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On the Efficiency of TRIZ Application for Process
Intensification in Process Engineering

Pavel Livotov, Mas’udah, Arun Prasad Chandra Sekaran

Offenburg University of Applied Sciences, Badstr. 24, 77652 Offenburg, Germany

Abstract. In recent years, the application of TRIZ methodology in the process
engineering has been found promising to develop comprehensive inventive solu-
tion concepts for process intensification (PI). However, the effectiveness of TRIZ
for PI is not measured or estimated. The paper describes an approach to evaluate
the efficiency of TRIZ application in process intensification by comparing six
case studies in the field of chemical, pharmaceutical, ceramic, and mineral indus-
tries. In each case study, TRIZ workshops with the teams of researchers and en-
gineers has been performed to analyze initial complex problem situation, to iden-
tify problems, to generate new ideas, and to create solution concepts. The analysis
of the workshop outcomes estimates fulfilment of the PI-goals, impact of second-
ary problems, variety and efficiency of ideas and solution concepts. In addition
to the observed positive effect of TRIZ application, the most effective inventive
principles for process engineering have been identified.

Keywords: TRIZ Efficiency, Process Engineering, Process Intensification.

1 Introduction

Innovation in process engineering is becoming more challenging in developing new
processes or in transforming conventional chemical processes into more economical,
productive, and environmental friendly. Process Intensification (PI) is a knowledge-
based innovation methodology evolved over the last three decades mainly for gas-liquid
systems, is focusing now on processes involving solids handling [1]. Besides its basic
concept of equipment miniaturization, the new PI equipment and methods enable to
substitute common batch processes into faster and safer continuous processes with
higher efficiency, productivity, and reduced costs [1].

PI is expected not only to improve processes and resulting products, but also able to
bring a high value profit through innovation. However, due to the secondary problems,
the implementation of the novel PI apparatus and methods is not as simple as perceived.
The use of systematic creativity approaches for PI seems to be an opportunity to faster
overcome the secondary problems. Therefore, in the last few years the analytical and
inventive tools of the theory of inventive problem solving TRIZ [2] have been applied
for intensification of various processes to ensure PI goals are achieved. As outlined in
[3], TRIZ helps to identify secondary problems of PI and limits these negative side



effects. The benefits of TRIZ approach above conventional creativity methods in prac-
tice are reported in several interdisciplinary domains [4, 5, 6], as well as in the field of
process engineering [7, 8] and in particular of chemical processes [10]. The authors of
[8] adapt TRIZ contradiction matrix to resolve contradictions related to process engi-
neering problems. Their research proposes new characteristics and inventive principles
for TRIZ contradiction matrix to counter problems in chemical process industries. An-
other work introduces TRIZ methodology and framework for problem solving and fore-
casting of product development in chemical engineering [11]. Furthermore, the authors
of [12] demonstrate that TRIZ-based approach is well-suited for accelerating innova-
tion in chemical engineering. Additionally, TRIZ application has been modified and
enhanced to the design of inherently safer chemical processes [13]. The coupling of
TRIZ with the Case-Based Reasoning in chemical engineering is proposed in [14], and
the advantages of linking TRIZ and Process Intensification are disclosed in [17]. Evi-
dently, TRIZ helps engineers to create inventive solutions and to deliver radical im-
provements, but it still shows lower application level in industrial practice, ranking for
example with 14% in fifth place of the top five creativity methods supporting innova-
tion process in German companies [ 15]. Therefore, the objective evaluation of the TRIZ
effectiveness for process engineering remains a significant research issue.

This paper presents an effort to evaluate the efficiency of TRIZ application in pro-
cess intensification involving solids handling through six case studies assessment in the
field of chemical, pharmaceutical, ceramic, and mineral industries as shown in Table 1.

Table 1. Six case studies of intensification of processes involving solid handling.

Case study (CS)  Process description

CS1 Separation of ceramic-metal powders
CS2 Dry granulation of ceramic powders
CS3 Metal ore beneficiation

CS4 Granulation of pharmaceutical powders
CS5 Drying of pharmaceutical powders
CS6 Mixing of chemical reagents

To reach the research objectives, in each case study a one or two-days TRIZ workshop
was prepared, carried-out and evaluated with the team of researchers and engineers.
Each TRIZ workshop emphases on improving abilities in systematic problem definition
and ideation. It starts with the comprehensive analysis of the initial problem situation
and ends with the creation of alternative or complimentary solution concepts for the PI
case studies. The objective measures of ideation effectiveness defined in [16] such as
variety, quantity and quality of proposed novel ideas and solution concepts are docu-
mented and evaluated. The corresponding most effective TRIZ inventive principles and
sub-principles frequently used in creation of PI solution concepts are identified. Addi-
tionally, a few months later review is conducted for each case study to observe and
evaluate the positive effect of TRIZ application in the practice.



2 Case Study Overview

2.1  CS1 - Separation of Ceramic-Metal Powders

The case study CS1 aims to intensify the powder classification system for separation of
ceramic-metal powders produced by high energy ball milling. The system should be
able to divide the input powder by mass or size without disposable parts, in continuous
and without human intervention for powder handling. Even though the existing system
of air classification and sieving system is simple and flexible for powders classification,
it still has disadvantages on discontinuous process, generation of fine phase in milling
process and generation of environmental contaminant particles.

2.2 CS2 - Dry granulation of Ceramic Powders

High shear mixer granulator (HSMGQG) is an established technology for dry route of ce-
ramic powders granulation with lower energy and water consumption which is not
shown in wet route processing. However, dry granulation contains many constraints
regarding final granulated product such as higher moisture content, bimodal size distri-
bution and low productivity. Therefore, the main challenge of case study is to produce
granulated powders with adequate physical and chemical properties through the dry
route with the same properties as the ones obtained through the wet route.

2.3 CS3 - Metal Ore Beneficiation

In mineral beneficiation processes, on-line mineral analysis based on Raman spectros-
copy monitors mineral concentrations at selected locations along the process line. Rou-
tine operation of the system is easy and can be carried out by persons who have no in-
depth knowledge about the fundamentals of Raman spectroscopy. Nevertheless, unde-
sired measurement deviations caused by the presence of dark and different minerals,
varying particle size of incoming ore, varying solids content and poor representability
of the sampling have to be minimized.

2.4 CS4 - Wet Granulation of Pharmaceutical Powders

The objective for this case study is to perform wet granulation of pharmaceutical pow-
ders in a single shift which is currently carried out in four shifts. This method would
reduce the number of granulations per batch, and in consequence, decrease the process
time per batch. The main task of the new process is to obtain stable homogeneous gran-
ules in a wet high-speed mixer, with set dissolution and other analytical specifications
achievable in the current process.

2.5  CSS - Drying of Pharmaceutical Powders

Drying is one of the heart processes in granulation of pharmaceutical powders. Spiral
Flash Dryer (SFD) is a swirling fluidized bed reactor [1] and can be considered as an
alternative to conventional flash dryers and other fluid bed applications. The SFD is
designed to dry granules with a minimal amount of drying air and providing intrinsic



separation of dry particles from wet particles, which are recirculated and dried further.
In addition, the operating principle is similar with an expanded fluid bed, with a very
short residence time, maintaining a fast-drying effect due to the high-induced turbu-
lence. The intensification goal of this case study is preventing undesired properties of
SFD such as moisture deviation, generation of fine dry powders and sticky product over
the equipment (fouling of solids).

2.6  CS6 - Mixing of Chemical Reagents

The CoFlore® Agitated Tube Reactor is a general purpose dynamically agitated
chemical reactor, and therefore offers a range of applications as broad as that of existing
batch reactor technology [1]. It can handle a large variety of reaction schemes, se-
quences, processes, and phase combinations over a wide range of reaction and residence
times. Additionally, it also gives high level of mixing, reduces the required mainte-
nance, and improves operational life of the reactor, allowing for easy disassembly and
cleaning. However, the system should be enhanced to give the best possible mixing
characteristics, to increase uniformity of solid distribution, to enable scalability of re-
actor, and to avoid fouling of solids.

3 Research Approach

Concerning inventive problem solving for process intensification, TRIZ offers a sys-
tematic direction to figure out ideas and solutions for developing new technology or
improving the existing one. Even though TRIZ does not give directly an applicable
solution, it helps to generate novel ideas faster and provides a basis for selecting the
best ideas [14]. According to the Advanced Innovation Design Approach (AIDA) for
process engineering [7], the application of TRIZ follows a process with a series of
phases:

L. Identification, analysis and ranking of partial problems.
IL. Systematic idea generation with TRIZ inventive principles.
I11. Creation of the solution concepts.
IV. Concepts optimization with elimination of the negative side effects.

In this research work, the first 3 process phases (I, II and III) were performed during
TRIZ workshops in each of six case studies, with the process engineers and academia
researchers, currently involved in the corresponding PI projects. Each workshop was
carried out under the guidance of one TRIZ specialist as moderator within 1 or 2 days
with 6...9 participants working in smaller teams of 2...3 persons. The relative duration
of the single workshop phases was I - 25%, II - 50%, III - 25% of the total time. The
ideation phase Il comprised one ideation session in the one-day workshops (CS1, CS3),
and two ideation sessions in the two days workshops (CS2, CS4, CSS5, CS6). The pre-
sented research assesses the efficiency of TRIZ application for problem solving, idea
generation and concepts creation. Due to the time limit attached to the workshop dura-
tion, the process phase IV “Concepts optimization” was not a part of the workshops.



3.1 Phase I: Problems Identification, Analysis and Ranking

The approach starts with analyzing initial situation of process intensification using
innovation situation questionnaire, followed by the comprehensive problem analysis
including understanding primary function of equipment, operation, environment and
working conditions for each case study. Function analysis and process mapping tech-
niques [7] break down the complete production process into unit operations which re-
sults in identification of useful functions and undesired properties of unit operations.
Finally, identification of the key negative effects or disadvantage of the analyzed sys-
tem in accordance to the principles of Cause Effect Chain Analysis and Root-Conflict
Analysis RCA+ [2], helps workshop participants to identify the root causes of problems
and to rank them accordingly the objectives of process intensification in each case
study, as presented in Table 2. The problems were formulated in detail as (a) enhance-
ment of insufficient positive function, (b) elimination of negative effect or (c) engineer-
ing or physical contradiction.

Table 2. List of partial problems with higher ranking in case studies.

Case study PI technology Partial problems (Pp)
CS1 - Separation  Elbow-Jet Air Classifier 1. Avoid discontinuity in classification of
of ceramic-metal  (EJAC) powders
powders 2. Avoid fine phase powders while milling
CS2 - Dry gran-  High Shear Mixer Gran- 1. Reduce moisture content of granules
ulation of ce- ulator (HSMG) 2. Avoid bimodal size distribution of gran-
ramic powders ules

3. Increase productivity
CS3 - Metal ore  Flash Flotation Cell - . Avoid dark and different minerals
beneficiation Raman spectroscopy . Reduce variability in size and solids con-
tent of incoming ore

DO

CS4 - Granula- Wet High-Speed Mixer 1. Achieve stability of product
tion of pharma- 2. Achieve target dissolution of product
ceutical powders
CS5 - Drying of  Spiral Flash Dryer 1. Achieve desired final moisture content
pharmaceutical (SFD) of granules
powders 2. Avoid fine powder generation

3. Avoid sticky product over equipment
CS6 - Mixing of  CoFlore® Agitated 1. Increase uniformity of solid distribution
chemical rea- Tubular Reactor 2. Scalability of reactor
gents (CATR) 3. Connectors optimization

3.2  Phase II: Systematic Idea Generation with TRIZ

As a majority of workshop participants were not skilled in the TRIZ methodology,
this phase of the workshop required a 45 minutes introduction to the TRIZ basics with
a short training in application of 40 inventive principles. The enhanced version of 40
inventive principles with in total 160 sub-principles [17] was applied in the workshops
as a universal ideation tool convenient both for process engineers and researchers. The



idea generation was also supported by solutions examples in chemical and process en-
gineering known in TRIZ literature [18, 19]. The application of the principles was per-
formed for each partial problem separately in the order proposed in Table 3, whereby
each idea generation phase was started with statistically strongest principles (group 1),
optionally followed by the group 2 in case of design problems or group 3 for process
optimization problems. All generated ideas were documented with a description and
mandatory drawing and assigned to the inventive principles they were based on.

As a rule, different partial problems presented in the Table 2, were operated by dif-
ferent working teams. If more than one team worked on same partial problem, each
team applied different TRIZ inventive principles to avoid similar ideas.

Table 3. Recommended order for application of 40 inventive principles.

Group 1:
Statistically strongest
principles [9]

Group 2:
Principles for solving
design problems

Group 3:

Principles for specific
problems in Process
Engineering

(35) Transform physical and chemical properties, (10) Prior useful
action, (1) Segmentation, (28) Replace mechanical working princi-
ple, (2) Leaving out / Trimming, (15) Dynamism and adaptability,
(19) Periodic action, (3) Local quality, (17) Shift to another dimen-
sion, (13) Inversion, (18) Mechanical vibration, (26) Copying.

(6) Universality, (5) Combining, (29) Pneumatic or hydraulic con-
structions, (30) Flexible shells or thin films, (7) Nesting / Integra-
tion, (8) Anti-weight, (4) Asymmetry, (40) Composite materials,
(24) Mediator, (14) Spheroidality and Rotation, (23) Feedback and
automation, (31) Porous materials, (25) Self-service.

(16) Partial or excessive action, (27) Disposability / Cheap short
living objects, (20) Continuity of useful action, (32) Change colour,
(21) Skipping / Rushing through, (11) Preventive measure / Cush-
ion in advance, (33) Homogeneity, (22) Converting harm into ben-
efit, (39) Inert environment, (37) Thermal expansion, (36) Phase
transitions, (38) Strong oxidants, (34) Rejecting and regenerating
parts, (12) Equipotentiality, (9) Prior counteraction of harm.

The Fig. 1 shows statistics of inventive principles of three groups applied by the
participants during TRIZ workshops for idea generation. The lowest amount of the in-
ventive principles was used in one-day workshops with one ideation session (CS1 — 8
principles; CS3 — 11 principles).
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Fig. 1. Amount of inventive principles in corresponding groups applied in the case studies.



The number of principles used in two-days workshops with accordingly two ideation
session (CS2, CS4, CS5, CS6) varies between 14 and 23. The ideation session duration
was on average 3 hours including idea generation (1,5 hours) and idea presentation and
discussion (1,5 hours). The identification of the most effective inventive principles and
corresponding sub-principles applied by the participants for idea generation was one of
the tasks in presented research.

3.3  Phase III: Concepts Creation

Idea generation phase provides solution ideas for the partial problems with different
stages of concretization. To develop a new solution concept at least one solution idea
must be selected for each partial problem. Thus, a robust solution concept delivers so-
lutions for all partial problems. Workshop participants with their specific knowledge
on processes, existing and new technologies are in position to select most promising
ideas overcoming the partial problems and to combine complementary partial solutions
into solution concepts. Due to the multi-objective aspect of the concept creation and
optimization, more than one solution concept can be designed in this phase, including
“best performance”, “minimum cost” or “optimal performance to cost ratio” conceptual
alternatives. Therefore, the creation of solution concepts in a situation comprising sev-
eral problems remains one of the challenging phases in the workshops. For example,
Table 4 compares briefly six solution concepts developed in case study 5 (CS5) from
in total 52 ideas. As one can see, the concepts C1 - C5 contain solutions for all three
partial problems, and the concept C6 offers solutions for the problems 1 and 3 only.

Table 4. Amount of ideas selected for use in 6 solution concepts of the case study CS5.

Partial prob- Solution Ideas selected for solution concepts C1 — C6
lems (Pp) ideas Cl1 C2 Cc3 C4 C5 C6
Ppl 31 3 3 1 1 2 4
Pp2 9 2 1 1 1 1 -
Pp3 12 2 1 3 1 3 1
Total 52 ideas 7 ideas 5ideas Sideas 3ideas 6ideas 5 ideas

4 Discussion of Results

4.1 TRIZ Impact on Quantity and Novelty of proposed Ideas

The quantitative analysis of the case studies undoubtedly shows that TRIZ method-
ology can effectively support the process intensification tasks in the industry and with
234 novel ideas and 28 solution concepts for 15 partial problems consistently yields
good results in the variety and novelty of ideas and solution concepts. It is important to
note that in each case study all problem-solving attempts and ideas known prior to the
workshops were documented in the initial situation questionnaire. Thus, the discussed
ideation outcome of the workshops includes different ideas only, new to the initial sit-
uation. In other words, all 234 solution ideas can be considered as dissimilar and novel.



Furthermore, the combination and adaptation of the selected novel ideas to the solution
concepts leads to the patentable inventions and creation of new intellectual property.

As presented in Table 5, each case study (CS) can be served with several ideas and
solution concepts: for instance, 17 ideas and 3 concepts in the CS1, 58 ideas and 8
concepts in the CS2, etc. The mean number of solution ideas proposed for each partial
problem is 15,6. The average number of ideas generated in one ideation session (IS) by
a team is 9,17 (SD=1,51). The mean value of dissimilar new ideas proposed by each
workshop participant in one ideation session along all case studies is 3,12 (SD=0,52).
However, a missing direct comparison with a control group of engineers working with-
out TRIZ belongs to the limitation factors of the present analysis.

Table 5. Number of ideas, solution concepts, ideation sessions and teams in the case studies.

Ideation Number of Ideas in one

Case Partial Solution Solution R
study problems ideas concepts sessions teams IS per team
(IS) (persons) (person)
CS1 3 17 3 1 2 (6) 8,5 (2,8)
CS2 3 58 8 2 309 9,7 (3,2)
CS3 2 24 4 1 2 (6) 12,0 (4,0)
CS4 2 28 3 2 2 (6) 7,0 (2,3)
CS5 3 52 6 2 309 8,7(2,9)
CS6 3 55 4 2 3(8) 9,2 (3,4)
Total 15 partial 234 28 con- 10 ses- 15 teams Mean
problems ideas cepts sions (44 persons) 9,2 (3,1)

4.2  TRIZ Impact on Variety of proposed Ideas

In order to assess the variety of the ideas proposed in the workshops, every idea was
assigned to the most appropriate knowledge domain. For this purpose, both problems
and generated ideas were related to the eight engineering MATCEMIB fields and their
interactions [20] applied in TRIZ: Mechanical, Acoustic, Thermal, Chemical, Electric,
Magnetic, Intermolecular, Biological. For example, a uniformity problem caused by the
surface effects of solid particles can be assigned to the intermolecular field, and a cor-
responding solution idea based on ultrasound treatment - to the acoustic field.

PROBLEM FIELDS IDEAS FIELDS
. | lecul
Intermolecular Mechanical Magnetic nterT;’;C“ ar
28% 28% 7% 3
Electric
4%
Chemical
16%
Chemical Thermal Thermal - Mecsf;?ical
40% 4% 4% Acoustic 1% °

Fig. 2. Distribution of problems and ideas over the eight fields of MATCEMIB in all case studies.



As shown in Figure 2, the 15 partial problems presented in all case studies belong to
following engineering fields: chemical problems 40%, mechanical problems 28%, in-
termolecular problems 28%, and thermal problems 4%. At the same time, the 234 ideas
from all case studies can be assigned to all fields excepting biological. As a result, the
majority of the problems could be solved within mechanical (55%), chemical (16%)
and intermolecular (13%) knowledge domains in the process engineering.

The variety of solution ideas in relationship between the engineering domains of
problems and proposed ideas is illustrated in Table 6. Thanks to the TRIZ inventive
principles engineers were able to find solution ideas in 7 engineering domains for me-
chanical, chemical, and intermolecular problems. However, no ideas based on acoustic,
electric, or magnetic fields were proposed for thermal problems.

Table 6. Relationship between engineering domains of partial problems and ideas.

Engineering domains of Inter-
15 problems [Mechanical Thermal Chemical
. . . ; molecular
Engineering domains of 234 ideas

Mechanical X X X X
Acoustic X X X
Thermal X X X
Chemical X X X
Electric X X X
Magnetic X X X
Intermolecular X X X X

4.3  Quality of proposed Ideas and Ideation Efficiency

Despite of high quantity and variety of the novel ideas proposed with TRIZ inventive
principles, the industrial companies require technically feasible, economically afforda-
ble, and safe solutions. On that reason, only a smaller number of high quality ideas has
been selected by the engineers for further implementation in the solution concepts tak-
ing into account the following criteria: idea value (how a partial problem is solved),
implementation efforts, costs and technical risks. The number of such implementation
ideas Id divided by the total number of the ideas Id; generated in one case study (see
Table 5) can characterize the efficiency of an ideation technique. These efficiency val-
ues are presented for each case study in Figure 3. For example, in the case study CS1
(1d=6; 1d=17) only 35% of all generated ideas were considered as mature for further
implementation and were applied for concepts creation. The mean value of TRIZ effi-
ciency for all Process Intensification case studies can be calculated with the formula (1)
and is equal 33,8%.

Thus, roughly only one third of the proposed ideas is estimated by the engineers as
especially promising for process intensification. However, in the opinion of researchers
many of ideas, which were not selected by engineers for implementation, possess a
substantial potential for significant technological innovation in future.
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Eis— mean efficiency of ideation estimated on the base of all case studies

Id; — number of implementation ideas in one case study used for concepts creation
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Fig. 3. Ideation efficiency with TRIZ inventive principles in the case studies CS1 - CS6, defined
as the ratio of implementation ideas and total number of ideas in a case study.

4.4  Identification of most efficient Inventive Sub-principles

The analysis of the solution ideas and concepts created in six case studies has also
resulted in identification of the most frequently used top 10 inventive sub-principles, as
presented in Figure 4. These top 10 sub-principles can be generally considered as most
efficient and recommended for the new development or optimization of PI equipment
or methods in the field of processes involving solids handling. The identified sets of
strongest sub-principles differ from the recommended group of statistically strongest
inventive principles, presented in Table 3.

To the most often applied sub-principles belong Change concentration (35b), fol-
lowed by Use electromagnetism (28a), and Reversed sequence (13b). It is also interest-
ing to notice that top 10 sub-principles used in idea generation such as Periodic action
(19a), Optimal performance (15a), Gaseous or liquid flows (29a), Miniaturization (17b)
and Pre-arrange objects (10b) don’t appear in top 10 sub-principles applied in solution
concepts. Vice versa, the top 10 sub-principles Utilize harm (22a), Spheres and cylin-
ders (14b), Different functions (3c), One step back from ideal (16a) and Rotary motion
(14c¢) found in the solution concepts don’t belong to the top 10 sub-principles in idea
generation phase.

The TRIZ sub-principles mentioned above belong to the updated version of 40 in-
ventive principles with in total 160 sub-principles presented in the previous research
[17]. The study [17] analyses 155 Process Intensification technologies and 150 patent
documents in the field of solid handling in the ceramic and pharmaceutical industries.
It partially restructures and enhances the classical 40 inventive principles and extends
them with additional 70 inventive sub-principles for the problems frequently encoun-
tered in process engineering.
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Top 10 sub-principles used Top 10 sub-principles used in
in 234 ideas of 6 case studies 28 concepts of 6 case studies based on 112 ideas
35(b) Change concentration m——— 12 35(b) Change concentration e 8
28(a) Use electromagnetics m———— 11 28(a) Use electromagnetics mmmmm 7
35(c) Change physical properties m—— 10 13(d) Reversed sequence mmmmm 7
13(d) Reversed sequence m— 9 22(a) Utilize harm mmm 5
19(a) Periodic action —mm— 3 14(b) Spheres and cylinders mmm 5
15(a) Optimal performance m— 7 3(c) Different functions mmmm 5
3(d) Optimal conditions w7 35(c) Change physical properties mmm 4
29(a) Gaseous or liquid flows s ¢ 16(a) One step back from ideal wm 4
17(b) Miniaturization mmm 6 14(c) Rotary motion mwmm 4
10(b) Pre-arrange objects mmm 6 3(d) Optimal conditions wmm 4
Number of mentioning Number of mentioning

Fig. 4. Inventive sub-principles most frequently encountered in ideas and solution concepts.

The identified sets of top 10 TRIZ inventive principles and sub-principles in the an-
alyzed case studies show clear differences to the corresponding top 10 sets of frequently
used TRIZ principles and sub-principles extracted from the 155 PI technologies show
some differences and from 150 patents for intensification ceramic and pharmaceutical
operations with solids in previous investigation [17]. As illustrated in Figure 5, there
are 9 inventive principles (No 1, 5, 6, 14, 18, 24, 28, 29 and 35) most frequently used
in all three sources of analysis: I) Case studies, II) PI technologies, I11) Patents.

|. Case studies
13d, 22a, 3c, 35¢
16a, 3d

|. Case studies
13,3,16,22,2

II. Pl techn.
36a, 2e, 29
6b, 353, 5a

II. Pl techn.
36,2

Il. Patents
40,33

29, 6,18
24

24a, 20a

Fig. 5. Top 10 most frequently used TRIZ inventive principles (left) and sub-principles (right) in
solution concepts of 6 case studies (I), 155 PI technologies (II) and 150 patent documents (III).

The comparison on the level of sub-principles delivers a higher resolution and de-
picts only 5 frequently used sub-principles: Spheres and cylinders (14b), Rotary motion
(14c¢), Use electromagnetism (28a), Change concentration (35b) and Change tempera-
ture (35d). In general, the identified selection of principles and sub-principles in Fig. 5
can be recommended for problem solving in processes involving solids handling.

The top 10 inventive principles and sub-principles applied in the case studies as well
as top 10 inventive principles identified in the PI technologies and patents in [17] be-
long to the different groups of TRIZ principles recommended for ideation in Table 3.
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This statement is illustrated in the Fig. 6. Understandably, that 9 of 10 top principles
(left diagram) and sub-principles (right diagram) applied in 234 case studies (CS) ideas
come from the group 1 of statistically strongest principles as group 1 was primarily
recommended for ideation in each workshop. However, the solution concepts in the
case studies are based on principles from all three groups. More uniform distribution of
top 10 principles over the groups 1, 2 and 3 can be observed for PI technologies and

patents.
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Top 10 inventive sub-principles
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Fig. 6. Distribution of top 10 inventive principles (left) and top 10 sub-principles (right) over 3
groups of principles recommended for ideation: Group 1: statistically strongest principles;

Group 2: principles for design problems; Group 3: Principles for process engineering problems.

4.5 Efficiency of TRIZ Application for Process Intensification

A series of reviews has been conducted several months after the workshops to ob-
serve and assess the positive effect of TRIZ application in the case studies. The indus-
trial teams of engineers or researchers who participated in the TRIZ workshops, evalu-
ated the current state of their PI projects with different criteria, such costs, time expend-

itures, technical risks, innovation impact and TRIZ support, as presented in Table 8.

Table 8. Evaluation of the current state of PI design in case studies.

CS1 CS2 CS3 CS4 CS5 CS6
1. Costs, level of investments 40% 60% - 80% 80% 60%
2. Time expenditures for imple- 60% 80% - 60% - 80%
mentation of technology
3. Level of anticipated technical 60% 80% - 40% 80% 40%
risks in future
4. Innovation impact of new tech-  80% 80% - 100% 100%  100%
nology in terms of PI-goals
5. Supportive impact of TRIZ 80% 60% - 100%  80% -
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For each criterion the following scale has been used: 100% - very high, 80% - high,
60% -middle, 40% - low, 20% - very low. The estimated supportive impact of TRIZ
workshops in the case studies was with on average 80% high. The evaluation results of
the case study 3 could not be made available to the public.

5 Conclusion and Outlook

The presented research assesses the efficiency of TRIZ support for process intensi-
fication (PI) applied to solids handling in six industrial case studies in the field of chem-
ical, pharmaceutical, ceramic, and mineral processes. The positive experience with
combination of TRIZ and PI gives us confidence to extend the findings regarding TRIZ
efficiency to the other fields of process engineering.

The application of TRIZ as a systematic problem-solving method demonstrates a
positive impact on faster achieving PI goals. Moreover, TRIZ allows to identify and
solve secondary PI problems comprehensively with numerous and interdisciplinary so-
lution concepts. TRIZ inventive principles improve the outcomes of idea generation
regarding novelty, quality, quantity, and variety of ideas.

Furthermore, it is worth to mention the identified sets and application order of the
strongest inventive principles (14, 35, 5, 28, 1, 29, 6, 18, 24, 13, ...) and inventive sub-
principles (35b, 28a, 14b, 14c, 35d, 13d, 22a, 36a, 3c, 40a, ... ) which can be recom-
mended for systematic and creative problem solving in processes involving solids han-
dling.

The later review of the case studies progress shows that most engineers and research-
ers positively judge the TRIZ application in the PI practice. However, the research is
still required to optimize and formalize the phase of concept creation as wells as to
better identify inventive solution principles and sub-principles for other PI domains.

Acknowledgments. The authors thank the European Commission for supporting their
work as part of the research project “Intensified by Design® platform for the intensifi-
cation of processes involving solids handling” under H2020 SPIRE programme.
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