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Abstract. Growing demands for cleaner production and higher eco-efficiency
in process engineering require a comprehensive analysis of technical and
environmental outcomes of customers and society. Moreover, unexpected
additional technical or ecological drawbacks may appear as negative side effects
of new environmentally friendly technologies. The paper conceptualizes a
comprehensive approach for analysis and ranking of engineering and ecological
requirements in process engineering in order to anticipate secondary problems in
eco-design and to avoid compromising the environmental or technological
goals. For this purpose, the paper presents a method based on integration of the
Quality Function Deployment approach with the Importance-Satisfaction
Analysis for the requirements ranking. The proposed method identifies and
classifies comprehensively the potential engineering and eco-engineering con-
tradictions through analysis of correlations within requirements groups such as
stakeholder requirements (SRs) and technical requirements (TRs), and addi-
tionally through cross-relationship between SRs and TRs.

Keywords: Sustainable innovation - Eco-design * Process engineering -
Quality Function Deployment + Importance-Satisfaction Analysis

1 Introduction

Development of green and efficient intensified process technologies in process engi-
neering (PE) plays a fundamental role in society and global economy. Moreover, with
the increasing interest towards sustainable innovation design, anticipating possible
negative side effects either of technical or environmental origin becomes more
important in the early phase of innovation design and process development [1].
Numerous approaches, methods and tools have been developed in the last decades to
support the sustainable and environmentally friendly product and process development,
as presented in the reviews [1, 2]. To the well-established one belongs the concept of
Eco-Design, which is defined by the International Standard Organization (ISO
14006:2011) as “integration of environmental aspects into product design and devel-
opment, with the aim of reducing adverse environmental impacts throughout a
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product’s life cycle”. In the field of process engineering are well known the Green
Process Engineering [3], Process Intensification [4], and Process Design for Sustain-
ability [5]. Nevertheless, the process innovation activities in industrial companies are
still usually driven primarily by costs and quality concerns. As a result, both ecological
and technical problems subsequently lead to increase of capital expenditures (CAPEX)
and operating expenditures (OPEX) [6]. Therefore, the comprehensive sustainable
innovation in process engineering should lay much greater emphasis on higher pro-
ductivity and quality, as well as on lowering environmental footprint and increasing
resource and energy efficiency, as illustrated in Fig. 1.
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Fig. 1. Tasks and outcomes of sustainable innovation in process engineering

The success of any innovation process depends on how its outcomes meet the needs
and expectations of all beneficiaries — in first place the customer groups, and other
internal and external stakeholders of industrial companies. The Process Mapping
method for systematic and comprehensive identification of engineering and stakeholder
requirements in process engineering is a part of the Advanced Innovation Design
Approach for PE [7]. One of the widely used methods for collection and evaluation of
the customers’ priority criteria in innovation design is the Quality Function Deployment
(QFD) with the concept of the Houses of Quality (HoQ) as its core part [8]. QFD helps to
translate customers’ requirements into the corresponding technical requirements in each
stage of product development and manufacturing. Various models and applications of
the QFD are known in the literature [9—11]. In the field of eco-design, one should
mention in the first place the Quality Function Deployment for Environment (QFDE)
[12]. However, the practical QFD application for process intensification and environ-
mental innovation in process engineering remains relatively seldom in comparison with
the product innovation. Therefore, the presented paper conceptualizes a new method
based on integration of the Quality Function Deployment approach with the Process
Mapping [7] and the Importance-Satisfaction Analysis of requirements [7, 13].

Process Mapping is an easy-to-use technique to identify problems and innovation
tasks, formulated as solution-neutral process intensification requirements. This method
involves breaking down of a complete industrial production process into process steps
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to capture in each step the information on process equipment, processing methods,
input/output quality parameters, product, available resources, and environment, as
illustrated in Fig. 2. Process Mapping results in comprehensively capturing and ranking
of all existing problems, needs, requirements and possible improvements or opti-
mization opportunities of the technologies and equipment in each process step and in
production process in whole. It delivers reliable results for existing technologies or
well-known processes [7]. The systematically identified requirements and innovation
tasks can be separated in three major groups: (a) enhancement of positive functions or
properties; (b) elimination of harm or undesired properties, including environmental
impact; (c) raising degree of controllability, accuracy, and automation of the process.
The pair-by-pair comparisons of requirements allow to systematically identify all
possible engineering and eco-engineering contradictions [1].
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Fig. 2. Fragment of Process Mapping adapted from [7]

The Importance-Satisfaction Analysis (ISA) is applied for requirement ranking and
for the fast and objective identification of the high priority process intensification
problems. The average values of Importance and Satisfaction are based on the inde-
pendent judgements of the experts. The concept of the QFD House of Quality is used
for a systematic identification and fast visualization of the positive and negative
interactions between technical requirements and functions (TRs) and requirements of
different stakeholders (SRs). In other words, the proposed method identifies and
classifies comprehensively the potential engineering and eco-engineering contradic-
tions through analysis of correlations within different requirements groups in complex
problem situations in process engineering. The paper introduces new metrics, such as
Synergy Index and Contradiction Index in correlations between SRs and TRs, which
can be used in optimization algorithms for selection of the process intensification and
innovation strategies.
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2 Integrating Quality Function Deployment and Importance-
Satisfaction Analysis

The proposed method includes modifications of five phases of building the first House
of Quality, known in the classical QFD. These modifications, presented in Fig. 3, are
essential for the application in process engineering in general and for the requirement
ranking and Importance-Satisfaction Analysis in particular. In accordance to the
modification of the phase 1, the roof of the HoQ contains the TRs correlation matrix of
technical functions and requirements of process equipment and steps. In the phase 2,
the voice of the customer is rearranged into stakeholder requirements (SRs) with at
least two groups of requirements - the solution-neutral engineering requirements and
environmental issues. The interaction between different stakeholder requirements is
documented in the SRs correlation matrix. Both the TRs and SRs correlations matrices
indicate with the correlation coefficients crz and csg equal “—1” a possible negative
correlation (contradiction), with “+1” a possible synergy impact, and with “0” - a
neutral or unknown relationship between two requirements. Furthermore, the correla-
tions matrices are extended by the Synergy and Contradiction Indexes. These new
metrics characterize each technical function or requirement regarding its positive
impact (synergies) and negative impact (contradictions) on other TRs.

Correlation matrix
of TRs (Crrs) | Phasel

Phase 2 TRs synergy index & contradiction index

Technical requirements (TRs) of
equipment and process steps

x
g5l 2 Phase 4 Phase 3
5528|285 ionship matri
E =& E>° ;’: E £z Cross-relationship matrix between SRs ranking based
L2 ol E i L @ stakeholder requirement (SRs) and on Importance-
> =]
g EWV o el & g technical requirements (TRs) Satisfaction Analysis
= >~
Phase 5

Total or partial relevance of TRs for SRs

Fig. 3. Modification of the House of Quality for requirements ranking in process engineering

In the phase 3 the importance of each stakeholder requirement and its current
performance (defined as satisfaction with its fulfillment in existing process) is evaluated
by the experts from a stakeholders’ point of view using a scale from 0% to 100%
(100% - very high level of importance or performance, 80% - high, 60% - middle, 40%
- low, 20% - very low importance or performance). In accordance to the Importance-
Satisfaction Analysis [7, 13], the requirements with higher importance and lower
performance have a higher ranking in a process innovation strategy.
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The phase 4 comprises the cross-relationship analysis of the stakeholder require-
ments SRs and technical requirements TRs. The results of this analysis are documented
in corresponding cells in the body of the House of Quality. The cells contain the impact
factor F of each technical requirement TR on the stakeholder requirement SR. The
impact factor has a positive value from O to 1, if a TR increases the satisfaction with a
stakeholder requirement. On the other hand, the impact factor has a negative value from
—1to0 0, if a TR decreases the satisfaction with a stakeholder requirement. The simplest
and fastest way to classify a relationship for each pair of SRs and TRs is to apply the
binary method. In accordance to the binary classification, the YES-option (impact
factor F =1 or F = —1) is applied if a SR is affected positively or negatively by the
corresponding TR. Whilst the NO-option (impact factor F' = 0) is indicated if a TR
shows neither improving nor worsening effect on a SR.

Finally, the phase 5, includes the calculation of the total, positive or negative
relevance of each TR for all stakeholder requirements SRs. Additionally, the partial
relevance of each TR for a specific SRs group, for example the partial relevance of each
TR to the eco-requirements group, can be estimated in this step. The relevance values
of TRs identify technical functions with higher priority for process intensification in
order to fulfill the stakeholder requirements with higher ranking, as it has been defined
in the phase 3.

3 Illustrating Case Study

The proposed concept for integration of the Quality Function Deployment and
Importance-Satisfaction Analysis is illustrated below using an industrial case study
dealing with the ceramic powder granulation [14] as presented in Table 1.

Table 1. Function analysis of ceramic powder granulation (fragment of Process Mapping).

Process step Equipment Positive functions Negative functions and
harm

1. Raw Piles and silos | Maintain humidity of raw — Humidity changes in

material materials prior to milling raw materials

preparation — Blocking over bottom

part of silos
— Dust generation &
material losses

Excavator and Reduce size of raw — Dust generation

crusher materials — High energy
consumption

Scales Weigh raw materials — Inaccuracy of
measurement

— Dust generation

(continued)
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Table 1. (continued)

Process step Equipment Positive functions Negative functions and

harm

2. Wet milling | Dosage tank Binds ceramic powders — Clogging/discharge

problem & Material
losses
Ball mill Mixes & homogenizes — High energy & water
powders consumption
— Fouling & blocking of
equipment

6. Drying Spray dryer Dries slurry — High energy

unit consumption

— Fouling & blocking of
equipment

— Exhaust gas & material
losses

7. Utilities Cleaning and Clean facility and remove — High cleaning efforts
processing treatment units | dust; recycle waste water — High water consumption

— Low quality of recycled
water

Based on the information collected by the Process Mapping, the creation of the
House of Quality and requirements ranking can be carried out in the following phases.

1. Generating a correlation matrix of technical requirements (TRs):

(a)
(b)
(©)
(d)

where:

LssTRx

LesTRx
CTij
n

Listing all TRs in each unit operation (process step and corresponding equip-
ment) identified by Process Mapping and Function Analysis.

Classifying each TR to technical function (T), and to environmental function
(E) for further correlation analysis.

Evaluating the correlations between TRs using (—1) as negative correlation,
(+1) as positive correlation and (0) as neutral correlation.

Calculating the Synergy (i;) and Contradiction (i.) Indexes for each TR
respectively as a number of positive (+1) and a number of negative correlations

=1
TR Synergy Index, Is TRy = Zﬁj Crryi(Crr = +1) (1)

TR Contradiction Index, leTRx = ij Crryg(Crr = —1) (2)

— Synergy Index of a technical requirement x;

— Contradiction Index of a technical requirement x;

— correlation factor between technical requirement x and other TRs;
— total number of technical requirements.
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Fig. 4. Structure of correlation matrix of technical requirements TRs

As depicted in Fig. 4, the correlation matrix of TRs (Czg) presents Synergy Index

(iy) and Contradiction Index (i.) of each technical function. For example, technical

function Drying slurry (process step 6) has a positive correlation with three TRs

(i; = 3) and a negative correlation with other two TRs (i. = 2).

2. Generating a correlation matrix of stakeholder requirements (SRs):

(a) Listing all stakeholder requirements (SRs) based on Process Mapping results.

(b) Categorizing SRs to technical or engineering requirements (T), and to the
environmental requirements (E).

(c) Evaluating the correlations between SRs using (—1) as negative correlation,
(+1) as positive correlation and (0) as neutral correlation.

(d) Calculating the Synergy (i) and Contradiction (i.) Indexes for SRs respectively
as a number of positive (+1) and a number of negative correlations (—1)

j=m
SR Synergy Index : Is SRy = Z Csryj(Csg = +1) (3)
=
j=m
SR Contradiction Index : i, sgx = Z Csryj(Csg = —1) 4)

=
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where:

isre  — Synergy Index of stakeholder requirement x;

isrx ~ — Contradiction Index of stakeholder requirement x;

Csryy  — Correlation factor between stakeholder requirement x and other SRs;
m — total number of stakeholder requirements.

In the same way as presented in Fig. 4, the correlation matrix of SRs (Csg) shown in
Fig. 5 also provides Synergy Index (i;) and Contradiction Index (i.) of each
stakeholder requirement. For instance, the requirement on Reducing air pollution
has a positive impact on three SRs (i; = 3) and a negative impact on two other SRs
(i. = 2).

Stakeholder requirements (SRs)
3 |.. 2 E [1. Reduce air pollution
D, 18 e
-1 Z‘, 0 'g 2 | & | E |2. Decrease energy consumption
+H1 X8 _—= —1 &
+1 0 £ o0 E X2 cE> E |3. Reduce water consumption
0 o> el—1% el E
90 L 0o 3 . )
+1 0 ‘q', :.g 3|5 =] 0 g T |4. Minimize material losses
c | |® ©| |
0 0 wl (I>J' g. 2 -E g. 0 % T 5. Increase accuracy of weighing
T o 2 oo o measurement
o< |% o S
(7 & =
2 (7] 0 T 45. Avoid fouling and blocking of
equipment
! J L J ! J\ ]
Y Y T T
Phase 2(c) 2(d) 2(b) 2(a)

Fig. 5. Structure of correlation matrix of stakeholder requirements

3. Determination of SRs ranking using Importance-Satisfaction Analysis (ISA):
(a) Rating the current SRs importance (Isz) and satisfaction (Ssgz) with the fol-
lowing scale from 0% (lowest value) to 100% (highest value) with interval of
25%.
(b) Obtained importance and satisfaction mean values allow one to calculate the
ranking of each stakeholder requirement using the following equation [15]:

IR, Ispy(Ispe — S 1-3S
Ranksp, — {Isw ira srx(Isk sk ) ( Skx) } 5)

Yoo Iskx + alsge(Isre — Ssry) }

where:

Rankgg, — ranking of stakeholder requirement x (SRy), %;
Isp, — importance level of SRy, 0 ...100%;

Sorx — satisfaction level of SR, 0 ...100%;

m — total number of stakeholder requirements;

a — adjustment coefficient; @ = 1 recommended for PE [7].
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If we define the “ideal process” as a process with all stakeholder requirements
satisfied to 100%, the ranking value Ranksg, in the formula (5) corresponds to a
maximum contribution of one requirement to the growth of total process ideality
towards 100%. An example of problem ranking by one expert is illustrated in the
Table 2 below. Decreasing energy consumption has been identified here as the
highest priority requirement among other SRs.

Table 2. Example of stakeholder requirements ranking using Importance-Satisfaction Analysis.

Stakeholder requirements SRs | Importance | Satisfaction | Ranking Eq. (5)
1. Reduce air pollution 75 50 1,4%
2. Decrease energy consumption | 100 25 4,0%
3. Reduce water consumption 100 50 2,3%
4. Minimize material losses 50 75 0,3%
5. Increase weighing accuracy | 100 75 1,0%
45. Avoid fouling of equipment |75 75 0,6%

4. Defining the cross relationship between TRs to SRs in the House of Quality:
evaluating the effect of each single technical requirement TR on stakeholder
requirements SRs, using simplified binary approach, as illustrated in the Fig. 6:

YES - if TR has an effect on SR, either improving (F = 1) or worsening
(F=-1)
NO - if TR has no influence on SR (impact factor F' = 0).

Technical Technical function of unit operations
requirements z, 5 E °
58 @ o}

(TRs) S EEQ| Ne z g - 2% g€ [ o
c38= = ° 2 SND B e oc 8 23
< ® = = = o ®© = a X :m-g S5
xcEE se 52 ) 26 o N S ¢ 32
9 ) =R 25 i Qo2 F=R) ° 9 2 @
ogf32 3 E T £3 E 8 o=3 )
hEE5| 3 =2 @2 SEs =2 b ]
“E%5| ~8 5 E 538 5238 es Qoo N

Process equipment
1.1 1.2 1.3 21 22 6.1 71 72
Piles+silos |Excavator +| Scales Dosage Ball mill Spray dryer| Cleaning Waste
crusher tank unit unit water treat-
ment unit
Stakeholder Process steps
requirements 1. 2. 6. 7.
(SRs) Raw material preparation Wet milling Drying Utilities processing
1. Reduce air pollution YES YES YES NO NO YES YES NO
2. Decrease energy NO YES NO NO YES YES NO NO
consumption
3. Reduce water NO NO NO NO YES NO YES YES
consumption
4. Minimize material YES YES YES YES YES YES NO NO
losses
5. Increase acouracy of | -\ ¢y YES YES NO NO NO YES NO
weighing measurement
45. Avoid fouling and YES NO NO YES YES YES YES NO
blocking of equipment

Fig. 6. Example of cross-relationship between TRs and SRs (simplified binary approach)
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5. Calculating the total relevance of a technical requirement x (TRy) for all stakeholder
requirements SRs using the Eq. (6):

Jj=m
Relrry—.srs = Z(RankSRj X |ij|) (6)
=1
where:
Relrg, .sgs  — total relevance of technical requirement x (TRy) for all SRs;
Rankgg; — ranking of a stakeholder requirement j (SR;), %:;
F. — impact factor of a TRy to a stakeholder requirement j (SR;): Fy; = 1
if TR is improving SR, or F,;=-—1 if TR is worsening SR
(YES-option); F,;=0 if TRs have not influence on SRs
(NO-option) — see phase 4;
m — total number of stakeholder requirements.

Following example illustrates calculating the total relevance of technical function
(Drying slurry) from drying process step 6 to all stakeholder requirements (see the
complete modified House of Quality in Appendix A): Relrg, — srs = (1.4% x 1) +
4.0% x 1)+ (23% x 0) + (0.3% x 1) + (1.0% x 0) + ... + (0.6% x 1) = 6.3%.

In the same manner, one can calculate the total positive relevance considering the
improving impact factor (F,; = 1) or total negative relevance considering the worsening
impact factor (F,; = —1) only. It is also possible to calculate a partial relevance con-
sidering the impact of technical requirements TRs on, for example, environmental
stakeholder requirements SRs only.

4 Conclusion

The proposed approach of integrating Quality Function Deployment (QFD) and
Importance-Satisfaction Analysis (ISA) aims to identify and classify comprehensively
the potential engineering and eco-engineering contradictions in process engineering. As
shown in Fig. 7, the method investigates correlations within different requirements
groups in complex problem situations using Function Analysis and Process Mapping
and combining importance-satisfaction evaluation with visualization of the metrics and
correlations between technical and stakeholder requirements in a modified House of
Quality.

In general, the proposed approach can contribute to the practical needs of inno-
vation tasks ranking for process intensification using current importance and satisfac-
tion with process key performance parameters by considering not only process
efficiency and product quality but also environmental concerns. The estimation of
proposed metrics, such as Synergy and Contradiction Indexes of requirements,
Ranking of stakeholder requirements and Relevance of technical requirements, helps to
define the appropriate process innovation strategy and to select or develop the optimal
process intensification technology without secondary problems. Based on obtained
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Fig. 7. Concept and main outcomes of integrating Quality Function Deployment and
Importance-Satisfaction Analysis for process engineering

information, the computer-aided multi-parameter optimization of processes can be
applied to reduce environmental impact and to improve performance of new tech-
nologies with the inventive tools of the Theory of Inventive Problem Solving (TRIZ)
and Process Intensification methods. However, the application of the proposed method
requires specific expert knowledge and practical experience to define and evaluate the
correlations of stakeholder and technical requirements. Also, the introduction of the
qualitative and quantitative cause-effect relationship between partial problems and
requirements will be a part of the future work.

A Appendix

Example of the modified House of Quality and requirements ranking for ceramic
powders granulation process (fragment).
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