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A Triangular Approach to Integrate Research, Education and Practice

in Higher Engineering Education

Separate approaches in engineering education, research and practice are not very
useful when preparing students for working life; instead, integration of education,
research and industrial practices is needed. A triangular approach (TA) as a
method to accomplish this integration and as a method to provide students with
integrated expertise is proposed. The results from the application of TA, both at
the course and programme level, indicate that the approach is suitable for
developing engineering education. The student pass rate for courses where TA
has been used has been higher than for previous approaches, and the student
feedback has been very positive. Although TA aims to take both theoretical and
practical aspects of engineering as well as research and education into account,
the approach concentrates mainly on activities and therefore leaves the goals of

these activities as well as the values behind these goals uncovered.

Keywords: chemical engineering, curriculum development, engineering

education, environmental engineering

1 Introduction

University education in engineering, medicine, law and business aims at learning
outcomes (Biggs and Tang 2007) that are both scientifically and professionally relevant
in that specific field (i.e. for engineers, doctors, lawyers and businessmen). To achieve
such learning outcomes, it is necessary to explicitly introduce and maintain a healthy
balance between a discipline’s theoretical (i.e. concerned with ideas and principles on
which a particular subject is based) and practical (i.e. connected with real situations)
sides as well as the connections between them. (e.g. Collin and Tynjéla 2003, Jakobsen
and Bucciarelli 2007, Katajavuori et al. 2006, Leinhardt et al. 1995, Slotte and Tynjéla
2003, Tynjala et al. 1997, Tynjala et al. 2003, Tynjéla et al. 2005) In other words,
educational and curricular development of both practically and theoretically sustainable

university education requires a holistic view that takes into account the scientific,



pragmatic, societal and pedagogical aspects of the scientific discipline. Neglecting the
practical in engineering education would turn out, not engineering experts, but
bachelors and masters in the fields of mathematics, physics or chemistry; while
neglecting the theoretical would turn out mere users of existing engineering machinery.

Obijectives such as the search for general theories, integrity, publicity and open
criticism may be issues for academic education and research but the practical, societal
and, especially, educational context (Heikkinen and Jaako 2010) usually defines field-
specific criteria for the organisation of education. The educational criteria in the
practical branches of science, e.g. engineering, are often based on justifications such as
functionality and applicability instead of mere objectiveness or truthfulness that are
emphasized in the more theoretically oriented disciplines of science (mathematics,
chemistry, physics). (Heikkinen et al. 2010, Leinhardt et al. 1995)

The use of practical justifications in practical and applied disciplines is
understandable and is not to be condemned out of hand. However, it is not acceptable to
simultaneously apply the methodology of a certain field of science and be unaware of
the restrictions of this approach. To avoid this mismatch, one should always be familiar
with the characteristics of one’s own discipline as well as the connections between the
theoretical and the practical aspects (Heikkinen et al. 2010).

Analyses of concepts are obviously made when planning new curricula
(Hiltunen et al. 2011). However, these analyses do not necessarily take both theory (i.e.
principles on which a particular subject is based) and practice (i.e. action rather than
ideas) into account; they are quite often very science and theory-oriented even in
engineering education (so-called excessive scientification; see e.g. Beder 1999,

Canavate Avila and Lis Arias 2007, Jakobsen and Bucciarelli 2007) and only rarely the



connections between theory and practice are explicitly described, although they may be
implicitly included in the curricula.

Education in which the theoretical and practical aspects are not explicitly
connected can fail to fulfil educational goals. Learning outcomes might end up being
either too theoretical with no practical relevance or just a collection of heuristics
without any deeper understanding of the subject. Theoretical and practical knowledge
should be integrated to produce true expertise (e.g. Collin and Tynjéla 2003, Jakobsen
and Bucciarelli 2007, Katajavuori et al. 2006, Leinhardt et al. 1995, Slotte and Tynjéla
2003, Tynjala et al. 1997, Tynjala et al. 2003, Tynjéla et al. 2005). One may even claim
that the excessive scientification that has plagued engineering education since the last
century (e.g. Beder 1999, Cafavate Avila and Lis Arias 2007, Jakobsen and Bucciarelli
2007) has its roots in a mismatch between the theoretical and practical sides of
engineering and engineering education.

The purpose of this study is to search answers to the following questions:

¢ Since expertise may be defined in various ways, how should it be defined in the
context of engineering education?

e If expertise is defined as integration of knowledge and skills, then which areas
of engineering, particularly process engineering, can be used as integrative parts
in university education?

e What are the pedagogical and curricular consequences of this integrative

approach on the concept of process engineering?

On the practical level the answers to these questions mean the development of
process engineering education in a way that has its foundation on the analysis of the

concept of process engineering and in which the different aspects, theoretical or



scientific, practical or professional and educational or pedagogical, of the discipline and
their connections are explicitly analysed and defined in a way that enables a holistic
planning of curricula. This requires a thorough consideration on the concept of process
engineering and process engineering expertise in order to make the implicit connections

explicit.

2 Essential concepts

To answer our research questions, it is necessary to define how educational and
curricular concepts relevant to these questions as well as concepts of process and
chemical engineering are understood. It is also noteworthy that these concepts may be
considered from various perspectives and the definitions presented in this paper are not

the only ones.

2.1 Expertise

Since the purpose of the engineering education is to produce professionals who possess,
in addition to scientific expertise on a general level, expertise in a certain field of
engineering, it is essential to consider what is understood by expertise and
professionalism. There are several possibilities to classify the different areas of
expertise (Dreyfus and Dreyfus 1986, MacLeod 1992); one example being given in
Table 1.

[Table 1 near here]

In addition to the aspects presented in Table 1, there are a few general features
of expertise that should be mentioned. First of all, expertise should always be
considered as something more than mere knowledge, since true expertise is always a
combination of various kinds of knowledge and skills (theoretical as well as practical),

in which different things are truly understood, not only remembered (Buch 2007, Collin



and Tynjala 2003, Jakobsen and Bucciarelli 2007, Katajavuori et al. 2006). More
precisely, expertise can be considered to consist of:

o theoretical, explicit, factual and conceptual knowledge (Buch 2007, Christiansen
and Rump 2007, Collin and Tynjala 2003, Katajavuori et al. 2006, Leinhardt et
al. 1995, Ryle 1949, Tynjald et al. 1997, Tynjala et al. 2003),

e practical and procedural knowledge and skills (Collin and Tynjala 2003,
Katajavuori et al. 2006, Leinhardt et al. 1995, Ryle 1949, Tynjéla et al. 1997,
Tynjala et al. 2003),

¢ situational experience-based knowledge and skills (Buch 2007, Collin and
Tynjala 2003, Katajavuori et al. 2006, Tynjélé et al. 1997),

e intuitional, implicit and tacit knowledge (Balzhiser et al. 1972, Buch 2007,
Collin and Tynjala 2003, Tynjéla et al. 1997),

o reflective and metacognitive knowledge (Collin and Tynjala 2003, Katajavuori
et al. 2006, Tynjald et al. 1997, Tynjala et al. 2003)

¢ as well as knowledge that is bound to socio-cultural traditions and manners
(Buch 2007, Doridot and Buch 2007, Katajavuori et al. 2006, Tynjéla et al.
2003).

Alternative ways to categorize different areas of expertise are the division to
cognis (ability to describe actions), technis (ability to do/conduct describable actions)
and intuis (ability to do/conduct non-describable actions) as proposed by MacLeod
(1992) or cognitive (knowledge), affective (attitudes) and psychomotor (skills) areas of
understanding in the taxonomy of educational objectives by Bloom (1956).

Secondly, expertise should be considered as a changing and evolving rather than
static state of skills and knowledge (Katajavuori et al. 2006, Slotte and Tynjala 2003).

According to Dreyfus & Dreyfus (1986) (see also Bereiter and Scardamalia 1993),



when becoming an expert, a person progresses from the stage of ‘novice’ (a person in
possession of minimal, or textbook knowledge without connecting it to practice)
through stages of ‘advanced beginner’, ‘competent’ and ‘proficient’ to an ‘expert’, who
is a person in possession of authoritative knowledge of discipline and deep tacit
understanding across area of practice. The progress from ‘novice’ to ‘expert’ usually
takes at least ten years and of course there are professionals who never reach the stage
of the ‘expert’. So the best we can do in university education is to turn out ‘advanced
beginners’ or ‘competent’ graduates.

Thirdly, there should be a distinction between routine experts and adaptive
experts, who are always trying to exceed the limits of their knowledge and skills while
solving problems, whereas routine experts try to solve problems with the expertise
already possessed. Because of this, it is characteristic of adaptive expertise that
reforming the problem is an essential part of the problem-solving process and therefore
problems are only rarely solved the way they were originally planned to be solved.
(Christiansen and Rump 2007, Slotte and Tynjala 2003) Additionally, expertise has
been mentioned to include also tacit knowledge (Buch 2007, Collin and Tynjala 2003,
Mutanen 2007, Ryle 1949), social and collective knowledge (Buch 2007, Doridot and
Buch 2007, Katajavuori et al. 2006, Slotte and Tynjél4 2003, Tynjala et al. 2003) and
skills to combine different areas of knowledge (Jakobsen and Bucciarelli 2007). In
engineering expertise in particular, skills and knowledge are connected with discipline
specific artefacts and their design (Ravesteijn et al. 2006, Tynjala et al. 2003).

Regardless of the criteria according to which the expertise is divided into
different areas, it is essential for true expertise to include different areas as an integrated
entity; and if expertise is considered to be a goal in academic engineering education, it

is vital to take this aim into account already during the planning of the education and



curriculum. (e.g. Collin and Tynjéla 2003, Jakobsen and Bucciarelli 2007, Katajavuori
et al. 2006, Leinhardt et al. 1995, Slotte and Tynjala 2003, Tynjala et al. 1997, Tynjéla
et al. 2003, Tynjala et al. 2005) True expertise is not achieved in traditional academic
education which is plagued by excessive scientification as mentioned earlier. It is not
merely enough to create lists of intended learning outcomes (such as the one presented
in Table 1), but one should also consider how to create explicit connections between
theoretical and practical aspects while planning a curriculum for the engineering Master
programmes (Jakobsen and Bucciarelli 2007, Tynjéla et al. 1997). Therefore the

concept of integration should also be considered.

2.2 Integration in planning of curricula

Integration in planning of curricula is understood as an organisation of courses and/or
programmes into larger entities where aspects from various disciplines are brought
together in order to create multidisciplinary approaches. From the students’ perspective,
it means that the connections of theory and practice are made explicit in a way that
enables students to improve their expertise. (Abbas and Romagnoli 2007, Katajavuori et
al. 2006) Although the benefits of the integrated education can be justified from various
perspectives (e.g. engineering expertise, pedagogics and extents of curricula) (e.g.
Abbas and Romagnoli 2007, Beder 1999, Christensen et al. 2007, Christiansen and
Rump 2008, Collin and Tynjala 2003, Giralt et al. 1994, Griffiths and Guile 2003, Guile
and Griffiths 2001, Jakobsen and Bucciarelli 2007, Jiles et al. 2002, Katajavuori et al.
2006, Leinhardt et al. 1995, MacLeod 1992, Paladini 2004, Prausnitz 1998, Rugarcia et
al. 2000, Slotte and Tynjala 2003, Turek and Mistina 2007, Tynjala et al. 2003, Woods
and Sawchuk 1993), only one benefit is emphasized here: integrated education creates
explicit connections between theory and practice and therefore enhances students’

motivation towards their studies and enables the development of holistic expertise that



is essential in engineering expertise (Collin and Tynjala 2003, Giralt et al. 1994,
Griffiths and Guile 2003, Guile and Griffiths 2001, Leinhardt et al. 1995, Prausnitz
1998, Rugarcia et al. 2000, Slotte and Tynjéla 2003, Tynjéla et al. 2003). Integrative
pedagogics and connective model (Collin and Tynjéla 2003, Griffiths and Guile 2003,
Guile and Griffiths 2001, Leinhardt et al. 1995, Rugarcia et al. 2000, Slotte and Tynjala
2003, Tynjala et al. 2003) as well as transfer of knowledge (Christiansen and Rump
2008, Jakobsen and Bucciarelli 2007) have been used to describe and explain this
phenomenon.

The integration can be implemented in different ways and it is not possible to
point out a single “correct method” for integration (Abbas and Romagnoli 2007,
Katajavuori et al. 2006). Concepts of horizontal and vertical integration are often used
to describe curricular integration which creates connections either between courses with
different goals and contents that are taught at the same time (horizontal integration) or
between courses with similar content and different time (vertical integration) (Abbas
and Romagnoli 2007, Guile and Griffiths 2001, Paladini 2004, Prausnitz 1998).

Tools and methods for horizontal integration are usually based on using
purposeful teaching methods whereas vertical integration often requires educational
development on the curricular level in addition to the purposeful teaching methods.
Educational tools that have been used to improve (mainly horizontal but also vertical)
integration are e.g.:

o application of theories and revision of theoretical topics in new practical

applications (Tynjéla et al. 2003),

¢ learning by doing (simulations, laboratory exercises, etc.) (Giralt et al. 1994,

Tynjal4 et al. 2003),



o reflective learning (e.g. portfolios and guided practical training) (Giralt et al.

1994, Leinhardt et al. 1995, Tynjald et al. 2003),

o use of kernel concepts (Griffiths and Guile 2003),
e tutoring, mentoring and social learning (Leinhardt et al. 1995, Tynjala et al.

2003)

e as well as project-, problem- or work-based learning using authentic examples,
methods and problems (Abbas and Romagnoli 2007, Christiansen and Rump

2008, Collin and Tynjéla 2003, Jakobsen and Bucciarelli 2007, Leinhardt et al.

1995, Slotte and Tynjéla 2003, Tynjéla et al. 2003).

At the curricular level, the most effective tools for vertical integration are basic
courses of engineering (not in mathematics or natural sciences!) at the very beginning of
studies (Blicblau and Bitterfeld 1994, Hiltunen et al. 2011, Jiles et al. 2002, Livshits and
Sandler 1998, Woods and Sawchuk 1993) as well as explicit streams or themes that
continue through the studies and that will lead to certain learning outcomes relevant for
a professional engineer (e.g. design skills and problem-solving skills) (Abbas and
Romagnoli 2007, Blicblau and Bitterfeld 1994, Hiltunen et al. 2011, Jakobsen and
Bucciarelli 2007, Jiles et al. 2002, Livshits and Sandler 1998, Woods and Sawchuk
1993). Use of basic courses and streams can also be justified based on Bloom’s
taxonomy of educational objectives (Bloom 1956, Krathwohl et al. 1964) and Ausubel’s
advance organizers (Ausubel 1960, Ausubel et al. 1978). The challenges that are
encountered with the basic engineering courses (as well as with the use of advance
organizers in general (Ausubel 1960, Ausubel et al. 1978)) are related to outlooks
according to which applications can be learned only after a period of formal learning
has taken place. These views have their roots in the excessive scientification of the

engineering curricula and they lose their justifications when one accepts that the



fundamentals of engineering can be taught and learned also on a descriptive/qualitative
level without the need for mathematics. Obviously mathematics and its applications
must be included in engineering curricula at some point but there is no particular need
to begin engineering curricula with anything but engineering itself. (Blicblau and
Bitterfeld 1994, Hiltunen et al. 2011, Jiles et al. 2002, Livshits and Sandler 1998,
Woods and Sawchuk 1993)

Whereas both horizontal and vertical integration are commonly used to integrate
different areas of education within a curriculum, it is also possible - and in practical
disciplines such as engineering also necessary - to consider the connections between
academic and professional activities. These considerations are necessary if higher
engineering education wishes to be both academically credible and societally useful.
(Gobin 1987, Teichler and Kehm 1995) The key issue in these considerations is the
definition of universities’ tasks: research (i.e. gaining expertise on a certain discipline),
education (i.e. spreading expertise to the future generations) and societal impact (i.e. use
of this expertise in the society). From the education’s perspective, it is also essential to
consider how the expertise is assumed to be created and improved. (Tynjala et al. 2003)
A pragmatic way of thinking, as well as situational and sociocultural learning support
close interaction between universities and society, industry and commerce (Katajavuori
et al. 2006, Tynjala et al. 2003). However, interaction between universities and industry
has also its challenges. Even if unwillingness that might become a major obstacle on
either side (Griskey 1991) is avoided, there is always a challenge to adjust educational,
research and practical objectives with each other (Livshits and Sandler 1998). Possible
methods for co-operation between universities and industry are e.g. industrial visits and

excursions (Gobin 1987), common projects (Gobin 1987), theses (Gobin 1987), work-



based learning (Tynjala et al. 2003), practical training (Guile and Griffiths 2001,
Katajavuori et al. 2006) and lecturers from the industry (Felder 1987).

To sum up, one can conclude that planning of curricula in higher engineering
education requires both horizontal and vertical integration as well as explicit
connections between education and research and co-operation with society and industry
(Guile and Griffiths 2001). To achieve this, it is necessary to know the links between
education, research and practice. To find these links in the process engineering, the

concepts of process and chemical engineering are considered.

2.3 Concepts of process and chemical engineering

The concepts of chemical engineering and process engineering are linked with each
other, but their relation is not unambiguous. Sometimes these two concepts are
considered as synonyms and sometimes one is considered to be a sub-category of the
other. If chemical engineering is considered as a larger concept that includes various
industrial procedures (that include chemical reactions at one point or another) as well as
design, operation, control, theories, models and generalisations about these procedures,
then process engineering is usually understood as a subcategory that is associated with
the practical aspects of these industrial processes (Abbas and Romagnoli 2007).
However, it is also possible to consider process engineering as a larger concept that
covers all the practical and theoretical aspects of the engineering discipline associated
with different kind of industrial processes (whether they include chemical reactions or
not), in which case chemical engineering is perceived as a sub-category comparable to
e.g. mechanical process engineering (Hiltunen et al. 2011). In our paper’s context
(Department of Process and Environmental Engineering at the University of Oulu,
Finland) process engineering is considered to include not only chemical and mechanical

process engineering, but also automation and environmental engineering. Therefore, it



is more meaningful to use the latter perspective, although it is acknowledged that the
other approach is also widely used. Due to the closeness of these two concepts,
characteristic features of both process and chemical engineering are presented.
Additionally, some aspects that are usually connected with the concept of chemical
engineering are here considered to be characteristic to process engineering, too.

In chemical engineering, the importance of being familiar with the characteristic
features of one’s own discipline was emphasized as early as the 1920s by Warren K.
Lewis and team in “The Principles of Chemical Engineering”, in which they presented
the concept of unit operations. In the following decades the idea of unit operations,
together with general phenomenon-based approach, became a feature that still defines
the concept of chemical engineering. (Griskey 1991, Prausnitz 1998) Chemical
engineering expertise has traditionally been considered to consist of certain scientific
and engineering fundamentals such as mass and energy balances, thermodynamics,
phase equilibria, transport phenomena, separation processes, reactor design,
experimental design, measurements, analyses and data processing, which have formed a
foundation for the chemical engineering curricula (Felder 1987). There have also been
claims that the duties of a chemical engineer are nowadays so fragmented that it is quite
possible that some chemical engineers will never need these fundamentals (Chipman
1949, Coyle et al. 2007, Rugarcia et al. 2000) and therefore in education one should
concentrate more on economic, administrative and societal aspects of the engineer’s
work (Becker 2006, Paladini 2004, Prausnitz 1998, Ravesteijn et al. 2006) as well as on
automation, environmental aspects and safety issues (Delahousse 2007b, Prausnitz
1998, Rugarcia et al. 2000) that are all currently neglected due to the large role of
natural sciences and technical details in engineering curricula (Becker 2006, Jiles et al.

2002, Paladini 2004, Ravesteijn et al. 2006, Rugarcia et al. 2000).



Process engineering can be considered to be more or less synonymous with
chemical engineering. Key elements in the process engineering are unit operations,
phenomenon-based approaches, big role of research and design methods (e.g.
simulation and modelling) as well as a growing need for holistic approaches in which
the industrial processes and their products (artefacts) are considered as an entity that has
connections with the surrounding society. These connections must be understood in
order to justify the existence of process (or chemical) engineering, since its value is only
related to the value it gives to society (Prausnitz 1998).

Concerning the areas of expertise within process engineering (i.e. the focus
of this study), surveys made by TEK (Tekniikan Akateemiset - Academic
Engineers and Architects in Finland) have shown, that the skills required from the
process engineers graduating from Finnish universities are very similar to the ones

presented in Table 1 (Harmaala 2012).

3 Triangular approach to the connections within the concept of process
engineering

Based on the previous chapters, one may conclude that engineering expertise is a
complex subject that contains knowledge, skills and attitudes some of which are general
and some specific to the discipline. Furthermore, the education of engineers requires a
curriculum that integrates various aspects of this expertise into a meaningful entity with
explicit connections between the different areas of engineering. To achieve a thorough
understanding of the connections within a concept of process engineering, its status
should be considered from all the relevant perspectives. As an engineering discipline,
there is a practical aspect in process engineering that should be covered in addition to
the theoretical one. Furthermore, if the theoretical perspective is regarded as an

academic activity, it should cover both research and education that are traditionally the



tasks of universities. The concept of process engineering should thus cover its meaning
as a practical (i.e. industrial) activity as well as a theoretical (i.e. academic or scientific)
activity in both research and education.

The concept of process engineering, as illustrated as a triangle with its three
aspects (research, education and practice) located in the corners, is presented in Figure
1. This kind of triangular approach has already been used to evaluate one area of
process engineering (i.e. process metallurgy) (Heikkinen et al. 2010), and this chapter
presents an extension to this analysis. Whereas the previous study was focused only on
the concept of process metallurgy and evaluated the consequences of the approach into
metallurgical research (Heikkinen et al. 2010), the purpose of this study is to apply the
same approach to the concept of process engineering in general and to consider the
curricular and pedagogical consequences of this approach.

[Figure 1 near here]

Figure 1, in which the different aspects of process engineering are presented,
also presents the features that are characteristic for different perspectives. In this
analysis, research is considered to be connected with different scientific methodologies,
whereas the education is related to the curricula. For its part, practice is strongly linked
with different kinds of industrial applications (e.g. unit operations mentioned in chapter
2.2). The phenomena that are researched as well as taught and studied in order to
understand and control the industrial processes (e.g. chemical reactions, transport
phenomena) are common to both education and research and therefore create a link
between the two. A link between research and practice is formed by individual cases
(e.g. R&D projects), whereas educational methods in which actual problems and cases
are integrated with pedagogical aspects (e.g. by using problem-based learning; PBL)

create the link between education and practice. In this triangular approach, the research



corner represents the general academic expertise and practical corner represents the
general professional as well as specific engineering expertise presented in Table 1. The
educational corner represents those areas that a teacher must master in order to plan and
implement meaningful educational entities.

Two things that are common to research, education and practice (and could
therefore be chosen as links between all three corners in Figure 1) are the goals towards
which the activities are directed and tools/methods that are used to achieve these goals
(e.g. simulation and modelling as well as experimental research). In this paper, the
purpose is to evaluate the consequences of this approach to educational activities and
therefore tools were chosen to be included in Figure 1 instead of goals. In a more
vision-orientated study one could consider goals (as well as values behind the goals)
instead or in addition to tools (cf. Figure 2).

[Figure 2 near here]

Figure 1 offers several possibilities to investigate different aspects of process
engineering. One could, for instance, draw projections to the triangle in order to take a
closer look on the connections between practice, education and research. While drawing
these projections one should keep in mind that the applied nature of the engineering
sciences is lost unless the practice corner is taken into account. Therefore all the
projections within this study were drawn from the practice corner in which the industrial
applications are located.

The first projection (presented in Figure 3) represents a research-relevant
approach, in which a connection between practical applications and theoretical research
is presented through those cases in which the practical relevance and profitability must
be considered together with actual case-related problem solving. The cases are

connected with applications that could be related to either processes (i.e. process



development), environment (i.e. environmental and sustainability investigations) or
materials (i.e. products, raw materials, waste, refractory materials etc.) as well as
research methodologies that are dependent upon the field of science (and its paradigms)
as well as ontological and epistemological bases of the research (i.e. philosophical
considerations concerning the nature of knowledge and research subject).

[Figure 3 near here]

Figure 4 illustrates an educationally relevant projection in which the connection
between education (curriculum) and practice (applications) is illustrated via practice-
orientated teaching methods such as problem-based learning. Since research and study
are both activities that aim for new and improved knowledge, it is advisable to have
many similarities between Figures 3 and 4. In addition to identical top level applications
there are similarities in other levels, too. Practical relevance and problem solving are
relevant in both engineering research cases and problem-based learning. However,
considerations concerning profitability that play a major role in research and
development cases are not as relevant in education. Therefore, these considerations are
replaced by pedagogical ones in problem-based learning and other practically oriented
teaching methods which create a link between practical and theoretical levels in Figure
2, much as the R&D-cases do in the research-based projection presented in Figure 3.
The bottom level of Figure 4 (curricula) is considered to consist of goals (learning
outcomes), subjects (the substance) and obviously the students at whom the education is
aimed.

[Figure 4 near here]

The problem with the projections presented in Figures 3 and 4 is the separation
of education and research as two separate areas of academic activities. To maintain the

connection (i.e. to ensure the research-based education and to educate qualified



researchers for the future), it is more reasonable to create a projection from the practical
corner to the side between research and education. This projection is presented in Figure
5 and it represents an academically relevant approach to the concept of process
engineering.

[Figure 5 near here]

The top level in Figure 5 representing the applications (i.e. processes,
environment and materials) is similar to ones presented in Figures 3 and 4. The bottom
level illustrates the phenomena that are common in research and education. In this
analysis the phenomena were divided into three categories: chemical phenomena
(basically chemical reactions as well as thermodynamic and Kinetic considerations of
these reactions), physical phenomena (including e.g. mechanical and transport
phenomena as well as structural changes such as phase transformations and transitions)
and mathematical-logical phenomena (that are considered to cover all abstract and non-
natural phenomena involved in process engineering). These phenomena are investigated
and explained by experimental, analytical and modelling tools (both static and dynamic)
that are used to apply the phenomenon-based considerations into practical applications.
Figure 5 can be seen to include the features that traditionally are considered to be
characteristic to process (or chemical) engineering (cf. chapter 2.2). Additionally, it
gives a possibility to explicitly present the connections between process engineering and
its neighbouring disciplines, such as environmental engineering, automation and control
engineering and materials science. More importantly, it clarifies the roles of
mathematics, physics and chemistry in engineering, which are too often left too implicit
for students to comprehend and use. Design, which is a key issue in all the engineering

disciplines, is not explicitly presented in Figures 1 to 5, although it is possible to define



the expertise in engineering design as an ability to master the things as well as
connections presented in Figures 1 to 5.

This analysis on the concept of process engineering is broadened from the
previous analysis on the concept of process metallurgy (Heikkinen et al. 2010) and it
seems that this generalization is possible without any larger modifications of the actual
analysis. This gives a reason to believe, that the analysis presented in Figures 1 to 5 may
also be applied to other disciplines with practical relevance (e.g. medicine or education).
Obviously the phenomena, the tools and the applications of, for instance, educational
psychology or dentistry differ drastically from the ones of process engineering, but it
does not change the fact that the nature of all these disciplines could be considered by
analysing the phenomena that are studied, the tools that are used and the applications

that are researched.

4 Results and discussion

Since integrated education is necessary for integrated expertise, the most important
advantage of the triangular approach is that it enables the integration by creating visible
links between the different areas of process engineering. The most obvious consequence
of the triangular approach is the emphasis of methodological expertise. The choice of
methods and methodological expertise as a core content of process engineering
education is justified not only by their role in creating links between theoretical and
practical aspects of the discipline, but also because the different methods of research
and development (such as modelling, simulation, experiments and analyses) always
have an essential role in process engineering. Additionally, connection of theory and
practice using methodological exercises is important in engineering education, because
the context in which the theory is connected to technological applications (i.e. artefacts)

is a key element that differentiates engineering from other sciences. It is more



motivating for the engineering students to have courses in which theory is not separated
from the applications.

The integration does not have to be more complicated than telling students about
the connections presented in the previous chapter, although it is possible - and more
efficient - to implement larger pedagogical developments in teaching and assessment
based on the triangular approach. The emphasis on the methodological expertise may
have its influence on the learning outcomes of the whole programme and on the goals,
contents and educational methods of individual courses as well. In other words, the
consequences of the triangular approach may be either pedagogical (horizontal

integration) or curricular (vertical integration).

4.1 Pedagogical consequences of the analysis

Two examples of horizontal integration that have been executed in the programmes of

process and environmental engineering at the University of Oulu are as follows:

e Changes in teaching and assessment methods used in the course of ‘Introduction
to process engineering’ (5 ECTS) directed to the first year students of process
engineering have been made. The old methods were based on lectures and
terminal written exams and they were replaced by a continuous assessment in
which a small groups of students (2 to 4 students in each group) are required to
examine a certain process (e.g. production of stainless steel, chemical pulp,
champagne or sulphuric acid) from different perspectives by using the methods
of process engineering (i.e. creating mass and energy balances, considering the
unit operations of the process chain as well as identifying chemical, mechanical
and transport the phenomena involved in these operations, evaluating the

possibilities for automation and so on). These changes have made it possible to



better align teaching and assessment methods with the contents and learning
outcomes of the course. It is now possible for the students to use the
methodology of process engineering from the very beginning of their studies and
therefore to see the connections between the theories and practices of process
engineering.

Two courses of physical chemistry organized by the faculty of science were
replaced with engineering oriented courses of ‘Material and energy balances’ (5
ECTS) and ‘Thermodynamic equilibria’ (5 ECTS), in which the contents were
very similar to the old courses, but in which thermodynamics was not considered
as a pure science, but as a tool for process design. The connection between the
theories of physical chemistry and process development was obtained by
choosing such teaching and assessment methods that have relevance in actual
engineering work. In other words, the goals of the new courses were not only to
learn the fundamentals of physical chemistry, but to define chemical equilibria
of the systems relevant to industrial processes and also to understand the
relevance of equilibria (and their computational determination) as a part of
process analysis, planning and control. So instead of lectures and terminal
written exams, the new courses consist mainly of exercises and simulations that
are based on authentic engineering problems. Two important features in these
exercises are that:

- the students are allowed to use the very same methods and tools that are
used in real research and development (e.g. computational thermodynamics,
CTD, software) and

- the problem solving is not limited to mere calculation (i.e. application of

mathematics and chemistry), but it also contains elements in which



computationally solvable problems are created based on verbal real-life

problems that in themselves are not solvable computationally.

The results of these changes have been convincing. All the courses in which the
contents as well as teaching and assessment methods have been re-considered based on
the triangular approach have had pass rates of between 92 and 97 % every year. As a
comparison, in 2005, the last year when the old courses of physical chemistry (cf.
above) were included in the curriculum, only 14.4% of the students of process
engineering managed to pass both of the physical chemistry courses within one year of
the first possibility to do so. It is likely that the improvements in the pass rates are due
to many changes in areas such as teaching and evaluation methods in addition to the
integration of theory and practice and taking the engineering context into account. The
student feedback concerning the changes, which has been very positive, indicates that
the integration of theory into the engineering context as well as the emphasis on
methods has a major role in students’ motivation (the following comments are from the
second year students of process engineering; translated from Finnish):

Concerning the integration of theory into engineering practice: “As a learner I
prefer courses like this. It feels like I'm building a foundation of knowledge and
eXpertise for future studies and work”

Concerning the emphasis on methods: “Real-life problems forced to think the
answers properly. That is more educational and also more challenging.”

The same indication is also seen in the answers of the first year students who
participated on a course of “Introduction to process engineering”; when asked how well
the course gave them a holistic view on the process engineering, 75-82% of the students
(depending on the year) answered that the integration of different areas worked well and

made learning easier. The role of engineering context in the education of mathematics



and thermodynamics has been considered in more detail in our previous study
(Heikkinen and Jaako 2010).

Corresponding changes in teaching and evaluation methods have also been
made in other courses of the process and environmental engineering programmes
at the University of Oulu. One example concerning the change towards continuous
assessment in one of the courses of these programmes is presented in more detail
by Jaako (2014).

It should also be noted that the role of simulation and other methodological
exercises is different in different stages of curriculum. In the beginning, they can be
used to illustrate different processes and phenomena in a descriptive way. One could,
for example, use CTD and its results to examine the effects of temperature and pressure
on a certain chemical reaction. Later on, these kinds of exercises can be deepened by
giving more emphasis on the actual analytical methods that are used in process
engineering: one could, for example, pay more attention to the rules of physical
chemistry that are used in CTD and hence clarify the possibilities as well as restrictions
and boundaries of the used methods. Further on, it is possible to use larger exercises of
process design in which e.g. CTD is one tool among the others and which aim to give
students more holistic view on the discipline. Finally, students should be allowed to use
their skills and knowledge on the actual engineering problems in different areas of
process engineering. Obviously it is possible to use analogous approach for other
methods of process engineering (such as computational fluid dynamics, CFD) as well.

In addition to simulation, laboratory exercises offer a great way to integrate
theory and practice via learning of methods. In the context of process and

environmental engineering programmes at the University of Oulu, laboratory



exercises are mostly incorporated within courses rather than being separate

courses of their own.

4.2 Curricular consequences of the analysis

Although it is possible - and beneficial - to develop engineering education using
horizontal integration on the course-level alone (as shown in previous chapter), it is
much more efficient to aim for true integration by building the curricular structure as
well as individual courses based on links between the different areas of the discipline.
According to the analysis presented in chapter 3, the connecting links in the process
engineering are the tools and the methods which, on the one hand, are used to
understand and control the industrial applications, but which on the other hand are tools
to create and validate theories. Without knowledge about these links, it is not possible to
create meaningful integration. The significant role of tools and methods in process
engineering is not very surprising, since some sorts of methods are always needed in
order to control any kind of process.

In addition to curricular integrity that can be achieved by knowing the
connecting links of one’s own discipline, it is possible to use the triangular approach to
create connections between education, research and industrial practices, since the
methods of process engineering (that act as links) are not limited to education or
academic activities.

At the University of Oulu, the triangular approach was used while creating a
curricular structure for Bachelor and Master programmes of process and environmental
engineering. The most noticeable consequences are the streams that connect studies
from different stages of the curriculum and lead to learning outcomes that are relevant
for a process engineer (cf. Table 1) as well as fundamental courses that begin these

streams (Hiltunen et al. 2011). Other implications worth mentioning are the increased



role of experimental and simulation tools and methods on various courses with an aim
to bring education and research closer to one another.

The learning outcomes, towards which the streams are aimed at, are chosen to
correspond to methodological expertise relevant to process engineers. These learning

outcomes are:

Ability for phenomena-based modelling and design (both static and dynamic

simulation) in the context of process and environmental engineering (including

the ability to investigate physical, chemical, biological and geoscientific

phenomena).

e Ability to control industrial processes and take their technical, economic, legal
and safety issues into account.

e Ability to estimate and control the environmental impacts of industrial and
community processes.

e Ability to use automation and control engineering in the context of process and
environmental engineering.

¢ Non-technical skills required in engineering design, research, development and

education (including e.g. social and multicultural skills).

Integrated expertise in these fields requires connections between theory and
practice - or knowledge and skills - which, in the programmes considered in this
paper, are learned via integrative teaching methods such as laboratory and

simulation exercises, seminars and theses as well as during practical training.

5 Conclusions

A triangular approach to analyze the different aspects of process engineering is

proposed as a method to integrate engineering education and to obtain integrated



expertise for engineering students. Based on this analysis, methodological skills as well
as integration of theory into the engineering context are emphasized. The usefulness of
this approach is considered by applying the results of the approach on the pedagogical
and curricular development implemented in the bachelor and master programmes of
process engineering at the University of Oulu in Finland. The results from this
development work indicate that the approach is suitable for engineering education
development: the passing percentages have improved considerably and the student
feedback indicates that the emphasis on methods and integration of theory into
engineering context has a major role in students’ motivation. The proportions of
students passing the courses have been high and the student feedback concerning the
new approach has been positive. Although the evidence on the effects on the curricular
level are much more difficult to define, the authors feel that the results are best in
situations in which the approach is applied on a larger scale rather than individual
courses. This opinion can be justified because the main purpose of the triangular
approach was to clarify the connections between the different areas of a discipline and
hence enhance the integration in education.

One should also note that the aim of this paper was not to create a flawless or
exclusive definition for the concept of process engineering but to give an example how
the connections between the different aspects of a certain discipline can be presented
explicitly and how this approach may be used in educational development.

In addition to the application of the triangular approach towards the process
engineering on the pedagogical and curricular development presented in this article, the
analysis may as well be used when evaluating and developing the research practices of

the discipline. This has already been done in the narrower field of process metallurgy.
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Table 1. Different areas of expertise pursued in academic/scientific engineering

education.



Figure 1. Different aspects of process engineering and their characteristic features.

Figure 2. Different aspects of process engineering and their characteristic features as

well as values and goals behind these aspects.
Figure 3. Research-relevant projection of the concept of process engineering.
Figure 4. Educationally relevant projection of the concept of process engineering.

Figure 5. Academically relevant projection of the concept of process engineering.



