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Abstract

This study evaluates the environmental sustainability of brackish water desalination using photo-electrodialysis
(photo-ED). A cradle-to-gate life cycle assessment (LCA) was conducted for a small-scale theoretical photo-ED
desalination plant in Qatar. The system employs a Pt/Ir-coated titanium photo-anode that harnesses sunlight to
drive ion transport. The assessment covers brackish water extraction, pre-treatment, photo-ED cell operation, and
post-treatment. Life cycle impact assessment (LCIA) results indicate a global warming potential (GWP) of
2.65 kg CO, eq/m’ of freshwater produced, with operational electricity contributing 94% of this impact. Additional
environmental impact categories assessed include acidification potential (AP), eutrophication potential (EP),
freshwater aquatic ecotoxicity (FAE), abiotic depletion potential (ADP), and terrestrial ecotoxicity (TE).
Operational electricity was the dominant contributor to all categories except ADP. Moreover, the use of platinum,
ruthenium, and iridium in the electrode coating process significantly increased FAE and TE impacts. A sensitivity
analysis of electricity sources reveals that replacing conventional electricity with renewable wind energy can
reduce the GWP to 0.325 kg CO, eq/m®. These findings highlight the potential of green energy in mitigating
environmental impacts.
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INTRODUCTION

Water scarcity is a growing global concern, with nearly two-thirds of the world's population experiencing
shortages for at least one month each year"". Driven by population growth, global water demand - currently
estimated at 4,600 km’ per year - is predicted to increase to 5,500-6,000 km’ annually®’. By 2030,
approximately 700 million people are expected to be displaced due to water shortages. Addressing this crisis
requires the development of more sustainable methods for freshwater production.

The Gulf Cooperation Council (GCC) countries account for approximately 60% of global desalination
capacity, operating more than 400 plants due to limited natural freshwater sources”. Membrane-based
desalination technologies, such as reverse osmosis (RO), forward osmosis (FO), electrodialysis (ED), and
membrane desalination (MD), are increasingly favorable over thermal methods because of their lower
energy requirements. RO is currently the most widely adopted technology; however, it has drawbacks such
as high pressure demands and membrane fouling”. Unlike RO, ED operates under low-pressure conditions,
using electricity to drive ion transport and remove salts. By alternating cation exchange membranes (CEMs)
and anion exchange membranes (AEMs), ED enables the selective separation of ions, recovery of high-value
chemicals, and purification of water streams'. Seawater, the most abundant source of water globally, is the
primary feedstock for desalination. However, its high salinity (~35 g/L) requires considerably more energy
for treatment compared to brackish water (1 g/L)". For this reason, ED is particularly well-suited to
brackish water desalination, requiring only 0.4-4 kWh/m®, compared with 2-6 kWh/m® for RO. ED also
achieves high salt removal rates, demonstrates lower susceptibility to scaling, and can operate effectively at
high temperatures.

The growing accessibility of renewable energy sources, such as solar and wind, supports the deployment of
small, off-grid ED plants in remote areas'™. Several pilot studies have explored photovoltaic-powered ED
(PV-ED) systems for brackish water desalination”?, while a few studies have investigated ED coupled with

[13,14

wind energy”'*. Recently, emerging approaches such as photo-assisted ED (photo-ED) have gained
attention. In photo-ED, photoactive electrodes aid ion transport and pollutant removal under illumination.
While studies on photo-ED desalination remained limited, existing work has shown that continuous
desalination can be achieved under zero bias (short-circuit conditions) with high salt removal efficiencies.
To date, more research has focused on wastewater treatment applications of photo-ED than on
desalination"”. For example, Bensaadi et al. used photo-ED with FeAL,O, photoelectrodes to remove Ni*,
Cu*, and Zn* ions from wastewater, finding that illumination improved ion transfer"?. One of the earliest
photo-ED desalination studies, conducted in 1980, combined a photoelectrochemical cell with ED"".
Hamane et al. investigated n-Sr,Fe,O,/p-Sr,Co,O, photoelectrodes for ion removal and observed enhanced
electron transfer and diffusion flux under illumination". Similarly, Cherif et al. reported improved ion
transport using CuFeO, photoelectrodes"”, while Khiter et al. demonstrated the removal of lead ions with
membrane photo-ED using visible-light-responsive electrodes (n-BaFeO,, and p-CuO)". Their study
showed that sunlight enabled the photo-reduction of 71% of lead ions. In addition, Chaurasiya et al.
conducted a systematic review of carbon-based electrodes for photo-bio-electrocatalytic electrolysis cells,
highlighting the superior photocatalytic performance of advanced carbon nanomaterials such as nanotubes
and graphene”'. Despite these advances, photo-ED still faces limitations, including long-term stability

issues, photocurrent degradation, and membrane fouling™.

Like other desalination technologies, photo-ED has potential environmental impacts associated with
feedstock use, plant construction, brine disposal, and energy requirements”. Life cycle assessment (LCA) is
a useful tool for quantifying these impacts across a product's or process's full life cycle, including goal and
scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation. Since
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electricity generation is often the largest contributor to environmental burden, the type of fuel used in
desalination is a critical factor. Integrating renewable energy can substantially reduce these impacts.
Although LCA studies on photo-ED are still scarce, some analyses have been conducted on ED systems
integrated with other renewable technologies. Xu et al. reviewed ISO standards for seawater desalination,
focusing on classification, future development, and applications”. Biswas and Yek" reported climate
change (CC) impacts of 2.46 kg CO, eq/m’ for seawater and 0.38 kg CO, eq/m’ for groundwater
desalination using ED, with electricity consumption identified as the dominant contributor. Mueller et al.
performed an LCA of a reverse ED (RED) system for salinity-gradient power generation and found that
membrane manufacturing was the major source of environmental impact across categories””. There
remains a need to evaluate the sustainability of ED systems powered by renewable energy. This study
addresses that gap by performing an LCA of a photo-ED desalination system in Qatar, using a functional
unit of 1 m® of freshwater produced. Sensitivity analyses are also conducted to assess the influence of
electricity consumption, membrane durability and electrode coating lifetimes on overall system
performance.

SYSTEM DESCRIPTION

In this analysis, the LCA of a theoretical small-scale photo-ED plant is examined in the context of Doha,
Qatar. The photo-ED cell design is based on our previous experimental and environmental study™.
Figure 1 presents a schematic of the photo-ED cell, in which AEMs and CEMs facilitate ion transport under
an applied electric field, producing a freshwater diluate stream and a concentrated brine stream. The system
incorporates a Pt/Ir-coated titanium anode for solar energy utilization and a V4A steel cathode. Each
membrane measures 11 cm x 11 cm, with an active area of 64 cm®. The ED unit comprises five cell pairs (six
CEMs and five AEMs), providing a total membrane area of 0.1332 m? and a desalination capacity of 1 L/h.
The photoanode coating procedure follows the method described by Rasmi et al.””. For the experimental
analysis, a salt solution with a salinity of 20 g/L Na, SO, was used, while a 2 g/L Na,SO, solution served as the
electrolyte. Brackish water was selected for this study due to its regional availability. Furthermore, brackish
water desalination by ED requires less energy compared to seawater desalination, making it a suitable
option for water-scarce regions. Treating water of lower salinity is also more cost-effective, as higher salinity
increases electricity demand. Conversely, RO is generally more effective for seawater desalination, which
remains the dominant technology in Qatar.

GOAL AND SCOPE

The LCA study was conducted using the LCA for Experts software’, which provides extensive datasets on
existing materials and processes. The study adheres to the ISO 14040 principles and frameworks™’, which
comprise four main stages: goal and scope definition, inventory analysis, impact assessment, and
interpretation, as shown in Figure 2.

This study applies a cradle-to-gate LCA to a photo-ED desalination system in Doha, Qatar. The functional
unit is defined as 1 m’® of desalinated water, allowing for consistent comparison with existing literature.
Figure 3 shows the system boundary diagram for the production of 1 m® of freshwater using a photo-ED
system. In this process, brackish water is first extracted using pumps, then pre-treated before entering the
photo-ED unit for desalination. The freshwater produced undergoes treatment and is subsequently stored
for use. As this is a cradle-to-gate study, the distribution, end use, waste management, and disposal stages
are excluded. Similarly, the disposal of the brine stream is not considered, as the ED system operates at
laboratory scale (1 L/h), producing negligible volumes of brine not managed through conventional large-
scale methods. However, it should be noted that brine disposal can have significant environmental impacts,
particularly in terms of marine ecotoxicity. Its exclusion may therefore underestimate the overall
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Figure 1. Schematic diagram of the photo-ED process for freshwater production.
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Figure 2. LCA framework based on 1SO 14040,

environmental burden. Future pilot-scale assessments should include brine management to provide more
comprehensive results. The LCIA methodology used is CML 2001 (version: August 2016). The selected
environmental impact categories include global warming potential (GWP), abiotic depletion potential
(ADP), eutrophication potential (EP), freshwater aquatic ecotoxicity (FAE) potential, and terrestrial
ecotoxicity (TE) potential.

INVENTORY ANALYSIS

This section presents the inventory analysis. The ED stack design is based on the experimental results
detailed in our previous study"”. For maintenance, the membranes and electrodes are replaced every 10 and
5 years, respectively”””". Additionally, the photoactive material on the anode is recoated monthly"”. The
input datasets were obtained from various databases available in the LCA for Experts tool™. Since the
analysis is conducted in Doha, Qatar, the Qatari electricity grid mix was applied for extraction, pre-
treatment, photo-ED cell electricity, anode coating, post-treatment, and pumping processes. Other relevant
datasets are listed in Table 1. Some materials, such as divinylbenzene, chloromethyl styrene, and
chloroplatinic acid, are not available in the database; therefore, proxy reactions were used to represent their
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Table 1. Inventory data for producing 1 m® of freshwater via the photo-ED process

Material Value Unit Dataset

Photo-ED cell electricity 4.31 kWh/m® Electricity grid QA

Anode

Titanium 6.85E-07 kg/m3 water Titanium sphera

Cathode

VA4A steel 1.16E-06 l<g/m3 water Steel sheet 0.75 mm HDG
Housing

Polypropylene 2.48E-05 kg/m3 water Polypropylene granulate
AEM monomer production

Polyvinyl chloride 0.21 kg/kg AEM Polyvinyl chloride granulates
Divinylbenzene® 0.043 kg/kg AEM -

Chloromethyl styreneb 0.410 kg/kg AEM -

Benzoyl peroxide 0.0080 kg/kg AEM Benzoyl peroxide

CEM monomer production

Styrene 0.32 kg/kg CEM Styrene PlasticsEurope
Divinylbenzene® 0.050 kg/kg CEM -

Benzoyl peroxide 0.0094 kg/kg CEM Benzoyl peroxide

Pt/Ir coating

Ruthenium 2.37E-06 kg/coating Ruthenium primary route IPA
Chlorine 2.09E-06 kg/coating Chlorine mix

n-butanol 9.25E-05 kg/coating Butanol (n-butanol)

TiO, or tetrabutyl titanate 2.09E-06 kg/coating Titanium dioxide pigment (sulfate)
Iridium 3.29E-06 kg/coating Iridium, primary route IPA
Chlorine 9.10E-07 kg/coating Chlorine mix

Heating 4.57E-05 kWh/coating Electricity grid mix Sphera
n-Butanol 9.25E-05 kg/coating Butanol (n-butanol)
Chloroplatinic acid® 4.68E-06 kg/coating -

Coating electricity 4.57E-05 kWh/coating Electricity grid mix QA

CEM membrane production

CEM monomer 2.64E-07 kg/m3 water -

Sulfuric acid 1.39E-06 kg/m3 water Sulfuric acid at plant

AEM membrane production

AEM monomer 2.64E-07 kg/m3 water -

Trimethylamine 5.09E-07 kg/m3 water Methylamine (by-product di-, tri-methylamines)
Pre-treatment

Alum 0.063 kg/m’ Alum

Energy 0.020 kWh/m® Electricity from grid QA
Post-treatment

Chlorine 0.0074 kg/m3 Chlorine mix

Hydrated lime 0.0160 kg/m3 Hydrated lime

Energy 0.000040 kWh/m® Electricity from grid QA
Extraction

Overall pumping 0.032 kWh/m’ Electricity from grid QA
°Dehydrogenation of diethylbenzene[m;bChIorination of ethyltoluene[m;CDissqution of platinum in aqua regiaBS].

production. The inventory data for extraction, pre-treatment, and post-treatment processes were adapted
from Biswas and Yek™.
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Figure 3. System boundary diagram for a cradle-to-gate LCA of freshwater production via photo-ED desalination.

IMPACT ASSESSMENT

This section presents and discusses the results of the LCIA. Additionally, several sensitivity analyses are
performed on operational electricity consumption, membrane replacement, and component lifetimes. The
scalability of the system is also examined.

Results and discussion

Table 2 presents the total environmental impacts of the photo-ED desalination process for producing 1 m’
of freshwater. Figure 4 shows the percentage breakdown of the GWP impact category. The largest
contributor to GWP is the electricity required to operate the photo-ED cell, accounting for 94% of the total.
This is followed by chlorine used in the post-treatment step, contributing approximately 2%. The remaining
inventories have a minimal influence on the overall GWP and are grouped under the "rest" category. This
includes the production of membranes, electrodes, and casting materials. The software aggregates the
inventories listed in Table 1 that individually have negligible contributions and reports them collectively as
“rest”. A baseline study was also conducted on the same ED configuration without the photoactive anode
coating, with results shown in Figure 4. Compared with photo-ED, the baseline case exhibited slightly lower
GWP and EP values, by approximately 4% and 2 %, respectively. However, for the other impact categories,
photo-ED showed higher values due to the additional burden from coating materials such as TiO,, iridium,
and ruthenium. Despite this, the overall GWP remained lower for photo-ED because electricity dominates
the environmental profile. Specifically, photo-ED consumed 4.31 kWh/m® of electricity, compared with
4.57 kWh/m® for conventional ED. This modest reduction in electricity demand was sufficient to offset the
extra burden from the coating materials. Although the difference is relatively small, at larger scales, even
minor reductions in energy use can significantly improve both economic viability and climate impact.
Photo-ED technology is particularly promising in regions where electricity costs are high, as even small
energy savings can provide clear advantages. Moreover, with solar energy being abundant, different
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Table 2. Overall environmental impact assessment results (CML, August 2016) for producing 1 m® of freshwater using photo-ED
desalination

Environmental impact Total Unit
Global warming potential (GWP) 2.64 kg CO, eq
Abiotic depletion potential (ADP) 5.65%x10° kg SB eq
Acidification potential (AP) 430x10° kg SO, eq
Eutrophication potential (EP) 8.48x10™ kg P eq
Freshwater aquatic ecotoxicity (FAE) 931x10° kg DCB eq
Terrestrial ecotoxicity (TE) 3.07x10™ kg DCBeq
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Figure 4. Comparison of conventional ED and photo-ED.
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Figure 5. Percentage distribution of GWP, ADP, FAE, EP, TE, and AP impacts for the photo-ED desalination process.
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integration strategies can further enhance sustainability. As research progresses, improvements in photo-ED
design and efficiency are expected. Further work should focus on optimizing photo-coating processes and
material selection to reduce environmental burdens and minimize maintenance requirements.

Figure 5 illustrates the breakdown of the remaining impact categories. For ADP, iridium used in the photo-
anode coating contributes the most (around 40%), followed by ruthenium, platinum, and chlorine. For AP
and EP, the electricity required to operate the photo-ED cell dominates, contributing roughly 73% and 93%
of the total, respectively. Iridium, ruthenium, and platinum used in the coatings contribute more to AP than
EP. Electricity also accounts for the highest share of impacts in FAE and TE. In FAE, electricity contributes
about half of the total impact, while in TE it accounts for around 20%. Hydrated lime, used in the post-
treatment step, is the major contributor to FAE but has little influence on the other categories. TE is almost
equally affected by electricity use and chlorine from post-treatment, each contributing about 20%, with
photo-coating materials each contributing around 15%. Overall, across nearly all categories except ADP,
electricity use in the photo-ED cell represents the largest environmental burden. For ADP specifically, the
coating materials for the photo-anode are the dominant contributors.

Sensitivity analysis

Since the primary contributor to almost all environmental impacts was the electricity used for operating the
photo-ED cell, a sensitivity analysis was performed on this input. Various renewable electricity sources were
selected from the LCA for Experts software database”, including electricity derived from solar PV, wind,
solid biomass, geothermal, and biogas. Figure 6 presents the overall environmental impact results when
different electricity sources are applied. The Qatari grid mix, which is heavily fossil fuel-based, exhibits high
environmental impacts. In contrast, using alternative electricity sources significantly reduces these impacts.
For the GWP, the base result with the Qatar grid mix was 2.65 kg CO, eq/m’, which decreases to
0.325 kg CO, eq/m’ when wind-based electricity is used. Geothermal electricity results in the second-highest
GWP at 1.67 kg CO, eq/m’. By contrast, the abiotic depletion potential (ADP) shows little reduction with
different electricity sources, as operational electricity contributes minimally to ADP, as illustrated in
Figure 5. Biomass-sourced electricity exhibits the highest impacts on EP, FAE, and TE.

Compared to literature values, the base-case environmental impacts in this study are slightly higher. For
instance, Zhou et al.*” reported a GWP of 1.15 kg CO, eq/m’ for RO brackish water desalination, which is
lower than in this study. However, our study uses the Qatari grid mix, which is primarily fossil fuel-based
and thus has a higher environmental impact. When operational electricity is sourced from wind energy,
yielding a GWP of 0.325 kg CO, eq/m’, the results are more favorable. Similarly, Fernandez-Gonzales et al.
reported GWP values ranging from 0.49 to 0.91 kg CO, eq/m* when using PV electricity for brackish water
ED desalination™. In this study, PV electricity for the photo-ED cell operation results in a GWP of
0.402 CO, eq/m’, which is comparable. Electricity accounts for 94% of the total GWP, highlighting the
importance of renewable electricity sources for improving system sustainability.

Figure 7 shows a sensitivity band analysis of GWP concerning membrane lifetime, electricity, and coating
lifetime, with variations of +20%. The analysis indicates that changes in operational electricity have the
greatest impact on GWP. In comparison, GWP is less sensitive to membrane and coating lifetimes, likely
due to the small scale of the ED system, where membrane and coating contributions are minor. Future
studies could examine larger ED plant sizes and their sensitivity to membrane and coating lifetimes.

Scalability
The current LCA is based on a lab-scale system, informed by experimental data. The total membrane area of
the ED stack is 0.133 m?, with a capacity of 1 L/h. As the technology is at an early development stage, lab-
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Figure 6. Sensitivity analysis of GWP, ADP, AP, EP, FAE, and TE using different renewable electricity sources for photo-ED cell

operation.
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Figure 7. Sensitivity band analysis of GWP with respect to membrane lifetime, electricity, and coating lifetime.

scale LCA is an appropriate approach to identify environmental hotspots and guide future scale-up. Scaling
up cannot be directly proportional due to changes in stack dimensions and membrane sizes, which require
either pilot-scale setups or theoretical modeling. To account for scale effects, a sensitivity analysis was
performed by varying the total membrane area to approximate different plant sizes [Figure 8]. Percentage
variations were used as a simple scaling approach. For a pilot-scale plant with a total membrane area of
2.5 m’ the corresponding GWP is 4.1 kg CO, eq/m’. This value is higher than literature reports due to the
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use of the fossil fuel-based Qatari electricity grid mix. However, this estimate does not consider potential
reductions in operational electricity for larger plants. Larger-scale plants would feature increased electrode
areas, enhancing photo-activity, and thereby reducing the actual GWP. Future studies should include pilot-
or full-scale LCA analyses to capture the effects of electricity reduction with photoactive electrodes.

CONCLUSIONS

This study assessed the environmental sustainability of a photo-ED desalination system in Qatar using LCA.
A cradle-to-gate analysis was conducted with a functional unit of 1 m® of freshwater produced. The system
boundaries included brackish water extraction, pre-treatment, post-treatment, and photo-ED cell operation.
The LCIA results were as follows: 2.65 kg CO, eq (GWP), 5.65 x 10° kg SB eq (ADP), 4.30 x 10~ kg SO, eq
(AP), 8.48 x 10* kg P eq (EP), 9.31 x 107 kg DCB eq (FAE), and 3.07 x 10” kg DCB eq (TE). The dominant
contributor to GWP was operational electricity for the photo-ED cell, accounting for 94% of the total.
Electricity consumption also had the highest impact on all other categories except ADP, where iridium used
in the photo-coating was the primary contributor. Platinum, ruthenium, and iridium in the photo-coating
process also significantly contributed to FAE and TE. Sensitivity analysis indicated that the GWP could be
substantially reduced by using renewable electricity sources. Wind power yielded the lowest GWP, at
0.325 kg CO, eq/m’. Future studies should expand the cradle-to-gate analysis to include downstream
processes such as distribution, usage, and waste management. Greater integration of renewable electricity
into ED systems is essential, given the high contribution of electricity consumption. Additionally, scaling up
photo-ED while minimizing the use of scarce materials will be critical. Developing longer-lasting photo-
coatings to reduce maintenance requirements is also needed. Finally, pilot-scale experimental validation and
techno-economic analyses will be indispensable for advancing toward commercialization.
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