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Abstract: Water and energy use, along with wastewater reuse, are critical for sustainable
industrial production. This study develops a decision support framework (DSF) to assess
wastewater treatment and reuse, incorporating Water and Carbon Footprint indicators.
The framework is applied to a Greek brewery producing 1.4 x 10° hL of beer annually,
with a total water consumption of 5.6 hL per hL of beer and an in-house wastewater
treatment plant (WWTP). The WWTP consumes over 40% more energy than expected,
indicating a need for efficiency improvements. An advanced wastewater treatment method
is proposed, capable of treating 43% of the total wastewater volume, with 3% covering
the brewery’s utility water demand and the rest allocated to restricted irrigation. This
reduces the operational Water Footprint by 12% and the supply chain Water Footprint by
1%, while increasing energy use by 3%. The optimal scenario, integrating water reuse and
energy efficiency improvements, results in a 35% reduction in the Carbon Footprint, a 10%
decrease in the operational Water Footprint, and a 1% reduction in the supply chain Water
Footprint. The DSF provides a structured approach for industries to optimize sustainability
by balancing water reuse with energy efficiency.

Keywords: industrial energy use; industrial wastewater reuse; decision support framework;
water footprint vs. carbon footprint; beer production

1. Introduction

Water availability and sustainable management were included in the 2030 Agenda
for Sustainable Development [1] under Sustainable Development Goal no. 6 (SDG6), with
relevant actions programmed all over the world in a global partnership. All economic
sectors were asked to increase their water use efficiency (WUE), and results on the data
available since 2015 should provide an overall picture of the change in WUE globally [2].

Recent reports show increases in all economic sectors, however with marked regional
differences. Global water use data from 2015 to 2021 indicate a marginal decrease, while
industrial water use has declined by 6.5 percent, attributed to technology adaptations and
heightened environmental regulation and awareness [3]. Within industry, the manufacturing
sector accounts for approximately 40% of total water extractions in Europe [4] and represents
over 70% of total industrial water use in many European countries [5]. This demand adds to
the depletion of underground water resources, reducing the flow of rivers and lakes, escalating
water pollution, and endangering the sustainability of aquatic ecosystems.

WUE within a production unit can be evaluated using the Water Footprint (WF), a
multidimensional indicator of volumetric water use and pollution [6]. The WF of an industry
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is defined as the total volume of fresh water used, directly and indirectly, to produce its
products and services. It consists of the operational WF, focusing on industrial processes, i.e.,
manufacturing and packaging, and the supply chain WF, focusing on the raw materials used
in the production line [7]. Both direct and indirect water use are included in the indicator,
representing water consumption and pollution throughout the full production cycle from the
supply chain to the end-user. Finally, based on the water source, the total WF is the sum of
blue (freshwater use), green (rainwater use), and grey (wastewater disposal) WFs [6].

While industry accounts for 20% of global blue water withdrawals, its blue WF
accounts for only 4% of the global total, while its grey WEF is responsible for probably more
than 26% of the gross total grey WEF, since its withdrawn water is often largely returned,
often insufficiently or not treated. On the other hand, in many cases, its indirect WF is
much larger than its direct WF, especially in the presence of an agricultural supply chain,
i.e., the food and beverage industries [8].

Water efficiency in an industrial unit can be reached through the use of alternative
water sources (i.e., rainwater, storm water, or reclaimed water from wastewater), using
alternative materials/technologies, optimizing production processes, implementing leak
detection and repair programs, and implementing efficient management systems [9-13].
Among all these methods, wastewater reuse provides dual benefits: besides lowering
freshwater use, due to reclaimed water use, and reducing reliance on external freshwater
supplies, it also lowers wastewater disposal, reducing the environmental impact of indus-
trial wastewater discharges and promoting sustainable practices. Thus, it mitigates both
blue and grey footprints.

In order for industries to comply with wastewater discharge regulations either within
industrial zones or directly to a water recipient, they often have on-site wastewater treat-
ment plants (WWTPs) within the respective industrial production unit. While WWTPs help
to improve the quality of treated wastewater, enabling regulatory compliance for reuse,
they require large amounts of energy to operate. Energy consumption can be interpreted in
terms of an impact assessment indicator, i.e., the Carbon Footprint (CF). The CF represents
the total greenhouse gas (GHG) emissions, expressed in CO,-equivalents, associated with
the energy consumed throughout the wastewater treatment and reuse process. For the
estimation of the CF, both direct GHG emissions (generated by the biological processes of
the WWTP) and indirect GHG emissions (generated by the production of the electricity
consumed by the WWTP) are required [14,15]. Since energy production often relies on fossil
fuels, higher energy consumption directly translates to an increased CF due to emissions
from electricity generation and fuel combustion. Conversely, optimizing energy efficiency
in wastewater treatment can significantly reduce the CF, making it a crucial parameter in
sustainability assessments.

In WWTPs, the quality of wastewater is improved, sometimes reaching the legal
limits for water reuse, thus reducing the use of fresh water in production but significantly
increasing energy consumption [16]. Even if they are designed to comply with specific
effluent requirements, their operation is often not energy-efficient [17]. WWTPs are often
ranked as the top single-energy consumers, and it is reported that approximately 25-40%
of the operating costs of a conventional WWTP are used to cover energy needs [18]. In
developed countries, wastewater treatment accounts for approximately 3% of the total
electricity consumption [19].

Typical energy use in WWTPs treating either municipal or food and beverage wastew-
ater (classifiable as municipal due to its composition and BOD/COD ratio) ranges between
0.128 and 1.65 KWh/m? [17,20-25] and is dependent on the plant’s capacity, expressed
as either m3 of treated wastewater or the population equivalent (p.e.), as well as on the
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wastewater treatment method and level and, eventually, energy recovery within the plant.
Aeration is unanimously recognized as the major energy-consuming step.

Energy consumption in WWTPs can be largely mitigated through the use of renewable
energy sources for electricity, applying energy recovery from biogas, operational modi-
fications, advanced treatment technologies, and product valorization [22,23,26-29]. The
assessments are conducted using WF and/or CF for the evaluation of different scenarios.
Furthermore, an eco-environmental impact evaluation is reported, adding toxicity and
economic assessments [30]. Finally, WWTPs as well as urban water systems are assessed
in terms of the water-energy nexus, emphasizing sustainable energy consumption within
the water cycle [31,32]. The assessment of the energy consumption of a WWTP and the
selection of water reuse applications should be considered comprehensively as they are
influenced by various factors (e.g., WWTP capacity, type of industry, national legislation,
and available land) [33] and there is no single, holistic, available solution. Decision support
systems (DSSs) for WWTPs are a valuable tool for selecting the most appropriate solutions
(e.g., installation configuration, operating conditions, etc.) for a given situation or scenario
under study. In DSSs, there are many critical steps for the selection and environmental
assessment of reuse methods, from the selection of appropriate applications/technologies
to the design of the system and the assessment of potential environmental benefits or
impacts from reuse [34].

Water-saving practices should then be evaluated using appropriate assessment meth-
ods, taking energy consumption at sustainable levels into consideration. The impact of
water reuse within a production unit could be evaluated using both water- and energy-
relevant indexes, namely WF and CFE.

The aim of this paper is to propose a decision support framework (DSF) for the mitiga-
tion of the WF of an industrial unit through the reuse of treated wastewater, taking into
account the resulting CF due to additional energy requirements. The framework proposed
is a step-by-step approach incorporating both the physical structure of the system and
the rules governing its operation. Many DSSs have been proposed in the international
literature for selecting wastewater treatment processes [16,35-43]. However, a compre-
hensive framework that holistically addresses industrial wastewater treatment and reuse
while also evaluating the environmental impacts of such reuse applications has yet to be
developed. The DSF developed in this study addresses this gap, helping manufacturing
industries to select reuse applications for their treated wastewater and environmentally
assess a new system (either a new-built or an extension of an existing WWTP), emphasizing
the water—energy nexus, and using indicators such as the WF and Carbon Footprint (CF).
The developed DSF is implemented in a large brewery plant with an in-house WWTP.
Breweries are water-intensive manufacturing industries, as water is not only incorporated
into the final product but also extensively used throughout production and cleaning pro-
cesses. Water reuse within the beverage industry is gaining importance: Beverage Industry
Environmental Roundtable (BIER), formed in 2006 [44], produces annual reports on water
accounting and recounts success stories of closed-circuit technologies, recycled water use
for cleaning, wastewater on-site reuse, excess reclaimed water discharge to local surface
waters, and even advanced treatment of reclaimed wastewater to achieve drinking water
quality standards [45,46]. Furthermore, as a standard for corporate best practices for the
beverage industries, sustainable water practices are proposed [47,48].

2. Materials and Methods
2.1. Decision Support Systems for Wastewater Treament Technologies

Several DSSs for WWTPs have been published in the international literature, sup-
porting the following fields: the design of a WWTP [15,35,36]; energy consumption [37];
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operational optimization [38,39]; improving the quality of the treated wastewater efflu-
ents [40,41]; and environmental impact assessments [42,43].

Four main types of DSS exist in the literature based on i. life cycle assessments
(LCAs); ii. mathematical models (MMs); iii. multi-criteria decision-making (MCDM);
and iv. intelligent decision support systems (IDSSs) [34]. In decision-making systems for
the selection of treatment technologies in WFDs and reuse applications, the multi-criteria
method is mainly used [49].

Multi-criteria decision-making (MCDM) tools for selecting the optimal technology
for a given scenario have been well developed in the literature [50-52]. Depending on the
application, the objectives of the assessment influence the indicators and criteria used to
constrain the decision-making process and the final outcome. The criteria for selecting treat-
ment processes or trains usually fall into four main categories: (1) technical, (2) economic,
(3) environmental, and (4) social. Researchers very often select criteria belonging to these
categories; however, a significant gap remains in terms of aligning these indicators with
central sustainability goals such as energy neutrality and a holistic assessment of water
reuse applications [49].

The selection of indicators under the aforementioned criteria for DSSs in wastewater
treatment technology selection is subjective, as it depends on the specific objectives of the
study, local conditions, and stakeholder priorities. Various frameworks and methodolo-
gies have been proposed to structure this selection process, including MCDM approaches
such as the analytical hierarchy process (AHP) and the Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS) [53]. However, given the complexity of wastew-
ater treatment systems, hybrid methodologies that combine qualitative and quantitative
assessment tools, such as the Entropy Weight Method (EWM) and Self-Organizing Maps
(SOM), have been increasingly employed to enhance decision-making robustness [54]. The
integration of objective weighting methods, such as EWM, can reduce the subjectivity
associated with expert-based weighting, thereby improving the reliability of indicator
selection. The chosen indicators typically reflect economic, technical, environmental, and
social aspects, but their relative importance varies across studies depending on regional
policies, available resources, and technological advancements [55,56].

Despite efforts to standardize DSS frameworks, the weighting and prioritization of
indicators remain highly context-dependent. For example, while energy efficiency and
greenhouse gas (GHG) emissions may be critical in regions with stringent climate policies,
cost-effectiveness and ease of implementation may take precedence in developing countries
with limited financial resources [57]. Furthermore, stakeholder engagement plays a crucial
role in defining indicator relevance, as perspectives from policymakers, industry experts,
and local communities shape decision-making priorities [38]. Given this subjectivity, DSS
methodologies must be flexible enough to accommodate diverse evaluation criteria while
maintaining scientific transparency in their application.

2.2. The Decision Support Framework Developed for Industrial Wastewater Treatment and Reuse

The DSF developed follows a holistic approach, trying to cover, to a greater or lesser
extent, all fields (design, energy consumption, operational optimization, improvement
of the quality of the treated waste effluent, and environmental assessment) [15,35-43]
that have been examined in individual DSSs in the international literature, aiming for
environmentally sustainable, in terms of water and energy, water reuse in industry.

Furthermore, it is based on multi-criteria decision-making tools with the selection of
specific criteria at each step. The developed framework also tries to fill the existing gaps
in multi-criteria decision-making systems through the selection of appropriate indicators
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that are consistent with the sustainability goals of the industry (e.g., energy savings) and a
holistic environmental assessment of the possible solutions/technologies that are selected.

The DSF follows a step-wise approach and comprises five steps. Each step consists of
individual decision trees with the following goals:

Step 1 (if applicable): Evaluation of existing energy consumption, in case the industrial
unit has an in-house WWTP;

Step 2: Selection of the appropriate reuse application;

Step 3: Selection of the treatment method /process or processes;

Step 4: Design of the additional process for plants with an existing WWTP or the entire
treatment train for industrial plants without a WWTP;

Step 5: Environmental impact assessment and evaluation of the overall water recovery
system.

2.3. Analysis of the DSF Steps” Decision Trees

In the steps below and at each stage of each decision tree, there is a color differentiation:
light blue boxes represent the necessary stages of each tree, yellow boxes represent criteria
to be considered, and green boxes mark the final stage/output of each step.

Step 1 (if applicable): Evaluation of existing energy consumption, in case the industrial
unit has an in-house WWTP

The first step of the DSF is only applicable if the industry has an existing in-house
WWTP. It consists of two decision trees, leading to the calculation of the industrial WWTP
average energy consumption in kWh/m? using in-house measurements and data from the
international literature, and the identification of potential practices in wastewater treatment
that increase energy consumption (Figure 1).

STEP 1
Assessment of existing energy consumption in the WWTP within an industrial plant

Analysis of the WWTP into its individual
processes

|_
v v
Recording of energy consumption (KWh/m?)in R(:cording .Of typi-cal ener_gy cor}sumpticr?s (Kwh/
the existing WWTP — m°) found in the international literature in similar
WWTPs
Identification of the energy-intensive processes Identification of energy-intensive WW treatment
of the existing WWTP processes based on international literature data
i_|
Comparison of the energy-intensive
Comparison of records processes of the plant in relation to the
with calculations using corresponding processes of the
data from international international literature
literature L 2R 7

Calculation of the average energy consumption
KWh/m?® of the study plant using the data of the
international literature

Identification of potential practices in the
treatment process that increase energy <————
consumption

Figure 1. Decision tree of Step 1 of the DSF.
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The WWTP’s treatment processes are first screened to identify those requiring energy,
and energy consumption is recorded in kWh/m?3. Average energy consumption data from
similar plants in the international literature are compared to the WWTP’s actual usage. Any
discrepancies help detect operational practices that may be increasing energy consumption.
The WWTP’s average energy use is then calculated using literature values and processed
volume, allowing for further comparison to identify potential areas for improvement.

Step 2: Selection of the appropriate reuse application

The second step of the DSF focuses on the selection of a reuse application for the treated
industrial wastewater, and it is based on two main criteria: the type of industry and the
regulatory framework. This step consists of two main decision trees, as shown in Figure 2.
The type of industry is crucial for selecting a water reuse application. Non-food industries
can reuse water within the plant or outside (e.g., irrigation and groundwater recharge).
Food industries can only reuse treated wastewater outside production processes (e.g.,
cleaning and fire protection) or outside the plant. Regulatory limits proposed by National
legislation also impact the choice of reuse applications. National legislation dictates these
limits, affecting both internal and external water reuse. Stricter limits necessitate more
advanced treatment.

Reuse for all
applications
outside of the unit

STEP 2
Selection of the appropriate reuse application
Type of industry
. —_— .
Industries of products Industries of products
intended for human NOT intended for
consumption human consumption
Recycling within the
plant bU_t outside the Based on Recycling within the
production processes = Based on  plant outside and Reuse for all
(washing corridors, Ifna‘ J;o;]‘a national inside the applications
external roads, fire egisiation legislation production outside of the unit

fighting, cooling, < Water Reuse limitsof — processes
SEFEHIIN AN National legislation

A

Based on national Based on national
legislation legislation

Figure 2. Decision tree of Step 2 of the DSF.

Step 3: Selection of the treatment method /process or processes

The third step of the DSF (Figure 3) focuses on selecting the most suitable water
reuse process for the reuse application selected in Step 2, by identifying and applying
relevant criteria to each case study. The criteria for selecting a treatment process are
widely used in the international literature [50,58-60]. For the specific WWTP and industry,
applicable criteria are first identified, and among them, only those with available data are
considered. This ensures that the selected treatment process aligns with the case study’s
unique characteristics and operational needs.
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Step 3
Selection of treatment process/processes for water reuse >

Recording and categorization of criteria from
international literature

v

Selection of criteria applicable to the examined
case study

v

Selection of criteria for which data is available

| R

Criterion 1 Criterion 2 Criterion 3 Criterion N

Final selection of process / processes

Figure 3. Decision tree of Step 3 of the DSF.

Step 4: Design of an additional process for plants with an existing WWTP or the entire
treatment train for industrial plants without a WWTP

In the fourth step of the DSF, the design of the process or processes selected in Step
3 is carried out, taking into account the reuse application chosen in Step 2, with the goal
of water reuse. Two key actions are required to complete Step 4, as shown in Figure 4.
First, it is necessary to define the effluent quality limits of the designed process to ensure
compliance with reuse standards. Based on the reuse application selected in Step 2, the
required quality parameters are determined according to the reuse application, wastewater
characteristics, and current regulations. Simultaneously, for the process selected in Step 3,
the appropriate design equations and necessary design parameters are chosen from the
literature. Finally, the process is sized, and the design and operational parameters are
established to meet the effluent quality limits.

C

STEP 4 )
Process Design

Determination of effluent quality

Selection of design equations from
the literature and selection of

thresholds to be achieved for reuse

parameters

I |

v

Dimensioning and calculation of design and
operational parameters of the process selected in
Step 3 to achieve the effluent quality limits

Figure 4. Decision tree of Step 4 of the DSF.
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Step 5: Environmental impact assessment and evaluation of the overall water recovery system

The fifth and final step of the DSF focuses on the environmental impact assessment
and evaluation of the overall water recovery. This involves assessing the overall energy
consumption of the new system selected in Step 4 and the reduction in WF due to reuse, and
comparing the increase in energy consumption and CF with the simultaneous reduction in
WE. This step consists of two parallel decision trees: one focusing on energy consumption
and the other on water savings and reduction in WF, as shown in Figure 5. If the industry
does not employ an in-house WWTP, the first step of the first decision tree (assessment of
energy savings that can be achieved in the existing installation) is not applicable.

Step 5 w
< Environmental Impact Assessment of the water recovery system
Assessment of the energy savings Calculatlon. of energy Calculation of the Total WF
that can be achieved in the consumption of the : : . .
oo . o reduction of the industrial unit
existing installation through the additional process or b ¢
results of Step 1 processes ecause of water reuse

Total assessment of energy
consumption in the new system for
water reclamation & reuse

Estimation of the Carbon Footprint of

- Percentage of
the existing and new system

increase in Carbon
Footprint and
Reduction (%) in WF

Figure 5. Decision tree of Step 5 of the DSF.

The energy consumption assessment tree consists of three main stages. The first stage
concerns the assessment of the energy savings that can be achieved through modifications
to the existing WWTP, where applicable, based on the results of Step 1. The second stage
concerns the calculation of the energy consumption of the process that have been added
(based on Step 4). The amounts of energy that can be saved in the existing WWTP and the
additional energy required to operate the advanced process or the new treatment system
lead to the overall energy assessment of the new wastewater treatment system, aiming
for water recovery and reuse. The third step concerns the interpretation of energy con-
sumption in terms of impact assessment indicators on energy consumption, i.e., the Carbon
Footprint (CF). The CF represents the total greenhouse gas (GHG) emissions, expressed
in COy-equivalents, associated with the energy consumed throughout the wastewater
treatment and reuse process. Since energy production often relies on fossil fuels, higher
energy consumption directly translates to increased CF due to emissions from electricity
generation and fuel combustion. Conversely, optimizing energy efficiency in wastewater
treatment can significantly reduce CF, making it a crucial parameter in sustainability assess-
ments. Among the available methods and tools for CF assessments, the UNFCCC GHG
Emissions Calculator for indirect emissions [15] and IPCC [41] for direct emissions are used
in this study.

The second decision tree concerns the assessment of water savings and the calculation
of WF reduction due to wastewater treatment and reuse in the industrial unit. In the second
and third steps of the tree, the increases (%) in energy consumption and CF due to the
addition of the process and the parallel reduction (%) in WF due to reuse are compared,
aiming for a holistic environmental assessment of the water recovery system. Among
the available methods for WF assessments, the one proposed by Gerbens-Leenes and
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Hoekstra [7] is followed for this study as it was adapted and customized for the brewery
case study examined [61].

2.4. Brewery Case Study

The proposed DSF is applied to the in-house WWTP of an industrial brewery plant
located in an industrial park in Greece [61]. Additionally, as part of the food and beverage
sector, breweries require significant water resources for the cultivation of raw materials,
particularly barley, which is a key ingredient in beer production [62].

The brewery primarily uses water from the public supply and supplements it with
groundwater when necessary. Due to the high-quality standards required, extensive
treatment processes are implemented before the water enters production, across different
stages, including malting, mashing, lautering, beer filtration, and packaging. The plant
has already implemented a water-saving measure by recycling water from wort cooling
to heated water tanks, achieving savings of up to 28%. A previous study [61] has detailed
the plant’s production processes and estimated both its blue water footprint (freshwater
consumption) at 4.41 hL water/hL beer for 2019 and grey water footprint (wastewater
treatment and discharge) at 18.8 hL water/hL beer for COD as the main pollutant.

The brewery has an average annual production capacity of 1,374,440 hL of beer, with
a total water consumption of 5.59 hL per hL of beer produced. This includes water used
in production processes and equipment cleaning. Wastewater generated from industrial
activities undergoes multi-stage treatment in the in-house WWTP to reduce pollutant
loads before discharge. Since the brewery’s wastewater originates solely from production
processes, municipal wastewater from office facilities is excluded from the DSF application.

3. Results
3.1. Implementation of the DSF—Step 1

Analysis of the WWTP’s individual processes

The in-house WWTP includes the primary, secondary, and tertiary treatment of
wastewater, as well as sludge treatment processes. The relevant flow diagram is pre-
sented in Figure 6. The red asterisk (*) indicates processes that are known to consume
energy. The main energy-consuming processes are screening, activated sludge tanks, and
sludge thickening, with aeration being a critical energy-consuming process, accounting for
up to 60% of the total energy consumption [63].

Secondary treatment |

Pre-treatment

)

( \ Sedimentation

Inflow o Activated * Activated (Tank 1)
~——» Screening |+ Oilremoval —» sludge —* sludge T
(Tank 1) (Tank 2)
Sedimentation |
(Tank 2)
Transport to Natural drying Sludge :
biogas plant pond thickening

Qutflow transferred
to the WWTP of the
industrial park

Stabilisation pond b

1
Tertiary treatment

Figure 6. Process flow diagram of brewery WWTP.
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Recording of energy consumption (KWh/m?) in the existing WWTP and identifica-
tion of the energy-intensive processes of the existing WWTP

The WWTP’s consumption for 2019 was 1.56 kWh/m?3. The total energy consumption
and treatment capacity of the WWTP for 2019 is presented in Table 1. The energy-intensive
processes identified by the WWTP operators are the aeration tanks and sludge thickening.

Table 1. Energy consumption and treatment capacity of the brewery WWTP.

Energy Consumption Treatment Capacity Treatment Capacity
in the WWTP (KWh) (m3/d) (p-e)

2019 1,250,076 26,793 5359

Year

Recording of typical energy consumptions found in the international literature in
similar WWTPs and identification of energy-intensive WW treatment processes based
on international literature data

Wastewater derived from brewery operations falls into the category of food and bever-
age industry wastewater effluents, but it can also be classified as municipal wastewater
due to its composition and BOD/COD ratio. Therefore, the review of energy consumption
records was based on data from municipal WWTPs. In the following Table 2, relevant data
from the literature are reported.

Table 2. Literature review on energy consumption in municipal WWTP.

Average Energy

Consumption (KWh/m?) Average Capacity (p.e.) WW Type Country Source
0.9 (0.13-2.28) 18,324 (1157-56,050) Municipal Greece [17]
0.68 (0.12-2.19) 85,489 (6200-169,265) Municipal Greece [21]

1.65 up to 10,000 Municipal Greece
0.43 10,000-100,000 Municipal Greece [20]
0.33 more than 100,000 Municipal Greece
0.47 250,000 Municipal Poland [22]
0.65 60,000 Municipal Poland
0.135 461,000 Municipal & Romania [23]
Industrial
0.275 75,000 Municipal China [24]
0.45 High capacity Municipal Italy [25]
0.6 more than 2000 Municipal Italy

In Table 2, it can be seen that average energy consumption is clearly capacity-
dependent. In the present study, emphasis was placed on WWTPs operating in Greece so
that the results can be more reliably compared. For comparison, energy uses from world-
wide WTTPs are included. The main energy-intensive process, both in the literature [63]
and in the examined WWTP, is the aeration of wastewater in the activated sludge process.

Calculation of the average energy consumption, in KWh/m?, of the study plant
using data from the international literature and a comparison of records with calculations
using data from the international literature

The calculation of energy consumption in the brewery WWTP is carried out by using
average values from the literature (KWh/ m3), based on the data from [17,20,21] and the
volume of m® wastewater processed by the WWTP. The results are shown in Table 3.
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Table 3. Energy consumption in the WWTP (for 2019) using literature rates.

Metered Energy
Consumption

Energy Con- Yearly Energy Con- Yearly Energy Con- Yearly
sumption [21] Difference sumption [17] Difference sumption [20] Difference

1,250,076 KWh

528,108 KWh —42.3% 723,420 KWh —58% 700,043 KWh —44%

Identification of potential practices in the treatment process that increase energy
consumption

A comparison between theoretical (from literature) and actual energy consumption
in the WWTP reveals a discrepancy of over 40%, indicating that operational inefficien-
cies significantly contribute to increased energy usage. Aeration tanks, identified as the
primary energy-consumer identified in Stage 2, suggest that the most probable source of
inefficiencies lies within the activated sludge process.

Therefore, in Step 1, energy use inefficiencies are depicted. In this case study, the most
probable source of the marked energy use inefficiency is the aeration step.

3.2. Implementation of the DSF—Step 2

Type of industry

The brewery is classified under the food and beverage industries, so the relevant
decision tree for products intended for human consumption is followed.

Water reuse limits of national legislation

Legislative limits play a crucial role in determining reuse applications, with stricter lim-
its necessitating more advanced treatment processes. In Greece, there are no specific quality
standards for recycling treated wastewater within industrial plants for non-production
purposes, such as equipment washing, firefighting, or irrigation. However, reuse outside
the industrial facility is regulated under Joint Ministerial Decision 145114 /2011, which
sets the required quality standards. In the case of a brewery, treated wastewater is reused
for on-site, non-production applications, including washing corridors and external roads,
firefighting, and garden irrigation, and off-site for the restricted irrigation of crops. For
restricted irrigation, the outflow of the WWTP (based on JMD 145114 /2011) should be the
following (Table 4).

Table 4. J]MD 145114/2011 water reuse limits for restricted irrigation.

Parameter

EC BODs SS Residual Cl, pH

Limits for restricted irrigation

<200 cfu/

100 mL <25mg/L <35mg/L >2mg/L 69

Based on the available characteristics of the brewery wastewater and the production
processes. only the BODs limit needs to be met during the design phase.

Therefore, in Step 2, water reuse applications are selected, with the following selected
for this case study:
1.  Reuse for on-site, non-production applications, including washing corridors, external

roads, etc.
2. Reuse off-site for restricted irrigation of crops (BOD limit of < 25 mg/L should be met).

3.3. Implementation of the DSF—Step 3

Recording and categorization of criteria from the international literature

Both the definition of the categories and the mapping of each indicator to the respective
category (Table 5) were based on respective DSS for the selection of technologies for
wastewater treatment and/or reuse [50-52].
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Table 5. Criteria for the selection of wastewater treatment methods/technologies.

Category Criterion Definition Code Source
BOD removal efficiency % of BOD removed T1 [50,59,60]
COD. r.emoval % of COD removed T2 [50,59]
efficiency
N removal efficiency % of N removed T3 [50,59]
P removal efficiency % of P removed T4 [50,59]
SS removal efficiency % of SS removed T5 [50,59]
Simplicity (qualitative) Applicability of the process T6 [50,58,59]
Technical Applicability Need for speaahsed perspnnel, spec.lal operating
L. or maintenance requirements, simplicity T7 [50,59]
(qualitative) .
of construction
Replicability Applicability of the process to changing climatic
e .\ . T8 [50,58,59]
(qualitative) conditions and population
Flexibility (qualitative) Sensitivity to changing organic load, hydraulic T9 [50,58,59]

load, parameter changes

Existing experience in how this technology can be
Reliability (qualitative)  easily applied to other places without relyingon ~ T10 [50,59]
specific technical knowledge

Investment costs Costs for the construction/supply of the process E1l [50,58-60]
Area required Area required to implement the process E2 [50,59]
Operating costs Costs associated with the operation and
(energy consumption,  maintenance of the processes, such as manpower, E3 [50,58-60]
Economic maintenance) energy use, etc.

Energy recovery from the process to reduce the

Energy savings overall energy costs of the system Ed (501
Slu('ige treatment/ Sludge treatment costs resulting E5 [50,58,59]
disposal costs from the process
Energy consumption Energy consumption during process operation EN1 [50,59]
Environmental
Sludge production Sludge production from the process EN2 [50,58,59]
Social Odor generation Undesirable odor from the process S1 [50,58]
Jobs Job creation S2 [50]
Selection of criteria applicable to the examined case study
The criteria not applicable to the case study, given its nature and site-specific charac-
teristics, are presented in Table 6 below.
Table 6. Criteria not applicable to the case study.
Rejection Criterion Reason for Rejection
T10: Flexibility (qualitative) The hydraulic and pollutant loads in the WWTP do not show large variations
S1: Odor regeneration The WWTP is within an industrial park, so the creation of odors is not a criterion
S52: Job creation This is an existing WWTDP, and it is already staffed

Data availability from the brewery is quite limited. Therefore, Table 7 below shows
the criteria selected in the first stage of Step 3 for which no data are available.
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Table 7. Criteria rejected due to lack of data from industry.

Rejection Criterion

T3: N removal efficiency
T4: P removal efficiency
T5: SS removal efficiency

Selection of criteria for which data are available

The final number of criteria that can be applied to the case study are 15. Their
prioritization was performed by using the results of previous studies in the international
literature, and the analytical hierarchy process (AHP) and other methods to determine the
relative importance of each criterion for wastewater treatment technology selection [50,59].
In these studies, expert opinions were used to assign weights to the economic, technical,
environmental, and social criteria, with economic factors receiving the highest priority,
followed by technical and environmental considerations, and finally social aspects.

In the present study, to streamline the selection process, only the highest-ranking
criteria were considered. Based on the prioritization established by [50,59], the two top-
ranked criteria within each category were selected, ensuring a focused yet comprehensive
evaluation. All social criteria had been excluded in previous steps due to their limited
relevance to the case study. The final criteria for each category are presented in Table 8,
ranked in order of priority.

Table 8. Criteria examined in the brewery case study.

Criteria

E1: Investment cost
EN1: Energy consumption
E5: Sludge treatment/disposal costs
EN2: Sludge production
T2: COD removal efficiency
T1: BOD removal efficiency

Final process selection

The goal of Step 3 of the DSF is to upgrade the effluent of the WWTP, i.e., to reduce
the organic load (BOD and COD), through the addition of a tertiary treatment process.
Applied on the selected criteria of the previous stage, a final selection step follows among
the engineered (e.g., membranes and bioreactors) and natural (e.g., constructed wetlands
and stabilization ponds) treatment processes, based on findings in the international litera-
ture [64-68] and is presented in Table 9. The symbols “+” and “—" are used to indicate the
contribution of each system type to the respective criteria, highlighting their advantages
and limitations. For example, natural treatment systems generally have lower investment

“uon

costs, so a “+” is assigned to reflect this benefit.

Table 9. Comparison of engineered-to-natural treatment systems for the selected criteria.

Criteria Engineered Systems Natural Systems

Investment cost -

Sludge treatment/disposal costs -
BOD removal efficiency
COD removal efficiency
Energy consumption —
Sludge production —

+
+

+ 4+ + + + +
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Based on the evaluation in Table 9, a natural treatment system is selected as the
tertiary treatment process. Among the available natural treatment options, constructed
wetlands (CWs) are chosen due to their widespread use in municipal wastewater treatment
in Greece [64,66]. In addition to the parameters examined in the previous stages, available
land and climatic conditions are critical parameters in the application of CWs. The available
area in the WWTP campus is 3000 m?, making it suitable for the application of a wetland,
and the climate is Mediterranean with mild winters and warm summers, facilitating the
development and functioning of the system [69].

Therefore, in Step 3, the criteria are selected following a step-wise method and an
additional treatment system is selected. For this case study, among the possible criteria, six
are selected, and a comparative assessment of the engineered-to-natural treatment systems
points to the selection of CWs as a tertiary treatment process.

3.4. Implementation of the DSF—Step 4

Determination of effluent quality thresholds to be achieved for reuse

Based on Step 2, there are no specific legislative limits for the type of recycling of
treated wastewater that is selected. For restricted irrigation and based on the characteristics
of the brewery wastewater, the BODs in the outflow of the WWTP should meet the limit
presented in Table 4.

Selection of design equations from the literature and parameters, and dimensioning
and calculation of the design and operational parameters of the process selected in Step
3 to achieve the effluent quality limits

The objective of this stage is to design a new process while determining the quantity of
wastewater that will be reused. The key design parameter for sizing constructed wetland
(CW) systems is land availability, as large areas are required to ensure adequate retention
time (hydraulic load rates of <0.5 m?®/m?2/d) [70], which is crucial for achieving the desired
pollutant concentration at the WWTP outlet. To optimize land use efficiency, sub-surface
flow (SSF) CWs were selected, as they require less space while maintaining effective
pollutant removal performance [71].

The design equation is based on first-order kinetics [67,70] applied to each pollutant
considered, i.e., BODs in the present study. The known parameters include the inflow
concentration of BODs (85.5 mg/L), the maximum allowable outflow concentration of
BODs (25 mg/L) as per national legislation for restricted irrigation, and the maximum
available land (about 3000 m?) at the brewery’s WWTP. However, the inlet flow rate and
specific CW system characteristics remain unknown due to limited data on local soil
types, materials, vegetation, and operating temperatures. To address these gaps, relevant
parameters are sourced from the international literature [70]. The inlet and outlet of the
process as well as the parameters used are presented in Table 10.

Table 10. The inlet and outlet of the process as well as the parameters.

Inflow Process Parameters Outflow
BOD: 85.5mg/L Area (m?): 3000 BOD: 25 mg/L
Q: 1129 m3/d Kgy: 1.47
n: 0.35
TR (°C): 25
y (m): 0.9

The final output of the first-order kinetics model determines the maximum inlet flow
rate (i.e.,, Q = 1129 m?/d) that can be accommodated within the available land while
ensuring compliance with the required BODs effluent concentration limits.
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Of the maximum total volume of wastewater (2686.6 m>/d), 1129 m3/d (43% of the
total volume) is redirected for reuse. From the 1129 m3/d, 40.1 m3/d fully covers the
volume of water required by the utilities of the brewery plant. The rest 1088.9 m3/d can
be reused for restricted irrigation (selected in Step 2), either balancing the overall water
flow balance derived from the water needs for irrigation of the raw materials, in particular
barley (5301.5 m3/d), if applicable, or used by other industries, green spaces, or farmers for
irrigation purposes, essentially supporting circular economy in the area.

Therefore, in Step 4, the preliminary design for the system selected is performed and
water reuse options are proposed. For this case study, to achieve the required effluent
quality, 3000 m? will be needed for the CW, 40.1 m?/d of the inlet fully covers the vol-
ume of water required by the utilities, and the remaining 1088.9 m3/d can be reused for
restricted irrigation.

3.5. Implementation of the DSF—Step 5

Assessment of the energy savings that can be achieved in the existing installation
through the results of Step 1

The existing brewery’s WWTP has very high energy consumption compared to that
in the international literature (about 40% higher), as shown in Table 3. Such high energy
consumption is expected in the activated sludge system, due to the absence of the at-source
collection of discharged diatomaceous earth from the final filtration process [72]. As a
result, it is carried to aeration tanks, leading to deposits on the blowers. This accumulation
increases the energy required to maintain adequate aeration performance. If the discharged
diatomaceous earth was collected separately after filtration, significant energy savings could
be achieved, i.e., up to 500,000 kWh/year, as indicated in Step 1, based on comparisons
with literature studies on energy consumption [17,20,21].

Calculate the energy consumption of the additional process or processes

SSF CWs are not energy-intensive, ranging from 0 to 0.12 kWh/m? [73]. Considering
the maximum energy consumption per unit volume of the process, the daily and monthly
energy consumption of the CW system at the WWTP is as follows:

Energy consumption = 0.12 KWh/m? x 800 m®/d = 95 Kwh/d = 2880 KWh/m, (1)

Therefore, the monthly energy consumption of the CW system is 2880 KWh/m. The
potential inclusion of an at-source collection/sedimentation unit has a negligible impact on
additional energy consumption and is therefore not considered in the assessment [74].

Total assessment of energy consumption in the new system for water reclamation
and reuse

Based on the results from previous steps, modifications (inclusion of the at-source
collection of diatomaceous earth) to the existing WWTP could save approximately 500,000
kWh/year. The energy requirements for the added CW process are about 34,680 kWh/year.
Therefore, the energy consumption in the WWTP is derived by summing the current energy
consumption with the CW energy needs and removing the amount of energy that can be
saved. The new total energy consumption in the WWTP is about 785 x 103 kWh/year,
which is 37% lower than the current energy consumption. If no modifications are made to
the existing WWTP and only the CWs are added, the energy consumption in the WWTP
will increase by 0.03% and that in the whole manufacturing plant by 0.003%.

Estimation of the Carbon Footprint of the existing and new system

As outlined in Section 2.3 of the Materials and Methods section, the Carbon Footprint
(CF) is estimated using the UNFCCC GHG Emissions Calculator for indirect emissions
from energy consumption [15] and the IPCC methodology [41] for direct emissions from
vertical subsurface flow constructed wetlands (CWs).
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The CF is calculated for three scenarios:

1.  Baseline scenario: No modifications to the existing wastewater treatment plant
(WWTP).

2. Scenario ii: Addition of a CW system without implementing an at-source collection
system for diatomaceous earth, thus without energy savings.

3. Scenario iii: Addition of a CW system along with an at-source collection system for
diatomaceous earth, resulting in energy savings.

In the baseline scenario, CF is estimated only for emissions from energy consumption,
as the BOD concentration in the WWTP inflow is not available. For Scenario ii and Scenario
iii, CF accounts for both energy-related emissions and direct emissions from the CW process.

The WWTP is powered by electricity from the national grid. To estimate CF from
energy consumption, constant energy consumption and WWTP inflow over the years
are assumed. The energy mix of Greece for 2023 [75] is used in the calculations, with its
composition detailed in Table S1.

After the implementation of the CW system in the WWTP, methane (CH4) and nitrous
oxide (N,O) emissions were considered in the assessment of the CF [64]. The detailed
analysis, method, and equations used for the estimation of the emissions derived from the
CW process is available in the Supplementary Materials.

The results of the CF assessment for each scenario as well as the comparative analysis
against the baseline scenario are presented in Figure 7. For the comparative analysis, the
total CF (derived from both energy consumption and process emissions) is compared to
the CF of the baseline scenario (derived solely from energy consumption) with the process
emissions of CW estimated to be minimal (i.e., 6000 kg CO, eq/y).

mmmm CF total(kg CO2eq/y) e CF change compared to Scenario i-CF (%)
10%

r 4.8% 5%
0%
-5%
-10%
-15%
-20%
-25%

-30%

-35.2% -35%

-40%
Scenario i-CF (baseline) Scenario ii-CF Scenario iii-CF

Figure 7. Results of CF assessment for each scenario and comparative analysis.

Calculation of the total WF reduction in the industrial unit because of water reuse

The WF is estimated for three scenarios: (i) current operational and supply chain WF
of the plant (baseline); (ii) water reuse in the utilities and irrigation of barley; and (iii) water
reuse in the utilities and other irrigation activities carried out by industries, farmers, or
regional authorities for green spaces. The results are presented in Figures 8 and 9.
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Figure 8. Comparison of operational WF of the brewery before and after water reuse.
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Figure 9. Comparison of supply chain WF of the brewery before and after water reuse.

In 2019, the brewery’s total water consumption, as measured at the plant, was 618,257 mS.
This study builds upon previous research [61] which estimated the plant’s operational WF
for 2019 at 32,261,000 hL The supply chain WF, primarily related to barley cultivation, was
estimated at 434,354,000 hL for 2019 [76,77] (Scenario i-WF baseline) (additional information
is provided in the supply chain WF estimation in Table S2 of the Supplementary Materials).

With the integration of CWs, 40.1 m® per day will be reused within the plant to meet
the utility water demands (Scenario ii-WF). This will lead to annual savings of 14,636 m3,
reducing the brewery’s total water consumption by 2.4%. Since all water required for
utilities will be recycled, the WF for utilities will be zero, resulting in a 0.45% decrease in
the brewery’s overall operational WF. In addition, part of the treated wastewater from the
WWTP (1088.9 m3/ d) is reused for restricted irrigation of barley. Therefore, 3,974,000 hL of
the grey WF of the plant (part of the operational WF) is offset. Thus, the grey WF is reduced
to 16,151,000 hL [61], resulting in a further reduction in the operational WF at 28,895,000 hL
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(adding a 10% decrease to the reduction through recycling in utilities). Furthermore, since
barley is the main raw material of the brewery, 3,974,000 hL of the supply chain WF is
offset. Consequently, the supply chain WF is reduced to 430,380,000 hL, representing a
0.91% decrease.

For Scenario iii-WF, the operational WF is the same as that for Scenario ii-WF since the
treated wastewater is reused in the utilities, and the grey WF is reduced through reclaimed
water recycling in circular economy applications.

Percentage of increase in CF and reduction in WF

Based on the results of the previous stages, implementing all proposed measures
leads to a reduction in both CF (Figure 8) and WF (Figure 9) at the plant. Comparing the
worst-case scenarios in both assessments (increase in CF and minimum reduction in WE),
for Scenario ii-CF, CF is increased by 4.8%, while for Scenario iii-WEF, total WF is reduced
by 10.45%. In contrast, the best-case combination scenarios (Scenario iii-CF and Scenario
ii-WF) result in a 35.2% decrease in CF, a 10.45% reduction in operational WE, and a 0.91%
reduction in supply chain WF, demonstrating the effectiveness of integrated water reuse
and energy efficiency strategies. The results are reported in Table 11.

Table 11. Combination of scenarios for CF and WF changes compared to the baseline.

Combination of Scenarios CF Operational WF Supply Chain WF
Worst case . o o
(Scenario ii-CF & Scenario iii-WF) increase by 4.8% decrease by 10.45% -
Best case

(Scenario iii-CF & Scenario ii-WF)

decrease by 35.2% decrease by 10.45% decrease by 0.91%

Therefore, in Step 5, scenarios relevant to the water reuse options pointed out in
Step 4 and the energy use inefficiencies determined in Step 1 are proposed, and WF and
CF indicators are estimated and compared to the actual industry operation. In this case
study, alternative scenarios are proposed and best- and worst-case combinations of actions
related to CF and WF are assessed. The plant’s CF is significantly reduced when all
proposed solutions are implemented (Scenario iii-CF). Additionally, the WF decreases
across all scenarios. Consequently, both the worst-case and best-case scenario combinations
demonstrate environmental benefits in terms of both water and energy consumption,
confirming that the proposed modifications and additions are environmentally sustainable
for the brewery.

4. Discussion

The step-wise framework developed in this study addresses the gap in holistic eval-
uations by combining both water use and related energy impacts, bringing novelty to
flexible solutions for industrial water reuse practices by combining process innovations
and circular practices. It also tries to address the subjectivity of the selection of indicators
(criteria) to be used in multi-criteria decision-making systems through the logical sequence
proposed for their selection. It is true that the major limitation for evaluating a given system
is the scarcity of data relevant to the criteria to be used, even more pronounced in the case
of industries. On the other hand, given the specificity of industry types and operation
modes combined with their location, experts” experience and judgment are valuable tools
balancing subjectivity while choosing indicators and attributing specific weights to them
during evaluation.

The application of a methodological framework can lead to better informed decision
making towards improvements in the environmental performance of the system. Industrial
partners can exploit the outcomes of this study to lead the way towards sustainability
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depending on the industrial case’s peculiarities, a challenging task in the presence of both
technical and legal requirements.

The findings demonstrate that while numerous solutions exist for enhancing opera-
tional efficiency, a systematic approach ensures that key intervention points are identified
and prioritized. In this study, literature comparisons and scenario-based assessments
validate the proposed framework’s effectiveness in guiding decision-making.

Several previous studies have emphasized the value of DSS in wastewater treatment
technology selection, particularly in balancing economic, environmental, and technical
criteria [15,35-43]. Compared to such frameworks, our proposed DSF expands this ap-
proach by integrating WF and energy consumption as primary assessment steps, which
are particularly relevant for water-intensive industries like brewing. Moreover, while
previous systems often provided a ranked list of technologies, our framework supports
scenario-based customization, enabling users to prioritize reuse goals or WF reductions
depending on specific site conditions.

This study clearly demonstrates that conventional WWTPs, especially those using
activated sludge, are significant energy consumers, often exceeding values reported in the
literature [17,20-25] due to operational inefficiencies. On the other hand, natural treatment
systems, like CWs, provide a low-energy, low-CF alternative suitable for tertiary treatment
and reuse, in line with the findings of other research studies [64,66]. The brewery’s case
showcases how combining source control (e.g., diatomaceous earth removal) with nature-
based solutions can not only optimize energy performance but also promote circular water
use and sustainability in industrial settings.

From a CF perspective, the baseline scenario of the brewery WWTP results in emis-
sions from an energy consumption of approximately 0.36 kg CO»-eq/m?, which, although
lower than the values reported for other plants such as the Starogard WWTP in Poland
(0.54 kg COz-eq/ m?3) [22], still indicates potential for optimization. Additionally, when
compared to marginal emissions for electricity production in Europe, reported in the range
of 0.75-0.90 kg CO,-eq/kWh [22], the brewery’s current CF appears relatively moderate,
due in part to the national grid mix and the relatively low share of fossil-intensive elec-
tricity. Nonetheless, the implementation of energy-saving measures combined with CW
integration brings the CF down by 35%, underscoring the effectiveness of coupling energy
efficiency strategies with nature-based solutions to enhance sustainability in industrial
wastewater management.

Ultimately, the outcome of this study gives valuable insights and recommendations to
the scientific community and industrial stakeholders to identify excess energy consumption
due to inefficiencies in wastewater treatment and design additional treatment processes,
as well as assess their environmental impacts in terms of WF and CF, therefore enhancing
water circularity and sustainability within the process industry.

In this study, the developed DSF was applied to a water- and energy-consuming
industry with an in-house wastewater treatment system, and the outcomes point to an
enhancement of water use efficiency, without excessive energy use increase. Energy use
inefficiencies of the WWTP were depicted and attributed to aeration tank operation. The
probable source of excess energy use was identified, which can help stakeholders to take
relevant mitigating actions.

Given the industry type and location, alternative water reuse options were selected
and an assessment of the needed wastewater treatment upgrading was performed based
on criteria produced through the DSF. Since assessments are necessarily data-driven, the
need for obtaining reliable relevant data should be of primary importance and this could
help stakeholders to be able to make better decisions, with minor interventions, such as,
among others, about metering devices” addition at specific locations.
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The selected plant-upgrade option improves water use efficiency within the indus-
trial unit; however, it also increases overall energy consumption. To ensure a balanced
assessment, through the DSF, multiple scenarios were evaluated that integrate energy use
mitigation strategies with reclaimed wastewater reuse while accounting for the energy re-
quired for WWTP upgrades. The results indicate that all scenarios enhance water efficiency,
but not all lead to energy savings. Notably, the optimal scenario successfully improves
both water and energy use, demonstrating that achieving sustainability in industrial op-
erations requires a holistic evaluation that considers both CF and WE. This study aligns
with established best practices for sustainable water management in industry, including
the recommendations set forth by BIER.

The proposed framework could be applied to all industrial WTTPs, with pertinent
modifications depending on industry type. Moreover, it could be applied to industrial
units without on-site wastewater treatment. In this case, Step 1 would be non-applicable,
and in Steps 3 and 4, an appropriate WITP would be designed ab initio. Furthermore,
the proposed framework could be extended to the industrial unit itself, where in Step 1, a
second branch identical to the existing one should be included for the industry itself, and
the combined assessment of the industrial unit with its wastewater treatment plant would
be performed based on the same indicators.

5. Conclusions

Sustainable industrial production requires the efficient management of water and
energy resources, as well as the effective reuse of wastewater, a priority emphasized in
numerous studies. However, a comprehensive evaluation framework that simultaneously
assesses water- and energy-related indicators, specifically WF and CF, remains largely
absent from industrial wastewater treatment and reuse planning. This study addresses
this gap by developing a stepwise DSF, which is applied to a brewery equipped with an
in-house WWTP to optimize water reuse and energy efficiency.

The proposed framework identifies excess energy consumption hotspots, revealing
that the existing WWTP consumes over 40% more energy than expected, highlighting
significant potential for improvement. Given the industry type and regulatory constraints,
feasible wastewater reuse options include on-site reuse in utilities and restricted irrigation.
The selected advanced wastewater treatment approach, determined through the DSF,
ensures that the treated wastewater meets reuse quality standards but increases energy
consumption by approximately 5%. Despite this, it enables the treatment of 43% of the total
wastewater volume, with 3% fully covering utility water demand, while the remaining
treated effluent can be allocated to restricted irrigation. This irrigation can either support
barley cultivation, the primary feedstock of the brewery, reducing the industrial supply
chain WF by 1%, or serve other irrigation purposes. In both cases, the industrial operational
WEF is reduced by 12%, as 20% of the grey WF is eliminated.

By combining water reuse strategies and energy efficiency improvements in the
WWTP’s most energy-intensive stages, the optimal scenario, as identified by the DSF,
demonstrates a significant reduction in environmental impact. This scenario simultane-
ously achieves a 35% decrease in CF, a 10% reduction in operational WE and a 1% reduction
in supply chain WE, proving that integrated water-energy management is key to achieving
sustainability in industrial processes.

These findings emphasize the critical role of holistic assessment methodologies in
guiding industries toward sustainable resource management. The DSF not only provides
a structured approach to evaluating WWTP efficiency and water reuse potential but also
offers quantifiable insights into the environmental benefits of integrating water and energy-
saving strategies. The framework’s flexibility allows for its application across diverse
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