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Abstract

Water reuse is central to water security in Lebanon, but the climate burden of producing reclaimed
water is rarely assessed under the country's conditions of diesel-dependent electricity and uncontrolled
sludge disposal. This study compares seven complete treatment trains, from conventional activated
sludge (CAS) with UV disinfection to reverse osmosis, each matched to a Lebanese reuse category. The
functional unit is 1 m® of reclaimed water. A streamlined LCA combines a technology inventory with
[PCC 2019 methods for direct N,O and CH,, dissolved methane and sludge disposal, five improvement
scenarios and a 10,000-run Monte Carlo analysis.

Gross climate impacts range from 1.24 kg CO, eq/m? for an anaerobic membrane bioreactor (AnMBR) to
2.34 for a train with reverse osmosis. Direct emissions and sludge disposal account for 50-91% of the
impact of every train except reverse osmosis. AnMBR, CAS + UV and a constructed wetland overlap
within uncertainty, while reverse osmosis is the highest in 94% of runs. Upgrading from restricted to
unrestricted irrigation quality adds only 0.15-0.20 kg CO, eq/m® without reverse osmosis. Recovering
70% of dissolved methane lowers AnMBR to 0.68, a vertical-flow wetland reaches 0.98, and solar power
cuts the MBR and reverse osmosis trains by 40-46%. Displacing groundwater pumping roughly halves
every train's net footprint.

The results indicate that methane and N,O control, controlled sludge management and renewable
electricity should be core design criteria for wastewater reuse in Lebanon.

Keywords: life cycle assessment; water reuse; wastewater treatment; nitrous oxide; dissolved methane;
anaerobic membrane bioreactor; constructed wetland; sludge; Lebanon

1 Introduction

Water reuse is increasingly treated as a core part of water supply in water-scarce regions. Treated
wastewater can replace freshwater for irrigation, landscaping and industry, easing pressure on
depleted aquifers. Producing reclaimed water, however, consumes energy and chemicals, generates
sludge, and releases nitrous oxide (N,0) and methane (CH,) directly from treatment. A treatment
train that delivers better water quality may therefore carry a larger environmental burden.

Life cycle assessment (LCA) is the standard tool for weighing these trade-offs. Recent reviews show
that the field has grown quickly but remains uneven (Mehmeti and Canaj, 2022; Santos et al., 2026).
Most studies come from Europe, use narrow system boundaries, and identify electricity as the
dominant hotspot. Few account for local conditions in developing countries (Rashid et al., 2023).
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The focus on electricity may be misplaced where direct emissions are poorly controlled. Full-scale
monitoring shows that N,0 emission factors vary from near zero to 1.8% of influent nitrogen (Sieran-
en et al., 2024). The IPCC 2019 Refinement raised its default to 1.6%. In plant-level carbon footprints,
direct emissions can exceed 60% of the total (Zhou et al., 2025). Anaerobic technologies add a further
risk: 40-50% of the methane they produce can leave dissolved in the effluent (Velasco et al,, 2018).
Sludge that is landfilled without stabilisation is another major methane source (Viotti et al., 2024;
Tran et al., 2025).

Lebanon illustrates these issues sharply. It faces growing water stress, yet less than 10% of its
wastewater is treated and no treatment plant has an effective sludge management system (LEWAP,
2024). Plants rely on diesel generators during frequent grid outages (Lebanon Water Forum, 2021;
Farajalla, 2026). Reuse for irrigation has significant potential but lacks a regulatory framework (Eid-
Sabbagh et al., 2022). Draft national guidelines define reuse categories but have not been formally
adopted (Newman and O'Brien, 2015).

This study asks which treatment train offers the best climate and water performance for each reuse
category under Lebanese conditions. It compares seven complete trains, from conventional activated
sludge with UV disinfection to reverse osmosis, for a functional unit of 1 m? of reclaimed water.

The study makes four contributions:

1. It compares complete treatment trains matched to defined reuse categories, rather than
individual unit processes.

2. It models direct N,0 and CH,, dissolved methane and sludge disposal with IPCC 2019 methods,
alongside electricity and chemicals.

3. It reflects Lebanese conditions: a diesel-heavy electricity supply, uncontrolled sludge disposal
and displaced groundwater pumping.

4. Ittests five improvement scenarios and quantifies uncertainty with 10,000 Monte Carlo runs.

The results are intended to guide Lebanon's investment in wastewater reuse and to offer a transfer-
able approach for other water-scarce countries with similar infrastructure.

2 Literature review and research gap

Recent studies agree that the environmental case for water reuse depends on energy supply, direct
emissions and sludge fate, but they rarely examine all three together for a developing-country setting.
This review covers 31 peer-reviewed studies published between 2022 and 2026, plus Lebanese
sector reports, in five themes.

2.1 LCA of wastewater treatment and reuse

Mehmeti and Canaj (2022) reviewed 59 LCAs of wastewater reuse for irrigation and found that
energy supply largely determines a scheme's environmental efficiency. Santos et al. (2026) reviewed
12 recent quantitative studies; electricity contributed up to 66% of total impact in one tertiary-
treatment case. Rashid et al. (2023) found that few wastewater LCAs reflect local conditions in
developing countries.

Case studies show how reuse performs in practice. Irrigating vineyards in Spain with reclaimed water
cut global warming by 16.2% compared with canal water plus fertiliser (Agraso-Otero et al,, 2025).
Reclaimed water also supported olive irrigation in Sicily with environmental and economic benefits
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(Vanella et al., 2023). In a hyper-arid setting reliant on desalination, adding UF/RO to tertiary
treatment was justified only where the product water could legally substitute desalinated water
(Aleisa et al., 2022).

2.2 Direct greenhouse gas emissions

Direct emissions often rival or exceed electricity. In an AAO plant in China, direct emissions made up
68% of a 0.573 kg CO, eq/m? footprint, with N, 0 alone contributing 0.333 kg CO, eq/m? (Zhou et al,,
2025). Across plants in East China, N,0 and CH, accounted for 17.3% and 16% of emissions (Wang et
al., 2025). In Tehran, N,0 contributed about 35% of the global warming impact (Samsami et al.,
2025).

N,O emission factors are highly variable. Sieranen et al. (2024) measured factors from near zero to
1.8% of influent nitrogen at six full-scale plants, with strong seasonality. Effluent N,0 also matters:
Viotti et al. (2024) and Boiocchi et al. (2023) identified effluent N,0 as a leading contributor, and
Tang et al. (2024) found elevated N,0 downstream of treatment plants.

2.3 Membrane and anaerobic technologies

MBRs use 0.4-1.15 kWh/m? against 0.3-0.64 for conventional activated sludge, and average 1.44 kg
co, eq/m? across reviewed studies (Gao et al, 2026). Glover et al. (2022) showed that advanced
membrane trains for potable reuse are only favourable when low-carbon energy is available.

AnMBRs can be net energy producers (Jiménez-Benitez et al., 2023), but dissolved methane in the
permeate remains the main barrier (Li et al., 2023; Zielinska and Ojo, 2023). Zhang et al. (2022) de-
scribe dissolved methane as a barrier to carbon neutrality. Recovery with membrane contactors
performed below 20% on real effluent in one study (Visnyei et al., 2024), showing the gap between
laboratory and practice.

2.4 Nature-based and disinfection options

Constructed wetlands generally have lower impacts than activated sludge because they use little
energy and no chemicals (Garfi et al., 2026; Miwornunyuie et al., 2025). Their media choice affects
their footprint (Alam et al, 2023), and N,O exported in effluent can add 31-43% to measured
emissions (Sun et al,, 2026). In Lebanon's West Bekaa, wetlands removed 61% of BOD on average
(Harb and Bilal, 2023).

For disinfection, low-pressure UV had the lowest impacts and ozonation among the highest, mainly
through electricity (Demir et al., 2024).

2.5 Sludge, energy and water-scarcity methods

Sludge treatment routes span roughly -617 to 670 kg CO, eq per tonne of dry solids, depending on
energy recovery (Yu et al,, 2023). Reusing sludge as fertiliser instead of landfilling cut a Vietnamese
plant's climate impact by 80% (Tran et al., 2025). Solar PV reduced a Turkish plant's carbon footprint
by 21%, with 45% possible at full supply (Toziim Akgiil, 2023).

Reclaimed water irrigation can change soil N,O processes (Chi et al,, 2025). AWAREZ.0 updated wa-
ter-scarcity factors for over 9,400 basins (Seitfudem et al., 2025), allowing regionalised assessment of
reuse benefits.
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2.6 Summary of key comparative studies

Table 1 compares the scope of the most relevant recent studies with this study.

Table 1. Summary of key comparative LCA studies of wastewater treatment and reuse, compared with this study.

Study Systems compared Setting Direct NZO/ Sludge fate Reuse cat-
CH, egory linked
Viotti et al. (2024) CAS, MBR, AD + PV Italy Yes Qualitative No
Zhou et al. (2025) AAO plant China Yes Partial No
Gao et al. (2026) MBR vs others (review) Global Partial No No
Jiménez-Benitezet ~ AnMBR Spain Dissolved Yes No
al. (2023) CH,
Aleisaetal. (2022)  Tertiary vs UF/RO Hyper-arid  Notrepor-  Notreported Yes
(Gulf) ted
Agraso-Oteroetal.  Reclaimed vs canal water Spain Notrepor-  No Irrigation use
(2025) ted
This study 7 trains: CAS, MBR, AnMBR, Lebanon Yes (IPCC Yes (landfill/  Yes
CW, UF, RO, UV, ozone 2019) dump)

2.7 Research gap
Three gaps stand out:

1. Most comparisons evaluate single technologies or plants rather than complete trains matched to
reuse quality categories.

2. Direct N,0, dissolved methane and sludge disposal are rarely modelled together with electricity
in the same framework.

3. No study has assessed reuse treatment options under Lebanon's conditions of diesel-dependent
power, uncontrolled sludge disposal and groundwater depletion.

This study addresses these gaps with a scenario-based, uncertainty-tested comparison of seven
trains.

3 Life cycle assessment

The study is a streamlined, attributional LCA following the ISO 14040/14044 framework. It combines
a technology inventory with IPCC emission methods and Lebanese energy and waste data. The calcu-
lations were implemented in a spreadsheet model with live formulas, and the scenario, sensitivity
and Monte Carlo analyses in a Python script.

3.1 Goal and scope

The goal is to identify which treatment train delivers reclaimed water with the lowest climate impact
for each Lebanese reuse category, and which parameters control that result. The audience is
Lebanese water authorities, the Ministries of Energy and Water, Environment and Agriculture,
utilities, donors and LCA practitioners.
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3.2 Functional unit and treatment trains

The functional unit is 1 m? of reclaimed water at the plant outlet that meets the reuse category
assigned to its train. Categories follow the FAO-based proposal for Lebanon (Newman and O'Brien,
2015): Category I (unrestricted irrigation) requires secondary treatment, filtration and disinfection,
while Category Il (restricted irrigation) allows secondary treatment and disinfection. The seven
trains and their reuse categories are listed in Table 2.

Table 2. Treatment trains assessed and the Lebanese reuse category each one serves.

Train  Configuration Reuse category
T1 Conventional activated sludge (CAS) + UV 11
T2 CAS + ultrafiltration (UF) + UV I
T3 Membrane bioreactor (MBR) + UV |
T4 Anaerobic MBR (AnMBR) + UV I

T5 Imhoff tank + horizontal subsurface-flow constructed wetland (CW) + UV 11
T6 CAS + UF + reverse osmosis (RO) + UV I+ (industrial or high-grade)

T7 CAS + UF + ozonation I

3.3 System boundary

The boundary runs from raw wastewater entering the plant to reclaimed water leaving it. It includes
electricity, chemicals, membrane replacement, direct N,0 and CH,, sludge transport and disposal, and
N, O from nitrogen applied to soil with the reclaimed water. Conveyance to users and construction are
excluded, except membranes. The displaced groundwater pumping is reported separately as a credit,
because it is equal for every train.

3.4 Life cycle inventory

Electricity, chemicals, membranes and effluent quality are taken from the technology inventory
compiled for this study, using mid-range values. For the RO train, upstream volumes are scaled by the
RO recovery (base 0.85). For the wetland, influent is increased by evapotranspiration losses (base
10%). The main inventory parameters are summarised in Table 3.

Table 3. Main inventory parameters, ranges and sources (per m? of reclaimed water).

Parameter Unit Base (range) Source

Electricity, CAS kWh/m? 0.60 (0.45-0.80) This study (inventory)

Electricity, MBR kWh/m? 1.10 (0.80-1.50) This study (inventory)

Electricity, AnMBR kWh/m? 0.40 (0.20-0.60) This study (inventory)

Electricity, UF / RO kWh/m3 0.20 /0.90 This study (inventory)

Electricity, UV / ozone kWh/m? 0.015 / 0.035 This study (inventory)

Grid emission factor kg CO, eq/ 0.626 (0.364-0.80) 40% national generation, 60%
kWh diesel generators

Influent TN / BODs g/m? 50/ 250 Typical medium-strength sewage
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Parameter Unit Base (range) Source

Sludge, CAS / MBR / AnMBR / kg DS/m? 0.20 /0.15/0.06 / 0.05 Textbook yields
Imhoff

Effluent TN, CAS / MBR / g/m? 20/12/45/25/2 This study (inventory), adjusted
AnMBR / CW /RO
Chemical factors kg CO, eq/ NaOCl 0.92, NaOH 1.12, City of Winnipeg (2012)

kg polymer 2.20

3.5 Direct emissions and sludge

* Aerobic treatment (CAS, MBR): N,0 = 0.016 kg N,0-N per kg influent N (IPCC 2019; range
0.002-0.045). CH, uses a methane correction factor of 0.03 applied to influent BOD.

¢« AnMBR: 0.06 kg CH4/m3 is produced, of which 45% is dissolved in the permeate and emitted
(range 30-88%; Velasco et al., 2018). Recovered biogas generates electricity at 35% efficiency,
credited against grid power.

e Constructed wetland: CH, correction factor 0.1 and N,O factor 0.0079 kg N,0-N/kg N for
horizontal subsurface flow (IPCC, 2014). The Imhoff pre-treatment tank uses a factor of 0.5.

¢ Sludge disposal: Lebanon has no controlled sludge route (LEWAP, 2024). Sludge is assumed to
follow the national waste split of 57% sanitary landfill and 43% open dump (World Bank, 2025),
with IPCC first-order decay parameters and 20% landfill gas capture.

* Reclaimed water use: 0.010 kg N,O-N per kg nitrogen applied to soil with irrigation. RO brine
nitrogen is discharged to sea with a factor of 0.005.

3.6 Impact assessment

Climate change is assessed as GWP100 with IPCC ARG factors (27.0 for non-fossil CH,, 273 for N,0).
Net electricity demand and nitrogen and phosphorus in the reclaimed water are reported as
engineering and nutrient indicators. Water scarcity uses AWARE (Boulay et al., 2018; Seitfudem et al.,
2025): reclaimed water displaces 1 m?® of freshwater, minus losses from evapotranspiration or RO
brine. The Lebanese factor is a placeholder (50 m® world-eq/m?®) pending the AWARE2.0 country
value.

3.7 Scenarios, sensitivity and uncertainty

Five scenarios are assessed (Table 4).

Table 4. Scenarios and their changes from the base case.

Scenario Change from base

S1 Base (Lebanon today) As described above

S2 Improved sludge management All sludge to sanitary landfill with 50% gas capture
S3 Solar electricity Emission factor 0.05 kg CO, eq/kWh

S4 Dissolved methane recovery 70% of AnMBR dissolved CH, recovered

S5 Vertical-flow wetland CH, factor 0.01 and N, 0 factor 0.00023 (IPCC, 2014)
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Each parameter with a range is varied from minimum to maximum in a one-at-a-time sensitivity
analysis. The Monte Carlo analysis draws 10,000 parameter sets from triangular distributions, shared
across trains so that comparisons are paired.

4 Results and discussion

Under Lebanese conditions, direct emissions and sludge disposal account for most of the climate
impact of every train except RO, and no single train is clearly best. RO is the most carbon-intensive
option. The largest reductions come from controlling methane, not from choosing between aerobic
technologies.

4.1 Results by train

Base-case results (S1), per m® of reclaimed water, are given in Table 5.

Table 5. Base-case results by treatment train, per m? of reclaimed water (lowest gross and net GWP in bold).

Train Gross GWP Net GWP after Net electri- TN / TP in reclaimed AWARE balance
(kg CO, eq) groundwater credit city (kwh) water (g/m3) (m3 world-eq)

T1 CAS + UV 1.39 0.76 0.62 20/5.0 -50.0

T2 CAS + UF + 1.54 0.91 0.82 20 /4.5 -50.0

uv

T3 MBR + UV 1.59 0.96 1.12 12 /3.0 -50.0

T4 AnMBR + 1.24 0.62 0.26 45/6.0 -50.0

uv

T5 CW + UV 1.44 0.81 0.04 25/4.0 -45.0

T6 CAS + UF + 2.34 1.71 1.86 2/0.1 -41.2

RO + UV

T7 CAS + UF + 1.55 0.93 0.84 20/45 -50.0

ozone

The credit for displaced groundwater pumping (0.63 kg CO, eq/m?) is identical for all trains. Every
train therefore remains a net climate burden, but reuse roughly halves it. All trains deliver a large
water-scarcity benefit; RO and the wetland deliver slightly less because of brine and
evapotranspiration losses.

The Monte Carlo analysis shows that T4, T1 and T5 overlap strongly. Their medians are 1.53, 1.54 and
1.61 kg CO, eq/m?, and each is the lowest-impact train in 38%, 31% and 27% of runs respectively. T6
(RO) was the highest in 94% of runs, with a median of 2.43.

4.2 Drivers of impacts

Figure 1 shows the share of each emission source in every train. Electricity is the largest single source
only for MBR (44%) and RO (50%). For CAS-based trains, it is 28-34%. Direct N,0 and CH, contrib-
ute 27-31%, and methane from sludge disposal 31-35%.
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Figure 1. Contribution of each emission source to the climate impact of each train under current Lebanese conditions
(kg CO2 eq per m3 of reclaimed water). Source: this study's calculations (scenario S1).

Electricity is the largest single source only for the RO train; for the low-energy AnMBR and wetland,
direct methane makes up most of the footprint.

The low-energy trains shift the burden rather than remove it. For AnMBR, direct emissions are 60%
of the total, mainly dissolved methane (0.75 kg CO, eq/m?). For the wetland, direct emissions are
84%, with the Imhoff tank alone emitting about 0.65 kg CO, eq/ m?. Chemicals and membranes con-
tribute under 3% for every train.

The sensitivity analysis confirms these drivers:

* N,0 emission factor: varying it across the IPCC range moves aerobic trains by -0.30 to +0.73 kg
co, eq/m?, the largest swing in the model.

¢ AnMBR dissolved methane fraction: moves AnMBR between 0.98 and 2.00.

e Wetland influent BOD and methane factors: move the wetland between about 1.0 and 1.9.

¢ Electricity factor: matters most for RO (1.85-2.66) and MBR (1.29-1.78).

« Sludge yield: moves CAS trains by about +0.2.

4.3 Comparison with the literature

Our aerobic results (1.4-1.6 kg CO, eq/m?) sit within the MBR range of 0.19-4.65 reported by Gao et
al. (2026), and above the 0.57 reported for a Chinese AAO plant (Zhou et al,, 2025). The difference
arises from uncontrolled sludge disposal and Lebanon's diesel-heavy electricity. The dominance of
direct emissions agrees with Zhou et al. (2025) and Samsami et al. (2025), and contrasts with re-
views that identify electricity as the main hotspot (Mehmeti and Canaj, 2022; Santos et al., 2026).

The AnMBR finding reflects the dissolved-methane problem highlighted by Li et al. (2023) and Zhang
et al. (2022). Jiménez-Benitez et al. (2023) found AnMBR to be a net energy producer and carbon
sink, but under recovery conditions closer to our S4. Our result that RO adds about 1 kg CO, eq/m3
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supports Aleisa et al. (2022), who found UF/RO justified only where it replaces more carbon-intens-
ive water. The low impact of UV relative to ozone agrees with Demir et al. (2024).

4.4 Trade-offs

1. Water quality versus climate. Moving from Category II to Category I costs only 0.15-0.20 kg
co, eq/m? with UF, MBR or ozone. RO adds about 0.95 kg co, eq/m? and should be reserved for
uses that need it.

2. Energy versus methane. The two lowest-energy trains (AnMBR and wetland) carry the highest
methane risk. Low energy use is not a reliable proxy for low climate impact.

3. Nutrients versus N,0. AnMBR water retains about 45 g N/m?, a fertiliser value for irrigation,
but also raises soil N,0 (0.19 kg CO, eq/m?). Fertiliser substitution was not credited and would
partly offset this.

4. Nutrients versus water bodies. RO removes almost all nitrogen and phosphorus but
discharges them in brine.

4.5 Improvement opportunities

Table 6 lists the most effective single measures and their effect on gross climate impact.

Table 6. Effect of the most effective single measures on gross GWP (deterministic results).

Measure Train(s) Gross GWP after measure (kg CO, eq/ Change from
m?3) base
Recover 70% of dissolved CH, (S4) T4 0.68 -46%
AnMBR
Vertical-flow wetland (S5) T5 CW 0.98 -32%
Solar electricity (S3) T3 MBR 0.94 -41%
Solar electricity (S3) T6 RO 1.27 -46%
Sanitary landfill with 50% gas capture T1 CAS 1.23 -11%
(52)

Figure 2 compares each train before and after its most effective single measure: every train falls by
25-46%, with solar power the best lever for the aerobic trains and methane control for AnMBR and
the wetland. In the Monte Carlo analysis, AnMBR with dissolved-methane recovery was the lowest
train in 99% of runs, and the vertical-flow wetland in 85%. With solar power, MBR became the most
frequent winner (61% of runs). Recovery performance in practice may be lower than assumed:
membrane contactors recovered under 20% of dissolved methane from real effluent in one study
(Visnyei et al., 2024). Low-N,O operation, such as aeration control and full denitrification, would
benefit every aerobic train.
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Figure 2. Effect of the most effective single measure on each train (deterministic results). Source: this study's
calculations.

Solar power is the best lever for aerobic trains, while AnMBR and wetlands depend on methane con-
trol.

4.6 Policy and industry implications

Lebanon's reuse planning should treat methane and N,O control as core design criteria, alongside
effluent quality and energy cost. Three priorities follow:

1. Sludge. Establish a controlled sludge route, with stabilisation and either gas-capture landfilling
or agricultural reuse, before expanding treatment capacity.

2. Technology choice. Favour simple Category Il trains for restricted irrigation, and add UF, MBR
or ozone for Category I only where crops require it. Reserve RO for industrial or high-grade uses that
would otherwise use desalinated water.

3. Energy. Pair membrane trains with solar power, which also reduces exposure to diesel costs and
grid outages.

AnMBR is promising for Lebanon's warm climate only if dissolved methane is recovered. Wetlands for
rural communities should use vertical-flow designs with well-managed pre-treatment.

4.7 Limitations

e [nventory data are secondary; no Lebanese plant was monitored.

e The I[PCC 2019 N, 0 default may overestimate emissions at well-run plants, and the range is wide.

¢ Sludge yields, membrane footprints and groundwater pumping energy are assumptions, tested in
sensitivity analysis.

¢ The AWARE factor for Lebanon is a placeholder; it does not affect the climate ranking.

 Construction, conveyance and fertiliser substitution are excluded.

« Toxicity, pathogens and micropollutants are not assessed.
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5 Conclusions

This study compared seven complete treatment trains producing reclaimed water under Lebanese
conditions. Four conclusions follow.

1. Methane and N,O, not electricity, dominate most trains. Direct emissions and sludge
disposal make up 50-91% of gross impact for every train except RO, where electricity accounts for
50%.

2. No train is clearly best today. AnMBR (1.24 kg CO, eq/m?), CAS + UV (1.39) and the wetland
(1.44) overlap within uncertainty. RO is the highest (2.34) in 94% of runs.

3. Higher water quality is cheap in carbon terms, except via RO. Upgrading from Category Il to
Category I adds 0.15-0.20 kg CO, eq/m?, while RO adds about 0.95.

4. Targeted measures change the ranking. Recovering dissolved methane makes AnMBR the
lowest option in 99% of runs (0.68). A vertical-flow wetland reaches 0.98, and solar power makes
MBR the most frequent winner.

For Lebanon, the priority is to treat methane and N,O control, controlled sludge management and
solar power as design requirements. Simple trains suit restricted irrigation, and RO should be
reserved for uses that would otherwise rely on desalinated water. Reuse roughly halves each train's
net footprint by displacing groundwater pumping.

Future work should use measured data from Lebanese plants, especially N,0 and dissolved methane,
and include fertiliser substitution, pathogen and micropollutant risk, and life cycle costing.
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Carlo analyses are available from the corresponding author on reasonable request. All input data are
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