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A B S T R A C T

Increased industrial water demand and resource depletion require the incorporation of sustainable and efficient
water and wastewater management solutions in the industrial sector. Conventional and advanced treatment
technologies, closed-water loops at different levels from an industrial process to collaborative networks among
industries within the same or another sector and digital tools and services facilitate the materialization of circular
water use practices. To this end, the scope of this paper is the application of the Conceptual Water Efficiency
Framework (CWEF), which has been developed within the AquaSPICE project aspiring to enhance water
circularity within industries in a holistic way. Four water-intensive process industries (two chemical industries,
one oil refinery plant and one meat production plant) are examined, revealing its adaptability, versatility and
flexibility according to the requirements of each use case. It is evident that the synergy of process, circular and
digital innovations can promote sustainability, contribute to water conservation in the industry, elaborating a
compact approach to be replicated from other industries.

1. Introduction

Rapid industrialization is a primary catalyst of increased freshwater
demand for industrial purposes (Jain et al., 2021), resulting in natural
resource depletion and wastewater generation (Kesari et al., 2021).
Global climate change contributes to this situation by means of frequent
droughts and rough seasonal variations (Isaac et al., 2022). In addition,
the lack of reuse and recycling practices has a substantial influence
(Sharma et al., 2023). It is therefore imperative to search for alternative
water sources, such as rainwater (Raimondi et al., 2023), stormwater
(Feng et al., 2022; Goonetilleke et al., 2017) or reclaimed water from
wastewater (Liberman et al., 2020; Melián-Martel et al., 2013), and
efficient management systems for industrial effluent and freshwater
(Sakamoto et al., 2021).

Improvement actions with long-term impact are prerequisites for a
circular economy (CE) approach in the industrial sector (Becker et al.,
2019), striving for decreased use of raw materials, adoption of
closed-water loops, waste minimization and prolonged value mainte-
nance (Morseletto, 2020). Industrial wastewater treatment and

management lead to valuable substances, water and energy recovery,
facilitating the transition to the sustainable ‘take-make-use-reuse-re-
cycle’ approach, with multiple economic and environmental benefits
(Smol et al., 2020; Verhuelsdonk et al., 2021). Therefore, reclaimed
resources and by-products are reincorporated back into the production
and supply chain, aspiring to zero liquid discharge (ZLD) (Amutha,
2017; Hussain, 2020). Altman et al. (2012) studied the reuse of the
cooling tower blowdown (CTBD) as make-up water after treatment by
sand pack, activated carbon and cartridge filter and then nanofiltration,
highlighting the potential for up to 49%wastewater discharge reduction
and substantial water savings. However, scaling phenomena have to be
taken into account for the system’s optimization. Rahmani (2017)
increased the cycles of concentration of cooling towers from 6.5 to 9.0
and optimized the scaling and corrosion inhibitors, achieving to save
water up to 1.1 million m3/y. Davood Abadi Farahani et al. (2016)
concluded that the CTBD treatment by coagulation-flocculation and
reverse osmosis (RO) is the most cost-effective, efficient method for
removing chemical oxygen demand (COD), total dissolved solids (TDS),
turbidity and conductivity, producing water suitable for reuse. In
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addition, the treatment of cooling water by membrane distillation uti-
lizing waste heat for the production of boiler feed water (BFW) proved
efficient, requiring even 2.25 kWh/m3 less energy and causing 50–75%
lower CO2 emissions compared to other technologies. However, pre- and
post-treatment processes may be required (Kuipers et al., 2014). Müller
et al. (2024) reported that CTBD treatment has to encompass biological
activated carbon (BGAC), ultrafiltration (UF) and RO to produce suitable
make-up water for reuse in terms of total organic carbon (TOC) and
conductivity. Sandoval et al. (2024) treated wine slaughterhouse
wastewater by electrocoagulation, optimizing the current density and
supporting electrolyte, and achieved a reduction of up to 72.7% of TOC,
89.4% of COD, 72.3% of total nitrogen (TN), 96.3% of total phosphorus
(TP) and complete disinfection. However, the prospect of
energy-efficient technologies emerged.

It is a common practice to discharge effluents into the environment
while ensuring environmental protection. However, reclaimed water
has the potential to be exploited as firefighting water, drinking water,
for cooling purposes, such as in cooling towers (CTs) and heat ex-
changers or for steam production and aquifer recharge (Guven et al.,
2023; Kesari et al., 2021; Misrol et al., 2021). Thus, treatment tech-
nologies have been studied in the tannery (Ricky et al., 2022), petro-
chemical industry (Sakamoto et al., 2021) and brewery along with green
practices, considering technological and economic criteria (Ashraf et al.,
2021). Full-scale wastewater treatment plants (WWTPs) were monitored
to quantify CH4 and N2O emissions and determine the most impactful
technologies, concluding that secondary biological treatment accounted
for 97.0% of CH4 and 91.0% of N2O emissions that were 447.7 and
1605.3 kgCO2-eq/d, respectively (Q. Wang et al., 2024). Digital ad-
vancements, i.e., Internet of Things (IoT), big data, data analytics and
monitoring devices have to be deployed. The monitoring and optimi-
zation of coagulation-flocculation and advanced oxidation process
(AOP) in the study of GilPavas et al. (2017) led to optimal organic matter
removal and enhanced process efficiency. Warren-Vega et al. (2024)
developed an artificial neural network to predict and optimize the per-
formance of AOPs when treating piggery wastewater. A process
modelling and simulation framework for digital twins was developed for
the industrial sector (Sarantinoudis et al., 2023). Glatt et al. (2021)
implemented a digital twin in the manufacturing sector for system
monitoring, predicting and failures diagnosing. In addition, stake-
holders’ involvement is necessary (Bressanelli et al., 2020; Mhatre et al.,
2021).

The research for water/wastewater treatment technologies selection
(Büyüközkan and Tüfekçi, 2021; Quaglia et al., 2014), water quality
monitoring (da Luz et al., 2022), performance indicators (Foglia et al.,
2023; Preisner et al., 2022), circular practices (Arora et al., 2022) and
digital innovations and cyber-physical systems (Azzaro-Pantel et al.,
2022; Juneidi et al., 2022; Matheri et al., 2022; Pham et al., 2016; Radini
et al., 2021) in the industry, under technological, economic, and envi-
ronmental criteria (Lizot et al., 2021; Tsui et al., 2022; Walsh et al.,
2016) is intense, but discrete. To authors’ knowledge, the synergistic
impact of such advanced innovations has not been studied for the in-
dustrial sector. In the context of the AquaSPICE “Advancing Sustain-
ability of Process Industries through Digital and Circular Water Use
Innovations”, which is an EU-funded project under H2020, a compre-
hensive CWEF was developed to support and provide an in-depth un-
derstanding of holistic decisions for water use in industry. The project
aims to materialize circular industrial-scale water use practices,
demonstrating innovative solutions through advanced technologies,
fit-for-purpose closed-loop practices and water cyber-physical systems
at different levels.

There is lack of research in consolidating and actualizing a frame-
work related to water/wastewater treatment methods, water circularity
practices and digital tools/services in the industrial sector. Wastewater
treatment system configuration selection is a challenge since multiple
barriers have to be overcome, with legal requirements and volume to be
the most critical ones according to (Trianni et al., 2021). The industrial

water mass balance deployed by Pham et al. (2016), as a water man-
agement tool, showed the necessity of data availability and performance
indicators use. Machine learning methods were applied in the study of
Bellamoli et al. (2023), performing binary and multiclass classification,
to detect and classify the main anomalies successfully. However, model
precision can be further enhanced. By coupling technological and digital
innovations in the water sector, around 3.6% cost reduction, 4.1%
revenue increase and 15% less CO2 emissions globally are projected
(Kurniawan et al., 2023). Our paper fills this gap by bringing the novelty
of (i) holistic, integrated and flexible solutions to deploy water use
practices within the process industry by combining process innovations,
circular practices and digital tools/services in view of technology,
environment and economy and (ii) their fit-for-purpose actualization in
different real case studies.

In this regard, the CWEF is applied to four water-intensive process
industries, i.e., two chemical industries, an oil refinery and a meat
production plant, to illustrate its adaptability depending on case-focused
requirements. Hence, this study will enable replication in other process
industries, contribute to the decision-making by stakeholders and in-
dustrial partners for water/wastewater technologies selection, fit-for-
purpose reuse and recycling practices and digital innovations that can
be deployed depending on the industrial case’s peculiarities. Ultimately,
the outcome of the study gives valuable insights and recommendations
to the scientific community on enhancing water circularity within the
process industry.

2. Methodology

To reuse reclaimed water for industrial purposes, it must comply
with the intended reuse quality requirements (The European Parliament
and the Council, 2020). However, conventional wastewater treatment
may be insufficient for achieving this goal (Helmecke et al., 2020). On
the contrary, advanced treatment technologies, circular actions (water
recirculation and exchange and synergies among different actors), as
well as real-time control and monitoring systems offer significant
impetus for reaching sustainability goals (Kamble et al., 2018). There-
fore, it is evident that the coalescence of these three aspects is indis-
pensable. To deliver compact water-related industrial solutions, the
CWEF was described in detail elsewhere (Teo and Poinapen, 2021). The
fundamental pillars are process innovation, circular practices and digital
tools. Fig. 1 presents the circular industry-oriented framework, which
aims to facilitate the implementation of sustainable water use practices
and optimize resource management, enhancing water circularity and
efficiency in the industry. It consists of four consecutive phases,
following a 10-step methodological approach as described below.

Phase 1: Evaluation of the current situation and definition of targets
(3 steps)
Phase 2: Inventorization and investigation of the main pillars (1 step)
Phase 3: Assessment and expected output (3 steps)
Phase 4: Business model, policy development and dissemination
activity (3 steps)

The first phase, evaluation of the current situation and definition of
targets, highlights the objectives (step 1) for the framework application,
which should be clearly outlined to support complex issues that arise
within a plant, e.g., reduce freshwater consumption, increase reuse and
recycling practices, upgrade the processes or promote digitalization. The
scope is important in order to assess progress and focus on the defined
goals. In addition, the definition of the user requirements and a baseline
assessment (step 2) follow, by identifying the participating actors
(process industries, public or private companies, municipality, etc.) and
collecting data regarding a specific case through personal interviews,
questionnaires or workshops. Therefore, initial screening (step 3) is
carried out in relation to the existing ICT infrastructure, current water
and wastewater treatment technologies, quality of raw water and
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wastewater, wastewater specifications, and local permits.
The second phase, inventorization and investigation, explores and

identifies the options for water and wastewater treatment and man-
agement along with potential improvements. The main pillars of inno-
vation (process, circular and digital) are thoroughly examined (step 4).
Process innovations refer to the abstraction, treatment, saving, reuse,
recycling and recovery of water. In addition, alternative water sources,
advanced processes and water generation technologies are inventorized
and investigated. Their imminent implementation should fulfil the
user’s needs. Furthermore, a circular approach promotes a sustainable
and efficient resource management in the industry at different levels.
The technologies allow the efficient water management and adoption of
closed-loop practices, e.g., through treated industrial effluents’ reuse. To
this end, modelling the deployed system is needed, the boundaries of
which can be either narrow (e.g., a processing unit, the whole factory) or
extended (e.g., multiple process industries/actors). Modelling tools
predict the processes’ performance, estimating water quality and
quantity, chemicals consumption and energy requirements. Overall,
four modelling levels are identified (Fig. 2-A). In-process modelling is
applied through the development of mathematical models. Water
management across a wider system is modelled by formulating water
balances, including input, output, and water loss (in-factory modelling).
In case a process industry cooperates with others of the same sector via
materials exchange, industrial symbiosis models are applied. The most
wide-ranging level, systemic modelling, concerns the closing of water
loops among industries, businesses, or public authorities through intra-
factory reuse (Karkou et al., 2022).

In addition, digital innovation allows the interconnection of
physical-digital systems, facilitates data collection and analysis and

contributes to continuous monitoring and dynamic controlling of the
industrial systems. The representation of the physical by a digital system
is called digital twin (Maddikunta et al., 2022). In this regard, a
real-time monitoring (RTM) platform provides data for modelling and
simulation activities and data analysis (Okorie et al., 2018; Sar-
antinoudis et al., 2023). Descriptive and predictive analytics indicate the
trend for deviation of target parameters in a predefined pattern and
predict their behaviour, respectively. The user performs data mining
techniques for data analysis to identify any intrusion (Deshpande et al.,
2019). Virtual sensors, or else soft sensors, are innovative digital tools
used to extract data from different data sources, in case physical online
sensors fail to operate. However, their usage should be temporal (Ilyas
et al., 2020). Therefore, these digital tools open the path for optimiza-
tion services to enhance the performance of processes and recirculating
cooling water systems in the industry, including CTs, aiming at optimal
water and energy efficiency (K. Ma et al., 2020). Improved efficiency
and optimal scenario selection are key aspects for water/wastewater
treatment. The digitalization of the industries is promising for decar-
bonizing, saving energy and protecting the environment, since the ICT
sector can bring in innovative solutions (Kurniawan et al., 2023; R. Ma
et al., 2023).

Previous researchers have developed an optimization model to
minimize freshwater intake and wastewater production, defining con-
straints and reuse options (Nemati-Amirkolaii et al., 2021). By moni-
toring a set of indicators, dynamic life cycle assessment (LCA) is feasible,
evaluating and quantifying the environmental impact and allowing the
comparison of alternative scenarios (Azzaro-Pantel et al., 2022). Hence,
LCA contributes to the decision-making process in industry (Mehmeti
et al., 2018; Yang et al., 2020). These services can be integrated into a

Fig. 1. The conceptual water efficiency framework (Teo and Poinapen, 2021).

E. Karkou et al. Journal of Environmental Management 370 (2024) 122596 

3 



water-related Cyber-Physical System (WaterCPS) platform, a unique and
innovative digital tool. Any action that leads to overexploitation of
natural resources and higher expenses must be ruled out. Fig. 2-B reveals
the interdependencies of the individual innovative digital tools that
constitute the WaterCPS platform.

Regarding the third phase, assessment and expected output, the most
proper improvement actions are selected, implemented and evaluated
through relevant performance indicators (step 5). Treatment technolo-
gies are selected, designed, and deployed (step 6), exploiting the three
innovation pillars. Therefore, the integrated system is assessed and
optimized (step 7). Finally, the fourth phase, business model, policy
development and dissemination activities, should apply to all industries
that aspire to enhance water circularity and implement innovative so-
lutions. It encompasses the development of business and finance models
(step 8) to conduct cost-benefit analysis and search for potential sources
of funding. Additionally, governance planning and legal framework are

evaluated based on the location of the process industry (step 9). As the
last step, multichannel and integrated planning of communication ac-
tivities occur, since knowledge diffusion and networking are crucial
(step 10).

To evaluate the impact of such interventions within the industrial
boundaries, technological, economic, and environmental aspects are
included. Fig. 2-C highlights the topics which must be investigated for
each aspect (Technology, Circularity, Digitalization, Environment and
Economy). Tο provide an in-depth understanding of this versatile
framework, it is applied to 4 process industries, studied in the course of
AquaSPICE H2020 innovation actions, aiming to materialize and
enhance water efficiency, highlighting potential barriers, gaps, and
challenges.

To apply the CWEF to the case studies, it is worth mentioning that
process-, circular- and digital-focused industrial practices in different
types of factories have been applied, including the measured quality

Fig. 2. Different modelling levels in the industrial sector (A), digital innovations overview (interconnection between the physical and the digital system) (B), and
relevant aspects of industrial water and wastewater management (C).
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parameters, the influencing parameters, implemented digital services
and the main findings of each study, which will point out the existing
industrial practices and set the baseline for going far beyond the results
described in Table A1 (Appendix). As is evident, many researchers
attempted to close the water loops or take measures for environmental
protection through water and wastewater treatment processes along
with the implementation of specific digital services. Despite the ambi-
tious outcomes of the synergistic implementation of all innovations,
none has investigated their impact in real case studies in the industrial
sector.

2.1. Case studies description: resource of water

2.1.1. Chemical industry 1
Chemical industry 1 supplies specialty chemicals, advanced mate-

rials and plastics. Water management is challenging due to the limited
natural resources in the coastal area of the Netherlands, where the in-
dustry is located. The goals encompass the reduction of freshwater
consumption by 2.25 million m3/y and discharged wastewater by clos-
ing the water loops, reusing and recycling the industrial effluents, such
as CTBD and slightly polluted streams. Smart monitoring and other
digital solutions’ deployment are intended.

2.1.2. Chemical industry 2
Chemical industry 2 is located in Germany and produces a variety of

products, including chemicals, advanced materials and plastics, by
consuming vast amounts of water. Industrial activities, among others,
lead to freshwater resources reduction and the area becomes water-
stressed. Hence, it is essential to investigate alternative water sources
or manage water resources efficiently. The reduction of abstracted
freshwater through optimization, wastewater treatment with fit-for-
purpose technologies, reuse and recycling are the goals. In addition,
smart monitoring aims to create a water management system to control
raw water abstraction, wastewater discharge, and recycling streams.

2.1.3. Oil refinery plant
The water-intensive oil refinery plant is located in Turkey. Fresh-

water is abstracted from a nearby lake to process approximately 30
million tons of crude oil annually. The plant generates immense amounts
of wastewater that contains harmful and toxic contaminants. To reuse
the effluents, treatment to reach the desired quality criteria, mixing
optimization of treated wastewater and freshwater and the deployment
of sensors and smart monitoring tools are essential. The main goals
encompass freshwater reduction, water reuse increase by 50% and
decrease in wastewater discharged into the environment.

2.1.4. Meat production plant
The meat production plant in Romania produces approximately 150

tons of meat products daily. It is a water-intensive industry since the
production of 1 kg of meat product requires the consumption of more

Table 1
Composition of freshwater and industrial wastewater (raw or partially treated with WWTP) of the process industries.

Quality
parameter

Unit Chemical industry
1

Chemical industry 2 Oil refinery plant Meat production
plant

CTBD Lake River CTBD Conden-sate Stream 1 Stream 2 Wastewater

pH – – 7.39–8.12 7.74–8.20 6.82–8.47 6.43–8.89 – >13.00 6.81–7.56
Fat, Oil and
Grease

mg/L – – – – – – – 93.00

TOC mg/L 35.00–65.00 5.00–9.00 5.00–16.00 14.00–24.00 0.20–2.20 – – 25.10
TSS mg/L – 2.00–

126.00
2.00–147.00 – – 10.00–60.00 – 8.00–248.00

TDS mg/L 1766.35–2363.45a 91.04–347.34a 208.13–986.40a 552.14–1580.04a 0.017–1.65a 2000-6000 1031-3644a 1000
COD mg/L – 14.00–

34.00
12.00–38.00 20.00–83.00 – 100–180 2200–6900 311–621.71

BOD mg/L – – – – – – – 38.00–461.00
Turbidity NFU – 1.00–8.40 1.00–25.50 1.00–3.90 – – – 43.00
Conductivity μS/cm 2500–4000 466–690 571–1415 1728–2707 0.20–7.30 2500-15000 1000–52000 1888
Bicarbonate mg/L – 1.30–2.56 1.40–3.75 0.60–2.18 – – – –
Nitrate mg/L 50.00 0.01–84.00 1.40–5.90 3.70–21.00 – – – 0.77–3.48
Ammonium
nitrogen

mg/L – – – – – 2.00–8.00 11.00–83.00 –

Ammonia/
Ammonium

mg/L – – – – – – – 16.10–89.10

Sulfates mg/L 1000–1200 1.00–139.00 115–446 266–831 – – – 93.60–194.52
Sulphur mg/L – – – – – 0.50–2.00 20.00–61.00 –
Phosphate mg/L – 0.10–0.54 0.10–0.39 0.16–4.40 – – – 0.62–9.13
Phosphorus mg/L – – – – – – – 0.47–6.54
Phenol mg/L – – – – – – 1000–3500 –
Sodium mg/L 210–500 32–50 37–400 49–325 0.00–0.24 – – –
Potassium mg/L 50.00 5.70–7.60 3.80–10.00 – – – – –
Calcium mmol/L 5.00–11.25 0.80–1.80 1.30–4.00 2.80–6.30 – – – –
Copper mg/L – 0.10 0.10–0.18 0.00–0.12 0.001–0.005 – – 0.285
Chloride mg/L 400–500 50–60 48–116 227–388 0.01–1.30 – – 157.40–531.70
Iron mg/L 0.00–0.35 0.01–1.70 0.01–0.11 0.03–0.70 0.001–0.02 – – –
Cadmium mg/L – 0.01 0.01 – – – – 0.12
Zinc mg/L 1.00–1.50 0.01–0.03 0.01–0.06 0.50–1.30 – – – 0.41
Manganese mg/L – – – 0.00–0.04 – – – –
Magnesium mg/L 50.00 – – – – – – –
Barium mg/L 0.15 – – – – – – –
Aluminium mg/L 0.20 – – – – – – –
Silica mg/L – – – 2.35–13.26 0.005–0.08 – – 8.60
Total Count CFU/

100 mL
– – – – – – – 4•105

Total Coliform MPN/
100 mL

– – – – – – – 2419

a TDS was assumed as the sum of the measured ion concentrations.
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than 6 L of water. It aspires to improve water efficiency and water
circularity through wastewater treatment and management, monitoring
services, process optimization and internal closed-water loops. Hence,
the goal is to reduce freshwater intake by 30% and incorporate a digi-
talized water management system.

3. Results and discussion

The CWEF is applied to two chemical industries, an oil refinery plant
and a meat production plant. The following section presents, analyzes
and assesses the outcomes for each individual industry collecting qual-
itative and quantitative data. To begin with, Table 1 summarizes the
composition of the targeted water/wastewater streams for each case
study.

Each process industry aims to monitor specific key quality parame-
ters. For chemical industry 1, the main quality parameters are turbidity,
TOC, conductivity, pH and the measured ions. As far as the streams of
chemical industry 2, the important quality parameters include pH, COD,
TOC, conductivity and several ions (calcium, magnesium, zinc, phos-
phorus, iron and silica). The oil refinery plant aspires to control pH,
COD, conductivity, TOC, sulphur and ammonium nitrogen. The meat
production plant as a food industry is concerned about BOD, COD, total
suspended solids (TSS), phosphorus, nitrate and microorganisms.

The selection and deployment of process, circular and digital in-
novations in the individual case studies depends on specific performance
indicators, as shown in Table 2. Freshwater consumption reduction,
which was calculated based on the reclaimed water derived from the
industrial wastewater treatment trials, reclaimed water reuse increase,
system improvement, real-time monitoring and digital tools imple-
mentation consist of fundamental criteria, whose determination derives
from the objectives of each industrial case study.

3.1. Chemical industry 1

3.1.1. Evaluation of the current situation and definition of targets
A drinking water company and a national park are the water sup-

pliers. For the operation of the 16 CTs, water and air are provided and
mass transfer takes place because of the vapor concentration difference
between the two phases, i.e., liquid and gas, leading to volatile con-
stituents’ evaporation, air moisturizing and water temperature decrease
(Ruiz et al., 2022). Currently, freshwater and treated wastewater are
used as CTMU water affected by seasonal variations (up to 10–15%

during summer). Each cell has a separate process control system. CTBD
consists of concentrated cooling water, whose composition is shown in
Table 1, and has the potential to be reused (Saha et al., 2020), e.g., as
CTMU water. Approximately 1.6 million m3/y of CTBD is generated of
which one-half is discharged into the river and the other half is treated in
the WWTP. Probes, including temperature and conductivity, sensors for
TOC, and flow rate valves monitor critical quality parameters. All of
them are installed in 45 locations and the measured data are provided to
the central control system.

3.1.2. Investigation
Fig. 3-A presents the process flow diagram of the chemical site. The

green and yellow frame describe the CTBD and DSPW treatment point,
respectively. To expand the available opportunities in process in-
novations, wastewater streams should be treated with a set of selective
technologies aiming for the removal of target contaminants. CTBD
stream must meet the quality specifications for cooling water, as shown
in Table A2 (Appendix), to be reused as CTMU. The appropriate pro-
cesses to remove the excess concentration of dissolved solids comprise
BGAC filtration, electrocoagulation, and membrane-based technologies.
In this regard, the production of water free from macromolecules and
small organic compounds, turbidity-related constituents, suspended
solids and dissolved ions is feasible. Organic matter is adsorbed on
BGAC’s biofilm and then biodegraded (Ribeiro dos Santos et al., 2022).

If the wastewater contains recalcitrant organic pollutants, AOPs can
degrade them (Sillanpää, 2020). Electrocoagulation removes suspended
and dissolved matter by electric supply (Syam Babu et al., 2020).
Membrane-based separation processes utilize semipermeable mem-
branes to retain most of the salts and ions, resulting in the production of
a stream enriched in water (Hankins and Singh, 2016). However, bio-
filtration should precede to protect the membranes (Griebe and Flem-
ming, 1998). During the CTBD treatment, it is imperative to control the
growth of Legionella and pH by using chemicals at adjustable dosages
(Abdel-Shafy et al., 2020; Iervolino et al., 2017). The Gram-negative
bacterium, called Legionella, is a serious contaminant in cooling water
with a survival capability within the range 5.7–63 ◦C (Girolamini et al.,
2023). Enhanced CT water efficiency is ensured through a high recir-
culation factor to such a point so as to avoid scaling and corrosion
(Rahmani, 2017). Fig. 3-B indicates also the alternative water treatment
trials for CTBD.

Optimized water efficiency is feasible through modelling, simulation
activities, data analytics and optimization of the treatment technologies.

Table 2
Performance indicators for all process industries in this study.

Performance
Indicator

Chemical industry 1 Chemical industry 2 Oil refinery plant Meat production plant

Water
Sustainability

10 million m3/y of freshwater is
required.
Reduction of freshwater by 1.5
million m3/y.

Around 8.2 million m3/y of freshwater is
required.
Reduction of freshwater by 1.1 million m3/y.

Around 893.000 m3/y of wastewater
is generated.
Reduction of freshwater of around
1.3 million m3/y.

396.000 m3/y of freshwater is
required.
Reduction of freshwater intake
by 118.800 m3/y.

Water-Eco CTBD reuse by 90%. Reuse CTBD by 55% and condensate by up to
10%.

Increase reclaimed water to be
reused by at least 50%.

Intra-factory reuse by 30%.

Improved water
quality

Removal of TOC, turbidity,
suspended solids, conductivity,
and dissolved ions.

Enhance cooling tower make-up (CTMU) water
quality. Improve demineralized water quality in
terms of TOC, conductivity, and silica.

Removal of TOC and turbidity. Water quality in accordance
with EU requirements and
national legislation.

Financial
efficiency

– – – Potential economic benefits
due to by-products supply to
another industry.

Digital upgrade Real-time monitoring.
Digital tools deployment.

Plant operation – Low corrosion rate, scaling, and biofouling.
8 years without turnaround.

Maintain quality of discharged
wastewater within the acceptable
limits by 90% of the year.

–

Knowledge
share

– – Act as role model for the
petrochemical industry.

Serve as an exemplary food
industry regarding water
management.

Reduction in freshwater consumption (m3/y) = Required freshwater by the industry (m3/y) – Reclaimed water from industrial wastewater treatment (m3/y) (1).
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Real-time monitoring services for the related parameters, including
corrosion, pH, temperature, hardness, TOC, conductivity and dissolved
ions concentration in several locations are needed to feed and be con-
nected with the digital services. In-process and in-factory modelling are
applicable by developing mathematical process models and formulating
mass balances within the system, respectively. To this end, water supply,
demand and losses are quantified, the removal efficiency of pollutants,
required energy and chemicals are predicted and the overall perfor-
mance is assessed. Data availability and analysis facilitate the develop-
ment of first principle, data-driven or hybrid models to predict the
processes’ performance and determine the most technical- and cost-
efficient solution. However, environmental pollution is a key factor,
making the LCA tool as an imperative environmental management tool
to assess its impact (Hashemi et al., 2022). The developed components
(water treatment processes, modelling, simulation, monitoring, data
analytics, optimization and LCA) are integrated into the WaterCPS
platform, creating the digital system and enabling operators to make
decisions more easily and intelligently.

3.1.3. Assessment and expected output
As far as CTBD treatment is concerned, a promising trial is GAC-UF-

RO to remove TOC, turbidity, suspended solids, conductivity, and dis-
solved ions. Shang et al. (2019) demonstrated that the
adsorption-UF-RO treatment train resulted in the removal of 99.5%
turbidity, 98.5% TDS, 98.0% conductivity, 87.4% dissolved organic
carbon (DOC) and >97.8% ions, highlighting the necessity to pretreat
the wastewater stream before the membrane filtration processes. Jang
et al. (2017) found out that the activated carbon-UF-RO system achieved
a reduction of 99.4%, 88.9% and 96.1% in COD, TN and conductivity,
respectively. The WaterCPS platform aims to monitor and control the

treatment train in order to provide advisory information and allow
optimization. In this way, an increase in water savings and decrease in
energy consumption are expected. Data analysis (descriptive and pre-
dictive analytics), modelling and simulation activities, optimization and
LCA should be performed in this case study to predict, optimize and
assess the expected outcome. The platform constitutes the basis for an
advanced automated control system.

To assess the impact of the proposed actions, case-specific indicators
are selected to build a baseline scenario for the process industry
(Table 2). Water Sustainability refers to the amount of water savings, i.
e., freshwater intake reduction. In this case, an approximately 15%
decrease is expected. The Water-Eco Indicator refers to the amount of
reused water (CTBD) within the factory. Contaminants removal is
assessed through the indicator of “Improved water quality”. In addition,
dynamic LCA estimates indicators related to the environmental impact.
Water footprint and carbon footprint are included. When nitrogen and
phosphorus content exceed an acceptable level, it becomes harmful to
aquatic organisms due to DO deficiency, causing eutrophication. In this
regard, ecotoxicity and human toxicity are examined (Naushad, 2018).
The infrastructure is digitally upgraded by deploying modelling, simu-
lation, real-time monitoring devices, descriptive and predictive ana-
lytics, optimization and LCA tools across the value chain.

3.2. Chemical industry 2

3.2.1. Evaluation of the current situation and definition of targets
Freshwater for the chemical industry 2 derives from a nearby lake

and river. The former appears to have fluctuations in TOC level and the
latter in salinity. The process flow diagram of the current water man-
agement is shown in Fig. 4-A. Coagulation/flocculation process

Fig. 3. Current process flow diagram (A) and water treatment options for CTBD (B) in chemical industry 1.
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combined with rapid sand filtration have been implemented to treat
freshwater before supply it to the CTs. The demineralization (demin)
plant consists of IEX using different resins. Both CTs and demin pro-
duction plant result in CTBD and condensate generation, respectively,
which are supplied to the production plants for steam generation and
other utilities. Finally, the wastewater is discharged to a nearby river
after having been treated in the WWTP.

In terms of information and communications technology (ICT)
sources, data is collected in various locations by sensors. Water quality
parameters, including temperature, pH, conductivity, TOC and DOC
have been integrated. Digital and circular tools will allow constant
control of the system. The fundamental objective is the reduction of the
freshwater intake by incorporating fit-for-purpose processes and closing
the water loops through recycling among the industrial process units.
More specifically, the goal is to increase water savings by 1.1 million
m3/y.

3.2.2. Investigation
Target contaminants to be removed are selected concerning required

quality for reuse as CTMU (see Table A2) or demineralized water, which
must have low levels of minerals and conductivity. Firstly, freshwater
used to produce demineralized water, after coagulation/flocculation
and rapid sand filtration, has high TOC levels. Caltran et al. (2020)
showed that IEX resins decrease the TOC by 40–60%. Ions of unac-
ceptable concentration are adsorbed onto resins, which are alkaline or
acidic. The former removes anions (Cl− , HCO3− , etc.) and the latter
cations (Ca2+, Na+, Mg2+, etc.), resulting in ion separation from
wastewater (Sengupta, 2018). Based on the target pollutants, alternative
treatment trials are designed (Fig. 4-B). Pressure-driven membrane
processes remove organics and ions. UF separates the organic matter and
mitigates the membrane fouling, acting as a protective barrier to RO. RO
can remove small particles, including monovalent ions and bacteria, up
to 99.5% (Ezugbe and Rathilal, 2020). Salahi et al. (2011) demonstrated
the high removal efficiency of the UF-RO system in relation to TSS
(100%), TDS (95%), TOC (98%) and COD (98%). Deep bed filtration
removes particles very effectively (Jegatheesan and Vigneswaran, 2005;
Lim et al., 2022).

On the other hand, CTBD can be reused in CTs as make-up water,

Fig. 4. Current process flow diagram (A), wastewater treatment options for the condensate (B), CTBD (C) and freshwater (D) in chemical industry 2.
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whose composition affects the CTs’ performance. The better the quality
of CTMU water, the higher the water recovery. To this end, CTBD is
treated for the removal of contaminants and then reused as CTMUwater.
A main indicator is electrical conductivity, which favors the cooling
system at low levels. This is due to minor corrosion and scaling since
lower salt content and other relevant compounds characterize the feed
water. The possible treatment options for CTBD and condensate are
shown in Fig. 4-C and Fig. 4-D, respectively, focusing on the removal of
organic matter and dissolved ions from the wastewater.

Internal recycling and near-ZLD comprise primary goals. The per-
formance of each process is predicted by using first-principle or
machine-learning models (in-process modelling) and enhanced by
optimization services. Moreover, sensor installation across the network
opens the way to a fully digital control system. Smart digital tools aspire
to improve the plant’s effectiveness through cognitive capabilities,
which are core characteristics of Industry 5.0 (European Commission,
Directorate-General for Research and Innovation, 2021). In this regard,
the collaboration of data analytics, IoT, artificial intelligence, CPS,
cognitive computing and human beings becomes feasible (Maddikunta
et al., 2022). The simulated process models, data analytics, optimiza-
tion, and dynamic LCA are incorporated into the WaterCPS.

3.2.3. Assessment and expected output
The performance of similar treatment systems as those recom-

mended in this study were investigated to assess the removal efficiency
for the various pollutants. It has been proven that the treatment of
wastewater derived from ametal finishing industry by the UF-RO system
removes 92.4% of conductivity, 95% of phosphorus and complete
removal of SS, NH4+-N, chloride, sulfate, COD and BOD5 (Petrinic et al.,
2015). The BACF-UF-RO system was used in the study of Müller et al.
(2024) to treat the CTBD, achieving the removal of 95.9%, 96.9%,
99.6%, 93.2%, 99.8%, 99.9%, 96.3% and 99.8% in conductivity,
turbidity, TOC, sodium, calcium, magnesium, chloride and sulfate,
respectively. Racar et al. (2017) found out that the treatment train of
SF-UF-nanofiltration (NF)-NF-RO can result in the reduction of 90.9%,
96.0%, 92.7%, 98.5%, 94.3%, 84.9%, 85.5% and almost 100% in EC,
turbidity, DOC, COD, TC, NO3-N, NH4-N and PO4-P, respectively, of a
secondary effluent. Racar et al. (2019) studied the performance of the
coagulation-sand filtration-UF system for the wastewater treatment
derived from a rendering plant, which proved to decrease the membrane
fouling significantly and remove several pollutants from a secondary
effluent. Specifically, turbidity, DOC, COD, nitrate, sulfate and sodium
was decreased by up to 99.9%, 93.5%, 99.9%, 91.1%, 92.5% and 18.2%
%, respectively. Lin et al. (2013) investigated the performance of the
oxidation (with KMnO4)-UF system for pre-treated with sand filtration
water samples and found out that the removal efficiency was up to
90.0% for turbidity, 27.3% for TOC, 60.0% for iron and 7.5% for cal-
cium. Ioannou et al. (2013) carried out experiments for winery waste-
water treatment by an RO unit, which removed 97.3% of COD, 67.0% of
TN, 76.2% of TP, 93.9% of TSS and 94.5% of conductivity.

Improvement actions strive to fulfil the requirements for different
water uses within the plant and achieve the goals as defined by the
performance indicators (Table 2). Firstly, freshwater intake can be
reduced through CTBD and condensate treatment and reuse. TOC and
conductivity levels are set as indicators because of their importance to
the system’s operation (Saha et al., 2020). Better quality and higher
recovery can be accomplished by conducting pilot- or industrial-scale
experiments in the CTs. Online sensors measure and collect the
required data, including pH, temperature, specific ion concentrations,
hardness, and corrosion. Hence, scaling and fouling issues can be dealt
with. As a last performance indicator, the chemical plant aspires to
operate for 8 years consecutively without turnaround after the inte-
gration of all innovation tools.

The synergistic action of technological, circular and digital tools
enhances water circularity significantly. Modelling and simulation tools
enable the prediction of output flows, quality, energy requirements and

chemical consumption. Descriptive and predictive analytics provide
information based on the collected data. The former includes data
analysis of the monitored quality parameters to define any deviation
tendency over time and to determine the correlation among parameters.
It enables the detection of unusual behavior of the monitored quality
parameters and sets alerts to the system. On the other hand, predictive
analytics permits the behavioral prediction of the parameters in the
future. Optimization services depend on the performance indicators, i.e.,
minimization of the freshwater intake or maximization of reused water.
Constraints are set, such as quality limits and expenses. They address the
optimal mixing of raw water sources, considering the seasonal fluctua-
tions and water availability. Finally, the LCA of the alternative scenarios
incorporates impact categories, such as water footprint, carbon foot-
print, global warming potential, water resource depletion and thermal
pollution (Muralikrishna and Manickam, 2017; Naushad, 2018).
Different data sources are used for data analytics, facilitating the
decision-making process by the operators in the plant. Thus, the
WaterCPS platform integrate all tools and allow the continuous moni-
toring, control and prediction of the system’s behavior, serving as a
digital shadow with cognitive capacity.

3.3. Oil refinery plant

3.3.1. Evaluation of the current situation and definition of targets
The industrial water demand is covered by abstracting freshwater

from a lake and reusing treated wastewater derived from the WWTP.
There are multiple water needs within the oil refinery, including the use
of cooling water, firefighting water, demineralized water and for steam
production. However, wastewater streams generation is a major issue.
On the one hand, stream 1 (7200 m3/d) consists of storm drain, rain-
water and backwash water derived from the existing water reuse units, i.
e., multi-media filtration, activated carbon filtration, UF and RO. On the
other hand, stream 2 (48–72 m3/d) consists of ballast water and hot
wash water that is generated in the kerosene treatment unit. Streams 1
and 2 are mixed and treated in such a way so as to be reused for in-
dustrial purposes. Table 1 presents the composition of both wastewater
sources.

Currently, the wastewater is treated on-site within the ballast water
treatment plant (BWTP), whose configuration is shown in Fig. 5-А. The
oil content is removed by titled plate separator (Han et al., 2017), and
COD, suspended solids, and conductivity by coagulation/flocculation
process (Amuda and Amoo, 2007; Zheng et al., 2011). The addition of
sodium carbonate regulates the pH (Qin et al., 2018). Within DAF, the
suspended particles collide with the injected air bubbles, constituting
the aggregates, within the contact zone and the formulated aggregates
along with the air bubbles and unattached floc particles are directed to
the separation zone, where they form a layer at the surface of the DAF
(Rajapakse et al., 2022; Swart et al., 2022). As far as the biological unit,
it consists of activated sludge basins.

Currently, no sensors have been installed across the BWTP. The
infrastructure of the biological treatment system includes sensors to
monitor the temperature, pH and DO. There are 2 management options
for the effluent, at the moment, depending on its composition: (1) to be
discharged to the sea or (2) to be sent to the biological unit, then to the
final clarifier and finally discharged to the sea. Before the discharge
point, chemical analysis is carried out in the laboratory. The target
contaminants are COD, suspended solids, chlorides, oil, sulphur,
ammonium nitrogen, phenol and iron.

3.3.2. Investigation
Wastewater derived from the petroleum industry requires suitable

treatment, e.g., by a membrane biological reactor (MBR), before dis-
charged to the receiving environment (Mansour et al., 2024). One of the
main objectives of the oil refinery plant is to keep the wastewater quality
within the acceptable range of discharge limits for 90% of the year. In
addition, the increase of reused water by at least 50% compared to the
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amount of treated wastewater with the new technologies along with
freshwater intake reduction are two important objectives. Water reuse
entails less wastewater discharge. Laboratory chemical analysis is car-
ried out to investigate the composition of the treated wastewater. The
BWTP effluent’s composition and quality criteria for biological treat-
ment, industrial reuse and discharge limits into the sea are shown in
Tables 1 and 3, respectively.

There is the potential for reuse and recycling through closed-water
loops since reclaimed water could be used as drum wash water, strip-
ped sour water, make-up water, coke-cutting water or for desalination.
To achieve this goal, organic matter and nitrogen removal are feasible
with AGS technology, operating in a sequencing batch reactor. The
growth of dense, stable aerobic granules with excellent settling ability
results in the successful separation of the liquid-solid phase (Ni and Yu,
2010; van Dijk et al., 2020). Therefore, salts, ions, and conductivity
could be reduced by a membrane-based process, such as RO (Sahinkaya

et al., 2019). It is also possible to directly treat only stream 2 due to its
higher pollutant load, instead of the BWTP’s effluent.

To ensure optimal performance of processes, it is deliberate to adopt
a circular approach. First-principle models will predict the effluent’s
quality and facilitate the decision-making for alternative reuse practices.
Monitoring tools must be included during the mixing process to control
the quality and mixing ratio of sources. Real-time sensors and flowme-
ters (on-and-off devices) are to be installed across and at the outlet of the
treatment train to monitor and allocate the water to the alternative
options based on its composition. The BWTP’s performance is strongly
dependent on the water quality of the input stream. In this regard, the
mixing process can be optimized in such a way so as to result in the
desired water quality. All digital tools will be integrated into the
WaterCPS platform to control the overall system.

Fig. 5. Current process flow diagram (A) and alternative options of the to-be scenario (B) in the oil refinery plant.

Table 3
Limits for quality parameters of wastewater regarding four options.

Quality parameter Unit Biological unit Firefighting water Cooling tower Discharge limits BWTP Effluent

pH – 9.00 7.50–8.50 7.50–8.50 6.00–9.00 12.20
Conductivity μS/cm <2500 1500 200.00–250.00 – 13100
Temperature ᵒC – – – 30.00 –
Phenol mg/L – – – 1.00 1.40
COD mg/L 700 (200–750) – – 200.00 10200
Sulphur mg/L 10 (1–25) – – 1.00 –
Ammonium nitrogen mg/L 20 (10–30) – – 20.00 6.96
TSS mg/L 50.00 10.00 10.00 60.00 254
TDS mg/L – – – – 8256
Oil mg/L 100.00 3.00 0.50 10.00 –
Chloride mg/L – 300.00 0.00–50.00 1500 –
Iron mg/L – – 0.00–0.30 <10 –
Sodium mg/L – – 0.00–10.00 – 2330
Calcium mg/L – – 0.00–80.00 – –
Magnesium mg/L – – 0.00–20.00 – –
Total alkalinity mg/L – – 0.00–80.00 – –
Silica mg/L – – 0.00–5.00 – –
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3.3.3. Assessment and expected output
Critical decisions are made at the outlet of the BWTP through an

automatic valve. If the composition allows wastewater to be biologically
treated, then it will be sent to the biological unit. Otherwise, it will enter
the advanced treatment train. Fig. 5-В describes the process flow dia-
gram of the system, from the inlet wastewater streams 1 and 2 to the
alternative treatment options of BWTP’s effluent.

Regarding the AGS, granules are ideal for biomass separation in the
same reactor because of their settling capacity. Also, organic loading
rate and high biomass concentration favor the production of water of
high quality (Ni and Yu, 2010). Afterward, salts removal and conduc-
tivity reduction are achieved by RO. However, the excessive number of
RO modules disposed of hampers the transition to a holistic sustainable
process industry. For this reason, their reuse and recycling potential
arises through the deployment of end-of-life membranes. The regener-
ation leads to higher membrane permeability and a sufficient removal
rate (De Paula et al., 2017). To prevent their damage, UF membranes are
installed as a pre-treatment step. Based on previous studies, the removal
efficiency of AGS-UF-NF has been proven to be 90.2%, 90.1% and 91.8%
for COD, TN and TP, respectively (L. Wang et al., 2018). Furthermore,
around 99.0% of CODwas removed from awastewater stream treated by
AGS andMBR (with UFmembrane in submerged configuration) in-series
(Di Trapani et al., 2019). In another study, the treatment train AGSMBR
(with MF membrane)-RO achieved 99.9%, 99.7% and almost 100%
removal of DOC, ammonium nitrogen and TP, respectively (S. Wang
et al., 2020).

The proposed real-time sensors in the proposed pilot plant are shown
in Fig. 5-В. Flow meters are recommended in feed streams and the
mixing process. The sensors will be connected to theWaterCPS platform,
facilitating the data analysis and optimization services. In addition,
dynamic LCA examines the environmental impact of the improvement
actions. In this case, water footprint, which is related to the reused
water, and carbon footprint are considered important. In addition,
eutrophication can be investigated by measuring COD, ammonium ni-
trate, and phenol. Eco-toxicity and human toxicity also contribute to the
assessment of the system’s upgrade. As is reflected in the performance
indicators of this case, 1.3 million m3 is aspired to be saved per year and
50% of the reclaimed water to be reused for industrial purposes. Digital
tools and services are key components, including real-time monitoring,
sensors, modelling, simulation, data analytics, optimization and LCA.
The integration of all services into theWaterCPS platformmakes feasible
the environmental protection, releasing wastewater in the sea according
to the established legislation by 90% of the year. Overall, the treatment
methods of petrochemical industrial wastewater offer the opportunity to

incentive and guide other similar process industries.

3.4. Meat production industry

3.4.1. Evaluation of the current situation and definition of targets
Freshwater sources comprise a river and a water company, which

supply the factory with 700 m3/d and 400 m3/d, respectively. It is
provided to the slaughterhouse production site (900 m3/d), thermal
power plant (100 m3/d), and cooling units (100 m3/d). Water is also
used for disinfection and washing purposes of the operational equip-
ment. The meat production plant processes approximately 150,000 kg of
meat products on a daily basis, resulting in the production of 900–1000
m3 of wastewater/d that contains a variety of pollutants. The high
organic content is a matter of environmental concern to be addressed
(Chen et al., 2021). During warm periods, the wastewater quantity in-
creases due to higher demand for meat products and cooling processes.
Currently, the wastewater is treated in the WWTP, which consists of
conventional technologies (rotating screen filter, coagulation/-
flocculation and DAF) before discharging into the city sewer network.
The effluent’s composition is shown in Table 1 and the current process
flow diagram in Fig. 6.

Regarding closed-water loops, the water used for washing the
transportation system (boxes, vehicles) is disinfected to be reused within
the same process. In addition, the transport of feathers requires the
consumption of water, which is reused for the same procedure. As far as
monitoring and process optimization, it is essential to incorporate sen-
sors, which will interconnect with the WaterCPS platform. Currently,
neither sensors nor platforms are available. The only manual meters
implemented are located in both the inlet point of raw wastewater and
the inlet of WWTP. Finally, the industry has at its disposal software to
provide information about raw materials, poultry processing, meat
products offered for sale and their distribution.

3.4.2. Investigation
Considering the increased demand for meat products by 40% in the

last decade and the high water demand for their production (Ragasri and
Sabumon, 2023), it is important to investigate and incorporate solutions
for enhanced water efficiency and circularity in slaughterhouses.
Wastewater quality and the intention for water reuse determine the
process innovations. Typical parameters for slaughterhouse effluents
include COD, BOD, TOC, TP, NH3, TN and TSS (Sandoval et al., 2024;
Yetilmezsoy et al., 2022). Based on the wastewater characterization, the
concerning contaminants are BOD, COD, TSS, nitrogen, and phosphorus.
To this end, a biological, a separation and a disinfection process are

Fig. 6. Process flow diagram of the water/wastewater line in the meat production plant and interventions related to process, circular and digital tools (blue box) in
the meat production plant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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necessary. Accordingly, an MBR activated sludge system, comprising an
anoxic and aerobic zone coupled with a UF membrane system, was
selected. The MBR system aims at removing organic compounds, ni-
trogen, phosphorus, suspended and fine solids (Petta et al., 2017).
Moreover, in order to comply with the food industry water quality re-
quirements related to the absence microbial organisms, an ultra-violet
system was employed to inactivate and kill any harmful pathogenic
organisms.

Treated wastewater is an alternative water source. Environmental
impact will decrease, considering that waste production and disposal are
prevented and raw material supply decreases. In addition, the plant
benefits economically due to the lower quantity of supplied water and
tax payments in terms of environmental pollution. Each process unit is
monitored dynamically and modelled, predicting the effluent’s quality.
In addition, an extended model across the value chain of the plant re-
inforces efficient water use, reuse, and management. Input and output
data regarding flow rates, composition, capacity of treatment processes,
and sensors are the tools for developing a model to predict the in-factory
operations. The slaughterhouse generates more wastewater than can be
treated. For this reason, an alternative option is to send it to an industry
of a different sector. Such a synergy optimizes water management, the
prevention of excess wastewater discharge into the environment, and
profits. Thus, industrial modelling is feasible when cooperation between
industries from different sectors, by exchanging water and other rele-
vant materials, occurs.

In addition, digital innovations support the new practices. Reflecting
the physical system to a digital one facilitates the data distribution
system, process dynamic monitoring through real-time online sensors
connected to the WaterCPS platform, and control. Otherwise, offline
sensors are an option. Based on historical data, the creation of soft
sensors is possible for incorporating descriptive analysis of the moni-
tored parameters. This way, data patterns and trends in changes or
anomalies are detected. Furthermore, prescriptive analytics trigger
warning signals in case of an emergency or data anomaly. Hence, long-
term smart digital solutions are promoted.

3.4.3. Assessment and expected output
A daily production between 900 and 1000 m3 industrial wastewater

makes imperative the incorporation of water-efficient treatment tech-
nologies, combined with circular and digital tools. In-process modelling
applies through mathematical models for removal rate, recovery,
chemical consumption and energy requirement prediction. In case of
anomalies or unexplained incidents (e.g., immense sludge production,
low effluent flow rate), correction actions must be implemented. By
providing all data to the WaterCPS platform, it is feasible to dynamically
monitor the processes and calculate selective process-specific indicators.
Water consumption and emissions can be assessed through the LCA in-
dicators of water footprint and carbon footprint, respectively (Amutha,
2017). Eutrophication and eco-toxicity, as well as human toxicity due to
the presence of heavy metals, are considered (Mu et al., 2019). The next
step of the CWEF includes the deployment of technologies, closed-loop
practices, and digital tools, as indicated in the blue box of Fig. 6. The
treated water can be reused as feed water to the slaughterhouse. Opti-
mization is required if water is distributed for multiple goals, e.g., as
freshwater source of the slaughterhouse or for cooling purposes.

Lastre-Acosta et al. (2020) proved that the wastewater treatment by
MBR and ozonation in-series can result in the reduction of 96.5%, 94.4%
and 96.8% in TOC, BOD5 and COD, respectively. Based on the results of
another study, the treatment train of MBR-UV reached a 95.7%, 99.5%,
72.7%, 90.0% and almost 100% reduction in COD, BOD5, TP, NH4+-N
and total coliform, respectively (Najafi et al., 2023). In addition, the
study of Ongena et al. (2023) proved that the removal efficiency of the
MBR-UV system was around 97.3% for turbidity, 94.5% for COD and
94.0% for NH4+-N.

WaterCPS will be connected with the online sensors, provided with
data (both from online and offline measurements) to facilitate water use

and reuse. To assess the impact of the implemented actions, relevant
indicators are selected, as summarized in Table 2.

4. Conclusions

In this study, the already developed framework related to water-
efficient process industries (CWEF) was applied to four extensive
water-intensive case studies, aspiring to materialize the three innovation
pillars (process, circular and digital) and strengthen their capacity to-
wards sustainable water and wastewater use, management, recovery,
reuse and recycling.

After setting a baseline assessment, potential improvement actions
for all pillars were examined and assessed, taking into account a set of
proposed performance indicators that were determined based on the
industry-oriented requirements and peculiarities. The multi-level inno-
vation pillars aim at enhancing the system’s efficiency and water
circularity, e.g., freshwater intake reduction, water reuse increase,
closed-loop practices, wastewater discharge decrease, synergistic
network creation, along with improved smart and cognitive ICT tech-
nologies, e.g., modelling and simulation activities, data analytics, opti-
mization, LCA, real-timemonitoring and aWaterCPS platform. Thus, the
key conclusions of this study are as follows:

• Flexibility and fit-for-purpose approaches to the industrial sector are
decision factors for a process industry that aspires to enhance water
circularity.

• A composite of technological solutions (process pillar), closed-water
loops (circular pillar) and digital services (digital pillar) represents
an impactful, beneficial solution.

• Innovative technologies have to be incorporated for water/waste-
water treatment, e.g., MBR and AGS, combining them with con-
ventional ones.

• The implementation of closed-water loops should pursue the fit-for-
purpose reuse and recycling water quality requirements.

• Digital services encompass process modelling and simulation, data
analytics (descriptive and predictive), monitoring through online,
offline and soft sensors, real-time monitoring platforms connected to
the diverse data sources, optimization and dynamic LCA, which are
integrated into a holistic water cyber-physical system platform to
facilitate the decision-making process by the operators. This system
is a digital representation of the physical system, i.e., a digital twin.

Industrial partners and stakeholders can exploit the outcomes of this
study as a tool to select the most suitable innovation pillars tailored to
their necessities and lead the way towards a sustainable industrial
sector. The application of the framework will facilitate the replicability
to other industries and act as a recommendation tool. Accordingly,
further research should focus on creating guidelines on wastewater
treatment for intra-factory closed-water loop practices and strategies to
bridge the gap among different actors that exchange by-products.
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Appendix Aa. Supplementary data

Table A1
Process and circular requirements of the process industries for wastewater management

Process industry Wastewater
stream

Scale Purpose Technology Measured quality
parameters

Influencing
conditions

Digital
services

Main results Refe-rence

Chemical
industry (Dow
Benelux BV,
Terneuzen,
The
Netherlands)

CTBD N.D. CTBD reuse in
the CT itself

Electrochemical
oxidation (ECO)
with a boron-
doped diamond
and a Ti/RuO2
mixed-metal
oxide anode

Organic
compounds,
initial pH

pH, current
density, flow
rate, supporting
electrolyte

Elementary
data analysis

85% COD
removal, 51%
TOC removal,
ECO is a
candidate pre-
treatment
technology for
CTBD

Saha et al. (2020)

Leather industry Float
wastewater after
tanning

Pilot and
Industrial

Minimization of
the
environmental
impact of the
used industrial
water

Pilot-scale drums
with steam
heating system

Chromium (II)
oxide
concentration,
pH, oil and grease
content

pH, density,
acid-base
indicators for
hide, shrinkage
temperature

Elementary
data analysis

Leather of
appropriate
composition is
obtained to be
directly reused
without
damaging the
quality of the
final product

de Aquim et al.
(2019)

Oil distribution
and refinery
industry

Oily wastewater Lab Reuse as cooling
tower make-up
(CTMU) water

UF, RO Total suspended
solids (TSS), TDS,
oil and grease,
COD, TOC,
turbidity

Temperature,
transmembrane
pressure (TMP),
crossflow
velocity, pH

Elementary
data analysis

UF acts as a
protective barrier
to RO, UF-RO
treatment train
allows the direct
reuse in the CT,
98% COD,
removal, 95%
TDS removal,
98% TOC
removal.
Complete
elimination of oil
and grease, TSS,
and turbidity.

Salahi et al. (2011)

Food industry Almond
industry
wastewater

Pre-
industrial

Conductivity
reduction,
minimization of
the discharged
quantity

Electrodialysis
(EDR)

Conductivity, pH,
TOC, COD, SS,
inorganic ions (Cl,
NO3− , SO42− , Na+,
K+, Mg2+, Ca2+)

Voltage,
electrolyte
concentration,
time

Elementary
data analysis

Sufficient
conductivity
reduction (up to
0.5 mS/cm).
Higher voltage
resulted in higher
current intensity
and lower
operation time.

Valero et al.
(2015)

Slaughterhouse
plant

Slaughterhouse
wastewater

N.D. Slaughterhouse
wastewater
treatment and
process

Submerged
membrane
bioreactor (MBR)
- UF membrane

COD, TOC, TN,
TP, SS, pH,
turbidity,

pH, Mixed
Liquor
Suspended
Solids (MLSS),

Elementary
data analysis

Effective MBR
system in terms of
removal: TOC
(96%), COD

Gürel and
Büyükgüngör
(2011)

(continued on next page)
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Table A1 (continued )

Process industry Wastewater
stream

Scale Purpose Technology Measured quality
parameters

Influencing
conditions

Digital
services

Main results Refe-rence

efficiency
assessment

ammonium,
nitrate nitrogen

initial
concentration of
TOC, COD,
ammonium and
nitrate

(97%), TN (44%),
TP (65%), NH4-N
(99%)

Kermanshah Oil
Refining
Company

Oil refinery
wastewater

Pilot Wastewater
treatment for
reuse as CTMU
water

UF, Mixed bed
ion exchange,
Disinfection

pH, COD, TDS,
turbidity, SiO2, oil
and grease,
heterotrophic
microorganisms

TMP, time Elementary
data analysis

57% COD, 80%
TDS, 94%
Turbidity, 67%
SiO2, 88% oil and
grease, 99%
heterotrophic
microorganisms.

Hashemi et al.
(2020)

Inland brackish
water
desalination
plant (Kay
Bailey
Hutchison
Desalination
Plant, El Paso)

Brackish water Lab Treatment and
reuse of
municipal
wastewater.
Improve
recovery in the
RO and reduce
the RO
concentrate
volume.

Ion exchange
(IEX) (mixture of
two strong-base
anion (SBA)
resins) followed
by RO

TDS, pH,
conductivity,
SO42− , Cl− , Na+,
Ca2+, Mg2+,
HCO3− , CaSO4
concentration

Temperature,
empty bed
contact time
(EBCT), flow
rate, flux, cycle.

Sensors
Process
modelling

Prevention of
CaSO4
precipitation on
the membrane.
RO concentrate
volume decreased
by 50%. Sulfate
scaling was
eliminated.
Chemicals can be
avoided. RO
concentrate used
successfully as
regenerant for the
IEX resins.

Smith and
Sengupta (2015)

Abattoir
industry

Wastewater
from different
processes after
screening and
dissolved air
flotation (DAF)
unit

N.D. Evaluation of the
MBR during
wastewater
treatment

Submerged MBR TSS, volatile
suspended solids
(VSS), COD,
Biochemical
oxygen demand
(BOD5), pH,
conductivity,
ammonia,
orthophosphate,
nitrogen,
microorganisms
(fecal coliforms,
Listeria,
Salmonella)

DO, flux, TMP,
time

Data analysis MBR is a
potential
technology for
treat wastewater
to be reused for
agricultural
purposes

Keskes et al.
(2012)

Poultry industry Bird washer and
Chiller
wastewater

Lab Evaluation of
different UF
membranes
performance and
Wastewater
treatment for
reuse and
recycling
purposes

UF BOD, COD, TSS,
oil and grease,
TDS, proteins,
Total Kjeldahl
Nitrogen (TKN),
pH

Feed flow rate,
inlet pressure,
permeate flux,
membrane
characteristics

Elementary
data analysis

Efficient removal
of TSS, fat, oil and
grease (FOG).
Removal rate of
COD, BOD, TDS,
TKN and protein
content increased
with decreasing
nominal
molecular weight
cut-off.

Malmali et al.
(2018)

Chemical
company
(Dow,
Terneuzen,
The
Netherlands)

CTBD Lab Economical
evaluation of
CTBD treatment
of high DOC for
reuse

Coagulation,
powdered
activated carbon
(PAC)
adsorption, UF,
RO

Temperature,
TSS, conductivity,
pH, BOD,
turbidity, DOC,
PO43− , total Fe,
Ca2+, Mg2+, Cl− ,
HCO3− , silica,
NO3− , Mn2+, F− ,
Ba2+, Sr2+

Coagulation: pH,
coagulant
dosage
PAC adsorption:
PAC
concentration,
contact time. UF:
time,
transmembrane
pressure. RO:
Flux, time.

Elementary
data analysis

The optimal
treatment train
was PAC-UF-RO,
which reduced
DOC, turbidity,
and TSS.

Löwenberg et al.
(2015)

Wastewater
Treatment
Plant (WWTP)
of Puente de
los Vados,
Granada,
Spain

Municipal
wastewater

Pilot Quantification
of removal
efficiency and
kinetic
parameters

MBR Temperature,
conductivity, pH,
DO, COD, BOD5,
TSS, VSS, TP,
NH4+, NO2− , NO3−

Flow rate,
hydraulic
retention time
(HRT), recycling
rate, time

Sensors
Elementary
data analysis

65.17% ± 7.41%
nitrogen removal,
91.97% ± 2.96%
COD removal,
99.07% ± 0.57%
BOD5 removal

Leyva-Díaz et al.
(2013)

Meat-processing
plants in
Ontario,
Canada

Slaughterhouse
wastewater

Lab Evaluation of the
AOP as post-
treatment
method and
investigation of

AOP (UV/H2O2) TOC, BOD, TN,
COD, TP, TSS, pH

Flow rate,
recycle ratio,
lamp output
power,
wavelength,

Data analysis
Process
modelling
Optimization

81% TOC
removal and
residual H2O2
was less than 2%
(TOCin = 24 mg/

Bustillo-Lecompte
et al. (2016)

(continued on next page)
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Table A1 (continued )

Process industry Wastewater
stream

Scale Purpose Technology Measured quality
parameters

Influencing
conditions

Digital
services

Main results Refe-rence

multiple
parameters

hydrogen
peroxide
solution

L, H2O2in = 860
mg/L, Qin = 15
mL/min, recycle
ratio = 0.18).
H2O2in and Qin
affected the TOC
removal and the
residual H2O2in
the most.

Textile factory Effluent after
secondary
wastewater
treatment

N.D. Investigation of
several
parameters on
ozonation
efficiency

Ozonation pH, COD, BOD5,
colour, NH3-N,
TP, TN, suspended
solids

COD and colour
at the inlet,
ozonation time,
ozone dose

Elementary
data analysis

COD and colour
decreased up to
95.2% and
95.4%,
respectively.

Yin et al. (2017)

Textile district
of Como

Mixed
municipal-
industrial
wastewater

Lab Evaluation of the
system’s
efficiency

Activated
granular sludge
(AGS)

COD, BOD5, TSS,
VSS, TKN, NH4-N,
TN, TP, pH, colour

HRT, organic
loading rate
(OLR), time

Sensors
Elementary
data analysis

The technology is
appropriate to be
used for
wastewater
treatment
because of high
removal rate of
COD, TSS and
TKN.

Lotito et al. (2014)

Coking
wastewater
treatment
plant (CWTP)

Coking
wastewater
discharged from
a steel mill

Industrial Mathematical
simulation and
operation
optimization of
CWTP

Aeration-anoxic-
aeration
biological
process

COD, pH, NH4-N,
TKN, TSS

F/M ratio, DO,
sludge return
ratio, time

Online
monitoring
Data analysis
Process
modelling
and
simulation
Optimization

Successful
prediction of the
COD and NH4-N
removal
efficiency.
Optimization of
the CWTP’s
operation and
cost estimation
(€/m3

wastewater)

Wu et al. (2016)

Slaughterhouse Slaughterhouse
wastewater

– Life cycle impact
assessment
(LCIA) of
different
wastewater
treatment
methods

Coagulation &
Flocculation,
DAF, MBR, AOP

Alkalinity, pH,
COD, BOD, TOC,
TSS, FGO, TN, TP,
SO42-, Nickel,
Lead, Copper,
Cadmium

Power, time,
feed
composition,
flow rate,
chemicals

Elementary
data analysis
Process
modelling
and
simulation
LCA

The optimal
scenario for
industrial water
reuse included
also tertiary
treatment,
reducing the
overall footprint
up to 2.195
milliEcopoints.

Teo et al. (2023)

N.D. = Not Defined.

Table A2
Water quality criteria for cooling towers (Source: EPRI, 2008)

Quality parameter Unit Cooling water for cooling tower

Ca x SO4 mg/L x mg/L 500000
Mg x SiO2 mg/L CaCO3 x mg/L SiO2 35000
Silica mg/L 150.00
Iron mg/L <0.50
Manganese mg/L <0.50
Copper mg/L <0.10
Aluminium mg/L <1.00
Sulphur mg/L 5.00
Ammonia mg/L <2.00
Total dissolved solids mg/L <70000
Total suspended solids mg/L <100 (standard film fill)/<300 (open or splash film fill)
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management of brine in sustainable SWRO desalination plants. Desalination Water
Treat. 51 (1–3), 560–566. https://doi.org/10.1080/19443994.2012.713567.

Mhatre, P., Panchal, R., Singh, A., Bibyan, S., 2021. A systematic literature review on the
circular economy initiatives in the European Union. Sustain. Prod. Consum. 26,
187–202. https://doi.org/10.1016/j.spc.2020.09.008.

Misrol, M.A., Wan Alwi, S.R., Lim, J.S., Manan, Z.A., 2021. An optimal resource recovery
of biogas, water regeneration, and reuse network integrating domestic and industrial
sources. J. Clean. Prod. 286, 125372. https://doi.org/10.1016/j.
jclepro.2020.125372.

Morseletto, P., 2020. Targets for a circular economy. Resour. Conserv. Recycl. 153.
https://doi.org/10.1016/j.resconrec.2019.104553.

Mu, D., Xin, C., Zhou, W., 2019. Life cycle assessment and techno-economic analysis of
algal biofuel production. In: Microalgae Cultivation for Biofuels Production. Elsevier
Inc, pp. 281–292. https://doi.org/10.1016/B978-0-12-817536-1.00018-7.

Müller, S.I., Chapanova, G., Diekow, T., Kaiser, C., Hamelink, L., Hitsov, I.P.,
Wyseure, L., Moed, D.H., Palmowski, L., Wintgens, T., 2024. Comparison of cooling
tower blowdown and enhanced make up water treatment to minimize cooling water
footprint. J. Environ. Manag. 367 (121949). https://doi.org/10.1016/j.
jenvman.2024.121949.

Muralikrishna, I.V., Manickam, V., 2017. Life cycle assessment. Environ. Manag. 1 (2),
57–75. https://doi.org/10.1016/B978-0-12-811989-1.00005-1. Elsevier Inc.

Najafi, M.S.S., Navid, C.S., Shayegan, A.B.J., 2023. Application of membrane bioreactor
integrated with ultraviolet disinfection for simultaneous greywater treatment and
SARS - CoV - 2 removal. Int. J. Environ. Sci. Technol. 20 (10), 11041–11048. https://
doi.org/10.1007/s13762-023-05119-w.

Naushad, M., 2018. Life Cycle Assessment of Wastewater Treatment.
Nemati-Amirkolaii, K., Romdhana, H., Lameloise, M.L., 2021. A novel user-friendly tool

for minimizing water use in processing industry. Cleaner Engineering and
Technology 4, 100260. https://doi.org/10.1016/j.clet.2021.100260.

Ni, B.J., Yu, H.Q., 2010. Mathematical modeling of aerobic granular sludge: a review.
Biotechnol. Adv. 28 (6), 895–909. https://doi.org/10.1016/j.
biotechadv.2010.08.004.

Okorie, O., Salonitis, K., Charnley, F., Moreno, M., Turner, C., Tiwari, A., 2018.
Digitisation and the circular economy: a review of current research and future
trends. Energies 11, 3009. https://doi.org/10.3390/en11113009.

Ongena, S., Walle, A. Van De, Mosquera-romero, S., Driesen, N., 2023. Comparison of
MBR and MBBR followed by UV or electrochemical disinfection for decentralized
greywater treatment. Water Res. 235, 119818. https://doi.org/10.1016/j.
watres.2023.119818.

Petrinic, I., Korenak, J., Povodnik, D., Hélix-Nielsen, C., 2015. A feasibility study of
ultrafiltration/reverse osmosis (UF/RO)-based wastewater treatment and reuse in
the metal finishing industry. J. Clean. Prod. 101, 292–300. https://doi.org/10.1016/
j.jclepro.2015.04.022.

Petta, L., De Gisi, S., Casella, P., Farina, R., Notarnicola, M., 2017. Evaluation of the
treatability of a winery distillery (vinasse) wastewater by UASB, anoxic-aerobic UF-
MBR and chemical precipitation/adsorption. J. Environ. Manag. 201, 177–189.
https://doi.org/10.1016/j.jenvman.2017.06.042.

Pham, T.T., Mai, T.D., Pham, T.D., Hoang, M.T., Nguyen, M.K., Pham, T.T., 2016.
Industrial water mass balance as a tool for water management in industrial parks.
Water Resour. Ind. 13, 14–21. https://doi.org/10.1016/j.wri.2016.04.001.

Preisner, M., Smol, M., Horttanainen, M., Deviatkin, I., Havukainen, J., Klavins, M.,
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