Scenario-based life cycle assessment of urban wastewater reuse systems: preliminary
results
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Increasing water stress, rapid urbanization, and the intensifying impacts of climate change are exerting substantial
pressure on urban water infrastructures worldwide. In water-scarce and semi-arid regions, treated wastewater is
increasingly recognized as a strategic alternative water source that can contribute to water security, climate
adaptation, and circular water management strategies (UNESCO 2023). However, wastewater reuse systems
require additional treatment processes, often involving advanced technologies that may increase energy and
chemical consumption. Therefore, evaluating reclaimed water systems solely based on effluent quality or
operational efficiency is insufficient (Negi and Chandel 2024). A comprehensive environmental assessment across
the full life cycle of treatment processes is necessary to avoid displacement of environmental impacts.

Life Cycle Assessment (LCA) provides a systematic and internationally recognized framework for
quantifying environmental impacts associated with products and processes across their life cycle (ISO 2006a,
2006b). Recent research highlights that although wastewater reuse can significantly reduce freshwater abstraction,
it may induce burden shifting across environmental impact categories, particularly through increased energy
consumption and associated greenhouse gas emissions depending on treatment intensity and distribution pathways
(Santos et al. 2025). Environmental impacts of water reuse systems are influenced by scenario design, treatment
intensity, and regional energy profiles, demonstrating the need for context-specific comparative LCAs.

This study presents an ongoing scenario-based LCA of urban wastewater reuse systems in Tiirkiye, for
which the quantitative analyses are currently in progress. The primary objective is to comparatively evaluate
alternative treatment configurations designed to produce reclaimed water for non-potable urban applications, such
as agricultural irrigation and industrial reuse. By focusing on scenario-based modelling under national electricity
and operational conditions, the study seeks to provide context-specific environmental performance insights to
support sustainable urban water planning.

The functional unit was defined as the production of 1 m? of reclaimed water meeting national reuse quality
standards. System boundaries were set from secondary treated effluent to reclaimed water production (“gate-to-
gate”), incorporating upstream life cycle inventory data. Three representative reuse scenarios were developed
based on technically feasible tertiary treatment options for municipal wastewater, including: (i) secondary
treatment followed by microfiltration (MF) combined with UV, (ii) secondary treatment followed by ultrafiltration
(UF) combined with UV/H20- , and (iii) secondary treatment followed by nanofiltration (NF) combined with UV.

Life cycle impact assessment modeling was conducted using SimaPro 9.2.0.2 software with the Ecoinvent
3.7.1 database. Environmental impacts were characterized by using the ReCiPe 2016 midpoint (H) method,
focusing on global warming potential (kg CO2-eq), freshwater ecotoxicity (kg 1,4-DCB-eq), and human toxicity
including human carcinogenic toxicity and human non-carcinogenic toxicity (kg 1,4-DCB-eq). These categories
were selected to capture energy-related emissions and chemical production impacts that are frequently identified
as dominant contributors in wastewater reuse LCAs (Santos et al. 2024; Huijbregts et al. 2017).

Previous LCA studies indicate that advanced wastewater reuse systems are often associated with increased
energy demand and upstream environmental impacts, particularly due to electricity consumption and chemical
production. However, when evaluated within a circular water management framework, such systems may
contribute to overall environmental benefits by reducing freshwater abstraction and supporting more resource-
efficient urban water strategies.

The comparison of the three reuse scenarios revealed clear differences in environmental impacts across all
categories. As shown in Figure 1, the UF+NF+UV configuration exhibited the highest impacts, which can largely
be attributed to the additional pressure-driven NF stage. Pressure-driven membrane processes are known to
significantly increase electricity demand, which is often identified as the dominant contributor to climate change
impacts in advanced wastewater treatment systems (Santos et al. 2025; Agraso-Otero et al. 2025).

In contrast, the MF+UV scenario showed the lowest impacts, corresponding to approximately 27-31% of
the UF+NF+UV scenario across the evaluated categories. This result can be explained by the lower operating
pressures and energy requirements of MF compared to tighter membrane processes such as UF and NF.

The UF+UV/H:20: scenario resulted in intermediate impacts, ranging between 67-80% of the UF+NF+UV
scenario, mainly due to additional electricity consumption for UV irradiation and upstream impacts associated
with hydrogen peroxide production. Similar trends have been reported in previous LCA studies of advanced
wastewater treatment and reuse systems, where energy demand and chemical production were identified as key
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drivers of environmental impacts (Santos et al., 2025; Agraso-Otero et al., 2025). Overall, the results confirm that
increasing treatment intensity generally leads to higher environmental impacts, primarily due to increased
electricity consumption associated with pressure-driven membrane processes and advanced oxidation.
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Figure 1. Relative environmental impacts of the three wastewater reuse scenarios (MF+UV, UF+UV/H:0., and
UF+NF+UYV) for selected impact categories calculated using the ReCiPe 2016 midpoint (H) method.
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