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ABSTRACT

Treating municipal wastewater is essential to safeguarding both ecosystem integrity and public health. Although
wastewater treatment plants (WWTPs) significantly improve effluent quality, they also incur collateral environmental
burdens. In this investigation, a “gate-to-gate" Life Cycle Assessment (LCA) was conducted to analyze the environmen-
tal performance of two major WWTPs in Arequipa: La Escalerilla (Plant A, activated sludge) and La Enlozada (Plant
B, trickling filters). The analysis was conducted using OpenLCA and the ReCiPe Midpoint (H) 2016 impact assessment
method, with a functional unit defined as 1 m® of treated effluent. Energy consumption emerges as the primary driver for
the climate change (GWP100), fossil depletion (FDP), and human toxicity (HTPinf) impact categories, accounting for
approximately 75% to 85% of the total effects. Plant A, which requires 0.59 kWh/m? of electricity, achieves superior nu-
trient removal reflected in a freshwater eutrophication potential of 1.92 x 10°° kg P-eq/m?, and exhibits marginally high-
er CO,-eq emissions (GWP100) (1.17 x 10" kg CO,-eq/m?). Conversely, Plant B consumes only 0.34 kWh/m?, resulting
in a slightly lower GWP100 (1.14 x 10" kg CO,-eq/m?) and a significantly greater reduction in fossil depletion potential
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(FDP) (2.56 x 107 kg oil-eq/m? vs. Plant A's 4.75 x 10 kg oil-eq/m?), although it exhibits an elevated eutrophication
potential of 4.10 x 10°° kg P-eq/m?. Both plants meet discharge standards. This study shows that treatment technologies

must balance efficiency and sustainability, with energy use being critical. As Peruvian LCA research is scarce, these re-

sults offer key insights for future policies.

Keywords: Environmental Impact; OpenLCA; Metodologia Recipe; Wastewater Treatment Plant

1. Introduction

The treatment of waste and wastewater management
are important in modern society . In Arequipa (the sec-
ond most populated city in Peru), the water and sanitation
services are important in its development, among them the
wastewater treatment.

The growing urbanization and industrialization in
the last century has increased the volume of wastewater
production ”. The implementation of a Wastewater Treat-
ment Plant (WWTP) is of utmost importance, ensuring the
water quality where it is discharged. However, because of
the different processes that compose it, a WWTP also sig-
nifies a pollution source, since these generate, directly and
indirectly, an environmental impact on their surroundings.
The sustainability analysis is necessary in a WWTP as
heavy metals or contamination with potentially hazardous
elements in urban soils can lead to serious human health
repercussions . Pollution of crops and water sources with
metals such as lead, mercury, cadmium, arsenic, and chro-
mium can cause neurological disorders, developmental
delays, kidney damage, an increased probability of cancer,
and respiratory difficulties “*).

This is why, since 2016, Life Cycle Analysis (LCA)
studies have increased greatly because of the importance
that has begun to be given to the impacts generated by
wastewater treatment . The International Organization
for Standardization defines LCA as a technique that allows
the collection, quantification, and evaluation of the envi-
ronmental damages of any product in its different stages, to
make strategic decisions for better environmental perfor-
mance . Likewise, De Feo et al. stress that its use allows
us to evaluate and compare the environmental performance
of different systems "*', and Machado et al. assure that LCA
is important to achieve WWTP sustainability .

Various LCA studies have analysed stages of the
treatment process based on established boundaries and

units. Depending on the LCA approach, system bounda-

ries are defined, as observed in the work by Mehmeti and
Canaj ", which points out that 40% of the reviewed stud-
ies focused solely on the operational stage, excluding in-
frastructure due to its low impact. For example, Moussavi
et al. assessed the operation and construction phases in
"% while Burchart-Korol and Zawartka

examined the operation, construction, and dismantling

small-scale plants '

stages of septic tanks "', In contrast, Abello-Passteni et
al. conducted an LCA of 15 treatment plants in Chile "'”,
comparing conventional technologies (activated sludge
and aerated lagoons) with non-conventional ones (biofilters
and vermibiofilters), concluding that the latter are more

eco-efficient. Yeo et al. "

, on the other hand, analysed
the environmental impact and comprehensive cost-benefit
analysis of wastewater treatment. Furthermore, recent
studies emphasize LCA’s potential to advance sustainable
models. Lima et al. ", for instance, underscore that nutri-
ent and water recovery in treatment systems will be pivotal
for transitioning to a circular economy. This study evalu-
ated 12 scenarios in a Brazilian region using the Santiago
software, reinforcing the importance of LCA for efficiently
comparing alternative scenarios.

In the majority of LCA studies of wastewater treat-
ment, it is very common that energy consumption is the
main source that generates a significant impact "', Direct
gaseous emissions and energy consumption have greater
effects on environmental impacts. Sabeen et al. stress that
direct emissions are Greenhouse Gases (GHG) emitted by
each treatment process within the system boundaries !'*,
while indirect emissions are related to energy consumption.
Kyung et al. concluded that the operation stage contributed
approximately 99% of GHG emissions in the LCA, gener-
ated in the WWTP secondary process "',

The relationship between operation, GHG emissions,
and eutrophication is also significant. Lopes et al. ', in
a Brazilian study, highlight that operational problems at
plants directly influence the results of impact assessment,

exacerbating effects such as eutrophication. This work also
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identifies that the lack of comprehensive studies in the re-
gion hinders the creation of tools for a robust LCA, limit-
ing informed decision-making.

To model the different systems, the open-source
software OpenLCA was used, which is the third most used
software with 12% ', with Sima Pro being the first. Some
studies (22%) did not specify the software used, while the
database that was chosen was Ecoinvent v3.8, which, with
80%, is the most used.

The scarcity of research in Latin America and the
current lack of data emerge in different studies, making
them irreproducible. Rebello et al. present the following
limitations: (1) the exclusive evaluation of the operational
phase; (2) the use of previously used bibliographic data, as

[19

not all the necessary data are available "', Likewise, Nguy-
en et al. mention that at that time, no study had thoroughly
investigated the estimation methods to obtain GHGs
when applying a LCA to evaluate the total impacts *”,
In this regard, Lopes et al. reinforce that these methodolog-
ical and operational gaps hinder the standardization of en-
vironmental assessments in the Latin American context """,
In this context, with LCA research focused on WWTP in
Peru being almost non-existent, this study represents a pio-
neering effort to set an important benchmark and incentiv-
ize further research in this field both in Peru and in Latin
America.

This study evaluated the environmental performance
of two main WWTPs within the Arequipa region, at The
Escalerilla (plant A) and The Enlozada (plant B), to detect
the most critical environmental points, and to verify if the
Peruvian regulations are met, and to investigate the im-

provement possibilities in terms of environmental impact.

2. Materials and Methods

We performed the study following the methodology
of (ISO 14040:2006, 2006) based on 4 stages "

- Definition of the objective and scope

- Inventory analysis

- Evaluation of the environmental impact

- Interpretation of data

2.1. Definition of Objective and Scope

The study of both plants identifies the environmental

impact generated by the effluents during one year and sets
a milestone in LCA studies for Peru. The characteristics of
both plants are summarized in Table 1, where both differ
in terms of: (1) the flow rate that each plant treats (which
implies a different size for each), (2) different secondary
treatment technology, since plant A has an activated sludge
system and plant B has a trickling filter system, and (3)
the final effluent disposal. Although plant A has a tertiary
treatment, this is not used, since the effluent that comes out
of the secondary treatment has the optimal parameters to
be discharged into an intermittent stream and it complies
with the current regulations. Plant B has a discharge-reuse
authorization, and as indicated by the Diagnosis of the
National Superintendence of Sanitation Services ', 65%
of its effluent is reused for a processing plant in the mining
sector, and the rest is discharged into the Chili River for its

recharge.

Table 1. Characteristics of Both WWTPs.

PLANT A B

Flow (m’/d) 6,707.04 146,066.11

Pre-treatment Primary

Secondary (Activated Secondary (Trickling
Treatments

Sludge System) Filter System)

- Tertiary

Final disposal of

Seasonal river
the effluent

Intermittent river

The construction and dismantling stages were ex-
cluded. The study focused solely on the water line cor-
responding to the operation stage. The operational phase
impacts are much greater than the construction phase for
conventional activated sludge treatment systems . The
construction stage only generates 4% of the total environ-
mental impact of a WWTP ¥, Nguyen et al. confirmed
that the construction phase has an insignificant impact
compared to the operational phase ™. Therefore, this study
is a “gate-to-gate” LCA for both WWTPs. The functional
unit considered was 1 m?® of wastewater, so the results were
standardized to this. The functional unit choice influences
the final results “”. The boundaries and processes of the
WWTPs are configured as follows: the orange line repre-
sents the current study focus, while the green line refers to

the sludge process (Figure 1).
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Figure 1. Flow Diagram and Boundaries of Plants (A) and (B).

2.2. Life Cycle Inventory

The companies in charge of the operation of both
WWTPs provided the average annual data for 2022. To-
gether with technical visits carried out by us with the help
of those responsible for the plants, we obtained the inputs
and outputs for each WWTP. Likewise, to satisfy the vari-
able needs, the literature and the same Ecolnvent database
were taken as references, varying the input and output data
for both plants. This base process was taken from E: Wa-
ter supply; sewerage, waste management and remediation
activities in the subfolder 3700: Sewerage from the profes-
sional Ecoinvent v3.8 database:

e Electricity consumption data were provided by
both plants, with the advantage that Ecoinvent
v3.8 provides us with specific electricity genera-
tion processes for Peru.

We assumed the input data regarding total nitro-
gen (N;) and total phosphorus (P;) that enters both
plants ¥,

Although the implementation of new and sophisti-
cated technologies has reduced the output concen-
trations of heavy metals in the WWTPs, we con-
sidered them in this study, since 20% of the total

heavy metal load from wastewater contributes to
the impact on agricultural soils **. The input and
output data from the plants regarding heavy metals
were assumed from ®, which studied the spatial
variability of 22 WWTPs in Latin America and the
Caribbean. Regarding GHGs, methane (CH,) and
nitrous oxide (N,O) were estimated for both plants
according to IPCC guidelines — 2006 "',
Regarding chemical consumption, in the case
of plant B, chlorine gas is added at the entrance
of the secondary sedimentation tanks and at the
entrance of the contact chamber for appropriate
pathogen elimination. This data was provided by
the same service provider company.
The deodorization towers of both WWTPs were
not taken into account because the chemical prod-
ucts that were added to purify the collected gas,
both their production and transport, represented
less than 1% of the total impact of all the catego-
ries studied ™Y, so it was considered negligible.
Tables 2 and 3 provide a brief summary of the data
evaluation. The plants’ different configurations and water
treatment capacities allow for a more detailed assessment

of their performance.
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Table 2. Inputs and Outputs of Wastewater Treatment Plant (A).

Parameters Influent Effluent Conc./Gas Emissions/Power Consumption Unit
Actual Data Collected
BODS 870.65 16.75 mg/L
COD 1823.17 65.44 mg/L
TSS 653.08 46.40 mg/L
Energy consumption - 0.59 KWH/m’
Estimated Data
Nt 61 27.6 mg/L
Pt 11 6.6 mg/L
Al 0.24 0.010 mg/L
Cd 0.05 0.026 mg/L
Cu 0.05 0.021 mg/L
Cr 0.03 0.025 mg/L
Pb 0.07 0.032 mg/L
Zn 0.18 0.007 mg/L
CH, - 0.0035 Kg/m’
N,O - 0.0000244 Kg/m’
Table 3. Inputs and Outputs of Wastewater Treatment Plant (B).
Parameters Influent Effluent Conc./Gas Emissions/Power Consumption Unit
Actual Data Collected
BODS 428.95 11.51 mg/L
COD 874.63 86.58 mg/L
TSS 372.06 12.99 mg/L
Energy consumption - 0.34 KWH/m’
Estimated Data
Nt 69 20.7 mg/L
Pt 15 22 mg/L
Chlorine Gas 0.00509 - Kg/m®
NaClO 0.00194 - Kg/m®
Al 0.24 0.010 mg/L
Cd 0.05 0.026 mg/L
Cu 0.05 0.021 mg/L
Cr 0.03 0.025 mg/L
Pb 0.07 0.032 mg/L
Zn 0.18 0.007 mg/L
CH, - 0.00626 Kg/m®
N,O - 0.000173 Kg/m’
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2.3. Evaluation of Life Cycle Impact

For the evaluation, the results focused on midpoint
impacts, which is the most common for this study type and
seeks cause-effect results at an early age related to change
and environmental quality issues >

Open LCA was chosen as it is an open-use program,
which the work by Mehmeti and Canaj indicates is the
third most used ', with Sima Pro being the first, however,
in 22% of the studies in their review, the software used
was not specified.

The methodology considers the following impact
categories:

¢ Climate change.

» Stratospheric ozone depletion.

¢ lonizing radiation.

* Fine particle formation.

e Photochemical ozone formation.

e Terrestrial acidification.

* Freshwater eutrophication.

e Marine eutrophication.

* Toxicity.

e Water use.

e Land use.

e Scarcity of mineral resources.

¢ Scarcity of fossil resources.

No uncertainty or sensitivity analyses were under-
taken within the scope of this study since, in a developing
country context like Peru’s, neither the statistical datasets
nor the complete regional characterisation factors needed

to establish robust probability distributions are available.

Although ISO 14044 advises assessing the reliability of
LCA outcomes via quantitative uncertainty methods, in
this first application of LCA to Peruvian wastewater treat-
ment plants, we have chosen to concentrate our discussion
on the environmental impacts of WWTP operation under

developing country conditions.

3. Results and Discussion

As noted above, this study does not aim to perform a
direct side-by-side comparison between the two WWTPs,
given their differing scales and operational conditions.
Instead, it independently characterises each facility’s en-
vironmental impact profile using Life Cycle Assessment
methodology.

The LCIA results per functional unit for both plants
are summarized in Table 4. Global warming potential
(GWP,,,) amounts to 0.117 kg CO,-eq per m® for Plant A
(activated sludge) and 0.114 kg CO,-eq per m? for Plant B
(trickling filter). Fossil depletion potential (FDP) is 0.0475
kg oil-eq per m?® for Plant A and 0.0256 kg oil-eq per m?
for Plant B. The human toxicity, terrestrial acidification,
and photochemical ozone formation categories differ by
less than 15 % between the two systems.

Regarding eutrophication, the freshwater eutrophica-
tion potential (FEP) is 1.92 x 10" kg P-eq per m? in Plant
A versus 4.10 x 10°° kg P-eq per m® in Plant B, more than
double, reflecting its lower phosphorus removal efficiency.
For marine eutrophication potential (MEP), Plant A records
6.10 x 10~ kg N-eq per m* compared to 4.05 x 10~ kg N-eq

per m® in Plant B.

Table 4. Life Cycle Impact Assessment Results Calculated for Plants A and B.

Impact Category Units Plant A Plant B

Climate change - GWP100 kg CO,-Eq 1.17E-01 1.14E-01
Fossil depletion - FDP kg oil-Eq 4.75E-02 2.56E-02
Human toxicity — HTPinf kg 1,4-DCB-Eq 1.66E-02 1.63E-02
Agricultural land occupation - ALOP m2a 5.93E-03 3.27E-03
Metal depletion - MDP kg Fe-Eq 1.48E-03 1.41E-03
Freshwater ecotoxicity - FETPinf kg 1,4-DCB-Eq 6.74E-04 1.38E-03
lonizing radiation - IRP_HE kg U235-Eq 6.41E-04 6.80E-04
Water depletion - WDP m’ 3.83E-04 4.98E-04
Marine ecotoxicity - METPinf kg 1,4-DCB-Eq 3.72E-04 2.23E-04
Photochemical oxidant formation — POFP kg NMVOC 2.14E-04 2.11E-04
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Table 4. Cont.

Impact Category Units Plant A Plant B

Urban land occupation - ULOP m2a 1.76E-04 1.32E-04
Terrestrial acidification - TAP100 kg SO,-Eq 1.64E-04 1.22E-04
Particulate matter formation - PMFP kg PM10-Eq 6.17E-05 5.55E-05
Marine eutrophication — MEP kg N-Eq 6.10E-05 4.05E-05
Natural land transformation — NLTP m’ 1.71E-05 9.76E-06
Terrestrial ecotoxicity - TETPinf kg 1,4-DCB-Eq 6.94E-06 5.40E-06
Freshwater eutrophication - FEP kg P-Eq 1.92E-06 4.10E-06
Ozone layer depletion — ODPinf kg CFC-11-Eq 8.34E-09 9.69E-09

3.1. Significant Impact Categories

Among the assessed indicators, three impact catego-
ries emerge as the primary drivers of environmental pres-
sure:

e Climate change (GWP,,)

¢ Fossil depletion (FDP)

e Human toxicity (HTPinf)

In all three cases, the dominant driver is the electric-
ity consumed during the operational phase, a phenomenon
repeatedly documented in the literature for conventional
WWTPs ", When normalized to the functional unit, the
inter-plant difference is subtle for GWP,y, (-2 %), more
pronounced for FDP (—46 %), and attenuated for HTPinf
(-3 %).

Electricity consumption is the principal contributor
to both GWP,,, and FDP, accounting for over 85 % of the
impacts in Plant A and approximately 75 % in Plant B, in
accordance with their energy demands of 0.59 kWh-m
and 0.34 kWh-m, respectively.

The findings are consistent with earlier research '”,
which indicates that the most significant environmental
burdens of WWTPs arise from energy consumption and
nutrient removal efficiency. Moreover, as reported by
Kyung et al. ", 99 % of greenhouse gas emissions in a
WWTP occur during the operational phase, underscoring

the critical need to optimize energy use in these facilities.

3.2. Climate Change (GWP,,)

This impact category ranks among the most signifi-

cant in our assessment, as it is directly linked to energy

consumption and greenhouse gas (GHG) emissions *'.

Accordingly, Plant A exhibits a GWP,,, of 1.17 x 10" kg
CO,-eq/m?, whereas Plant B records a slightly lower value
of 1.14 x 10" kg CO,-eq/m>.

Direct CH, and N,O emissions account for less than
5 % of the GWP,, in Plant A but rise to nearly 10 % in
Plant B, owing to its higher specific emission rates of 6.26
x 10~ kg CH,/m? and 1.73 x 10™* kg N,O/m?. This discrep-
ancy stems from Plant B’s secondary trickling-filter config-
uration, which operates with lower electricity demand and
thus exhibits moderate GHG emissions, consistent with the
findings of Allami et al. . In contrast, Plant A’s activated-
sludge process entails greater energy consumption, result-
ing in elevated GHG outputs illustrating that higher elec-
tricity use directly translates into increased emissions "'”.
Furthermore, a statistical synthesis of 89 LCA case studies
by Li et al. demonstrated electricity demands spanning
0.036 to 2.17 kWh m, situating our results firmly within

this established range """,

3.3. Fossil Depletion (FDP)

Fossil resource depletion (FDP) refers to the con-
sumption of hydrocarbon-based resources (coal, oil, and
natural gas). In this category, Plant A registers 4.75 x 10~
kg oil-eq/m?, while Plant B reaches 2.56 x 10 kg oil-eq/
m?, reinforcing the direct link between energy use and en-
vironmental footprint. The forced-aeration requirement of
the activated-sludge process substantially raises electric-
ity demand and thus FDP which is further exacerbated by
Peru’s electricity mix, where roughly 40 % of power still
derives from thermal plants. Comparable values have been
documented in prior studies """, confirming the coherence

of our results.
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3.4. Human Toxicity (HTPinf)

The Human Toxicity Potential (HTPinf) category
quantifies the potential health damage from releasing toxic
substances (heavy metals, organic compounds, chlorination
by-products, etc.) into air, water, and soil. In our study, this
indicator shows similar values for both plants (difference <
15 %).

Electricity generation, approximately 40 % supplied
by thermal power plants in Peru’s energy mix, accounts for
65 % to 75 % of the HTPinf in both facilities. Specifically,
Plant A records an HTPinf of 1.66 x 10~ kg 1,4-DCB-eq/
m?, compared to 1.63 x 10~ kg 1,4-DCB-eq/m® for Plant
B, corresponding to 12 % higher toxicity in Plant A due to
its greater energy consumption (0.59 vs. 0.34 kWh/m?) and
the indirect emissions associated with its activated-sludge
system.

This energy—toxicity imbalance underscores the need
to:

e Optimize electricity use: Employ variable-
frequency drives on blowers and pumps, and use
fuzzy-logic aeration control to match demand to
load.

e Transition to lower-emission sources: Procure
certified renewable energy or install on-site gen-
eration (solar, wind) to reduce the thermal share of
the mix.

Implementing these measures would significantly re-

duce HTPinf without compromising treatment efficiency.

3.5. Freshwater Ecotoxicity (FETPinf)

Freshwater ecotoxicity is an impact category that
quantifies the toxic potential of chemical substances re-
leased into the environment that subsequently affect aquat-
ic organisms. Concerning this category, Plant A shows an
impact of 6.74x10" kg 1,4-DCB eq, in contrast to Plant
B, which registers an impact of 1.38x10 kg 1,4-DCB
eq. This difference arises from the discharge of aqueous
contaminants, with residual chlorine being a key factor
contributing to freshwater ecotoxicity. It should be empha-
sised that Plant A displays a lower value due to its lack of a
chlorination system, as its effluent is discharged into a non-
flowing river. In contrast, Plant B does utilise a chlorina-

tion system.

3.6. Freshwater Eutrophication - FEP

Freshwater eutrophication potential (FEP) is the
increase in nutrient concentrations, chiefly nitrogen and
phosphorus, in freshwater bodies, leading to excessive
algal blooms, diminished dissolved oxygen, and altered
biodiversity. In this category, Plant A records 1.92 x 10
kg P-eq/m?, while Plant B reaches 4.10 x 10°° kg P-eq/
m?. These results align with prior research showing that
activated-sludge systems deliver superior nutrient-removal
performance despite higher energy demands ', whereas
trickling-filter technologies, though more energy-efficient
and lower in GHG emissions, exhibit reduced phosphorus
removal capacity.

Because eutrophication is a primary concern in
wastewater treatment, rigorous monitoring and control are
essential to protect receiving water bodies. The scientific
literature underscores the significance of this impact for
WWTPs P'** and our findings concur with the study by
Garfi et al. ®Y, validating the link between treatment tech-
nology and eutrophication-potential reduction. Notably,
since FEP is highly sensitive to phosphorus-removal ef-
ficiency, a mere 5 % improvement in Plant B’s phosphorus

removal could yield nearly a 25 % decrease in its FEP.

3.7. Comparison of Environmental Perfor-
mance with Regional and Latin Ameri-
can WWTPs

Contextualizing the environmental performance of
Arequipa’s WWTPs proves challenging due to the scarcity
of comparable LCA studies in Peru and South America >,
Nevertheless, our findings align with global and regional
trends: energy consumption remains the dominant envi-
ronmental impact driver in conventional WWTPs """,
GWP100 and FDP values for both plants fall within
ranges reported in developing countries with mixed energy
grids "*'>'** Nutrient removal efficiency and FEP also
conform to known technological characteristics '***!. De-
spite limited direct comparisons, this study sets a valuable
benchmark for future research in Peru and Latin America,
highlighting the need for standardized data to inform re-

gional environmental policies >
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4. Conclusions

This study underscores the importance of selecting
wastewater-treatment technologies that balance energy
efficiency and nutrient-removal effectiveness. Plant A’s
activated-sludge system achieves superior phosphorus
elimination lowering freshwater eutrophication potential
(FEP) to 1.92 x 10™° kg P-eq/m? versus 4.10 x 10°° kg P-eq/
m? for Plant B’s trickling filters but this comes at the cost
of higher energy consumption and correspondingly greater
impacts on climate change (GWP,,,) and fossil-resource
depletion (FDP). Accordingly, it is critical to implement
measures that both optimize electrical demand and main-
tain high nutrient-removal rates, thereby promoting truly
sustainable water-resource management.

In both plants, the electricity mix exerts the most
substantial environmental influence, contributing up to
70 % of impacts in specific categories, as reported in nu-
merous previous studies. A clear trade-off emerges: high-
energy systems like activated sludge deliver better nutrient
removal yet generate more greenhouse gases, whereas
low-energy technologies such as trickling filters curb GHG
emissions but exacerbate eutrophication potential.

Although both facilities meet their Maximum Per-

missible Limits &

, regulatory compliance alone does
not guarantee environmental sustainability. Strategies to
further reduce WWTP footprints should include improv-
ing energy efficiency, procuring renewable electricity, and
valorizing biogas produced in the sludge line.

Critically, this work reveals a fundamental limitation
in Peru’s LCA applicability: the absence of region-specific
datasets (e.g., statistical inventories, characterization fac-
tors) precluded robust uncertainty and sensitivity analyses.
Future research must prioritize developing these resources
to establish reliable probability distributions and enhance
decision-making for Peruvian WWTPs.

Given Arequipa’s semi-arid climate, any enhance-
ments in energy management substantially curb fossil-fuel
depletion. Thus, while nutrient removal remains a core
objective of wastewater treatment, initiatives to reduce en-
ergy demand and switch to cleaner electricity sources can
yield significant fossil-fuel savings without compromising
effluent quality.

Finally, although human toxicity potential (HTPinf)

may not rank highest in absolute terms, its cumulative
and localized health effects make it a critical concern. We
therefore recommend integrating renewable-energy strate-
gies, optimizing chemical-dosing protocols, and enhancing
heavy-metal monitoring in future operational improve-

ments and follow-up studies.
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