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Abstract: Water scarcity is a pressing issue that makes it essential to manage this resource efficiently
and sustainably. One solution to combat this issue is the use of treated wastewater (TWW) to irrigate
green spaces in cities. However, it is crucial to evaluate the environmental impacts associated with this
practice. To this end, life cycle assessment (LCA) is the most advanced tool available. The objective of
this study was to assess the environmental implications of using TWW for lawn irrigation in the city of
Viseu. The ReCiPe 2016 method, supported by SimaPro software, was employed for life cycle impact
assessment (LCIA). An attributional approach was used, and the system boundaries were expanded
to include the non-discharge of TWW into the receiving environment, the avoided consumption
of domestic water, and the avoided consumption of chemical fertilizers. The results revealed that
using TWW for lawn irrigation is preferable in terms of human health and ecosystem damage but
unfavorable in terms of resource damage. When considering the impact of water consumption on
human health and terrestrial and aquatic ecosystems, it is recommended to use treated wastewater

for lawn irrigation.
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1. Introduction

Global and local climate change has a great influence on water resources, and as a
consequence, water scarcity is becoming a concern [1]. Pressures on water resources have
been increasing drastically in recent years, mainly owing to an increase in the world popu-
lation’s industrial and agricultural development, which has greatly influenced the mean
global temperatures on Earth, leading to climate change. Currently, water scarcity affects
approximately 25% of the world’s population and could affect approximately 1.8 billion
people by 2025 [2]. Therefore, it is necessary to seek sustainable alternatives to address
this issue. Water is a necessary resource, and its deficiency can threaten the lives of many
individuals and the ecosystem worldwide [3].

Sustainable and responsible management is essential to guarantee efficient water
availability. Even with technological advances that help manage water resources through
seawater desalination projects and dam construction, it is necessary to adopt strategies
that maintain these resources in a sustainable manner and implement more effective
measures for the implementation of practical actions such as water reuse. For both seawater
desalination and dam construction, the main challenges related to water reuse are high
costs. For desalination, there is a limitation in water recovery due to the formation of
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mineral scale, which increases operational costs [4], while for dams, the most expensive
phase is linked to the construction phase [5].

The reuse of treated wastewater has arisen from the need to reduce water scarcity
worldwide. Considered as a new water resource, effluents from wastewater treatment
plants (WWTP) can be used in activities that require a lower standard of water quality or
even produce water with better quality, thus allowing greater availability of high-quality
fresh water for several activities.

The use of treated wastewater (TWW) can help in the recovery of the environment, qualita-
tively and quantitatively, by reducing the release of treated water in sensitive areas and reducing
the volume of fresh water captured. In addition, it is considered an efficient strategy for solving
environmental, economic, and social issues [6]. The studies by Cumei et al. [7] carried out in
the city of Zhengzhou, China, show that the cost of using reused water to irrigate urban green
spaces was 46% of the cost of using tap water and that the total benefit of using reused water to
irrigate spaces greens was USD 4.05 billion. The environmental benefits of water reuse are also
significant, considering it environmentally favorable for different purposes, with reductions in
climate change impacts ranging between 8% and 52% depending on the intended use [8].

The United Nations describes wastewater as an available and untapped source of
water. Furthermore, it is considered an important support for the global transition to a
circular economy;, as it can be safely reused [9].

Portugal is vulnerable to the impacts of climate change. In addition to rising sea
levels, droughts, floods, and heat waves, water stress has also affected some regions
of Portugal and may even be worsened by future climate conditions [10]. In Viseu, a
district in the central region of Portugal, the availability and quality of water resources
have become uncertain due to these climate variations. The city, like many others, faces
challenges in managing water resources sustainably. This situation is exacerbated by the
seasonal fluctuations in available water flows. The city’s public water supply has been
impacted by these climatic constraints, as seen during extreme droughts, such as the one
that occurred in the Iberian Peninsula in 2017. This drought affected reservoir levels
significantly, necessitating alternative water sources to meet the population’s needs [11].

Therefore, in recent years, there has been a growing need to focus on water reuse
as a source of alternative water supply. In the Algarve, in the south of Portugal, some
water reuse projects have been developed to irrigate crops and golf courses and to support
ecosystems [12]. Aguas do Tejo Atlantico group, which covers 23 municipalities in the
Lisbon region, is a pioneer in the incorporation of the circular economy and sustainable
water management, creating the concept of a “Water Factory”. This concept reinforces the
industrial nature of water valorization, reusing treated wastewater in industries, watering
agricultural fields and green areas, and washing equipment and pavements, in addition
to also producing a beer with recycled water, “VIRA”, with the aim of raising awareness
among the population about water quality reused [13].

In Portugal, water reuse is supported by national legislation, such as Decree-Law
No. 119/2019, republished by Decree-Law No. 11/2023, which establishes the legal frame-
work for the reuse of treated wastewater, in line with the European Union Regulation (EU)
2020/741. Comparatively, Portuguese regulations are like those in other EU countries,
promoting sustainable practices, although practical implementation and levels of adherence
may vary between Member States.

It is essential to recognize issues that can guarantee the environmental viability of
water reuse projects. This involves examining the conditions that minimize environmental
impacts, weighing them against expected benefits, and evaluating the consumption of
energy, fossil resources, and materials for infrastructure in comparison with the water and
nutrient savings achieved. In this context, life cycle assessment (LCA) has emerged as a
tool that can be used to identify, measure, and characterize the environmental impacts
related to the reuse of treated wastewater.

According to ISO 14040 (2006) and 14044 (2006) [14,15], LCA is a method that better
understands and addresses the possible impacts associated with products or services,
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both manufactured and consumed. LCA has been applied in many sectors to analyze the
environmental impacts of wastewater treatment and reuse. A literature review of 59 LCAs
of WW-reuse case studies was conducted by Mehmeti and Canaj [16]. This highlights the
fact that LCA research in this field has increased in recent years, with European authors
being the primary contributors. The most commonly used life cycle impact assessment
(LCIA) models are ReCiPe and CML, with Ecoinvent as the primary database and SimaPro
as the primary LCA software. Volumetric and surface-based functional units are widely
used. However, in studies that deal with the reuse of water for agricultural irrigation, the
functional unit may be related to the extent of the area to be irrigated in square meters or
hectares, as reported by Azeb et al. [17]. The type of energy supplied to the life cycle of
a product plays a significant role in the design of environmentally efficient wastewater
reuse schemes. The literature review indicates that additional, comprehensive studies are
necessary that consider the expansion of system boundaries and incorporate a wide range of
environmental impact categories complemented by uncertainty and/or sensitivity analysis.

This research sought to employ the life cycle assessment (LCA) methodology to
assess the environmental viability of utilizing treated wastewater (TWW) from the Viseu
Wastewater Treatment Plant (WWTP) for irrigating green spaces within the city. The system
boundary was expanded to incorporate the processes that are avoided due to the utilization
of treated wastewater in irrigation, such as tap water, chemical fertilizers, and emissions to
the river. A comprehensive range of eighteen environmental impact categories was taken
into account, and a sensitivity analysis was carried out to assess the transport distance of
treated wastewater.

2. Materials and Methods
2.1. Case Study

Viseu is a city located in the center north of Portugal with approximately 500 km?
and 100,000 inhabitants. According to the municipality managing entity (DAHUEV), the
total area of green spaces in Viseu is 1,439,558 m?, of which approximately 40% require
irrigation, which is 575,823 m2. In accordance with the same source, the water requirement
for irrigation was found to be 5 L/day.m?, which translates to approximately 2879 cubic
meters of water used per day. Irrigation occurs predominantly from June to September,
which is a period of low rainfall and high temperatures in Viseu [18]. The weather of Viseu
is characterized by the influence of climate change, which has led to shifts in precipitation
patterns and temperatures. Over the years, there has been an increase in the average daily
air temperature, with variations noted across seasons. The discrepancy in precipitation
patterns has led to periods of intense rainfall alternating with longer and more frequent
periods of scarce or absent precipitation [11].

Green spaces are fertilized with chemical fertilizers (NPK) in proportions of 2-1-2, con-
sidering that nitrogen should be around 0.01-0.015 kg.m~2.year ! for average maintenance.
Nitrogen-based fertilizers are divided into two top dressing applications per year, one at
the beginning of spring and the other at the end of summer. Phosphate and potassium
fertilizers were applied in autumn before the first rain [19].

To better understand the irrigation of Viseu’s green areas, the area to be irrigated was di-
vided into 20 distinct points around the city, which represented the irrigation points (Figure 1b).

The irrigation is performed through an irrigation system already implemented in
the area, the grassy areas with sprinkler irrigation systems and the bushy areas with drip
irrigation. Flower boxes and tree boilers are watered using a self-tank truck. The water
comes from the boreholes until they dry out, which usually occurs in a few summer months.
In this case, the irrigation is made with tap water using a self-tank truck.

In this study, the irrigation of grassy areas is performed using a tank truck, but now
TWW from the Viseu Sul WWTP (Figure 1a) is used instead of tap water.

The WWTP had already provided TWW to irrigate the lawns of some roundabouts in
Viseu in the summer of 2022 when the municipality suffered from a severe drought. Since
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then, the Viseu City Council, together with SMASV and DAHUEYV, has reinforced efforts to
issue licenses for the production and use of TWW.

Ecopista do Ddo
inicio Viseu)

Aercadona Vm*u<
A2}
| BA
."M':; d:
VILELA ‘Or
6\ RAINN -1: 1:;55 AN 1:300
Figure 1. (a) Distance from the Viseu Sul WWTP to the center of Viseu. (b) Watering points.

The Viseu Sul WWTP currently serves a population of 73,900 and was designed to
serve a maximum of 90,000 inhabitants. On average, 14,560 m®/day of wastewater is being
treated. Regarding the level of treatment, at the Viseu Sul WWTP, it is possible to divide
them into three parts: pre-treatment, biological treatment, and membrane ultrafiltration,
which classifies it as a station with more advanced treatment than secondary treatment. As
it has an MBR system (membrane bioreactor) for ultrafiltration and has the possibility of
disinfecting the effluent treated by chlorination, the WWTP can be classified as a tertiary
treatment. The MBR ultrafiltration system at ETAR Viseu Sul is a reference in the treatment
sector at a national level and guarantees good quality to the treated effluent. The treated
effluent is stored in a 1300 m3 tank, and the surplus is sent to the river.

The quality parameters of the treated wastewater (TWW) from the WWTP and tap
water are listed in Table 1. The TWW data were provided by the WWTP management office,
and the tap water data were obtained from ERSAR [20].

Table 1. Quality of tap water and treated wastewater (TWW) from the WWTP.
Parameters Tap Water TWW  Emission Limits for the River =~ Water Quality Standards for Reuse for Irrigation
TSS (mg/L) - 5.42 35.00 <10.00
COD (mg/L O,) - 11.79 125.00
BOD 5 (mg/L O,) - 4.00 25.00 <10.00
Ammoniacal nitrogen (mg/L NH3) - 5.70 10.00 10.00
Total nitrogen (mg/L N) - 8.54 15.00 15.00
Ammonium (mg/L NHy) <0.15 - - -
Total phosphorus (mg/L P) - 0.89 2.00 5.00
Hydrocarbons (mg/L) - 4.10 10.00 -
Aluminum (mg/L Al) 0.204 0.03 10.00 5.00
Arsenic (mg/L As) 0.013 0.01 1.00 -
Cadmium (mg/L Cd) <1.50 0.00 0.20 -
Lead (mg/L Pb) 0.0122 0.01 1.00 -
Copper (mg/L Cu) 0.31 0.056 1.00 -
Chromium (mg/L Cr) <0.010 0.004 2.00 -
Iron (mg/L Fe) 0.358 0.10 2.00 2.00
Mercury (mg/L Hg) 0.003 0.008 0.05 -
Nickel (mg/L Ni) 0.015 0.01 0.03 -
Zinc (mg/L Zn) - 0.22 5.00 -
E. coli (ucf/100 mL) - 6.49 - <10.00
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As the reuse of treated wastewater can pose some risks to society and the environment,
mainly because it may contain microbiological pathogens, chemical contaminants, and
toxic substances that can affect public health and ecosystems, a risk assessment is necessary.
Santos and Bras [21] carried out a risk assessment for the production and use of TWW from
the Viseu Sul WWTP in the irrigation of Viseu’s green areas and identified which risks to
public health and water resources are considered negligible for the project.

2.2.LCA

The life cycle assessment (LCA) study was executed utilizing the methodology pre-
scribed in the ISO 14040:2006 and ISO 14044:2006 standards. This study encompassed four
distinct phases: (1) goal definition, which establishes the purpose and extent of the study,
as well as the functional unit; (2) inventory analysis, which records the release of pollutants
into the air, water, and soil, as well as solid waste generation and resource consumption per
functional unit; (3) impact assessment, which evaluates the environmental impact of these
pollutants throughout the life cycle; and (4) result interpretation, wherein the findings from
either the inventory analysis or impact assessment, or both, are assessed in relation to the
established goal and scope.

2.2.1. Goal and Scope

The objective of this study was to evaluate the environmental impacts of lawn irrigation
with WWT in Viseu in relation to the selected midpoint and endpoint indicators. The study’s
results are intended to be conveyed to the decision-makers at Viseu City Council, who are
responsible for managing the WWTP and irrigating the green spaces within the city.

Systems Limits

The system boundary is shown in a simplified way in Figure 2. It means that LCA is
(gate-to-gate) with the expansion of system boundaries.
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| Processes avoided |

| o |
Transport ! apwater 'y

| , | consumption ! |

(. J

l TWW. - _G;_ras_sy < - ir B N |
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WWTP: Wastewater treatment plants
TWW: Treated wastewater

Figure 2. System boundary in the study.

The processes of water treatment and construction of facilities were excluded from the
system limits, as these processes occur independently of the use of treated effluent. Wastew-
ater treatment plants (WWTP) remain operational regardless of whether the secondary
effluent (TWW) is used for irrigation or discharged to the river [22].
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The system limits included the following processes:

e  Pumping the TWW into the self-tank truck with a capacity of 18 m3 using an electric
pump: For electricity use, the equivalent process “Electricity Mix, AC, consumption
mix, at consumer, 230V, PT S” available in the Ecoinvent database was used. The
dataset represents the average national specific electricity mix, including main activity
producers and auto producers as well as imports, for the reference year 2008;

e Transportation of TWW to irrigation points (average distance of 10 Km): Data for
TWW transported were obtained from the equivalent process “Transport, freight, lorry
16-32 metric ton, euro5 {RoW} | market for transport, freight, lorry 16-32 metric ton,
EURO5 | APOS” available in the Ecoinvent database;

e TWW discharge into river avoided: By adopting a specific amount of TWW for
irrigating green spaces, the same amount is not released into the river, avoiding
water pollution;

e Avoided use of tap water: By using a specific amount of TWW for irrigating green
spaces, the same amount of tap water is avoided. In the absence of specific data
on local tap water production, the equivalent process “Tap water {Europe without
Switzerland} | market for | APOS, U” available in the Ecoinvent database was used.
This dataset includes a tap water treatment plant (a mix of technologies) that pumps
tap water into the distribution network, the distribution network itself, and the water
losses during transmission;

e  Avoided use of chemical fertilizers: TWW contains higher concentrations of nutrients
such as nitrogen (N) and phosphorus (P) compared to tap water, resulting in decreased
reliance on chemical fertilizers. In the absence of specific data for chemical fertilizers
production, equivalent processes “Urea {RoW} | market for urea | APOS, U” and “Single
superphosphate {RoW} | market for single superphosphate | APOS, U” available in the
Ecoinvent database were used to the avoid urea and phosphate, respectively.

Functional Unit (FU)

The functional unit was defined as the watering of one square meter of lawn area each
day (1 m?. day) in Viseu City, which means a reference flow of 5 L.

2.2.2. Life Cycle Inventory (LCI)

According to ISO 14040 [14], the life cycle inventory is the LCA phase that involves the
quantified compilation of inputs and outputs that occur in the process being studied. Table 2
summarizes the normalized flows of the inputs and outputs of the studied system. The
quantity of chemical fertilizers avoided and emissions to the river and soil were determined
by multiplying the respective values for each substance listed in Table 1 by 5 L of TWW.
The average transport distance was calculated from Figure 1, and the electricity data were
obtained from the WWTP management office. The background data were obtained from
the Ecoinvent database using the same process as that registered in Table 2. Using the
SimaPro 9.6.01 software, the life cycle inventory data were calculated, which served as the
basis for further impact assessments as described later.

Table 2. Data table for a functional unit (1 m?.day of lawn irrigation).

Inputs/Outputs Amount Equivalent Process in Ecoinvent Database

Inputs from technosphere:
TWW 5.00
Transport, freight, lorry 16-32 metric ton, euro5
Transport (kg.km) 56.10 {RoW} | market for transport, freight, lorry 16-32 metric
ton, EURO5 | APOS, U
Electricity Mix, AC, consumption mix, at consumer,

Electricity—Pumps (Wh) 0.764 230V, PT S
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Table 2. Cont.

Inputs/Outputs Amount Equivalent Process in Ecoinvent Database
Avoided Products
. . Tap water {Europe without Switzerland} | market
2 P P

Irrigation with tap water (m~) 1.00 for| APOS, U
TWW to the river (L) 5.00
N-based fertilizer (mg) 13.69 Urea {RoW} | market for urea | APOS, U
P-based fertilizer (mg) 274 Single superphosphate {RoW} | market for single

superphosphate | APOS, U

Atmospheric emissions

NH;3 ? (mg) 13.84
Direct N,OP (mg) 6.59
Indirect N,O P (mg) 0.13
NOy € (mg) 1.38
Leaching to groundwater
Nitrate d (mg) 54.18
Phosphorus ¢ (mg) 0.018
Emissions to the soil
Hydrocarbons (mg) 20.50
Aluminum (mg Al) 0.15
Arsenic (mg As) 0.05
Lead (mg Pb) 0.05
Copper (mg Cu) 0.28
Chromium (mg Cr) 0.02
Iron (mg Fe) 0.50
Mercury (mg Hg) 0.04
Nickel (mg Ni) 0.05
Zinc (mg Zn) 1.10

2 The emission model [23]. P The emission model [24]. ¢ The emission model [25]. 4 The Smaling [26] model
proposed by Roy et al. [27]. € The SALCA-P model summarised and used by Nemecek and Schnetzer [28].

2.2.3. Life Cycle Impact Assessment (LCIA)

LCIA is the phase that evaluates the impacts of life cycle inventory data within various
categories by classification and characterization. To assess the environmental impact, the
ReCiPe 2016 method was selected because it allows environmental indicators to be obtained
at the midpoint and endpoint levels, as mentioned before, and is currently the most used in
LCA studies. At the midpoint level, it presents 18 impact categories: climate change, ozone
depletion, human toxicity, photochemical oxidant formation, particulate matter formation,
terrestrial acidification, freshwater eutrophication, marine eutrophication, terrestrial eco-
toxicity, freshwater ecotoxicity, marine ecotoxicity, ionizing radiation, agricultural land
occupation, urban land occupation, natural land transformation, water depletion, metal
depletion, and fossil depletion. At the endpoint level, it presents three damage categories:
human health, ecosystems, and resource availability. Damage to human health is expressed
in Disability-Adjusted Life Years (DALYs), which measure the number of healthy years
lost owing to a disabling condition. Damage to ecosystems is expressed in species.yr and
represents the loss of species in a given area. The damage to resources is expressed in US
Dollars (USD 2013), which represents the excess cost of producing resources in a given
future time, assuming constant annual production and considering a discount rate of 3%.

The advantage of the ReCiPe method is that it offers detailed midpoint indicators and
integrates these into broader endpoint categories, providing a holistic view of potential
impacts. Despite the availability of various methods (TRACI, CML, ILCD, etc.), ReCiPe’s
robustness, comprehensiveness, and adaptability make it the most widely used LCIA
method in LCA studies today [29,30].

To evaluate the comparative significance of each product system indicator outcome, a
normalized environmental profile was established. According to the guidelines set forth in
ISO 14044:2006 [15], normalization involves dividing the result of an indicator by a chosen
reference value. The reference values employed in the ReciPe method are the aggregate
inflows and outflows per global inhabitant for the year 2010, which serves as the point
of reference.
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As previously mentioned, in LCI, SimaPro software was utilized to convert the inven-
tory data into an environmental profile, as detailed subsequently.

3. Results

Considering all the LCA data, it was possible to arrive at the results presented in Figure 3
from SimaPro, which shows the impacts of reusing treated wastewater for irrigation of Viseu’s
lawns according to each impact category.

100
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o -
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-80
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NS Q’QQ’QQ\Q. NS ‘(.\‘VI\V‘Q‘V ("Q,"Q,"Q}'
(?Q\(?X\(B“\ 2 Q“Q\QQ\X\OQ W Q7 D N

@ Irrigation withTww @ Transport @ Electricity @ TWW to the river avoided

‘ Urea avoided . S-Superphosphate avoided Tap water avoided

Figure 3. Environmental profile of FU using the method ReCiPe 2016 Endpoint (H) V1.09/World (2010)
H/A/Characterisation. Acronyms: GW—HH: global warming, human health; GW —TE: global warming,
terrestrial ecosystems; GW—FE: global warming, freshwater ecosystems; SOD: stratospheric ozone de-
pletion; IR: ionizing radiation; OF—HH: ozone formation, human health; FPMF: fine particulate matter
formation; OF—TE: ozone formation, terrestrial ecosystems; TA: terrestrial acidification; FE: freshwa-
ter eutrophication; ME: marine eutrophication; TEc: terrestrial ecotoxicity; FEc: freshwater ecotoxicity;
MEc: marine ecotoxicity; HCT: human carcinogenic toxicity; HNCT: human non-carcinogenic toxicity;
LU: land use; MRS: mineral resource scarcity; FRS: fossil resource scarcity; WC—HH: water consump-
tion, human health; WC—TE: water consumption, terrestrial ecosystem; WC—AE: water consumption,
aquatic ecosystems.

Of the 22 impact categories analyzed, 11 presented results with negative values, which
represents environmentally favorable results. Among these, eutrophication, human toxicity,
and water consumption stand out. These environmentally friendly results are mainly linked
to the positive impacts arising from the two stages of the process: tap water avoidance and
TWW to river avoidance.
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The other categories presented environmentally unfavorable results, mainly due to
the influence of negative impacts arising from the transport and electricity stages, as can be
seen with the impact categories of global warming potential and terrestrial acidification.

The scarcity of the mineral resources category is the only one that presents significant
favorable and unfavorable results during the process because it is strongly influenced by
the transport and tap water avoidance stages.

By analyzing the results from the damage assessment of environmental indicators at
the final level (Figure 4), it is possible to observe that, for the human health and ecosystem
categories, in general, they produce damage with negative values of —20% and —40%,
respectively. This means that it produces favorable environmental impacts that are greater
than unfavorable ones, bringing environmental benefits in these categories.

100
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%
(<)

-20

-40

-60

-80

-100

Human health Ecosystems Resources

. Irrigation with TWW ‘ Transport @ Electricity @ TWW to the river avoided
@ Uureaawided @ S-Superphosphate avoided Tap water avoided

Figure 4. Environmental profile of FU using the method ReCiPe 2016 Endpoint (H) V1.09/World
(2010) H/ A /Damage assessment.

For the resource indicator, the damage assessment reached a value of 93.4%, which
represents an unfavorable environmental impact for this category.

The steps that stood out in influencing damage assessment were the same as those pre-
viously described in the characterization. Transport and electricity produced unfavorable
environmental impacts, tap water was avoided, and TWW to the river avoided producing
beneficial environmental impacts.

Figure 5 shows the normalized environmental profile of the FU. It is an optional
element of LCA that is helpful in providing and communicating information on the relative
significance of indicator results. Based on the normalization results, it is possible to state
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Hab.eq

that the human health indicator is what produces the most relevant impacts for this project,
producing net damage equivalent to approximately —1.33 x 108 hab.eq.

Human health Ecosystems Resources

Figure 5. Normalized environmental profile of FU using the method ReCiPe 2016 Endpoint (H)
V1.09/World (2010) H/ A /Normalisation.

For ecosystems and resources, the damage has a similar relevance, with the result
for ecosystems with negative values higher than positive values indicating a favorable
environmental impact, while for resources, only positive values appear, demonstrating an
unfavorable environmental impact.

To present the outcomes of the study to internal audiences, a single score was used, as
illustrated in Figure 6. Weighting is a discretionary aspect that enables the consolidation
of normalized results across various impact categories. By default, the hierarchist version
of the ReCiPe with average weighting was selected. In general, the choices made within
the hierarchist version of ReCiPe are widely accepted from both scientific and political
perspectives [31].

For human health and ecosystems, thanks mainly to the tap water avoided stage, the fa-
vorable results for the environment outweigh the unfavorable ones, totaling approximately
—80 uPt and —8 uPt, respectively.

The results were different for each resource category. In this category, environmental
damage is greater, mainly due to the transport stage, which impacts all categories but
stands out in terms of resources, totaling 10 pPt.
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Human health

m

cosystems Resources

Figure 6. Environmental score of FU using the method ReCiPe 2016 Endpoint (H) V1.09/World (2010)
H/A/Single score.

4. Discussion

Water is an abundant biotic resource at a global level, but it can be a scarce resource,
both in terms of quality and abundance, at certain times of the year and at a local level.
This is what happens in the region of Viseu under study, mainly in the summer season, as
previously mentioned, so its management has become increasingly demanding.

The LCA results demonstrated that using TWW instead of tap water to irrigate lawns is
environmentally viable and has a favorable impact on human health and ecosystem damage
categories, as well as an unfavorable impact in terms of resource damage. These results
are related to tap water irrigation and TWW emissions during the river phases. Similar
results were obtained by [22] in the LCA study of TWW for irrigation in Trinitapoli—a
water-scarce region in southern Italy.

Tap water avoids one of the steps that most impact the entire water reuse process, as it
directly helps to combat water scarcity, helping not only to reduce pressure on traditional
water sources but also to the economic and environmental sustainability of populations of
this resource [32]. According to Debarre et al. [33], water insecurity affects human health,
causing growth and development problems in children exposed to poor-quality water
due to water scarcity. The safety regarding the quality of the TWW used in this project is
guaranteed, as according to Santos and Brds [21], according to the risk assessment carried
out, the risks associated with the reuse of these waters are considered negligible, both for
public health and water resources.

The TWW to the river avoided stage also had a favorable impact on the environment,
as it presented results with negative values. The emission of treated effluents into water-
ways can harm water quality by altering the nutrient levels, organic contaminants, water



Sustainability 2024, 16, 5696

12 of 15

temperature, and dissolved oxygen levels. All these factors can negatively affect the local
ecosystem and lead to a loss of biodiversity [34].

For the resources category, negative environmental impacts are associated with the
TWW transport stages and the consumption of electricity to fill the tanker truck. The
water reuse project scenario has major impacts related to transport because, unlike the
current scenario with the use of tap water, it will be necessary to fetch water from the
WWTP (about 10 km from the center of Viseu) and return to irrigation, which causes
environmental damage. According to Arduin et al. [35], this process can contribute up to
approximately 30% of the total impact depending on the type of transport and the material
to be transported. According to a sensibility analysis, the influence of transport on the
impacts associated with the water reuse scenario is significant, as irrigation with TWW is
only viable at distances of up to 12.5 km (leaving the WWTP), and water reuse is equally or
more harmful to the use of piped water for irrigation.

Electricity consumption also plays an important role in producing negative environ-
mental impacts. Electricity consumption can negatively increase environmental impacts
as it is correlated with environmental degradation and carbon emissions. According to
Jahanger et al. [36], electricity consumption affects the carbon footprint, intensifying the
ecological footprint of many countries.

When comparing the results of this study with studies conducted in the Mediterranean
region [37,38], they are similar, identifying the energy consumed for the pumping and
distribution of reused water as the main source of environmental impact, making local ge-
ography and the distance between treatment and consumer critical aspects to be considered
in the planning of the urban water cycle.

The addition of chemical fertilizers, whether N- or P-based, differed slightly regardless
of the water used. This is because, for the reuse of water, mainly for irrigation of garden
areas, a series of treatments are necessary to reduce the concentration of pollutants in these
waters, namely N and P, thus guaranteeing health and environmental safety [39]. TWW
treated by MBR ultrafiltration showed an approximately 97% reduction in NH4*-N and a
76.4% reduction in total phosphorus [40].

The integration of water reuse into irrigation strategies aligns with the concept of
a circular economy, offering a sustainable solution to the challenges of water scarcity
and supporting economic development objectives [41]. The concept of a Circular Water
Economy (CWE) encompasses the reuse, recycling, and recovery of water resources in its
principles and has been growing globally as a sustainable approach to water management.

It is still possible to assert that the use of treated wastewater (TWW) for irrigation
can bring benefits to the receiving ecosystem. Studies reported by Silva and Bras [42] on
the toxicity assessment of TWW demonstrated the absence of negative effects. On the
contrary, an increase in the growth of Lemna minor was observed in the presence of the
treated effluent compared to the control, along with an increase in chlorophyll a content.
Additionally, germination indices were higher than those observed in the control, indicating
the absence of effluent toxicity.

The main limitations of this study that can impact the results are the tap water pro-
duction, transport of TWW, and electricity use. For tap water, a dataset was used that
included a tap water treatment plant with a mix of treatment technologies—conventional,
conventional with biological, direct filtration, microstrainer, ultrafiltration, underground
water with chemical, underground water with disinfection, and underground water with-
out treatment. The environmental score for a conventional with biological treatment could
be about 24% higher than for a direct filtration treatment.

The transport process for TWW utilized a 16-32 metric ton Euro 5 truck (European
emissions standards). If a Euro 6 or electric truck had been used, the environmental score
would have been better. Another option that is environmentally favorable is the construc-
tion of a plumbing system that transports treated water from the WWTP to the center of
Viseu, significantly reducing the distance traveled by tanker trucks during irrigation.
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The dataset used for electricity represented the average Portuguese electricity mix for
the reference year 2008. Today and in the future, the electricity mix will be cleaner, with
more renewable energy than in 2008, which will improve the environmental score.

With proof of the feasibility of reusing treated wastewater for irrigation of green spaces,
it is possible to indicate this as an important action for sustainable water management in
Viseu, in accordance with the new Water Reuse Regulation of the European Commission,
which will encourage circular approaches to water reuse in agriculture [43].

5. Conclusions

According to the LCA findings, utilizing treated wastewater (TWW) for garden irriga-
tion is generally beneficial from an environmental standpoint. Although this may result
in negative consequences for resource depletion, other impact indicators, such as human
health and ecosystems, demonstrate favorable outcomes.

Specific processes that contribute to the positive results include the avoidance of tap
water usage and emissions to the river, whereas electricity consumption and transport
processes are the primary contributors to environmental damage.

Furthermore, the transport of TWW was identified as a significant process, indicating
that using TWW for lawn irrigation is only environmentally advantageous for locations within
12.5 km from the WWTP. In other locations, the use of nearby tap water is recommended.
However, when considering the impact of water consumption on human health and terrestrial
and aquatic ecosystemes, it is preferable to use treated wastewater for lawn irrigation.

The use of TWW for irrigating green spaces positively impacts the city of Viseu,
resulting in an annual savings of approximately 345,480 m? of tap water. This measure is
especially significant during the summer months when the city faces a water deficit due to
drought. With this savings of tap water, the resource can be redirected to other activities of
considerable importance.

In terms of future possibilities, it is anticipated that, as environmental impacts in
energy production and transport continue to decrease, the use of TWW for irrigation of
all green spaces in the city of Viseu will become an increasingly favorable option from an
environmental point of view, thus contributing to the concept of a circular economy.
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