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different applications basd on life
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Reverse osmosis (RO) technology, as a mainstream method of water treatment, is widely used
worldwide for water resource acquisition. However, in the context of the current global effort to
achieve carbon neutrality, its carbon footprint has gradually attracted attention. The aim of this

study is to systematically assess the carbon footprint of the RO water treatment process during its

full life cycle and to explore the carbon reduction potential of the RO water treatment process under
different decarbonization scenarios. To analyze RO’s carbon footprint in different applications, this
study constructed a life cycle model of the RO water treatment process under the business model,
calculating footprints for seawater reverse osmosis (SWRO), brackish water reverse osmosis (BWRO),
and reclaimed water reuse. Results showed carbon footprints of 3.258, 2.868, and 3.083 kg CO,-eq/

m3 for the three applications, with operational power as the main carbon source, followed by chemical
use, membrane production, and disposal. The carbon footprint of the three applications can be reduced
by up to 93.23%, 87.81%, and 51.12% by predicting the grid structure, waste recycling and disposal
methods, and energy consumption after process operation optimization. Sensitivity analyses of key
process variables showed that the carbon footprint was more sensitive to influent temperature, system
energy recovery, and influent salinity than membrane product life. Thus, the study recommends a
comprehensive strategy involving renewable energy, energy efficiency improvements, and operational
optimization to lower RO’s carbon footprint and support carbon neutrality.

Keywords Water treatment, Reverse osmosis, Carbon footprint, Life cycle assessment, Scenario analysis,
Sensitivity analysis

Water resources, energy, and climate change are three main challenges facing the world today'. As the global
population grows and industrialization accelerates, freshwater resources become increasingly scarce. In 2015, the
United Nations released the Sustainable Development Goals (SDGs) 2030 in which 17 Sustainable Development
Goals (SDGs) were formulated, of which ensuring clean water sources and sanitation (SDGs 6) and actively
addressing climate change (SDGs 13) have become the core issues of global development?. Water scarcity is
being exacerbated by increased climate change. Rising global temperatures, sea level rise, and the frequency of
extreme weather events are threatening the sustainable supply of freshwater resources’. Currently, according
to the United Nations Children’s Fund (UNICEF) and the World Health Organization (WHO), more than two
billion people worldwide are facing water stress, and it is difficult to meet their daily needs reliably*. In this
context, the innovation and application of water treatment technology have become one of the key initiatives to
cope with the water crisis’.

Reverse osmosis (RO) water treatment technology utilizes the principle of reverse osmosis to effectively
remove dissolved salts and pollutants in water through the membrane separation process®. As an efficient water
treatment technology, it has been widely used in the fields of reverse osmosis desalination(SWRO), brackish
water reverse osmosis(BWRO), and reclaimed water reuse, which has greatly alleviated the pressure of water
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scarcity’. SWRO technology has shown great potential in water-scarce coastal and arid areas, helping hundreds
of millions of people to obtain a stable supply of fresh water®. BWRO technology has been widely used in inland
areas and some coastal areas to provide fresh water suitable for drinking and agricultural irrigation by treating
water sources with low salinity’. The application of reclaimed water reuse technology in municipal wastewater
treatment offers new possibilities for the sustainable management of water resources by recycling wastewater
to meet industrial, agricultural, and municipal water needs!®. However, despite the remarkable success of RO
technology in freshwater supply, the high energy consumption in its operation is still one of the main obstacles
to its further diffusion, especially in the SWRO process'!. This high energy consumption directly leads to the
emission of large amounts of greenhouse gases (GHG), which will exacerbate global climate change, leading to
an increase in global temperatures and causing various natural disasters such as heavy rainfall and rising sea
levels'?, and has become an environmental challenge for the promotion of the application of RO technology on
a global scale'. On the other hand, the emission of GHGs and the intensification of climate change will also
lead to the increasingly serious problem of water insecurity'. To respond to the challenge of global climate
change, the United Nations Climate Change Conference adopted the Paris Agreement, which specifies the goal
of “limiting global average warming to no more than 2°C above pre-industrial levels and making every effort to
limit it to no more than 1.5°C”'*. Countries around the world have been enacting measures and actively taking
actions to reduce carbon emissions to mitigate climate change!®. As of September 2023, more than 150 countries
and regions around the world have proposed carbon neutrality goals, with most of them are expected to achieve
carbon neutrality by 2050'”. China proposed the goal of achieving peak CO, emissions before 2030 and carbon
neutrality before 2060 at the United Nations General Assembly in September 2020'8. Therefore, developing low-
carbon water treatment processes of RO is crucial for achieving collaborative freshwater supply and mitigating
climate change.

RO technology has demonstrated high efficiency and flexibility!®, whether it is extracting fresh water
from high-salinity seawater or treating brackish water and sewage?. With the continuous development of RO
membrane materials and energy recovery device technology, the energy consumption of the RO process has
been significantly improved. Nevertheless, RO process due to the construction of the system, the production
of membranes, the operation of the energy consumption, maintenance, and membrane replacement, and
other aspects of the greenhouse gas emissions cannot be ignored?!. However, existing research focuses more
on how to improve the service life of membranes, reduce membrane pollution, and improve the efficiency
of energy recovery and other technical issues??%5, the systematic study of the carbon footprint of the whole
life cycle of the RO process under different water quality conditions for different applications is still relatively
limited. With the carbon neutrality targets proposed by many countries and regions around the world, the
future energy decarbonization process is bound to have a far-reaching impact on the carbon footprint of the
RO process. Therefore, a systematic assessment of the carbon footprint of the RO membrane water treatment
process throughout its life cycle, especially the potential for carbon reduction under different future scenarios
for different applications, is an important direction to push the water treatment technology toward sustainable
development.

According to the International Organization for Standardization (ISO), life cycle assessment (LCA) is a
method for aggregating and assessing the potential environmental impacts of all the inputs and outputs of a
product or service system over the entire period of its life cycle?”. The life cycle is defined as the process that
begins with the extraction of resources for the production of a variety of raw materials, continues through
the production of a variety of intermediate raw materials and energy sources, the production of the product,
its transportation, its distribution, and its use, and ends with its disposal or regeneration?®. Using the LCA
method to account for the full life cycle environmental impacts of a product can effectively avoid the transfer of
environmental problems between different life cycle stages and different types of environmental impacts. Based
on the LCA, it is also possible to identify the main sources of impacts during the product’s life cycle, and then
propose corresponding strategies to reduce environmental impacts?. Calculating the carbon footprint using
LCA methods refers to assessing the environmental impact of the product’s full life cycle process in terms of
climate change, quantifying the GHG emissions of the product from cradle to grave, and providing data support
for the green and low-carbonization of the products production process®.

However, existing studies on RO systems have made strides in LCA, including cradle-to-grave analyses. For
instance, the energy and environmental performance of SWRO was assessed by Raluy et al. (2006); brackish and
seawater systems in California were evaluated by Stokes and Horvath (2006); and end-of-life options for RO
membranes were compared by Lawler et al. (2015). More recent studies, such as the one that adopted detailed
inventory modeling of RO wastewater reuse, were conducted by Zhou et al. (2022).Nonetheless, significant gaps
remain. Most existing LCA studies are static, lack scenario modeling for future decarbonization, and provide
insufficient granularity in membrane production and end-of-life treatment modeling. Moreover, comparative
analysis across multiple applications (SWRO, BWRO, reclaimed water reuse) under evolving energy and waste
disposal systems is rare. Therefore, this study aims to develop a comprehensive cradle-to-grave LCA model
incorporating production, use, and disposal phases of RO systems under evolving energy contexts in China,
with application-specific modeling and scenario-based sensitivity analysis.

In this study, we used the LCA method to quantify the full life cycle carbon footprints of three typical
ROapplications - SWRO, BWRO, and reclaimed water reuse - covering all stages from membrane production to
operation and maintenance to final disposal of the membranes. Meanwhile, we analyzed the impact of different
operational variables (e.g., membrane lifetime, influent water quality, energy recovery rate, etc.) on carbon
emissions, to identify the key factors affecting the carbon footprint. Lastly, through scenario analysis, we also
explored the trends and reduction potentials of the carbon footprints of the three water treatment applications
in the context of future decarbonization of the power grid, the use of waste recycling and disposal methods,
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and the optimization of process operations. Our study would provide a scientific basis and suggestions for the
decarbonization design of water treatment processes, and achieving carbon neutrality.

Materials and methods

Based on ISO 14,040 and 14,044 standards®"*, the LCA study mainly includes four steps: Goal and Scope
Definition, Life Cycle Inventory (LCI), Life Cycle Impact Assessment (LCI), and Interpretation. The simplified
flowchart of each step of carbon footprint calculation using the LCA method is shown in Fig. 1.

Goal and scope definition

The objective of this study is to quantitatively assess the full life cycle carbon footprint of three typical RO water
treatment applications: SWRO, BWRO and reverse osmosis reclaimed water reuse. To make the carbon footprint
calculations comparable, the functional unit of this study is defined as the production of 1 m® of desalinated
water that meets the Chinese Class III surface water environmental quality standards (GB 3838 —2002). This
level of water quality is applicable for general industrial use and secondary contact recreational water, and is
adopted as a representative midpoint standard for RO-based water treatment applications. The scope of the
study was primarily focused on the core aspects within the full life cycle of the RO process. However, due to
the challenges in data collection and the complexity of calculation, while maintaining the concept of the full
life cycle as the overarching framework, we have specified the particular elements that are not considered in the
detailed carbon footprint calculations for the sake of practicality and feasibility — namely, the carbon footprint
contributions arising from product transportation, sales, waste management, and asset-based products, which
are not included in this specific analysis. Therefore, the RO process system boundary was divided into three main
stages according to its life cycle: membrane product production, operation and maintenance, and membrane
product disposal.

Membrane products mainly include two parts: membrane sheet and membrane module®, and the source of
carbon footprint in the production stage includes raw materials and power consumption. The RO process flow
generally includes water intake, pre-treatment, RO water treatment and post—treatment34, and at the same time,
to reduce the impact of membrane contamination on the rate of desalination, the RO membrane is maintained
by pharmaceutical cleaning. The water intake process mainly involves pumping the feedwater through pump to
the the feedwater pool. After taking the water will be pre-treatment, mainly including coagulation, clarification,
and filtration or through ultrafiltration membrane®>. SWRO process mainly through the high-pressure pump
pressurized pre-treatment water, so that it through the RO membrane, at the same time, in order to recover the
energy of the RO membrane effluent water, generally equipped with energy recovery devices. To ensure that
the effluent water quality and concentrated brine meet the discharge standards, the two types of effluent after
desalination are considered to be post-treatment with the addition of pharmaceuticals. The waste treatment stage
is mainly for the treatment of membrane products, according to the relevant literature, the current domestic
solid waste is mainly treated by incineration or landfill*, so this study considers that the carbon footprint of the
waste stage is the carbon footprint generated by the incineration and landfill disposal of the membrane sheet and
membrane module”’. Based on the above-defined system boundary and process-related unit process analysis,
the quantitative boundary of the RO process life cycle carbon footprint is shown in Fig. 2.

I Calculation of carbon emissions at each stage m I
of the life cycle I

Fig. 1. Life cycle carbon footprint assessment flow chart.
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Life cycle Inventory(LCI)

The life cycle inventory (LCI) phase aims to establish a quantitative foundation for evaluating the environmental
performance of the RO water treatment process. By analyzing the RO process flow and the full life cycle model
of the RO process, the inputs to the RO process include the influent base stream and product streams such as
electricity, membrane products, chemicals, and filtration media, and the output product streams are mainly
desalinated water, concentrated brine, and waste membranes.

The water parameters mainly include the water quality and quantity parameters of feed water, desalinated
water, and concentrated brine, and the operation parameters mainly include the operation time, design capacity,
and other parameters. Carbon footprint-related data acquisition was carried out according to the results of the
inventory analysis, and the consumption of each inventory substance was collected through literature or field
research.

Life cycle impact assessment (LCIA)
The life cycle impact assessment (LCIA) phase involves converting the material and energy flows gathered in
the LCI into impact results, using carbon emission factors. Carbon footprint factor data were quoted from the
Ecoinvent database, the carbon footprint factor data for O&M phase consumables are presented in Table A3
in Appendix A. For the lack of carbon footprint factor data of membrane products and some chemicals in the
database, the carbon footprint of membrane upstream production was deduced by collecting the inventory data
of membrane module and chemical production and the carbon footprint data of the upstream production of
the listed substances through further retrospective research, and the carbon footprint of the waste disposal of
membrane products was derived through similar substitution. In this study, the IPCC 2021 GWP 100a method
was adopted to quantify greenhouse gas emissions. The GWP values used are CO, = 1, CH, = 27.2, N,O =273.
The list of substances in the life cycle of the RO process and its analysis are shown in Table 1. Data on the carbon
footprint factors of processes and substances associated with the membrane production stage are presented
in Table Al and A2, and data on the carbon footprint factors of processes and substances associated with the
membrane disposal stage are presented in Table A4.

The carbon emission factors were obtained from the ecoinvent database (version 3.8, cut-off system model),
ensuring consistency and regional applicability for China.
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Lifecycle Stage

Data Type Data Source Materials

Membrane
Production Stage

Input

Factory Research Raw Materials, Electricity

CFC-G(Cradle-gate Carbon Emission Factor) | Based on Calculation | RO Membrane, Pre-treatment Membrane

Input

Feed water, Chemicals, Electricity, Pre-treatment Membrane/Filter, RO
Factory Research

Operation and Membrane
Maintenance Stage

CFC-G(Gate-grave Carbon Emission Factor) | Database Chemicals, Electricity, Filtration Media

Output Factory Research Desalinated Water, Brine, Discarded Membranes(output intended for disposal)
Disposal Stage

CFG-G Discarded Membranes | Discarded Membranes (incineration)

Table 1. RO water treatment process material list analysis.

Firstly, the carbon footprint of each life cycle stage was calculated, and the full life cycle carbon footprint was
calculated by accumulation.

The replacement cycle of RO membrane is generally 3 ~ 5 years, assuming that the replacement cycle of RO
membrane T =4 years, the RO membrane product production stage of materials and energy converted to daily
consumption can be calculated by the Eq. (1), Eq. (2):

mh x Z
P = 1
T R65 % T W
/
Wey X 4
el = 2
Wl = 365 % T @

where, m; (kg/day) is the converted daily consumption of various raw materials required for the production of
membrane products, m, (kg/unit) is the consumption of different raw materials needed for the production of
each membrane products i is the type of raw materials used for the production of membranes, Z is the number
of membrane products used in desalination plants, w,, (kwh/day) is the converted daily electricity consumption
for the production of membrane products, and w, (kwh/umt) is the electricity consumption for the production
of each membrane products.

The carbon footprint of the production stage of membrane module can be calculated using Eq. (3):

mik;

where, CF . (kg CO,-eq/m?) is the carbon footprint generated by membrane production, k; is (kg CO,-eq/kg)
is the carbon footprint factor of different raw materials for membrane production, k,, (kg CO,-eq/Kwh) is the
electricity carbon footprint of the membrane plant, and Q (m?) is the daily freshwater production.

The carbon footprint of the operation and maintenance phase can be calculated according to Eq. (4):

CFo = wa’“ﬁ +CF1+CF2 (4)

where CF,, (kg CO,-eq/m®) is the carbon footprint generated in the operation and maintenance stage, w (Kwh)
is the power consumption of the desalination plant, k, (kg CO,-eq/Kwh) is the power carbon footprint factor in
the location of the desalination plant, CF, (kg CO,-eq/m?) is the carbon footprint in the pretreatment stage. CF,
(kg CO,-eq/m?) is the membrane cleaning carbon footprint.

The carbon footprint of the waste treatment stage is calculated as shown in Eq. (5):

Y amaka

where CF, (kg CO,-eq/m?) is the carbon footprint generated by waste disposal, m, (kg) is the amount of waste
generated, k, (kg CO,-eq/kg) is the carbon footprint factor of various wastes, and 7 is the type of waste.

Therefore, the carbon footprint of 1 m? fresh water produced by desalination plants can be calculated from
Eq. (6):

CF =CF,+CFo + CF, (6)

Definition of different RO process applications

To investigate the carbon footprint of different RO water treatment applications, three typical applications
were defined in this study: SWRO, BWRO, and reclaimed water reuse. Each application represents the main
application direction of RO technology under different water quality conditions and operating environments.
The carbon footprint accounting for these three applications is based on the same model structure and adjusted
for their respective characteristics to ensure the accuracy and scientificity of the calculations.

To better compare the three RO process applications (SWRO, BWRO, and Reclaimed-Water Reuse), we
include Table 2 below(The representative values listed in the table do not imply a single fixed configuration for
each application but serve as baseline anchors for our scenario and sensitivity analysis. The precise modifications
applied in each scenario or sensitivity run are documented in Appendix B), which summarises the representative
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Reclaimed-
Parameter/Characteristic Unit SWRO BWRO Water Reuse
Influent Salinity gLt ~35.0(33-38) { Typical Seawater Concentration? ~5-10 0.5-1.0.5.0
Operating Pressure bar ~60(50-80) T Used for Seawater RO Pressurization? | ~10-25(Typical BWRO Pressure) ~8-20
Operating Energy Consumption kWh-m™ | ~2.0-4.5.0.5 ~1.0-3.5.0.5 ~1.0-2.0
Typical Recovery Rate % 35-50% 70-85% 80-90%
Typical Design Flow Rate/Unit Scale | m>h-! IIJleﬁfnding on the scale of the seawater desalination m?ilrefl:rsecaz::rel eorll'tCs,f;ti;aIiiSzed Brackish g\llzfirslézﬁse

Table 2. Comparison of the key parameters for three RO process Applications.

operating parameters and key constraints (feed salinity, pressure, specific energy consumption, recovery,
pretreatment).

SWRO is the basic application for constructing the LCA model of the RO water treatment process, and
SWRO mainly treats seawater with high salinity (about 35 g/L). The process accounted for in this study is a
single-membrane SWRO process, the flow of the SWRO process is as shown in the Fig.A2(a) in Appendix A,
in which firstly, the feedwater enters the feedwater pool, which is subsequently pumped by the feedwater pump
to the coagulation and sedimentation tank, where coagulants, flocculants, and other pre-treatment chemicals
are added for sedimentation treatment. After the precipitation, the water flows to the multi-media filter, and
horizontal filter for further filtration, and is then pressurized by a high-pressure pump. The pressurized water
enters the RO membrane group for RO treatment, thus obtaining desalinated water and generating concentrated
brine simultaneously. This process is equipped with an energy recovery device for energy recovery and the RO
membrane needs to use membrane cleaning chemicals to clean.

BWRO process is suitable for treating low salinity water, such as low salt concentration seawater or brackish
groundwater. The operating pressure of the process is lower than that of the SWRO process. The flow of the
BWRO process is as shown in the Fig.A2(b) in Appendix A, after the feedwater flows into the feedwater pool, it is
pumped by the feedwater pump to the multi-media filter, activated carbon filter, and security filter several times
filtration, and at the same time, it is added with a variety of pre-treatment agents such as biocide, coagulant, scale
inhibitor, reductant and so on. The filtered water is pressurized by a high-pressure pump and then enters the RO
membrane group for RO treatment to obtain desalinated water while producing a by-product of concentrated
brine. This process also has an energy recovery unit for energy recovery and requires the use of membrane-
cleaning chemicals to clean the RO membrane. Therefore, the carbon footprint calculation for the BWRO
process refers to the SWRO calculation process, but with modified parameters such as energy consumption,
operating pressure, and influent salinity based on SWRO’s LCA model.

The reclaimed water reuse process is mainly applied to municipal or industrial wastewater treatment and is
suitable for wastewater sources with high pollutant content, low salinity, and low operating pressure. The process
flow is shown in the Fig.A2(c) in Appendix A. After the feedwater enters the feedpool, it is pumped by the
feedwater pump to the self-cleaning filter for preliminary filtration, and pre-treatment chemicals are added at the
same time. Then, the water flows to the UF membrane group for ultrafiltration treatment, and the ultrafiltration
water enters the security filter and is then pressurized by the high-pressure pump. The pressurized water enters
the RO membrane group for RO treatment, which results in desalinated water and concentrated brine. In this
process, membrane-cleaning chemicals are required to clean the UF and RO membranes. Its carbon footprint
calculation was based on the carbon footprint calculation process and model of the SWRO process but adjusted
in terms of influent water composition, pre-treatment requirements, and operating parameters.

Scenario analysis

To comprehensively assess the future carbon footprint trends and emission reduction potentials of RO
membrane-based water treatment systems, this study constructs four scenario models based on plausible
pathways of power sector decarbonization, membrane recycling development, and operational optimization.
These scenarios are intended to capture the combined or isolated effects of upstream electricity decarbonization
and downstream waste management improvements on the life cycle carbon emissions of RO systems. The
carbon footprint results calculated in Sect. 2.2 and 2.3 serve as the baseline scenario in this study, representing
the current technological and power structure conditions, which provide the reference point against which the
decarbonization and optimization effects of future scenarios are evaluated. By applying these scenarios to three
representative applications—SWRO, BWRO, and reclaimed water reuse—this study aims to provide a multi-
dimensional evaluation of system-level responses to external environmental and technological changes.

The scenario design builds upon a consistent baseline condition reflecting the current status of China’s
power grid and RO system configurations. On this basis, four future-oriented scenarios are developed:
Scenario I models the decarbonization pathway of China’s power system driven by increased renewable energy
penetration; Scenario II incorporates carbon capture, utilization, and storage (CCUS) deployment into thermal
power generation, representing an enhanced electricity decarbonization trajectory; Scenario III focuses on the
development of resource recovery technologies for spent RO membranes and the implementation of circular
economy practices; and Scenario IV further assumes that operational optimization of RO systems can reduce
electricity demand without compromising performance.

Electricity consumption is the main source of the carbon footprint of the RO system, and carbon neutrality of
the power system will promote the gradual carbon reduction and decarbonization of the RO system. Currently,
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China has adopted many green policies to reduce the carbon emissions of the country and the power sector,
among which energy transition and the application of CCUS technology are important means to achieve
the gradual carbon reduction and decarbonization of the power grid®. In this study, we refer to the relevant
literature on the study of the optimal development path for the share of renewable energy in the power generation
structure®, collate and predict the power structure aiming at carbon neutrality in 2030-2060, and calculate the
change of China’s electric power carbon footprint through the weighted average derivation, and then assess
the change of the carbon footprint of the RO process under this scenario (Scenario I). In addition, thermal
power generation can further reduce its carbon footprint through CCUS technology, and the carbon footprint
of electricity and the change in the carbon footprint of the RO process was projected based on the forecasts of
the proportion of CCUS technology applied to thermal power generation from 2030 to 2060 following relevant
studies (Scenario II). The carbon footprints of power generation from different energy sources and thermal
power combined with CCUS technology are shown in Table A5, the energy structure of the power system and the
projected share of thermal power combined with CCUS are shown in Tables A6 and A8, and the final projected
changes in the carbon footprint of electricity are shown in Table A7 (Scenario [ ) and Table A9 (Scenario II).

Scenario III considers a resource recovery scenario for spent membrane modules. It is assumed that RO
membrane modules are processed using closed-loop recycling®!. When the degradation of the desalination rate
and water production rate of the waste membrane is within a certain range*?, two disposal methods are considered:
reuse after cleaning and chemical oxidation repair for use as porous membranes*>. When the membrane
products cannot meet the conditions of reuse and direct recycling, the membrane products are considered to be
disassembled and disposed of*4, in which the waste membrane sheet part of the direct incineration means, the
recyclable plastic part of the membrane shell part of the closed-loop recycling by mechanical recycling®, and the
other cannot be recycled part of the membrane shell landfill and incineration disposal®, the relevant treatment
dispositions are listed in Table A10. According to the literature research, with the improvement and upgrading
of process technology and membrane products, the renewable recycling rate of waste membrane products from
2030 to 2060 is predicted to be 40%, 50%, 60%, and 70%, respectively, and at the same time, the study assumes
that 50% of the recyclable waste membrane products are reusable waste membranes®. For the disassembled film
shell portion, the study considers the recycling rate of plastic waste in China as an analogy to the recycling of film
shells*®. Under China’s carbon neutrality target, China’s plastic recycling rate is predicted to be 30%, 40%, 50%,
and 60% respectively from 2030 to 2060*. The relevant carbon footprint data were obtained from the Ecoinvent
database and related literature, and the reference data are shown in Table A1l in Appendix A. Based on the
above research and prediction data and database data, the carbon footprint generated from waste treatment was
calculated according to the EU Product Environmental Footprint (PEF50%-50%) method allocation.

Based on Scenario III, Scenario IV assumes that the RO process can be operationally optimized to reduce
power consumption in operation. In industrial RO systems, excessive operating pressure is often used to
ensure treatment quality, and operational optimization enables a reduction in energy consumption without
compromising treatment efficiency. This study assumes a 30% reduction in operational power consumption
through operational optimization in the future to assess the potential emission reduction contribution of
operational optimization to the carbon footprint of the RO process.

Sensitivity analysis

Building upon the carbon footprint results of the baseline scenario, this section conducts a sensitivity analysis
to explore how variations in key parameters may affect the life cycle emissions of RO systems. The baseline
scenario serves as the reference framework, reflecting the current grid structure, membrane technology, and
operational practices, against which the influence of changes in individual factors is evaluated. In this study,
a sensitivity analysis was conducted for the SWRO process. Since key process variables such as influent water
temperature, energy recovery rate, membrane life cycle, and influent salt concentration have a significant impact
on the carbon footprint of the RO process and there is a large degree of uncertainty in the actual operation of
these parameters, this study adopts a sensitivity analysis methodology to provide an in-depth analysis of these
variables. Among them, key operating variables such as feed water temperature, energy recovery rate, membrane
life cycle, and feed water salt concentration are significantly sensitive to the three processes of SWRO, BWRO,
and reclaimed water reuse, this study analyze the sensitivity of the above variables, to provide scientific reference
for optimizing similar RO processes and carbon reduction strategies.

Specifically, the influent water temperature affects the viscosity of water and the permeability of the membrane,
which in turn has a direct impact on the energy consumption and carbon footprint of the system; the energy
recovery rate determines the efficiency of energy recovery from high-pressure wastewater, and different recovery
rates significantly affect the energy efficiency and carbon emission level of the system; the membrane life cycle
directly affects the frequency of replacement of membranes and the consumption of materials, and since the
membrane life is affected by a variety of factors in actual operation, the uncertainty will have a significant impact
on the carbon footprint of the system. Uncertainty will have a long-term impact on the carbon footprint of the
system; the salt concentration of the influent water affects the operating pressure and energy consumption of the
system, and a higher salt concentration requires higher pressure to achieve desalination, thus increasing energy
consumption and carbon emissions. Therefore, through sensitivity analysis, the most sensitive factors to the
carbon footprint can be identified, which provides a scientific basis for process optimization and the formulation
of emission reduction strategies.

In the course of the sensitivity analyses, this study first determined the baseline parameter values used in
the carbon footprint calculations as reference points. Then, different adjustment ranges were set for each key
variable: the influent temperature parameter varied between —80% and +80% from the baseline value, and the
energy recovery rate, membrane life cycle, and influent salt concentration parameters fluctuated between —60%
and +60%.
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In addition, the above sensitivity analyses were applied to a carbon-neutral scenario in 2060 to predict the
extent of the potential impact of different parameter changes on the carbon footprint of the process in a carbon-
neutral context.

Results and discussion

Carbon footprint analysis of different applications

Based on the IPCC methodology, the whole life cycle carbon footprints of the three applications, SWRO, BWRO,
and reclaimed water reuse, were quantitatively assessed. The data for the calculation are shown in the Appendix
B. The results, as shown in Table 3, show that the main source of the carbon footprint of the three different
RO applications is the operation and maintenance phase, and the high electricity consumption and electricity
carbon footprint in this phase are important factors for the carbon footprint of the RO process.

The total life cycle carbon footprint of SWRO in the baseline scenario is 3.258 kg CO,-eq/m? of desalinated
water, of which the carbon footprints of the membrane product production stage, operation and maintenance
stage, and RO unit end-of-life disposal stage are 0.007, 3.248, and 0.003 kg CO,-eq/m? of desalinated water,
respectively. The carbon footprint of the operation and maintenance stage accounts for 99.69% of the full
life cycle carbon footprint, and the electricity consumption generated by the RO system to offset the osmotic
pressure of the brine is the main source of the carbon footprint. It has been suggested that the introduction of a
renewable energy-based electricity supply can effectively mitigate the high carbon footprint of the operation and
maintenance phase®. According to the results, the membrane product production and disposal stage contributes
relatively little to the carbon footprint per unit of product water. Still, some relevant researchers have pointed
out that reducing the carbon footprint of the membrane product production and disposal stage by extending the
membrane life and recycling waste membranes is of great significance in promoting the RO process to achieve
a net emission®’.

The carbon footprint of BWRO is 2.868 kg CO,-eq/m? of product water, of which the carbon footprint of
the operation and maintenance phase accounts for 99.65%. Brackish water has a lower salt concentration than
natural seawater, requires less salt separation and removal, and requires a lower osmotic pressure to operate
the desalination plant, so the energy consumption of BWRO is lower than that of SWRO. In addition, since the
composition of seawater is more complex than that of brackish water, the type and dosage of chemicals used
in the desalination process of brackish water are different. Despite the relatively low energy consumption of
BWRO, future studies need to focus on how to further reduce carbon emissions, such as optimizing the lifetime
of the membrane modules and improving the desalination efficiency of the membranes, in order to continuously
reduce the carbon footprint of the BWRO process.

In the baseline scenario, the full life cycle carbon footprint of reclaimed water reuse is 3.083 kg CO,-eq/m?
product water, of which the O&M phase accounts for 99.58%. Unlike the above two applications, the operation
and maintenance phase of water reuse consumes more chemicals, so its chemical carbon footprint is relatively
high, accounting for about 45.64% of the carbon footprint in the operation and maintenance phase. This result
highlights the significant impact of chemical use on the carbon footprint of reclaimed water reuse processes. In
recent years, the optimization of chemicals in reclaimed water reuse processes has become one of the key research
priorities to reduce the overall carbon footprint®. Through the introduction of new low-carbon chemicals or the
use of intelligent chemical management systems, the amount of chemical dosage can be significantly reduced
while safeguarding water quality, thus reducing carbon emissions during the operation and maintenance phase.

For the above three different RO water treatment applications, the main source of carbon footprint is the
electricity consumption during operation, therefore, designing low-energy systems for the relevant applications
is crucial for the progressive decarbonization of the desalination industry. In addition, despite the relatively
small carbon footprint of the membrane production and disposal stages, further environmental benefits are
expected to be realized at these stages by extending the lifetime of the membranes, increasing the membrane
recycling rate, and reducing carbon emissions from raw materials used in the membrane manufacturing process.
These measures can further advance the process of reducing the carbon footprint of the entire life cycle of the RO
process and support the sustainable development of water treatment technologies (Table 3).

Carbon footprint analysis under different future scenarios

As the proportion of renewable energy in the power system gradually increases and the overall power structure
tends to be decarbonized, the carbon footprints of the three RO applications show a significant downward trend in
Scenario [ . Specifically, in the baseline scenario, the carbon footprints of all three RO applications are projected
to decline rapidly by 2030 as the share of renewable energy rises and the power system is gradually decarbonized;
the downward trend slows down relatively between 2030 and 2060 (Fig. 3). By 2060, the carbon footprints
of the three RO applications, SWRO, BWRO, and reclaimed water reuse, show a downward trend of 84.69%,
79.77%, and 46.44% (Fig. 4), respectively, compared to the baseline scenario. In this scenario, although the total

Lifecycle Stage SWRO | BWRO | Reclaimed Water Reuse
Device Production 0.007 0.007 0.010
Operation and Maintenance | 3.248 2.858 3.070
Disposal 0.003 | 0.003 0.002
Total Carbon Footprint 3.258 | 2.868 3.083

Table 3. Carbon footprint of three RO applications under the baseline scenario (Kg CO,-eq/m?).

Scientific Reports |

(2025) 15:40842 | https://doi.org/10.1038/s41598-025-24518-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

~— ~ . —
E 3.5 2 350 g 358

= = =

= [~ =2

? 3.0 ? 3.0 ? 3.0

=) Q' Q'

O 25 O 25 O 25

o0 :‘D iﬁ

< 20 < 20 = 20

- - -

=

T 15 E 1.5 E 15

& B &

g 10 g 1o S 1.0 —=—Scenario 1

b bl bl —s— Scenario 2

505 £ 05 £ 05" — Seenario 3

"E' 00 "E 0.0 f 0.0 —v— Scenario 4

= U = U = U

@] 2020 2030 2040 2050 2060 O 2020 2030 2040 2050 2060 U 2020 2030 2040 2050 2060

Time (year) Time (year) Time (year)

Fig. 3. Carbon footprint of three RO applications in a decarbonisation scenario (a) SWRO (b) BWRO (c)
Reclaimed Water Reuse.

3.5 @ 35 ®
= ~ = o E Cleaning agents
Membrane disposal
g‘ 3.0F \E' 30F D FI::ric?:;e e
“l:. ql:‘ El Membrane production|
8 25} 32.7% 3930, 8 25F ] Pre treatment agents
34.6% 41k
%, 2.7% T -~
Ok OF 23.5% 5
S =) 423% gobo.
= = |
= 15F = 15¢
g‘ 96.8% 81.5% g'
96.0% 77.9%
€ 1o0f ; < 10f g
g onave  902% s 2
£ 05} £ 05t e B
S S
0.0 0.0
A [B] ¢ A | B ¢ A | B]| c A | B ¢
2030 2060 2030 2060
4.0 © 35 @
= 20.7% o =
a 24.9% 20.7% 249% | % 24.8%29.7% D
%_ 35F 992% si3% 99.0% %_ 30k T 248% 297%
4%
@ o
OIN 3.0F &P kg c's. 25| 988% 98.6%
Q 25 o 90.8% 90.8%
op 251 )
5 é 20
= 20F =
= 15
§' 15F g
5] < 10}
g 1.0F g
= £ 05f
8 05 5
0.0 0.0
A [B] c A [B] c A [B] c A [B] c
2030 2060 2030 2060

Fig. 4. Carbon footprint of three RO applications in a decarbonisation scenario and the sources of carbon
footprint (a) Scenarios I (b) Scenario II (c) Scenario III (d) Scenario IV (A: SWRO, B:BWRO, C:Reclaimed
Water Reuse).

carbon footprint is reduced, the carbon footprint of the three applications is still mainly derived from electricity
consumption during the operation phase. This suggests that while continuing to promote decarbonization of the
power system, further optimization of the energy consumption structure of the RO applications is required to
achieve a more comprehensive carbon reduction.

In Scenario II, the decarbonization of the power system is further increased and the carbon footprint of the
three RO applications is further reduced. Compared to Scenario I, the carbon footprint of Scenario II is further
reduced (Fig. 3). By 2060, the decreasing trend of the carbon footprints of the three applications is 93.23%,
87.81%, and 51.12%, respectively. At the same time, the share of energy consumption in the operation phase
in the total carbon footprint of the three applications decreases significantly, from 98.93%, 93.17%, and 54.24%
in the baseline scenario to 84.12%, 43.96% and 6.38% (Fig. 4), respectively. This significant reduction potential
suggests that the carbon footprint reduction potential of the RO process is even more substantial, driven by the
decarbonization of the power system. It also implies that the use of cleaner power and CCUS with thermal power
technologies play a key role in further reducing carbon emissions.

The carbon footprint of Scenario Il increases compared to Scenarios I and II. The carbon footprint reductions
of the three RO applications are relatively small in this scenario, with the downward trend of the carbon
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footprints of SWRO, BWRO, and reclaimed water reuse only 0.23%, 0.27%, and 0.15% (Fig. 3). In addition,
the share of energy consumption in the operation phase has increased, at 99.17%, 93.43%, and 54.32% (Fig. 4),
respectively. Due to the low level of decarbonization of the power system in this scenario, the carbon footprint
reduction effect of the RO process is limited. This suggests that if the power system fails to achieve a large-scale
grid-connected transition to renewable energy and CCUS with thermal power, it will be difficult to significantly
reduce the overall carbon emissions from the RO process, and energy consumption during the operation phase
will remain the main source of carbon emissions. Therefore, in this scenario, further optimizing the energy
efficiency of the RO process itself will be an important way to reduce the carbon footprint.

The reduction potential of Scenario IV lies between Scenarios I and III. Through operational optimization
measures, the carbon footprints of SWRO, BWRO, and reclaimed water reuse are reduced by 29.92%, 28.22%,
and 16.42% respectively in this scenario (Fig. 3). Although operational optimization can reduce carbon
emissions to some extent, such reductions are relatively limited compared to Scenario II(Fig. 4). This suggests
that operational optimization still contributes to emissions reductions in the context of a decarbonized power
system, but it is difficult to compare with the carbon footprint reductions resulting from a full low-carbon power
transition. Potential measures for operational optimization include improving the overall energy efficiency of
the RO system, improving the performance of the membrane modules, reducing the energy consumption of
the system, and optimizing the cleaning and maintenance applications to further enhance system efficiency and
reduce the carbon footprint.

Taken together, the degree of decarbonization of the power system plays a crucial role in reducing the carbon
footprint of the RO process. According to the scenario analysis, the carbon footprints of SWRO, BWRO, and
reclaimed water reuse can be reduced by up to 93.23%, 87.81%, and 51.12%, respectively, with the support of
a power system that achieves full decarbonization. In addition, in other scenarios, although measures such as
operation optimization and membrane device recycling can also produce emission reductions, their potential is
relatively limited, the detailed carbon footprint situation is shown in Fig.A3. Therefore, adopting green power
or improving energy efficiency to reduce system energy consumption is a top priority to drive the RO process
to achieve carbon reductions, and the carbon footprint of the RO process can be further reduced by recycling

discarded membrane devices, optimizing operational variables, and other applications>.

Carbon footprint sensitivity analysis of process variables

The carbon footprint sensitivity analysis results of inlet water temperature are shown in Fig. 5(a). When the
temperature rises by 60%, the carbon footprint of the baseline scenario and carbon neutral scenario in 2060 will
decrease by 10.41% and 10.15%, respectively. When the temperature decreased by 60%, the carbon footprint of
the two scenarios increased by 13.88% and 13.53%, respectively. This is because properly increasing the inlet
water temperature can improve the separation efficiency, reduce the energy consumption of the RO system,
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and then affect the carbon footprint of the desalination process. According to the carbon footprint change data,
the change in inlet water temperature can have a certain impact on the carbon footprint of the system, but this
impact will not change significantly with the low carbonization of the RO system.

The carbon footprint sensitivity analysis results of the system energy recovery rate are shown in Fig. 5 (b).
When the system energy recovery rate decreases, the system carbon footprint increases, and the change range
of the carbon footprint in the baseline scenario is larger than that in the carbon-neutral scenario in 2060. When
the change rate of energy recovery increases by 60%, the carbon footprint of the system decreases. The carbon
footprint under the two scenarios was reduced by 12.83% and 9.93%, respectively. When the energy recovery
rate is reduced by 60%, the changing trend of carbon footprint is more obvious, and the carbon footprint under
the two scenarios increases by 40.89% and 37.85% respectively. This is because the energy recovery rate is
negatively correlated with the system energy consumption and positively correlated with the salt content of
the water produced. However, the impact of the system energy consumption on the carbon footprint is greater
than that of the water produced on the carbon footprint, so the final result shows that the carbon footprint is
negatively correlated with the energy recovery rate. According to the sensitivity analysis data, the reduction
of energy recovery rate has a high sensitivity to the carbon footprint of the system, but its sensitivity does not
change significantly with the decarbonization of the RO system.

The carbon footprint sensitivity analysis results of the membrane product life are shown in Fig. 5(c). Extending
the membrane life cycle can reduce the carbon footprint of the desalination process. When the membrane service
life is increased by 60%, the carbon footprint of the baseline scenario and the 2060 scenario can be reduced by
0.1% and 0.6%, respectively. According to the carbon footprint calculation formula in Sect. 2, the change in the
membrane product replacement cycle has an impact on the water volume of the product during the membrane
life cycle, which in turn has an impact on the carbon footprint generated by the membrane product. In the
baseline scenario, due to the low contribution of the carbon footprint of membrane products to the carbon
footprint of the desalination process, changes in the lifetime of membrane products under the baseline scenario
have less impact on the carbon footprint of desalination than in the 2060 scenario.

The carbon footprint sensitivity analysis results of influent salt concentration are shown in Fig. 5 (d). When
influent salt concentration increases by 60%, the carbon footprint of SWRO in the baseline scenario and the 2060
scenario increases by 40.99% and 39.8%, respectively. This is because an increase in influent salt concentration
leads to an increase in the power consumption of the desalination system, which in turn leads to an increase in
the carbon footprint. In addition, according to Fig. 5 (d), it can be seen that the change rates of carbon footprint
under the baseline scenario and carbon neutral scenario are the same, and both will have a significant impact on
the carbon footprint of the system.

There are many factors affecting the carbon footprint of the SWRO process. Through sensitivity analysis
of various process variables, factors with high sensitivity can be found based on synthesizing various process
variables, and the coupling design of optimal operating parameters can be carried out™. According to the
carbon footprint sensitivity analysis of the above four process variables, compared with the change of membrane
product life, the carbon footprint of SWRO is more sensitive to feed water temperature, system energy recovery
rate, and feed water salt content. In the RO system, the energy material consumption and water production per
unit of product water are determined by a variety of process variables. Therefore, the life cycle assessment model
can be applied to the future desalination process design process, to maximize the optimization of the process and
promote the process to achieve carbon emission reduction.

Future prospects

The data sources of this study are field research data and database data. RO water treatment will have different
processes and operating parameters according to different influent water quality and desalination water
requirements and other treatment conditions, so the use of a representative single research data will have a certain
deviation from the data of different processes, such as pre-treatment process, the type of chemical dosage, dosage,
etc. The carbon footprint data of each consumable substance in the calculation process are from the database,
and their time, location, and technical representativeness are low compared with the data of direct measurement.
In addition, according to the system boundary, some of the emissions with a lower percentage are not calculated,
which will also have an impact on the accuracy of the data. Therefore, the accuracy and representativeness of the
data can be improved through further more extensive and specific upstream research and field studies. The data
of decarbonization scenarios can be predicted by more specific calculations to improve the accuracy of the data
on the carbon footprint of electricity and the carbon footprint of the waste recycling process.

Based on the above calculations, the electricity consumption during the operation of three typical RO
applications, SWRO, BWRO, and reclaimed water reuse, is the main source of their carbon footprint. When the
electricity carbon footprint is reduced, the carbon footprint of RO applications can be reduced by up to 90% or
more. Therefore, reducing electricity consumption through technological improvements as well as lowering the
carbon footprint of electricity is an important means of achieving significant reductions in the carbon footprint
of RO water treatment applications®. When the power sector is continuously decarbonized, the main source
of carbon footprint is still electricity consumption, but the carbon footprint of membrane device production
and waste disposal process has increased, therefore, based on continuous decarbonization of the power grid,
accelerating the waste recycling of membrane products can further reduce the carbon footprint of the RO water
treatment process.

In this study, the degree of influence of different process variables on the carbon footprint of the SWRO
process was investigated through sensitivity analyses, and the process variable factors with the highest to the
lowest sensitivity were influent salinity, energy recovery, influent temperature, and membrane product life,
in descending order. The design of process technology solutions usually requires a combination of process
parameters and operating conditions. A sensitivity analysis of a single process parameter and operating
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condition can be used to effectively assess its impact on the system and thus help to propose the best technical
optimization.

Moreover, future research should also address several environmental issues that were not included in the
current system boundary. Although this study evaluated the carbon footprint of membrane manufacturing, it
did not explicitly account for solvent emissions from membrane fabrication or cleaning processes, due to the
lack of specific emission factors and process-level LCI data. These emissions, while potentially small in terms
of carbon equivalents, may contribute to local air pollution or occupational exposure risks. In reclaimed water
reuse scenarios—particularly those involving industrial wastewater—the rejected brine may contain a variety of
pollutants such as heavy metals, nitrates, fluorides, and persistent organic compounds, which could pose serious
risks to freshwater and marine ecosystems if not properly treated. Furthermore, although incineration of end-of-
life membranes was assessed for greenhouse gas emissions, the potential release of toxic substances (e.g., arsenic,
chromium, lead) and environmental impacts of residual ash were not considered. To improve the environmental
integrity of RO life cycle assessments, future research should incorporate additional impact categories—such as
human toxicity, freshwater and marine ecotoxicity, and chemical persistence—into the LCA framework. This
will enable a more complete understanding of the environmental trade-offs across all life cycle stages of RO
systems, particularly under industrial application scenarios and large-scale membrane management.

Conclusions

In this study, life cycle modeling and carbon footprint accounting of RO water treatment applications were carried
out, and the carbon footprints of three typical RO applications, SWRO, BWRO, and reclaimed water reuse, were
calculated. Under the baseline scenario, the carbon footprints of SWRO, BWRO, and reclaimed water reuse were
3.258, 2.868, and 3.077 kgCOz-eq/m3 product water, respectively, with the carbon footprints generated by the
operation stage accounting for 99.69%, 99.65%, and 99.77%, and those generated by the electricity consumption
during the operation stage accounting for 98.93% and 93.17%, 54.24%. The decarbonization potential of the
three RO processes is particularly significant in Scenario II, where the carbon footprint of SWRO, BWRO, and
reclaimed water reuse can be reduced by up to 93.23%, 87.81%, and 51.12% as the proportion of renewable
energy sources in the power system increases and CCUS technology becomes more widespread.

In addition to internal scenario comparisons, this study also includes an external comparison with previously
published carbon footprint data. Appendix Table A12 presents a comparison between the carbon footprints of
RO applications in this study and those reported in a representative previous study. The SWRO carbon footprint
calculated in this study is 3.258 kg CO,-eq/ 'm?, which is close to the 3.25 kg CO,-eq/ m?® reported in the literature,
indicating consistency across studies despite differences in modeling assumptions. No comparative values were
available for BWRO and reclaimed water reuse in the referenced study. Compared with thermal desalination
technologies, such as MSF (10.50 kg CO,-eq/m?*) and MED (6.00 kg CO,-eq/m?), the RO-based processes in
this study show a significantly lower carbon footprint, highlighting the environmental advantages of membrane-
based desalination under current and future decarbonization scenarios.

To reduce carbon emissions, it is recommended to start from two aspects: on the one hand, in the current
scenario, energy saving in the operation phase needs to be realized by improving energy efficiency and adopting
energy-saving technologies, thus reducing the carbon footprint; On the other hand, the adoption of energy
sources with a low-carbon structure, such as the active promotion of renewable electricity and the application
of CCUS thermal power, should be actively promoted to improve the energy structure and contribute to
a greater degree of decarbonization of the RO process. In addition, the synergistic optimization of multiple
process variables and operating parameters is crucial for process design. Achieving a balance between different
parameters, process energy consumption, plant production, and end-of-life disposal in a low-carbon design to
minimize greenhouse gas emissions over the full life cycle of the process will be a key direction for the sustainable
development of future desalination technologies.
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The authors declare that the data supporting the findings of this study are available within the paper and its Sup-
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