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Abstract: Growing concerns have been raised regarding the potential
environmental impacts of seawater desalination. While numerous studies have
employed Life Cycle Assessment (LCA) to evaluate impacts, these efforts have
primarily focused on quantifying the carbon footprint (CF) of seawater desalination;
a tailored methodology for water footprint (WF) quantification remains notably
lacking. To address this gap, this study presents a comprehensive WF assessment
method for desalination plants, including system boundary definition, process-level
inventory analysis, a quantification framework, and results interpretation. The
methodology was applied to case studies on Reverse Osmosis (RO) plant. From a
water scarcity footprint (WSF) perspective, the RO seawater desalination system
consumes only 0.0366 m*® of freshwater to produce 1 m?® of product water.
Furthermore, two methods assessed the water degradation footprint (WDF). The
critical dilution volume method yielded a WDF of 0 m® H,O eq for both plants,
indicating no dilution was needed. Using the equivalency factor method, the
acidification and eutrophication footprints for RO brine were 2.74 x 1073 kg SO,
eq/m® and 9.81 x 104 kg PO,* eq/m’, respectively. Additionally, analysis showed
that electricity and steam consumption are the main drivers of water scarcity in RO
and MED plants, respectively, with slight seasonal variations. This study resolves
long-standing ambiguities in WDF accounting by clarifying the distinct application
conditions of the critical dilution volume method and the equivalency factor method,
while providing transparent, step-by-step calculation procedures often omitted in
previous studies; practically, it offers industrial managers and environmental
regulators a robust tool to precisely identify water-intensive hotspots.

Keywords: seawater desalination; water footprint; water scarcity footprint; water
degradation footprint

1. Introduction

The accessibility of freshwater resources is a challenge in modern society because of increasingly serious
water pollution caused by human activities. It is estimated that nearly half of the world’s population experiences
severe water scarcity for at least one month per year, and one-quarter faces extremely high levels of water stress
[1-6]. As a vital approach to ensuring freshwater sustainability and safety, seawater desalination is playing a
crucial role in satisfying the water demands of households, agriculture, and industries, particularly in arid, drought-
prone, and coastal regions [7—13]. According to the report published by the International Desalination and Reuse
Association (IDRA) [14], by the end of 2024, approximately 22,000 seawater desalination plants were operational
globally. These plants had a cumulative contracted capacity of around 115 million m? per day, which was sufficient
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to provide for more than 300 million people. Current desalination technologies are divided into two categories:
membrane separation technologies (such as RO, nanofiltration (NF), electrodialysis (ED), and forward osmosis
(FO)) and thermal distillation technologies (such as MED and multi-stage flash (MSF)) [14-20]. Although these
desalination technologies are relatively mature methods which positively contribute to relieving the water shortage,
they will inevitably bring environmental impact issues [21-27]. Therefore, it is necessary to conduct environmental
impact assessments on seawater desalination plants to quantify their relevant impacts.

One of the methods to evaluate how desalination processes change or impact environmental parameters is
the LCA. It is a tool to quantify environmental aspects and potential impacts through the life cycle from raw
material to disposal of the product system [28-30]. Over the past two decades, the application of LCA in the
seawater desalination field has garnered substantial attention. Related reviews have summarized the use of LCA
to evaluate desalination systems. Lee et al. [31] reviewed the desalination LCA cases published from 2000 to 2018.
The results showed that most of these articles conduct evaluations focusing on the CF and energy consumption.
Aziz et al. [32] reviewed 62 previous studies on LCA of desalination technology from 2004-2019, which
emphasized the application of LCA to desalination by means of research objective, scope of study, life stages, and
impact assessment. In addition, this review indicated that LCA research focused on RO technology for seawater
desalination has surpassed other desalination technologies. Regardless of the desalination technology employed,
its associated impacts can be primarily categorized into two aspects: CF assessment and WF assessment. In recent
studies, the majority of research has focused on CF or green-house gas (GHG) emissions as a key environmental
impact factor. Wang et al. [33] conducted a comprehensive review of 34 studies (2004-2023), through which they
analyzed CF data from 211 desalination scenarios. The results indicate the CF advantage of RO and low-carbon
heat-driven MSF, MED, and membrane distillation (MD). They further emphasize that operational energy
consumption plays the dominant role in the desalination CF, specifically regarding its amount, form, and source.
Liu et al. [34] used hybrid input-output life-cycle analysis (I0-LCA) to compare the lifecycle GHG emissions of
wind-driven and traditional thermal seawater desalination systems for low-carbon assessment. Cabrera et al. [35]
proposed an approach enabling low-carbon operation of large-scale desalination on arid islands with weak electrical
grids, and the results indicate a potential reduction of 77.4% of the CF. Pandit et al. [36] observed that hybridizing
the desalination system results in substantially lower carbon emissions than conventional methods. Specifically, the
PVT-integrated FO and MED achieve a specific energy consumption (SEC) of 1.8 kWh/m*~4 kWh/m?, reducing
carbon emissions by 40—60% and outperforming traditional RO and MSF/MED. Leon et al. [37] investigated the
ecological footprint of seawater reverse osmosis (SWRO) desalination plants in the Canary Islands (Spain) and
reported a carbon footprint of 0.2 t CO; per person per year. Kabiri et al. [38] compared various energy recovery
devices (ERDs), including turbochargers, Pelton wheels, Francis turbines, and pressure exchangers, applied in a
SWRO unit. Their economic analysis revealed that the pressure exchanger led to the lowest cost savings among
the devices considered.

When compared to extensive studies on CF quantification, research on measuring how water is used and
evaluating its environmental impacts in seawater desalination is relatively rare. One widely used method for this
life-cycle water use assessment is the “water footprint” approach created by Hoekstra and colleagues [39].
Conceptually, it’s similar to the “CF” used in LCA. But there’s a key difference: while CF is part of LCA, the WF
concept developed independently from LCA methodology and has prioritized volumetric water use quantification
[40]. Moreover, its practical applications still lack scientific methods and unified assessment standards, particularly
in desalination fields where boundaries and methods for WF quantification are absent. A survey of water footprint-
related articles published in the past decade reveals that WF assessment has been primarily applied to agricultural
water resources and environmental evaluation, regional water resources and urbanization development, industrial
water use and cleaner production management, as well as social consumption and transboundary water resource
allocation [41-50]. However, there is a scarcity of literature focusing specifically on the water footprint of seawater
desalination systems. Therefore, how to accurately analyze and quantify WFs, and how to develop applicable
quantification methods suitable for assessing seawater desalination engineering that cover water quantity, quality,
environment, and resources, remains a critical challenge requiring urgent attention.

To address the lack of standardized methodologies, this study provides a feasible WF assessment
methodology in seawater desalination and quantifies the effects of WF covering the complete process chain,
including seawater intake, pre-treatment, desalination, post-treatment, and brine discharge. Although recent
studies have begun to apply the water footprint concept to desalination systems [51-55], these existing efforts
exhibit critical limitations that hinder their direct applicability and methodological rigor. First, although Zhang et
al. [52] and Ding et al. [51] provided baseline WF values for RO and MED plants, their studies lacked a transparent
unit-process breakdown distinguishing the contributions of intake, pretreatment, desalination, and brine discharge.
Second, Meneses et al. [53], Zhou et al. [54] and Mufioz et al. [55] focused on environmental impacts within the
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LCA framework but failed to provide distinct and operational quantification models for the two core dimensions
of WSF and WDF, more critically, overlooked the fundamental conceptual confusion between the critical dilution
volume method and the equivalency factor method when calculating WDF. To rigorously address these gaps, the
novelty of this study is threefold: (1) Methodological clarification—for the first time in the desalination context,
we systematically distinguish the two WDF calculation approaches and explicitly specify their respective
application conditions based on discharge compliance status, thereby resolving a long-standing ambiguity in
implementing ISO 14046; (2) Computational transparency—unlike prior studies that merely report final
aggregated results, we provide a complete, step-by-step inventory calculation procedure, including the derivation
of WF characterization factors specific to membrane modules, chemicals, and energy carriers that are often missing
in commercial databases; and (3) Process-level attribution—the developed framework enables precise attribution
of water scarcity impacts to specific unit operations, offering actionable insights for targeted process optimization
rather than generic conclusions. Additionally, this study offers a computational demonstration via a case study,
thereby proposing an operable technical pathway for practical engineering applications.

This methodology defines system boundaries through full-process analysis, incorporating direct and indirect
water consumption from energy use, material inputs, chemical dosing, and brine discharge impacts, etc.
Quantification models were developed for representative desalination systems, with case studies demonstrating
their application to RO and MED technologies. These practical examples not only provide methodological
guidance but also verify the framework’s capability to address critical gaps in WF accounting for desalination
systems. At the same time, the case results show the difference between WSF and WDF in different technologies.
This study aims to establish a scientific and effective methodology for assessing the WF of seawater desalination,
enabling objective assessment of its environmental impacts, and supporting sustainable development of the
desalination industry while promoting ecological conservation.

2. ISO Standards

Internationally, there exist two principal methodologies for WF evaluation: the Water Footprint Assessment
(WFA) established by the Water Footprint Network (WFN) [56,57], and the ISO 14046 [58] WF standard
published by the International Organization for Standardization (ISO) in 2014. These two frameworks demonstrate
distinct methodological orientations and assessment objectives. The WFN approach emphasizes quantifying
freshwater appropriation within specific temporal and spatial boundaries, employing a tripartite classification
system comprising blue water (surface and groundwater consumption), green water (rainwater utilization), and
grey water (pollution assimilation volume) to evaluate the magnitude of freshwater impacts exerted by
organizations or production systems. In contrast, ISO 14046 [59] adopts a LCA perspective to systematically
examine water-related environmental impacts throughout a product’s value chain, from raw material extraction to
end-of-life disposal. Based on the full-process characteristics of the seawater desalination process, the
methodology introduced in this paper is developed with reference to the relevant standards of the ISO. Therefore,
this section elaborates on ISO standards relevant to LCA and WF quantification, which serve as foundations for
establishing the WF assessment approach of seawater desalination in this paper.

LCA is an ISO-standardized method that has been commonly used to evaluate the environmental performance
of desalination. According to ISO 14040 [60] and ISO 14044 [61], LCA consists of four phases: goal & scope, life
cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation. As defined in ISO 14040 [60],
assessing the environmental impacts of products with LCA is an approach of “cradle-to-grave”, and this concept
has been applied in desalination. The environmental impact of seawater desalination is not only limited to the
process of producing fresh water, but also involves the consumption of natural resources and the emission of
pollutants through indirect demands, such as infrastructure construction, energy production, chemical production,
membrane and equipment manufacturing, and waste management, etc. Following the impact assessment,
“interpretation” with checking methods in ISO 14044 [61] could guide decision-makers to better understand
uncertainties and assumptions. As the international standard for WF assessment, ISO 14046 [58] establishes LCA-
based principles, requirements, and guidelines for quantifying and reporting WF of products, processes, and
organizations. By providing a unified methodological framework, it enables producers, consumers, and
policymakers to identify water-intensive activities across value chains, thereby promoting sustainable resource
management. The standard’s core objectives are to: (1) offer quantitative analysis instruction for WF evaluation,
(2) standardize impact communication, (3) support environmentally informed decision-making through
comparable WF disclosures, and (4) help organizations to identify and manage environmental impacts related to
water usage, improve water-use efficiency, reduce unnecessary water consumption, and advance sustainable
development. The main contents include: (1) clearly defining WF as water-related emissions generated throughout
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the entire life cycle of a product or service; (2) providing methodologies such as LCA, water balance analysis, and
WF quantification; (3) suggesting that reports include details such as types of WF, volume, and spatial distribution;
(4) encouraging organizations to incorporate environmental impact assessments (e.g., water scarcity, pollution)
into their evaluations. The ISO WF methodology, grounded in the principles of LCA, comprises four principal
phases. These phases include: (1) goal and scope definition, establishing the analytical boundaries and functional
units; (2) WF inventory analysis, quantifying water inputs, outputs, and quality changes across the product system;
(3) WF impact assessment, evaluating hydrological consequences through spatially explicit indicators; and
(4) interpretation, synthesizing results to inform water stewardship strategies.

In addition, ISO/TR 14073 [62] outlines how to select appropriate WF assessment types (e.g., water
consumption footprint, water quality footprint, WSF) based on factors such as assessment goals, system
boundaries, water resource types, and hydrological changes. Specifically, this technical report provides multiple
case studies covering diverse sectors and scenarios, including power plants, rice cultivation, and municipal water
management, etc. Each case study details the assessment’s goal, scope, inventory analysis, impact assessment, and
interpretation of the results. By demonstrating how to quantify and report WFs across varying contexts for products,
processes, and organizations, the report aims to foster broader adoption and interpretation of ISO 14046 [59].

3. Model Construction
3.1. Goal and Scope Definition

The life cycle comprises three stages: (1) construction, (2) operation and maintenance, and (3) disposal.
According to ISO 14046 [59], a WF assessment can focus on specific life cycle stages based on its purpose, the
availability of representative data for those stages, and the significance of their impact on the results. Four types
of system boundaries have been considered in previous LCA studies: cradle-to-cradle, cradle-to-gate, gate-to-gate,
and cradle-to-grave. Cradle-to-grave assessment covers the construction, operation and maintenance, and disposal
stages of the desalination system’s entire life cycle. Key activities within these stages include seawater extraction
and processing, treatment, plant infrastructure, transportation, plant operation, distribution and use, dismantling,
and final waste disposal. Cradle-to-cradle covers only the raw material extraction process. Cradle-to-gate includes
the process from raw material extraction to the plant operation phase. Gate-to-gate focuses specifically on the plant
operation phase itself. Numerous case studies on the environmental impact assessment of desalination have
consistently shown that the operation and maintenance (O&M) phase is the dominant contributor across all
desalination technologies and assumptions [32-36], whereas the environmental impacts of construction and
disposal are significantly smaller than those of O&M [16,37,38,51,52]. This finding is further supported by a
systematic review conducted by Kyungsun et al. [31], who examined 38 studies comprising 295 LCA scenarios
for desalination systems published between 2000 and 2018. In their analysis of life cycle phases, Kyungsun et al.
concluded that O&M is the predominant contributor regardless of the technology employed (i.e., MSF, MED, or
RO) and other underlying assumptions, while construction and disposal contribute relatively minor impacts.

Given that seawater desalination systems exhibit long life cycles, obtaining reliable data on the production,
installation, and decommissioning phases is often difficult in practice. Consequently, a “gate-to-gate” boundary
covering all stages of the seawater desalination production process is defined as the system boundary for
quantifying the WF of a desalination plant. This approach is consistent with common practice: among the 18 case
studies reported in ISO/TR 14073 [62], 11 adopted the gate-to-gate system boundary. Therefore, for both
membrane and thermal desalination processes, the system boundary for WF quantification includes the following
stages: seawater intake, pre-treatment, desalination, post-treatment of desalinated water, and concentrated brine
discharge. The schematic diagram of the membrane system boundary for quantifying the WF of seawater
desalination is presented in Figure 1.
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Figure 1. Schematic diagram of the membrane desalination system boundary for WF quantification in
seawater desalination.

3.2. Inventory Analysis

Within the defined system boundary, a comprehensive inventory analysis of water-related items
encompassing the system’s input and output streams must be conducted. For the input side, it mainly includes
continuous energy consumption, chemical agents and periodically replaced membranes, etc. Equipment such as
high-pressure pumps and water tanks is categorized as one-time inputs. Compared to other continuous inputs, its
contribution to the total WF is minimal, and it is excluded from the WF boundary. Therefore, the relevant data
must be investigated and collected, including raw seawater, energy sources, chemical dosing, membrane elements
replacements, cleaning water and other auxiliary materials.

The output side primarily consists of product water and concentrated brine. For product water, this analysis
focuses on the production volume of product water. For concentrated brine, its water quality parameters and
discharge method are critical. For the concentrated brine directly discharged into water bodies, the WDF is
calculated using the critical dilution volume method first. When the concentrated brine is discharged only after
meeting the required standards, the equivalency factor method is applied. The specific calculation formulas for
these WDF methods will be introduced in the subsection WDF Calculation Method.

In summary, the LCI stage in this study strictly follows the requirements of ISO standards [59,60]. The LCI
covers the gate-to-gate operational phase of seawater desalination, including seawater intake, pre-treatment,
desalination (RO/MED), post-treatment, and brine discharge. Main input data for LCI: (1) Water input: raw
seawater intake volume, product water used for chemical preparation and membrane cleaning. (2) Energy input:
electricity (for pumps, membranes, and auxiliary systems) and steam (for MED thermal process). (3) Material
input: coagulants, disinfectants, antiscalants, reducing agents, cleaning chemicals, and periodic replacement of
membrane elements (ultrafiltration (UF), RO) and filter cartridges. Main output data for LCI: (1) Product output:
volume and quality of desalinated fresh water. (2) Waste output: concentrated brine (volume, salinity, and pollutant
concentrations), solid waste from pre-treatment, and process wastewater.

Data collection should prioritize obtaining precise original data. However, practical investigations reveal that
only average consumption rates of various materials and energy over specific periods (e.g., monthly, quarterly, or
annual averages) are typically obtainable, and the appropriate averaging period should be determined based on the
specific operation status of the desalination project. The finalized WF inventory for the seawater desalination
system should encompass, but is not limited to, the contents detailed in Table 1.
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Table 1. WF inventory of seawater desalination.

Data Type Items Data Inventory
Seawater Water intake volume, water quality, water intake method
Types and quantities of energy; Pressure, temperature, and
quantity of steam
Quantities, area, and replacement cycle of
ultrafiltration/microfiltration and RO membrane elements

Energy

Membrane elements

Input . Types, quantities, and water consumption of bactericides,
Chemical agents . :
flocculants, antiscalants, cleaning agents, etc.
Cleanine water Cleaning water volume and cleaning cycle for membrane
& elements and heat exchange tubes, etc.
- . Quantities and replacement cycle of materials such as
Other auxiliary materials . . . .
gratings, security filter cartridges, activated carbon, etc.
Product water Water volume, water quality

Discharge volume, water quality, discharge method; other

Output . . . . .
Concentrated brine discharged water: quantity and quality of system flushing

and cleaning discharge

3.3. Impact Assessment
3.3.1. Selection of Impact Types

When assessing the potential environmental impacts associated with water capacity variations, it is essential
to evaluate the WSF of seawater desalination systems. The assessment framework should encompass the following
contents. (1) The WSF of seawater desalination systems can be divided into direct WSF and indirect WSF
according to whether water consumption occurs in the production process. Direct WSF comes from operational
water inputs such as membrane cleaning water, chemical agents dosing water, and product water output; while
indirect WSF includes indirect water use throughout the entire supply chain, including chemical production, energy
generation (steam/electricity), and water consumption during membrane module manufacturing. (2) Quantify the
proportions of cleaning water, chemical agents dosing water, and other components in direct WSF, and analyse
their contribution to WSF based on relative proportions. (3) Quantify the proportions of water usage for energy
generation, chemical agents production, membrane element manufacturing, and other auxiliary materials in
indirect WSF, and analyse their contribution to WSF based on relative proportions. (4) Based on the quantification
results and contribution analysis, assess the impacts of each process stage (including water intake, pre-treatment,
desalination, and post-treatment) on WSF. (5) In addition, the effects of factors such as climate, geographical location,
and accounting time span on WSF can be assessed based on the quantification results and contribution analysis.

When assessing the potential environmental impacts associated with water quality variations, a systematic
assessment of the WDF in desalination systems should be implemented. The assessment framework should
encompass the following contents. (1) The WDF of seawater desalination systems can be categorized into direct
WDF and indirect WDF according to whether the negative water quality changes are directly caused by the output
water. Direct WDF primarily comes from concentrated brine discharge, i.e., the result of seawater concentration.
Indirect WDF includes chemical agents dosing (e.g., antiscalants, bactericides) and their cascading ecological
impacts. However, residual agents and by-products generated during the chemical agents dosing process generally
become incorporated into the concentrated brine. Therefore, for WDF quantification purposes, this concentrated
brine is defined as the aggregate of process-generated brine, chemical cleaning wastewater, and flushing
wastewater. (2) Based on the accounting results and contribution analysis, the impacts of each adverse element on
the water degradation footprint are evaluated. (3) In addition, the effects of influencing factors such as climate,
geographical location, and accounting time span on the WDF could be assessed according to the quantifying results
and contribution analysis. The detail environmental impacts of seawater desalination WF are shown in Figure 2.
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Figure 2. Schematic diagram of the types of environmental impacts for seawater desalination WF.

3.3.2. The Calculation Methods of WF
(1) WSF Calculation Method

The daily total WSF of seawater desalination is calculated by summing the daily freshwater consumption of
each unit process, which can be categorized into direct water scarcity and indirect water scarcity components.
The WSF of seawater desalination is calculated according to Equation (1):

W=D Vit ) M, m
i=1 =1

In the formula: WFsc represents daily total WSF (m?), i represents unit process within the system boundary
contributing to direct WSF, V is freshwater consumption volume for i (m?), j represents energy or material input
within the system boundary contributing to indirect WSF, a is the WSF characterization factor of energy/material
j (m3/mg), and M represents daily consumption quantity of j (mg).

(2) WDF Calculation Method

Two primary methodologies existed can be used to quantify the WDF of seawater desalination: the critical
dilution volume method and the equivalency factor method [63,64]. If there are locally established discharge
standards for desalination concentrated brine, the critical dilution volume method should be employed first when
calculating the water degradation footprint. This involves computing the theoretical volume of water required to
dilute the pollutant to the concentration specified by relevant emission standards [63—67]. For instance, when
quantifying the WF of seawater desalination projects in China, the relevant parameters stipulated in the published
Chinese standard “Requirements for Discharge of Seawater Desalination Brine (HY/T 0289-2020)” can be
referenced and utilized. For concentrated brine that has already met the discharge standards, the equivalent factor
method can continue to be used for calculation [68—70]. Calculated using the equivalency factor method, the WDF
primarily comprises the eutrophication footprint, the acidification footprint, and the freshwater ecotoxicity
footprint [56,71-73]. Therefore, the selection of the appropriate WDF accounting method depends on the specific
pollutant discharge pathway, and WDF analysis can be conducted using one or both of these methods. The critical
dilution volume method shall be calculated using Equation (2):

WFdeg: Z (Z adeg, i ><judeg.i) (2)
=1 =l

In the Formula (2): WF . represents the seawater desalination WDF value, and the unit is cubic meters of
equivalent water (m3 HO eq); i indicates the pollutant type; j is the unit process within the system boundary
contributing to WDF; ag., i is the WDF characterization factor for pollutant “i”, defined as the reciprocal of the
concentration limit for target pollutant “”” in the applicable desalination brine discharge standard, with units of
cubic meters of water equivalent per kilogram (m?® eq HO/kg); M.e,, ; is the emission amount of pollutant i (kg).

The equivalency factor method shall be calculated using Equation (3):
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m n

WFdeg, k:Z (Z Aieg, ik XMdeg.ik) (3)

==l

In the Formula (3): k is the impact category of the WDF (e.g., water eutrophication footprint, water
acidification footprint, or water ecotoxicity footprint). Since different categories represent fundamentally different
environmental impact mechanisms, their quantified results cannot be directly summed. WF.g  represents the
seawater desalination WDF value for category &, with units specific to each impact category (e.g., kg PO4* -eq for
eutrophication); 7 indicates the pollutant type; j is the unit process within the system boundary contributing to
WDF; ageg, ir is the WDF characterization factor for pollutant i in category k; Mueg i is the emission amount of
pollutant i (kg).

It should be noted that the above two WDF calculation methods assume that the concentrated brine is
discharged directly into the receiving water body without further utilization or treatment. However, if the brine is
partially or fully utilized as a source for mineral recovery (e.g., extraction of magnesium, lithium, or calcium) or
as a medium for carbon sequestration (e.g., carbon dioxide sequestration), via mineralization with CO,, the
conventional WDF framework may overestimate the actual water degradation impact. In such cases, the WDF
should be recalculated based on the net pollutant load entering the environment after utilization. Specifically, for
mineral recovery, pollutants removed from the brine (e.g., heavy metals or scale-forming ions) should be excluded
from M., ; in Equations (2) and (3). For carbon sequestration applications, if the process alters brine pH or reduces
its ecotoxicity, the characterization factors dueg, i OF daeq, i may need to be adjusted according to the post-treatment
discharge standards. Furthermore, if the brine is entirely consumed in a utilization process (e.g., zero-liquid
discharge systems coupled with mineral recovery), the WDF could be considered negligible for the discharged
residual stream. Therefore, future LCA studies on desalination should explicitly report whether brine utilization is
applied and, if so, provide a modified WDF based on the ‘utilization-adjusted emission load.

3.3.3. Functional Unit

Due to the varying production capacities of different seawater desalination plants, a functional unit for seawater
desalination must be defined to ensure comparability. The functional unit is established as the unit product water of
seawater desalination, i.e., 1 m? of product water. Therefore, the WSF or WDF of seawater desalination is expressed
as the footprint generated during the production of a unit volume of product water, as shown in Equation (4):

WF,
WEyp=—— 4
Va

where WF,, represents the WSF or WDF per unit product; WF, represents the daily total amount of either WF. or
WF g, and V, is the daily water production volume of the desalination plant (m?).

3.4. Interpretation of WF Assessment Results

The interpretation of seawater desalination WF assessment results should include: (1) analyzing the
calculation results of seawater desalination WF; (2) identifying the key impact factors of the seawater desalination
WEF; (3) discussing the limitations and uncertainties of the seawater desalination WF assessment.

3.5. Data Acquisition for Seawater Desalination WF

According to the seawater desalination WF calculation methodology, the required data primarily include: (1)
actual operational data from seawater desalination plants, and (2) the characterization factors for WDF and WSF.
Operational data can be collected through methods such as on-site investigations and literature reviews. A
standardized questionnaire survey administered to plant operators/manufacturers is highly recommended, as this
approach facilitates the direct and accurate acquisition of key process-specific parameters (e.g., energy consumption,
chemical usage, water recovery rate). The WDF and WSF characterization factors can be acquired via the Efootprint
platform by accessing authoritative LCI databases, such as the Chinese Reference Life Cycle Database (CLCD), the
European Reference Life Cycle Database (ELCD), and Switzerland’s Ecoinvent commercial database. When specific
characterization factors are unavailable in existing databases, they may be approximated by using factors from other
materials exhibiting comparable chemical structures and/or production methods.
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4. Case Studies
4.1. Quantifying WFs of Seawater RO Desalination Project

The WF of an RO desalination plant with a water production capacity of 100,000 m3/d was quantified using
this method. The operation data of an RO seawater desalination plant is shown in Table 2. The UF membrane
modules adopted in this desalination system have a membrane area of 50 m? with a replacement cycle of 60 months.
The RO membrane elements have a membrane area of 37 m? and a replacement cycle of 48 months. The cartridge
filter has a replacement cycle of 3 months. The detailed quantification process and results are as follows. Based
on the boundary-setting principles outlined in Sections 3.1 and 3.2, and by combining them with the plant’s specific
process characteristics, the WF system boundary encompasses the following stages: water intake, pre-treatment,
UF treatment, RO treatment, and concentrated brine discharge.

Inputs include: seawater intake, electrical energy, chemical agents, and membrane elements requiring
replacement (including security filter cartridges, UF membrane elements, and RO membrane elements). Since
cleaning water is sourced from UF-treated desalinated water, and chemical preparation water is sourced from RO
product water, these internal water flows (cleaning water and chemical preparation water) are excluded from the
system inputs. Outputs comprise product water and concentrated brine.

The WF coefficients of the materials involved were primarily sourced from the Ecoinvent, CLCD-China-
ECER, and ELCD databases. In these databases, due to the lack of WF data on UF membrane modules, RO
membrane elements, and safety filter cartridges, relevant coefficients were obtained through manufacturer
investigations. Based on the collected production data and process modeling, the WF coefficients for these
membrane components were calculated as follows: 175.5 kg H,O/m? for UF membrane elements, 241.7 kg HyO/m?
for RO membrane elements, and 0.67 kg H,O per cartridge for safety filter cartridges (specification: 30 m3/h). The
WEF inventory analysis results for the RO seawater desalination plant are presented in Table 3. Since the WSF
calculation requires annual average inputs, the inventory data in the table are annual averages. Using Equation (1),
the WSF was calculated as 3.66 x 1072 m3 per m? of product water.

As introduced above, to regulate this environmentally sensitive effluent, China published the marine industry
standard “Requirements for Discharge of Seawater Desalination Brine (HY/T 0289-2020)” in 2020. This standard
specifies the maximum permissible concentrations of pollutants in desalination brine.

For calculating the WDF of brine released through direct discharge, the critical dilution volume method is
first applied. The method requires comparing the brine’s pollutant concentrations against HY/T 0289-2020
thresholds. These regulatory limits are compared with monitored water quality data from the RO desalination brine
in Table 4. Results indicate full compliance with all parameters with HY/T 0289-2020. According to the critical
dilution volume method, the theoretical dilution volume needed to reduce pollutant concentrations to regulatory
standards is zero, resulting in a WDF of 0 m® H,O eq. It is important to recognize that the WDF quantification
methods described above, rely on compliance with regulatory concentration limits as the sole criterion for
determining water quality degradation. This approach, while standardized and operational, inherently simplifies
the complexity of environmental impacts. A calculated WDF of 0 m* H,O eq, which occurs when all pollutants in
the discharged brine are below the specified standard thresholds, does not signify the absence of environmental
consequences. Rather, it indicates that, from the perspective of this specific regulatory compliance-based metric,
no additional dilution volume is theoretically required to meet the discharge permit.
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Table 2. The operational data of RO and MED seawater desalination plants.
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Desa?iflz;\vt‘]i?)fli’lan ¢ Data Type and Items Summer Spring/Autumn Winter
Electrical energy (kW -h/d) 323,000 333,900 371,400
Disinfectant NaClO (kg/d) 1300 810 470
Coagulant FeCls (kg/d) 8080 7480 7510
Antiscalant NasP,07 (kg/d) 502 427 464
Reducing agent NaHSO; (kg/d) 756 738 723
RO seawater . . NaClO (kg/d) 15 15 15
desalination plant Cleaning chemicals H,S04 (kg/d) 18.2 18.2 18.2
NaOH (kg/d) 14.8 14.8 14.8
UF membranes 6400 6400 6400
Membrane elements RO membranes 8190 8190 8190
Safety filter cartridges 360 360 360
Concentrated brine (m*/d) 162,000 165,000 170,000
Product water (m*/d) 95,000 96,000 100,000
Table 3. WF inventory analysis results for RO and MED seawater desalination plants.
Desa?iil?:i?)t:;’lan ¢ Data Type and Items Summer Spring/Autumn Winter Annual Average Data
Electrical energy 3.45x%1072 3.53 x 1072 3.77 %1072 3.56 x 1072
Disinfectant NaClO 5.92 x 107 3.65x 1075 2.10 x 107 3.80 x 1073
Coagulant FeCl3 3.59x 1077 3.29x 1077 3.17x 107 3.33x107
Antiscalant NasP,04 1.39 x 1077 1.17 x 1077 1.22 x 1077 1.24 x 107
Input Reducing agent NaHSO; 6.53 x 1078 6.31x 1078 594 x 1078 6.27 x 1078
RO seawater (m*/m? product water) . . NaClO 6.83 x 10:; 6.76 x 10:; 649 x 10:; 6.71 x 10:;
desalination plant Cleaning chemicals H,SO4 1.53 x 107 1.51 x 107 1.45 x 107 1.50 x 107
NaOH 1.71 x 107 1.69 x 1077 1.63 x 107 1.68 x 1077
UF membranes 3.24 x 1074 321 x10* 3.08x 1074 3.19 x 107
Membrane elements RO membranes 535107 529 x10* 5.09x 1074 526 x 107
Safety filter cartridges 2.82 %107 2.79 x 1075 2.68 x 107 2.77 % 107
Output Concentrated brine 162,000 165,000 170,000 165,500
(m3/d) Product water 95,000 96,000 100,000 96,750
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Table 4. Concentrated brine discharge standard limits of HY/T 0289-2020 and water quality of RO and MED
desalination plants effluent.

Item Unit Limit Water Quality of RO Plant Concentrated Brine
pH — 6.5~8.5 7.98
Fe mg/L <0.3 <0.0045
Aluminum mg/L <0.05 <0.04
Total Phosphorus mg/L <0.5 0.098
Copper mg/L <0.2 0.0027
Chromium mg/L <0.05 0.00061
Nickel mg/L <0.02 0.00163

When calculating the WDF using the equivalency factor approach, the WDF can be mainly categorized as
follows: (1) the eutrophication footprint, which quantifies impacts from excessive nitrogen (N) and phosphorus
(P) discharges, leading to algal blooms, oxygen depletion, and biodiversity loss, expressed in kg PO4s*-eq or kg
N-eq; (2) the acidification footprint, measuring acidifying pollutants (e.g., SOz, NOx from industrial emissions)
that reduce water pH, mobilize toxic metals, and impair aquatic ecosystems, with units of kg SO»-eq; and (3) the
freshwater ecotoxicity footprint, assessing chronic toxicity of synthetic chemicals (e.g., pesticides, heavy metals,
pharmaceuticals) through bioaccumulation and trophic transfer. In this project, FeCl; was utilized as the coagulant
during the pretreatment stage, with the objectives of removing suspended solids, colloids, reducing turbidity, and
eliminating organic substances. However, residual coagulant has been transported off-site for disposal along with
the solid wastes generated in the pretreatment process and will not enter the final concentrated seawater stream.
Consequently, it does not contribute to the freshwater ecotoxicity footprint.

The applied NaHSO; and H>SO4 have their residues discharged into the sea along with the concentrated brine,
which would cause water acidification. The scale inhibitor employed herein was sodium pyrophosphate. After
reacting with easily precipitating ions in water, it generates phosphate, leading to water eutrophication. Therefore,
the water degradation footprint of the seawater desalination process in this project includes the water acidification
footprint and the water eutrophication footprint. According to Equation (3), the calculated acidification footprint
is 2.74 x 107 kg SO, eq/m’ of concentrated brine, and the eutrophication footprint is 9.81 x 10™*kg PO4* eq/m?
of concentrated brine.

4.2. Interpretation of the Results

To validate the robustness of our case-study results and to contextualize their significance, we performed
three levels of cross-comparison.

4.2.1. Cross-Technology Comparison

The WSF results for RO plants (0.0366 m?*/m? and 0.0289 m?/m?*) and MED plants (0.1294 m*/m?® and
0.153 m*/m?) reveal a consistent and substantial difference between the two technologies, with MED exhibiting a
3-to 5-fold higher WSF. This disparity can be mechanistically attributed to two intrinsic factors. First, the thermal
nature of the MED process requires a substantial external heat input (steam), which, in our case studies, was
generated by dedicated coal-fired boilers: a water-intensive energy supply chain. In contrast, RO relies primarily
on electrical energy for high-pressure pumps, which, although also water-intensive on the supply side, exhibits a
lower specific water consumption per unit of final energy delivered. Second, the MED process typically operates
at lower water recovery rates (typically 30—40%) compared to RO (40-50%), resulting in higher feedwater intake
per unit of product water, which indirectly increases the associated energy demand for seawater abstraction and
pretreatment. This cross-technology validation confirms that the methodology successfully captures the
mechanistic differences between membrane and thermal desalination routes.

4.2.2. Literature Benchmarking

The literature we studied reveals that only a few individual studies focus on small-scale, novel seawater
desalination processes. For example, Alrashidi et al. [74] examines four seawater desalination processes. These
include single-stage systems and coupled hybrid systems (SWRO + SWED), and the reported water scarcity
footprint values are relatively high, ranging from 2.46 to 3.92 m? of water consumed per m>of water produced. In
contrast, for large-scale seawater desalination plants with a capacity of ten thousand tons per day or more [51,52],
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the water consumption per cubic meter of freshwater produced ranges from 107! to 1072 m?® for thermal processes
and from 1072 to 10> m? for membrane processes. These values are fully consistent with the findings of this study.

The water degradation footprint can be compared with data from references [53—55]. The reported acidification
footprints range from 1072 to 10> kg SO, eq/m?, and eutrophication footprints range from 107 to 10~ kg PO4*~ eq/m’>.
The values calculated in this study (an acidification footprint of 2.74 x 107 kg SO, eq/m* and a eutrophication
footprint 0f 2.99 x 10 kg PO4*~ eq/m? for RO brine) fall within the ranges reported in prior literature.

This benchmarking exercise confirms that our methodological choices do not produce outlier results, thereby
supporting the generalizability of our framework. More importantly, our study extends beyond these previous
works by providing a fully transparent, step-by-step calculation procedure and by offering process-level
attribution, which enables targeted optimization—features that earlier studies did not deliver.

4.2.3. Validation of WDF Results against Regulatory and Ecological Relevance

The WDF calculation for RO brine using the critical dilution volume method yielded a value of 0 m* H,O
eq, which requires careful interpretation. This result does not indicate that brine discharge has no ecological
consequences; rather, it reflects the fact that the monitored pollutant concentrations were all below the thresholds
stipulated in the Chinese marine industry standard HY/T 0289-2020. To validate this regulatory-based result
against ecological relevance, we cross-checked the effluent quality data against ecotoxicological benchmarks
reported in the literature [24,26]. The measured concentrations of heavy metals (Fe < 0.0045 mg/L,
Cu 0.0027 mg/L, Cr 0.00061 mg/L, Ni 0.00163 mg/L) are all well below the acute toxicity thresholds for marine
organisms documented in previous ecotoxicological studies. However, we acknowledge that the critical dilution
volume method does not capture the cumulative salinity increase in semi-enclosed water bodies or the physical
disturbance from discharge outfalls—limitations that we explicitly discuss in Section 4.1. Therefore, the validation
of WDF results should be understood as conditional: the brine is compliant with current chemical-based regulatory
standards, but a more holistic ecological validation would require complementary salinity and ecotoxicity impact
assessments, which we identify as a priority for future research.

4.3. Analysis of Influencing Factors for WSF in Seawater Desalination

To compare the effects of different processes on WSF, this study incorporated two additional large-scale
desalination plant cases alongside the two previously analyzed. The projects introduced above are referred to as
RO project 1, while the three newly introduced cases are RO project 2, MED project 1, and MED project 2. The
calculated WSF for seawater desalination was 0.0366 m® per m?® and 0.0289 m? per m? for RO project 1 and RO
project 2, respectively. In contrast, the MED project 1 and MED project 2 plants exhibited significantly higher
WSFs of 0.1294 m* per m® and 0.153 m? per m, respectively. This indicates that the WSF of the MED process
was approximately 3 to 5 times higher than that of the RO process in these cases. It should be noted that the steam
supply for both MED plants analyzed in this study was generated by coal heating water specifically for the
desalination process. If the MED plant were co-located with a power plant and utilized waste heat from the power
generation process as the steam produced source, the results would likely differ substantially.

Figure 3 illustrates the composition analysis of WSF for the four seawater desalination plants. In the RO
Project 1 and Project 2, electricity consumption dominated the total WSF, accounting for 97.26% and 96.7%,
respectively, followed by contributions from chemical agents and membranes. In the MED Project 1 and Project
2, steam consumption was the primary contributor (83.84% and 84.23%, respectively), with electricity being the
secondary factor (15.61% and 14.04%). In summary, electricity consumption is the dominant factor influencing
the WSF of RO seawater desalination, steam consumption is the dominant factor influencing the WSF of MED
seawater desalination. Accordingly, reducing electricity and steam demand is the most effective strategy for
minimizing the operational WSF of desalination plants. For RO plants, the key determinant of electricity
consumption is the feed pressure prior to the RO membrane modules. Therefore, implementing ERDs to harness
the hydraulic pressure of the concentrate stream, performing regular membrane cleaning, and optimizing
membrane element configuration can be an efficient measure to cut down on electricity consumption. For MED
plants, integrating with power plants to utilize waste steam provides a highly effective WSF reduction strategy.
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Figure 3. Composition analysis diagram of WSF for RO and MED seawater desalination plants.

As shown in Figure 4, the WSF of seawater desalination systems exhibits slight seasonal variations. The
WSF of RO desalinated water marginally increases with decreasing temperature, with the highest value observed in
winter, followed by spring and autumn, and the lowest in summer. The variation range is maximally 1.8 x 1073 m?
per m? of product water. This is because the decrease in temperature leads to a reduction in the permeability of the
RO membrane, thereby increasing the energy consumption per unit water production.

Similarly, the variation of the WSF for the MED system with seasonal temperature is less obvious, showing
a change of maximally 9 x 10 m? per m? of product water. The highest WSF for MED occurs during summer
and winter. This is primarily due to the increased cooling water demand and associated electricity consumption at
higher ambient temperatures during summer. In winter, the electricity consumption required for heating steam
needs to be increased when the intake seawater temperature is lower.

0. 20

Summer
Spring/Autumn
Winter

0. 15

0.10

0. 05

WSF per unit product water (m*/m?)

0.00

RO project 1 RO project 2

MED project I ~ MED project 2

Figure 4. Impacts analysis diagram of seasons variations on the WSF of RO and MED seawater desalination plants.
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4.4. Uncertainty and Variability Analysis: Regional Differences, Scale Effects, and Data Sensitivity

The case studies verify the practical applicability of the water footprint assessment method established in this
paper. Nevertheless, it should be clarified that the calculation results are restricted by application scenarios, and
regional discrepancies as well as fluctuations in operating conditions must be fully taken into account. Detailed
analyses of several major sources of uncertainty and variability are presented in the following sections.

4.4.1. Regional Differences in Electricity Mix

As highlighted in the composition analysis (Section 4.4), electricity consumption is the dominant contributor
to the WSF of RO desalination, accounting for over 96% of the total WSF in the studied RO plants. Consequently,
the indirect WSF is highly sensitive to the regional electricity generation mix. The case studies presented herein
are based on the operational data of plants located in China, where the national grid relies heavily on coal-fired
power generation. If the same RO plant were instead located in a region with a low-carbon electricity mix, such
as Iceland (geothermal/hydro), Norway (hydro), or France (nuclear), the indirect WSF associated with electricity
consumption would be substantially lower. Conversely, in regions heavily dependent on lignite or heavy fuel oil,
the WSF could be even higher than the values reported in this study.

4.4.2. Plant Scale and Process Parameters

The scale of the desalination plant also introduces considerable variability. The case study plants have a
production capacity of 100,000 m?/d, which represents a large-scale facility. Smaller plants (e.g., 1000—10,000
m?/d) typically exhibit higher specific energy consumption (SEC) and higher chemical dosage rates per unit of
product water due to the lack of economies of scale, leading to a higher WSF per m? of product water. Additionally,
key process parameters such as feed water salinity (which varies with geographical location, e.g., Red Sea vs.
Baltic Sea), water recovery rate, and membrane type directly influence the energy demand and brine volume,
thereby affecting both WSF and WDF. For instance, a plant operating in the high-salinity Red Sea would require
higher feed pressure in RO systems compared to a plant in the low-salinity Baltic Sea, resulting in a higher WSF
for the same production capacity.

4.4.3. Data Uncertainty in Chemical and Material Characterization Factors

Beyond energy, the characterization factors for chemical agents and membrane materials also introduce
uncertainty. In this study, the WF coefficients for UF and RO membranes were obtained through manufacturer
investigations and process modeling. However, different membrane manufacturers employ distinct production
processes (e.g., phase inversion vs. interfacial polymerization routes, solvent recovery efficiencies), resulting in
widely varying water consumption footprints. Similarly, the production of coagulants (e.g., FeCls) and antiscalants
involves different raw material sources and synthesis pathways across regions. Since the Ecoinvent and CLCD
databases used in this study reflect average technology levels, the actual water footprint of these chemicals in a
specific regional context may deviate from the values applied herein.

5. Conclusions

To evaluate the environmental impacts of the seawater desalination industry and quantify its freshwater usage
and concentrated brine discharge, this study proposes a WF assessment methodology tailored for desalination
processes. The methodology was demonstrated through comprehensive case studies evaluating both RO and MED
plants. The results demonstrate that seawater desalination can generate a net increase in freshwater supply. They
also indicate that RO technology exhibits substantially lower feed water consumption of freshwater produced
compared to MED plants operating without access to waste heat steam sources.

Compositional analysis of the WSF identified energy consumption as the dominant contributing factor for
both technologies. Consequently, reducing electricity demand is key to minimizing the operational WSF of
desalination plants. RO plants can focus on measures such as lowering intake pressure via ERDs, optimizing feed
water pH, regular membrane cleaning, and improved membrane configuration. MED plants can significantly
reduce their WSF by coupling with a power station of co-generation to utilize waste steam. Analysis of operational
data in the studied plants showed that seasonal variations exerted no significant influence on the WSF.

For the WDF assessment, this study employed two distinct methodologies based on a review of current
approaches. In the present case studies of RO Project 1, discharge concentrated brine directly into marine
environments. Therefore, the critical dilution volume method was applied, which resulted in a calculated WDF of
0 m® water equivalents. It is crucial to note that this result does not imply zero environmental impact, and it reflects
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the specific assumptions of this methodology regarding marine discharge. If precise quantification of specific
environmental impacts associated with brine discharge, such as acidification or eutrophication potential, is
required, the equivalency factor method is recommended to continue calculating the WDF.

Nevertheless, the current WDF framework, whether based on the critical dilution volume or equivalency
factor approaches, does not account for several environmentally relevant stressors that are particularly pertinent to
desalination brine discharge, such as the cumulative salinity increase in semi-enclosed water bodies, the thermal
plume effects from thermal desalination plants, and the physical disturbance of benthic communities caused by
discharge outfalls. The absence of these impact categories from the current WDF metrics represents a significant
gap, as these stressors can have profound and lasting effects on local marine ecosystems, especially in ecologically
sensitive or low-flushing coastal zones. Therefore, future research should prioritize the development of integrated
impact assessment methods that combine chemical water quality indicators with physical and ecological
parameters. Specifically, efforts are needed to: (1) establish salinity and temperature characterization factors for
marine receiving waters; (2) develop spatial-explicit models that account for the hydrodynamic conditions and
assimilation capacity of the receiving environment; and (3) incorporate ecotoxicological endpoints that reflect the
combined effects of multiple stressors. Such advancements would enable a more holistic evaluation of brine
discharge impacts and provide a more scientifically robust basis for environmental management and regulatory
decision-making in the desalination industry.

The WF assessment framework developed herein enables systematic quantification of the resource and
environmental impacts associated with desalination, facilitates the identification of key influencing factors, and provides
a methodological foundation for advancing sustainable management practices within the desalination industry.
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