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Abstract

The ever-increasing levels of pollution and waste creation have subjected industries around
the world to incorporate the concept of circular economy (CE) in their supply chains. The
amalgamation of the CE approach along with supply chain management is called circular
supply chain management (CSCM). Among other industries, the pharmaceutical industry
is also involved in damaging the ecosystem. Hence, an effective framework for the adop-
tion of CSCM in a particular industry is very essential. Therefore, this paper aims to devise
a model that will help the pharmaceutical industries to adopt CSCM 1in their organiza-
tions. For this purpose, the study in the first phase identifies ten barriers that are working
as an impediment in the adoption of the CSCM approach. To counter those barriers, the
study in the second phase identifies a set of twelve enablers. To analyse the barriers and
enablers, the study uses a new hybrid methodology. For allocating weights and prioritiz-
ing the barriers, the fuzzy multi-criteria decision-making (MCDM) technique, i.e. fuzzy
full consistency method (F-FUCOM) is used, whereas the total quality management tool,
i.e. fuzzy quality function deployment (FQFD) is used to rank the enablers. The results
from F-FUCOM suggest “lack of financial resources and funding”, “market challenges”,
and “lack of coordination and collaboration among the entire supply chain network™ to be
the top-most barriers, respectively, whereas the results achieved from the FQFD suggest
“industrial symbiosis”, “Reverse Logistic (RL) infrastructure”, and “block chain technol-
ogy” to be the top-ranked enablers, respectively. The provision of a facilitating framework
for the adoption of CSCM in the pharmaceutical industry and the newly developed hybrid
methodology are both novelties of this study.
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1 Introduction

With the growing population and increase in the rate of industrialization, the world in 2016
generated 2.01 billion tons of solid waste. The preceding number is expected to rise to
3.40 billion tons of waste in 2050 if the world does not shift to more sustainable practices
(The World Bank, 2019). Traditional world economies run on the concept of the linear
economy, which works on the principle of make, use, and dispose of principle, which does
not only create waste but it is also not a sustainable form of economy. To become more
sustainable, the industries around are shifting towards the concepts of CE. The CE model
works on the principle of reduce, reuse, and recycle policy. The new model does not create
waste and helps in the continual use of resources. More recently, the industries are shift-
ing towards the incorporation of the CE principle into their supply chain operations for
maximum sustainability. To achieve all three metrics of sustainability, the United Nations
have devised the sustainable development goals (SDGs). The concept of CE meets several
goals of SDGs but the strongest relationship exists with that of SDG 12, i.e. “responsible
consumption and production” (Schroeder et al., 2019).

Developed nations around the world especially the European Union (EU) have set tar-
gets to adopt the CE model. For this, the European Commission has come up with legisla-
tive and non-legislative measures to achieve its targets. The aim is to reduce the consump-
tion footprint and ensure the continued use of products in the EU economy. According to
a survey, the adoption of the CE model in the EU economy has the potential to increase its
GDP by 0.5% long with the creation of a market of 700,000 (European Commission, 2018).
Emerging economies like China have also started to enact the principles of CE in their sup-
ply chains. They intend to achieve this goal through the development of industrial ecology
(Mathews et al., 2011). Developing countries, on the other hand, are also adopting the new
model because of the economic benefits associated with it (Ngan et al., 2019). The con-
cept of CSCM is a novel approach that is being adopted by various industries around the
world. These industries include packaging (Batista et al., 2019), automobile (Agyemang,
2019), leather (Moktadir et al., 2020), food (Sharma et al., 2019), and the textile industry
(Jia et al., 2020). Manufacturing and process industries are at the forefront in adopting the
CSCM in their organizations; however, the process industry, i.e. pharmaceutical industry
has got little attention in this regard (Lahane et al., 2020).

The pharmaceutical is one of the biggest industries in the world that has significantly
grown in the past two decades. In 2019 alone, the industry made a business of 1.25 trillion
USD worldwide'. According to a forecast, the preceding number is expected to rise to 1.59
billion USD in 2024 (Statista, 2020). Due to the huge consumption of medicines world-
wide, a considerable amount of waste is generated by the industry. According to the World
Health Organization (WHO), pharmaceutical waste consists of all the unwanted pharma-
ceuticals that include unused, expired, spilled, contaminated pharmaceutical products, vac-
cines, medicines, and sera. These types of waste are not required and should be disposed
of properly (WHO, 1999)>. Essentially out of all the pharmaceutical waste, 85% of it is
non-toxic, whereas the rest 15% is toxic (WHO, 2018). The disposal of this waste requires
the right waste management techniques (Bungau et al., 2018). As the industry majorly con-
tributes to society’s health, the burden and responsibility of adopting sustainable practices

! https://www.statista.com/topics/1764/global-pharmaceutical-industry/.
2 https://www.veolia.com/en/newsroom/thematic-reports/boosting-performances-pharmaceutical-industry.
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fall the most on such industries. Therefore, these companies are willing to invest in eco-
driven technologies and practices. The inclination towards being sustainable benefits both
the companies and the communities at large>.

Sustainable pharmaceutical manufacturing has been endorsed by the European Federal
Pharmaceutical Industries Association in the 2016 white paper (EFPIA, 2016). The current
sustainability model in the pharmaceutical industry is mainly focused on waste mitigation,
process mass intensity, life cycle assessment, and green chemistry models. Through these
models, the pharmaceutical industry has reduced waste generation, but the overconsump-
tion of resources due to reduced resource efficiency is still a problem (EPA, 2019). The
current sustainability model in pharmaceutical manufacturing is not adequate and needs
the incorporation of CE across its entire supply chain network. The supply chain operations
in the pharmaceutical industry include the sourcing of raw materials, followed by manu-
facturing, distribution, dispensing logistics, and finally sourcing out the medicines to the
pharmacies (Uthayakumar & Priyan, 2013). The particular industry generates waste that
is detrimental to human health and is difficult to handle at the same time. Therefore, the
industry needs a supporting framework that could help the industry to minimize its waste
in the best possible manner across its supply chain network. Thus, this paper aims to pro-
vide a facilitating framework for the pharmaceutical industry to adopt the CSCM approach.
The incorporation of CSCM in any organization comes with certain barriers that need the
right set of enablers to counter those barriers (Hussain & Malik, 2020).

Previous studies conducted on CSCM take various industries into account; however, the
pharmaceutical industry has rather been neglected in this regard (Ang et al., 2020). The
literature further lacks the usage of both qualitative and quantitative techniques to provide
a supporting framework for the pharmaceutical industry (Lahane et al., 2020). Hence, this
paper aims to fill in that gap by devising a supporting model that would facilitate the par-
ticular industry in adopting the CSCM model. To achieve the aforementioned goal, the
study in the first phase would identify the barriers the pharmaceutical industry faces in
adopting the CSCM approach. To counter those barriers, the study in the second phase
would identify enablers that would facilitate the industry in achieving its targets. To ana-
lyse the identified barriers and enablers, the study subsequently uses a new hybrid method-
ology based on F-FUCOM and FQFD approach. The F-FUCOM approach would be used
to prioritize the barriers (WHATS), whereas the FQFD approach would be used to rank the
enablers (HOWs).

In Sect. 2, the literature review will be discussed, whereas Sect. 3 would comprise data
collection and methodology. Lastly, Sects. 4 and 5 would consist of results and discussion
and conclusion, respectively.

2 Literature review

With increasing levels of pollution and global warming, the world is moving towards the
adoption of more sustainable practices (Khan et al., 2020a, 2020b). The concept of CE has
achieved more popularity in recent times because of its potential in achieving the targets
of SDGs (Geissdoerfer et al., 2017). The incorporation of the CE approach in the supply

3 https://www.cleanroomtechnology.com/news/article_page/Opinion_Circular_economy_in_pharmaceut
ical_production_plants/162646.
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chain operations of the construction industry has shown significantly low levels of carbon
emissions along with an increase in economic growth (Nasir et al., 2017). The adoption of
the CSCM approach comes with certain barriers in the implementation process that needs
the right set of enablers to overcome those barriers (Pan et al., 2015). For example, the lack
of support or collaboration between the supply chain managers was found to be the biggest
impediment in implementing CSCM in the food industry of China (Farooque et al., 2019).
Government plays a huge role in the implementation of CE practices. In particular, friendly
policies, laws, risk reduction through tax relaxations, and responsible governance can help
organizations to a greater extent (Govindan & Hasanagic, 2018).

Industries in developing countries are also incorporating CE practices into their organi-
zations. However, developing countries face more challenges as compared to the developed
nations because they have less technological know-how and modern infrastructure (Mangla
et al., 2018). The same is evident from a case in India, where 24 obstacles were identified
in incorporating CSCM in the plastic industry. The resultant barriers were ranked using
the fuzzy analytical hierarchal process (AHP). The topmost barrier found as a result was
the lack of tax incentives and poor regulations to protect the environment (Khandelwal
& Barua, 2020). Similarly, a total of 24 barriers were identified in adopting the CSCM
approach in the household appliance company. The study further provides enablers in over-
coming those barriers. The results of the study suggest coordination between supply chain
actors to be the most important strategy for the successful adoption of the CSCM in the
organization (Bressanelli et al., 2019).

The adoption of CSCM in the pharmaceutical is a challenging task because of the com-
plex supply chain nature associated with the particular industry. The complex nature of
the PSC is because of its relation with human life and the involvement of many stakehold-
ers. This as a result hinders researchers to investigate the particular avenue (Singh et al.,
2016). Current linear supply chains in the pharmaceutical sector contribute to significant
waste generation which is detrimental to both human health and the environment (Su et al.,
2021). Therefore, the waste generated because of the current unsustainable waste man-
agement practices needs to be minimized and recycled in the best possible manner. The
industry needs the adoption of closed-loop supply chains, which would help in the expired
medication being disposed of, remanufactured, or recycled accordingly. However, there are
several impediments the industry faces in the adoption of closed-loop supply chains. These
challenges are in the shape of competition, customer demand, and a diverse flow of end-
of-life medicines (Sazvar et al., 2021). The irresponsible behaviour of the consumer, e.g.
improper disposal of medicines and leaving the medicines to get expired at homes contrib-
utes to unnecessary waste being generated. To solve this problem, return-back programs
need to be encouraged, which would make sure the medicines are treated, donated, or recy-
cled accordingly (Ariffin & Zakili, 2019). The minimization of waste in the PSC can be
achieved through the RL infrastructure whose aim should be to recover the expired, end-of-
life along with the extra medicines in the inventory holdings with the end retailer (Abbasi
& Farooquie, 2018). To achieve transparency, facilitate sustainability, and a more personal-
ized PSC, the industry needs to adopt new technologies in the realm of industry 4.0 (Ding,
2018).

Recent studies in the literature focus more on the green supply chain management
(GSCM) in the pharmaceutical industry. One such study focuses on the pharmaceutical
industries of India by identifying top risks for adopting GSCM practices using the fuzzy
AHP technique (Kumar et al., 2019). The same concept has been addressed by utiliz-
ing the fuzzy technique for order preference by similarity to the ideal solution (TOP-
SIS) and decision-making trial and evaluation laboratory (DEMATEL) approach to rank
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the barriers in adopting GSCM in the pharmaceutical industry. Findings suggest lack of
knowledge regarding environmental benefits, lack of knowledge of green production,
and lack of environmental regulations to be the topmost barriers (Shahin et al., 2019).
Supporting regulations in implementing green practices was found to be the topmost
enabler in implementing green practices in the pharmaceutical industry (Dhull & Nar-
wal, 2016). However, to achieve the SDGs and further minimization of waste, the indus-
try needs to integrate the concept of CE in its supply chain management operations.
Incorporating CSCM in pharmaceutical companies would bring more sustainability in
the entire product life cycle (Ang et al., 2020).

To provide a supporting framework for the pharmaceutical industry in the successful
adoption of the CSCM approach, the study in the first phase would identify barriers that
impede the industry in transitioning towards the new paradigm. The resultant identified
barrier would then be prioritized using a new fuzzy MCDM approach. There are numer-
ous MCDM approaches being used for calculating weights of criteria, e.g. Best Worst
Method (BWM), Step-wise Weight Assessment Ratio Analysis (SWARA), Preference
Ranking Organization Method for Enrichment of Evaluations (PROMETHE), Elimina-
tion Et Choice Translating Reality (ELECTRE), Weighted Aggregated Sum Product
Assessment (WASPAS), and the very famous AHP. However, the technique employed in
this study is FUCOM, which is a novel MCDM technique formulated by Dragan Pamu-
car in 2018. The technique aims to act as a model to evaluate the decision-makers in
the best possible manner for determining the weight coefficients of criteria (Pamucar
et al., 2018). This study used the newly developed fuzzy FUCOM approach formulated
by Fatih Ecer and Dragan Pamucar in 2020 (Ecer & Pamucar, 2020). The robustness
and validity of the novel MCDM approach have been determined by comparing it with
some of the most powerful MCDM techniques such as fuzzy AHP and fuzzy BWM. The
F-FUCOM technique is a hassle-free approach that produces a lesser pairwise compari-
son of criteria, giving more reliable and consistent results as compared to the previously
developed MCDM techniques. The incorporation of the fuzzy set theory in the FUCOM
technique further increases its validity and reliability (Tang et al., 2021).

The FUCOM approach in numerous studies has been primarily used for determin-
ing the weights of criteria. For example, the most optimal way of recycling cleaning
solutions in the glove manufacturing industry uses a combination of the FUCOM and
VIKOR approaches (Ong et al., 2021). The FUCOM approach has been further inte-
grated with the COmbined Distance-based ASsessment method (CODAS) for the
selection of the most suitable landfill site selection in Libya (Badi & Kridish, 2020).
Moreover, the selection of the most sustainable supplier uses the FUCOM approach for
allocating weights to the criteria (Durmic et al., 2020). More recently, the F-FUCOM
approach has been used in combination with fuzzy Measurement Alternatives and Rank-
ing according to the COmpromise Solution (MARCOS) approach to select the most sus-
tainable mode of transportation in the USA (Pamucar et al., 2021). To achieve sustain-
able transportation, the F-FUCOM has been integrated with other MCDM approaches
such as fuzzy PIPRECIA (pivot pairwise relative criteria importance assessment) and
fuzzy MARCOS (measurement of alternatives and ranking according to compromise
solution). The results achieved from the integrated approach were then compared to
other MCDM approaches such as fuzzy SAW and fuzzy WASPAS. Through sensitivity
analyses, the adopted hybrid methodology provided more powerful results as compared
to other MCDM approaches (Blagojevi¢ et al., 2021). The F-FUCOM approach has
been additionally integrated with CRITIC (The CRiteria Importance through Intercri-
teria Correlation), DEA (Data Envelopment Analysis), and fuzzy MARCOS to achieve
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traffic safety. The results of which have been validated through sensitivity analysis by
comparing them with other approaches (Simi¢ et al., 2020).

In the second step of the study, the prioritized barriers evaluated by the F-FUCOM tech-
nique would then be utilized in the House of Quality (HOQ) using the FQFD approach. The
QFD tool was firstly used in the Mitsubishi heavy industry in 1972 (Hauser, 1993). QFD
is generally used in developing a new product, translating customer’s voices or require-
ments “WHATS” by utilizing engineering characteristics, i.e. “HOWs” (Liu, 2009). The
particular approach is popular for its utilization in product design and is widely used as a
decision-making tool in the development of new frameworks (Osorio-G6émez et al., 2017).
The FQFD technique has been employed in Italian mechanical industries, to enhance the
customer’s experience with logistic services (Bottani & Rizzi, 2006). The same approach
has been further used to improve the design and the overall performance of a vehicle (Chen
& Ngai, 2008). Moreover, developing lean attributes and strategies for the Indian switch
manufacturing industry uses the same approach (Vinod & Chinta, 2011). It has also been
used to develop the best e-learning experience for effective distance education by involving
experts to find the right characteristics and strategies (Kazancoglu & Aksoy, 2011). The
FQFD has also been employed to find the best supplier for a complete clutch manufac-
turing industry (Bevilacqua et al., 2006) The technique has also been used in enhancing
supply chain reliability, keeping customer’s needs, and design specifications into account
(Sohn & Choi, 2001). Similarly, identifying important logistic requirements and supply
chain management strategies for a dairy company in turkey utilizes the same approach
(Ayag et al., 2013). Moreover, for a resilient supplier selection in the manufacturing sys-
tem, QFD has been integrated with other MCDM techniques such as AHP, and TOPSIS
to identify the general features of selection criteria (Pramanik et al., 2017). Similarly, a
combination of AHP-QFD is also employed in selecting the best supplier for a Precision
Machine High-Pressure Die Casting components company (Rajesh & Malliga, 2013). In
addition to this, the fuzzy AHP-QFD-PROMETHEE approach has been used to identify
lean attributes and enablers to achieve lean production in the automotive industry (Rogha-
nian & Alipour, 2014).

The PSCs have a considerable impact on the economic and environmental indicators
and so ensuring sustainability in the particular sector is of eminent importance. How-
ever, to achieve this goal a joint effort by all the stakeholders have to be made to minimize
waste in the particular sector (Smale et al., 2021). The current COVID-19 pandemic has,
even more, highlighted the importance of PSCs (Sazvar et al., 2021). However, through a
rigorous literature review, it has been determined that the particular area has rarely been
addressed in the literature particularly when it comes to the RL infrastructure in the PSCs
(Campos et al., 2017). To achieve all the metrics of sustainability the pharmaceutical
industry has to adopt the concept of CSCM. For this purpose, this study uses a hybrid
combination of F-FUCOM and FQFD to achieve the aforementioned goal. The integra-
tion of the F-FUCOM the FQFD has numerous advantages. In the first phase the reliable
MCDM approach, i.e. F-FUCOM would ensure the prioritization of barriers for its use as
WHATSs in the HOQ. The prioritization of barriers would help the pharmaceutical industry
to systematically overcome any impediments in the application of the CSCM approach.
In the second part of the study, the prioritized barriers in the first phase would be used
as WHATSs in the HOQ. Whereas the identified enablers would be considered as HOWs
in the HOQ and would be ranked accordingly through the FQFD approach. The ranked
enablers as a result would facilitate the pharmaceutical industry in transitioning towards
the CSCM approach. The significance of the FQFD is its ability to determine the rela-
tionship between WHATs and HOWs and the correlation between HOWs. Assessing the

@ Springer



Implementation of the circular supply chain management in the... 13711

relationship between the WHATs and HOWs would remove any possible risk of misalign-
ment between barriers and enablers. Here the role of experts in assessing the relationship
and correlation matrices is of paramount importance (CIL & EVREN, 1998). In addition to
this, the roof of the HOQ would ensure the computation of possible correlations between
enablers (HOWs), helping to achieve the best possible results. Whereas, the fuzzy set the-
ory used during the assessment process in both the steps would further ensure removing
any ambiguity while collecting data from the experts (Bottani, 2009). The newly developed
fuzzy hybrid approach and its application in the pharmaceutical industry in achieving the
CSCM approach are both novelties of this study.

3 Data collection and methodology

The data collection process starts with the identification and adoption of barriers from
an extensive literature review. These barriers were collected from articles related to CE,
CSCM, GSCM, sustainable supply chain management, closed-loop supply chain, and
waste management in pharmaceutical industries. The next step was to remove any kind
of redundancy and shortlist the most critical barriers among an extensive list of collected
barriers from the literature. For this experts from the pharmaceutical industries, particu-
larly the supply chain managers and the top management of multinational companies were
taken on board. The aim of these interactions was just to validate the secondary data and
identify real-world barriers that the pharmaceutical industries could face in adopting the
new approach. These were semi-structured interviews that were conducted with some of
the most renowned pharmaceutical companies such as Pfizer, Martin Dow, Servier, and
Getz pharma. The total number of interviews conducted were eight. From each company,
one supply chain manager and a member of the top management were interviewed. The
interviews contained questions like discussing the supply chain operations of the respective
companies. The concepts of CE and its role in supply chain management were also dis-
cussed. The existing sustainability models adopted and practiced by the respective compa-
nies were also discussed. They were then subjected to the list of barriers that were already
collected from the secondary literature. Their role in reviewing the extensive list of barriers
was to identify and shortlist the most critical barriers along with removing any chances of
redundancy. After the eight rounds of interviews, the short-listed barriers were then sub-
jected to a mini Delphi approach. The role of which was to shortlist the most repeated bar-
riers among all the conducted interviews. The finalized list of identified barriers along with
their descriptions is given in Table 1.

After the finalization of the barriers, the second part of the data collection process was
to identify enablers from the secondary literature that would help the pharmaceutical com-
panies in adopting the CSCM approach. The enablers were collected from the literature
using the same set of articles mentioned previously for collecting barriers. The extensive
list of enablers were then finalized with the help of the same group of experts as mentioned
earlier. Here again, the role of the experts was to shortlist and identify the most effective
enablers. The finalized list of enablers and their explanation is given in Table 2.

After the finalization of barriers and enablers, the next step was to analyse them using
the hybrid methodology. In the first part of the methodology, the F-FUCOM approach was
used to prioritize the barriers with the help of experts mentioned in Table 1. For this, a
survey form was created where the experts were requested to rate the barriers using a five-
point fuzzy Likert scale given in Table 4. For this, data were collected from a total of 21
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Table 1 Identified barriers from experts and literature

Barriers Explanation

B1. Lack of financial resources and funding (Veleva High investment and production cost for involving in
& Cuelr, 2019) green practices and adopting CE principles

B2. Limited expertise, technology, and information  Lack of knowledge, skilled workers, technology,
(Veleva et al., 2018) research and development, and information sharing
among pharma industries

B3. Organizational culture and management Lack of support from top management and weak or
non-existent circular economy models

B4. Social challenges (Lahane et al., 2020) Lack of knowledge and support of the public towards
circular economy practices

BS. Market challenges (Lieder & Rashid, 2016) Lack of availability of suppliers of quality and green
raw materials and competition among pharma
industries

B6. Lack of coordination and collaboration between Lack of cooperation among the entire supply chain
supply chain actors (Ding, 2018) network including manufacturers, wholesalers, GPs,
pharmacies, and patients

B7. Lack of production and inventory planning Lack of demand forecasting disturbs the demand and
(Uthayakumar & Priyan, 2013) supply gap, resulting in overproduction and expired
medications
B8. The low shelf life of medicines (Alshemari Low quality and quick expiry of the medicines
et al., 2020)
B9. Difficulty in the visibility of the supply chain The complexity of the pharmaceutical supply chain
(Sara et al., 2018) makes it difficult to monitor the entire supply chain
B10. Ineffective segregation of waste (Viegas et al., Ineffective segregation of waste in the pharma indus-
2019 try and hospitals makes it difficult to further treat
the waste

experts. The highest number of years among the respondents was 25 years, whereas the
least was 2 years. The average experience of the experts was 5.75 years. The list of experts
and their corresponding numbers are given in Table 3.

3.1 Fuzzy set theory

The data collected for prioritizing the barriers were in linguistic variables, the range of
which was from very low to very high. After the data collection process, the linguistic vari-
ables are then transformed into their respective fuzzy numbers. The fuzzy set theory was
devised by Lotfi Asgharzadeh in 1965 (Zadeh, 1965). The fuzzy set theory helps capture
ambiguity and vagueness while collecting data from the respondents.

Let us consider (S) having a member set containing (z); then, the fuzzy set having the
ordered pair is shown in Eq. (1),

H = {(z. y;(2))Iz € S. (1)

The function (z) p H shows the amount of membership of (z) belonging to the fuzzy set
of H. The range between [0, 1] contains real numbers that hold a minimum value of 0 and
a maximum value of 1. Some of the shapes associated with the fuzzy numbers are trian-
gular, bell, and trapezoid forms. However, for simplicity, this paper uses triangular fuzzy
numbers. The three distance variables can be expressed through the constants, i.e. (u,v, x),
given in Fig. 1.
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Table 2 Identified enablers from experts and literature

Enablers

Explanation

El. Industrial symbiosis (Maranesi & Giovanni,
2020)

E2. Blockchain technology (Bocek et al., 2017)

E3. Pharma Industry 4.0 manufacturing (Ding,
2018)

E4. Appropriate training & development programs
(Zaid et al., 2018)

ES. RL infrastructure (Viegas et al., 2019)

E6. Awareness campaigns for the public (Hartley
et al., 2020)

E7. Legislative framework
(Roberta et al., 2018)

ES8. Competent research and development team
(Veleva et al., 2018)

E9. Using biodegradable and smart packaging
(Meherishi et al., 2019); (Hui et al., 2020)

E10. Utilizing green chemistry/engineering
(Roschangar et al., 2015)

E11. Using bio-economy (Viegas et al., 2019)

E12. Drugs donations (Viegas et al., 2019)

Cross-collaboration between industries in exchanging
resources to achieve resource productivity

Using blockchain technology to enhance visibility
across the entire supply chain

Industry 4.0 helps in sustainable development, lead-
ing towards a more robust, intelligent, and custom-
ized pharma industry

Training employees, typically supply chain managers
about CE models and principles

An RL infrastructure that does not only collect
expired medications/medical equipment but also
non-expired medicines for further recycling/reuse
or donations

Educating medical practitioners, pharmacists, and
consumers towards CE practices

Supporting legislation regarding the adoption of CE
principles

Bringing innovations, continuous improvements, and
sustainability in medications

Using biodegradable packaging because of their user
and eco-friendly and nontoxic advantages, also
using smart packaging for easy medicine detect-
ability

Using green chemistry/engineering in the upstream
and downstream part of the supply chain

The surplus medicines or the end-of-life and end-of-
use (EOU/EOL) medicines can be used for several
purposes involving the use of biotechnology

The donation of non-expired medicine to the needy
individuals

Table 3 Expert’s profile and their

number Expert’s profile Associ-

ated
number

Supply chain managers from pharmaceutical industries

Medical experts

Academia related to supply chain 5

Total 21

The membership of the fuzzy numbers is given by Eq. (2):
z—ufv—u u<z<v
ub(@) = x—z/u—v v<z<x 2)

0 otherwise
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Table 4 Fuzzy scale (source:

Linguisti iabl F
Khan et al.. 2020a, b) inguistic variables uzzy number
Very Low (VL) (1,1,3)
Low (L) (1,3,5)
Medium (M) (3.5.7)
High (H) (5,7,9)
Very High (VH) (7,9,9)
Fig.1 Fuzzy triangular numbers A
u v X

where u, v, andx are integers, having an order of u < v < x. The value of z at v gives the

maximal value of p; (2), i.e. gy (z)=1, whereas the value of z at v generates the minimum
value of p; (y), i.e. y; (z)=0, holding the least expected value of the data to be evaluated.
The constant, i.e. uandv corresponds to the lower and upper bounds, respectively. The
range between uandx showcases the degree of ambiguity in the data. The lower degree of
the interval there is between [u, x] in the collected data the lower there is fuzziness involved
and vice versa. The distance between any two triangular fuzzy numbers such as f = u,v,x
and y=u, v, x can be calculated using Eq. (3):

dp. 1) = \/ (3)w=wP+ =P+ 1= P Q)

3.2 F-FUCOM technique

The FUCOM approach has been formulated by Dragan Pamucar in 2018 to calculate the
weights of criteria. The approach focuses on the principle of pairwise comparison of cri-
teria along with validation of results through deviation from maximum consistency. The
advantage of using the adopted MCDM approach is its attribute of generating a lesser
pairwise comparison of criteria, i.e. only (n-1). Its simple mathematical formulation fur-
ther ensures the verification of results by defining the deviation from maximum consist-
ency through the development of transitivity. The results achieved through the particular
approach eliminate any possibility of redundancy in the pairwise comparison of criteria,
giving more consistent findings (Pamucar et al., 2018). To further increase the reliabil-
ity and efficiency of the FUCOM approach, the two scientists, i.e. Fatih Ecer and Dragan
Pamucar further incorporated the fuzzy logic in the methodology to make it more reliable
(Ecer & Pamucar, 2020).
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The mathematical steps involved in the F-FUCOM approach are given below (Ecer &
Pamucar, 2020):

Step 1: The first step is the determination of decision criteria. Suppose that there are
n (m=1, 2 ... n) criteria, which is represented by the set C={C,, C,... C,}.

Step 2: In the second step, linguistic variables, given in Table 1, are used by the
decision-makers to assess the criteria. The decision-makers are asked to allocate
weights to the criteria according to their judgment. The criterion that is given more
significance is ranked first, whereas the one given the least preference is ranked the last.
Hence, a ranked criterion according to the expert’s opinion is formulated in the form of
an MCDM model.

Cnty > Cn) > > Cougp) )

The m in Eq. (4) represents the rank of criteria. An equality sign is used between the
criteria if two criteria have the same ranking.

Step 3: The criteria in this step are compared to each other with the help of the scale
given in Table 4. The comparison is carried out based on the criterion having the high-
est significance. Hence this way, a fuzzy criterion significance (wc,,,) is made for the
criteria ranked in Step 2. Since the first criterion is compared with itself (its significance
is @c,y1)=pr), NOW, n—1 of the remaining criteria should be carried out. A fuzzy com-
parative significance @, (., is found by using Eq. (5):

u vV X
ﬁ _ wcm(p+1) _ wcm(pi-l)’mcm(lj+l)’wcrn(li+l) (5)
p/(p+1) — - )
@ Cmip) wzmw ’ w;mw ’ w‘x’mw
Hence, a fuzzy vector of the comparison criteria is achieved by applying Eq. (6):
0=01/20273: - Bpp) ©6)
Step 4: In this step, the fuzzy weights of the criteria (w; w, ... ,w,)" are calculated.

The following two conditions should be satisfied with the final values of the weight
coefficient:
First condition: The ratio of the weight coefficient of the evaluated criteria (C,,,, and

C,up—1)) should equate to the comparative significance (ﬂj /(n+1)) glven in Step 2
Wm
o = D (7)

Second condition: Along with the condition defined in Eq. (6), the resultant values of
the weight coefficient should satisfy transitivity @,,/¢us1) X i1 /onr2) = Bnjoneay 1€

w, ) ..
Lo Zmit — Mm Hence, the second condition becomes:
Wine1 Wins2 Wins2
Wm
—— =B smi1) X Bns1/me2) €]
Wint2

Minimum DMC, i.e. ¥ = 0 is only satisfied if Eq. (8) among weight coefficients is satis-
fied. Hence, one can say that —2 — f » = 0 and = Brjom+1) X Bt jmany = 05 for such
Wint2

Wint1 m+l

results, the DMC is y = 0. For these conditions to be satisfied, the values of the weight

WIH

coefficient (w wy_... ,wn)T must fulfil the condition such that =B jome1) ‘ < y and

Wing2

o Jm+1) X B it Jem+2) | < x with the minimization of value y.

Wint2
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Table 5 Respondents involved in

E t fil Numb
assessing the HOQ Xperts prolie umber

Supply chain managers from pharma industries 3
Medical experts 2
Academia related to supply chain 2
Total 7
Tab]e 6 Fuzzy linggistic Magnitude of relationship Fuzzy number
variables for assessing
relationship matrices (source: .
Bottani, 2009) Strong 0751
Medium (0.3;0.5;0.7)
Weak (0;0;0.3)
Tab.le 7 Fuzzy lingpiStic Magnitude of correlation Fuzzy number
variables for assessing
correlation matrices (source: i .
Bottani & Rizzi, 2006) Strong Positive (SP) 0.7, 1; 1)
Positive (P) 0.5;0.7; 1)
Negative (N) (0;0.3;0.5)
Strong Negative (SN) (0,0;0.3)

The steps mentioned above can now be used to determine the final nonlinear models
given by equations Ag and A, in Appendix A of this paper.

3.3 The FQFD approach

After the prioritization of the barriers (WHATS) using F-FUCOM, the FQFD methodol-
ogy was then used to rank the enablers (HOWs) using the HOQ. The FQFD methodol-
ogy used in this study has been developed by Eleonora Bottani for achieving agility in
companies (Bottani, 2009). The same fuzzy QFD approach has been further integrated
with fuzzy AHP to achieve food supply chain leanness (Zarei et al., 2011). A more recent
hybrid approach uses the novel MCDM approach, i.e. FUCOM and fuzzy QFD in achiev-
ing healthcare resilience in the wake of pandemics (Khan et al., 2021). However, this study
integrates the fuzzy logic approach with FUCOM methodology along with FQFD to pro-
vide a supporting framework for the adoption of CSCM in the pharmaceutical industry.
A total of seven experts were involved in assessing the HOQ. The expert’s profile of the
respondents is given in Table 5.

The fuzzy linguistic variables used in this study to assess the relationship between
WHATs and HOWs and the correlation between HOWSs are given in Tables 6 and 7,
respectively.

The addition and multiplication of treating the fuzzy numbers are shown in Egs. (9) and
(10) and are given below, respectively (Chien & Tsai, 2000):

If R = (hl,il,jl)and S = (h2,i2,;2) are two fuzzy numbers, then
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Fuzzy addition : R+ S = (hl + h2,il +i2,j1 + j2) )

Fuzzy multiplication : R X S = (hl X h2,il X i2,j1 X j2) (10)

The proposed hierarchy and the HOQ developed for this study are given in Figures 3
and 4 in Appendix A of this paper.

After the assessment of relationship and correlation matrices, the next step was to ana-
lyse the resultant HOQ using the steps associated with the FQFD (Zarei et al., 2011).

Stepl: In the first step, the relative importance, i.e. R;; is calculated using Eq. (11):

RI;=) WixRij wherej=1,....n (11)

i=1
Step 2: Priority weights of the enablers are to be calculated in this step, using Eq. (12).

PIT":RU+ZTEJ.><R,-]-

i (12)

e=j
where T,; represents the rooftop, i.e. the triangular portion in the HOQ shown in Fig. 4 in
Appendix A of this paper.

Step 3: In this step, the resultant fuzzy weights are normalized using the fuzzy set alge-
bra. The normalized (NPI;‘) is found by dividing each priority weight(PI;.‘) by the highest
PI;" (Zimmermann, 1991).

Step 4: In the final step, resultant normalized NPIJ’.‘ is to be de-fuzzified using Eq. (15):

Defuzzification = (a * b * c)l/ 3 (13)

The resultant de-fuzzified values are subsequently ranked based on the significance or
weightage of the respective enablers. For example, the enabler holding the most weightage
would be ranked first, whereas the one holding the least weightage would be ranked the
last.

3.4 Results and discussion

The identified barriers to the adoption of CSCM in the pharmaceutical industry in the first
step were subjected to the F-FUCOM approach. Experts were involved in assessing the
barriers using a five-point fuzzy Likert scale given in Table 4. The next step involved the
pairwise comparison of the barriers. After the pairwise comparison of barriers, the next
step was to satisfy a set of two conditions to move to the next step. The first condition
determines the comparative significance, which is found by dividing the second barrier
with the first barrier, and so on using Eq. (7). The second condition should satisfy the tran-
sitivity, i.e. the resultant fuzzy weight from condition one is multiplied among each barrier
using Eq. (8). Using equations Ay and A, the achieved nonlinear model is solved through
the LINGO software. The resultant list of prioritized barriers in descending order is given
in Table 8.

From Table 8, “lack of financial resources and funding” is prioritized to be the biggest
impediment to the pharmaceutical companies in transitioning towards the CSCM approach.
Pharmaceutical industries are capital intensive because the industry is heavily based on
rigorous research and development practices. The adoption of CE principles though in the
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long run would help attain sustainability, but the initial cost of investment in clean and lean
production practices and technologies is expensive (Ding, 2018). Investing in a closed-loop
supply chain in the form of an RL infrastructure that focuses on take-back programs, reuse,
and recycle of pharmaceutical products and medicines is though beneficial for the com-
panies, in the long run, is however costly in the short run. (Kongar et al., 2015). Lack of
financial resources or funding is however considered as a most prominent impediment in
achieving a sustainable closed-loop supply chain (Abbas, 2018). The second barrier pri-
oritized by the experts is “market challenges”. The industry faces market challenges in the
shape of a lack of cooperation, collaboration, and information sharing among pharmaceuti-
cal industries. Collaboration in terms of exchanging expertise, information, and green raw
materials would help the overall industries in being more sustainable. However, the non-
uniformity in the market gives rise to competition in the market hindering the companies to
move towards sustainability. Here, the government can play its role by formulating legisla-
tion that goes in the favour of these industries. Supporting legislation can be in the form of
tax incentives regarding green and cleaner production practices (Singh et al., 2018). Lastly,
the third most critical barrier prioritized by the experts is “lack of coordination and col-
laboration within the supply chain network”. The complexity of the PSC makes it difficult
for the supply chain actors to monitor the entire supply chain especially during the RL
operations of the company (Kongar et al., 2015). During uncertain times, ensuring a proper
coordination plan especially during a closed-loop supply chain in the pharmaceutical com-
panies is usually a challenge. Keeping the context of CE into consideration the collection
of leftover pharmaceuticals usually contains chemicals, if not managed properly can be
hazardous to both the environment and human beings. To overcome these challenges, a
proper coordination plan in the collection of such products is essential (Motlagh et al.,
2020). It is estimated that the pharmaceutical companies can collect 28% of more products
from the market for further reuse or recycling purposes if they coordination their reverse
operations efficiently (Weraikat et al., 2016a, b).

After the prioritization of barriers, the resultant barriers were then treated as (WHATS)
in the HOQ, whereas the enablers were treated as (HOWSs) in the HOQ using the FQFD
approach. In this case, experts were asked to determine the relationship between the bar-
riers and enablers and the correlation between the enablers using the fuzzy linguistic vari-
ables given in Tables 6 and 7, respectively. The first step in the analysis was to determine
the relative importance by multiplying the weights of WHATSs with that of HOWs using
Eq. 11. In the second step, priority weights were determined using Eq. 12. In the third step,
the priority weights determined in step 2 were then normalized by dividing each prior-
ity weight with that of the highest value of priority weight. The normalized weights, as a
result, were then de-fuzzified using Eq. 13, to rank the resultant enablers. The complete
HOQ along with the achieved results are given in Table 9.

As evident from the HOQ in Table 9, “industrial symbiosis” has been ranked to be
the top-most effective enabler in adopting CSCM in the pharmaceutical industry by the
experts. A sustainable supply chain needs to focus on environmental management, prod-
uct stewardship, RLs, recycling, reuse, and remanufacturing which could be made possible
through the adoption of industrial ecology and industrial symbiosis. A symbiotic relation-
ship among industries helps each other to manage waste in the best possible manner help-
ing to achieve all metrics of sustainability. The same argument has been validated through
a case study on a large distributor in the UK, in which through an industrial symbiotic net-
work the company achieved environmental sustainability along with an overall sustainable
closed-loop supply chain (Leigh & Hong Li, 2015). Governments play a pivotal role in
creating these symbiotic linkages between organizations, just like the UK is doing with its
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National Industrial Symbiosis Programme (NISP). These types of initiatives and programs
can pave the way towards a more circular-oriented economy (Abreu & Ceglia, 2018).
Countries like China are also working towards the same goal through their eco-industrial
parks (Wen & Meng, 2015). Among pharmaceutical industries, symbiotic supply chains
are not a new concept. Some of the symbiotic relationships have been seen in Barceloneta,
Puerto Rico, where the top leading pharmaceutical companies like Abbot, Pfizer, Merck,
and Bristol-Myers Squibb are operational. These relationships extend in the exchange of
by-products such as spent solvents, which are sold to paint manufacturers. From the waste-
water treatment plant, the organic treated sludge is used as fertilizer for growing fodder,
whereas the fermentation residue is sold to farmers to feed their livestock. There is also the
sharing of wastewater treatment plants among different manufacturers along with cogen-
eration of energy projects (Ashton, 2018).

From the HOQ in Table 9, the second most effective enabler in adopting CSCM in the
pharmaceutical industry is an “RL infrastructure”. Pharmaceutical companies do have
RL infrastructure but they are mainly involved in retrieving expired medications from the
market for further incineration. However, this should not be the only role of the RL infra-
structure. The RL infrastructure should be secure enough to ensure any type of counterfeit
infiltration of medicines in the supply chain. Enhanced traceability can be ensured through
the usage of RFID technology (Kongar et al., 2015). The infiltration of counterfeited medi-
cines can be controlled through a strict penalty by the governments as it is detrimental to
both society and the environment. The RL infrastructure can be further employed in the
recovery of medicines that have damaged packaging. The retrieval of such medicines has
the potential of recovering the full market value of those drugs. Medicines that are in the
stage of their EOL should not be left in the pharmacies until their expiry but should be col-
lected and donated to needy individuals accordingly. This as a result would not only reduce
wastage of medicines but would also add to the corporate image of the company (Khan &
Subzwari, 2009). The preceding goal can be achieved through take-back programs whose
aim should be to ensure the retrieval of such medicines from the sales centres and the pub-
lic. Incentivizing the public during the take-back drive can help pharmaceutical industries
to sell the unexpired medicines at subsidized rates or donate them to undeveloped coun-
tries. A case study conducted in the same context suggests that through proper incentiviza-
tion, the pharmaceutical companies can decrease the rate of uncollected medicines from
18 to 6.5% (Weraikat et al., 2016a, b). Improving the reverse flows of medicines, i.e. the
recycling of the pharmaceutical medicines for later reuse/recycle can economically be
very beneficial to the pharma industry. The same benefits have been reported in the case of
multi-national pharma companies of Pakistan, where an effective RL management brought
significant financial and operational benefits, saving at least 10% of the total cost of Rs5
billion of the overall RL processes (Khan & Subzwari, 2009). Through the development
in the field of green engineering technologies, scientists are now able to extract API from
non-expired or EOL/EOU medicines. The recovery of the API process is over 90% effec-
tive, making it suitable for further formulation development (Hsieh et al., 2017). Effective
segregation of medical waste on the consumer level would further ensure sustainable waste
management practices such as recycling and reusing products. A good example of this can
be the reusing and recycling of the outer packaging or cartage of inhalers (Alshemari et al.,
2020). Supporting legislation from the government bodies can be beneficial in improving
the overall RL infrastructure, a good example of which can be the supporting laws in Por-
tugal (Niza et al., 2014).

The third most effective enabler that would facilitate the pharmaceutical industries to
adopt CSCM is the adoption of “block chain technology” as evident from the HOQ in
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Table 9. There are several processes in the PSC that make it very complex. These processes
include the procurement of raw materials, production and inventory planning, forward
logistics, RLs, and the involvement of various stakeholders across the whole supply chain
network (Singh et al., 2016). To address these challenges, the role of blockchain technol-
ogy in the PSCs has become of paramount importance. The application of the particular
technology would help the industry to digitize their physical assets along with the potential
of decentralizing every transaction. It will further aid the industry to efficiently manage
their inventory, helping them to identify issues more swiftly, enhance drug recall manage-
ment, and reduce the overall cost of operations (Clauson et al., 2018). The adoption of
blockchain technology in the pharmaceutical industry benefits both the manufacturers and
the customers and society in general (Niu et al., 2021). It helps the managers to monitor
the drug distribution network, which is particularly helpful in the recalling of counterfeit
medicines (Sylim et al., 2018). Certain pharmaceutical products are required to be stored
in a specific range of low temperatures, and so if these temperatures are not maintained
properly across the supply chain network, companies can face significant losses. It also
leads to unnecessary waste being created across the supply chain. To solve this problem,
the digitalization of the pharmaceutical cold supply chain would monetarily benefit the
manufacturer, with less waste being generated as well (Bamakan et al., 2021). In essence,
the adoption of blockchain technology would ensure complete visibility, traceability, and
security in the drug supply system that ultimately optimizes the use of medications from
the production to the final consumption (Haq & Esuka, 2018).

Hence, the challenges faced by the pharmaceutical companies in adopting the CSCM
such as the lack of financial resources, market challenges, and lack of collaboration within
the supply chain network can be surmounted by the adoption of strategies such as industrial
symbiosis, RL infrastructure, and block chain technology accordingly. These strategies or
enablers would not just ensure environmental sustainability but would also ensure eco-
nomic sustainability. The aforementioned enabler would not only give a competitive advan-
tage to the companies but would also create employment opportunities. Thus through this
way, several targets of SDGs can be achieved. Having said that there are other strategies
and practices that can pave the way towards a more sustainable future for the pharmaceuti-
cal industry. For example, the waste created by the pharma industry is usually toxic and
hence the only way to deal with expired medications is incineration. Therefore, instead of
the 3R approach, i.e. reduce, reuse, and recycle policy, the industry needs to shift towards
the 9R framework of the CE model. The 9R framework given in Table 10 when adopted
would help make the pharmaceutical industry more sustainable (Kirchherr et al., 2017).

Also, the pharmaceutical industry already being heavily regulated on health issues
should be further regulated on environmental issues. Most of the supply chain managers
during the interview process were unaware of the concept of CSCM. Therefore, inform-
ing these managers about the new concept would require training and development pro-
grams. The awareness campaigns should be extended towards the consumer level as well.
The physicians and GPs should also be trained through workshops and seminars to pre-
scribe the right frequency and quantity of medications to their patients, whereas the patient
should adhere to the prescribed medications and refrain from careless attitudes such as
abandoning the prescribed treatment. Furthermore, the leftover medicines should not be
kept on the shelves until expiry but should be donated to needy individuals. In addition to
this, the industry should also focus on shifting towards the use of green engineering both
in the upstream, i.e. in the formulation of API, and the downstream, i.e. in the extraction of
the useful API from the EOL/EOU medicines. The use of bio-economy in the downstream
part of the supply chain would further eliminate waste. Here, the surplus medicine could be
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Fig.2 The CSCM approach in the pharmaceutical industry

Table 8 Prioritized barriers using the F-FUCOM approach

Prioritized barriers Fuzzy weights De-
fuzzified
weights

B1. Lack of financial resources and funding (0.07,0.15,0.15) 0.1170

BS. Market challenges (0.07,0.13,0.13) 0.1048

B6. Lack of collaboration within the supply chain network (0.06,0.12,0.12) 0.0928

B2. Limited expertise (0.05,0.11,0.11) 0.0866

B10. Ineffective segregation of waste (0.05,0.11,0.11) 0.0832

BO. Difficulty in the visibility of supply chain (0.04,0.11,0.11) 0.0800

B10. Organization culture (0.04,0.10,0.10) 0.0705

BS. Low shelf life (0.03,0.10,0.11) 0.0674

B4. Social challenges (0.03,0.09,0.09) 0.0665

B7. Lack of production and inventory planning (0.03,0.09,0.09) 0.0603

used as a source for raw materials such as phosphate (Carraresi et al., 2018), or perishable
products such as food (Frigo & Lucchini, 2018). The last option under the cleaner produc-
tion and bio-economy principle would be the destruction of EOL/EOU medicines using
methods such as pyrolysis for harnessing energy (Filippis et al., 2012). Figure 2 shows
the complete framework for the pharmaceutical industries to eliminate waste and become
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more sustainable. An overall framework of the proposed policy recommendations is given
in Fig. 2.

4 Conclusion

The curb, the waste generated around the world industries, is moving towards the adop-
tion of CE principles. Recently, there has been a new development in which organizations
are working towards the incorporation of CE principles into their supply chain operations,
giving rise to the concept of CSCM. However, there is little literature available when it
comes to the incorporation of CSCM in the pharmaceutical industry. The PSCs are fairly
complex because of the involvement of several stakeholders. Also, the waste generated by
the particular industry is toxic and hazardous which needs proper management. To achieve
sustainability, the particular industry needs an effective framework that would help them
to minimize its waste and use its resources in the best possible manner. To solve the afore-
mentioned problem, this study aimed to devise a supporting framework that would help
the pharmaceutical industry in adopting the CSCM approach. For this purpose, the study
uses both qualitative and quantitative research methods. To achieve the new paradigm, the
study in the first phase identifies the barriers the particular industry could face in tran-
sitioning towards the CSCM approach. The identified set of barriers are then evaluated
using a novel fuzzy MCDM approach known as F-FUCOM. The results from F-FUCOM
suggest “lack of financial resources and funding”, “market challenges”, and “lack of coor-
dination and collaboration among the entire supply chain network” to be the top-most bar-
riers having de-fuzzified weights of 0.1170, 0.1048, and 0.0928, respectively. To counter
those barriers, the study in the second stage identifies a set of enablers that would help the
particular industry to effectively transition towards the new approach. Here, the TQM tool,
i.e. FQFD, is used to evaluate the enablers based on the prioritized barriers achieved from
the F-FUCOM approach. Based on the achieved results, “industrial symbiosis” has been
considered as the most effective enabler having the crisp or de-fuzzified value of 1.00. An
industrial symbiotic network would give the particular industry a competitive advantage.
The waste associated with the particular industry can be used as a raw material in other
industries. This as a result would financially benefit the industry as well as aid them to
minimize their waste. The second most effective enabler that the industry needs to look
into is the adoption of the “RL infrastructure”, which received a crisp value of 0.80. The
RL infrastructure should not only focuses on the retrieval of expired medications from the
market but should also focus on the retrieval of leftover medications for further donation
or treatment purposes. The third most effective enabler from the HOQ is the digitalization
of the entire drug supply chain network through the adoption of “block chain technology”.
The particular enabler received a weightage of 0.75. This as a result would help the indus-
try in digitizing its physical assets, ensuring better security, transparency, and visibility of
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the supply chain network. It would also help the industry to control counterfeited medi-
cines across its supply chain.

The limitations of this work lie in the probability that the secondary literature might
contain other barriers and enablers that might have been missed which could affect the
pharmaceutical industry in adopting the CSCM approach. However, this study adopts ten
barriers and twelve enablers from the literature with the help of experts and proposes a
supporting framework accordingly. Future studies should focus on other sets of barriers
and enablers along with the usage and development of new approaches. Future studies can
also consider performing a techno-economic analysis of the framework presented in this
study.

Appendix A
Min .
S.t.
“:::l_l - gm/(m+1) <xVp
wv::2 - ﬂm/(m+l) X ﬂm+1/(m+2) < va
1 D w, =19, (14)
p=1
wi<wh <w,
p p P
w; >0,Vp,
p=12,...,n
p=12,....n

where w, = (W, w), w)) and @, 1) = (0" .9, 9", ) (Figs. 3 and 4).

m+1 m+1 m+1
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Fig.3 Framework used in this
study
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Fig.4 Proposed fuzzy FUCOM-QFD approach (HOQ)

To achieve the highest consistency, the following conditions need to be satisfied, i.e. Ww’”
, m+1
—@# » =0 and WW’” B jons1) XBps1 jmszy = 0. The model given in Eq. (14) can now be
m+1 m+2
transformed into its corresponding fuzzy linear model.
Min .
S.t.
Wy = Wypp X Qm/(m+1)| <Vp
wm—wmﬂxﬂ% Xﬂm+m%2. <Vp
m
1 X w,=11p, (15)
p=1
wiSw <w,
P P P
WZ >0,Vp, p=12,...n

L

— p=L12, ... .,nwhere,w, = (wi,w) w)and @, 1) = @ . 0" . B0

m+1 m+1 m+1
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