition of “resource efficiency” is 

considered as belonging to the area of effectiveness it is named as 

“economic resource effectiveness” and listed on the effectiveness 

side. 

The presented evaluation approaches in the lower area of Table 5 

vary in system perspective and scope. Approaches on production 

system level consider operational resources mostly with production 

cost as target value (see value stream mapping, material flow cost 

accounting, cost calculation model, ISO20140). Furthermore, the 

investigations at production system level are carried out bottom-up 

starting from shop floor level. On the contrary, approaches at higher 

system levels do not consider operational resources explicitly as these 

investigate top-down and do not seem to reach down to shop floor 

level or even production system level (see sustainable balanced 

scorecard, traditional economic approaches and multi criteria decision 

analysis). It seems the higher the system perspective, the lower the 

probability of taking operational resources into consideration. In fact, 

this is not a new insight as strategic tools are known to focus on rather 

intangible territory on a high system level while operational 

approaches emphasize tangible data, starting from where operational 

resources are used – on the shop floor. What catches the eye, 

however, is that no evaluation approach seems to exist that considers 

all direct measures in a holistic way. A comprehensive approach that 
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evaluates operational resources in terms of efficiency in combination 

with a simultaneous evaluation of effectiveness criteria appears to be 

a necessity for the following development work. 

 

RQ2 can be answered with the resulting overview in Table 5. RQ2 

was formulated as: 

What are current approaches of quantifying and evaluating resource 

efficiency and effectiveness in production systems? 
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Table 5: Overview of selected evaluation approaches for resource efficiency and effectiveness

Name of measure

ratio [%]

(relation between two 

elements of same unit of 

Name of measure

ratio [%]

(relation between two elements of 

same unit of measure)

rate [unit a/unit b]

(relation between two elements 

of different units of measure)

utilization [%]

(relation between 

two time-based 

Material

Profit margin, 

return on assets,

production cost

---

Energy Productivity --- ---

Automated 

equipment
--- Quality --- ---

Manual activities --- Dependency, speed ---

Flexibility --- ---

Economic resource 

effectiveness
--- ---

Sustainability

various ratios are proposed concerning 

releases to environment, energy 

consumption, recyclability, reusability, 

waste treatment

various rates are proposed 

concerning releases to environment, 

energy consumption, recyclability, 

reusability, waste treatment

---

Material Energy Humans

Sustainable 

Balanced Scorecard

Multi-dimensional performance 

measurement system for 

strategic management

no no no profitability corporate level
enables to fit resource use into the 

overall strategic view

rather abstract as 

shop floor activities 

are not considered

Multi Criteria 

Decision Analysis

Combination of decision 

analysis tools (AHP/ANP) and 

fuzzy set theory

user-defined user-defined user-defined user-defined production system level and higher
can solve real-world problems 

under uncertainty

very time 

consuming and 

complex

Traditional 

economic 

approaches

Traditional economic 

approaches as net present 

value, internal rate of return or 

payback periods to support 

decision making 

no no no profitability
corporate level, 

production system level

based on quantitative information, 

low uncertainty

single focus on 

monetary values, 

short term 

solutions are 

favored

Material flow cost 

accounting,

ISO 14051

Tool for assessing financial 

consequences of material and 

energy practices

yes yes no production cost production system

based on quantitative information, 

linking of physical and monetary 

data

favors short term 

solutions

Production cost 

calculation model

Cost calculation based on time-

based labor factors
no no yes production cost production system

quantitative information, linking of 

physical and monetary data

favors short term 

solutions

Life cycle 

assessment,

ISO 14040

Assessment technique for life 

cycle phases (from cradle to 

grave)

yes yes no environmental impact product, process, production system

considers relevant inputs of 

energy and material as well as 

environmental releases

difficulty of 

acquiring accurate 

quantified data

Value stream 

mapping

Waste identification technique 

according to lean management 

that has been extended to further 

operational resources

yes yes yes lead time production system
eliminates waste and increases 

competitiveness

main focus on 

economic 

efficiency of shop 

floor activities

ISO 20140

Evaluation of energy efficiency 

and other factors of production 

systems that influence the 

environment

yes yes yes environmental impact production system
holistic production system 

evaluation approach
generic guidelineyes

Effectiveness 'doing the right things'Efficiency 'doing the things right'

Name Description Effectiveness criterion System perspective Strength Weakness

no

yes

user-defined

no

yes

Equipment

no

no

Resource efficiency criterion

Conceptual approaches 

Direct measures

rate [unit a/unit b]

(relation between two 

elements of different units 

utilization [%]

(relation between two time-

based units of measure)

---

---

---
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4. Development of an evaluation method 

for industrial resource efficiency and 

effectiveness 

In this chapter the results from a development work for an evaluation 

approach are presented. In the first step relevant criteria for resource 

efficiency and effectiveness evaluation in SMEs are defined. This 

includes a description in what way these criteria are quantified. In 

the last part all criteria and measures are merged in one 

comprehensive approach. 

 

4.1. Characteristics of small and medium-

sized enterprises 
Evidently, SMEs are different in comparison to large companies. 

Although it is difficult to generalize differences apart from employee 

number and revenue, some characteristic tendencies of SMEs are 

briefly discussed.  

The discussion about the differences between SMEs and large 

companies is not a new one. Main distinction between these two can 

be named as “the greater external uncertainty of the environment in 

which the small firm operates, together with the greater internal 

consistency of its motivations and actions” (Storey, 1994). The 

external uncertainty results from a limited customer and product base 

and a dependency on dominant customers. In other words, a certain 

“vulnerability” exists as a subcontractor triggering rather reactive 

behavior in relationship with large companies. Internally, there is a 

greater diversity of objectives of the SME owner since connection 

between business and owner is closer than in large companies. 

Consequently, the personal motivation of the owner has a major 
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influence on the SME’s success whereas in large companies the 

importance of control is emphasized, underlined as e.g. through 

reporting of actions to shareholders. Furthermore, SMEs are known 

for relatively low capital and human resources. Major attention is 

given to products and operational processes. Typically, SMEs are 

known for possessing a high degree of specialized knowledge and are 

said to be responsible by driving innovation. Due to their convenient 

size and low organizational structures formal management structures 

are less likely to exist. Decision-making processes are naturally 

carried out in relatively short time periods in comparison to large 

companies. This facilitates quick adaption to external changes and a 

higher probability of internal change. Recent empirical investigations 

within the field of resource efficiency have identified that there still is 

a large potential for lean principles in SMEs as these have not been 

implemented sufficiently (Slawik, 2012).  

With respect to the objective of this thesis an improvement in 

resource efficiency and effectiveness is assumed to be beneficial for 

the SME and should encourage application through simplicity and 

unambiguousness in its procedure, preferably at minimum expenses. 

 

4.2. Evaluation concept 
Based on the previous discussions on what and how to measure 

further clarification for the development of a comprehensive 

evaluation approach is necessary. The aim for evaluating resource 

efficiency and effectiveness criteria is to combine preferably all direct 

measures from Table 5 in one approach. This implies that the 

efficiency of operational resources, i.e. energy, product material, 

humans and equipment, and the effectiveness criteria, i.e. monetary 

values, quality, productivity, speed, flexibility and sustainable aspects 

need to be considered. In response to this three consecutive 

evaluation steps are taken in a systematic order to reach the overall 

evaluation objective. The first evaluation step concerns the efficiency 
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of the four operational resources. The second step involves 

effectiveness measures on production system level. The final third 

step considers both single evaluations in an integrated manner. Figure 

27 outlines the overall evaluation concept. 

 

 

Figure 27: Overall evaluation concept 

 

4.3. Quantification of resource efficiency and 

effectiveness 
Based on the summary at the end of chapter 3.3.5 the quantification is 

carried out with ratios and utilization measure for resource efficiency 

evaluation and rates for the effectiveness evaluation. 

 

4.3.1. Resource efficiency evaluation 

In order to quantify resource efficiency of operational resources 

measures are defined. The efficiency of an operation can be defined 

as relation of actual consumption to its theoretical optimum, hence 

representing ratios or utilization measures (International Standard 

Organization, Sept. 2013). In order to determine the theoretical 

optimum for each of the four operational resources an appropriate 

criterion is specified. A differentiation of value-add and waste of 

operational resources appears to be a valid criterion for efficiency 

calculation in SMEs. Theoretical optima are therefore identified using 

value-adding criteria. Having identified the value-adding fractions of 

each operational resource, the actual consumption can be related to it 
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as comparison. Depending on if the measured value needs to be 

minimized or maximized one of the following equations for 

Efficiency (E) applies. 

 

     
                     

                     
  (2) 

 

     
                     

                     
  (3) 

 

(where EMAX, EMIN = the value of the efficiency measure [%]) 

 

As an example, product material efficiency can be quantified using 

equation (2) using the final product weight as targeted value in 

relation to the measure material weight before processing. On the 

other hand, equation (3) can be used to quantify the efficiency of 

manual activities by measuring value-adding time in relation to the 

total available time. In the following the value-adding of each 

operational resource is defined on production system level. 

 

Energy efficiency 

In order to measure energy efficiency the energy consumption during 

production from a production system level is measured. Afterwards 

value-adding fractions and their specific energy consumption are 

identified. Figure 28 depictures the general model of energy 

consumption from a production system level based on (Erlach & 

Westkämper, 2009) (Müller, et al., 2009). 
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Figure 28: Generic energy consumption profile of a single operator 

in a production system 

 

The total energy consumption is represented by the area beneath the 

load curve. A load curve consists of measuring points which are in a 

chronological order. The load curve in Figure 28 shows the 

consumption of one operator in a production system. In this 

consumption model the total consumption can be divided into three 

components:  

 Standby consumption of the plant 

 Standby consumption of the operating unit  

 Consumption of the process cycle 

 

The standby consumption of the production system describes the 

amount of energy that is consumed outside of the planned production 

time, i.e. on weekends when machines are turned off and includes 

fundamental energy consumption, as e.g. light for the building. 

The standby consumption of the operating unit is the amount of 

energy that is consumed during idle times of machines. It can usually 

be measured when the machines are not operating but switched on. 

The consumption of the process cycles is that particular fraction of 

the total energy consumption which actually adds value to the 

customer. Process cycles are defined as the time period a machine 

needs in order to process a part or a batch. The consumption during 

the process cycles is therefore considered as value-adding. Hence, the 
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equation for energy efficiency can be formulated as shown in 

equation (4).  

 

                  
                   

                       
  (4) 

 

Product material efficiency 

Quantifying product material efficiency is based on the concept of 

relating the weight of the final product to the initial amount of raw 

product materials processed in the examined operation as shown in 

Figure 29.  

 

 

Figure 29: Concept of measuring product material efficiency 

 

In doing so all materials that the final product is composed of are 

considered and inefficient use of product material can be identified. 

Equation (4) details the calculation. 

 

                    
                         

                                      
  (5) 

 

Worker efficiency 

For manual activities a measure is defined which quantifies the 

efficiency of workers in production systems. Seeing time as a 

resource, value-adding time is related to the total time of attendance. 

The amount of time used to benefit the customer during attendance 

can be specified as utilization. Figure 30 illustrates the idea on a time 

line. 
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Figure 30: Concept of measuring worker efficiency 

 

Obviously, more advanced methods exist to reveal value-add in more 

detail, as e.g. through value stream mapping. However, as this 

measure is intended to be applied on production system level in 

SMEs, in line with other measures, this definition seems an adequate 

and simple way to evaluate manual activities. Details of how to 

calculate worker efficiency is shown in equation (6). 

 

                  
                        

                              
  (6) 

 

Equipment efficiency 

Efficiency of equipment is calculated by relating the time that the 

equipment has run to its planned production time. In this way 

downtime losses are identified by applying a utilization measure. 

Unplanned production stops through equipment failures, material 

shortages and set-up times are considered as down time losses. Based 

on the definition of the OEE equipment efficiency is equal to the 

component of “availability”. As for the measure of worker efficiency 

this definition seems sufficiently detailed for the evaluation of 

equipment efficiency although more extensive time-based measures 

exist, as e.g. the complete calculation and analysis of the OEE. 

 



77 

 

 

Figure 31: Concept of measuring equipment efficiency 

 

Equation (7) specifies the calculation for equipment efficiency. 

 

                     
                     

                              
  (7) 

 

4.3.2. Effectiveness evaluation 

All effectiveness criteria from Table 5 of the direct measures are 

covered during evaluation. The effectiveness criteria are quantified as 

rates which focus on production system level and are defined by 

equations (8) through (15). 

 

As basic result-oriented measures on production system level output, 

number of scrap parts, flexibility and product lead time are calculated. 

 

        
                       

                      
 (8) 

                       
                             

                      
 (9) 

             
                 

                             
 (10) 

                   
                

           
 (11) 
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Based on these measures and in combination with the total 

consumption of operational resources more aggregated measures as 

resource productivity and environmental impact are calculated. 

 

                       
              

                  
 (12) 

                      
                       

           
 (13) 

 

Taking into account financial aspects as direct cost values for 

operational resources and overall production cost allows for 

consideration of external market conditions in decision making. 

 

                                  

                              

                     
 (14) 

                 
                                         

           
 (15) 

 

4.3.3. Integrated evaluation 

In this last part the evaluation of resource efficiency and the 

evaluation of effectiveness are merged to achieve a comprehensive 

overview and to enable an integrated evaluation. Since the group of 

all defined measures so far embrace a manifoldness of measurement 

units a common scale is needed to allow for comparability and cause-

and-effect analysis. In this respect economic values are considered as 

appropriate since their significance account for an indication of 

competitiveness on production system level especially in SMEs. In 

doing so, efficiency and effectiveness criteria are detailed and 

analyzed with regard to their economic impact as an overall system 
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value. The concept of the integrated evaluation is detailed in Figure 

32. On process level the efficiency of operational resources is 

evaluated according to value-adding and waste criteria. The 

evaluation of effectiveness considers results on production system 

level, which also requires aggregated data from the resource 

efficiency evaluation (see equation (12) and equation (13)). In the 

next step, both evaluations are integrated based on economic values 

which represent the overall system value. 

 

 

Figure 32: Concept of integrated evaluation 

 

4.4. Development of a comprehensive 

approach 
In order to ensure a uniform order of steps and comprehensive 

evaluation for different types of SMEs the following five steps are 

defined and embedded in one approach, leading sequentially from any 

initial SME production system to the evaluation of resource 

efficiency and effectiveness. 

 

Step 1: Specification of the production system 

Starting from the initial situation in SMEs, the object of investigation 

is to be identified. This means to clarify what exactly is to be 

evaluated. Hence, a system boundary is set. Once the object of 

investigation has been defined, the content of the production system 
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is detailed as well as the duration of evaluation. This means to 

identify the number of materials, energy consuming devices, staff 

members and equipment inside the defined system boundary and for 

what time period these are going to be investigated. 

 

Step 2: Resource efficiency evaluation 

The measurement of resource consumption is measured for each 

operational resource within the defined boundary using the concepts 

for calculating energy efficiency, product material efficiency, worker 

efficiency, equipment efficiency (equations (4) through (7)). The 

obtained measurements are then aggregated on production system 

level resulting in four ratios. 

 

Step 3: Effectiveness evaluation 

The effectiveness measurements, consisting of eight measures, i.e. 

equations (8) through (15), and represent the result of the production 

system performance during the defined time period of investigation. 

 

Step 4: Linking of resource efficiency and effectiveness evaluation 

Resource efficiency evaluation and effectiveness evaluation are 

linked and related to economic values as a common scale.  

 

Step 5: Integrated system evaluation 

Based on the previous evaluations the entire system can be evaluated 

using economic values as main criteria. Hence, an overall system 

value can be calculated, which enables the identification of 

improvement initiatives while considering the SME’s objectives. 

 

Figure 33 summarizes the entire evaluation approach. 
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Figure 33: Steps of the comprehensive evaluation approach 
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5. Industrial case study 

This chapter tests and validates the previously elaborated evaluation 

approach in a single case study in an SME of discrete part 

production.  

 

5.1. Formulation of a study question 
As mentioned in the research approach in chapter two this case study 

is carried out according to Yin’s approach (Yin, 2009). Together with 

the previous development from chapter four this case study aims at 

answering RQ 3 which has been stated as: 

 

How can resource efficiency and effectiveness be comprehensively 

quantified as part of a method for industrial use in SMEs? 

 

5.2. Formulation of study propositions 
The study proposition consists of the application of the previously 

presented evaluation approach to the industrial SME environment of 

discrete part production.  

 

5.3. Definition of the unit of analysis 
During this step the actual “case” and the investigation are detailed. 

The presented approach has been applied in an SME operating in sub-

contractor business. The SME occupies 15 employees and mainly 

supplies machining services and carries out production processes as 

machining, welding, assembling and wet painting. During the 

investigation the production flow of a single product through various 

production steps has been examined. The SME operates in one 

working shift which is the duration of the investigation. The product 

consists of a link system for which the operations drilling, manual 
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welding, painting and manual assembly are investigated. As all four 

operational resources are included this case is considered as 

representative for SMEs of discrete part production.  

 

5.4. Logical linking of data and propositions 
In this subsection the evaluation approach has been applied and 

relevant data collected according to the previously elaborated 

evaluation approach. 

 

Step 1: Specification of production system 

The production steps include processes of automated drilling, manual 

welding, automated painting and manual assembly. Figure 34 

displays a simplified value stream map including the system 

boundary that includes the sequence of the relevant production steps 

(1-4).  

Process one consists of a drilling operation performed on a metal 

slewing bracket, which is afterwards welded together with a metal 

bar. The following step is the painting of the part and final assembly 

of the link system. The chosen system contains four product 

materials, two staff members, three electricity consuming devices of 

which two are automated equipment. Roughly 130 parts are produced 

during one shift. One assumption during the investigation is that 

resources within the system boundary are not shared and used for 

other purposes than the production of the link system. 
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Figure 34: System boundary of case study 

 

Step 2: Resource efficiency evaluation 

 

Energy efficiency 

The goal is to quantify the energy profile as introduced in Figure 28. 

For this purpose the consumption during the process cycles of the 

drilling equipment, the welding equipment and the paint shop are 

identified. In addition, the standby consumption of the equipment and 

the standby consumption of the plant are identified for the time period 

of one shift.  

Several sources of information have been used. The bill for the total 

monthly energy consumption of the entire plant is provided by the 

energy supplier. The total monthly consumption of the plant is 

detailed by dividing it into consumption of process cycle, standby of 

equipment and standby of plant. To simplify the process of 

quantification, the calculation of consumed energy is done at each of 

the process steps for solely one part and then extrapolated to the total 

amount of parts produced within the time period of one shift. 

Additionally, given a previous investigation at the case company, 

equipment specific energy measurements have been obtained from an 

energy report. Using this energy report to calculate the sum of the 

necessary power of all equipment within the building, including their 

process cycles, makes it possible to break down the overall 

1) Drilling 2) Welding 3) Painting 4) Assembly

Manual welding process Automated painting process Manual assembly process

Machine: 1 Worker: 1 Machine: 1 Worker: 1

3 days 0,5 days 0,5 days 4 days

12 Min. 36s

Supply Supply

Pull bar

Worker: 1

System boundary

Assembly of complete 

link system

Drilling of holes into 

slewing bracket

Welding together of 

slewing bracket and pull 

bar

360s

Painting process of 

component

Supply and production of 

further necessary 

components

36s 240s 120s

Automatic drilling  
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consumption and to identify the standby consumption of the plant. 

Accordingly, the electrical power has been specified for each of the 

process steps, which is assumed to deliver sufficient data for energy 

efficiency calculations. Based on this information the consumption of 

a process cycle is calculable by multiplication with the according 

cycle time. Likewise the standby consumption can be calculated by 

multiplying the standby power with the duration of the shift 

neglecting peaks and dips. Detailed Figures can be found in the 

appendix. 

Figure 35 summarizes all relevant results using a qualitative 

consumption profile at production system level. As 125 parts have 

been drilled and 97 parts have been welded and 150 parts painted, a 

total energy efficiency of about 34% can be determined for one shift 

using equation (4). 

 

 

Figure 35: Break down of overall energy consumption during one 

shift for three processes 

 

Product material efficiency 

The goal is to quantify the product material efficiency according to 

the concept introduced in Figure 29. For this purpose all product 
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material that enters the system boundary as well as the material that is 

added or removed during the production processes needs to be 

identified and weighted. Four different materials flows can be 

identified for the defined system directly being processed into the 

product. All relevant materials have been weighed manually for one 

part. The resulting values have then been extrapolated to the total 

number of produced parts during the relevant time period of one shift.  

 

A single slewing bracket in the first process holds a weight of 0,915 

kg before drilling and 0,805 kg after drilling. 

Secondly, the metal pull bar enters with a weight of 3,680 kg in the 

welding process. Slewing bracket and pull bar are welded together by 

gas metal arc welding with a consumable wire electrode. The 

consumed length of the wire electrode per part consists of roughly 

0,003 kg. The feed of the consumable wire electrode was carried out 

automatically by the welding equipment so that no waste occurred 

during the time of investigation. 

Thirdly, the paint process requires roughly 15 liter of paint per 609 

parts, resulting in an average consumption of paint of 0,025 liter per 

part. With a physical density of roughly 1,3 kg per liter the weight of 

consumed paint per part can be calculated with 0,0325 kg per part. 

In the final assembly the so far processed components are merged 

with further subcomponents resulting in the final link system and a 

total weight of 17,82 kg. 

The extrapolated product material efficiency including all relevant 

product materials for one shift is summarized in Figure 36. 

Considering that the slewing bracket is the only component from 

which material is removed and three complete link systems are 

scrapped an overall product weight efficiency of 95% can be 

calculated for the duration of one shift.  
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Figure 36: Overall product weight efficiency for one shift 

 

Worker efficiency 

Two staff members have been working within the system boundary, 

one at the welding station and one at the final assembly of the link 

system. As mentioned in equation (6) the value-adding time has been 

related to the planned production time. Furthermore the non-value-

adding time has been categorized into quality assurance and rework, 

logistics, i.e. collecting and searching time for necessary parts and 

equipment, and setup time. For the two workers a worker efficiency 

of 83% and 86% resulted for welding station and final assembly 

respectively. 

 

 
Figure 37: Summary of worker efficiency 
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Equipment efficiency 

The equipment consists of the equipment for the drilling process and 

the painting process. For each of these two sets of equipment the 

planned production time is divided into operating time, downtime and 

idle time. As idle time is defined as the time equipment is not 

working although it is available as, for instance, while waiting for 

product material, it is not considered as downtime. Hence, the drilling 

equipment results with an efficiency of 91% and the painting 

equipment with an efficiency of 94% as summarized in Figure 38. 

 

 

Figure 38: Equipment efficiency for drilling and painting process 

 

Aggregation and overview 

Each of the four operational resources efficiency measures is 

aggregated to a single measure. For energy and product material the 

cumulative material and energy flows during one shift are considered 

for calculating one aggregated efficiency measure. For worker and 

equipment efficiency, aggregated measures are calculated by the 

average mean of their single results. Figure 39 shows a graphical 

overview of the resource efficiency evaluation in which energy has 

the lowest efficiency with 34% and material the highest efficiency 

with 95%. Equipment and worker have an efficiency of 92,5% and 

85% respectively. The efficiency losses are also displayed as 

counterparts of the efficiency values. The values in the Figure have 

been rounded. 
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Figure 39: Resource efficiency evaluation 

 

Step 3: Effectiveness evaluation 

The effectiveness evaluation focuses on system level, i.e. all four 

production processes as a whole. Buffers between the production 

processes remain unconsidered as it is assumed that the existing work 

in progress before the investigation compensates for the unconsidered 

work in progress at the end of the investigation. 

 

Output 

The total output during one shift consists of 67 parts. 

 

Scrap parts 

Three parts have not passed the final assembly check and needed to 

be scrapped resulting in a quota of 3 of 67 parts. 

 

Flexibility 

Each of the production processes has been set up once during the 

shift. Going with the production flow, the setup times for each 

process vary from 30 minutes, 3 minutes, 1 minute and 5 minutes. In 

order to account for the entire system, the longest set-up time of 30 

minutes marks the bottle neck and accounts for the flexibility to 

change over the entire production system in 0,5 hours. 
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Product lead time 

Given the initial value stream map in Figure 34 the product lead time 

for the defined system can be measured with roughly 4 days and 13 

minutes. 

 

Resource productivity 

The total output of 67 completely assembled link systems is related to 

each of the total necessary amount of operational resources during 

one shift, resulting in three different productivity measures, not 

considering buffers and work in process. 

 67 parts per 7,75 hours: 8,65 parts per hour 

 67 parts per 1367,60 kilogram: 0,05 parts per kg 

 67 parts per 94 kilowatt-hours: 0,71 parts per kWh 

 

Environmental impact 

The measures for sustainability in this case consist of inverted values 

of the resource productivity measures and represent the processed 

amount of operational resources per part. The inverted value for the 

time-based productivity measure is not considered as it does not 

account for the environmental impact. 

 20,41 kg per part 

 1,4 kWh per part 

 

Economic resource effectiveness 

Investigations with the accounting department identified the 

following results of resource effectiveness: 

 205,32 monetary units per kg, based on the total amount of 

process product material and the monetary cost value for the 

material 

 0,533 monetary units per kWh, based on the invoice from the 

energy supplier 
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 depending on the particular equipment monetary units per 

hourly equipment use range between 400 and 620 monetary 

units per hour, based on the SME’s cost structure 

 400 monetary units per hour of manual labor 

 

Production cost 

The overall production cost of the operational resources during the 

time period of one shift consists of 85385 monetary units. At the 

same time 67 parts have passed the final assembly. Not considering 

buffers and work in process, the cost of one part can be calculated 

with 1274,40 monetary units. 

 

Summary 

Output, scrap, lead time and flexibility lay the basis for the resulting 

resource productivity and environmental impact. Taking into account 

market conditions and monetary values allows for overall production 

cost calculation. Figure 40 summarizes the effectiveness evaluation. 

At this point it is challenging to interpret and reason about the 

informative value of the results without proper background 

information of the decision scenario or an adequate benchmark. 
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Figure 40: Summary of effectiveness evaluation 

 

Step 4: Linking of resource efficiency and effectiveness evaluation 

Resource efficiency evaluation and effectiveness evaluation are 

linked and related to economic values. In doing so, efficiency losses 

and effectiveness criteria can be detailed and analyzed with regard to 

their economic impact. Taking the economic resource effectiveness 

from the effectiveness evaluation the overall cost during one shift can 

be calculated as numbered in Figure 41 on the top-right with a total of 

85385 monetary units. Taking the economic weight, i.e. the monetary 

values of a single operational resource as a share of the overall cost, 

the product material clearly prevails the other operational resources 

with 83,4%, followed by equipment and workers with 9,3% and 7,3% 

respectively. Energy makes up an extremely small share of the overall 

cost with 0,06%.  
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In parallel monetary values are categorized and allocated as either 

‘value-add’ or ‘loss’ based on the resource efficiency evaluation. As 

shown in Figure 41 the economic value of the value added in this case 

consists of 80284 monetary units. In relation to the absolute 

production cost the economic value add makes up roughly 94% of the 

total expenses for operational resources. The remaining 6% (5101 

monetary units) stand for the economic values of operational resource 

that have not been used for value-adding activities. Adding up 

economic values for both, value-add and loss, results in a total cost of 

85385 monetary units for operational resources during one shift.  

The economic ranking of operational resource stands in rather 

opposite trend in comparison the resource efficiency evaluation on 

the lower left side of Figure 41, which is solely based on physical 

units of measures. There seems to be a lack of energy efficiency, 

however an increase in energy efficiency is not regarded as cost 

effective. Moreover, addressing the relatively little amount of 

inefficiencies in material (5%) promises to be rewarded with the 

largest economic gain (3512 monetary units) which makes up more 

than half of the economic losses. 

At this point, improvement steps can be initiated given the 

effectiveness evaluation. Possibilities of accessing this economic 

potential are related to the economic resource effectiveness. The 

economic resource effectiveness again depends on monetary values 

and resource productivity. The former can be actively influenced by 

optimizing purchasing activities while the latter is dependent on 

output, amount of scrap, lead time and flexibility. Regarding material 

losses, cut-off material and especially scrap parts seem most 

promising for accessing the identified economic potential in this case. 
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Figure 41: Linking of resource efficiency and effectiveness evaluation 

 

Step 5: Integrated system evaluation 

Based on the previous evaluations the entire system can be evaluated 

using economic values as main criteria. Looking at the total cost and 

the share of value-adding expenses a cost efficiency of 94% can be 

concluded. In turn this means that an inefficiency of 6% in cost can 

be realized by infrastructural improvements, i.e. rather short-term 

improvements under the given capability constraints of the production 

system. In order to reduce the absolute cost amount of 85385 

monetary units per shift and in relation to the total output structural 

improvements are necessary, which involve fundamental changes of 

the production system. This information can likewise be used as an 

indication for the relative competitiveness of the SME considering the 

industrial sector, competing companies and customers. 

Another aspect that has not been discussed so far is the distinction 

between product and production system. Keeping in mind that the 
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material concerns product material and is consequently sold on for a 

market value after successful production limits operational resources 

for the operating production system to equipment, workers and 

energy. In this case the economic values are to a large extend 

depending on material cost of the incoming raw materials. As a 

consequence, product development and purchasing have a high 

impact on potential improvement. Hence, leaving out the product 

perspective and considering solely equipment, workers and energy for 

the given case would lead to equipment and workers as main 

operational resources with similar efficiency and economic weight. 

Highest infrastructural improvement potential then can be identified 

with the area of workers (16% inefficiency and 935 monetary units of 

losses during one shift). 
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6. Conclusions and future research 

This chapter discusses the most important results from the research 

work and clarifies whether the objective has been met. After a brief 

statement about scientific contribution and industrial relevance the 

future research is specified in the last section. 

 

6.1. Discussion on the evaluation approach 

and case study 
This section discusses various factors of the case study that possibly 

had an influenced on the outcome of the case study. 

 

 Choice of study object: This case study incorporates mass-change 

processes, consolidation processes and coating processes in an 

SME environment. Phase-change processes, deformation processes 

and structure-change processes have not been considered. The last 

ones are known to be rather energy intensive. Furthermore, SMEs 

have certain characteristics, as discussed in chapter 4.1, which also 

included subjective notions. Altogether, it can be argued at this 

point that the result of the empirical investigation of this research 

work would most likely be a different one if carried out in another 

industrial setting thus resulting in a different prioritization of 

operational resources. 

 

 System boundary: The chosen system consists of four process 

steps including the final assembly of all components. Considering 

more processes by enlarging the current system boundary, 

especially towards the upstream side, would probably result in an 

increase of the economic share of the operational resources 

workers, equipment and energy as more single components are 

processed containing lower volume of product material. 



97 

 

 

 Duration of the study: A longer duration of the study, as several 

shifts or days, would have most likely resulted in an altered overall 

input and output. In this case the duration of the investigation is 

one shift. As the final assembly is the last step which determines 

the overall output, a doubling of the staff is carried out in this SME 

if demanded, hence having direct impact on the overall output.  

 

 Subjective notion of what is value add: Although it has been 

defined in this thesis what is to be considered as value adding 

when addressing operational resources, it is still debatable if this 

definition meets the perception of all decision makers and 

industries. As it is considered as subjective what is value adding, a 

different interpretation and a more detailed analysis would have 

direct impact on the resource efficiency evaluation and therefore 

the overall result. 

 

 Economic values as overall evaluation criteria: Although the use 

of monetary values enables comparability and scalability of 

operational resources, it is questionable if it is adequate to 

prioritize resources and evaluate an entire system solely based on 

economic values. Further competitive factors as speed or quality 

related criteria are also part of this evaluation, but not considered 

in the overall system value. Furthermore, taking economic values 

as the only justification criteria suggests that financially profitable 

improvements are preferred over improvements that focus on other 

performance criteria than financial benefits. 

 

 Resource prices and cost structure of the SME: Economic values 

depend on external factors. Hence, the change of resource prices 

and the cost structure of the SME, as for instance depreciation or 

wage policy, have a direct influence on the overall system value. 
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 Unrealistic assumptions: Initially it has been assumed that 

resources within the system boundary are not shared or used for 

activities outside the system boundary. However, this assumption 

is difficult to be maintained in reality. The workers were forced to 

leave the system boundary in order to assist other processes. 

Consequently, it is difficult to precisely carry out the data 

collection and determine the value-adding time of, e.g., the 

workers. 

 

 Data aggregation: The topic of data aggregation has so far 

remained undiscussed. For the resource efficiency evaluation the 

average mean has been calculated for equipment and workers. As 

the single values in this case are rather similar to each other, the 

average mean seems appropriate to determine efficiency in an 

aggregated way. On the other hand, if a great difference exists 

between single measures, the average mean might not be 

considered as representative since a lot of information is lost 

during the aggregation process. The information loss during 

aggregation is not as immense for the effectiveness evaluation as 

rates are calculated based on absolute values. A different method 

of aggregation appears to be worth considering for efficiency 

measures.  

 

 Data collection and data accuracy: The data collection has been 

carried out manually either directly from the shop floor or from 

existing documentation. Measurement errors can therefore not be 

left unmentioned. Most accurate measures have been obtained 

regarding the product material weight and the time-based measures 

as they have been directly obtained from measurement instruments 

as scales or timers. Lowest data accuracy exists for the energy 

efficiency data as average values from an existing report have been 
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used and extrapolated. Furthermore, the energy efficiency is 

relying on assumptions to simplify calculations as energy data 

could not be obtained from the equipment directly (see appendix), 

thus containing inaccurate measurement results. 

 

A lot of influencing factors exist that one needs to be aware of when 

using the developed evaluation approach and interpreting the final 

results. Hence, the result has, as justified by the choice of method, 

very contemporary character. Still, being aware of all the influencing 

factors of this case study, it is possible to evaluate resource efficiency 

and effectiveness in an integrated manner. As a result of the case 

study research question number three can now be addressed, which 

has been stated as:  

How can resource efficiency and effectiveness be comprehensively 

quantified as part of a method for industrial use in SMEs? 

 

Evaluating resource efficiency and effectiveness can be carried out 

comprehensively from a bottom-up direction by at first evaluating 

resource efficiency separated from effectiveness and subsequently in 

combination. In doing so, the resource efficiency evaluation concerns 

operational resources quantified as ratios and utilization measures, 

while effectiveness concentrates on evaluating the production system 

on system level using rates as measures. The integrated evaluation 

consists of linking both separate evaluation steps to economic values 

as an overall system value. Taking economic values as overall 

justification criteria seems to be a valid solution for SMEs. 

 

6.2. Discussion of results 
The objective of this thesis has been the investigation for and 

development of an evaluation approach for resource efficiency and 

effectiveness in SMEs. In order to meet this objective three research 

questions have been proposed. 
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RQ1: What constitutes resource efficiency and effectiveness in 

production systems? 

RQ2: What are current approaches of quantifying and evaluating 

resource efficiency and effectiveness in production systems?  

RQ3: How can resource efficiency and effectiveness be 

comprehensively quantified as part of a method for industrial 

use in SMEs? 

 

Based on the first research question a literature study has been carried 

out in order to acquire a generic definition. The result emphasizes a 

dualistic view as a basis to positively influence resource productivity 

in industrial production, which resulted in a proposed theoretical 

model (chapter 3.2.4). At this point, it is arguable if a discussion 

regarding the meaning of resource efficiency and effectiveness, as 

posed in RQ1, is useful at all. There might not be a generic or 

“correct” definition of the terms efficiency and effectiveness, which 

would furthermore classify them as buzzwords and place them 

alongside terms as sustainability, eco-efficiency or performance. 

However, the practical application in chapter 5.4 remarkably 

demonstrates that a distinction between efficiency and effectiveness is 

relevant to influence decision processes for increasing productivity. 

Based on the second research question another literature review has 

been carried out to investigate the state of the art for existing 

approaches. The outcome consists of an overview of direct measures 

for efficiency and effectiveness as well as conceptual approaches, 

which has served for identifying and detailing the need for developing 

an evaluation approach for SMEs (Table 5 in chapter 3.3.5). Given 

the overview in Table 5 it is questionable if the amount of 

investigated measures and conceptual approaches are considered to be 

sufficient for a state of the art literature review in order to answer 
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RQ2. Since the range of operational resources cover the relevant 

dimensions energy, product material, automated equipment and 

humans as well as various system perspectives, the investigation is 

assumed to be sufficient and can be further enhanced in future. 

The third research question focuses on the development and 

practical application of an evaluation approach. At first an evaluation 

approach is developed consisting of five steps. These five steps 

support a systematic evaluation procedure by evaluating resource 

efficiency and effectiveness at first separately, and subsequently 

integrative using economic criteria for determining an overall system 

value. The entire approach has been practically applied within a 

single case study in an SME of discrete part production. Although a 

lot of influencing factors need to be considered during the overall 

system evaluation, the results show that the evaluation of resource 

efficiency and effectiveness can be carried out comprehensively 

(chapter 5). The most critical point of this study concerns the 

application area of the case studies, which consist of SMEs in discrete 

part production. It can be argued that the result of the empirical 

investigation of this research work would most likely be a completely 

different one if carried out in another industrial setting. As a result, 

the single case study represents an interpretation of resource 

efficiency and effectiveness from an SME’s perspective, which will 

most likely shift if applied in a different production environment 

containing different system perspectives, as e.g. in large global 

companies. 

One further important question to answer at this point is whether the 

objective, as stated above, has been met or not. Indeed, this research 

work has investigated a framework for evaluating production systems 

regarding resource efficiency and effectiveness. However, it still is 

arguable if the outcome of this investigation can be considered as 

sufficient in terms of capability for evaluating production systems 

regarding resource efficiency and effectiveness on a general basis. In 
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other words, how valid is the final result? In order to give a thorough 

answer the scopes of efficiency and effectiveness are categorized into 

tangible area and intangible area as well as short-term and long-term 

focus, as displayed qualitatively in Figure 42. Placing the scope for 

efficiency into these categories suggests considering the tangible 

range from a short-term focus as well as a long-term focus (see left 

side of Figure 42). The even broader scope of effectiveness 

additionally covers intangible criteria in a short-term and long-term 

view (see right side of Figure 42). The intangible criteria can be 

thought of as e.g. competitive factors or strategic elements, while 

tangible criteria can be described as e.g. operational resources. 

Considering the developed evaluation approach applied within a case 

study in an SME, the entire effort aims at improvements for short-

term as well as long-term within a tangible range (see middle of 

Figure 42). The external area of effectiveness dealing with strategic 

aspects as e.g. natural resource use and environmental impact in 

short-term and long-term, has not been addressed practically and 

needs to be complemented.  

Taking into account all previously mentioned arguments, it can be 

stated that the objective of an investigation for and development of an 

evaluation approach for resource efficiency and effectiveness in 

SMEs has been met in due consideration of tangible and production 

system internal criteria to foster short-term and long-term 

improvements. 
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Figure 42: Qualitative allocation of research area and case study 

scope 

 

6.3. Scientific contribution and industrial 

relevance 
The major scientific contribution so far consists of a systematic 

formalization of resource efficiency and effectiveness in production 

systems. This comprises three elements namely a proper description 

of relevant terminology, an integrative concept for efficiency and 

effectiveness evaluation and metrics for decision support purposes. 

The description of relevant terminology provides researchers with a 

notion of how the perception of resource efficiency and effectiveness 

has evolved resulting in a theoretical model. The integrative concept 

provides a description on how production systems can be evaluated 

from a dualistic perspective which incorporates metrics for decision 

support as well as empirical findings. Altogether these results form a 

basis for the forthcoming research work. 

In industrial practice the developed evaluation approach supports 

decision-making as a guideline for identifying potentials for short-

term and long-term improvements using a comprehensive procedure. 

Evaluations can be carried out independently from industry in any 

SME and at any life-cycle phase of the production system. 

Furthermore, the evaluation approach is suitable for benchmarking 

purposes and can be extended to address further cost analyses. 
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6.4. Future work 
As this thesis represents the first part of a doctoral study of how to 

evaluate resource efficiency and effectiveness in production systems 

there are various possibilities of continuing the research work. 

 

1) The use of information and communication technology in 

production systems currently offers enormous potentials for 

improved decision making. It is estimated that huge amounts of 

data and information is not structured and remain unused in 

relevant decision making processes. The implementation of the 

currently generic evaluation approach into existing IT 

environments of production systems would use available data in a 

more elaborated way, as e.g. through development of information 

architectures or information analysis tools. Moreover, data 

collection would be simplified as it is currently done manually.  

2) How can resource efficiency and effectiveness be made 

manageable at higher system level? Existing approaches as Fuzzy 

AHP/ANP, system dynamics or even risk management approaches 

need to be examined more closely and tested concerning their 

feasibility of harmonizing tangible and intangible information as 

well as short-term and long-term focus at higher system level. 

3) From a waste perspective various approaches have been identified 

that altogether cover all relevant operational resources of interest. 

However, it is unclear if these approaches are compatible to each 

other when applied in practice on one and the same value chain. 

For instance, do all value stream maps end up with the same 

conclusions and practical recommendations? An investigation for 

systemizing interrelations and dependencies of different physical 

waste types would enable to assess improvement potential from a 

holistic view. 
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Main intention for future research work is to continue the current 

investigation towards production systems of discrete production 

under consideration of information and communication technology as 

described above under point 1). In industrial production data is 

increasingly accepted as hidden resource. In combination with the 

modern term “Big data”
5
 it needs to be investigated how available 

data can be structured and used in the context of improved resource 

efficiency and effectiveness.  

Taking the economic saving potential of roughly 630 billion Euros 

for resource efficient production per year (Europe Innova Eco-

Innovation REMake, 2012) and the anticipated gains through proper 

use of Big data of 7% reduction in working capital (McKinsey Global 

Institute, 2011) significant improvements can be achieved in industry. 

For this purpose the future research area of interest can be delimited 

using the generic model of functional hierarchy as shown in Figure 

43. The scope of the forthcoming research efforts comprises areas of 

levels 1 through 3 and consequently reaches into the area of 

managing production operations, named as Manufacturing Operations 

Management (MOM). This hierarchy divides production activities 

into business planning and logistics, manufacturing operations and 

control, and batch, continuous, or discrete control.  

 

                                                      
5
 ”Big data” is a term applied for large and complex data sets which are difficult to 

process with traditional processing applications. 
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Figure 43: Functional hierarchy (International Society of 

Automation, 2010) 
 

The objective of the forthcoming research investigation can be stated 

as:  

 

Development of an information analysis service for production 

systems of discrete production which supports and facilitates the 

increase of resource efficiency and effectiveness. 

 

Based on this objective the following research questions are in focus 

for the forthcoming research. 

 

RQ1: What data and metadata are relevant for the evaluation of 

resource efficiency and effectiveness from an information 

management perspective? 

RQ2: How can relevant data and metadata be aggregated and used 

within comprehensive evaluation and analysis procedures for 

operations management? 
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By answering these research questions a hypothesis is to going to be 

tested which preliminary is formulated as: 

 

The concept of an information system reference architecture for 

production systems of discrete production is a feasible solution for 

solving the problem of unstructured data and information for 

improved operations management. 

 

The underlying paradigm concerns service-orientation as a design 

paradigm for computer software in distributed systems. The natural 

following step is to detail and outline the future research procedure 

and methods in order to ensure scientific as well as practically 

usefulness including appropriate validation techniques. 
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