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Abstract

The implementation of water reuse strategies requires robust Decision-Support Tools
(DSTs) capable of integrating legal, environmental, site-specific, and technological aspects.
However, existing approaches are often limited by fragmented methodologies or high
data and modelling requirements, restricting their applicability in early-stage planning.
This study presents the development and validation of LétzREUSE, a DST designed to
support the selection of treatment technologies for the reuse of urban water sources, in-
cluding rainwater, stormwater, light greywater, and wastewater treatment plant (WWTP)
effluents. The tool is based on a parameter-driven framework that combines (i) regulatory
compliance as a first filtering step, (ii) technology applicability defined through opera-
tional thresholds linked to water quality parameters, and (iii) prediction of treatment per-
formance along treatment trains. In contrast to multi-criteria approaches, the methodol-
ogy avoids subjective weighting by directly linking input water quality to process feasi-
bility and expected effluent characteristics. Additionally, ecotoxicological risk is quanti-
fied through risk quotient (RQ) reduction, enabling the evaluation of environmental rele-
vance alongside technical performance. The DST was validated using experimental data
from the Bleesbruck WWTP, where measured influent characteristics were used to assess
the performance of the tool. The results demonstrate that the tool successfully identifies
feasible technologies, with Granular Activated Carbon (GAC) + UV (Ultraviolet light) and
UV/H20:2+ GAC emerging as the most suitable options. By providing the expected quality
parameters, both treatment trains can be compared. The final decision should be based on
other parameters such as operational complexity.

Keywords: ecological impacts; decision-support tool; reclaimed water; water reuse

1. Introduction

Water systems are undergoing a progressive shift from linear resource use towards
more integrated and circular approaches. Traditionally, urban water management has
been based on a sequence of abstraction, use, treatment, and discharge, with limited con-
sideration of resource recovery. However, increasing environmental pressures combined
with the need to enhance system resilience have led to a redefinition of wastewater as a
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valuable resource rather than a residual stream [1]. Within this evolving paradigm, water
reuse plays a central role by enabling the recovery of water, nutrients, and energy, con-
tributing to the closure of urban water cycles and supporting circular economy strategies
[2].

This transition reflects a growing recognition of the capacity of non-conventional wa-
ter sources to contribute to water supply systems. WWTP effluents, rainwater, and grey-
water are increasingly considered as alternative resources capable of reducing the pres-
sure on freshwater bodies. In this context, WWTPs have become a key component of cir-
cular systems contributing to water recovery and reducing environmental pressures [3],
as they provide a constant flow even during droughts, ensuring a permanent supply. At
the same time, decentralised approaches, such as rainwater harvesting and greywater re-
use, are gaining relevance, particularly in urban settings where they can reduce depend-
ency on centralised supply systems and improve local water security [4].

Despite these opportunities, the implementation of water reuse remains a complex
process conditioned by local factors [5,6]. One of the main challenges lies in the intrinsic
variability of water sources. The quality of rainwater, greywater, and treated wastewater
differs significantly in terms of physical-chemical composition, bacteria content, and the
presence of emerging contaminants. For example, greywater often contains high organic
loads, because it is an untreated wastewater stream, but contains fewer pathogens and
micropollutants as personal care products. Conversely, WWTP effluents, having under-
gone a treatment that significantly reduces the organic matter, still carry pathogens and a
huge variety of micropollutants [7] such as pharmaceuticals, pesticides, herbicides, flame
retardants, or personal care products. This variability directly affects the feasibility of re-
use applications and requires treatment strategies adapted to the specific combination of
water source and intended reuse application.

From a technological perspective, significant advances have been made in recent dec-
ades, with a wide range of treatment processes available, including membrane filtration
[8], adsorption with Granular Activated Carbon (GAC) [9], biological processes such as
Constructed Wetlands (CWs) [10,11], and advanced oxidation [12] systems. These tech-
nologies are capable of achieving high removal efficiencies for different classes of pollu-
tants, but their performance is strongly dependent on the characteristics of the influent
water and operational conditions [13]. As a result, treatment design requires the integra-
tion of technologies into coherent treatment trains capable of addressing specific contam-
ination profiles while complying with target effluent standards.

The main bottleneck, therefore, is not the availability of technologies, but the ability
to select appropriate combinations under real-world conditions. This decision-making
process involves balancing multiple dimensions, including regulatory requirements, ex-
pected treatment performance, and practical constraints such as energy demand, opera-
tional complexity, and spatial footprint. In addition, these decisions are often made in
contexts characterised by limited data availability and high uncertainty, particularly at
early planning stages. Under these conditions, the selection of treatment solutions be-
comes a challenging task that requires both technical understanding and the ability to
evaluate advantages and disadvantages between different options.

In practice, this complexity can hinder the adoption of water reuse systems. Although
water reuse has clear environmental and economic benefits, its implementation is often
limited by technical, regulatory, and organisational barriers. These barriers are also re-
lated to the difficulty of integrating reuse solutions into existing water systems and deci-
sion-making frameworks. Moreover, regulatory fragmentation and the lack of harmo-
nised standards for certain contaminants further complicate the design and approval of
reuse schemes [14].
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DSTs have been developed to facilitate the evaluation of water reuse options and
support planning processes. These tools typically rely on multi-criteria analysis, economic
evaluation, or scoring approaches to compare alternative solutions. While they provide
useful guidance, their capacity to support operational decision-making is often limited. In
many cases, they do not explicitly link water quality characteristics to treatment perfor-
mance and therefore cannot fully capture how specific treatment configurations will be-
have under given conditions. In addition, practical constraints such as energy consump-
tion and land requirements are not always systematically integrated, which can lead to
solutions that are difficult to implement in practice. As highlighted in the literature, the
adoption of water reuse technologies depends not only on technical feasibility, but also
on operational, economic, and institutional factors that are often insufficiently addressed
in existing decision-support approaches [15].

Another important limitation is the accessibility and manageability of existing DST.
Many approaches require detailed input data and a high level of expertise in water chem-
istry and treatment processes. However, early-stage decisions are frequently taken by en-
gineers and practitioners who may not be specialised in these areas. This creates a gap
between the complexity of available tools and the needs of users, potentially leading to
incorrect technology selection or system oversizing. This limitation is particularly relevant
in emerging contexts such as Luxembourg and the Greater Region, where water reuse is
still developing and decision-making frameworks are not yet fully established. There is
therefore a need for approaches that can make the implications of treatment decisions
more transparent and accessible, while remaining adaptable to evolving regulatory and
technological conditions.

In this context, the present study introduces Lé&zREUSE, a DST developed and de-
signed to support integrated water resource management by assisting in the selection of
treatment solutions for water reuse across different urban water sources, including rain-
water, light greywater, and WWTP effluents. The tool is conceived as an intermediate
layer between simplified screening methods and detailed process modelling. It translates
water quality characteristics into expected treatment outcomes, allowing users to evaluate
the performance of different treatment trains in relation to regulatory requirements. It in-
corporates the current EU quality requirements of Regulation 741/2020 [16] and the Lux-
embourgish national guide for rainwater and light greywater reuse [17], thereby ensuring
that users can make decisions based on compliance with current legislation. At the same
time, it incorporates user-defined constraints such as energy availability and spatial limi-
tations, ensuring that the proposed solutions are not only technically sound but also prac-
tically feasible.

By structuring the decision process around performance, feasibility, and compliance,
LétzREUSE offers a clear and accessible framework for selecting water reuse treatment
options. The objective is to support engineers and practitioners in making informed and
transparent decisions without requiring advanced expertise in water chemistry or micro-
biology. In this way, the tool provides a consistent basis for comparing alternatives, con-
tributing to more practical and transparent decision-making in water reuse planning.

2. Materials and Methods

2.1. DST Conceptualization and Architecture

The structure of the LE&zREUSE DST is based on a stepwise evaluation framework
designed to support the selection of treatment technologies for non-potable water reuse.
The tool is organised around a hierarchical filtering approach that progressively narrows
down feasible options by considering regulatory requirements, technological constraints,
and ecotoxicological aspects. This logic is implemented through three consecutive analyt-
ical modules (Figure 1):
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(i) Regulatory screening, which evaluates whether a specific reuse scenario is permitted
under existing legislation.

(ii) Technology applicability assessment, which identifies the most suitable treatment
technologies based on target physical-chemical water characteristics, the operational
constraints of the technology and the energy and space available on site for the reuse
facility.

(iii) Treatment performance prediction with the associated ecological risk evaluation. The
expected performance of a selected treatment train is calculated as well as the possi-
ble ecotoxicological risk reduction.

Module 1
Regulatory screening

Inputs

> Water type
» Country
» Intended reuse

) 4

Computations

» Legislation check

) 4

Outputs

> Reuse allowed or not

Module 2

Technology recommender

Inputs
» Macroparameters
> Bacteria
» Micropollutants
» Energy and space
availability
A 4
Computations
> Technical viability
» Energy and space
feasibility
¥
Outputs
» Technology
recommendation

Module 3
Treatment simulation

Inputs

> Treatment train selection

Computations

» Treatment
performance prediction
> Risk assessment

) 4

Outputs

> Post-treatment quality

o Macroparameters

o Bacteria

o Micropollutants

> Ecotoxicological risk
(RQ before — RQ after)

Figure 1. Schematic representation of the main components of LétzZREUSE.

Treatment performance is estimated using removal efficiencies and bacterial log re-
duction values from experimental studies and published data [18], and based on that, the
efficiency of the treatment trains and reductions in ecotoxicological risks is calculated. It
does not include dynamic process modelling, hydraulic simulations, reaction kinetics, or
specific operational data, and the aim is not to provide detailed engineering design or
economic optimisation. Consequently, the results should be interpreted at the feasibility
study level, while further assessment of resources, systems and the specific site are neces-
sary before the final implementation.

2.2. Data Sources
2.2.1. Regulatory Screening Module

The first module evaluates whether a specific water reuse scenario is permitted under
the regulatory framework currently applicable. The objective of this module is to ensure
that potential reuse options comply with national legislation before evaluating treatment
technologies. In the present work, the DST considered the Luxembourg context. For rain-
water from rooftops and light greywater, the “Guide: Recommandations pour les instal-
lations de récupération des eaux de pluie issues des toitures et de récupération des eaux
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grises issues des douches, des lavabos et des baignoires, pour une utilisation a des fins
domestiques” of the Water Management Agency is applicable [17]. For stormwater (mean-
ing urban run-off) and WWTP effluents there is no specific national regulation; therefore,
following a conservative approach, the Regulation 2020/741 minimum requirements for
water reuse [16] were considered the regulatory framework for both water sources. Based
on these sources, a regulatory Table 1 was built compiling the reuse conditions and al-
lowed scenarios according to combinations of water source and intended reuse.

Table 1. Allowed scenarios combining water sources and intended reuse applications in Luxem-

bourg. Compiled from relevant regulations [16,17].

Type of Use Rainwater (Rooftops) Light Greywater = Stormwater WWTP Effluent
Alimentary use No No No No
Washing food No No No No
Washing of objects in direct
and long-standing contact No No No No
with food
Human body wash No No No No
Flushing toilets Yes Y.es. I quality crite- No No
ria are met

Washing of objects in direct
and long-standing contact
with human body (laundry)

Yes. For private owners

. No No No
for their own use *

Irrigation of landscapes Yes No No No
Irrigation of vegetable gar- Yes No No No

dens

Cleaning of indoor floors ~ Yes ** No No No

Cleaning of o.utdoor floors Yos ** No No No

and car washing

Groundwater recharge Case-by-case Case-by-case Case-by-case Case-by-case
Agricultural irrigation Not defined Not defined Yes Yes

Notes: * Not recommended for children under 2 years of age and vulnerable persons. Not recom-
mended, for places of general care (including the home if home care). ** Except for facilities caring

for vulnerable people, facilities caring for children under the age of two, or healthcare facilities.

2.2.2. Technology Recommender Module

The criteria used in the technology recommendation module were defined for each
treatment technology based on operational constraints reported in the literature and en-
gineering design guidelines.

The selection of treatment trains to achieve the required reuse quality was based on
the type of water source and treatment objectives [19]. No additional treatment was con-
sidered necessary for rainwater from rooftops in the Luxembourgish context. For storm-
water and light greywater, a combination of CW + UV was selected. For WWTP effluents
from plants serving populations below 150,000 PE, UV disinfection as standalone was
considered sufficient, as micropollutant removal is required only in specific cases under
the Urban Wastewater Treatment Directive [20] of the European Union. For WWTPs serv-
ing populations above 150,000 PE, where micropollutant removal is required, treatment
trains combining advanced oxidation or adsorption processes with disinfection were eval-
uated. In some cases, these processes also contribute to microbial inactivation. The config-
urations assessed were CW + UV, GAC + UV, UV/H20:2 + CW, UV/H20:2 + GAC, O3 + CW,
and Os + GAC.
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Technology Viability

CWs were considered technically feasible for waters characterised by moderate or-
ganic loads and suspended solids concentrations below 100 mg L, to avoid clogging is-
sues [21]. To ensure adequate performance and stability of bacterial communities and veg-
etation, the pH of the water must be in the neutral range, between 6.5 and 8.5.

GAC was evaluated based on parameters influencing operational performance and
treatment efficiency. Elevated TSS concentrations may lead to column clogging and in-
creased backwashing requirements. The presence of ammonium can reduce treatment ef-
ficiency and increase operational costs, as it competes with micropollutants for the adsor-
bent [22]. To ensure suitable and cost-effective operation, threshold values were defined
for these parameters. In accordance with previous recommendations [22], TSS concentra-
tions were limited to a maximum of 20 mg L', and NH4+-N concentrations were recom-
mended to remain below 2 mg L.

The feasibility of UV disinfection was evaluated using parameters that govern UV
light penetration and microbial inactivation. In particular, UV transmittance at 254 nm
and TSS were considered key factors influencing treatment performance. According to
DWA-M 205 [23], the TSS of the target water must not exceed 20 mg L to ensure suitable
conditions for UV disinfection. When transmittance measurements were not available, the
value was estimated using the empirical model described in Equation (1), based on exper-
imental data collected from a WWTP in the north of Luxembourg. The dataset [24] in-
cludes measurements of transmittance, TSS and COD (n = 31), and the resulting model
achieved an R? value of 0.78.

T(%) =76.8 e—(0.00287 COD+0.0025 TSS) (1)

The suitability of UV/H20:2 advanced oxidation was evaluated based on parameters
influencing hydroxyl radical (*OH) generation and scavenging reactions. As in UV disin-
fection, process efficiency depends on UV radiation penetration, in the form of transmit-
tance; thus the same minimum threshold of 70% was applied [23]. In addition, the main
contributors to water hardness, bicarbonate and carbonate, were reported as key radical
scavengers. To ensure effective process performance, a maximum concentration of 150 mg
L1 was established [25].

The applicability of ozonation was evaluated based on water quality conditions in-
fluencing ozone reactivity, treatment performance, and by-product formation. Particular
attention was given to bromide, as its presence may lead to the formation of bromate, a
highly toxic by-product. Therefore, WWTPs considering ozonation as a treatment alterna-
tive should include bromide analysis and provide bromide concentration data as part of
the input parameters. A maximum bromide concentration of <0.15 mg L~ was established
[26]. The tool flags ozonation as unfeasible when bromide data are absent. Threshold val-
ues for the remaining parameters were defined according to the literature: pH < 8 [27],
TSS <20 mg L, and NO>-N <1 mg L [22]. Ozonation was considered technically feasible
when these conditions were met.

A comprehensive summary of all indicators, threshold values, and corresponding
literature sources used for each technology is provided in Supplementary Information
(Table S1).

In addition to defining operational thresholds, parameters were weighted according
to their relative influence on treatment performance. Critical parameters, such as TSS or
transmittance (for UV-based treatments) were assigned a weight of 2, while the rest had a
weight of 1. The resulting weighting matrix is provided in Supplementary Information
(Table S2).
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Energy and Space

Operational feasibility was evaluated based on the availability of energy and physi-
cal space at the treatment site. Users define both parameters using three qualitative levels
(high, medium, low) depending on the characteristics of the installation site. Low availa-
bility indicates that only compact treatment systems with minimal infrastructure require-
ments can be accommodated. Medium availability corresponds to facilities that can ac-
commodate conventional quaternary treatment technologies, but not land-intensive or
highly energy-demanding systems. High availability indicates that neither space nor elec-
trical infrastructure imposes practical limitations on the implementation of the treatment
technologies considered in the DST.

Each technology was assigned corresponding energy and space requirements using
the same qualitative scale. Energy requirements reflect typical electrical demand (e.g.,
pumping, ozone generation, lamp consumption), while space requirements refer to the
surface area required on site to install the treatment train.

The classification was established based on engineering design criteria and a review
of technical specifications from commercially available systems. A qualitative approach
was adopted due to the variability of site-specific conditions and the lack of directly com-
parable quantitative data across technologies. The resulting matrix (Table 2) is used to
screen technologies by matching user-defined availability with technology requirements.

Table 2. Qualitative technology classification based on engineering design criteria and commercial

specifications.

Technology Energy Space
uv Medium Low
GAC+UV Medium Medium
CW+UV Medium High
UV/H:20:+GAC High Medium
UV/H20:+CW High High
0O3+GAC High Medium
Os+CW High High

2.2.3. Treatment Efficiency Simulation Module

For the treatment efficiency simulation, final water quality parameters for each pro-
posed treatment train were estimated based on experimental data obtained from lab and
pilot tests conducted on real effluents in Luxembourg. Removal efficiencies, expressed as
the percentage reduction in physicochemical parameters and micropollutant concentra-
tions achieved by each treatment process, were determined under representative operat-
ing conditions. Bacterial removal was estimated using log reduction values (LRVs), which
quantify microbial inactivation on a logarithmic scale and allow the prediction of patho-
gen reduction across treatment trains. For micropollutants, the RQ was calculated based
on predicted no-effect concentrations (PNEC) to assess residual environmental risk after
treatment. These data reflected treatment behaviour under real effluent conditions and
were therefore considered reliable for estimation purposes. The complete experimental
dataset [18] and methodology are presented in a previous study carried out within the
framework of the LétzREUSE project.

2.3. Computations

The computational workflow described in this section follows the sequence illus-
trated in Figure 1. The following subsections detail the mathematical implementation of
each computational step.

https://doi.org/10.3390/w18151797
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2.3.1. Legislation Check

The regulatory assessment is based on three user inputs: (i) the type of water source,
including rainwater from rooftops, stormwater, greywater, or WWTP effluent; (ii) the reg-
ulatory jurisdiction; and (iii) the intended reuse application, such as toilet flushing, car
washing, irrigation or other uses.

Based on the regulatory database compiled in Table S1, each combination of these
inputs is encoded as a binary indicator defined as:

L= {1, if the reuse scenario is legally permitted
o, otherwise

Accordingly, if the selected combination is allowed under the national regulatory
framework (L = 1), the intended reuse is classified as legally feasible and indicated by a
green message. Conversely, when the scenario is identified as non-permitted (L = 0) a mes-
sage is displayed in red.

Although the current version of the DST focuses on Luxembourg, the structure of the
regulatory database allows the integration of additional or different regulatory frame-
works, enabling future expansion of the DST to other countries.

2.3.2. Technical Viability

The technical viability of the proposed treatment technologies was assessed by com-
paring influent water quality parameters defined by the user with the specific ranges of
technology applicability described in Section 2.2.2. These ranges define the operational
conditions under which each technology is expected to perform effectively.

For each technology and each relevant parameter, a binary suitability indicator was
assigned:

s= {1, if the parameter value is within the applicable range
o, otherwise

To account for the different influences of each parameter on process performance, a
discrete weighting scheme was applied, where each parameter was assigned a weight of
1 or 2, where w = 2 corresponds to parameters with greater impact on feasibility. The tech-
nical viability score was then calculated as follows (Equation (2)):

v =25 00 2)
>w
This formulation provides a normalised percentage score reflecting the proportion of
satisfied criteria while giving greater importance to the most influential parameters, al-
lowing a proper comparison of technologies with different numbers of constraints.
Additionally, a specific restriction related to bromate formation was incorporated for
ozone processes. When the influent bromide concentration fell outside the acceptable
range, the viability score was still calculated; however, the technology was flagged as not
recommended due to bromide constraints. This ensures that potentially feasible options are
transparently reported while explicitly accounting for associated health and regulatory
risks.

2.3.3. Energy and Space Feasibility

Energy and space feasibility were evaluated by comparing user-defined availability
with the requirements of each treatment technology. Users select the availability level for
both parameters using three qualitative categories: low, medium, and high, which are in-
ternally encoded as 1, 2, and 3, respectively.

Each technology has assigned corresponding requirement levels for energy and
space as described in Table 2. Feasibility is first assessed independently for each parameter
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by comparing technology requirements with availability selected by the user. If the tech-
nology requirement is lower than or equal to the defined level, the condition is considered
satisfied (Yes); otherwise, it is not satisfied (No).

The final feasibility outcome is then determined by combining the results of energy
and space. When both energy and space requirements are satisfied, the technology is clas-
sified as feasible. If only one of the two conditions is satisfied, the technology is considered
feasible with constraints, specifying whether the limitation is related to energy or space.
If neither condition is satisfied, the technology is classified as not recommended. A de-
tailed description is shown in Table S3.

2.3.4. Technology Recommendation

The final technology recommendation was determined by combining the technical
performance score with the energy and space feasibility assessment. Technologies were
classified into three performance ranges based on their technical score: high suitability
(>80%), moderate suitability (60-79%), and low suitability (<60%). These categories were
then combined with energy and space feasibility results to derive the final recommenda-
tion.

When energy and space conditions were fully satisfied, technologies with high tech-
nical scores were classified as recommended, while those with moderate scores were con-
sidered acceptable. If constraints in energy or space were identified, high-performing tech-
nologies were classified as recommended with constraints, and moderate-performing tech-
nologies as having limited suitability. Technologies with low technical scores (<60%) were
classified as not recommended, regardless of feasibility conditions. The resulting classifica-
tion (Table 3) provides a simplified decision framework that integrates treatment perfor-
mance with practical implementation constraints.

Table 3. Classification of technologies based on technical performance and feasibility constraints,

defining their suitability for implementation.

Technical Score Energy and Space Result
>80% Feasible Recommended
>80% Feasible with constraints =~ Recommended with constrains
60-79% Feasible Acceptable
60-79% Feasible with constraints Limited suitability
<60% Any Not recommended

2.3.5. Treatment Efficiency Simulation

The treatment simulation module estimates the performance of selected treatment
trains using removal efficiencies determined experimentally. The evaluated configura-
tions correspond to those identified as optimal for each water type in a previous work,
where technologies were validated using real water matrices from Luxembourg.

The simulation follows a deterministic, mass-balance-based approach in which re-
moval efficiencies are applied sequentially along the treatment train. Removal values are
assumed to be constant for each process and independent between treatment steps.

Micropollutant Removal Prediction
Micropollutant concentrations are estimated using Equation (3):
Cout = Cin(1 - R) (3)

where €, and C,,; are the influent and effluent concentrations, respectively, and R is
the removal efficiency.

https://doi.org/10.3390/w18151797
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For treatment trains consisting of multiple processes, the total removal efficiency is
first defined for the complete treatment, implicitly accounting for interactions and syner-
gies between processes. The contribution of individual treatment steps is then derived by
partitioning the overall removal, where the removal assigned to each step is calculated as
the difference between the total removal and that attributed to preceding technologies.
This approach avoids assuming independent or additive removal efficiencies for individ-
ual processes.

Bacterial Removal

Bacterial removal is estimated using LRV (Equation (4)):
C
Cout = 10]1RV (4)
The overall log removal is calculated by summing the LRVs of the individual treat-
ment steps, considering the independent removal by each process.

Ecotoxicological Risk Assessment

Ecotoxicological risk is assessed using the RQ of each micropollutant (Equation (5)):

MEC

RQ = pnEc ©)

where MEC is the value of the measured environmental concentration and PNEC is ob-
tained from the NORMAN database [28]. For influent conditions, MEC corresponds to the
measured concentration of each compound, while for treated effluent it is defined as the
predicted concentration after treatment (Cy,;).

Risk reduction is evaluated by comparing RQ values before and after treatment. This
assessment does not account for mixture effects or transformation products.

2.4. Case Study

The LétzREUSE DST was tested and validated using a case study based on the
Bleesbruck WWTP (north of Luxembourg), designed for 130,000 PE. This facility has been
investigated previously in the context of water reuse, assessing the effects of effluent di-
version on the hydrological and ecological status of the receiving water body, the Stire
River [29].

The evaluation of potential treatment trains was based on water quality data pro-
vided by the Syndicat Intercommunal de Dépollution des Eaux Résiduaires du Nord
(SIDEN), Luxembourg. The dataset includes physical-chemical characteristics of the
treated effluent prior to discharge for the period 2015-2023. Micropollutant concentrations
were obtained from a previous report evaluating the implementation of a quaternary
treatment step at Bleesbruck WWTP [30]. The data are summarised in Table 4.

This WWTP comprises mechanical pre-treatment followed by conventional activated
sludge technology with longitudinal clarifiers. No disinfection step is currently imple-
mented, while space is available for future quaternary treatment. Accordingly, space
availability was classified as medium, while energy availability was high, considering both
the current energy demand of the plant and the capacity of the external power supply,
with no identified limitations.

Table 4. Most relevant parameters used to assess the feasibility of the treatment trains.

Bacteria and Macroparameters Value Micropollutants Value
E. coli . iy

(CFU 100 mL) 18,400 Corrosion Inhibitors

Temperature (°C) 13 Benzotriazole 1220 ng L
PH 8

https://doi.org/10.3390/w18151797
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COD (mg L) 15 Pharmaceuticals
PO4+-P (mg L) 0.33 Carbamazepine 1030 ng L1
P total (mg L) 0.5 Clarithromycin N.A.
NHs+-N (mg L) 1.6 Diclofenac 2550 ng L1
NOs-N (mg L) 25 Metoprolol 750 ng L
N total (mg L) 55
TSS (mg L) 4

Select water type

Note: N.A., not available.

3. Results
User Interface and Output Visualisation: Bleesbruck WWTP Case Study

The LétzREUSE DST is designed to enable rapid and intuitive evaluation of reuse
scenarios through a user-friendly, low-complexity interface, requiring a limited set of in-
put parameters that are commonly monitored in WWTPs. While the overall workflow is
presented in Figure 1, this section focuses on how users interact with the tool and its ap-
plication to a real case study.

The main user interface, shown in Figure 2, allows the definition of the reuse scenario,
including the treatment objectives in the case of WWTP effluents (e.g., micropollutant re-
moval and disinfection), as well as the input of key water quality parameters. The tool is
designed to accommodate incomplete datasets, enabling users to proceed with the evalu-
ation even when certain variables are not directly available. For transmittance, which is a
critical parameter for UV-based processes, an internal estimation is performed according
to Equation (1) to ensure an accurate analysis. At this stage, the tool provides a prelimi-
nary screening of applicable reuse options based on the defined inputs and regulatory
constraints and should not be interpreted as a final treatment recommendation.

WWTP effluent, micropollutants removal and disinfection v

Select legislation

Luxembourgish v
Select intended use
Agricultural irrigation v

WWTP effluent can be used for Agricultural irrigation.

(a)

https://doi.org/10.3390/w18151797
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Physical & chemical parameters
pH Total N (mg/L) TSS (mg/L) PO43-P (mg/L)
7,00 = 5,50 - + 4,00 - + 0,33 - +
COD (mg/L) NO2-N (mg/L) NO3-N (mg/L) Hardness (mg/L)
15,00 = 0,00 + 2,50 - + 0,00 +
Temperature (°C) Total P (mg/L) NH4-N (mg/L) Bromide (mg/L)
13,00 = 0,50 - + 1,60 - + 0,00 +

Measured Transmitance value
available

Transmittance (%) Measured Bromide value

available
72,83 -+

Warning: Transmittance data is not available. Value will be estimated from COD and TSS.

Warning: Bromide data is not available, O3 processes will be automatically discarded.

(b)

Figure 2. The main user interface of the tool for defining (a) reuse scenarios and (b) the input of
water quality parameters. Grey boxes represent user input fields, whereas green, yellow, and red
boxes are automatically generated messages. Note: Decimal commas are displayed according to the

software's regional settings.

Following data input, the results are presented in a structured format that facilitates
direct comparison between treatment options. As illustrated in Figure 3, technologies are
categorised according to their suitability, allowing users to immediately identify recom-
mended configurations as well as those subject to operational constraints. This classifica-
tion is directly interpretable and does not require further processing.

Technology Technical viability = Energy and spatial feasibility Result
GAC+UV 100% Feasible Recommended v
UV/H202+GAC 100% Feasible Recommended v
CW+Uv 100% Space constrained Recommended with constraints A\
UV/H202+CW 100% Space constrained Recommended with constraints A\
03+GAC 100% Feasible Not Recommended (Bromide constraint)
03+CW 100% Space constrained Not Recommended (Bromide constraint)

Figure 3. Example of the technology recommendation table.

For selected treatment configurations, the DST provides quantitative outputs de-
scribing expected treatment performance. In addition to tabulated results, the tool in-
cludes graphical representations of ecotoxicological risk. As shown in Figure 4, the com-
parison of risk quotients before and after treatment enables a direct visual assessment of
the effectiveness of each configuration in reducing environmental impact.
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Figure 4. Decrease in ecotoxicological risk in the Bleesbruck WWTP case study, showing RQ before

and after treatment.

The combination of structured outputs (Figure 3) and graphical risk visualisations
(Figure 4) allows users to evaluate both technical suitability and environmental perfor-
mance within a single interface, supporting informed decision-making.

Furthermore, the tool includes a reporting function that automatically compiles input
data and results into a downloadable document. This feature facilitates communication of
outcomes and supports their integration into planning and feasibility studies.

The applicability and robustness of the developed DST were evaluated through its
application to the Bleesbruck WWTP case study, using the boundary conditions and input
data described in Section 2. The tool identified no technical limitations for the evaluated
treatment trains, with all options showing 100% technical viability. Consequently, the se-
lection was primarily driven by spatial availability. Under these conditions, two treatment
trains were prioritised as recommended solutions: GAC + UV, and UV/H:0:+GAC. The
O3+GAC alternative was excluded from further evaluation due to the absence of bromide
data in the WWTP effluent, which is a critical parameter for assessing the potential for
bromate formation and, therefore, for ensuring process safety. Accordingly, a proper eval-
uation of ozonation requires prior analysis of bromide in the WWTP effluent.

Both recommended treatment trains were simulated using the DST, to quantify the
final concentrations of bacteria and micropollutants in the treated effluent. For the GAC +
UV configuration, the tool predicts no reduction in E. coli concentration after GAC filtra-
tion; however, the concentration is reduced to 2.7 MPN 100 mL" after UV disinfection.
This final concentration complies with the most restrictive quality requirements (Class A)
for agricultural irrigation established in EU Regulation 2020/741. Simulated pollutant con-
centrations in the treated effluent indicate that benzotriazole (12 ng L), carbamazepine
(113 ng L), and diclofenac (26 ng L) are expected to be in very low concentration, while
clarithromycin and metoprolol are fully removed. As a result, the overall treatment
achieves a substantial decrease in ecotoxicological risk. Notably, all evaluated compounds
reach a no-risk level after treatment, which is particularly relevant for diclofenac, initially
classified as presenting a medium risk (Figure 4).

In the case of the UV/H20:+ GAC configuration, E. coli concentrations are reduced to
2.1 MPN 100 mL" after UV/H20: and further decreased to below 1 MPN 100 mL-! after
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GAC filtration. This also ensures compliance with Class A reuse standards, with a slightly
higher microbiological removal efficiency compared to GAC + UV. The final concentra-
tions of benzotriazole (168 ng L), carbamazepine (77 ng L), and diclofenac (51 ng L),
while clarithromycin and metoprolol are completely removed, demonstrate the effective-
ness of the combined process. An additional advantage of this configuration is the poten-
tial removal of oxidation by-products by GAC filtration; however, this effect was not
quantified in the present study. The resulting ecotoxicological risk reduction is compara-
ble to that achieved with GAC + UV, with all compounds reaching no-risk levels.

From a practical perspective, both solutions are viable for implementation at the
Bleesbruck WWTP. The final selection between them may therefore depend on additional
criteria not explicitly addressed in this validation step, such as operational complexity,
maintenance requirement as well as investment and operational costs.

Overall, the results demonstrate that the LétzREUSE provides consistent and techni-
cally robust recommendations, successfully identifying feasible treatment trains and pre-
dicting their performance under specific conditions. This confirms the suitability of the
developed DST as a reliable instrument for supporting the design and optimisation of
water reuse schemes in real applications.

4. Discussion

DSTs for water reuse have been widely developed to assist in treatment selection and
planning. However, most available tools tend to address specific components of the deci-
sion process rather than providing a fully integrated approach. Risk-based approaches,
particularly those developed for potable reuse, typically incorporate quantitative micro-
bial risk assessment (QMRA) and define required log removal values. However, they are
mainly used to verify compliance with predefined targets rather than to compare alterna-
tive treatment configurations [31]. In contrast, Lé&zZREUSE supports technology selection
by integrating microbiological performance within a broader evaluation framework that
also considers predicted treatment performance. Approaches based on life cycle assess-
ment (LCA) provide insights into environmental impacts, such as energy use or climate
change [32]. However, LCA does not predict whether a treatment train is capable of meet-
ing the required effluent quality or reuse objectives. LEzREUSE complements these as-
sessments by estimating treatment performance and verifying whether the proposed tech-
nologies are technically capable of achieving the reuse standards before environmental
optimisation is considered. The literature recognises that the combined use of microbio-
logical risk assessment (MRA), LCA, and Multi-Criteria Decision Analysis (MCDA) is nec-
essary to simultaneously address public health, environmental, and economic dimensions,
but these approaches are rarely implemented within a single tool [33]. In line with this
need for integration, the proposed DST links these complementary evaluation levels into
a single decision-support workflow. Some recent studies aim to integrate these ap-
proaches through multi-objective optimisation or resource recovery analysis [34]. While
these methods provide a comprehensive perspective, they often require detailed input
data and relatively complex modelling [35], which can limit their applicability in early-
stage assessments or in scenarios with scarce data availability. By comparison, the pro-
posed DST was specifically designed as a practical screening tool requiring only routinely
monitored water quality parameters, making it suitable for preliminary feasibility studies
where data availability is often limited. Broader studies also highlight ongoing challenges
related to regulation, public acceptance, and the lack of standardised evaluation ap-
proaches, which limit the use of more advanced DSTs. In this context, the role of LétzRE-
USE is not to replace detailed engineering, environmental or risk assessment methods, but
to serve as a first screening step to identify technically feasible treatment trains before
more detailed evaluations are carried out.
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Multi-criteria decision-making (MCDM) methods based on Analytic Hierarchy Pro-
cess (AHP), fuzzy AHP, or TOPSIS are widely used for selecting wastewater treatment
technologies [36]. These approaches are typically based on key performance indicators
(KPIs) covering technical, environmental, economic, and social aspects, which are then
weighted and combined to produce a ranking of alternatives. The model proposed by
Filho et al., for instance, applies a fuzzy AHP approach to calculate a reuse feasibility in-
dex based on a set of predefined parameters [37].

While these methods offer a structured way to incorporate different evaluation crite-
ria, they depend strongly on the assignment of weights and on the selection of indicators.
This introduces a level of subjectivity that can influence the outcome of the analysis, while
inconsistencies in indicator definition and alignment with policy objectives can further
complicate interpretation of the results [36]. In contrast, Lé&zREUSE does not use an
MCDM approach because the suitability of each treatment technology depends on oper-
ational requirements that must be satisfied rather than weighted. Therefore, the recom-
mendation is based on process applicability, together with energy and space constraints,
instead of ranking alternatives through subjective weighting of indicators.

Tools such as the Water Reuse Calculator [38] follow a different approach, providing
technology recommendations based on predefined criteria and user inputs. These tools
support the screening of suitable treatment options and generate structured outputs to
guide decision-making. However, the evaluation remains dependent on the internal cri-
teria of the tool and does not explicitly represent the expected effluent quality of each
configuration. As a result, the comparison between alternatives is not directly linked to
treatment performance.

A major additional contribution of LétzREUSE is the incorporation of ecotoxicologi-
cal risk assessment as a quantitative output, expressed through RQ reduction. While most
existing DSTs focus on compliance with quality standards or environmental indicators,
linking treatment performance directly to ecotoxicological risk provides a more meaning-
ful measure of environmental impact. This strengthens the connection between technol-
ogy selection and ecological outcomes, which remains under-represented in many current
approaches.

It is important to note the simplified structure of the tool, which does not rely on
complex modelling or extensive datasets. Instead, it uses experimentally derived treat-
ment performance data obtained from real effluents in Luxembourg, ensuring that pre-
dictions reflect realistic operating conditions based on lab and/or pilot studies. This en-
hances the practical relevance of the tool, particularly when compared to approaches
based solely on the literature values or theoretical assumptions.

Finally, the DST is designed to be complementary to broader environmental assess-
ment tools, such as STREAM [29], which evaluate the impact of reuse on receiving water
bodies. The combined use of both tools enables a broader assessment, from treatment se-
lection to environmental consequences at the local scale. This integrated perspective pro-
vides decision-makers with a more comprehensive understanding of reuse implications
without requiring detailed engineering or feasibility studies. This is particularly valuable
for engineers and decision-makers, as it supports a more objective understanding of the
software performance, facilitates the interpretation of results, and increases user confi-
dence, thereby promoting the adoption of the tool and supporting the implementation of
water reuse projects.

5. Conclusions, Recommendations, and Perspective

The LétzREUSE DST demonstrates that a simplified framework can effectively sup-
port early-stage decision-making in water reuse without relying on complex modelling or
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extensive data requirements. By structuring the decision process around regulatory feasi-
bility, technology applicability, and predicted treatment performance, the tool provides a
coherent and operational pathway from scenario definition to treatment selection. This
approach ensures that only legally compliant reuse options are considered, while main-
taining a clear link between water quality characteristics, technological constraints, and
expected outcomes.

The use of operational thresholds is a key factor for a clear identification of the limit-
ing factors for each technology, thereby avoiding the subjectivity associated with expert-
based evaluations. At the same time, the incorporation of removal efficiencies obtained
from real effluents ensures that predicted performance remains representative of realistic
operating conditions at a lab and/or pilot scale. This balance between simplicity and reli-
ability constitutes one of the main strengths of the framework, allowing rapid screening
while preserving technical credibility.

The estimation of effluent quality and associated ecotoxicological risk represents a
significant advancement compared to existing tools that rely on qualitative indicators, es-
tablishing a direct link between treatment configuration and environmental impact. This
allows decision-makers to evaluate alternatives based on their predicted performance in
achieving reuse objectives and reduce ecological pressure instead of adopting oversimpli-
fied generic evaluation approaches.

The validation through the Bleesbruck WWTP case study confirms the robustness
and practical relevance of the system. The tool successfully identified feasible treatment
configurations under real conditions. The results show that different treatment trains are
suitable for implementation, indicating that the final selection may depend on additional
factors such as financial, operational and maintenance requirements. This confirms that
the tool is particularly well suited for feasibility analysis and comparative evaluation of
reuse scenarios, where rapid and transparent decision support is required.

Future developments should focus on expanding the regulatory database to incorpo-
rate additional national frameworks, thereby enhancing the transferability of the tool be-
yond the Luxembourg context. Further work is also needed to address current limitations
in ecotoxicological assessment, particularly with regard to mixture effects and transfor-
mation products, which may influence the overall environmental risk.

Although the treatment performance predictions are based on experimental data ob-
tained under representative operating conditions using real effluents, the current frame-
work does not account for specific circumstances that may influence full-scale perfor-
mance. The current version includes the treatment technologies for urban water reuse that
are most commonly recommended according to the current literature, while future up-
dates may incorporate additional emerging or hybrid technologies. Furthermore, alt-
hough the DST supports technology screening and comparison, it does not incorporate a
detailed techno-economic assessment, which should be considered during later stages of
the project. Addressing these aspects will further enhance the applicability and robustness
of the framework.

From this perspective, LétzREUSE should be understood as a flexible and extensible
platform that can evolve towards a more comprehensive decision-support system. Its cur-
rent formulation already provides a robust basis for supporting water reuse planning,
while its modular structure offers clear opportunities for future refinement and integra-
tion with complementary assessment tools.

Supplementary Materials: The following supporting information can be downloaded at

https://www.mdpi.com/article/10.3390/w18151797/s1: Table S1. Summary of indicators and the re-

lated threshold values used for technology evaluation. Table S2. Parameter weighting matrix based
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on relative influence on treatment performance. Table S3. Decision matrix for energy and space fea-
sibility.
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