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Abstract: “Clean water and sanitation” is listed as one of the 17 United Nations’ Sustainable Devel-
opment Goals and implementing circular economy principles in the water sector has been widely
regarded as an important approach in achieving this goal. In the era of Industry 4.0, research and
practice in the digitalisation of the water sector to create a smart water system have attracted in-
creasing attention. Despite the growing interest, limited research has been devoted to how digital
technologies might enhance circularity. In practice, smart water systems often fail to promote circu-
larity in such aspects as water reuse and resources recovery. This paper aims to identify the main
barriers to implementing circularity in the smart water management system in Zhejiang, China. The
research adopts a mixed research method that includes a literature review to identify the potential
barriers from the existing studies, a case study to determine the most critical barriers in practice, and
a fuzzy Delphi method to reach a consensus on the crucial barriers. The research identified 22 main
barriers to implementing circular economy in smart water management. The barriers are divided
into three categories: infrastructure and economic, technology, and institution and governance. The
results show that the barriers related to recycling technologies, digital technology know-how, and the
lack of CE awareness raise the most concern. Our findings also indicate that experts are interested
in the decentralized wastewater treatment system. This research provides significant insights that
practitioners, researchers, and policymakers can use in developing and implementing digital-based
CE strategies to reduce water scarcity and pollution.

Keywords: circular economy; Industry 4.0; digital technologies; smart water; water sustainability;
fuzzy Delphi; Zhejiang

1. Introduction

Human-based activities have disrupted the natural hydrological cycle of water circu-
lation over recent centuries. Increases in population, agriculture activities and urbanization
have intensified the threat of global water scarcity [1]. The process has been particularly
marked over the past few decades. The global population facing the threat of water scarcity
has grown from 14% in the 1900s to 58% in the 2000s, while more than 2 billion people live
under excess water stress [2,3]. Since water is vital for the survival of humans, animals, and
plants, and is a vital substance for social and economic activity, the lack of freshwater will
not only hinder urbanization but can result in a humanitarian crisis in the long run [4,5].
Goal 6 of the United Nations’ (UN) 17 Sustainable Development Goals (SDG) calls for
ensuring sustainable water supplies are universally available. The UN regards this as
water accessibility, integrated management of water resources, pollution control, resource
efficiency and natural resource restoration [3].

The water development report from the United Nations Educational Scientific Cultural
Organization [6] suggests that safe water reuse, or reclaimed water, is a reliable uncon-
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ventional water resource in the face of water scarcity and climate change. Additionally,
reusing wastewater and its constituents can reduce greenhouse gas emissions.

This emphasis has encouraged the discussion about the potential of adopting the
emerging CE concept to achieve the economic and environmental goals in SDG 6, through
reusing water and recovering nutrients and energy from the sludge [1,7]. As proven in
other industries, CE practices often support SDG enhancing waste recycling, reducing
waste generation, and encouraging material circulation [8].

The CE concept involves building a regenerative system that minimizes resource
consumption, waste generation, emissions, and energy leakage by keeping products and
materials in a closed ‘take-make-use’ loop. Scrapped products are used to generate new
materials at the ‘end-of-life’ [9,10]. It has become a prominent focus for both European and
Chinese policymakers to improve resource efficiency. China’s CE policies generally aim
to tackle environmental challenges and pollution, while European regulations focus on
reducing waste and enhancing resources [11].

Inspired by the digital transformation in the manufacturing industry, also known as
Industry 4.0, attention has recently turned towards using digital technologies (DT) in the
water and wastewater sector. The focus is to build a sustainable smart water management
system that helps to reduce leakage, ensure water quality and optimize operation, among
other aspects [12]. Real-time river water quality, in-pipe water quality, hydrometeorological
and flood data, and water demand data in commercial buildings can all be monitored
using Internet of Things (IoT) technologies [13–16]. A number of countries around the
world have invested heavily in developing digitalized water management systems. Wuxi,
Shenzhen and Shanghai in China, for example, have updated their water management
system and built an information technology infrastructure to manage water [17].

Previous research shows that using DT has the potential to promote CE and improve
sustainable performances. For example, the Ellen MacArthur Foundation [18] discussed
the potential of using information and communication technologies to achieve circularity in
the production process. Dantas, et al. [19] showed that the CE-Industry 4.0 nexus is directly
beneficial for SDG 7-affordable and clean energy, SDG 11-sustainable cities and communities,
SDG 12-responsible consumption and production, and SDG 13-climate action. As for the
water sector, Mbavarira and Grimm [1] argue that building a smart water management
system can be a starting point for CE practices such as reducing resource consumption.

The practical achievement in using DT to improve water reuse and recycling is still
not common. As an example of what happens in practice, we can take the case of Zhejiang,
a province located in the south-eastern area of China. As an early adopter of DT for
urban water management in the country, the city succeeded in using it to greatly improve
the efficiency of water pollution inspection and prevention. However, water reuse and
recycling are neglected during the system implementation. There are many barriers to
increasing circularity in this field, which are not well understood.

Researchers have studied the barriers to implementing CE practices in the water
sector. Mbavarira and Grimm [1] identified the most noticeable barrier in the EU was the
lack of financial resources and legislation support. Kakwani and Kalbar [20] discussed
the challenges in India and proposed 19 main challenges in the technological, economic,
institutional and governance, and social aspects.

There are also a few studies that discussed the barriers to utilizing DT in urban
water management. Eggimann, et al. [21] suggested three specific challenges in the water
sector. They are data access and ownership, changing current practices, and the difficulty
of assessing the cost and benefits. Adedeji, et al. [22] presented an IoT application for
monitoring water quality and leakage, then listed eight barriers hindering it, for example,
power usage and technology coverage.

However, the research about the barriers to using DT to support CE implementation in
the water sector is still limited. Furthermore, the barriers to DT in urban water management
has not been identified through quantified studies. Moreover, each region has its own
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economic, environmental and social characteristics, so the identified barriers in other
regions may not be applicable to Zhejiang.

This study, therefore, aims to identify the main barriers to implementing CE in smart
water management, using Zhejiang’s experience as a use case, and adopting the fuzzy
Delphi method (FDM) to fill in the gaps in a systematic manner. We conducted a case study
to collect comprehensive information of the investigated context for identifying barriers.
Then, we used FDM to collect and analyze experts’ views to identify the most critical
barriers and eliminate the avoidable barriers. This method can effectively identify the most
critical, de-biased barriers without past data, by generating a consensus within a group of
experts from various backgrounds [23–25].

The remainder of the manuscript contains five parts: Section 2 describes the conceptual
background and proposes a list of barriers based on literature review; Section 3 explains
the research methodology employed in the research; Section 4 presents the survey and data
analysis results of the FDM; Section 5 discusses the implications which follow from the
data; Section 6 is the conclusion.

2. Conceptual Background

This section reviews the implementation of DT (e.g., IoT, big data) and CE in the water
and wastewater sector and proposes the barriers identified in the literature that leads to
poor performance of CE implementation in smart water management.

2.1. Sustainable Urban Water Management

An urban water system involves the fields of water supply, urban drainage, and
wastewater system [26]. The urban wastewater system includes the sewer system, wastew-
ater treatment plant, as well as the water body, such as a river, that receives the discharge
from sewer and treats water [27]. Urban wastewater is a mixture of water and substances
generated by household, industrial activities, and rainwater outflow. Apart from water
reuse, the substances also have various possibilities to be reused. For example, recovered
ammonium can produce fertilizer and processed sludge can generate energy [28,29].

The increasing global changes, such as rapid population growth and climate change,
are raising the need to change the unsustainable factors in conventional urban water
management. According to the United Nations, the global population will need three
times of the earth’s resources by 2050. Meanwhile, water pollutions are faster than nature
recycle can purify [30]. Additionally, water reclamation technologies are advanced enough
to produce water of various qualities for non-potable and potable use [31]. Therefore, the
United Nations has specified 17 sustainable development goals to achieve by 2030. Urban
water management is strongly linked to the SDG 6 “clean water and sanitation for all”.

The sustainable urban water management concept has a longer history. It has been
discussed and developed since the 1980s, in reflection to the growing concerns over
healthy co-evaluation between society, environment, and economy. It considers the
whole urban water cycle to develop an efficient, flexible, and stable urban water sys-
tem. Vairavamoorthy, et al. [5] suggested that it should cover water supply, water usage
and reuse, sanitation, and storm water management. Marlow, et al. [32] reviewed this
paradigm and defined it as an integrated approach to water supply, sewerage, and stormwa-
ter management that delivers appropriate water usage for sustainability improvement. The
frequently discussed benefits of sustainable urban water management are threefold: (1) it
mitigates flood risk while supporting healthy ecosystems; (2) it improves water security
with alternative water sources, such as rainwater harvesting, water recycling and sewer
mining and (3) it promotes resource efficiency and resource recovery.

The shift towards sustainable solutions in urban water management is interdisci-
plinary. Research, policy, and practices have been exploring solutions, for example, water
reuse, source separation, multiple-time water usage, and decentralized wastewater treat-
ment infrastructure [5,33]. This includes both technical and social innovations. New
technologies for wastewater recycling, stormwater collection technologies can expand the
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choices. Policy on water pricing, quality can reinforce the usage. People as water users
in the domestic setting, industry, and agriculture are also important factors in the urban
water system [34].

2.2. The Relationship between Circular Economy and Sustainability in the Water and Waste Water Sector

This subset relationship between CE and sustainable development can be found in
literature across multiple industries. The CE research addresses some aspects of economic
and environmental issues, often through enhancing waste recycling, reducing waste gener-
ation, and encouraging material circulation. However, the CE concept puts the social aspect
of sustainability in a minor position [8]. It can be seen as a tool to achieve some SDGs. It
means that SDGs establish goals to solve non-sustainable problems, whereas CE addresses
some causes of these problems [35]. Municipal management is a fundamental player
in the CE transformation in reducing waste and pollution by putting waste back to the
production process [36]. Because of the emphasis on resource restoration and regeneration,
CE can directly support the achievement of certain SDGs, such as sustainable consumption
patterns, energy, climate change [30]. The SDG 6 “clean water and sanitation for all” can
also receive direct and indirect support from CE [30,35].

This subset relationship can be found in the water and wastewater sector as well.
Although sustainable urban water management involves a wide range of research fields,
resource efficiency and resource reuse remain important topics in the discussion. Research
suggested that water, energy, and nutrients should be recovered from wastewater, as an
addition to balancing services and resource efficiency [30]. This is also recognized as
“closing the loop” in literature [5,33], representing a key concept of the CE paradigm.

In other words, the CE paradigm can improve a specific aspect of sustainable urban
water management, i.e., the resource restoration and regeneration aspect. It emphasizes
wastewater and sludges, requiring management and technical transformation at the end-
of-life stage of water usage. Apart from research, decision-makers are also found shifting
from sustainable urban water management towards incorporating it with the evolving CE
paradigm in the 21st century [30]. This trend could be driven by the increasing interest in
CE, after China and the EU have introduced CE policies in 2002 and 2015 [8].

2.3. Circular Economy in the Water and Wastewater Sector

The reuse and recycling of wastewater and sludge lie at the center of CE transformation
to improve the water supply [37]. In order to highlight the importance of water reuse and
raw material recovery in the water and wastewater sector, Smol, et al. [38] proposed a new
CE framework for this sector to clarify the actions needed to be taken in technological,
organizational, and societal aspects. Their framework includes the following six actions:

• Reduction—reducing water usage, wastewater generation and pollution.
• Reclamation (removal)—removing pollutants from water and wastewater with effec-

tive technologies.
• Reuse—reusing wastewater for non-potable usage.
• Recycle—recycling water and recovering it for potable usage from wastewater.
• Recovery—recovering resources, such as extracting nutrients and generating energy

from sludge.
• Rethink—rethinking how to use resources sustainability without producing waste

and emissions.

This regenerative mindset leads to various research, including decentralized wastewa-
ter management, wastewater reuse applications, and tertiary treatment technologies [39,40].
To date, centralized water reuse is more common than decentralized reuse in urban areas,
where reclaimed water from a centralized wastewater treatment plant can be used for
non-potable purposes such as irrigation [41]. In a centralized system, wastewater from
the city is collected through the sewer system, often mixed with municipal wastewater,
rainwater, and industrial wastewater with high concentrations of contaminants [42]. In
comparison, a decentralized sanitation system is mainly used in peri-urban development
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clusters, as it is much smaller and less expensive to treat and recycle water at or near the
sources, which is suitable as a local solution for water sustainability [43].

Apart from reusing the wastewater, researchers and practitioners have been exploring
new ways to regenerate resources and energy from the wastewater sludge. Turning
sewage sludge into raw material can ease the stress of sludge treatment and disposal.
The benefit of circular sludge management is win-win, as it replaces the non-renewable
resources with recovered resources for material and energy generation and reduces sludge
disposal and landfilling. Recently, Gherghel, et al. [44] summarized the technologies
used to recover resources and energy from sludge in a review on wastewater sludge with
regards to the CE. This review points out the potentials and available processes to retrieve
valuable resources, including nutrients (e.g., phosphorus, proteins), heavy metals, sewage
sludge-based adsorbents, construction materials, bioplastics, and enzymes. In addition
to resource recovery, wastewater treatment plants can also recover energy from sludge
by generating biogas, biofuels, bio-oils, and microbial fuel cells, which can be used for
electricity production [45].

2.4. Digital Technologies Implementation in the Water and Wastewater Sector

In the era of Industry 4.0, the disruptive DT are greatly influencing the industrial
activities, including the water and wastewater sector. Smart water management, also
known as the smart water system or smart water network, incorporates IoT, big data, and
other technologies into urban water management. It applies sensor monitoring, real-time
data transmitting, real-time remote controlling, and machine learning-based processes
to reduce water consumption, detect leakage, assure water quality, along with other
functions that lead to sustainable and self-sufficient water exploitation [12,46,47]. The smart
monitoring system of water quality is an important part of smart water management. It can
support functions like real-time water condition monitoring, quick-change identification,
early warning of hazards, and system security improvement [48]. Other functions like
automation and control can also support different approaches to providing efficient, stable,
and environment-friendly water services [33].

IoT and big data have been regarded as one of the promising tools to improve en-
vironmental sustainability and promote CE [49,50]. IoT has been applied for environ-
mental monitoring in farming, domestic waste treatment, air quality, and urban CO2 [51].
Kong, et al. [52] have reviewed the major applications of big data in urban sustainability
and identified that this technology is mainly applied in resource and environment-related
areas, such as urban land use and planning, resources and energy utilization, and en-
vironmental sustainability. Mendoza-Cano, et al. [15] proposed an IoT-based wireless
sensor network to collect real-time data for flood monitoring. Smart water management is
expected to solve sustainability challenges such as water overuse, flood and drought, and
pollution [17].

A number of countries around the world have invested heavily in developing digital-
ized water management systems. Wuxi, Shenzhen and Shanghai in China, for example,
have updated their water management system and built an information technology in-
frastructure to manage water. IBM has built a real-time sensing and online monitoring
system for the Hudson River in the U.S. [17]. Researchers and practitioners have, for this
purpose, been exploring cost-effective solutions which employ digitalization in the water
and wastewater sector. The sludge wastewater treatment process, for example, can be mon-
itored by digital image processing [53]. IoT monitoring can be applied in various scenarios,
including real-time river water quality, in-pipe water quality, hydrometeorological and
flood data, and water demand data in commercial buildings [13–16].

2.5. Digital Technologies for Circular Economy in Water Sector

Similarly, smart water management also has the potential for supporting CE practices
in the water sector. Qu Wang, et al. [45] proposed a new concept of the wastewater
treatment plant that recovers water, energy, and fertilizer to solve water shortage and sludge
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pollution challenges. Abdul-Hamid, et al. [54] discussed several IoT technologies and
systems for controlling water pollution. Eggimann, et al. [21] reviewed novel approaches to
improve network efficiency, some of which are aligned with the CE paradigm. For example,
monitoring pipe conditions can automatically detect leakage, hence reducing water loss.
Another example is the real time and detailed monitoring and controlling of reclaimed
water quality. This assessment is vital for managing the risk of water reuse to human and
environmental health.

Despite the growing amount of literature on topics on smart water management,
relatively limited research has been devoted to how to exploit DT to enhance wastewater
and sludge circularity in the water sector. In practice, smart water systems often fail to
support the circularity aspects in urban water management. Our study attempts to address
this gap and focuses on studying the main barriers to implementing circularity in the smart
water management system.

2.6. Identified Barriers in Literature

Since there is little research on implementing CE in the smart water management
system, we reviewed the literature on barriers from the following aspects: the CE uptake
in the water sector, the smart water or urban management implementation, and CE im-
plementation through DT in other sectors. We then identified 58 barriers in the literature
(see Appendix A).

Researchers have discussed the barriers to CE implementation in the waster sector.
Mbavarira and Grimm [1] carried out expert interviews and case studies on the CE in
the EU, and suggested that digitalization, water reuse, and resource recovery can rein-
force circularity in water. They identified barriers that slow down the water reuse and
nutrient recovery in the EU. The most significant one is the lack of financial resources
and legislation to support implementing CE in the water sector. It was followed by the
limited awareness of the benefits, public perception, health concerns, and marketability.
Kakwani and Kalbar [20] investigated the situation in India and proposed 19 barriers in
the technological, economic, institutional and governance, and social aspects. They include
the lack of technology readiness, high technology and energy costs for the wastewater
treatment, lack of experienced manpower, lack of promoting or supporting policies, lack of
awareness about the water scarcity and the CE, and low public acceptance of water reuse.

There are also a few studies on the barriers to using DT for smart water management
or general city management. Rana, et al. [55], for example, employed the fuzzy analytic
hierarchy process technique and identified 31 barriers to developing smart cities in India.
They identified that the most significant category was the government, followed by economic,
technology, social, environmental, and lastly, the legal and ethical category. Addae, et al. [56]
used a two-step fuzzy DEMATEL approach to analyze the smart energy city adoption
barriers in Accra. In their results, the barriers related to market, technology, and policy
were identified as the fundamental barriers which cause other barriers. They also suggested
some barriers that require more attention in Accra: limited access to capital, high cost of
technology, high-interest rate and unstable currency, inadequate infrastructure requiring
huge investments, insufficient legal and regulatory framework, high cost of technology, and
the lack of information about cost and benefits of renewable energy technology.

The barriers to implementing CE through DT have been explored in several industries,
but not much in the water sector. Demestichas and Daskalakis [57] conducted an extensive
literature review on the solution ICT system that supports the transition towards CE.
As a part of the study, they listed the most prominent challenges in the literature of
adopting these solutions for the CE: consumer and business attitude, economic costs,
potential environmental impact, lack of CE education, and lack of familiarization with
technologies. Abdul-Hamid, et al. [54] identified 18 essential challenges in using Industry
4.0 technologies for CE in the Malaysia palm oil industry by applying FDM. The most
important ones were the lack of automation system virtualization, the unclear economic
benefit of digital investment, lack of process design, unstable connectivity among firms,
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and employment disruptions. As for the implementation of Industry 4.0 and CE in the
agriculture supply chain in India, Kumar, et al. [58] determined 11 barriers through an
integrated interpretive structural modelling-analytic network process approach, among
which the lack of government support and encouragements, the lack of policies and
protocols, and the lack of awareness were the most significant ones.

3. Method

In order to investigate the main barriers to implementing CE in the smart water man-
agement system, we carried out three research methods across three phases, as shown
in Figure 1. In the first phase, we reviewed the existing literature of related studies. We
identified eleven key papers from over 200 papers discussing barriers to CE or DT im-
plementation. Then we identified 58 initial barriers from these papers, as described in
Section 2.6. However, some of these barriers in literature are not closely related to the water
sector or are not applicable in practice.
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We validated these initial barriers through case study in the second phase, as explained
in Section 3.1. The purpose is to verify the identified barriers in literature and understand
them in practice. During the case study, we conducted a semi-structured interview with the
municipal official in the Municipal Ecology and Environment Department in Wenzhou city,
Zhejiang province. We also collected secondary data about the smart water management
system and CE implementation situation in practices. To do so, we analyzed government
and industrial reports, regional regulations and policies on water and wastewater man-
agement in Zhejiang, and local water sector database. These materials were provided by
the local government (about 300 pages). Additional information was collected from online
databases, such as websites, news, and reports. Based on the case study, we identified
40 barriers that are relevant to implementing CE in the smart water management system.
The selected barriers were clearly defined and explained with examples to better under-
stand the survey participants. We consulted the interviewed expert again to validate the
chosen barriers and their descriptions. Based on the feedback, we added two more barriers
to the list. At the end of the case study phase, we identified 42 barriers. We also defined all
of them based on the CE framework in the water sector and the smart water management
status in Wenzhou.

In the third phase, we adopted the FDM to finalize and rank the essential barriers to
implementing CE in smart water management in the context of Zhejiang. We used the 42 iden-
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tified barriers to design a survey, asking experts’ evaluation on the importance of each barrier
(details see Section 3.2). We received 21 survey responses from water scientists, government
officials, technicians, and managers in the water sector in Zhejiang. Then, we computed
the linguistic evaluation into quantitative scores, computed the algorithm, and extracted a
ranking of barrier importance. The computation results of FDM are discussed in Section 4.

3.1. Case Study

The continuous growth in population, economy, and urbanization in China has in-
creased the water demand. It exaggerates water shortage and generates a larger amount of
wastewater and sludge [45]. Therefore, in the past decades, China has been fighting against
water pollution by imposing strict restrictions on wastewater generation, discharge, and
treatment [59]. By the end of 2018, over 5000 municipal wastewater treatment plants were
built in China, providing a total capacity to treat over 90% of the wastewater. Meanwhile,
only a limited amount of water was recycled and reused as low-quality landscape water.
Additionally, the wastewater management practices in China overlooked the importance of
resource recovery from the sludge, discarding it without removing the pollutant within [45].

Another development focus in China is the digital transformation. In our case, the
city Wenzhou in Zhejiang province, as shown in Figure 2, has developed a smart water
management system because the government is promoting digital transformation in urban
management. This smart water management incorporates IoT and big data technology
for pollution monitoring, historical data analysis, and government database integration.
It supports government function by improving the efficiency of water pollution inspec-
tion and prevention, which has improved the wastewater discharge and water pollution
problem in Wenzhou.
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Compared to the advanced technology transformation progress, the CE concept is
still at an early stage in Zhejiang but has become increasingly important. This province’s
water environment improvement strategy mainly focuses on reducing pollution, improving
wastewater discharge and collection networks, and upgrading the wastewater treatment
plant. This leads to an unsatisfying water reclamation rate. For example, Wenzhou
government aims to reach an 18% water reuse rate by 2022, from 15% in 2019. Existing
practices are limited, which are mostly dependent on companies recycling industrial water.
Reclaiming water for agriculture and domestic use is rare in this region due to the ample
supply of natural water resources. In fact, landfilling, incineration, and land application or
direct dumping was still the dominant way of sludge disposal in Zhejiang. Only a small
amount of sludge was reused for building materials [60]. Reclaimed water was mainly
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used as landscape water, while nutrients or energy recovery was rarely implemented in
Chinese wastewater treatment plants [45]. The local government and practitioners have
been exploring the implementation of CE principles in their smart water management
system in order to improve the circularity of water in the city. This study helps practitioners
identify and analyze the main barriers of this implementation to help improve the water
and resource reuse rate.

3.1.1. Case Description: Smart Water Management System in Wenzhou, Zhejiang Province

The water management system in Chinese government has two parallel structures.
The Water Resources Department leads the resources management, while the Ecology
and Environment Department is responsible for water environment management, such
as water pollution prevention and control [61]. In our case, the latter is in charge of the
implementation project of the smart water system. Therefore, this system was mainly applied
in water environment control, such as water pollution control and wastewater treatment.

The Wenzhou government developed this smart water management platform in 2019
under the digitalization transformation campaign from the Zhejiang provincial government.
It is designed as a part of the digital ecology and environment protection platform with a
specific focus on water environment management. The system provides functions including
automated data collection, data management, data analysis, decision-making support, and
information sharing among different government departments and organizations. These
functions support eight types of environmental protection services, such as mobile law
enforcement, online monitoring, and administrative approval.

Smart water management provides a platform for the global integration of water-
related data. The system integrated water-related data from six departments, including
the municipal water control office, the ecology and environment department, the water
resources department, and the planning department. It also included water resources
databases, company registration databases, and meteorological data.

IoT, sensors, cloud computing, and GPS technologies support the data collection and
exchange functions. Data is collected from 374 surface-water-environment monitoring sta-
tions, 273 online-monitored pollution sources, pinpointing 3610 key polluting enterprises,
around 170,000 small companies with serious water pollution, and over 5000 key adminis-
trative approval projects. Additionally, the system integrates more than 70,000 mobile law
enforcement records, about 20,000 pieces of enterprises involved administrative penalty
cases, and 180,000 water-related petitions and complaints. As for data, this system could
provide online data update as fast as every 15 min. The cross-departmental data is also
updated regularly from once an hour to once a day.

This system’s “Cloud Manager” platform provides a clear visualization of the current
status, historical data, and real-time updates of water in the city. For example, the river
platform visualizes the overall status of 4484 rivers in the city, the pollutant composition in
rivers, and a map of the urban pipeline network. Additionally, the law enforcement records
and monitoring data about heavy pollution companies are automatically identified and
displayed on this platform. The data analysis results are also visualized, such as pinpoint
information, data charts, historical trends, and multiple-dimension data comparison.

The data analysis function is based on cloud computing and big data analysis tech-
nologies. For example, the traceability analysis reflects the river improvement by listing
the pollution sources, public opinion, and analyzing monitoring data. The impact analysis
function can demonstrate the impact of various factors on a specific location. Another
analysis, the pin-point analysis, can identify the suspected key pollution sources in a
selected contaminated location within a chosen radius. This has significantly reduced
manual, on-site pollution investigation efforts. In terms of regional analysis, the platform
can identify key areas that are under pollution complaints in the city. The system also
includes other functions like pollution sources analysis, water quality monitoring analysis,
and water environment analysis.
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The platform has made sufficient improvement in local water quality management.
The platform was implemented by the end of 2019. We collected data from January 2020
to September 2020 in comparison to the past data. With the help of this system, the
water quality reached the best situation in the past years since the monitoring station
establishment.

Specifically speaking, this system provided three major benefits for local water quality
management: (1) from the decision-making aspect, the platform provided intellectual
support on macro and micro levels. It provided information for preventive control in
key areas, hence reducing the environmental complaints by 14% compared to last year.
(2) from the law enforcement aspect, this platform can help an inexperienced staff locate
key pollution suspects within minutes, which greatly reduces the on-site investigation
need. As a result, the officers have investigated and fined more companies with 21%
lower inspection frequency; (3) from the supervision aspect, the platform can generate
supervision reports within half a day. This is 80% faster than without the platform. It has
doubled the number of supervised problems each month. Moreover, historical problems
are all saved in the system for continuous improvement.

3.1.2. Semi-Structured Interview

In this case study, we carried out an in-depth semi-structured interview and sev-
eral rounds of verifications with an experienced municipal official in the Ecology and
Environment Department in Wenzhou, Zhejiang province. The interview was conducted
online. The purpose was to understand the status of smart water management and CE
implementation in Zhejiang, as well as verify the barriers identified from the literature. It
allowed us to compare the practice with the literature review results.

We followed the methodology suggested by Harrell and Bradley [62] to minimize
the bias in the interview. We have developed a protocol and followed it strictly. During
the interview, we used neutral language in questions and remained neutral manner. We
did not give our own opinions to the expert and did not assume answers ahead of time.
Additionally, another source of data was collected to verify the findings from the interview.

We collected about 300 pages of secondary data from various sources, such as websites,
government, and industrial reports. The information collected from the case study was used
as a reference to refine the list of barriers concluded from the literature. We also defined
the barriers with case-relevant examples so the survey participants could have a better
understanding of them. Details of this process and further barrier identification measures
are described in Section 3.2. The interview and case study results are the selected lists of
barriers. This list was sent back to the interviewee for revision so that the interviewer’s
bias could be minimized.

The semi-structured interview brought up three barriers in two aspects: financial
investment and DT application. In the financial aspect, the interviewee suggested that
small companies were reluctant to pay for implementing water regeneration systems in
their facilities. As for the DT application, the interviewee explained two barriers related to
using the smart water management system at work. Firstly, each department only used
limited functions of the system that was directly related to their work. For example, the
pollution inspection team mainly used two functions: recording the on-site inspection
data such as location, photographs, and the problems; supporting the pollution inspection
through area filtering and surrounding analysis. Hence, the interviewee suggested that
even though the platform integrated full access to a wide range of data, officials in the
related department did not have the skill to make full use of these data. Secondly, he
pointed out that there were no proper training activities to support the management system
users. The users were expected to independently discover innovative ways to exploit the
data and the system.
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3.2. Fuzzy Delphi Method

The Delphi method, originally developed in the 1950s, uses a survey conducted in
two or more rounds to reach the consensus of opinions within a group of experts. It is one
stream of the multi-criteria decision-making method, which is widely used to identify issues
such as barriers or indicators [23,24]. According to Chang, et al. [63], experts’ opinions
are collected through an anonymous questionnaire survey without in-person meetings
or discussions. After each round, the facilitator shares the results of the previous round
with the participants before they amend or maintain their judgment in the next round of
the survey. This method allows the participants to be anonymous and to change their
opinions based on other perspectives’ feedback while enabling quantitative analysis of their
response [64]. Additionally, it does not require past data. Hence, the Delphi method can
effectively help to identify the most critical, de-biased barriers based on a panel of experts.

However, the traditional Delphi method has some drawbacks. It has low convergence
in results since experts can repeatedly change their evaluation. The survey process is
time-consuming because experts must take part in multiple rounds of surveys to reach a
group consensus. Moreover, there is a loss of information from experts’ opinions as experts
give quantitative evaluation instead of linguistic descriptions [63].

Researchers, therefore, attempted to incorporation the fuzzy logic theory with the
Delphi method to overcome these setbacks. For example, Ishikawa, et al. [65] proposed to
integrate the fuzzy set theory by implementing the max-min and FDM to predict an attain-
able period, which can reduce the number of surveys and clarify the semantic structure of
the prediction. Manakandan, et al. [66] demonstrated a fuzzy Delphi algorithm to obtain
experts’ consensus on the validation of pesticide applicators using a concept of triangular
fuzzy numbers and defuzzification process. Padilla-Rivera, et al. [25] proposed a different
algorithm for calculating the fuzzy numbers and determining selection criteria to identify
the social CE indicators. Bui, et al. [67] adopted the fuzzy set theory to convert experts’
linguistic evaluation into quantitative values, in order to give high tolerance to the linguis-
tic evaluation’s uncertainty and vagueness. It can also reduce the bias and discrepancy of
experts’ opinions and capture the semantic nature of the researched items [63].

In our study, we adopted the FDM proposed by Ishikawa, et al. [65]. This method has
been employed in various research fields. Bouzon, et al. [68], for instance, used it to identify
the essential Industry 4.0 and CE implementation barriers in the agriculture supply chain.
It is also used to identify sustainable ecotourism indicators for planning and managing the
sustainability performance in Philippine tourism sites [69]. Ismail, et al. [70] identified the
required aspects of parental involvement in school, home and communication between
home and school in the effort to inspire preschool children.

In conclusion, the FDM can mitigate the shortcomings of the traditional Delphi method.
It can effectively generate a consensus within a group of experts from various backgrounds
with a simplified procedure and reduced investigation time [25]. Therefore, this method
was chosen in our research to reach expert consensus for barrier identification.

Our research applied the FDM in the following procedures:

1. Identify barriers through the literature review and delete duplicates. Combine items that
have similar concepts. Collect data about the context in Zhejiang through the case study,
and then remove the barriers that cannot be applied in this district. The barriers were
examined by experts again for clarity and validity before the final questionnaire design.

2. Collect survey data from participants in the water, information technology, and con-
struction sector, delete the invalid samples based on qualification standards. The
assessment of each barrier was estimated based on the fuzzy Linguistic scale (Table 1).

3. Apply FDM to analyze experts’ responses. Calculate the triangular fuzzy numbers
to evaluate the barriers using the geometrical mean model, then apply the simple
canter of gravity method to “de-fuzzify” the fuzzy values into a crisp value for better
comparison. Lastly, determine a threshold value to identify the important barriers.
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Table 1. Triangular fuzzy linguistic Likert scale.

Linguistic Parameter Description Fuzzy Scale

Strongly disagree I strongly disagree that this item is a barrier to implementing
CE in the smart water management in this district. (0, 0, 0.1)

Mostly Disagree I mostly disagree that this item is a barrier to implementing CE
in the smart water management in this district. (0, 0.1, 0.3)

Slightly disagree I slightly disagree that this item is a barrier to implementing CE
in the smart water management in this district. (0.1, 0.3, 0.5)

Undecided I am undecided whether this item is a barrier to implementing
CE in the smart water management in this district. (0.3, 0.5, 0.7)

Slightly agree I slightly agree that this item is a barrier to implementing CE in
the smart water management in this district. (0.5, 0.7, 0.9)

Mostly Agree I mostly agree that this item is a barrier to implementing CE in
the smart water management in this district. (0.7, 0.9, 1.0)

Strongly agree I strongly agree that this item is a barrier to implementing CE in
the smart water management in this district. (0.9, 1.0, 1.0)

Source: adapted from Ismail, et al. [70], p. 2910.

The following sub-sections describe the detail of each step.

3.2.1. Step 1: Questionnaire Design

The barriers used in the survey were identified through three phases. The first
phase was the literature review described in Section 2.4, through which we identified
58 initial barriers related to CE implementation and smart water management adoption
(see Appendix A). In the second phase, we conducted a case study to understand the
practice, based on which we excluded 18 barriers that are not applicable. After that, the
remaining 40 barriers were used in a preliminary survey with the interviewed expert, who
had identified unclear items and suggested adjustments. We used the feedback to edit,
delete, or modify ambiguous questions, and added two more barriers to the list.

In the end, we identified 42 barriers divided into three dimensions for the question-
naire survey. We consulted the expert again to validate the clarity of the description of each
survey question. For example, we defined the barrier of “the lack of support from public
funds” as:

• Financial support for wastewater and sewage sludge recycling is insufficient at all
levels. Therefore, related work cannot be smoothly promoted, and enterprises are
unwilling to transform and upgrade.

The survey has two sections. Section one was designed to collect personal information:
fields, occupation, years of experience, and knowledge about relevant topics. In the second
section, we developed 42 questions based on the barriers. Experts were asked to evaluate
the importance of each barrier within the context of Zhejiang, by choosing the extent of
their agreement on each barrier question.

We used a seven-point Likert scale, because a higher scale can provide more accurate
and precise data [70]. Then we used triangular fuzzy number to produce the fuzzy scale. Tri-
angular fuzzy number is written as (a, b, c). The a value is the minimum value; The value b
is the reasonable value; And c is the maximum value. It translates the linguistic Likert scale
into fuzzy numbers. The fuzzy scale numbers use odd numbers. The linguistic parameters
are translated into a fuzzy scale based on triangular fuzzy number, as shown in Table 1.

3.2.2. Step 2: Expert Selection and Data Collection

Literature suggests that the participants must cover different backgrounds and have
knowledge about the researched issue to provide a result with higher accuracy [64]. There-
fore, we defined the qualification of experts as follows: (1) practical experience in water
management or digital technology; (2) at least five years of professional experience in the
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water or information technology sector; and (3) facilitated or joined projects or activities
related to smart water management or sustainability. We used an online survey platform
called Wenjuanxing to design the questionnaire and collect responses. The survey ques-
tionnaire was conducted in Chinese. It was sent to experts online in May 2021 and stayed
active until June.

As for the mandatory number of experts, there is no strong relationship between the
number and the result’s quality, which indicates that a large number of experts’ partic-
ipation does not necessarily result in high-quality results. In fact, the number was not
suggested to be too high [71]. Olawumi and Chan [72] had a panel of 14 experts from the
academic and industrial experienced workers. Ismail, et al. [70] conducted their survey
with 11 panel members from four different areas. Padilla-Rivera, et al. [25] used 45 experts
to analyze the social CE indicators. Dawood, et al. [73] suggested the number of experts
should be between 10 and 50. In our study, we selected 21 qualified experts from different
fields and professionals to participate in our survey.

All participants completed the survey online. Table 2 shows the frequency of
21 participants’ fields, occupation, and their years of experience in the related area. On
average, the participants spent 17 min on the online survey. The valid response rate was
87.5%, as we eliminated three participants who had less than five years of working expe-
rience, from a total of 24 entries. Among the 21 valid surveys, many of the experts work
in the water conservancy, environment and public facilities management areas. 13 out of
21 are managers of agencies and institutions, such as government officials. Two senior
technicians and associate professionals in civil engineering and construction contributed
their insights to the survey. They both had worked for water system related constructions
for over 15 years. To ensure collecting opinions from diverse backgrounds, we also invited
a senior manager who had over 15 years of experience in the information transmission,
software, and information technology services field, to participate in the survey.

Table 2. Frequency of participant’s background and experience.

Variables Frequency Percentage

Field

Civil engineering and construction 2 10%
Information transmission, software, and

information technology services 1 5%

Water conservancy, environment, and
public facilities management 18 86%

Occupation

Scientists 2 10%
Managers of agencies and institutions 13 62%

Senior and mid-level managers of large
and medium-sized enterprises 2 10%

Technicians and associate professionals 4 19%

Years of
experience

5 to 10 years 10 48%
10 to 15 years 5 24%

More than 15 years 6 29%

3.2.3. Step 3: Fuzzy Delphi Method

1. Calculate the fuzzy number

Assume the value of the agreement level of barrier j assessed by expert i to be
wij =

(
aij, bij, cij

)
f or i = 1, 2, 3, . . . , n; j = 1, 2, 3, . . . , m. Where

(
aij, bij, cij

)
is

converted from the linguistic evaluation according to the scale given in Table 1. Then the trian-
gular fuzzy number Wj that aggregate evaluation of barrier j from all the experts is as follows:

Wj =
(
aj, bj, cj

)
=

min
(
aij
)
,

(
n

∏
i=1

bij

) 1
n

, max
(
cij
) (1)
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where aj is the minimum of experts’ evaluation value aij; bj is the geometric mean of bj; and
cj is the maximum value of cij. The minimum and maximum values are used as terminal
points of triangular fuzzy numbers. The geometric mean represents the membership degree
to generate statistically unbiased effect [25].

2. Defuzzification

The set of fuzzy number is then de-fuzzified to generate a crisp value W̃j as the final
weight of each barrier j. The centre of gravity method used by Bouzon, et al. [68] is applied in
this study to calculate W̃j. This method is a common method for defuzzification as follows [25]:

W̃j =
aj + bj + cj

3
(2)

3. Determine the threshold value

The threshold value α is generated to identify the important barriers. It is calculated
by the average of all barriers’ crisp value weights W̃j as follows:

α =
∑m

j=1 W̃j

m
(3)

4. Identify the important barriers

Finally, the important barriers can be identified based on the threshold value using
the following screening principle:

• If W̃j ≥ α then barrier j is accepted.
• If W̃j < α then barrier j is rejected.

4. Results
4.1. Results of Fuzzy Delphi Method

This study used FDM to integrate experts’ opinions for generating a final list of
barriers that represented the situation in Zhejiang province. In the end, we identified
22 main barriers through the literature review, case study, and a Fuzzy Delphi survey from
21 experts. The computation of the results shows that the threshold value was α = 0.6052.
The calculation process is shown in Table 3.

Table 3. Aggregate fuzzy judgment.

Barrier
Triangular Fuzzy Number Defuzzification Selection Result Sensitive Analysis Result

aj bj cj W̃j α=0.6052 α1=0.5552 α2=0.6552

A—Infrastructural and economic barriers

A01 0.3 0.77960 1.0 0.69320 Accepted Accepted Accepted

A02 0.0 0.60190 1.0 0.53397

A03 0.0 0.70255 1.0 0.56752

A04 0.0 0.62644 1.0 0.54215

A05 0.1 0.73345 1.0 0.61115 Accepted Accepted

A06 0.0 0.65160 1.0 0.55053

A07 0.1 0.73971 1.0 0.61324 Accepted Accepted

A08 0.3 0.77719 1.0 0.69240 Accepted Accepted Accepted

A09 0.0 0.76156 1.0 0.58719

A10 0.1 0.75778 1.0 0.61926 Accepted Accepted

A11 0.1 0.71694 1.0 0.60565 Accepted Accepted

A12 0.0 0.52379 1.0 0.50793
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Table 3. Cont.

Barrier
Triangular Fuzzy Number Defuzzification Selection Result Sensitive Analysis Result

aj bj cj W̃j α=0.6052 α1=0.5552 α2=0.6552

B—Technological barriers

B01 0.0 0.58552 1.0 0.52851

B02 0.0 0.54013 1.0 0.51338

B03 0.0 0.58045 1.0 0.52682

B04 0.3 0.73559 1.0 0.67853 Accepted Accepted Accepted

B05 0.3 0.76028 1.0 0.68676 Accepted Accepted Accepted

B06 0.3 0.73120 1.0 0.67707 Accepted Accepted Accepted

B07 0.3 0.76646 1.0 0.68882 Accepted Accepted Accepted

B08 0.0 0.65815 1.0 0.55272

B09 0.3 0.78898 1.0 0.69633 Accepted Accepted Accepted

B10 0.0 0.40332 1.0 0.46777

B11 0.3 0.78186 1.0 0.69395 Accepted Accepted Accepted

B12 0.3 0.66894 1.0 0.65631 Accepted Accepted Accepted

B13 0.3 0.69904 1.0 0.66635 Accepted Accepted Accepted

B14 0.0 0.59728 1.0 0.53243

C—Institutional and governance barriers

C01 0.3 0.82115 1.0 0.70705 Accepted Accepted Accepted

C02 0.0 0.66060 1.0 0.55353

C03 0.0 0.69971 1.0 0.56657

C04 0.0 0.68475 1.0 0.56158

C05 0.3 0.76410 1.0 0.68803 Accepted Accepted Accepted

C06 0.3 0.72979 1.0 0.67660 Accepted Accepted Accepted

C07 0.1 0.73021 1.0 0.61007 Accepted Accepted

C08 0.1 0.74201 1.0 0.61400 Accepted Accepted

C09 0.1 0.72446 1.0 0.60815 Accepted Accepted

C10 0.1 0.69581 1.0 0.59860

C11 0.0 0.40594 1.0 0.46865

C12 0.0 0.63216 1.0 0.54405

C13 0.0 0.68953 1.0 0.56318

C14 0.3 0.78731 1.0 0.69577 Accepted Accepted Accepted

C15 0.0 0.61695 1.0 0.53898

C16 0.3 0.76721 1.0 0.68907 Accepted Accepted Accepted

Threshold
value 0.6052

The maximum fuzzy number cj was 1.0 for all items. It shows that all items were
ranked as “mostly agree that it is a barrier in this district” or “strongly agree that it is a
barrier in this district” by at least one expert. The minimum fuzzy number aj varied from
0 to 0.3, which means negative or undecided assessments were also given in all the items.
The highest score of geometric mean bj was the 0.82115 of C01, which also had the highest
defuzzied crisp value W̃j of 0.70705.
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4.2. Sensitivity Analysis and Rejected Barriers

Since the threshold value α = 0.6052 is crucial to the selection of barriers, a sensitivity
analysis was conducted to examine how many barriers could be affected by a change in
the threshold value. A difference of 0.05 was proposed to test the differences in the final
results based on a similar process of Padilla-Rivera, et al. [25].

Asshowninthe last twocolumnsinTable3, fora lowerthresholdvalue α1 = α− 0.05 = 0.5552,
same barriers were selected. The significant difference appeared with a higher selection
standard α2 = α + 0.05 = 0.6552. Only two barriers in category A were accepted with
this standard, eliminating four other infrastructural and economic barriers. Institutional
and governance barriers were also reduced from eight to five. However, all the accepted
technological barriers (category B) were maintained with this higher threshold value.

The rejected barriers are listed in Table 4. 48% of the barriers were rejected. They
included half of the infrastructural and economic barriers, about 42% of the technological
ones, and half of institutional and governance barriers. The sensitive test results show that
the barrier selection was not significantly sensitive to the change of threshold value. In
other words, the selection of barriers is robust.

Table 4. Rejected barriers.

Barriers Results

A02 High degree of inequality in citizens’ education, income, skills etc. Rejected 0.53397

A03 Lack of support from public funds Rejected 0.56752

A04 Unclear economic benefit of digital and CE investments Rejected 0.54215

A06 Higher price of recycled materials and reclaimed water than the virgin in
the market Rejected 0.55053

A09 Lack of monitoring and alert system coverage or not a reliable system Rejected 0.58719

A12 Lack of proper treatment equipment in the wastewater treatment plants Rejected 0.50793

B01 Lack of openness of data Rejected 0.52851

B02 Lack of accessibility of data Rejected 0.51338

B03 Lack of information or the ambiguities regarding what information is
required by who Rejected 0.52682

B08 Lack of access to technology to majority of citizens and institutions Rejected 0.55272

B10 potential negative environmental impacts from CE technologies Rejected 0.46777

B14 Poor data availability and scalability regarding CE in water sector Rejected 0.53243

C02 Lack of regulations, standard and quality indicators for the CE and the
reclaimed water & sludge Rejected 0.55353

C03 Lack of political will, commitment, and management support to CE from
the higher authorities Rejected 0.56657

C04 Difficulty in making the right decision to implement CE in the most
efficient way Rejected 0.56158

C10 Not attractive for industry Rejected 0.59860

C11 Employment disruptions Rejected 0.46865

C12 Lack of transparency and liability of the government Rejected 0.54405

C13 Low social acceptance, poor public perception, and motivation to using
recovered water/material Rejected 0.56318

C15 Low community awareness of digitalized water management Rejected 0.53898

The rejection represents the situation in Zhejiang. For example, Zhejiang province is
one of the well-developed areas in China. Wastewater treatment plants and information
technology infrastructures are well developed. The local government have a long-term
investment plan to improve urban water management performances as well as imple-
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ment DT in it. Because local government is leading the smart water management system
development, they have access to required data.

However, due to the design of FDM, results may differ if the participants come
from other backgrounds. In our study, over 60% of the participants are governmental
organization managers, whereas 10% are company managers. This could be the result of
local government’s leading role in the smart water management implementation.

4.3. Selected Barriers

Based on the threshold value α = 0.6052, 22 out of 42 barriers were accepted, including
six infrastructural and economic (27.3%), eight technological (36.4%), and eight institutional
and governance barriers (36.4%). As shown in Table 5, the selected barriers show that there
is no distinctive priority for a specific barrier category. The average score of each category
was 0.64 for category A, 0.68 for category B, and 0.66 for category C.

The highest score was 0.707, 0.011 higher than the second one. However, the score from
the second to the tenth had relatively close scores, with only 0.009 differences between the
second and the tenth barrier. The most significant drop in scores was between the fifteenth
and the sixteenth item, with a difference of 0.037. Four infrastructural and economic
barriers were scored less than 6.2, while all technological barriers had a score over 6.5. The
managerial and technological barriers (B and C), taking the first four places in the ranking
and relatively higher scores, seemed to be slightly more important than the infrastructural
and economic ones (A).

Table 5. Accepted barriers after FDM.

Barrier Descriptions Score Rank

C01
Lack of acknowledgement of
the decentralized sanitation

system importance

Decentralized wastewater treatment technology can be used as
a beneficial and necessary supplement to centralized sewage

treatment technology. At present, the government and
enterprises do not know enough about the importance of

decentralized sewage treatment technology, resulting in the
overall low level of sewage treatment and the recycling rate.

0.707 1

B09

Lack of viable options for
recovered

water/nutrients/energy
utilization

The lack of viable reuse options of treated wastewater,
nutrients, and energy sources recovered from wastewater and

sludge make the CE concept less attractive to investors.
0.696 2

C14

Lack of awareness among
the citizens about the

environmental issues and the
benefit of CE

The public lacks background knowledge related to sewage
treatment and the CE, cannot understand the problems
involved in sewage treatment, does not understand the

energy-saving, environmental protection, and health benefit
that CE can provide, resulting in the public’s lack of

enthusiasm to participate in CE adoption.

0.696 3

B11

Lack of experience leader and
successful reference projects,

poor leadership, and
management towards CE

Lack of leaders with extensive relevant work experience and
references to successful projects in the field of smart water
treatment and wastewater recycling, leading to insufficient

manager’s leadership and management of the project.

0.694 4

A01 Unbalanced geographical
development

The imbalance in geographical development has resulted in
the conditional recycling and digital transformation of limited

regions and makes the CE implementation throughout the
country difficult.

0.693 5

A08
Lack of wastewater

collection systems and
infrastructure

Sewage network coverage is incomplete, and the construction
or reconstruction of the pipe networks is difficult, failing to

collect wastewater.
0.692 6

B07
Unclear vision in CE, IT

management and
digital operations

Without a clear vision of smart water and the CE, the direction
of development of the wastewater industry and digital

transformation is blurred, resulting in a lack of
direction and inaction.

0.689 8
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Table 5. Cont.

Barrier Descriptions Score Rank

C16
Lack of involvement of
citizens and stakeholder

cooperation

The public participation in wastewater treatment in the region is
not high, and the lack of coordination and cooperation among

stakeholders (e.g., governments, institutions, public and groups,
relevant enterprises, academics, etc.) hinders the process of

resource recovery from wastewater and sewage sludge.

0.689 7

C05

The lack of a smooth and
efficient electronic water

management system has led
to multiple leaders among
various departments and

slow progress in work.

The lack of a smooth and efficient digitalized water
management system leads to the existence of long-headed

leadership among departments and low efficiency.
0.688 9

B05
Data uncertainty and the lack
of accuracy and reliability of

data analysis

The collected data are unreliable and lack authenticity,
completeness, and validity. The data analysis results (such as
alarm, result evaluation, cause analysis, future prediction, etc.)
are not accurate or reliable, hindering the transformation and

development of sewage treatment from traditional water
management to smart water treatment.

0.687 10

B04 Data privacy and data
security issues

With the widespread use of various government mobile
applications, concerns about network security and data

security become more evident. Many citizens’ awareness of
data privacy security is waking up to a growing reluctance to

sacrifice personal information for conveniency.

0.679 11

B06 Lack of knowledge
management systems

There is no effective knowledge management system that can
store information, sharing them, and discovery new

knowledge. It results in the loss of collected information, and
cannot promote the learning, sharing, training, reuse, and

innovation of knowledge.

0.677 12

C06 No existence of water
scarcity in the region

The water scarcity in this area is not serious, which leads to the
lack of necessity and urgency in the promotion of water reuse

and CE transformation.
0.677 13

B13
Lack of expertise, knowledge

and skilled manpower
in IT and CE

Lack of skilled workforces in resource recovery from
wastewater and sludge or digital technology, that have a

certain degree of professional knowledge to independently
use tools and equipment.

0.666 14

B12

Lack of technological
knowledge, design, and

operation experience among
the planners for CE

Managers responsible for developing CE and smart water
management plans do not understand relevant technologies,

do not have relevant design and operational experience,
resulting in unrealistic planning and inefficient guidance for

the implementation.

0.656 15

A10

Lack of internet coverage
and IT facilities, reliable IoT

and BDA infrastructure
and intelligence

Lack of internet coverage and inadequate infrastructure of big
data or IoT is hindering the implementation. 0.619 16

C08 Higher priority of other
issues or requirements

Compared with the resource recovery from wastewater and
sludge, other problems or challenges have a higher priority in
the water sector, resulting in insufficient attention and support

for the CE implementation.

0.614 17

A07 Significant leakages in water
distribution networks

Significant leakages from the drainage and wastewater
collection networks have led to low wastewater collection rates. 0.613 18

A05
High short-term costs and

low short-term
economic benefits

The short-term investment in smart water management and the CE
is very high. The short-term economic benefits are low, resulting in

low motivation to invest in and develop related industries.
0.611 19
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Table 5. Cont.

Barrier Descriptions Score Rank

C07
Other solutions might be

more favourable than
implementing CE

Other solutions, such as post-treatment discharge, are more
popular than implementing CE concepts, resulting in

insufficient attention and support for the implementation.
0.610 20

C09

Lack of coordina-
tion/communication
between operational
networks, with the

consumers, and with the
government department

Inadequate communication and collaboration between the
participants in the water and wastewater sector, between

government departments and with information technology
service operators has resulted in restricted synergies to

improve work and administrative efficiency.

0.608 21

A11

Lack of infrastructure to
distribute reclaimed water

and underdeveloped supply
chain of recovered materials

Building new reclaimed water distribution networks is
expensive and difficult to implement, resulting in recycled

water not being delivered to users.
0.606 22

5. Discussion and Contribution
5.1. Theoretical Implications

This study identified the main barriers to implementing CE in smart water manage-
ment in the Zhejiang context. The results provide valuable knowledge on what factors
need to be considered using DT to improve CE performance in the water sector, especially
for areas has a similar situation in Zhejiang. Such context can be characterized by low CE
performances, high internet penetration rate, sufficient natural water resources, and smart
water management that is already in use or planned to be implemented. Additionally,
wastewater treatment plants are capable of reclaimed water for reuse.

The identified barriers reveal water sector-specific problems, and reflect the common
challenges in other industries that attempt to use DT to support their CE practices. For
example, the identified barriers of high-costs and low benefit, inaccurate data analysis,
data security concerns, and lack of environmental and sustainability awareness are the
shared barriers that hinder the CE transformation in the smart city, smart manufacturing,
and smart agriculture.

Similarities and differences are identified by comparing our results with other studies
in the literature. Our findings agree with the study of Kumar, et al. [58], in that raising
awareness among stakeholders is important, and that cooperation should be encour-
aged. However, in contrast to their suggestion about raising the awareness of technology
implementation in the Indian agriculture supply chain, our finding shows that in a well-
digitalized water management system, raising the awareness of environmental issues
and CE concepts is more important than technology. This resonates with the finding of
Demestichas and Daskalakis [57], which suggests that the high level of environmental
awareness and familiarity with CE technologies can make the CE implementation in policy
and business less complicated.

As for the differences, our study shows that successful CE implementation requires
more viable options of utilizing recovered resources, especially when the public has no
prejudice against recycled materials. The experts ranked the lack of viable utilization
options for recovered water and resources (B09) as the second most important barrier, but
they rejected the barrier of low social acceptance of reclaimed water and resources (C13).
This finding is different from the result of Mesa-Pérez and Berbel [74]. Gherghel, Teodosiu
and De Gisi [44], which suggested the low acceptance of reclaimed water and sludge could
interrupt CE implementation.

This study also proposed a mixed approach to identifying barriers involving three
phases: literature review, case study, and FDM. The literature review results in a preliminary
list of items, such as barriers, as a starting point. The case study can provide detailed
information for choosing items and defining and explaining them in the given context
so that the survey participants can understand. It integrates experienced practitioners’
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knowledge to complete the barrier list by adding, removing, and modifying barriers.
Additionally, the case study can help researchers have a clear understanding of each barrier
in practice to better define each survey question based on practices. This helps survey
participants’ understanding and evaluation. Hence the combination of the methods could
improve the validity of the survey results. The final phase, the FDM, takes the ambiguity
of linguistic assessment into consideration and provides an efficient way to collect experts’
opinions and record the process.

5.2. Practical Implications

This study reveals the main barriers to CE implementation in smart water manage-
ment. The findings can help the government, practitioners, and stakeholders to move the
water sector towards a sustainable urban water system. Such systems use DT to support
CE practices. Specifically, it can reduce, reclaim, reuse, recycle the water resource, recover
energy and nutrients from sludge, and rethink the process to relieve water scarcity.

Our study shows that implementing CE requires combined efforts from organizations
and individuals in three major sectors: infrastructural and constructional sectors, technological
sectors, and key stakeholders in the water and wastewater management sector.

5.2.1. Infrastructural and Economic Implication

Our study shows that the infrastructure should be improved for CE implementation.
To begin with, the pipelines and sewage networks are fundamental elements for saving and
recycling water. Our results suggest that new wastewater collection (A08) and reclaimed
water distribution networks (A11) need to be built so that companies and the public can
use the regenerated water. The leakage in the old water distribution and wastewater
collection networks (A07) is another problem that should be addressed. Both kinds of
leakage contribute to water loss, while the latter further causes contamination due to the
pollutant matter in wastewater. This finding is in line with Qu, et al. [45], who suggested
that the municipal wastewater collection was insufficient. Companies and governments
should also aim to provide the infrastructure for distributing the reclaimed water and the
supply chain for recovered materials (A11).

Secondly, DT infrastructure also requires further development to expand the internet
coverage (A10). The ICT facilities require a further establishment to support the reli-
able wireless data collection and data transmission, data storage and processing among
monitoring points, management systems, and operators’ personal devices.

In the economic aspects, our results show that the high investment cost and low short-
term profits of CE implementation are driving stakeholders away (A05). Additionally,
unbalanced economic level in the different district makes it difficult to implement CE and
smart water management in the whole country (A01). The government is suggested to play
an important role in increasing the economic benefits of CE by funding CE implementation
projects, raising natural resource prices and waste disposal tax, and reducing wastewater
processing costs [74,75].

In addition, the rejected barriers indicate that the district is ready to implement CE in
smart water management. The wastewater treatment technology and water quality moni-
toring system in the district are already available to support water reclamation (A12, A09).
The public is capable of taking part in the implementation (A02). Financial departments
are providing public funds to support the transformation (A03).

5.2.2. Technological Implication

The first part of technological barriers come from resource reutilization. The results
show that experts had concerns about the limited choices for utilizing recovered water,
material, and energies (B09). This barrier raises demands on improving the resource
recovery techniques, innovating reutilization purposes, developing supportive regulation,
and increasing public acceptance.
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Reutilization technologies need reliable implementation solutions, as existing tech-
nologies are already capable of processing wastewater and sludge for various reuse pur-
poses [76,77]. One direction for technology innovation is reliable and cost-friendly solution
development. Another direction is scale implementation and performance evaluation. DT
such as AI, simulation, and big data can support these innovations.

A comprehensive regulatory framework should be established to ensure the recycled
resources are safe for reutilization [78]. This can ease the concern on harmful residuals left
in the reused materials. It can also encourage businesses to adopt new technologies for CE
practices. Governments and companies can use the smart water management system to
promote, monitor, and control CE practices.

The second part of technology barriers comes from DT implementation. It is raising
concerns about data privacy and data security (B04), data uncertainty, and unreliable analysis
results (B05). Information technology experts should provide safer, cheaper, and more reliable
solutions, such as blockchain, deep learning, and artificially intelligence. Governments and
companies should design policies and protocols to protect data privacy, encourage knowledge
sharing between organizations, and innovate the management system towards data sharing.
An efficient knowledge management system that can share, transmit and discover new
information (B06) is also expecting further development. Government and leading companies
should provide infrastructures, policies, and best practices to encourage data sharing. Formal
dig data standards should be developed. Easy conversion between different standards and
systems that support different types of data is also suggested [79]. Big data, AI, deep learning,
and blockchain have the potentials to address this problem.

Lastly, knowing how to use technologies is vital for exploiting the value of data. In our
case, both workforce and project leaders require more knowledge of CE and digitalization
(B11, B13). Workforces need specific training for resource recovery processes and for using
advanced DT [58]. Leaders not only need to learn about the technologies, but also require
successful experience in order to design and manage the implementation program (B12).
Leaders can better envision a sustainable and digitalized future if they learn more about
successful cases (B07). The education system and companies should cooperate in training
high-skilled workers to fulfil the tasks both in CE and digitalization practices [57]. Organi-
zations with successful implementation experiences should be encouraged to share their
knowledge to support other projects that lack experienced leaders [58]. For these purposes,
big data, IoT, VR/AR can assist information exchange and training in the virtual space.

5.2.3. Implication for Government and Key Stakeholder Companies in the Water and
Wastewater Sector

Our finding shows that the importance of decentralized treatment (C01) has not
been fully recognized. The decentralized treatment system is a cost-effective and long-
term supplement to the current centralized model, especially in less densely populated
areas [39]. Compared to the centralized system, this solution has the potential to recycle
wastewater on-site as an unconventional water resource for agriculture, industry, domestic,
and drinking water. It is important to solve the challenges from the continuously changing
quality and quantity of urban wastewater and from the emerging contaminants within the
wastewater [20]. A sustainable urban water system should combine elements of both the
centralized and decentralized water management systems, in order to build up a resilient
system against water shortages, floods and other extreme events [80].

As for the social aspect, the lack of water scarcity in the region (C06) could ease
the pressure on water reuse, leading to the district’s missing CE and water conservation
mindset. This could cause governments to choose other solutions, rather than CE strategies,
or prioritise other more urgent issues (C07, C08). Barrier C14 indicates that neither the
public nor the government had enough awareness of the importance of CE implementation
in the water sector. This result is related to the finding of Qu, et al. [45], which suggested
that the Chinese government did not emphasize water reuse, but on reducing the release
of pollutants into the receiving water body.
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However, the lack of water scarcity should not deprive the importance of CE im-
plementation. In the Chinese manufacturing industry, regulatory measures have pri-
marily driven the recycling efforts [81]. Water and sludge reuse deserve more attention
from the government.

The Government should promote CE and put forward regulations on resource reuse [82].
Government and practitioners should raise CE awareness and generate cultural and orga-
nizational transformation towards sustainable water usage [83]. The government should
not only make clearer policies to put forward the CE strategies, but also design regulations
to ensure safety reuse for public health. It is also important to consider the unbalanced
development level in different districts. Mesa-Pérez and Berbel [74] pointed out that au-
thorities should consider the differences between districts and develop district-specific CE
implementation strategies.

Our results put another emphasis on efficient governance and coordination. Govern-
ment, policymakers and practitioners should promote relevant services and coordination in
their decision-making [55]. They need efficient management protocols within the organiza-
tion and among various departments (C05). The coordination and communications between
stakeholders, such as water companies, governments, consumers, even the information
technology providers, are also important for an effective implementation process (C09).

5.3. Implications for other Region

The CE implementation in the water sector has several common issues around the
world. To begin with, it is agreed that local government and regional policy are vital
to successful CE implementation. For example, in our case, the local government still
focuses on solving the output problem, such as pollution and wastewater treatment. The
same problems are found in some areas in other countries, such as Indian, Belgian, and
Dutch [1,58]. Another global topic is the decentralized system implementation for sustain-
able development, such as cases in India, Indonesia, and Finland [84–86].

Comparing the differences between our results with studies in other districts provide
further enlightenment. Our study shows that implementing the smart water management
system is easier in districts with better information technology infrastructure. On the one
hand, it can lower the investment cost for building infrastructure because the smart water
system can use existing ones. On the other hand, people are more likely to accept the
new system because they are used to similar technologies. This is based on the differences
between our findings in Zhejiang and those from Kumar, et al. [58] in India. For example,
“lack of government support and incentives” and “lack of acceptance for the Industry
4.0” are identified as barriers in the Indian agricultural supply chain. In contrast, similar
barriers (C03, C15) were rejected by the experts in the water sector in Zhejiang province.
Zhejiang has a well-developed information technology infrastructure with an internet
penetration rate of 82.4%, while 99.7% of the internet users were using mobile devices by
the end of 2020 [87].

Although sufficient freshwater in Zhejiang has lowered the priority of local water
reuse, we argue that resource scarcity should not be the only reason for successful water
reuse and other CE implementations. Zhejiang, and other districts that are not facing
resource scarcity can promote CE from other aspects. Some successful water reuse cases
in the US are initiated by rigorous and costly wastewater treatment requirements [37].
Three cities in China have better overall CE performances than Zhejiang, thanks to new
development concepts, advanced resource reutilization technologies, reasonable industrial
structure, and complete infrastructure [88].

6. Conclusions

As the water scarcity situation is worsened by population growth and ever-expanding
urbanization, one of the 17 UN’s SDGs, the Goal 6 clean water and sanitation, calls for
sustainable solutions for water scarcity and pollution. Therefore, the CE mindset is attract-
ing discussions in the water and wastewater sector because it encourages water reuse and
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resource recovery from wastewater and sewage sludge. Meanwhile, DT such as IoT and big
data are adding a smart layer to water management that can improve water usage efficiency
and reduce pollution. Previous research suggested that using DT to support CE practices
can accelerate sustainable development, for example, in energy supply, city management,
and the manufacturing industry [19]. However, the CE concept is still underdeveloped in
the water sector, while smart water management system is implemented in many countries,
such as China and the U.S.

This study attempted to identify the barriers to CE implementation in smart water
management in practice. We studied the case that is highly digitalized but with poor
CE performance. We finally identified 22 barriers through a hybrid process, including
a literature review, case study, and the FDM. The identified barriers were divided into
infrastructural and economic, technical, and institutional and governance barriers.

The finding also suggests that barriers related to technologies raised the most concern.
Not only do the recovered resources need more utilization technologies, but the workforce
and managers need better knowledge of these recycling technologies and the DT. Our study
also suggests that the lack of public awareness of CE benefits and water scarcity can be a
significant drawback. Another interesting finding is that the experts showed high interest
in the decentralized wastewater treatment system, as the lack of acknowledgement of the
decentralized system’s importance had the highest score of importance in the result. These
findings provide valuable insights for practitioners, researchers, and policymakers seeking
to implement CE strategies into smart cities, smart building, and smart manufacturing.

The current limits of this study are data issues. Firstly, the finding of this research
can only be generalized to places and factories with well-developed DT infrastructure.
We recommend further studies to apply the same research under other circumstances.
Secondly, the results could be partially biased because over 80% of the survey participants
came from the water and environment conservatory sector. The assessment may vary based
on participants’ personal experiences and knowledge. This study can be repeated in similar
situations to remove prejudices and biases. Future studies can also explore viable solutions
for the identified barriers and quantitatively evaluate the impact of DT implementation.
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Appendix A

Table A1. Initial list of barriers from literature review.

Nr Challenge/Barrier References

Economic challenges
1 Lack of economically feasible processes [20,44]
2 high investment costs in CE integration to a specific plant [44]
3 High energy cost of the wastewater treatment [60]
4 High IT training, skills development, operational and maintenance cost [55]

5 High cost of transporting, implementing, distributing,
and storing reclaimed water/nutrients [20,56]

6 Lack of support from public funds [57]
7 Major upfront investment costs by implementing CE [89]
8 Unclear economic benefit of digital and CE investments [54,89]
9 High short-term costs and low short-term economic benefits [89]
10 Higher price of recycled materials and reclaimed water than the virgin in the market [44,74,89]

Institutional/Governance challenges

11

Lack of assessment of the system from reliability (e.g., doesn’t pose any health hazard
or consistent performance for a given condition), robustness (e.g., can manage

multiple parameters removal/recovery), resilience (e.g., can manage variation in
influent load), and redundancy (e.g., backup services) perspectives

[55]

12 Lack of acknowledgement of the importance of decentralized treatment [20,55]
13 Significant leakages in water distribution networks [20]

14 Lack of policies supporting the recycling and reclamation of wastewater, promoting
the use of recovered resources [20]

15 Lack of political will, commitment, and management support to
CE from the higher authorities [20,45,54,56,57,74]

16 Unclear vision in CE, IT management and digital operations [54,55]

17 Lack of coordination/communication between operational networks, with the
consumers, and with the government department [20,55,74,89]

18 Lack of regulations, standard and quality indicators for the CE
and the reclaimed water & sludge [20,55,57,74]

19 Lack of openness and accessibility of data [55,89]
20 Lack of transparency and liability of the government [55,74]
21 Difficulty in making the right decision to implement CE in the most efficient way [89]

22 Lack of experience leader and successful reference projects, poor leadership, and
management towards CE [54,74,89]

23 Higher priority of other issues or requirements [89]
24 Other solutions might be more favourable than implementing CE [89]
25 Limited availability of recovered water/nutrients/energy [89]
26 Lack of access to technology to the majority of citizens and institutions [20,56]
27 Lack of expertise, knowledge and skilled manpower in IT and CE [20,54,74,89]

28 Lack of technological knowledge, design, and operation experience
among the planners for CE [44,74]

Social and cultural challenges

29 Lack of awareness among the citizens about the environmental issues
and the benefit of CE [20,56,74]

30 Low social acceptance, poor public perception, and motivation to
using recovered water/material [20,44,45,56,89]

31 Low community awareness of digitalized water management [54,55,57,74]
32 Lack of involvement of citizens and stakeholder cooperation [55,57,74]
33 Unbalanced geographical development [55]
34 High degree of inequality in citizens’ education, income, skills etc. [55]
35 No existence of water scarcity in the region [57,74]
36 Employment disruptions [54]
37 Not attractive for industry [44]
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Table A1. Cont.

Nr Challenge/Barrier References

Technological challenges

38 Lack of wastewater collection systems and infrastructure [55,60]

39 Lack of infrastructure to distribute reclaimed water and
underdeveloped supply chain of recovered materials [44,54,56,74]

40 Lack of organizational and process design and changes for CE [44,54,89]
41 Lack of a standard system for measuring CE [89]

42 Low technology readiness level of proper treatment for water reuse,
low maturity of material/energy recovery method [20,44,45,56,57,74]

43 Lack of substantial research and knowledge base [44]
44 Lack of viable options for recovered water/nutrients/energy utilization [44]
45 Lack of information or the ambiguities regarding what information is required by who [57]
46 Data privacy and data security issues [55,57]

47 Lack of internet coverage and IT facilities, reliable IoT and
BDA infrastructure and intelligence [54,55,89]

48 Poor data availability and scalability regarding CE in the water sector [55,89]

49 Continuously changing quantity and quality of wastewater contaminants and
unfavourable sludge properties [20,60]

50 Lack of proper treatment equipment in WWTP [45,54]
51 potential negative environmental impacts from CE technologies [57]
52 Lack of energy recovery practice in WWTP [20]
53 Lack of common information system models and data sharing protocols [54,55]
54 Data uncertainty and the lack of accuracy and reliability of data analysis [57]
55 Lack of automation system virtualization [54]
56 Lack of closed-loop control [54]
57 Lack of knowledge management systems [54]

58 Difficulty in maintaining the quality of products made with
recovered water and materials [89]
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