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Abstract 

The process industries span multiple industrial sectors and constitute a substantial part of 
the entire manufacturing industry. Since companies belonging to this family of industries are 

often very asset intensive, their ability to respond to changes is often limited in the short term. 

The adaptation of the capabilities of existing processes, and conversely finding products 
and market segments to match the production system capabilities, are an important part of 

product- and market development activities in the process industry. The importance to 
companies in the process industry of having a well-articulated manufacturing strategy 

congruent with the business strategy is second to none. However, to facilitate manufacturing 
strategy developments, it is essential to start with an improved characterization and 

understanding of the material transformation system.  

To that end an extensive set of variables was developed and related measures and scales 

were defined. The resulting configuration model, focusing on company generic process 
capabilities in the process industries, is to be regarded as a conceptual taxonomy and as a 

proposition available for further testing. The usability of the model was subsequently assessed 
using “mini-cases” in the forestry industry, where the respondents confirmed that the 

company’s overall strategy could benefit from this kind of platform as a possible avenue to 
follow. 

The model was deployed as an instrument in the profiling of company material 

transformation systems to facilitate the further development of companies' functional and 
business strategies. The use of company-generic production capabilities was studied in three 

case companies representing the mineral, food and steel industries. The model was found by 
the respondents to be usable as a knowledge platform to develop production strategies. In the 

final analysis of the research results, a new concept emerged called “production capability 
configuration": 

A process-industrial company’s alignment of its generic production capabilities in the 
areas of raw materials, process technology and products to improve the consistency 
among the variable elements that define operations and improve the congruence 
between operations and its environment.
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From the perspective of value creation and capture, firms must be able to manufacture 

products in a competitive cost structure within the framework of a proper business model. By 
using the configuration model, the relationship between manufacturing and innovation 

activities has been studied in the previously mentioned three case studies.  

In many cases the gap in capability appears as a limitation in the production system, 
requiring development efforts and sometimes investments to overcome. This is illustrated 

with two examples from the steel industry, where development efforts of the production 
system capabilities are initiated to better match the market demands. One example is the 

increase the volume- and product flexibility of an existing stainless steel melt shop, resulting 
in a proposed oblong Argon Oxygen Decarburisation (AOD) converter configuration that was 

subsequently verified using water modelling. The second example is from a carbon steel mill, 
where the target was to increase the raw material- and volume flexibility of another melt shop, 

by modifying the capabilities of the Electric Arc Furnace (EAF). Enabling EAF technologies 
are further described and evaluated using operational data and engineering type of estimates. 

!
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literature reviews and do the main part of the article writing, proof reading and quality 

assurance in the publication process. 
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Supplement 6: All of the literature survey, major part of experimental work, all data 
collection and analyses, and all of the writing. 
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A few years after finishing my undergraduate studies I embarked on a research endeavour 
that has changed direction a few times over the years, from purely technical research topics to 

management aspects of the production system and R&D in the process industries. The present 
thesis is the result of almost 25 years of research work that has been done in parallel to my 

industrial career. For several reasons the activity level has varied over the years, with a 
significant increase in activities during the last 7-8 years. In part this can be explained by 

changes during my career, in which I have spent the latter decades in managing various 
production, business, technology and R&D organisations in the steel industry. Besides 

meeting annual targets and delivering results, my industrial career has given rise to a number 
of quite specific questions, and sometimes dilemmas, some of which the present thesis will 

attempt to address. 

Driving change to improve organisational performance and working methods is an 
important part of the role as a practising manager. Over the years I have had the opportunity 

to test and implement methods that originally has been developed in an assembly type of 
manufacturing context, rather than in a process industrial one. None too infrequently, the 

implementation suffered from “translations” issues, where methods must be adapted to the 
process industrial context. In some instance the translation has been successful, but in others 
less so. 

In my attempts to understand the difficulties in implementing methods described above I 

found that one, at least to me, obvious difference is the configuration of the production system 
in the assembly- and process industries. In the assembly industries the production system is 

convergent, where many components are assembled into relatively fewer items of finished 
goods. In the process industries the variety normally increases further down in the production 

system, a divergent production system, and the number of items of finished goods increases. 
Experience on the impact of market demands and the resulting development of both processes 

and production technology also formed a part of my thoughts on the differences between the 
process- and assembly type of manufacturing industries.  
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My personal experience, as a practicing R&D manager in the process industry, has 

provided a context to which the research topics and questions has been formulated. Although 
the present thesis is not a formal study of the day-to-day work of an R&D manager, this 

experience has provided a rich background to the work at hand. The R&D managers task is a 
peculiar mix of: strategic and operational issues; perspectives from the literally microscopic to 

the macroscopic scale; temporal aspects from “here and now” until “our product offering 20 
years from now”. Contrary to popular belief the R&D function do not only work with product 

development, but focusses on the entire value chain from raw materials to the customer 
application of the material.  

One of the principal targets with management of technology in the process industries and 

the present thesis is to match the production system to the market requirements, or as 
metaphorically described in the sub-title of the present thesis: “matching market and 

machine”.  To do so, a comprehensive understanding, as outlined above, of the material 
transformation system and its capabilities is a must. 

-.+/0'(*%)#

Development of processes and production technologies has historically largely been 

associated with an increased production volume and plant efficiency.  Using capacity as a 
main development target is mainly interesting in situations where the growth of the overall 

system ‘production – market’ is constrained by the available production volumes and 
products. This was essentially the case until the oil crisis in the mid-seventies, where 

everything produced could be sold. In later periods the overall system ‘production – market’ 
has essentially being market constrained, i.e. market demand determines the production 
volumes and the produced products. In the former ‘production – market’ context the 

production capacity is essential, whilst in the latter the capability of the production system 
becomes the chief driving force for its development and profitability.  

In the part of manufacturing industries producing assembled products, the introduction of 

new products, in the extreme case, results in the construction of a new factory to reach the 
required capabilities of the production system, whereas in the process industries usually the 

capabilities of existing processes are adapted to match the new requirements. The adaptation 
of the capabilities of existing processes, or the reciprocal task of finding products and market 
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segments to match the production system capabilities, are an important part of product- and 

market development activities in the process industry. This essentially becomes an exercise in 
matching production system capabilities to the identified market needs and opportunities, thus 

eliminating limitations set by the production system.  

Considering the discussion above, the focal point of the present thesis is on the capability 
of the material transformation system in the process industries; how it can be characterised, 

how it can drive technical development, how it can form a knowledge base for strategy 
development and finally how it can be modelled. This will be further elaborated in chapter 2. 

123#4'(+355#,%)*5&',35#

The process industries span multiple industrial sectors and constitute a substantial part of 

the entire manufacturing industry, an intensional definition of “process industries” (Lager, 
2010): 

The process industries are a part of manufacturing industry using (raw) materials to 
manufacture non-assembled products in a production process where the (raw) materials 
are processed in a production plant where different unit operations often take place in a 
fluid form, and the different processes can be connected in sequence in a more or less 
continuous flow

One difference between companies in the process industries and those in other 
manufacturing industries is that the products supplied to them and delivered from them are 

raw materials or ingredients, sometimes with varying composition, rather than components or 
assembled products. In the present thesis, using the definition in Supplement 2, the process 

industries include petrochemicals and chemicals; food and beverages; mining and metals; 
mineral and materials; pharmaceuticals; pulp and paper; steel and utilities. As described in 

Supplement 2, from the perspective of company-generic production capabilities, the process-
industrial cluster of industries shares many similar traits, but not all. Thus, by grouping of 

these industries, they can be treated and further researched as a “family” of manufacturing 
industries; the “family” concept being used in the spirit of Wittgenstein (1953) and further 

discussed by Needham (1975).  
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Early on in the research it was found that the process industries were under-researched 

compared to manufacturing industries. The literature reviews in Supplement 1 indicate a 
surprisingly low interest in the research community for the process industry, particularly 

given that the global process industry, according to Lager (2010), spends some 108 billion-€ 
on R&D activities, representing some 28 % of the total industry R&D spending.  

The importance of a competitive production system for companies in the process 

industries has been well recognized, and securing high quality raw material supplies and 
further processing them in cost-efficient production systems, constitutes a part of the process 

industry dominant logic (Lager and Blanco, 2010). However, since companies belonging to 
this family of industries often are very asset-intensive, the ability to respond to changes is 

often limited in the short-term. Skinner (1992) observed that to succeed in such activities 
requires a clear and explicit manufacturing strategy.  

Thus, in the process industries, the importance of developing a well-articulated production 
strategy congruent with the business strategy and elements that define production is second to 

none. However, to do so, it is essential to obtain an improved understanding and 
characterisation of the material transformation system and company-generic production 

capabilities. The importance of delineating a company’s manufacturing capabilities as a 
platform for the development of company strategy was stressed by Hill as follows (1994, p. 

26): 

Companies require a strategy not solely on marketing, manufacturing, nor any other 
function, but one that embraces the interface between markets and functions. … For this 
to take place, relevant internal information explaining the company’s manufacturing 
capabilities needs to be available within a business, as well as the traditional marketing 
information. … To be effective, the ownership of its use must be vested in top 
management. As with other functions, manufacturing strategy is not owned by 
manufacturing. It requires corporate ownership. 

It was further argued by Bozarth and McDermott (1998) that manufacturing strategies are 
useful only to the extent that they either improve the congruence between operations and their 
environment or lead to greater consistency among the elements that define operations. In the 

same article, they put forward the interesting question of how poor the fit between the 
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manufacturing and business strategies has to be before the manufacturer adopts a different 

manufacturing strategy.  

To develop enhanced manufacturing strategies in the process industries, one needs to 
obtain an improved understanding of a company’s total production system, which could also 

benefit from the guidance of a more comprehensive characterisation of the material 
transformation system.  

This complementary production-system perspective on innovation could thus follow the 
mantra “listening to the voice of production”. The process-manufacturing “inside-out” 

perspective could then be an important complementary perspective to the more common 
“outside-in” product-market perspective on all areas of innovation. 

In the perspective of value creation and capture, firms must not only be excellent at 

developing commodities or innovative functional products (Lager and Blanco, 2010); they 
must be able to manufacture them in a competitive cost structure within the boundaries of a 

proper business model (Johnson et al., 2008). In firms’ future strategy development and 
business model innovation, not only innovation of production systems must receive proper 

recognition, but also integration and continuous adaptation of product and process innovation 
strategies are essential to ongoing changes in the business environment. Different categories 

of manufacturing industry require different degrees of innovation intensity, as well as 
different kinds of innovation activities (Lager, 2002). Development of new products often 

requires a corresponding development of the firm’s manufacturing system, resulting in a need 
for interactive innovation work processes from product design through manufacturing to 

delivery (Riis et al., 2007). In a similar manner, the development of new products not only 
requires adapted manufacturing technology (Boothroyd et al., 1994), but may provide new 

and interesting opportunities for improvement of the production system. As a result, there is a 
need not only for an “open innovation approach” (Gassman et al., 2010) and external 

collaboration, but also for an internal production/R&D collaboration and an overbridging of 
the manufacturing – R&D interface.  

The product-market perspective often dominates discussions on innovation, and “listening 
to the voice of the customer” is often, and most probably rightly, one of the most important 

imperatives. The process-manufacturing perspective often seems to be of less importance and 
somewhat neglected. In this respect, following Woodward (1965) one could look upon 

innovation as an activity related to all corporate functions, and consequently the production 
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system should also be of relevance in the development of innovation strategies. But not only 

that: many firms in the process industries depend quite heavily on the raw materials used in 
the production processes, and consequently raw material innovation should not be neglected 

either. 

In an analysis of the process industry transformation systems and the proposal of a 
typology of seven major subtypes of process industries, Dennis and Meredith (2000) argued 

that companies in the process industries should not be lumped together because there are 
distinct types of process industries.  

In an acknowledgement of this point of view, and in reference to the characteristics of the 
production system in the previously presented studies, it was noted that each characteristic 

was given a pre-set value, e.g., variability of raw materials, divergent material flows, large 
demand for intermediate products, high frequency of fixed routings etc. Further on, within the 

discussion of good typologies, Bozarth and Berry (1997) reflected that:  

Not only should the importance of important dimensions be established, but research 
questions could be generated concerning the appropriate values for these dimensions across 
the various manufacturing types. 

Taking the above into account, it was concluded that each characteristic could not only be 
better defined and explained, but, most importantly, in a spirit of configuration modelling, 
they should instead be treated as variables and not be given pre-set values. A company or an 

industrial sector of process industries could then be positioned differently on each 
characteristic variable, which presumably could better capture the diversity of companies 

belonging to the process industries and avoid the fallacy of lumping them all together. The 
configuration model intended for development in this thesis could, thus, be classified as a 

conceptual taxonomy.  

)
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The present work has been carried out as: 

• Development of a configuration model, using the model in the profiling of generic 

production capabilities and testing it using case studies on the R&D-manufacturing 

interface.  

• Process development and related development of process technology, with 

development and experimental work carried out both in the laboratory and in full-scale 
plant-trials. 

The thesis is based on six supplements, focussing on the following topical issues and 

resulting research questions. Note that the numbering of the research questions is sequential 
and does not follow the numbering of the research questions in the supplements: 

• Supplement 1: Development of a configuration model, characterising the material 

transformation system capabilities in the process industries, answering the research 
questions: 

o RQ1: In modelling company generic production capabilities in the process 
industries, which are the necessary variables and their associated metrics and 
scales? 

• Supplement 2: Testing of the previously developed configuration model as a platform 
to develop manufacturing and business strategies in the process industries, with the 

research questions: 
o RQ2: How can profiling of company-generic production capabilities be 

deployed in an analysis of the production system and as input to 
manufacturing strategy development? 

o RQ3: How can configuration models be deployed in an analysis of generic 
production capabilities on a process-sectoral level?  

• Supplement 3: Testing of the previously developed configuration model on the R&D-

manufacturing interface in the process industries to guide innovation activities, in the 
form of the research questions: 
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o RQ4: How should a firm’s production (material conversion) system influence 
raw material innovation, process innovation and product innovation in order 
to find a better and more long-term alignment between manufacturing and 
innovation strategies? 

• Supplement 4: Analysis of the potential influence of the Argon Oxygen 

Decarburisation (AOD) converter geometry on decarburisation performance. 
Increasing volume- and product flexibility in a melt shop. Thus, an extending product 
range prompting an increase in AOD converter heat size. The resulting process 

development, driven by customer requirements and chosen business strategy, 
generating the research questions:  

o RQ5: Will the proposed converter geometry lead to a significant difference in 
the decarburisation rate compared to a conventional round converter 
geometry? 

o RQ6: Will the number of tuyeres being used influence the decarburisation 
rate? 

• Supplement 5: Analysis of increasing raw material flexibility and volume flexibility in 

an existing melt shop by increasing the decarburisation capacity, use of chemical 
energy and improved electrical power supply of an Electric Arc Furnace (EAF), to 
minimise disturbances to the electrical supply network. Process- and technology 

development driven by market demand with the underlying question: 
o RQ7: How can the production be increased given available raw materials and 

limitations in the electrical power supply grid? 

!
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• Supplement 6: Evaluation of innovations in electrical power supply of an Electric Arc 
Furnace (EAF) and the use of chemical energy, on production efficiency and 
economics. Technology development as an enabler of process development, 
subsequently described in Supplement 5, outlining resulting process characteristics 
and with the implicit questions: 

o RQ8: What is the influence of the design of the electrical power supply system 
on electrode consumption and operational performance? 

o RQ9: What is the economic feasibility of utilising chemical energy to substitute 
electrical energy?

The process development activities described in Supplements 4-6 form illustrations of the 
configuration model in Supplements 1-3. In Supplement 4 the focus is on the transformation 

process and outgoing products, whereas in Supplement 5 and 6 the main targets are incoming 
materials and the transformation process. Limitations in capabilities, as demonstrated in 

Supplements 4-6, have prompted technical developments to extend the capabilities and thus 
enable development of new production- and business strategies that form the core of the work 

described in Supplements 1-3. The inter-relationship between the Supplements is 
schematically illustrated in Figure 1. 
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Figure 1: Inter-relationship between the topical areas of each supplement in the thesis.  ) #
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The present work uses different research methods in the supplements. The initial three 
supplements are based on social science methodology, whilst the last three supplements are 

based on technological and scientific methods.  

In Supplements 1-3 the research process is of particular interest and deserves some further 
elaboration, as the supplements are interdependent on each other. In Figure 2a-c, the research 

process, as well as the resulting supplements, i.e. articles, is outlined. ))
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The studies in Supplements 1-3 have a number of important limitations. First, the 

involvement of the authors in the development of the variables and reporting on the final 

outcome of this study must be looked upon as a somewhat problematic research setting. 
Acting as a data source, data gatherers, and finally as authors, naturally introduces a risk of 
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bias. However, the involvement other industry professionals in the development process 

supports the research findings and diminishes the possibility of a too-strong author bias 
regarding the results. Moreover, the triangulation with the results from the extended literature 

review supports the validity of the data. The advantages of a prior understanding within a 
study of this kind can be many; they have been rather well expressed by Markus (1977):  

The problem is how to get beyond the superficial or the merely salient, becoming 
empirically literate. You can understand little more than your own evolving mental map 
allows. A naive, indifferent mental map will translate into global, superficial data and 
interpretations – and usually into self-induced bias as well. You have to be 
knowledgeable to collect good information.  

In other words, the strong pre-understanding of the authors favours the validity of the 
empirical data.  

Secondly, the studies assumed a focus on the development of the individual variables and 
left their interrelationships to future research. The proposed conceptual model, thus, 

delineates a number of variables of interest, but one important limitation of the model, from 
the perspective of its theoretical contribution, is that the interrelations between the proposed 

variables were only briefly discussed. 

In Supplement 4 physical modelling experiments were carried out in 1:4.6 scaled water 

models of a proposed 120 ton AOD-converter. Two different models where used, one with an 
oblong geometry and one with a circular geometry. The purpose was to compare the 

following three different cases: (a) a circular model with six tuyeres, (b) an oblong model 
with six tuyeres, and (c) an oblong model with eight tuyeres.  

The dimensionless modified Froude number was used to calculate the gas flow rates and 

nozzle sizes to get as close to the proposed 120 ton AOD converter as possible. This 
dimensionless number expresses the ratio of the inertia force of the injected gas in comparison 

to the buoyancy force of the gas bubbles being generated near the nozzle, as described in 
Supplement 4. 

During the experiments the models were placed in a box of acrylic glass in order to 
compensate optical distortion by the shape of the model. The three models a-c are illustrated 

in detail in Figure 3. 



)) CG

)

!"#!$
!"%!$

!"&%$'

!"
()
$

!"
(#
$

!"
*!
$

+

,

-

,

./00/1

!"23$

!")2$

!"
(4
$

!"&
*$

)
#V) AV)

)8V) )U'.3;%)G@)W#0%;)&/$%-)/:X)#V)#)8';83-#;)&/$%-)P'0+)('>)03Y%;%(9)AV)#,)/A-/,.)&/$%-)P'0+)('>)03Y%;%()#,$)8V)#,)/A-/,.)&/$%-)P'0+)%'.+0)03Y%;%(!
)



)) CR

A schematic layout of the gas supply configuration is illustrated in Figure 4. The required 

air for the experiments was delivered by a diesel-driven compressor with a capacity to supply 
air at a maximum rate of 5.5 Nm3/min. Before the air entered the physical model, the air 

passed a filter. This cleaned the gas from water and oil before entering the bath. The gas flow 
was adjusted by eight digital mass flow controllers operated from a computer. One controller 

per tuyere was used, which allowed for experiments using up to 8 tuyeres. Figure 4 also 

illustrates how the !"#, used to simulate the reaction rates in the experiments, was supplied 

from a separate gas bottle. In this case, the desired gas volume was controlled by a flow 

meter. The pH value was measured using a ion-selective glass electrode, which is responsive 
to changes in the hydrogen ion activity 

)
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In supplement 5 measurements on the electrical supply network were made by the Italian 

utility ENEL using a flicker meter. The flicker meter is a measuring instrument emulating the 
sensitivity of the human eye to fluctuations of luminous flux (flicker) in incandescent bulbs 

caused by voltage fluctuations on the supply line. The flicker meter is defined in an IEC 
(International Electrotechnical Commission) standard: IEC 61000-4-15 (2010), whereas the 

execution of the actual measurements of flicker are defined in the standard IEC 61000-4-30 
(2015). The short-term flicker severity, Pst (-), is evaluated for 10-minutes periods and the 

human annoyance threshold has been set to Pst =1 (Gutierrez et al, 2010). The standard IEC 
61000-4-30 (2015) establishes that the minimum measurement period should be one week. 

The operational data were collected from the plant's automation system, typically 
available in the process control system, or administrative systems. The use of electrical 

energy, oxygen, natural gas etc. are measured with normal industrial instrumentation. Weight 
of charged raw materials, e.g. scrap, pig iron etc. was measured with normal industrial scales 

and taken from the heat records. 

Samples of slag were taken manually and analysed by the chemical laboratory at the plant. 
Slag sampling was not a part of the standard operating procedure and were done during the 

test campaigns with the explicit purpose to generate data for the evaluation of the operational 
performance. Analysis of the slag samples was made with the existing laboratory 
spectrometer and the oxides where calculated from the corresponding elements present in the 

slag samples.  

The evaluation of operational data was typically based on at least a month of production, or 
some 400 heats. Slag analysis was not performed on all heats, the total number of heats with 

slag samples was about 100. 

In Supplement 6 the oxy-fuel burner efficiency and energy from post combustion has been 
calculated using simplified energy balances. The energy balance assumes that the difference 

in energy between the heat of formation and off-gas enthalpy at a given temperature will be a 
net contribution to the process. The net contribution from combustion can then be absorbed 

by the scrap, or generate losses that otherwise would be covered with electrical energy. The 
losses from the process are assumed to be time and temperature dependent.  
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Therefore, all other conditions being equal, the chemical energy provided by the oxy-fuel 

burners or post combustion of carbon monoxide can be calculated from the above described 
energy balance, together with the associated efficiencies.!

<"#=35*>&5#
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The developed configuration model targets the material transformation system on a more 
company-generic process capability level; consequently, the company-specific production 

technology, including types of equipment and plants, is not further specified. In the 
development of the model, the variables have been clustered into three groupings, which are 

related to the material transformation system, as illustrated in Figure 5: 

• Incoming material and key raw material-related production variables (A)  

• Transformation process and key process technology-related production 
variables(B)  

• Outgoing products and key product-related production variables (C) 

Figure 5:  Simplified structural model of the production system in the process industries. 

The variables in the developed model are presented in the Appendix. Due to the rich 

description (Geertz 1973) of each variable in the original article, the description of the 
variables has been abbreviated.  Thus, each variable is described in the Appendix using the 

denomination, definition and the associated scale as described in Supplement 1. 
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The model, focusing on company generic process capabilities, is regarded as a conceptual 

taxonomy of company generic production capabilities in the process industries and represents 
the study’s theoretical contribution, supporting the “scientific utility” of the model in the spirit 

of Corley and Gioia (2011).  

To provide illustrative examples and explore the specific usability of the above described 
conceptual model on a company level, two mini-case studies were carried out in the forest 

industries. The case studies are denoted mini-case studies, which is a normal practice when 
case studies do not fulfil the criteria for in-depth case studies and lack comprehensive 

contextual information. The selected companies were two large Swedish pulp and paper 
companies, producing and selling products on the global market.  

Using the model in the analysis of a company’s material transformation system, the 
company’s position on each variable could be reviewed and initially established, tentatively 

using the earlier described five-point ordinal scale (1 = Low and 5 = High) associated with 
each variable. Afterward, an importance rating of each variable in the company’s context 

could be assigned, tentatively using a five-point ordinal scale (1 = unimportant to the 
company and 5 = very important to the company) (see Table 1 and 2).  

Starting from the company’s position on the set of variables in the model, the following 

question should be answered: “From the perspective of a company’s overall business strategy 
(including market strategy), are any desired changes within the manufacturing strategy or 
business strategy necessary?” (see Table 1 and 2). The following symbols were used by the 
respondents: 

!"!"!"!"= An increase in the company position is desirable. #"= The company’s present position is 
adequate; maintain present position. $"= The company’s present position should decrease.)
"#$#%&'()!&*+,'$-!.)/'!
!

Company Beta is a Swedish integrated pulp and paper mill that uses wood as the main raw 
material. The wood is first converted to pulp in the mill and then fed to paper machines in 

which different paper products are produced. The products are sold in the global market. The 
characteristics of the company’s business are business-to-business relations. The data matrix 

for case Beta is reported in Table 1. )
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Table 1: Case Beta interviews data matrix on company generic production capabilities.  

Variables with importance rating 5 are shaded grey.

Case Beta

Variable 
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A1: Volume of captive (company owned) primary raw material supplies 4 5 %%%%

A2: Volume of recycled external raw material supplies 1 1 %

A3: Number of primary raw materials (range) 2 3 %

A4: Primary raw material specifications 3 3 %

A5: Raw material and handling flexibility 1 2 %

A6: Primary raw material changeability during handling 2 4 %

A7: Environmental footprint from raw material conversion 1 5 $$$$
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pr
oc

es
s

B1: Volume of internally recycled material 1 1 %

B2: Production structure characteristics (batch - continuous) 5 5 %%%%

B3: Processing complexity (number of unit operations) 5 5 %%%%

B4: Process flexibility (number of alternative flow sheets; processing options) 4 3 %

B5: Material conversion characteristics (convergent / divergent material flows) 2 4 $

B6: Degree of process plant automation 4 5 !!!!

B7: Location of customer order point (decoupling point) 1 5 %%%%

B8: Material conversion structure (number of phase transformations) 5 1 %

B9: Volume of waste generated from production 2 4 $

B10: Production system environmental footprint 2 5 $$$$

O
ut
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C1: Product differentiation (product functionality) 1 4 %

C2: Product order uncertainty (product customisation) 2 3 %

C3: Number of products (product range) 2 5 !!!!

C4: Number of product varieties (product variety range) 2 5 %%%%

C5: Product flexibility in production 3 5 !!!!

C6: Volume of finished products 5 5 %%%%

C7: Volume flexibility in production 2 4 !

C8: Volume of semi-finished products 1 1 %

C9: Number of co-products 1 1 %

C10: Number of by-products 3 4 $

C11: Internal product structural complexity 5 5 %%%%

C12: Product inherent changeability during handling 2 2 %

C13: Product traceability in the production system 5 5 %%%%

C14: Product environmental footprint 1 5 %%%%)
! !
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Sigma is a large Swedish international forest company with an integrated production from 

raw materials to finished products. The group is today a net purchaser of wood as the main 
raw material but also purchases other raw-materials such as fillers on the open market. The 

main part of the product portfolio features standardized products (commodities), but the 
company is aiming at a larger volume of functional products (Lager and Blanco, 2010). Some 

production units have already today 20% of turnover from products introduced on the market 
less than three years ago. The respondent’s division is only business-to-business, but the 

group as a whole includes both B2B and B2C business areas. The data matrix for case Sigma 
is reported in Table 2. ))
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Table 2: Case Sigma interviews data matrix on company generic production capabilities. 

Variables with importance rating 5 are shaded grey.)
Case Sigma

Variable 
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A1: Volume of captive (company owned) primary raw material supplies 5 5 %%%%

A2: Volume of recycled external raw material supplies 1 2 !

A3: Number of primary raw materials (range) 2 2 %

A4: Primary raw material specifications 2 4 !

A5: Raw material and handling flexibility 2 2 %

A6: Primary raw material changeability during handling 1 1 %

A7: Environmental footprint from raw material conversion 1 5 %%%%
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B1: Volume of internally recycled material 1 4 %

B2: Production structure characteristics (batch - continuous) 5 5 %%%%

B3: Processing complexity (number of unit operations) 5 5 $$$$

B4: Process flexibility (number of alternative flow sheets; processing options) 1 3 !

B5: Material conversion characteristics (convergent / divergent material flows) 4 1 %

B6: Degree of process plant automation 3 5 !!!!

B7: Location of customer order point (decoupling point) 2 3 %

B8: Material conversion structure (number of phase transformations) 1 1 %

B9: Volume of waste generated from production 1 5 %%%%

B10: Production system environmental footprint 2 5 $$$$
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C1: Product differentiation (product functionality) 2 5 !!!!

C2: Product order uncertainty (product customisation) 1 3 !

C3: Number of products (product range) 3 5 $

C4: Number of product varieties (product variety range) 3 5 $$$$

C5: Product flexibility in production 2 5 !!!!

C6: Volume of finished products 5 5 %%%%

C7: Volume flexibility in production 2 3 !

C8: Volume of semi-finished products 1 1 %

C9: Number of co-products 1 1 %

C10: Number of by-products 3 2 !

C11: Internal product structural complexity 2 3 !

C12: Product inherent changeability during handling 1 1 %

C13: Product traceability in the production system 4 5 !!!!

C14: Product environmental footprint 1 5 %%%%)
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The two mini-cases supported the usability of the model and were primarily intended to 

illustrate how a company could use the model to position its production system on the 
individual variables. The respondent in case Beta remarked that “Some of the variables were 
quite easy and applicable, some required more consideration as such, but all should be 
included since they are all relevant. I cannot think of any more variables that should be 
included.” The respondent in case Sigma concluded that “The model is robust and the 
template was easy to fill in. All variables feel relevant but are obviously adapted to fit many 
different sectors of the process industries.” 

The two mini-cases served two objectives: first, to provide illustrative examples of how 
the configuration model can be deployed in profiling a company’s material transformation 

system and, second, to familiarize the respondents with the model in order to give them a 
better opportunity to assess the industrial usability of the model. From this perspective, it is 

argued that securing the validity of the case data is of lesser importance.  

The respondents were rather positive in their positioning of their companies on the model, 

but this activity focused more on single variable reviews, even if their comments indicated 
some relationships among the variables (positive and negative). In their review of the 

directions for change, this was also mainly a single variable review exercise. Moreover, the 
respondents identified that the company’s overall strategy could benefit from this kind of 

platform as a possible avenue to follow.  

The respondent in case Beta thus concluded that, “The model works fine and many 
variables are used in the strategic planning of future products and production process 
changes in the company.” The respondent in case Sigma pointed out that “The model can 
easily be used in both internal and external discussions about limitations and opportunities 
related to the production process (input-transformation-output). However, I lack variables 
more related to the innovation process and development of products and processes.”  

The industrial usability of the model, assessed in two mini-case studies in the forest 
industries, supports the “practical utility” of the model's theoretical contribution (Corley and 

Gioia, 2011). The mini-cases stopped short at this point, but, afterward, the relationship 
between the individual variables and how the individual variables possibly could interact were 

discussed. It was evident that such an activity could not be covered in the mini-case studies 
because of the limited time-frame each company could allocate for this exercise.
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Using a multiple case study approach and utilising the prior conceptual configuration 

model, developed and described in Supplement 1, of the material transformation system in the 
process industries as a research instrument, company-generic production capabilities were 

investigated in three case companies representing the mineral, food and steel industries.  

"Company generic production capabilities" in the process industries are conceptualized in 
this study as: 

Production characteristics (abilities) that are common to the cluster of industrial sectors 
that belong to the family of process industries, which are expressed as definable and 
measurable variables that can be used to model the production system.                         

In their article on theoretical contributions Corley and Gioia (2011) proposed two 
dimensions of utility: practically useful and scientifically useful. The proposed concept of 

practical and scientific utility was used to evaluate the utility of the empirically validated 
configuration model in this study. The scientific utility according to Corley and Gioia is “an 

advance that improves conceptual rigor or the specificity of an idea and/or enhances its 
potential to be operationalized and tested.” 

The configuration model tested in the present study advances the scientific position in 
several aspects. First, the model used in this study as the research instrument is a previously 

developed conceptual model, but not previously tested empirically to externalize and model 
generic manufacturing capabilities. Second, the empirical results showed that the model is 

usable in profiling industrial manufacturing systems and these results advance the rigour of 
this concept. 

On the practical utility, Corley and Gioia are less forthcoming. They discussed 

“prescriptions for structuring and organizing around a phenomenon.” Perhaps it is not the 
most practical definition of practical utility. In Supplement 2 it is suggested that the practical 

utility has two main dimensions: the findings themselves and the form in which the research 
is conducted and the results are disseminated. By definition, the configuration model provides 

a way for “structuring” around a phenomenon. The value is perhaps in the way it provides a 
communication tool that not only can facilitate the analysis of company generic production 

capabilities, but also provide  input to the strategizing process, as discussed from different 
perspectives by Kim et al. (2014) and Demeester et al. (2014). This aspect of the model was 
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evident in the comments from the respondents in the case companies, as well as the analysis 

of empirical data in the single and cross-case analysis. Thus, the model provides a platform 
for the discussion of both production as well as corporate strategies. 

In regards to individual variables it is clear, from the discussions with the respondents and 

the cross-case analysis, that environmental issues are a great concern for all types of 
companies in the process industries, a fact that can be easily confirmed by visiting individual 

companies' corporate websites. What also stand out are the issues regarding both product 
flexibility (C5), volume flexibility (C7), plant automation (B6) and volume of captive raw 

materials (A1) and output issues such as volume of finished products (C6) and products 
differentiation (C1). This suggests similarities within the “family” of process industries 

previously not accounted for in the literature, which needs to be investigated further.  

The empirical results supported the utility of the model as an instrument in providing a 

coherent set of elements that define operations and thus serve as a platform to model company 
generic production capabilities and as input to strategizing, through implicating needed 

change to the material transformation system. The theoretical contribution was mainly the 
empirical validation of the previously developed conceptual model as a tool in knowledge 

formation of the capabilities of the system and to outline the concept of “production 
capabilities configuration”, that could be defined as: 

A process-industrial company’s alignment of its generic production capabilities in the 
areas of raw materials, process technology and products to improve the consistency 
among the variable elements that define operations and improve the congruence between 
operations and its environment.

) )
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The 8#(%) companies representing the mineral, food and steel industries are the same as in 

Supplement 2 and denoted Alpha, Lambda and Omega respectively. Supplement 3 focusses 
on the implications on innovation activities in the R&D - manufacturing interfaces of the case 

companies.

In this study the conceptual model of the material transformation system has been used as 
a theoretical backbone in the three individual case studies. The configuration model in this 

case was an earlier version, compared to the one reported in Supplement 1 and 2, that also 
included financially related variables, which was subsequently abandoned in favour of a less 

complex configuration model. Afterwards the financially related variables turned out to be a 
subject, or rather a meta model, in their own right and could potentially be further explored as 

a separate undertaking. Due to the development of the model, the denomination of the 
variables in Supplement 3 will in some cases differ from the ones used in Supplement 1 and 2. 
However, the descriptions are congruent between the cases.  

Using a similar structure, as reported in Supplement 1 on the “mini-cases”, of analysis for 

each case study also facilitated a comparison of case-study results in a “cross-case analysis”. 

In the following a few glimpses from the “information-heavy” cases are highlighted from 
each single case study. The importance of raw materials and associated innovation looks like 

an interesting avenue for case Alpha to pursue. Finding internal lead suppliers for continued 
raw material innovation seems to be a possible route to follow. The early location of the 

customer order point for case Lambda does not currently influence innovation activities at all. 
However, if product flexibility needs to be improved, a possibility to move the order point up, 

or down, in the material conversion system may require activities of a more innovative 
character. This is an area that has previously been explored in the food industries (van Donk, 
2001). For case Omega, with a high value attributed to the variable “volume of captive 

(company-owned) primary raw material supply” and low related influence on innovation 
today, the company may find more co-development innovation activities with suppliers of 

interest because of its position on this variable. 
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For the three cases studied we find a family resemblance in that the relative importance of 

process innovation, product innovation and raw material innovation are quite comparable. 
From the cross-case analysis the relative importance of different areas of innovation is 

illustrated in Table 3. Company Alpha shows the highest figure for the importance of raw 
material innovation, while company Omega’s high figure for product innovation stands out. 

Table 3:  The relative importance, in percent, of different areas of innovation )
Area of innovation Alpha Lambda Omega

Product innovation 29 34 38 

Process innovation 49 49 47 

Raw material innovation 22 17 15 

The relative importance of process innovation is an interesting finding. All cases reported 
in Table 3 have around 50% process innovation, indicating that development of innovation 

strategies within this area must be recognized as of significant importance. Although raw 
material innovation has the lowest relative importance in all cases, its presence is a reminder 

that this area of innovation should merit greater management attention. Furthermore, raw 
material innovation ought to be included in the companies' portfolios of innovation projects 

when they fine-tune their innovation strategies. !
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Using data from the analysis of the three individual cases, selecting the key production 

system variables that showed strongest influence on innovation activities, the results show 
some rather individual patterns for each firm in this study, Table 4. 

Table 4: Relative innovation importance of individual key production system variables. 

Variable areas shaded in black are those of the highest importance, while grey shading marks 
out additional areas of high importance 

Key Production System Variables Alpha Lambda Omega 

A1:   Volume of captive (company owned) primary raw materials    

A3:   Number of primary raw materials (range)   

A4:   Primary raw material specifications    

A5:   Primary raw material changeability during handling    

A6:   Environmental footprint from raw material conversion   

B1:  Volume of internally recycled material    

B5:  Material conversion characteristics (convergent/divergent material flows) 

B6:   Degree of process plant automation   

B9:   Product flexibility of production 

B10:  Material conversion structure (number of phase transformations)    

B11:  Volume of waste generated from production   

B12:  Production system environmental footprint   

C1:   Product differentiation (product functionality)   

C2:   Product order uncertainty (product customisation)    

C3:   Number of products (product range)   

C4:   Number of product varieties (product variety range)  

C6:   Number of co-products    

C8:  Internal product structural complexity 

C11: Product environmental footprint   
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Three of the key production system variables stand out in the results presented in Table 4. 

First, the “product flexibility in production (B9)” is of high importance in all three cases. For 
case Alpha there are strong relations to product and process innovation for this variable, for 

case Lambda there are strong relations to all areas of innovation, while case Omega has strong 
relations to product and process innovation. The high importance of “product flexibility in 

production (B9)” is also a reminder of the difficulties of “matching the market and the 
machine” and relates to the “number of products (C3)” and “number of product varieties 

(C4)” variables further down in the production chain.  

Secondly, this issue also relates to the important “material conversion characteristics 
(B5)” variable, where there are strong influences on process and product innovation for both 

cases Alpha and Omega. Diverging process chains are sometimes a trait in the process 
industries, but this was not so for case Lambda, which possibly could be related to its early 

position in a long industrial supply chain.  

Third, the product variable “internal product structural complexity (C8)” is highly ranked 

in cases Lambda and Omega. For many of the key production system variables, there are 
strong influences on both product and process innovation. 

These findings as such are interesting, and may indicate that there is a need for more 

cross-fertilization and organisational solutions that facilitate teamwork and concurrent 
engineering. This also emphasizes that process innovation, because of its strong relation 

between raw material and product innovation, most likely would benefit from a more 
integrated organizational solution.  

From a managerial point of view, the results may prompt further discussions in the 
companies and constitute one of several other inputs to the development of innovation 

strategies. Variables of high importance for innovation are thus indicators of underlying 
information and signal that something important ought to be attended to. The respondents 

generally found that participation in this study had been a learning experience and the 
respondent from case Lambda thus concluded: 

The relation between the three different areas of “raw material innovation”, “process 
innovation” and “product innovation” that has been calculated by the matrix from the 
input data is really a good picture of the importance ranking today by the Lambda firm. 
Product innovation has been at the top of the firm’s agenda for R&D for the past decade. 
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In the future, however, process innovation is of growing importance because when it is 
known what kinds of products and product qualities the customers desire, the next 
question is how to develop and manufacture such products. Understanding of how process 
parameters are related to product properties is then second to none. Because of that, the 
Lambda firm is presently considering building an “Experimental Production Plant” in 
order to facilitate such R&D. The results from this analysis will be further used in our 
discussions of innovation and production strategy.

The test of this framework has shown its potential usability as a tool for analysing the 

production system and its influence on innovation activities in companies in the process 
industries. The presented results could not only be of interest to companies in the process 

industries, but also to customers and network of collaborative companies and suppliers to the 
process industries. )))
) )
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Due to physical limitations in an existing melt shop the only available way to increase the 

tapped weight and hence the productivity was to consider a modified AOD converter cross 
section. A change in cross section could potentially influence the decarburisation performance 

and in the worst case counteract the intended increase in productivity. In order to study the 
feasibility of implementing an oblong converter, physical modelling experiments were carried 

out in 1:4.6 scaled water models of the proposed 120 ton AOD-converter. Two different 
models where used, one with an oblong geometry and one with a circular geometry. The 

purpose was to compare the following three different cases: (a) a circular model with six 
tuyeres, (b) an oblong model with six tuyeres, and (c) an oblong model with eight tuyeres.  

Overall, the physical modelling results show that it would be possible to change the 

geometry of the AOD converter from a circular shape to an oblong shape, illustrated in Figure 
6. Furthermore, this could be obtained without a large negative influence on the 
decarburisation rate. The results from the physical modelling are summarised in Figure 7. 

However, during the actual construction of an oblong AOD converter other factors also need 
to be studied in detail This includes, for example, the optimum way of installing the refractory 

lining in an oblong converter considering the distribution of stresses in the refractory. 

Figure 6: Schematic illustration of the oblong cross section  

The number of tuyeres has a minor influence on the mixing time (<2 % difference in 

reaction rate between 6 and 8 tuyeres) in the water model. However, in reality there are other 
considerations that determine the number of tuyeres. Usually, it is preferred to keep the 

number of tuyeres to a minimum, but the specific gas flow-rates (Nm3/min per ton) and the 
practical design limit (Nm3/min per tuyere) may require the total gas flow to be divided 

between more than a minimum number of tuyeres depending on the heat size. Experience has 
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shown that if too much gas is injected in too few tuyeres, the oxygen yield will be decreased. 

In addition, too high gas flows decrease the residence time of gas in the steel. 

Figure 7: Concentration of dissolved !"# in the water bath, for difference vessel geometries 

and tuyere configurations. The error bars correspond to the 2! values (! is the standard 
deviation) 

In Figure 8, the average concentration deviations between the cases a)-c) are plotted as 

a function of time. Specifically, in Figure 8, comparisons are made for the following 
experimental configurations:  

i) a circular converter with 6 tuyeres (case a) and an oblong converter with 6 tuyeres (case b):  $%&'()*+,$-./01/234156 7 &'()*+,$-.8938:;56.<&'()*+,$-./01/234156 (EQ 1) 

ii) a circular converter with 6 tuyeres (case a) and an oblong converter with 8 tuyeres (case c); $%&'()*+,$-./01/234156 7 &'()*+,$-.8938:;5=.<&'()*+,$-./01/234156 (EQ 2) 

iii) an oblong converter with 6 tuyeres (case b) and an oblong converter with 8 tuyeres (case 

c):%$%&'()*+,$-.8938:;5= 7 &'()*+,$-.8938:;56.<&'()*+,$-.8938:;5= (EQ 3) 
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where the numerical value in the subscript of Equations 1-3, denotes the number of tuyeres 

used in the experiments. 

The results show that the average concentration deviation between a circular converter 
with 6 tuyeres and an oblong converter with 6 tuyeres is less than 5 % after a 165 second gas 

injection period. Furthermore, that the average concentration deviation between an oblong 
converter with 6 tuyeres and an oblong converter with 8 tuyeres is less than 1% after a 165 

seconds of gas injection. 

)
Figure 8: Concentration deviations between the converter models in cases a) - c), at any given 
time, calculated from experimental data for the three comparisons: i) a circular converter with 

6 tuyeres and an oblong converter with 6 tuyeres – (EQ 1); ii) a circular converter with 6 
tuyeres and an oblong converter with 8 tuyeres – (EQ 2); and iii) an oblong converter with 6 

tuyeres and an oblong converter with 8 tuyeres – (EQ 3).
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The introduction of technologies in the Electric Arc Furnace (EAF), aiming to increase 

decarburisation capacity, introduce extensive use of chemical energy to substitute electrical 
energy and improvements to the electrical power supply of the EAF, aiming to minimise 

disturbances to the electrical supply network while increasing both production and use of high 
carbon content raw material, i.e. cold pig iron. The main characteristics of the Danarc EAF at 

Ferriere Nord, Italy, are: 

Furnace diameter: 5 800 mm 

Active power, max: 43 MW 

Secondary voltage, max: 985 V 

Saturable reactor: 76 MVA 

Burners: 7 x 5 MW 

Oxygen lances: 2 x 2800 Nm3/min 

Oxygen tuyeres: 5 x 180 Nm3/min 

Carbon injection: 2 x 30 kg/min 

Operational results obtained from this installation are summarised below: 

Tap-to tap time: 47 minutes 

Electrical energy: 288 kWh/ton 

Electrode consumption: 1.45 kg/ton 

Total oxygen consumption: 51 Nm3/ton 

Total fuel (Natural gas): 7.1 Nm3/ton 

Total carbon: 16.5 kg/ton 

Tapping temperature: 1640 °C 

Charge mix: 20% cold pig iron 

80% steel scrap 

)
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The use of cold pig iron contributes to the low electrical energy consumption mainly due 

to the silicon content, that is higher in pig iron than in steel scrap. With all other conditions 
constant, the electrical energy consumption when operating the furnace on 100% steel scrap, 

increases by 25 kWh/ton, corresponding to about 3.5 kg less silicon to be oxidised per ton of 
charge. 

Electrode current fluctuations cause variation in the generation of reactive power which, 

in turn, result in voltage fluctuations (flicker) in the supply network. Although many 
measurements have been carried out on various furnaces, there is, so far, no complete analysis 

presented for the big variation in flicker generation. Comparisons of different furnace 
concepts, therefore, becomes difficult. For the same furnace, the operating performance 

obtained with and without saturable reactor is illustrated in Figure 9, using the 10-minute 
value of the flicker measurement, Pst (10 min).  

)
Figure 9: Distribution function of Pst at 200 kV line with and without saturable reactor, 
measured at Ferriere Nord, Italy. ))
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The efficiency of post-combustion of carbon monoxide in the Electric Arc Furnace (EAF) 

is, among other things, a function of the combustion degree, i.e. the CO2/(CO+CO2) ratio. 
Furthermore, the efficiency is dependent on the heat transfer to the raw material charge to be 

melted. In this respect injection of oxygen for post-combustion of carbon monoxide in the 
same position as the oxy-fuel burners is expected to have the same efficiency, or similar, as 

oxy-fuel burners, during the same conditions in the furnace.  

Since the heat transfer is achieved through convection and gas radiation, the burners are of 
importance during stages where there is un-melted scrap available to provide sufficient heat 

transfer surface and consequently sufficient heat transfer efficiency. The energy yield and 
efficiency of oxy-fuel burners can be calculated using an energy balance based on available 

energy from combustion and energy in the waste gases, assuming that the balance is useful 
energy in the process. Based on gas enthalpy data from Knacke et al (1991) and heat of 
formation for combustion of natural gas from WTT (1971), Figure 10 has been calculated, 

showing the burner efficiency as a function of waste gas temperature. 
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Figure 10: Burner efficiency as a function of waste gas temperature. 

The same conditions as for the burners are also valid for post-combustion, i.e. sufficient 
surface for heat transfer to the scrap to be melted. Figure 11 shows the energy released from 

combustion of carbon with pure oxygen as a function of post-combustion degree for different 
waste gas temperatures. The economical limit for application of post combustion can be 

derived from the cost of combusting carbon with oxygen and the alternative cost to supply the 
required energy via electricity in the EAF.  

Starting from the combustion reactions using pure oxygen, the combustion degree and 
specific electrode consumption; using the unit costs of oxygen, carbon, electricity and 

electrodes the following expression for economical break-even can be derived: &$>. ? @#$,. A &@#%$,.   (EQ 4) 

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0

1

2

3

4

5

6

7

8

9

10

0 500 1000 1500 2000 2500
Bu

rn
er

 ef
fic

ien
cy

 (
-)

N
et

 en
er

gy
 a

va
ila

bl
e 

 (k
W

h/
N

m
3 O

2)

Waste gas temperature (oC)



)) GN

and 

&$>. ?%B# @#$,. A CO (g)   (EQ 5) 

with  

C/D E F '()'(G'()H    (EQ 6) 

using: T%-) T/(0):/;)%-%80;'8)O/P%;)Z7[2\"W+V)T.;) T/(0):/;)%-%80;/$%()Z7[2\".V)U.;) 7O%8':'8)%-%80;/$%)8/,(3&O0'/,)Z".\"W+V)T/>) T/(0):/;)/>Y.%,)Z7[2\I&GV)T8) T/(0):/;)8#;A/,)Z7[2\".V):8$) T/&A3(0'/,)$%.;%%)ZLV)[/>) [,%;.Y):;/&)8/&A3(0'/,)Z"W+\I&G)]?V)
The following relation can be derived: 

'8IG'/J KLMNKOPQRS8I T &UV ? W,X J &,X     (EQ 7) 

which can be solved for Eox: 

YZ[ \ $&Z[ ? &] J BL^6BG_/D.<$&UV ? W,X J &,X.  (EQ 8) 

In the original article, Supplement 6, data from the United States in the mid 1990's were 
used in the calculation of the economical limit for application of post combustion. Since some 

time has passed, it was considered appropriate to update the unit costs to reflect current 
European conditions. Furthermore, the public discussion on CO2 emissions was in its infancy 

at the time of writing Supplement 6.  
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By appending the relation in Equation 5 with the cost for emission rights the evaluation 

will better reflect current conditions. In the expression in Equation 6 a term with the cost for 
CO2 emissions in SEK per kg CO2 - i.e. the term with CCO2 - has been added: 

YZ[ \ $&Z[ ? BL^6BG_/D J $&] ? `Lab J C]c J &]Zd..<$&UV ? W,X J &,X.  (EQ 9) 

The economic limits in Figure 11, according to Equation 8 and Equation 9, has been 

calculated, using the following data: 

Item Unit 

Cel Cost for electric power  0.45  (SEK/kWh) 

Cgr Cost for electrodes  30  (SEK/kg) 

Fgr Specific electrode consumption  0.005  (kg/kWh)

Cox Cost for oxygen  0.70  (SEK/Nm3) 

Cc Cost for carbon  1.0  (SEK/kg) 

Cco2 Cost for CO2emissions  0.05  (SEK/kg CO2) 

The energy yield and efficiency of post combustion has been calculated in the same way 
as the efficiency of oxy-fuel burners, i.e. using an energy balance based on available energy 

from combustion and energy in the waste gases, assuming that the balance is useful energy in 
the process. Based on gas enthalpy data from Knacke et al (1991) and heat of formation for 

carbon monoxide and dioxide from WTT (1971), Figure 11 has been calculated, showing the 
post combustion efficiency as a function of combustion degree, with waste gas temperature as 

a parameter. 
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Figure 11: Energy from combustion of carbon as a function of combustion degree and waste 
gas temperature. Economic limit for application of post-combustion: without cost of CO2

emissions (dotted line) and with cost for CO2 emissions (dashed line) 

Operational data from four EAFs using different levels of oxygen injection for post-

combustion have been used to evaluate the energy yield in practical operation. In Figure 12 
the accumulated energy yield from post-combustion, i.e. the efficiency in replacing electrical 

energy, is shown as a function of injected oxygen. The energy yield ranges from 4 down to 2 
kWh/Nm3 of post-combustion oxygen. Differences in targets and unit cost for the energy 

source give a wide range of the oxygen injected for post-combustion. Large amounts of 
oxygen represent longer injection times and, all other conditions being equal, thus decreased 
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thermal efficiency. However, economic considerations could motivate use of such large 

amounts of post-combustion oxygen. 

Figure 12: Accumulated energy yield from post-combustion as a function of injected 
amount of oxygen per ton of liquid steel, based on operational data from four EAF’s.
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Figure 1 illustrates the interdependence of the supplements that form the present thesis 
and the overall issue of matching the production system characteristics to the market 

demands, and provides a useful backdrop to this discussion.  The configuration model on 
generic capabilities in the material transformation system, has been developed and tested in 

Supplements 1-3 and illustrated with process industrial cases in Supplements 4-6. The latter 
supplements not only provide illustrations of the development of case specific capabilities in 

the material transformation system; they are also of general nature, as shown in Supplements 
1-3.  

In Supplement 2 it has been shown that business and functional strategies can be 

developed based on the knowledge ormed by the variables in the configuration model and the 
analysis of the company position on the variables, thus expressed as the generic capabilities of 

the material transformation system. In Supplement 3, the interface between innovation 
activity and the production system has been highlighted using a variant of the configuration 

model, thus linking innovation activities with the generic capabilities of the material 
transformation system. Using the configuration model as a base for strategizing and 

innovation activities can also be applied to the developments in Supplements 4-6, used as 
illustrations of real development projects.  

Supplements 4-6 partially forms a body of previous experience, that has been used as one 
input into the theorising and model development described in Supplement 1. Subsequent 

analysis shown in Table 5 presents a mapping of these generic capabilities, not as a test of the 
configuration model, but to show the connection between the main generic capabilities, 

strategies and the manufacturing - R&D interface, from the targets with the process and 
technology development described in Supplement 4-6.

The developments in Supplements 4-6, were driven by the desire to increase product 

offering, output and efficiency, as described earlier. These targets can now be linked to the 
generic capabilities of the material transformation system via the knowledge platform and 

analytical instrument that the configuration model in Supplements 1-3 provides. This 
hopefully secures a better congruence between production system and its environment and 

assists in matching the production system to the market requirements. 
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Table 5: Connection between process and technology developments and their targets in 

Supplements 4-6 and the topical subjects in Supplements 1-3 that are connected to the 
aforementioned development targets. 

Process & technology 
development - targets  

Connection to main 
generic capabilities 
in supplement 1 and 
in Appendix 

Connection to
business and 
production strategy 
in supplement 2 

Connection to the 
manufacturing R&D 
interface in 
supplement 3 

Supplement 4 Increase decarburisation 
capacity. Target to 
increase output of high Cr-
grades. 

Variable C1:  Product 
differentiation (product 
functionality) 

Variable C5: Product 
flexibility in production 

Variable C6: Volume of 
finished products 

Variable C7: Volume 
flexibility in production 

Business strategy to 
increase volume of 
grades with high Cr-
content, i.e. special 
grades like duplex 
stainless steel. 

The production strategy 
has to provide a way to 
efficiently produce the 
high Cr-containing 
grades.  

Both strategies have 
implications on the 
generic capabilities of 
the production system 

Main area of 
innovation/development 
concerning AOD 
converter geometry and 
the influence of the 
geometry on achieving 
the requirements put 
forward in the business 
and production strategy 
on product programme, 
volumes, productivity 
and unit cost. 

Supplement 5 Increasing decarburisation 
capacity, use of chemical 
energy to substitute 
electricity and improved 
electrical power supply.  
Target to increase output, 
reduce electrical energy 
consumption and network 
disturbances 

Variable A5: Raw 
material handling and 
production flexibility 

Variable C6: Volume of 
finished products 

Variable C7: Volume 
flexibility in production 

Business strategy to 
increase volumes of 
produced rebar due to 
market demand.  

Production strategy to 
provide cost efficient 
technologies and 
processes to reach 
volume targets, despite 
severe limitations in 
availability of electrical 
energy, a weak power 
grid and resulting 
demands on reduction of 
disturbances in the 
electrical power grid 

Introduction of higher 
than usual amounts of 
chemical energy via 
several ways of oxygen 
injection, each with their 
specific purpose and 
associated reactions, to 
substitute electrical 
energy. 

Development and 
verification of a new and 
cost efficient technology 
to reduce network 
disturbances from an 
AC-EAF to the level of 
an DC-EAF, without the 
penalty in operational 
cost and higher 
investments. 

Supplement 6 Analysis of electrical 
power supply of EAF and 
use of chemical energy 
and their influence on 
production efficiency and 
economics. 

Variable B10: 
Production system 
environmental footprint 

Variable C6: Volume of 
finished products 

Variable C7: Volume 
flexibility in production 

Analysis of different 
EAF technologies and 
efficiency of supply of 
chemical energy into the 
EAF substituting 
electrical energy. The 
analysis aims at 
providing guidance in 
technology selection and 
the associated 
production strategy 

Development and 
analysis of different 
configurations of the 
EAF electrical power 
supply system and the 
resulting influence on 
cost elements.  

Analysis on the 
efficiency of chemical 
energy, both theoretical 
considerations and 
operational experiences.  )
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From discussions in Supplement 2 with the respondents and the cross-case analysis, it is 

clear that environmental issues are of concern for all types of companies in the process 
industries. What also stand out are the issues regarding product flexibility, volume flexibility, 

plant automation and volume of captive raw materials and output issues such as volume of 
finished products and products differentiation. This similarity within the “family” of process 

industries, previously not accounted for in the literature, needs to be investigated further. 

The relative importance of process innovation is an interesting finding. All cases reported 
in Supplement 3 have around 50% process innovation, indicating that the development of 

innovation strategies in this area of innovation must be recognized as of significant 
importance. Similar levels of product and raw material innovation in the reported cases are 

also evident, around 30% product- and 20% raw material innovation respectively. The 
findings support the “family” of process industries, as discussed in Supplement 2. 

)
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In Supplement 1, an exploratory study of the family of the process industries focusing on 

company material transformation systems and generic production capabilities, a configuration 
model was developed. The configuration model includes variables related to incoming 

materials, the transformation process, and outgoing products. This account provided a 
preliminary definition for each variable and suggestions for related measures and scales. The 

configuration model put forward an effort to build a new theory rather than to test an existing 
one. Rather than a conclusion from empirical research, the conceptual model should be 
regarded as this study’s theoretical contribution to be validated in further research. 

It is advocated that the empirical findings from the grounded theory (Glaser and Strauss, 

1967) approach, triangulated with the information from the supplemented literature review in 
this topical area, gave a rationale for this conceptual taxonomy of company generic 

production capabilities in the process industries and support the “scientific utility” of the 
model in the spirit of Corley and Gioia (2011). Furthermore, the industrial usability of the 

model was preliminarily assessed in two mini-case studies in the forestry industries and 
supports the “practical utility” of the theoretical contribution (Corley and Gioia, 2011). It is 
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recommended that further testing of the industrial relevance of the model and further 

development of the model are necessary and important future activities to pursue. However, it 
is argued that the configuration model can already be deployed as an instrument in the 

analysis of company material transformation systems. Thus, it can serve as a platform for 
discussions on companies’ functional and business strategy developments. 

In Supplement 1, the mini-cases rely on the information from only one respondent in each 

company. This is a limitation in this study, thus in further research, it is recommended that, if 
possible, the positioning of the company on the model ought to be a group exercise. This 

would avoid the risk that the results are biased by personal judgements rather than reflect a 
“company position.” 

"#$#%&'(!)*#$+,-.!/!%.0!1!
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In Supplement 2, the model of the material transformation system in the process industries 

is used as a template and research instrument. Specifically, the use and usability of profiling 
company-generic production capabilities was studied in three case companies representing the 

food, mineral and steel industries. When using the configuration model as a facilitating tool 
during the interviews with the respondents they had no problems in positioning their 

companies on the individual variables. The configuration model was experienced by the 
respondents in the three case companies as a usable and facilitating instrument and tool in the 

mapping of production system capabilities. Potentially it can serve as an improved platform 
for the development in-depth knowledge of company production capabilities, which in turn 

has implications for production strategies. 

In Supplement 2 the cases rely on the information from only one respondent in each 
company. This is a limitation in this study and in further research it is recommended that, if 

possible, the positioning of the company within the model ought to be a group exercise, 
avoiding the risk that the results are biased by personal judgements rather than reflecting a 

“company position". 
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In Supplement 3 the study of three cases from the process industries, using a conceptual 
model of the production system, has resulted in rich empirical evidence. The similarities in 

the importance of different innovation areas for the three cases are interesting as such, but so 
are also the differences between individual variables for each case. The conclusion is that 

each company must review not only its own unique position on the market, but also its unique 
production system and relate this to its innovation strategy. A previous focus on product 

innovation has possibly caused them to sometimes regard process innovation as something of 
lesser importance in their innovation strategy. Since process innovation is about innovating 

the firm’s manufacturing system and thus naturally related to the development of a more cost-
effective production processes, the results agree well with the “cost-innovation”, i.e. cost-

reduction capability, strategy in future business modelling argued by Williamson 
(Williamson, 2011, Zeng and Williamson, 2007).  

The empirical findings give initial theoretical insight, that can already be utilized as an 
instrument in discussions and review of company innovation activities and development 

programmes. The results from this study can be regarded as complementary new knowledge, 
or even contrary to conventional wisdom. It is thus argued that in the analysis of innovation 

activities in process industries, the product-market perspective ought to be supplemented by a 
process-manufacturing perspective to enable the development of innovation strategies that are 

well related to the firm’s operations and possibly also better adapted to existing and future 
company production facilities.  

In Supplement 3 it is essential not to conclude that the importance figures for the different 

areas of innovation reflect the overall importance of the innovation area in a firm’s total 
perspective. The figures state only the importance of the innovation area from a production 

system perspective. 

) )
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The limitations in volume- and product flexibility, described in Supplement 4, originates 

from the product programme, i.e. a consequence of the chosen business strategy.  

The purpose of the study was to use physical modelling to determine whether it is suitable to 
change the AOD geometry from a circular shape to an oblong shape to increase the heat size 
and thus productivity of the converter. It was also of interest to study the use of different 

tuyere numbers on the process performance. 

The resulting development activities require a deep understanding of the production 
system capabilities, forming a knowledge platform upon which production- and business 

strategies can be further developed. This is essentially the same as argued in Supplement 2, 
where the configuration model described in Supplement 1 is used as an instrument in mapping 

production system capabilities to form a knowledge base that can be used for strategy 
development, providing in-depth knowledge of company production capabilities.  

The research reported in Supplement 4 assumes that the decarburization in a real AOD 

converter is a function of the oxygen supply rate and mixing time. This assumption states that 
the time to reach a final carbon level in the steel is a function of the oxygen supply rate and 
the mixing time. The resulting mixing time has been established in water modelling 

experiments and has to be verified in a production scale AOD converter. )
) )
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Examples that show the link between process development, the choice of production 

technology and the impact on process performance can be found in Supplements 5-6. The 
developments described in Supplement 5 are driven by market demand for the products 

produced via the EAF and limitations the original EAF process employed. Evaluation of 
process technologies and development routes, on process efficiency and economics, is 

outlined in Supplement 6.   

By extending the capabilities of the process to improve raw material flexibility, 
substituting part of the electrical energy demand with chemical energy and improvements to 

the electrical power supply, the business strategy of the company could be fulfilled. The 
development in Supplement 5 also illustrates the interaction between manufacturing and 

innovation activities as described in Supplement 3, in particular raw material innovation and 
innovation of process technology. 

The limitations of the work reported in Supplements 5 and 6 is that the results are 
obtained from production data, specific measurements and theoretical considerations. The 

economic feasibility of substituting electrical energy with chemical energy has to be 
established for each specific installation. The electrical network disturbances are mainly 

related to the short circuit power at the point of common coupling, the installed power and 
power supply technology of the EAF. However, other conditions in the electrical network also 

has an influence on the resulting measured flicker (Pst) level, such as other connected loads. 
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Comments on supplements 5 and 6  

The work reported in Supplement 5 and 6 was conducted a number of years ago and state-

of-the-art technology has presumably been developed further. However, they are still valid as 
examples of process development and its driving force.  

In the view of the increased understanding of the climate implications of green-house 

gases one can question the feasibility of substituting electrical energy with primary energy 
from carbon and oxygen used in-situ. It is outside of the scope of the present thesis to discuss 
this development, but it is nevertheless interesting to note. In an attempt to estimate the cost 

of CO2 emission rights on the economic feasibility of post-combustion the extended 
expression Equation 9 has been derived. 

The development of EAF power supplies has since been focussed on developing Direct 

Current (DC) technology and high impedance Alternating Current (AC) technology. The 
benefits realised with DC technology; low electrode consumption and network disturbances 

are typically offset by the higher electrode cost, maintenance and investment cost, in 
comparison to the high impedance AC technology, using a reactor in series with the furnace 

transformer. Time and experience has narrowed down the plethora of power supply designs 
proposed and developed some decades ago. 

) #
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Research question 1 
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In an exploratory study in the family of the process industries, focusing on company 

material transformation systems and generic production capabilities, a configuration model 
was developed, where:  

• The presented 31 variables and associated definitions and scales can already be 

used for the characterization of the material transformation system in the process 
industries 

• The configuration model can already be deployed as an instrument in the analysis 

of company material transformation systems. Thus, it can serve as a platform for 
discussions on companies’ functional and business strategy development. 

Research questions 2 and 3
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The configuration model was experienced by the respondents in the three case companies 

as a usable and facilitating instrument and tool in the mapping of production system 
capabilities, where: 

• From the empirical results, environmental impact and production flexibility are 

currently areas of focus in all companies in the study.  

• The configuration model is a new instrument and a theoretical contribution to be 

used in the analysis of company-generic production capabilities in different sectors 
of the process industries (Corley and Gioia, 2011).
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 In the final analysis of the research results, a new concept emerged called “production 

capability configuration". 

A process-industrial company’s alignment of its generic production capabilities in the 
areas of raw materials, process technology and products to improve the consistency 
among the variable elements that define operations and improve the congruence 
between operations and its environment.

Research question 4 
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The importance of raw material innovation stands out and is a domain in the management 
of innovation in the process industries that is under-researched and merits more attention.  

The set of key production system variables that has been used in this study, analysing data 

on a company level, could possibly also be used in an analysis of the process industries on a 
sectorial level, following previous research by Taylor et al (1981a). 

Each firm must review not only its unique position on the market but also its unique 
system of production and relate this to its innovation strategy. 

Research questions 5 and 6
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The specific conclusions from this physical modelling study may be summarized as 

follows: The influence of geometry, i.e. a circular converter contra an oblong converter, on 
the mixing time was found to be negligible. The number of tuyeres being used has an 

insignificant influence on the mixing time, when 6 and 8 tuyeres are compared in experiments 
using an oblong converter. The concentration deviation between a circular converter with 6 
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tuyeres and an oblong converter with 8 tuyeres was found to be less than 5% of the 

concentration in the circular converter after a 165 seconds gas injection period. 

For an industrial converter of 120 metric ton heat size it can be tentatively concluded that 
it is possible to construct an oblong converter to increase the productivity without increasing 

the mixing time with more than 5%. It is also possible to use 6 tuyeres since the mixing time 
is roughly the same as when using 8 tuyeres. 

Research questions 7, 8 and 9 
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The implicit conclusions from the development work reported in Supplement 5 can be 
summarized as follows: Operational results Electric Arc Furnace at Ferriere Nord shows that 

it is possible to inject high specific amounts of oxygen and carbon as a substitute for electrical 
energy. Furthermore, the usage of significant volumes of raw material with high carbon 

content is possible without adverse influence on the productivity of the EAF.  

The electrical power supply with added reactance is beneficial in reducing network 

disturbances. The high-impedance operation results in low electrode consumption, reduced 
electrical losses and a reduction of the supply network disturbances, i.e. flicker. 

From theoretical considerations and collected experimental data, in Supplement 6, the 

implicit conclusion is that theoretical considerations made for the energy yield and economy 
of post combustion shows a relatively good correspondence with obtained operational results. 

The empirical data indicates an energy yield, depending on the injected amount of oxygen, 
between 4 and 2 kWh/Nm3 of oxygen. This is in relatively good agreement with the 

theoretical considerations, especially in the lower range of 4-10 Nm3 oxygen injected per ton 
of steel. 

#
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To the best of the author knowledge and supplemented from an extensive literature 
review, prior research in the area of process-industrial operations management is severely 

limited and it can be considered an “under-researched” subject in the discipline of operations 
management, a conclusion well in line with Van Donk and Fransoo (2006). The configuration 

model is primarily intended for analysis and development of manufacturing strategy and its 
related business and innovation strategies at the company level and should be primarily used 

at the company-wide, multi-plant or plant level. However, stimulated by the interesting results 
from the mini-cases in the forestry industries and inspired by previous research of Taylor et 

al. (1981a), the model can also be used in an analysis of the cluster of process industries using 
larger samples, including different sectors of the process industries. The mini-cases rely on 

the information from only one respondent in each company and in further research, it is 
recommended, that positioning of the company on the model ought to be a group exercise. In 

such studies, alternative typologies may be identified and further developed in the spirit of 
Dennis and Meredith (2000). It is recommended that further testing of the industrial relevance 

of the model and further development of the model are necessary and important future 
activities to pursue. 

There are a number of limitations in this study since only three companies from three 
different sectors of the process industries were studied. It is recommended that the research 

results should be replicated (Yin, 1994) and evaluated with more case studies or a survey of a 
larger sample of the process industries including pulp and paper, oil and gas, chemical and 

petrochemical, etc. Those studies should not only be used to further increase the empirical 
base, but possibly to identify new variables and further refine the set of variables in the 

present model.  

Another limitation with this study, and thus of relevance for the theoretical contribution of 
the results, is that the interrelations between the individual variables or groups of variables 

have only been discussed briefly and only been briefly touched upon in the analysis of the 
case study results. Looking at this from a different perspective, theoretical contributions 

should not only show validated theories but stimulate further research.  Unlocking the 
relationships between the variables could be a most interesting area for further research. The 

complexity of the multivariate relations could not be covered within the scope of the present 
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study, which has focused on testing the validity of the individual variables in the conceptual 

configuration model. 

Overall, the physical modelling results show that it would be possible to change the 
geometry of the AOD converter from a circular shape to an oblong shape without obtaining a 

large negative influence on the decarburisation rate. However, during the actual construction 
of an oblong AOD converter other factors also need to be studied in detail. This includes for 

example the optimum way of installing the refractory lining in an oblong converter 
considering the distribution of stresses in the refractory. 

Developments in EAF technology have continued over the years and the developments 
described should be further evaluated with new data available from other installations. One 

example is the use of chemical energy to substitute electrical energy that could benefit from 
experiences gained in other installations, possibly as a meta study of published data. Another 

example is a similar evaluation of electrode consumption in installations employing DC EAF 
technology as well as high impedance AC technology, hopefully more operational data is now 

readily available than earlier.  

) #



)) MG

D"##=383'3%+35#

F//0+;/Y$9)^E9)=%P+3;(09)_E)`)2,'.+09)WE)ZCJJRVE)O9*7:&/!P)(#1$!C*9!"'$:C'&/:9)!'$7!Q(()+;8-9)I%P)a/;"9)Q#;8%-)=%""%;)H,8E)F/b#;0+9)TE)`)F%;;Y9)WE)ZCJJDVE)Q%#(3;',.)0+%)8/,.;3%,8%)A%0P%%,)&#;"%0);%c3';%&%,0()#,$)&#,3:#803;',.@)#)&%0+/$/-/.Y)#,$)'--3(0;#0'/,E)P)&#(#*$!0&#)$&)=!AM!G4H=!,,R!4A4%4ISR)F/b#;0+9)TE)`)Q8=%;&/009)TE)ZCJJKVE)T/,:'.3;#0'/,)',)&#,3:#803;',.)(0;#0%.Y@)#);%*'%P)#,$)$';%80'/,():/;):303;%);%(%#;8+E)T*:9$'8!*C!U,)9'/#*$(!"'$'1)+)$/9)CN9)OOE)R?DLRGJE)F3;A'$.%9)dE)eE)Z%$EV)ZCJJMVE)V<)!"'/)9#'8!W*$?)9(#*$!W8'((#C#&'/#*$9)e/,$/,9)T+#O&#,)`)5#--E)T/;-%Y9)2E)^E)`)^'/'#9)=E)!E)Z?BCCVE)F3'-$',.)0+%/;Y)#A/30)0+%/;Y)A3'-$',.@)W+#0)8/,(0'030%()#)0+%/;%0'8#-)8/,0;'A30'/,R!Q&'7)+-!*C!"'$'1)+)$/!2)?#)>9)GN9)OOE)C?LG?E)=%&%%(0%;9)eE9)=%)Q%Y%;9)!E)`)^;#+/*#89)dE)Z?BCRVE)4+%);/-%)/:)/O%;#0'/,()%>%830'*%()',)(0;#0%.Y)&#"',.E)T*:9$'8!*C!U,)9'/#*$(!"'$'1)+)$/9)G?)ZDLKV9)OOE)RBGLRCGE)=%,,'(9)=E)`)Q%;%$'0+9)dE)Z?BBBVE)!,)%&O';'8#-)#,#-Y('()/:)O;/8%(()',$3(0;Y)0;#,(:/;&#0'/,)(Y(0%&(E)"'$'1)+)$/!0&#)$&)9)RN9)OOE)CBKMLCBJJE)U',8+9)FE)`)T/>)ZCJKKVE)_;/8%((L/;'%,0%$)O;/$380'/,)O-#,,',.)#,$)8/,0;/-@)U#80/;()0+#0)',:-3%,8%)(Y(0%&)$%('.,E)Q&'7R!"'$'1)+)$/9)GC9)OOE)C?GLCMGE)^#((&#,9)]E9)[,"%-9)[E)`)T+%(A;/3.+9)5E)Z?BCBVE)4+%):303;%)/:)/O%,)',,/*#0'/,E)2XP!
"'$'1)+)$/9)RB)ZGV9)OOE)?CGL??CE)^%%;0b9)TE)ZCJDGV9)4+'8")=%(8;'O0'/,@)V*>'97!'$!6$/)9,9)/#?)!V<)*9-!*C!W:8/:9)9)I%P)a/;")IaE9)F#('8)F//"(E)^-#(%;9)FE)^E)`)70;#3((9)!E)eE)ZCJNDVE)V<)!7#(&*?)9-!*C!19*:$7)7!/<)*9-5!(/9'/)1#)(!C*9!Y:'8#/'/#?)!
9)()'9&<9)I%P)a/;"9)!-$',%)$%)^;3Y0%;E)^30'%;;%b9)dEdE9)9)S3'b9)dE9)e#b"#,/9)!E9)#,$)e%03;'/,$/9)eE!E))Z?BCBVE)")'(:9)+)$/!*C!Z*8/'1)![8#&\)95!
Q,,8#&'/#*$!/*!]9#7%&*$$)&/)7!J#$7!V:9;#$)(9)!$*#,8%()',)Q%#(3;%&%,0)7Y(0%&(9)Q'-',$)2;)7+#;&#)Z[$EV9)S'f%"#9)H,4%8+)
Hill, T. (1994). Manufacturing Strategy: text and cases, Boston Massachusetts, IRWIN. 

IEC-61000-4-15 (2010). Electromagnetic compatibility (emc) – part 4: Testing and measurement 
techniques - section 15: Flickermeter functional and design specifications. 

IEC 61000-4-30 (2015). Electromagnetic compatibility (EMC) - Part 4-30: Testing and measurement
techniques - Power quality measurement methods d/+,(/,9)QEWE9)T+;'(0%,(%,9)TEQE)`)2#.%;&#,,9)5E)Z?BBKVE)S%',*%,0',.)Y/3;)F3(',%(()Q/$%-E)
B'9?'97!.:(#$)((!2)?#)>9)g/-E)=%8%&A%;9)OOE)MCLMJE)



)) MR

2'&9)aE)5E9)70',.9)UE)dE)`)e/8+9)TE)5E)Z?BCRVE)4/OL$/P,9)A/00/&L3O9)/;)A/0+h)4/P#;$)#,)',0%.;#0'*%)O%;(O%80'*%)/,)/O%;#0'/,()(0;#0%.Y):/;&#0'/,E)T*:9$'8!*C!U,)9'/#*$(!"'$'1)+)$09)G?)ZDLKV9)OOE)RN?LRDRE)2,#8"%9)23A#(8+%P("')#,$)5%((%-&#,,)ZCJJCVE)V<)9+*&<)+#&'8!O9*,)9/#)(!*C!6$*91'$#&!
0:;(/'$&)(9)?,$)[$E9)F%;-',9)7O;',.%;Lg%;-#.)e#.%;9)4E)Z?BB?VE)_;/$380)#,$)O;/8%(()$%*%-/O&%,0)',0%,('0Y)',)_;/8%(()H,$3(0;Y@)!)8/,8%O03#-)#,$)%&O';'8#-)#,#-Y('()/:)0+%)#--/8#0'/,)/:)8/&O#,Y);%(/3;8%():/;)0+%)$%*%-/O&%,0)/:)O;/8%(()0%8+,/-/.YE)6$/)9$'/#*$'8!T*:9$'8!*C!6$$*?'/#*$!"'$'1)+)$/9)R)ZGV9)OOE)CBMLCGBE)e#.%;9)4E)Z?BCBVE)"'$'1#$1!O9*&)((!6$$*?'/#*$!%![9*+!#7)'!1)$)9'/#*$!/*!#+,8)+)$/'/#*$9)e/,$/,9)H&O%;'#-)T/--%.%)_;%((E)e#.%;9)4E)`)F-#,8/9)7E)Z?BCBVE)4+%)T/&&/$'0Y)F#00-%@)#)O;/$380L&#;"%0)O%;(O%80'*%)/,)',,/*#0'/,);%(/3;8%)#--/8#0'/,)',)0+%)_;/8%(()H,$3(0;'%(E)6$/)9$'/#*$'8!T*:9$'8!*C!V)&<$*8*1-!
6$/)88#1)$&)!'$7!O8'$$#$1=)N2)OOE)C?KLCMB)
Markus, H. (1977). Self-Schemata and processing information about the self. Journal of Personality 
and Social Psychology, 35, pp. 63-78 

Needham, R. (1975). Polythetic Classification: Convergence and Consequences. Man (N.S.), 10, pp. 
349-369. I/*'0("Y9)QE)_E)ZCJKRVE)Q#(0%;)_;/$380'/,)78+%$3-',.)',)_;/8%(()H,$3(0;'%(E)O9*7:&/#*$!'$7!
6$?)$/*9-!"'$'1)+)$/=!AI!G4H=!,,R!EM%IE)S''(9)dE)]E9)d/+#,(%,9)dE9)W#%+;%,(9)FE)gE)`)[,.-Y(09)eE)Z?BBDVE)70;#0%.'8);/-%()/:)&#,3:#803;',.E)
T*:9$'8!*C!"'$:C'&/:9#$1!V)&<$*8*1-!"'$'1)+)$/9)CK9)OOE)JGGLJRKE)7"',,%;9)WE)ZCJJ?VE)4+%)7+#;%+/-$%;i()=%-'.+0@)8/&O#,'%()0+#0)#8+'%*%)8/&O%0'0'*%)#$*#,0#.%):;/&)O;/8%(()',,/*#0'/,E)6$/)9$'/#*$'8!T*:9$'8!*C!V)&<$*8*1-!"'$'1)+)$/9)D9)OOE)RCLRKE)4#Y-/;9)7E)^E9)7%P#;$9)7E)QE)`)F/-#,$%;9)7E)UE)ZCJKC#VE)W+Y)0+%)O;/8%(()',$3(0;'%()#;%)$'::%;%,0E)
O9*7:&/#*$!'$7!6$?)$/*9-!"'$'1)+)$/!T*:9$'89)U/3;0+)j3#;0%;9)OOE)JL?RE)4#Y-/;9)7E)^E9)7%P#;$9)7E)QE9)F/-#,$%;9)7E)UE)`)5%#;$9)SE)TE)ZCJKCAVE)_;/8%(()H,$3(0;Y)O;/$380'/,)#,$)',*%,0/;Y)O-#,,',.):;#&%P/;"@)!)(3&&#;YE)O9*7:&/#*$!'$7!6$?)$/*9-!"'$'1)+)$/9)U';(0)j3#;0%;9)OOE)CMLGGE)*#,)=/,"9)=E_E)Z?BBCVE)Q#"%)0/)(0/8")/;)&#"%)0/)/;$%;@)4+%)$%8/3O-',.)O/',0)',)0+%)://$)O;/8%((',.)',$3(0;'%(E)6$/)9$'/#*$'8!T*:9$'8!*C!O9*7:&/#*$!^&*$*+'8(9)NJ9)OOE)?JDLGBNE)*#,)=/,"9)=E)_E)`)U;#,(//9)dE)TE)Z?BBNVE)]O%;#0'/,()&#,#.%&%,0);%(%#;8+)',)O;/8%(()',$3(0;'%(E)
T*:9$'8!*C!U,)9'/#*$(!"'$'1)+)$/9)?R9)OOE)?CCL?CRE)W'--'#&(/,9)_EdE)Z?BCCVE)T/(0)H,,/*#0'/,@)_;%O#;',.):/;)#)kg#-3%L:/;LQ/,%Yk)S%*/-30'/,E)_*$1!
2'$1)!O8'$$#$19)RG9)OOE)GRGLGMGE)) )



)) MM

W'00.%,(0%',9)eE)ZCJMGVE)O<#8*(*,<#&'8!6$?)(/#1'/#*$(9)F-#8"P%--)_3A-'(+',.E))W//$P#;$9)dE)ZCJNMVE)6$7:(/9#'8!U91'$#`'/#*$(5!V<)*9-!'$7!O9'&/#&)9)e/,$/,@)]>:/;$)l,'*%;('0Y)_;%((E)W44)L)Ja9+)/)&<$#(&<)(!V'(&<)$;:&<)ZCJDCV9)2-%',P%:%;)H,$3(0;'%LT/&O#.,'%)^&A59)W%;,%;)F%8"%;9)2;%:%-$)a',)SE)2E)ZCJJRVE)W'()!0/:7-!2)()'9&<b!P)(#1$!'$7!")/<*7(9)4+/3(#,$)]#"(9)7#.%)_3A-'8#0'/,())m%,.9)QE)`)W'--'#&(/,9)_EdE)Z?BBDVE)P9'1*$(!'/!-*:9!7**95!B*>!W<#$)()!W*(/!6$$*?'/#*$!#(!
7#(9:,/#$1!18*;'8!&*+,)/#/#*$9)F/(0/,9)Q#((#8+3(%00(@)5#;*#;$)F3(',%(()78+//-)_;%((E)))) #



)) MN

E443%),F#

Variable A1: Volume of captive (company-owned) primary raw materials 
Definition: Percentage of total raw materials supplied from own resources.
Scale: 1 = Low (<20% captive raw material supply); 2 = 20-40%; 3 = 41-60%; 4 = 61-80%; 5 = High (>80% 
captive raw material supply). 

Variable A2: Volume of recycled external raw materials 
Definition: Percentage of recycled external raw materials in the total incoming raw material mix. 
Scale: 1 = Low (<20% of recycled supplies); 2 = 21-40%; 3 = 41-60%; 4 = 61-80; 5 = High (>80% of recycled 
supplies). 

Variable A3: Number of primary raw materials (range) 
Definition: Number of primary raw materials of similar type with different processing properties and/or primary 
raw materials of different types. 
Scale: 1 = Low (1 raw material); 2 = 2-5;  3 = 6-10;  4 = 11-20;  5 = High (>20 raw materials). 

Variable A4: Primary raw-material specifications 
Definition: This variable relates to how well raw material properties are specified.
Scale: 1 = Low (raw material properties are not specified at all); 5 = High (raw material properties are very well 
specified along several dimensions; e.g., chemical, physical, structural and functional). 

Variable A5: Raw material handling and production flexibility 
Definition: This variable relates to the company’s flexibility to process and handle raw materials with alternative 
specifications. 
Scale: 1 = Low (little ability to process and handle raw materials with different specifications); 5 = High (very 
high ability to process and handle raw materials with different specifications). 

Variable A6: Primary raw material changeability during handling
Definition: The tendency for a raw material to change its properties during handling (transportation and storage) 
and whether such changes will influence its further “processability” or final product quality. 
Scale: 1 = Low (little raw-material changes during handling); 5 = High (significant raw-material changes during 
handling, which influence the production process). 

Variable A7: Environmental footprint from raw-material conversion 
Definition: The impact of raw-material production on the company’s internal and external environment. 
Scale: 1 = Low (raw materials produced under very good environmental production conditions); 5 = High (raw 
materials produced under very bad environmental production conditions). 

Variable B1: Volume of internally recycled material
Definition: Percentage of total raw material supply recycled from own production processes.
Scale: 1 = Low (<20% internally recycled materials); 2 = 21-40%; 3 = 41-60%; 4 = 61-80; 5 = High (>80% 
internally recycled materials). 

Variable B2: Production structure characteristics (batch – continuous) 
Definition: This variable relates to how continuous the material flow is in a process plant. Batch processing is 
the manufacturing of individual lots, while semi-continuous processing is a combination of batch and continuous 
processing (some sections of the total process are continuous processing). 
Scale: 1 = Low (batch production); 3 = Medium (semi-continuous); 5 = High (completely continuous process). 
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Variable B3: Processing complexity (number of unit operations) 
Definition: A production system including a large number of unit operations is here considered to have a high 
processing complexity. 
Scale: 1 = Low (1 unit operation); 2 = (2-4 unit operations); 3 = (5-7 unit operations); 4 = (8-11 unit operations); 
5 = High (>11 unit operations). 

Variable B4: Process flexibility (number of alternative flow-sheets and processing options; production 
routings) 
Definition: The ability of the production system to adjust to and accommodate changes/disruptions in the 
production process. In the process industries, this is related to the number of alternative material flow structures 
(flow sheets) and the ability to change processing conditions and settings of the production system. 
Scale: 1 = Low (only 1); 2 = (two); 3 = (three); 4 = (four); 5 =High (>five flow sheets; processing alternatives). 

Variable B5: Material conversion characteristics (convergent/divergent material flows) 
Definition: Starting with a few raw materials and finishing with a large number of outgoing products is called a 
“divergent material flow,” while starting with a large number of raw materials and finishing with very few 
outgoing products is called a “convergent material flow.” 
Scale: 1 = Low (strongly divergent); 2 = (divergent); 3 = Same number of incoming raw materials as outgoing 
products; 4 = (convergent); 5 = High (strongly convergent). 

Variable B6: Degree of process plant automation 
Definition: The degree of automation is related to whether only a single control loop for individual equipment is 
used or if larger unit operations are automated and controlled. 
Scale: 1 = Low (completely manual control); 5 = High (fully automated and plant-wide control). 

Variable B7: Location of customer order point (decoupling point) 
Definition: After the customer order point, the product is dedicated to a selected customer. The customer order 
point differentiates the production process between stock-ordered and customer-ordered production. 
Scale: 1 = Very early in the production process; 5 = Very late in the production process; production for stock. 

Variable B8: Material conversion structure (number of phase transformations) 
Definition: Describes how many phase transformations that occur in the production system; e.g. liquid to solid, 
amorphous to crystal, ferrite to austenite, or liquid crystal structures of different kinds. 
Scale: 1 = Low (no phase transformations at all); 2 = One phase transformation; 3 = Two phase transformations; 
4 = Three phase transformations; 5 = High (>3 phase transformations). 

Variable B9: Volume of waste generated from production 
Definition: Waste generated from the production process that must be stored (cannot be sold as a product). 
Scale: 1 = Low (no waste at all generated); 5 = High (a large proportion of raw materials turn out as waste).

Variable B10: Production system environmental footprint 
Definition: The impact of the production system on the company’s internal and external environment. 
Scale: 1 = Low (no negative environmental impact at all or even positive impact); 5 = High (huge negative 
environmental impact).

Variable C1:  Product differentiation (product functionality) 
Definition: A commodity is defined as a product of uniform quality and with a low degree of differentiation, 
while a functional product is defined as a product that has differentiated properties, which means that it is not 
normally easily interchangeable for its customers. 
Scale: 1 = Low (a true commodity); 5 = High (a strongly functional product).  
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Variable C2: Product order uncertainty (product customisation) 
Definition: Low-order uncertainty gives opportunities to manufacture for stock, while high-order uncertainty 
involves a customer order of a unique specified product. Medium-order uncertainty includes when a customer 
orders from a large number of different standard products.  
Scale: 1 = Low (low-order uncertainty and few highly standardised products); 5 = High (high-order uncertainty 
and customers can order products with unique specifications).

Variable C3: Number of products (product range) 
Definition: Number of products (products given individual product names or branded). It must be recognised that 
there may be a large number of products, but also an even larger number of varieties for each product (see the 
following variable C4). 
Scale: 1 = Low (1 product); 2 = 2-10 products; 3 = 11-100 products; 4 = 101-1000 products; 5 = High (>1000 
products). 

Variable C4: Number of product varieties (product variety range)
Definition: Average number of varieties for each product. 
Scale: 1 = Low (none); 2 = 1-5 varieties; 3 = 6-15 varieties; 4 = 16-30 varieties; 5 = High (>30 varieties). 

Variable C5: Product flexibility in production 
Definition: Describes whether the production system is adaptable to processing different or new products with a 
low penalty on cost and quality. 
Scale: 1 = Low (no product flexibility at all); 5 = High (very large product flexibility). 

Variable C6: Volume of finished products 
Definition: Average product volumes in the total production process. 
Scale: 1 = Low; 5 = High. 

Variable C7: Volume flexibility in production 
Definition: Describes whether the production system is adaptable to processing different volumes of products 
with a low penalty on cost and quality. 
Scale: 1 = Low (no volume flexibility at all; 5 = High (very large volume flexibility). 

Variable C8: Volume of semi-finished products 
Definition: A semi-finished product is a product that is taken from the total production process and sold to other 
customers or even sometimes to competitors for further refining into finished products. 
Scale: 1 = Low (<10% of total production volume); 2 = (11-20%); 3 = (21-30%); 4 = (31-40%); 5 = High (>41% 
but less than 50%). 

Variable C9: Number of co-products 
Definition: A co-product is defined as a product that must be produced in association with the production of 
another kind of product (a proportion that may be determined by chemical or natural characteristics), but both 
products can be marketed and sold. 
Scale: 1 = Low (none); 2 = 1 product; 3 = 2-5 products; 4 = 6-10 products; 5 = High (>10 products).

Variable C10: Number of by-products 
Definition: A by-product is defined as a product or material (or non-product) that is an inevitable side effect of a 
production process. Sometimes by-products can be converted into marketable products. 
Scale: 1 = Low (none); 2 = 1 product; 3 = 2-5 products; 4 = 6-10 products; 5 = High (>10 products).

Variable C11: Internal product structural complexity 
Definition: This variable refers to the internal structure of a product. A non-structured product is completely 
homogeneous. A highly structured product is a product with a complex inner structure. 
Scale: 1 = Low (no structure at all; homogenous); 5 = High (very complex product internal structural properties).  
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Variable C12: Product inherent changeability during handling 
Definition: This refers to how liable a product is to spontaneously change its properties during storage and/or 
delivery to customers or consumers.
Scale: 1 = Low (no changes at all of product properties during handling); 5 = High (dramatic changes of the 
product properties during handling). 

Variable C13: Product traceability in the production system 
Definition: The traceability of delivered products into the production process. 
Scale: 1 = Low (products are not traceable back into the production process at all); 5 = High (products are 
completely traceable in lot or time). 

Variable C14: Product environmental footprint 
Definition: The effects the product has on the environment. 
Scale: 1 = Low (fully recyclable products with no environmental footprint at all); 5 = High (products which are 
extremely harmful to the environment).)


