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Abstract: Wastewater reuse is a proven strategy to mitigate water stress in drought-prone regions.
However, this practice is still limited due to high implementation costs, regulatory hurdles, and
limited public acceptance. In regions with low reclaim rates, a thorough evaluation of the potential for
reuse is needed to support decision-making, focusing on opportunities that address both low-hanging
fruit and high-leverage projects. This paper introduces a streamlined, data-centric methodology
for assessing wastewater reuse potential, adaptable to various regional contexts. The methodology
involves comprehensive data collection and processing to evaluate wastewater treatment plant
(WWTP) capabilities and identify potential users, allowing the prioritisation of case studies based
on demand alignment. Different treatment and distribution systems are analysed to match WWTP
capabilities with user needs, considering volume, quality, and infrastructure requirements. Cost
analysis incorporates capital expenditure (CAPEX), operational expenditure (OPEX) and unit costs
using novel cost functions for treatment and distribution. Risk analysis adheres to WHO methodology
to ensure safety and sustainability. A case study in the Lisbon and Oeste areas in Portugal validates
this approach, revealing key insights into the potential and economic viability of water reuse. By
comparing tariffs and costs associated with different reuse scenarios, this paper offers benchmarks
for the economic feasibility of reuse projects.

Keywords: water reuse; advanced treatment; irrigation; cost analysis; decision support tools

1. Introduction

Water scarcity is a pressing global challenge, exacerbated by climate change, popu-
lation growth, and increased industrial activities. As freshwater resources decrease, the
reuse of treated wastewater emerges as a sustainable solution to alleviate water stress and
enhance water security, particularly in drought-prone regions where alternative sources
are limited, therefore making water reuse an alternative source.

In recent years, there have been significant advancements in wastewater treatment
technologies, enabling the treatment of reclaimed water for various applications. These
technologies include membrane bioreactors, ultraviolet (UV) disinfection, and advanced
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oxidation processes, which produce high-quality reclaimed water meeting stringent regu-
latory standards. Despite a high level of technological readiness, reuse rates remain low
in many countries facing high drought risk, such as Portugal (1.2%) Greece (2%) and Italy
(4%) [1-3].

Effective policymaking and water resource management require comprehensive in-
formation on the availability and economic viability of water reclamation projects. Thus,
integrated plans that identify and leverage reuse potential are essential to bridge the
gap between regulatory standards and practical implementation. Previous studies have
highlighted the importance of robust methodologies and site-specific assessments in de-
termining the viability of wastewater reuse projects [4,5]. For that, various indices and
methodologies have been developed to evaluate wastewater reuse potential, considering
criteria such as crop irrigation needs, waste water treatment plant (WWTP) treated vol-
umes [5-7], climate conditions, types of crops, distance to WWTP, water regulations [8],
availability and cost of conventional water sources, water productivity [9], quality of
effluent and rainfall [10]. However, risk analysis seems to have been often neglected.

Economic considerations are essential for the success of water reuse projects. While
some cost functions are available in the literature [11-13], they are outdated and primarily
focus on newly constructed WWTPs rather than retrofitting existing ones. More rele-
vant data can be found in some cost databases [14,15]. Additionally, Pistocchi et al. [16].
conducted a broad European study on the costs of reclaiming and transporting treated
wastewater, but this type of macro-level analysis often overlooks specific local factors.
Moreover, reclaimed water projects can be highly dependent on end-users” willingness to
pay, making it crucial to integrate economic considerations with technical, environmen-
tal, and risk factors in a comprehensive cost-benefit analysis. Comparing treatment and
distribution costs with the economic benefits of water savings, environmental protection,
and enhanced water security is crucial for accounting for the real advantages of increased
reuse [17,18].

This paper builds on such research by introducing a streamlined methodology to
assess wastewater reuse potential that can be adapted to different regional contexts. The
methodology integrates a data-centric approach to characterize WWTPs and their surround-
ing areas, using prioritization strategies for case study selection. It includes guidelines for
aligning WWTP capabilities with user demands, as well as tools for analysing cost and risk
factors. Beyond other methodologies, this approach focuses on locally relevant features
such as existing irrigation and reservoir infrastructure, effluent quality, and fit-for-purpose
treatments adapted to user needs and existing treatment systems. The integration of a risk
analysis further ensures that the proposed solutions are not only cost-effective but also safe
and sustainable. Additionally, it provides Excel-based calculation tools to facilitate cost
estimation and base decision-making for stakeholders, promoting practical and efficient
water reuse solutions.

A practical case study in the Lisbon and Oeste regions, in Portugal, managed by
Aguas do Tejo Atlantico (AdTA), Portugal’s major wastewater utility, is also presented. The
example intends to showcase how this approach provides a detailed understanding of the
current state and future potential of water reuse in the region, guiding strategic planning
and implementation efforts for sustainable water management in water-scarce regions.

2. Materials and Methods
2.1. Data Collection and Processing

The first step of this methodology consists of a data-centric approach for characterizing
wastewater treatment in the region. In the second phase, the resulting information is then
used to support the identification of key case studies for a detailed analysis. For that, it is
suggested that all WWTPs are assessed based on multiple factors, such as maximum yearly
potential production rate, seasonal flow variation, reuse rate, type of treatment system,
effluent pollution load (TSS, BODs, N, NH, and P), the stability of water quality discharged,
and current conformity to the requirements established for reclaimed water quality. This
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last parameter is relevant to understand if there is any WWTP that is prepared for direct
reuse without the need to modify its treatment system.

To prospect potential users, namely agricultural, recreational and industrial, an area
within a 5 km radius of each WWTP was analysed using remote sensing imagery and
territorial management tools. Among all possible reclaimed water uses, these three sectors
were chosen because they represent major water consumers, and their demand patterns
can be reliably predicted using publicly available data sources. Furthermore, the drought
susceptibility of the regions surrounding each WWTP was evaluated using combined
drought indicator data [19] to determine the average percentage of days each location was
under drought warning conditions throughout the year.

Data were processed and analysed using various tools and software platforms, in-
cluding R (Version 4.3.2), Microsoft Excel (Version 16.0.14332.20761), Microsoft Power BI
(Version 2.132.1053.0), Google Earth Pro (Version 7.3.6.9796) and QGIS (Version 3.34.3).

2.2. Case Study Prioritisation

Given the large number of WWTPs in a region, conducting an in-depth analysis of
all facilities is impractical due to time constraints and resource limitations. Therefore, a
strategic approach is necessary to select a subset of significant case studies that will allow
for a detailed WWTP-user adequation study.

Multiple prioritisation strategies found in the literature can be adopted, but these
often require detailed and extensive data that may not be available at this initial stage.
Considering the preliminary state of wastewater reuse in Portugal and the urgent need
to increase reuse volumes within a short timeframe, this methodology hence focused
on aligning potential supply with demand by concentrating efforts on a relatively small
number of facilities. Hence, WWTPs were chosen based on two primary criteria:

(1) Proximity to significant potential users: The presence of substantial water consumers:
irrigated agricultural areas, tourism facilities with golf courses and industrial zones
within a 5 km radius.

(2) Reuse capability: Facilities that could consistently supply a sufficient volume of water
were prioritised to ensure they contribute meaningfully to water reuse goals.

2.3. WWTP-User Adequation

A streamlined methodology to ensure that WWTP capabilities are matched effectively
with user demands is crucial, promoting practical and efficient water reuse solutions.
That being said, for each selected WWTP and corresponding users, various possibilities
for treatment and distribution systems were calibrated, considering users” water volume
and quality requirements, the WWTP’s reuse potential and need for treatment system
adaptation, and the implementation of a distribution system to link both. Figure 1 includes
a diagram summarising all foreseen methodological stages and respective required data
inputs, which should be provided considering context-relevant information. Essential steps
also included reviewing historical data on water quality and quantity, conducting site visits,
studying infrastructure design reports, and collaborating directly with municipal bodies
and industry and farmers’ associations to better understand the user ecosystem.

2.3.1. User Volume Requirements

Water consumption needs were estimated according to the specific use, whether
agricultural, recreational green spaces (i.e., golf courses and parks) or industrial. Ideally,
these values should be provided by the users themselves, backed by historical data and
future projections considering scenarios like production variations, technical changes,
prolonged droughts, and improved supply efficiency.
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Figure 1. Summary diagram of methodological steps (green) and external data sources required (grey).

If user-provided data are not available, agricultural water needs can be estimated

using relevant reference values. For this work, we utilized reference crop requirements for
dry years, specific to the distinct river basins in the region [20-22] and reported cultivated
areas [23]. The efficiency of distribution and irrigation systems was considered, assum-
ing 85% efficiency for modern collective irrigation systems, with additional efficiencies
of 75% for sprinkler systems and 90% for drip irrigation [20,21]. The expected annual
irrigation consumption was calculated using Equation (1), where 1 represents the water
application efficiency:

Consumption =

Water requirements (m3)

Y_ Net irrigation requirements, -Areay

Efficiency

(Z % Irrigation method  Mirrigation )M distribution

1)

In the studied areas, a variety of crops are cultivated with staggered planting periods,

resulting in an extended irrigation period from April to October, with peak demand in July
and August (Figure 2).
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Figure 2. Monthly distribution used to estimate the water consumption for agricultural irrigation areas.

For irrigating green spaces, such as golf courses, reported local average consumption
figures were utilized [24], varying from 7084 m3/ha to 10,011 m>/ha, and respective areas
were calculated using GIS tools. FAO 56 guidelines for computing crop water requirements
(ET, x Kc) — Pe) x Area [25] were used to estimate monthly distributions, considering
a crop coefficient (Kc) of 0.8 and effective precipitation (Pe) as the actual precipitation
with a runoff coefficient of 50% [26]. Monthly precipitation and evapotranspiration (ET,)
values were taken from the river basin management plans [27], resulting in the distribution
exemplified in Figure 3.
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Figure 3. Example of monthly distribution of water consumption estimates for recreational green
space areas.

For industrial uses, consumption data can be more elusive but may be derived from
sustainability and environmental impact reports, water abstraction licenses, or direct
surveys. In all cases, the availability of water storage infrastructure, such as dams or ponds,
should be considered, particularly where such reservoirs are already present. For the case
of golf ponds, literature sizing considerations [28,29] can be used to estimate the capacity
from remote sensing imagery, using Volume = 1.2 Area.

2.3.2. Reuse Potential

To determine the reuse potential in each scenario, we compared the estimated water
needs of potential users with the theoretical reclaimed water (RW) production capacity of
each supplying WWTP. This involved calculating the available volume of treated wastew-
ater (TW) (Equation (2)) by subtracting the volume already allocated for external users
(RW oxternal uses) and internal WWTP processes (RWywwrp yses) from the average received
raw wastewater volume, while accounting for a 5% water loss [30]:

Available TW = 95% Raw Wastewater — RWwwtp uses — RWexternal uses — Qecological - (2)

Moreover, we considered the maintenance of an ecological flow (Qecorogicar) for water
bodies that rely on treated wastewater discharge to maintain aquatic ecosystems. While
ecological needs should ideally be assessed on a case-by-case basis, data were unavailable
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V reservy = {

for the studied basins. Therefore, Tennant’s method was considered, which suggests that a
10% minimum of the river’s average flow should be allocated for ecological purposes [31,32].
For the sake of simplicity, this was approximated as 10% of the WWTP’s average effluent
flow due to the significant contribution of the discharge.

The monthly volume of reclaimed water that could be consumed (User RW;) was then
calculated by comparing the theoretically available volume from the WWTP (Available TW)
with the user’s required volume (User Needs) (Equation (3)):

Available TWy, if AvailableTW; < User Needs ;

User RW; = { UserNeeds;, if Available TW; > User Needs; )

For scenarios involving existing or planned reservoirs, the monthly volume stored in
the reservoir (V reserv;) was also calculated (Equation (4)). When the WWTP’s potential
production (Available TW) was less than the user’s demand (User Needs), the reservoir
supplied the deficit until it was empty. Conversely, when the user’s demand was lower
than the available supply, the surplus water was stored in the reservoir until full. The
final volume of reclaimed water consumed by the user was determined based on these
calculations (Equation (5)).

Max(0, V;_1 — User Needs ; + Available TW;), if User Needs ; > Available TW,

Min(Viux, Vi—1 + User Needs ; — Available TWy), if User Needs ¢ > Available TW; @)

User RW;= Min(Available TWy — AVy; User Needs;) (5)

2.3.3. Design Flow

To size the treatment and distribution systems, two scenarios were considered: (I) the
reuse capacity always exceeds the irrigation needs; (II) there are months when the reuse
capacity does not fully meet the irrigation requirements, necessitating the use of the entire
flow for producing reuse wastewater.

In the first scenario, the treatment system was designed considering the maximum
daily user needs. The distribution system, on the other hand, was designed for the 90th
percentile of daily flow required by consumers, avoiding oversizing and reducing costs.
In the second scenario, all the effluent flow from the WWTP is dedicated to reclaimed
water production, and the treatment system is designed for the 90th percentile of the daily
wastewater inflow, considering only supply months. For the transportation system, the
design flow was based on the 90th percentile of reuse potential, excluding other uses
(Figure 4).

2.3.4. Quality Requirements

Reused wastewater quality requirements were defined following European and
Portuguese legislation, specifically EU Regulation 2020/741 [33] and Decree-Law
no. 119/2019 [34] (Table 1). The minimum standards were selected for each consumer
based on the type of use and, for irrigation, based on the crops and irrigation method
employed. Due to the variability in water quality requirements across different industrial
applications, and the limitations in available data regarding specific industrial categories,
this study assumed the most stringent quality standard for industrial use. For simplification,
and considering the legislated values presented in Table 1, recreational and industrial uses
requirements were equated to Class A for agricultural irrigation.

For the treatment system adequation, the quality of treated wastewater was assumed to
be equivalent to the maximum values established in the WWTP discharge permit. However,
if there were frequent non-conformities for a given parameter, the historic average value
was used instead. This approach ensures that the reclaimed water quality meets or exceeds
the required standards, guaranteeing its suitability for the intended uses. In case the
discharge license did not specify a limit value for a particular parameter, the 90th percentile
value of that parameter was used as the baseline, based on data from the past three years.



Water 2024, 16, 2474

7 of 22

Treated wastewater
discharge essencial for
mantaining aquatic
ecosystems?

Available TW >
Needs?

Maximum daily
User needs

Treatment process
" losses
Tertiary (5% Q)

Treatment

WWTP Reuse

(N int)

N&o >JNEEEER e

External
Reuse

Available TW >

Needs? Transport

Figure 4. Workflow for selection of design flux.

Table 1. Reclaimed water quality requirements for several reclaimed water users, considering
legislation [33,34].

Agricultural Irrigation Recreational

A B p b Uses Industry @
E. coli (number/100 mL) <10 <100 <1000 <10,000 <10 <10
BODs (mg/L) <10 <25 <25 <25 <25
TSS (mg/L) <10 <35 <35 <35
Turbidity (NTU) 5 - - - <5 <5
Legionella spp. (cfu/L) <1000 ® <1000 ® <1000 ® <1000 ®
Intestinal nematodes (eggs/L) <1 <1
Total Nitrogen (mg NH,4 /L) <10 ®
Total Phosphorus (mg P/L) <15® <2®
Ammonia (mg NH, /L) <5®) <5

Notes: @ Stricter standard for circuits with direct ingestion risk (including accidental ingestion, e.g., droplets) and
dermal contact. ® Optional parameter, to be applied using a fit-for-purpose approach.

2.3.5. Treatment System

WWTDPs with secondary and tertiary treatment (i.e., nutrient removal) generally meet
the minimum physicochemical quality requirements for Class B. Nonetheless, to ensure
microbiological safety and successfully supply the treated wastewater, a disinfection step
is required. Additionally, a filtration step may be necessary to reduce the solid and organic
content, enhancing the effectiveness of the disinfection process and reducing the formation
of disinfection byproducts.

To ensure users’ required quality and robustness, six treatment systems were sug-
gested, most to be implemented following the existing treatment stages. Technologies
were selected based on a fit-for-purpose approach to maximize water security, even when
simpler solutions were defined for situations with lower quality requirements (Class B and
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C). Hence, the application is dependent on the WWTP historical data (i.e., quality, quantity)
and the existing main treatment system, as well as on the user requirements.

Treatment System Proposals

Treatment systems were selected based on a thorough evaluation of factors such
as costs (i.e., investment, operational), robustness, complexity, technical readiness and
byproduct formation. Disinfection methods such as sodium hypochlorite (NaOCl), chlorine
dioxide (ClO,) and UV closed reactors were chosen for their cost-effectiveness and simple
dosing. However, in the presence of high ammonia and natural organic matter concentra-
tions, sodium hypochlorite can form chloramines with reduced disinfection power [35],
necessitating dose adjustments or the adoption of alternative technologies.

To minimize NaOCI doses and byproduct formation, scenarios coupling UV disinfec-
tion and NaOClI were suggested, considering UV’s high efficiency and effectiveness. In
case the treated wastewater transmittance was below 50%, chlorine dioxide disinfection
was prioritised due to UV inefficiencies in such conditions [36], since low transmittance is
correlated with the presence of solid matter that can either scatter the UV light or shield
bacteria from UV [37].

Although membrane bioreactors (MBRs) and ultrafiltration (UF) membranes were
assessed as filtration technology (for high-quality reclaimed water), conventional disc
filtration was selected for particulate matter removal due to its lower operational costs.

The chemical disinfectant doses were defined for a contact time of 30 min, based
on literature values [38-40], though prior disinfection tests are recommended to adjust
dosing for treated wastewater quality (e.g., nitrogen, solid content). If the user is distant
enough, the contact will occur in the distribution pipeline, and mixing is guaranteed with
the use of static mixers [41]. On the contrary, if the distribution time is less than 30 min, the
construction of a contact chamber was considered. For NaOCl dosing and consumption
estimation, a 13% w/w concentration was considered, with a density of 1.22 kg/L and
160 g of active chlorine per litre. Chlorine dioxide is formed in situ by mixing equal parts
(23.3 L each) of sodium chlorite (7.5% w/v) and hydrochloric acid (9% w/v) [42].

Table 2 showcases the selected treatment system scenarios composed of disinfection,
filtration and disinfection, or filtration and double disinfection. The latter solution type
addresses the requirement of having a chlorine residue in the supply system to prevent
pathogen proliferation.

Table 2. Summary of proposed treatment systems for reclaimed water production.

Disinfection Dosing per Class

Scenario Treatment System Class Remarks -
A B C Unit

Byproduct formation may occur
with nitrogen and natural organic

A—Keep it - . matter, increasing NaOCl ) B

simple Disinfection (NaOCI) ¢ requirements. Not recommended > mg CI/L
for WWTPs with high levels of
TSS and /or ammonia.

B—Simple and Filtration + Disinfection Not recommended for WWTPs

robust (NaOCl) BorC with high levels of ammonia. B 3 15 mg Cl/L

C—Less simple, Filtration + Disinfection

’ L . Not recommended for WWTPs 2
:g{)e&‘;nd more EEZ())J&])D isinfection BorC with reported low transmittance. B 1 0.5 mJ/cm
Filtration + Disinfection Possible chlorate and

D—Safer (C10,) AorB chlorite production. 3 1 B mg ClO,/L

The disinfection technology can
o Membrane Filtration (UF) be changed for others with B )

E—Super safe + Disinfection (NaOCl) A greater efficiency, being aware of 05 mg CI/L

the cost increase.
Biological Membrane The residual disinfection
F—All-in-one Filtration (MBR) + A technology can be changed for 1 - - mg Cl/L

others with greater efficiency,

Disinfection (NaOCI) being aware of the cost increase.
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Scenario A aims only to guarantee the reduction of the microbiologic parameters, as-
suming that all others are fulfilled. Nevertheless, the relatively high solid content requires
high disinfectant concentrations to guarantee the proper disinfection and the disinfection
residual, which may lead to an increased risk of byproduct formations, such as organochlo-
rine compounds.

Conversely, scenario B is designed for a WWTP whose treated wastewater requires
both solid content and microbiological reductions or, in cases where it is aimed, a lower
disinfectant dose due to high byproduct formation risk. The existence of a filtration stage
reduces the organic matter to oxidize, therefore reducing the chlorine requirements, when
compared to Scenario A, while aiming for the same microbiological reduction.

Scenario C follows the previous rationale, having a double disinfection process (UV
and NaOCl), allowing for a chemical disinfectant dose reduction and less expected toxic
byproducts. Moreover, in the event of a UV malfunction or maintenance, this proposal
provides more flexibility and safety since it is possible to increase the NaOCl dose momen-
tarily, guaranteeing the same microbiological removal. However, this proposal leads to an
increase in initial investment and operating costs, associated with the UV equipment.

For scenario D, the disinfection stage is carried out using ClO,, and the filtration stage
is retained. This solution is mostly recommended for cases where treated wastewater has
reduced (<50%) transmittance or when there is a high risk of byproduct formation since
ClO; can be more effective, as it does not combine with the present ammonia

Unlike previous proposals based on conventional filtration, scenario E utilises UF
membranes, which ensure high-quality reclaimed water and follow existing guidance in
other regions [43-45], for class A production. However, it should be noted that UF is com-
monly associated with high economic operational burdens due to membrane clogging and
high energy consumption [46]. Since UF also removes microorganisms through physical
separation, with high effectiveness and efficiency, this proposal’s estimated maximum dose
of NaOCl is lower than all the previously mentioned doses.

Scenario F also uses UF technologies, but to reconvert the main treatment system from
activated sludge into an MBR. Afterwards, given the high-reliability treatment, there is also
a low dosing of NaOCl to guarantee microbiological safety. Although this scenario involves
a high initial investment for the reconversion, it offers one of the highest reliabilities with
lower operational costs compared to a CAS + UF + NaOCl treatment system [47]. This
scenario is of particular importance for WWTPs that have a treated wastewater flow similar
to the required water reclaim flow and serve over 100,000 p.e. As per the European Directive
2022/0345/COD proposal [48], they will need to increase treatment standards (including
micropollutant removal) by 2030.

In addition to the treatment technologies discussed, adsorption and advanced oxida-
tion were also evaluated for their potential to enhance reclaimed water quality, particularly
in scenarios requiring micropollutant removal. For an overview of these options and their
application in this study, please refer to the Supplementary Material (Appendix A).

2.3.6. Distribution System

For each case study, multiple distribution layouts were evaluated, including options
for installing new pipelines along roadways and repurposing existing pipelines. These
options aimed to minimize costs by optimizing the size of pumps and pipes. Elevation
profiles, crucial for accurate planning, were obtained using Google Earth Pro.

The flow velocity was limited to a minimum of 0.3 m/s to avoid sedimentation
and biofilm growth [49] a maximum of 2 m/s for agricultural uses [50] and 1.5 m/s for
other uses [51]. The nominal diameter was parametrized considering velocity limits and
the principle of continuity, using values from a list of commercially available diameters
(ISO 4427) [52].

Regarding the pumping system, the total head required must compensate for the
geometric head, losses along the route (both continuous and localized), and, if necessary,
the required pressure at the delivery point. Continuous head losses were calculated using
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the Gauckler-Manning-Strickler formula. High-density polyethylene (HDPE) pipes were
considered, with Young’s modulus of 0.9 GPa and a roughness coefficient of 125 ml/3,
Localized head losses in the pipes were considered by applying a 10% increase to the
calculated value.

Moreover, it was ensured that the pressure in the pipeline remained positive and
below the nominal pressure at all points along the route, using a 1.5 safety factor. Hydraulic
shock scenarios were here considered, simulating the pressure increase caused by the
waterhammer using the Joukowsky equation. Finally, different combinations of DN and
Hm values were iterated, considering pressure and velocity limitations, until optimal unit
costs were achieved.

2.4. Risk Analysis

Given the variable composition of treated wastewater and its potentially high con-
centration of natural organic matter and nitrogen, the presence of disinfection byproducts
must be monitored. Furthermore, it is vital (and mandatory) to regularly evaluate the
composition of reclaimed water, especially in circumstances of direct contact with living
beings or potential food adsorption. To analyse the different scenarios proposed in terms of
their potential risk to consumer health or the environment, a semi-quantitative risk analysis
was proposed, following the World Health Organization (WHO) methodology [53], focused
on analysing and preventing risks in water reuse systems.

For each scenario proposed for a WWTP, dangerous events should be identified and
evaluated based on severity and likelihood, considering the type of contact
(e.g., direct/indirect, continued /discontinued). Once the dangerous events and descriptors
are identified, the risk value is quantified (Risk = Probability x Severity) and categorized
as High, Average or Low. This methodology provides an initial analysis, acknowledging
the scarcity of comprehensive hazards and risk management databases for reclaimed water
consumption. The authors are aware of the need to develop a more detailed risk assess-
ment that covers the entire life cycle of both reclaimed water production and consumption,
identifying the hazards not only for users but also for operators involved in the production
systems. For that purpose, it is crucial to identify which microorganisms and chemical
compounds might be responsible for health impacts and perform afterwards a detailed
epidemiological assessment that supports the determination of the severity criteria.

This risk analysis helps define which treatment processes minimize usage risks based
on the designated uses for the reclaimed water, as well as determining which containment
barriers can be suitably applied for risk mitigation, thereby increasing confidence among the
users and ensuring healthy operation at the production facilities. Although the problems
associated with disinfection inefficiency may lead to possible health effects (due to the
presence of bacteria in treated wastewater), these risks may be mitigated by applying
containment barriers (e.g., changing the type of irrigation, using reclaimed water only
during periods when the installation is closed) or other measures. Therefore, more steps
in the treatment system lead to a safer product with fewer malfunction risks due to the
multibarrier containment.

2.5. Cost Analysis

The total costs associated with a water reclamation project are determined by a complex
polynomial equation, reflecting various site-specific factors. These costs are influenced
by the size of the project, distance from the water source, water quality requirements,
regulatory mandates, selected treatment systems, and the need for pumping and storage.
Additionally, external costs such as land acquisition, environmental mitigation, and the
availability of subsidies play a significant part.
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2.5.1. Investment Costs

Capital expenditure (CAPEX), in this study, encompasses the investments required for
both the treatment systems and the distribution network, accounting for equipment, civil
construction and project design.

Treatment System Costs

Cost functions for the investment costs of treatment equipment were estimated based
on a comprehensive sampling and analysis of current market prices and trends, utilising
cost data obtained from multiple international suppliers through formal and informal
consultations (Table 3). These cost curves accounted for the scaling of equipment and
economies of scale, providing a more accurate estimation for projects of varying sizes.

Table 3. Estimated initial investment cost curves for the treatment train equipment (for 2023).

Equipment Initial Investment (€) Parameters
Chlorine dioxide generators y =11.521x + 16,588 x = Dose (g/h)
Disc filtration y =148.42x + 82,708 x = Design flow (m3/h)
Dosing pump y =19.816x + 1384.4 x = Reagent dose (L/h)
Static mixers y = 0.0467x2 + 3.7808x + 640.67 x = Design flow (m3/h)
Ultrafiltration y =775.51x + 42,653 x = Design flow (m3 /h)
Closed-vessel UV y =99.607x — 6325.6 x = Design flow (m?/h)

The previous information helped fill an existing knowledge gap. Although the market
prices are volatile and dependent on many variables, these cost curves allow the scien-
tific community to predict an order of magnitude of prices of equipment used in water
treatment systems.

In contrast to other studied technologies, MBRs require a significant overhaul of
the existing treatment system, usually involving dismantling or repurposing of current
infrastructure. With this in mind, MBR cost dynamics were taken with a distinct approach,
focused on the review of cost functions in the literature [54,55], reported costs [56], and
market estimated budgets, adjusted for inflation (Figure A1 in Appendix B). For the regional
study, function CAPEX = 501.89Q + 215,361 was selected, where Q represents the design
daily flow. This was deemed more adequate for the context, despite not reflecting the
typical scale effect reduction seen in large projects, in which case the function should be
used with caution.

In addjition to the investment costs for treatment equipment, other essential expenses
related to the construction and installation of infrastructure were considered (Table 4).

Table 4. Investment cost processes associated with wastewater treatment infrastructure.

Operation Cost

Clearing, excavation and levelling 3€/m?

Concrete application 6 €/m?

Equipment protection building 200 €/m?

Pumping well 350 €/m3 active volume
Contact tank 400 €/m? active volume

Distribution System Costs

Distribution system investment costs are primarily associated with the installation
costs of the pipeline and the construction of the pumping stations. For the pipelines, the
total cost per unit length was estimated based on the nominal pressure (PN) and nominal
diameter (DN). This estimation was performed by extrapolating an existing cost function
for PN = 10 (covering both piping and installation/construction) [57] to other PN, using
market prices for HDPE pipes based on both DN and PN and resulting in the cost function
outlined in Equation (6) and shown in Figure A2 in Appendix B.
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Cost pipeline (%) =
—5.1344+9.281 x 1072 x DN — 2.036 x 1074 x DN? +2.512 x 1077 x DN3 +1.059 x PN — 6.55 x 1072 x PN? 4+1.25 x 1073 x PN3 (6)

—1.511 x 1072 x PN x DN 4+ 1.18 x 10~* x DN2 x PN +5.515 x 10~% — 4 x PN? x DN

05385
08357+ 17317 In (DN} 57478

The construction cost of the pumping stations was derived from a regression curve
of data collected between 2005 and 2020 in Portugal [57,58], shown in Equation (7), which
includes, in addition to the pump, other equipment (e.g., valves, piping), electrical installa-
tions and construction costs. P indicates the pump hydraulic power, in kW.

CoStpumping station = 66 394.53 PO-3081 7)

Further CAPEX Considerations

In addition to the mentioned expenses (equipment and civil construction), CAPEX
calculations also considered the cost of electrical installations (10% of the treatment system
equipment cost) and project costs, such as start-up costs (2% of costs for equipment,
electrical installations and civil construction) and the development of safety, health and
environmental management plans for the construction site (4.5% of civil construction costs).

2.5.2. Operational Costs

Operational expenditure (OPEX) considered costs of energy (treatment and distri-
bution), quality monitoring, reagents, maintenance and human resources. Reagent costs
considered consultations with suppliers, internal procurement records and analysis of
values on public contracts in Portugal, resulting in the estimate in Table 5.

Table 5. Reagent cost estimates.

Reagent Price

Sodium hypochlorite (13%) 0.400 €/kg
Sodium chlorite (7.5%) 0.985 €/kg
Hydrochloric acid (9%) 0.465 €/kg

The cost associated with personnel used AdTA salary tables and considered that each
main area of intervention (two in total for the region) required one graduate technician,
two operators and one maintenance-specialized technician, in a total of EUR 105,985 annually.

The amount dedicated to monitoring was based on internal procurement cost records
per chemical and microbiological parameter, as well as the minimum frequencies outlined
in national and European legislation for BODs, TSS, E. coli and Legionella spp. (for aspersion
irrigation) [33,34]. In addition to these parameters, irrigation with reclaimed water should
also consider the monitoring of ammonia, total nitrogen, and total phosphorus. In this case,
as minimum frequencies are not pre-determined, two monitoring typologies were assumed:
(a) frequent nutrient monitoring in case reclaimed water irrigation is intended to replace
fertilizers; (b) occasional nutrient monitoring whenever these are no critical parameters,
resulting in the costs in Table 6.

For energy costs, it was considered an expense of EUR 163.2/MWh, which entailed the
average cost expected under the time-of-use electricity tariff practised in 2023. Moreover,
and following energy neutrality commitments, photovoltaic energy self-production was
contemplated for facilities where installation of solar panels is feasible, considering a cost
of EUR 10/MWh for maintenance and operation. Table 7 presents the estimated electrical
power of the proposed equipment, following consultation with suppliers. For distribution,
required pumping power considered typical design efficiency values of 75% for the pump
and 80% for the motor.
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Table 6. Sampling frequency and total expected annual monitoring costs according to water reuse
quality class and production volume, following European and Portuguese legislation.

A B C-D
Parameter Analysis <300 300-1500 1500-7500 >7500 <300 300-1500 1500-7500 >7500
Cost m®/day m®/day m®/day m®/day m®/day m®/day m®/day m®/day
Occasional nutrient monitoring
BODs 15€ 52 4 12 12 26 4 12 12 26
TSS 10€ 52 4 12 12 26 4 12 12 26
E. coli 12€ 52 52 52 52 52 26 26 26 26
Helminth eggs 15€ 26 26 26 26
Legionella spp. 55€ 24 24 24 24 24 24 24 24 24
Nitrogen 13€ 12 12 12 12 12 12 12 12 12
Phosphorus 18€ 12 12 12 12 12 12 12 12 12
Ammonia 9€ 12 12 12 12 12 12 12 12 12
Totalcost 3724 € 2524 € 2724 € 2724 € 3074 € 2589 € 2789 € 2789 € 3139 €
(aspersion irrigation)
Total cost 2404 € 1864 € 2064 € 2064 € 2414 € 1929 € 2129 € 2129 € 2479 €
(other irrigation types)
Frequent nutrient monitoring

BODs 15€ 52 4 12 12 26 4 12 12 26
TSS 10€ 52 4 12 12 26 4 12 12 26
E. coli 12€ 52 52 52 52 52 26 26 26 26
Helminth eggs 15€ 26 26 26 26
Legionella spp. 55€ 24 24 24 24 24 24 24 24 24
Nitrogen 13€ 24 24 24 24 24 24 24 24 24
Phosphorus 18¢€ 24 24 24 24 24 24 24 24 24
Ammonia 9€ 24 24 24 24 24 24 24 24 24
Totalcost 4204 € 3004 € 3204 € 3204 € 3554 € 3069 € 3269 € 3269 € 3619 €
(aspersion irrigation)
Total cost 2884 € 2344 € 2544 € 2544 € 2894 € 2409 € 2609 € 2609 € 2959 €

(other irrigation types)

Table 7. Estimated electrical power for treatment equipment.

Equipment Estimated Power

Dosing Pump 15 W/L reagent

Disc Filters 3.4 W/m? reclaimed water
UV Reactor 55 W/m?3 reclaimed water
UF Membrane 500 W/ m? reclaimed water
Pump 75 W/ m3 reclaimed water
Chlorine Dioxide generator (<600 g/h) 740 W

Chlorine dioxide generator (>600 g/h) 300 W

Lastly, annual maintenance costs were estimated at 2% of the initial equipment cost
and 1% of civil construction costs.

For the specific case of MBRs, operational costs were estimated separately using
literature data [50-52] (Figure 5). Despite high operational costs, mainly due to energy
expenses, comparisons with other treatment systems should consider that MBR OPEX
values already include secondary treatment, which should be covered by wastewater user
fees. Furthermore, following previous research findings, the resulting cost function was
increased by 10% to cover membrane replacement every 10 years.

2.5.3. Unit Costs

Unit cost calculation (EUR/m?) was based on a 30-year planning period, with a 6%
discount rate. It included the replacement of equipment—both for the treatment system
and for the distribution pumps, every 15 years. Inflation rates were factored in, using
sector-specific average values from 2010 and 2021: 1.8% for human resources, 3.8% for
energy and 1.6% for infrastructure, reagents and monitoring [59,60]. Additionally, unit
costs also accounted for a 10% tariff update every 5 years.
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Figure 5. OPEX cost function for MBR systems, derived from OPEX data points in the literature.

2.6. Calculator Tool

To facilitate the estimation of costs for WWTP reuse projects, we have developed
an Excel-based calculator tool, available as Supplementary Material. This calculator is
designed to help users apply the methodology and values discussed in the previous
sections, ensuring accurate and consistent cost assessments.

3. Results and Discussion
3.1. Regional Characterization of Wastewater Treatment and Reuse

To provide a comprehensive understanding of the wastewater treatment landscape, all
100 WWTPs managed by AdTA (Figure 6), the main wastewater utilities in the area, were
characterized, considering data until 2023. This assessment revealed key insights relevant
to the prospective water reuse in the region.

Average daily influx (m3/day)

- 0-100

e 100-1000

e 1000 -2000

@® 2000 -40,000
@ 40,000- 150,000

Figure 6. WWTP identification by location and size.

Scale: The analysis showed a predominance of small-scale facilities, with 60% of
the WWTPs treating less than an average of 500 m3/day and 27% handling less than
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100 m3/day. This indicates a limited potential for large-scale reuse from many plants and
shows that the focus should go to local reuse opportunities.

Drought Susceptibility: CDI data indicated that around 90% of the WWTPs were in
drought-prone areas, experiencing warning conditions for more than 17% of the analysed
period. Less drought-affected regions are predominantly located along the coastal strip.
This scenario is anticipated to worsen due to climate change, which is expected to increase
the frequency and severity of droughts, further challenging water resource management
and justifying reuse efforts.

Water Discharge and Indirect Reuse: Most WWTPs (90%) discharge treated wastew-
ater into surface water bodies such as rivers and streams, and a minority discharge into
lentic environments (1%) or through soil infiltration (1%), all contributing to indirect reuse,
aquifer recharge, or maintaining ecological flows, particularly in temporary rivers. About
8% discharge into estuaries or directly into the ocean. Although this represents a small frac-
tion of the total number of plants, it corresponds to a significant 72% of the total wastewater
treated where indirect reuse is not feasible.

Flow Seasonality: Combined sewer systems were shown to lead to great flow variabil-
ity, tendentially with higher flows during rainy seasons, creating a pattern of availability
inverse to typical irrigation demands. While this increased the hydraulic load, the studied
WWTPs had enough idle capacity to handle such hydrological events, as just a slight
increase in total solids was observed. Nevertheless, WWTP water reuse planning must be
integrated with water-sensitive urban designs [61] and nature-based solutions for stormwa-
ter management [62]. In addition, reclaimed water production should be halted during
intense precipitation phenomena if effluent quality is compromised, underscoring the
importance of water quality monitoring.

Treatment Processes and Water Quality: Most WWTPs use secondary biological
treatment processes, with 77% employing activated sludge systems. Smaller WWTPs
utilize traditional lagooning (9%) and trickling filters (7%), while biological disc treatment
and constructed wetlands are less common. Disinfection methods such as UV radiation or
chemical chlorination are used in approximately 40% of the plants, covering 16% of the
effluent. Currently, half of the facilities do not produce reclaimed water, particularly those
using lagoons, biological discs, or constructed wetlands. Overall, only 1.3% of the treated
effluent is reused, primarily for internal processes, with 11-13% provided for external use,
totalling around 300,000 m® annually.

Compliance Issues and Reuse Potential: Theoretically, according to the discharge
license, 50% of the WWTPs (representing 70% of the flow) should have an effluent quality
that could meet Class B standards with only additional disinfection. In practice, some
quality non-conformities were observed, reducing this availability to around 40% of the
volume, and highlighting the need for rigorous monitoring and potential adjustments in
treatment processes. It should be noted that only physicochemical parameters, specifically
BODs and TSS, were considered in this assessment. Most of the observed non-conformities
pertained to surpassed limits of TSS (10% of WWTPs) or both TSS and BODs5 (12%),
which indicates areas where targeted process adjustments could enhance compliance and
reuse potential.

Prospective Reuse Applications: The majority (94%) of WWTPs are near agricultural
or rural areas, indicating a strong potential for irrigation use, although land parcels are
often small and fragmented. However, these only represent a third of the treated wastew-
ater volume. Half of the WWTPs are near urban areas and process significantly higher
volumes—on average 25 times more—than those in non-urban areas, indicating a higher
capacity for reclaimed water production. Only 38% are near industrial zones, with sparse
industrial units.

Challenges and Opportunities: Seasonal variation in inflow, particularly high during
rainy periods, affects the potential for irrigation reuse during periods of peak demand.
This necessitates infrastructure adjustments such as increased storage capacity to balance
supply and demand throughout the year. The potential to produce Class B reclaimed
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water with minimal additional treatment is significant, particularly with the addition
of disinfection stages. However, a substantial portion of treated effluent is discharged
into the ocean, representing a missed opportunity for reuse. Addressing non-compliance
issues and improving pre-treatment processes where necessary will enhance the overall
reuse potential.

The data-driven regional analysis allowed for the identification of several key char-
acteristics of wastewater reuse in the region that limit the application of reclaimed water
projects and should form the basis of strategic planning. This highlights the importance of
a thorough characterization of the current state before progressing to a study of potential
reuse, ensuring that all relevant factors are considered.

3.2. Case Study Results

Eight facilities were selected to validate the methodology based on their potential to
supply significant volumes of reclaimed water (Charneca, Turcifal, Atouguia da Baleia,
Rio Maior, Vila Franca de Xira, Alverca, Fervenca and Nazaré). The selection criteria were
based on proximity to high-demand users, average daily inflow, and the capacity to adapt
existing treatment processes for reuse purposes. The methodology enabled the calculation
of the maximum reuse potential for each WWTP considering user needs as well as volume
and storage limitations, as presented in Table 8. Overall, the implementation of reuse
projects at these WWTPs could contribute an additional 9 hm? annually, representing an
increase in AdTA’s reuse rate from 1.2% to 5% and a doubling of national rates (from 1.2%
to 2.5%). Unlocking the 9 hm3 yearly reuse potential would come at a minimum initial
investment of nearly EUR 25 million, with operational expenses amounting roughly to
EUR 1 million per year.

Table 8. Summary of results for eight WWTPs, in a total of six case studies, considering reclaimed
water potential and resulting increased reuse percentage *.

; 3
Reclaimed Water Potential Unit Cost (€/m’) per Water

] Quality Class
Case Avg. Distance - % Max
Stud WWTP Flow to User A Recreative Reuse
y (hm®/yr) (km) Max Agriculture Agric. and Recr.  Industrial WWTP A B C
(hm®/yr) (hm?/yr) (ha) Urban (ha) (hm?®/yr)
(hm?/yr)

1 Charneca 1.89 7-9 1.79 1.79 843 0.40 55 - 95 0.30-0.66  0.19-0.58  0.18
2 Turcifal 042 5 0.16 - - 0.16 23 - 42 - 0.59-0.65 0.58
3 Atouguia 0.92 1-3 0.53 0.53 259 0.05 7 - 58 0.28 0.16-083 -

da Baleia
4 N}“.O 0.92 8 047 047 66 - 52 - 040-044 -

aior

Fervenca 1.26 0.2-6 - - - - 0.02-0.23 -
5@ 0.99 0.96 313 _ _ _ 45

Nazaré 091 1-2 - 029-057 -

Vila

Franca 296 2-8 132-251  0.21-025  0.10
6@ de Xira 5.02 453 456 0.46 113 1.00 58

Alverca 592 5-17 039-1.68 027-0.32 -

Total 8.96 7.81 1871 1.08 264 1.46

Notes: * hm3 represents cubic hectometres (=1,000,000 m?); @ Case studies 5 and 6 each considered two WWTPs,
which were grouped because they had the same potential identified users in their surrounding area, and thus
supply was studied collectively.

A total of 19 user scenarios were developed, encompassing different combinations
of agricultural, recreational, urban, and industrial uses. Sixty-two solutions were studied,
mostly (68%) focusing on Class B water quality, given its suitability for most irrigation
purposes and manageable treatment requirements. Twenty-three percent of the solutions
entailed the provision of Class A, mostly focusing on urban uses, industry and crops
consumed raw. A small minority investigated Class C for irrigation of golf courses with
limited access and processed food crops.
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The cost analysis included calculations of CAPEX, OPEX and unit costs for multiple
treatment and distribution solutions (Tables 8 and Al in Appendix C). The variability in
the costs presented corresponded to different users (with distinct volume and distance
requirements) as well as different suggested treatment system solutions.

The comparative cost analysis across the case studies shows significant diversity,
with costs ranging from EUR 0.28/ m3 to EUR 2.5/m? for Class A water, EUR 0.02/m?
to EUR 0.83/m?3 for Class B, and EUR 0.10/m? to EUR 0.58/m? for Class C. Fervenca
WWTP emerges as the most cost-effective solution, aimed at agricultural reuse, at just EUR
0.02/m3, which is explained by the proximity between the WWTP and the agricultural land,
as well as the high suitability of the treated effluent for immediate use as reclaimed water.
On the other end of the spectrum, Vila Franca de Xira WWTP can supply high-quality
irrigation water for green parks but at a cost of EUR 2.51/m?, due to the implementation of
a costly treatment solution (MBR), for a relatively low consumption (0.09 hm3/yr). These
examples demonstrate that reuse costs are not easily generalized and project site-specific
(scale, user necessities and WWTP characteristics).

When comparing expected costs between quality classes, although Class C is asso-
ciated with a slight cost reduction (<5%) when compared to the lowest cost solution for
class B, it was concluded not to justify the increased risks. The supply of Class A water,
on the other hand, represents costs that are 45% higher, on average, than Class B supply—
highlighting that the balance between reduced risk and greater safety vs. economic costs
should be analysed on a case-by-case basis.

In general, for the same quality class requirements, treatment was the variable with
the least influence on the final unit cost. The only exceptions are for systems using chlorine
dioxide for Class B and MBR for Class A, which imply tariffs on average 20% and 44%
higher, respectively, than average project unit costs (considering all suitable technologies).
However, although MBR unit costs are significantly higher than those for other treatment
systems, it should be noted that operational costs also incorporate secondary treatment
costs, so it would be important to separate the charges between the sanitation system users
and the reclaimed water users.

A significant part of the costs is explained by user characteristics, such as volume and
distance to the WWTP, underscoring the importance of specific studies that consider the
local context for strategic planning to optimize wastewater reuse in a region or country.

4. Conclusions

Innovative water management strategies are invaluable in addressing increasing water
scarcity. By introducing a streamlined methodology to assess wastewater reuse potential,
this research provides a practical and replicable framework for enhancing water security in
drought-prone regions. The developed Excel-based calculator tool facilitates cost estimation
and decision-making, promoting efficient water reuse solutions. In addition, the regional
assessment of Lisbon and Oeste validates and showcases the methodology’s effectiveness,
revealing substantial opportunities for water reuse in food, golf and green park irrigation
in an area of 2135 ha, and for industries, with a significant reuse potential of 9 hm? annually
being identified. The variability in unit costs calculated (EUR 0.02/m? up to EUR 2.51/m3)
showcased the critical role of user proximity and volume needs in assessing the economic
feasibility of different reuse scenarios.

The proposed methodology is replicable in other contexts, with adjustments to reflect
local parameters such as crop irrigation needs, climate conditions and legislation require-
ments. By tailoring the approach to specific regional characteristics, it can provide practical
solutions for optimising wastewater reuse globally as valuable insights to support decision-
making. This adaptability underscores the methodology’s potential as an important tool
for sustainable water resource management, promoting resilience against water scarcity
and enhancing environmental protection.
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Appendix A. Advanced Wastewater Treatment Processes

Adsorption and advanced oxidation technologies are also possible to be applied in
reclaimed water treatments, mostly for those with stricter requirements regarding microp-
ollutant concentration. These technologies were not proposed in the selected treatment
trains due to the need for real-sized studies in treated wastewater streams, namely, to assess
the adsorbent-micropollutant interactions (i.e., sorption/desorption) due to preferential
chemical affinities of the compounds [63]. For adsorption, both granular activated carbon
and zeolites may be applied to adsorb micropollutant compounds (e.g., pharmaceuticals
and heavy metals) [64]. This adsorption stage must be after filtration steps (to minimize the
adsorbent fouling) but before the last chemical disinfectant barrier (to reduce disinfectant
consumption with absorbent interactions).

In addition to adsorption technologies, advanced oxidation processes (AOP) may
be applied, allowing not only the removal of micropollutants but also helping with
pathogen inactivation and removal of dissolved solids, colour [65] and odour [66]. Tech-
nologies like hydrogen peroxide (H,O,), ozone (O3), and performic acid (PFA) may be
applied [67]. The combination of adsorbents and AOP has also been a target of studies
due to its double capacity (i.e., oxidation, adsorption) [68]. Although these technologies
have been shown to be effective, real full-scale results are still needed to guarantee the
benefits. In case the final use is aimed at irrigation, it is important to also verify the ox-
idative capacity of the reclaimed water after treatment, to guarantee no adverse effect on
the crops.
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Appendix C

Table A1l. Summary of economic results for wastewater reuse in eight WWTPs, considering the
supply of distinct users *.

. i Unit Cost (€/m?) per Water Quality CAPEX (M€/yr) per OPEX (k€/yr) per
Avg. Reclaimed ) )
ftf.ie WWTP Fl‘c;%v ?;s{}a;\ecre Wafecr %;gil‘elm e Class Water Quality Class Water Quality Class
Y (hm®/yr) (km) (hm®/yr) A B C A B C A B c
1 Charneca 1.89 7-9 0.40-1.79 0.30-0.66 0.19-058 018  2.13-2.69 1.98-2.52 235 97-276 65-189 136
2 Turcifal 0.42 5 0.16 - 0.59-0.65 0.58 - 0.83-0.91 0.83 - 33-34 32
3 Atouguia 092 1-3 0.05-0.53 0.28 0.16-0.83 - 058 0.33-0.59 - 94 12-94 -
da Baleia
Rio
4 Mot 0.92 8 047 - 0.40-0.44 - - 1.75-1.78 - - 59-74 -
Fervenca 1.26 0.2-6 - 0.02-0.23 - - 0.07-0.67 - - 6-58 -
5 0.43-0.53
Nazaré 091 1-2 - 0.29-0.57 - - 0.54-1.57 - - 66-117 -
Vila
Franca de 2.96 2-8 1.32-25 0.21-0.25 0.1 1.11-1.46 3.22-3.29 1.06-1.12 33-124 92-149 47-58
6 Xira 0.09-3.0
Alverca 5.92 5-17 0.39-1.68 0.27-0.32 - 3.36-6.45 9.12-9.15 - 97-634 198-308 -

euros (=1000 €).

Notes: * hm? represents cubic hectometres (=1,000,000 m3), M€ is million euros (=1,000,000 €) and k€ is thousand
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