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Accepted: Water scarcity in the arid and semi-arid regions of Iran, particularly in the city of Kerman, has

May 9, 2026 intensified the need for sustainable water supply alternatives. Municipal wastewater reuse

’ represents a promising strategy to enhance water resilience; however, selecting an appropriate
scenario requires an integrated assessment of environmental, energy, health-related, and
economic impacts. This study develops a comprehensive framework for evaluating the
environmental and economic implications of wastewater reuse by comparing three
management scenarios: (1) conventional treatment with limited reuse, (2) advanced treatment
based on MBR and RO technologies, and (3) advanced treatment combined with partial
substitution of drinking water production .The methodology is based on Life Cycle
Assessment (LCA) in accordance with SO 14040/44 standards and Life Cycle Costing (LCC).
The system boundary includes electricity production, construction, chemical consumption,
process emissions, and the substitution effect considered in the third scenario. Key impact
categories include Global Warming Potential (GWP), fossil energy consumption, human
toxicity (cancer and non-cancer effects), and freshwater ecotoxicity. Modeling was conducted

Keywords: using OpenLCA .Results indicate that Scenario 1 has the lowest carbon and energy footprints
Life Cycle Assessment ; (approximately 0.15 kg CO:-eq and 1.5 MJ), whereas Scenario 2 generates the highest
Wastewater Reuse; Carbon environmental burden (approximately 1.10 kg CO--eq and 13.9 MJ). Due to the drinking water
and Energy Footprint; Human | substitution credit, Scenario 3 significantly reduces its net carbon and energy impacts
and Ecotoxicity; Life Cycle compared with Scenario 2. Toxicity assessment reveals that heavy metals—particularly zinc,
Costing. copper, hexavalent chromium, and mercury—are the primary contributors to environmental

and human health impacts. Scenario 2 exhibits the highest toxicity levels, Scenario 1 the
lowest, and Scenario 3 an intermediate performance. Economic analysis shows strong
sensitivity to the discount rate, with unit costs increasing from about 57,944 IRR/m? at 3% to
85,917 IRR/m3 at 12%. Operational expenditures (OPEX) constitute the largest share of annual
costs. Overall, Scenario 1 is the least costly but limited in capacity and effluent quality,
Scenario 2 is environmentally and economically intensive, and Scenario 3 represents the most
balanced option for future wastewater management in Kerman.
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1. Scenario 1 (Conventional Treatment with
Limited Reuse): The current state of Kerman's
urban wastewater management before transfer to
the Butia Steel Complex, where 25% of collected
wastewater is treated and used for agriculture.

2. Scenario 2 (Advanced Treatment based
on MBR and RO Technologies): 60% of add
wastewater, after treatment at the Sharafabad
treatment plant, is transferred to the Butia Steel
Complex and undergoes final treatment via
reverse osmosis (RO).

3. Scenario 3 (Advanced Treatment
Combined with Partial Substitution of Drinking
Water Production): Similar to Scenario 2, but
40% of the final RO product is transferred to
Kerman's drinking water network, substituting
part of the groundwater-based drinking water
production.

3. Research Findings

. Carbon and Energy Footprints: Scenario
1 has the lowest carbon and energy footprints
(approximately 0.15 kg CO:-eq and 1.5 MJ per
cubic meter). Scenario 2, due to high energy
consumption in advanced processes like RO,
creates the highest environmental burden
(approximately 1.10 kg CO:-eq and 13.9 MJ).
Scenario 3, by utilizing the "drinking water
substitution credit,” significantly reduces its net
carbon and energy impacts compared to Scenario
2.

. Toxicity Assessment: Heavy metals
(particularly zinc (Zn), copper (Cu), hexavalent
chromium (Cr(V1)) , and mercury (Hg)) are the
primary drivers of human and ecological toxicity
impacts. Scenario 2 exhibits the highest toxicity
levels, Scenario 1 the lowest, and Scenario 3 an
intermediate add performance.

. Economic Analysis: The unit treatment
cost is highly sensitive to the discount rate. As the
discount rate increases from 3% to 12%, the unit
cost rises from approximately 57,944 Rials per
cubic meter to 85,917 Rials per cubic meter.
Annual operational expenditures (OPEX)
constitute the dominant share of annual costs.

Extended Abstract

1. Introduction

Water scarcity in the arid and semi- arid regions
of Iran __ particularly in the city of Kerman__ has
intensified the need to utilize sustainable water
supply alternatives. Urban wastewater reuse can
enhance water resilience; however, selecting an
appropriate scenario requires an integrated
assessment of environmental, energy, health-
related, and economic impacts. Many previous
studies have focused solely on one dimension of
impacts, whereas sustainable decision-making
necessitates the simultaneous consideration of
environmental, energy, toxicity, and economic
indicators. This study aims to develop and apply
an integrated framework for assessing the
environmental and economic impacts of urban
wastewater management in  Kerman. The
proposed framework, integrates carbon footprint,
energy footprint, human and ecological toxicity
indicators, and economic analysis. It strives to
provide a precise and comparative picture of the
consequences of each scenario and establish a
scientific basis for sustainable wastewater
management decision-making in water-scarce
regions.

2. Research Methodology

The research methodology is based on Life Cycle
Assessment (LCA) in accordance with 1SO
14040/44 standards and Life Cycle Costing
(LCC). The functional unit is defined as the
treatment of 1 cubic meter of urban wastewater.
The system boundary includes energy
production, construction, chemical consumption,
process emissions, and the substitution credit (in
the third scenario). The main assessment
indicators include Global Warming Potential
(GWP), fossil energy consumption, human
toxicity (carcinogenic and non-carcinogenic),
and freshwater ecotoxicity, with modeling
conducted using OpenLCA software. The
economic evaluation was performed using the
Life Cycle Costing method, considering initial
capital investment costs (CAPEX) and annual
operation and maintenance costs (OPEX).
Sensitivity analysis on the discount rate was also
examined. Three management scenarios were
compared:
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Economically, Scenario 1 is the least costly but
most limited option, Scenario 2 is the most
expensive, and Scenario 3 represents a more
balanced option.

4. Conclusion

Scenario 1 is the least burdensome option
environmentally and economically; however, due
to limitations in the quality and volume of usable
effluent, it is not a viable option for future
development. Scenario 2, producing high-quality
water, is the most technologically advanced
option but carries a very high environmental
burden and economic cost. Scenario 3, combining
advanced treatment with partial drinking water
substitution, through the creation of a
"substitution credit". This scenario not only
reduces net carbon and energy impacts but is also
evaluated as a more balanced and sustainable
option for the future development of Kerman's
wastewater management, considering the value
of the substituted drinking water. This research
demonstrates  that  decision-making  for
wastewater reuse requires an integrated multi-
criteria assessment, and the proposed framework
can serve as a suitable analytical tool for water
planners and managers in arid regions. Focusing
on reducing energy consumption (particularly in
high-pressure processes like RO) and managing
heavy metals in sludge and effluent are key points
for improving the sustainability of all scenarios.
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