


FIGURE 1: Side-by-side comparison of the CESM1 and CESM2 biofilters, showing changes in MOL structure and cross-section scheme of

the biofilter.

and temperature measurements at the interface MOL/GDL,
at approximately 1T m depth.

The MOL was filled in the fall of 2023. The principle of
using a STEM was retained, maintaining the 1:1 volumetric
ratio between compost and structural support. However,
the composition was modified by replacing the woodchips
used in CESM1 with gravel %" (Figure 1).

The main distinction of CESM2 lies in its objective to
enable continuous monitoring of CH, oxidation efficiency
through a more reliable measurement approach, which,
in this project, is used to support and validate the point-
in-time measurements obtained with flux chambers. To
achieve this, the entire biofilter was enclosed within a par-
tially sealed shelter functioning as a full-scale flux cham-
ber. Details of the continuous monitoring system are part
of a separate publication (Souza et al. 2025).

As in CESM1, the CESM2 biofilter operated under a
transient methane loading regime. Biogas injection relied
on the same supply system, with inlet methane concen-
trations exhibiting broader variability and generally higher
values, ranging from 0.1% to 9.3%. To accommodate these
fluctuations, the injection flow rate was manually adjust-
ed, as required by operational conditions, between 815 and
1200 m?3 day™ (approximately 20 to 30 scfm).

2.5 Monitoring
2.5.1 Methane load

For both phases, the biogas flow entering the biofilter
was measured using a thermal mass flow meter installed
directly at the inlet, upstream of the fishbone-type gas dis-
tribution system. The methane loading (gCH,.m2.day")
was calculated using Equation 1.

Loadgy, = Q X 1000 x (16'04 % 1) « Setia ( 273 ) X
oadcn, = Q 224 ©5) 7100 “\273+ T,
Patm

* 1013 (M

Where Q is the biogas flow rate (md.day?'), S is the
biofilter surface area (m?), C,, is the inlet methane con-
centration (%) measured using a portable gas analyzer
(SEM5000, QED Environmental Systems Inc., 2017) with
laser technology to measure CH, from 0.5 ppm to 100 %
(vol), T_, is the ambient temperature (°C), and P__ is the
atmospheric pressure (hPa). Figure 2 presents a compar-
ative analysis of daily methane loadings applied to the
CESM1 and CESM2 biofilters using violin plots. Figure 2
shows that methane loading values are broadly distributed
for both systems, with similar median values (=309 g-m2-
day’ for CESM1 and =303 g-m2-day” for CESM2), but with
substantial variability and a wide range of loading condi-
tions observed in both cases.

2.5.2 Methane outlet flux

Methane surface fluxes at the biofilter were estimated
using a static flux chamber. The method involves placing
the chamber directly on the surface and monitoring the
increase in methane concentration over a fixed time inter-
val (10 minutes in the context of this study). Assuming a
linear concentration rise, the slope of the best-fit line (dC/
dt) represents the accumulation rate of methane inside the
chamber. This volumetric concentration change was then
converted into a mass flux using the ideal gas law (Abichou
et al,, 2006). Equation 2 was used to calculate the surface
flux, considering the dimensions of the rectangular cham-
ber used in this project.
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FIGURE 2: Distribution of methane loadings applied to the CESM1 and CESM2 biofilters, shown as violin plots. Both systems exhibit similar
median loadings, but CESM2 shows a wider distribution and more frequent high-loading events, reflecting greater operational variability.

g 16.04 273
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Where  corresponds to the rate of change in methane
concentration over time (based on the linear fit between
two measurements), T_ is the ambient temperature (°C),

ext
P.. is the atmospheric pressure (hPa), V and S represent
the volume (m3) and surface area (m?) of the flux chamber,
respectively.

For this project, the biofilter was divided into three dis-
tinct zones, all of which were tested using the flux chamber
during the measurement campaigns. This approach aimed
to provide a more representative assessment of the overall
surface flux, by allowing the results to be weighted accord-

ing to zone.

2.5.3 Methane oxidation efficiency

Methane oxidation efficiency was estimated under the
following assumptions: (i) uniform distribution of inlet gas
across Zones 1-3, (i) negligible methane storage within the
system (steady-state conditions), and (iii) no correction for
CO, production or O, consumption. Surface flux meas-
urements are assumed to be representative of average
zone-scale emissions.

These assumptions are suitable for integrated
field-scale comparison but may bias estimates for CESM2.
As surface cracking and preferential pathways developed
(Section 3.1), the assumption of uniform gas distribution
was likely violated, potentially leading to apparent under- or
over-estimation of oxidation efficiency at the system scale
rather than reflecting intrinsic MOL performance.

Methane oxidation efficiency was determined using a
mass balance approach, based on inlet and outlet CH, flux-
es, following the methodology described in Almeida et al.
(2024). This approach provides an integrated assessment
of system performance under field conditions and is widely
used in biosystems studies. However, CO, production and
0, consumption were not measured in this study. While

multi-gas monitoring could offer additional insights into
the biological mechanisms involved in methane oxidation,
the adopted method allows for a robust evaluation of over-
all CH, removal efficiency. As previously mentioned, flux
chamber measurements were conducted in three distinct
zones (Figure 3 provides a schematic overview of these
zones).

For the analysis presented in this paper, we assumed
that the biogas entering the GDL is evenly distributed
across the entire GDL/MOL interface, implying that the
different zones exert an equivalent influence on methane
oxidation. We adopted this simplifying assumption to facil-
itate the analysis, but we will re-evaluate it in future publi-
cations. In practice, however, biofilters may exhibit non-uni-
form gas distribution due to physical processes such as
capillary barrier effects and partial clogging. These mech-
anisms can reduce gas permeability in the downslope re-
gion (Zone 1), promoting preferential gas migration toward
other zones, consistent with the behavior described by
Almeida et al. (2024) in Scenario C.

Gas concentration profiles were not monitored in this
study due to technical limitations associated with gas
sampling probes. Specifically, clogging issues in several
probes installed in CESM1 (Almeida et al. 2024), which
compromised the reliability of the measurements. There-
fore, to ensure consistency between systems, gas profiles
were not included for CESM2.

2.6 Statistical analysis

Descriptive statistical analyses were performed to
characterize the datasets from CESM1 and CESM2, includ-
ing calculation of mean, median, minimum, maximum, and
standard deviation for the main performance parameters.
Data normality was evaluated using the Shapiro-Wilk test
to assess whether the variables conformed to a normal
distribution.

As the majority of the datasets did not satisfy the as-
sumption of normality (p < 0.05), non-parametric Mann-
Whitney U tests were applied to compare methane loading,
oxidation efficiency, and the amount of methane oxidized
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FIGURE 3: Temporal evolution of the amount of methane oxidised in the three biofilter zones for CESM1 (2022) and CESM2 (2024).
CESM?1 exhibits relatively uniform behavior among zones, whereas CESM2 shows pronounced spatial variability, particularly during sum-
mer months, with reduced performance in upslope zones associated with cracking and preferential flow.

between the two biofilters, as well as between zones where
applicable. Statistical significance was established at
p < 0.05.

All statistical analyses were conducted using Python
(version 3.8.10).

3. RESULTS AND DISCUSSION

This section presents a comparative analysis of meth-
ane oxidation performance between the two project phas-
es, CESM1 and CESM2. Although the systems were com-
missioned in different years (2021 for CESM1 and 2023 for
CESM2), their initial operation began at similar times of the
year (October). To minimize the influence of harsh winter
conditions and exclude the initial stabilization period typi-
cal of newly commissioned experimental plots, the analy-
sis focuses on the period from April to December. This time
frame, spanning from early spring (snowmelt period) to the
first weeks of winter, allows for the assessment of biofilter
performance under relatively comparable meteorological
conditions.

3.1 Amount of methane oxidized

Figure 3 illustrates the evolution of the amount of meth-
ane oxidized in the CESM1 (2022) and CESM2 (2024) bio-
filters, with data considered for each zone over time. We
observe that both CESM1 and CESM2 exhibit variability in
the amount of CH, oxidized over the monitored months.
Additionally, a lower variation among zones is noted for

CESM1. This observation is further supported by the de-
scriptive statistical analysis (Table 1).

For CESM1, the amount of methane oxidized ranged
from 113.1 to 1220.3 g.m2.day’, with median values of
297.5, 297.6, and 289.7 g.m2.day" for zones 1, 2, and 3,
respectively. For CESM2, the amount of methane oxidized
ranged from 3.9 to 1101.4 g.m2.day", with median values
of 333.6, 252.9, and 187.8 g.m2.day" for zones 1, 2, and
3, respectively. These results indicate that the fluctuation
among zones was greater for CESM2 than for CESM1, as
shown in Figure 3.

During the first quarter of the analysis period (April to
June), CESM1 consistently oxidized slightly more meth-
ane than CESM2. Starting in June, a marked increase in
methane oxidation was observed in CESM2, particularly in
Zone 1 (downslope), reaching values close to 1000 g.m?2.
day™. However, this trend was accompanied by divergence
among zones, especially from July onward, indicating an
imbalance in gas distribution and/or spatial variability
in microbial oxidative activity. Although gravel improves
structural stability and drainage, its limited moisture reten-
tion capacity and absence of readily assimilable organic
carbon may promote more localized microbial activity,
which becomes strongly dependent on zones with more
favorable moisture conditions and substrate availability
(Huber-Humer et al., 2008).

The greater performance disparity among CESM2
zones, compared to CESM1, appears to be associated with
microenvironmental modifications induced by the experi-
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TABLE 1: Statistical data for CESM1 and CESM2 comparison.

Biofilter Parameters CH, loading Efficiency CH, oxidized - Z1 CH, oxidized -Z2  CH, oxidized - Z3

CESM 1 Mean 422.3 94.9 421.9 4221 413.6
Minimum 117.5 78.3 117.5 117.5 113.1

Maximum 1223.1 99.9 1219.9 1220.3 1193.0

Median 297.7 97.9 51.1 297.6 289.7

Standar deviation 290.1 6.2 289.4 289.8 284.5

CESM 2 Mean 4259 80.2 413.8 337.6 251.0
Minimum 51.6 52.4 51.7 39.2 3.9

Maximum 1240.5 100 1101.4 973.9 686.8

Median 327.7 80.4 333.6 252.9 187.8

Standar deviation 335.8 13.8 317.1 259.4 199.4

p-value 0.79 0.000011* 0.68 0.17 0.024*

Values marked with * indicate statistically significant differences (p < 0.05) according to the Mann-Whitney test

mental configuration. The installation of the shelter enclo-
sure, which was required to enable continuous monitoring
of methane oxidation, may have altered the thermal and hy-
dric regimes within the biofilter. During the summer 2024
period, the shelter is expected to have enhanced internal
heat accumulation. Combined with the lack of direct pre-
cipitation, these conditions led to accelerated desiccation
of the MOL, causing a substantial decrease in its moisture
content. Gdmez-Borraz et al. (2025) showed that elevated
temperatures in methane biofilters can shift microbial me-
tabolism from anabolism toward catabolism due to ther-
mal stress, ultimately impairing oxidation performance.

Taken together, these results reveal a clear trade-off
between oxidation efficiency and total methane through-
put. CESM1 consistently achieved higher and more stable
oxidation efficiency, indicating robust performance of the
open configuration and compost—woodchip MOL under a
wide range of conditions. In contrast, CESM2 oxidised a
larger total mass of methane, primarily because it was op-
erated under substantially higher methane loadings during
extended periods, despite exhibiting lower and more vari-
able efficiency. From a design perspective, this highlights
that systems optimized for stability and efficiency may
differ from those intended to treat high methane fluxes.
Enclosed configurations such as CESM2 can increase total
abatement potential when higher loads are unavoidable,
but require careful control of boundary conditions to pre-
vent efficiency losses associated with drying, cracking, and
preferential gas pathways.

Although the STEM material appeared adequately
moist at the time of placement, progressive drying led to
the development of surface fissures, predominantly in the
midslope and upslope zones (zones 2 and 3). The forma-
tion of cracks facilitated preferential flow paths, thereby
reducing methane residence time and limiting effective
contact between the methane and the biologically active
oxidation zone (Rower et al. 2011; Gebert et al. 2022).

To mitigate these effects, we implemented corrective
measures, including weekly manual irrigation applied at the
surface of the biofilter and localized rehabilitation through
excavation and compaction of the affected areas. These

interventions led to an increase in methane oxidation from
November 2024 onward in CESM2, suggesting a partial re-
covery of system performance following the restoration of
moisture conditions and structural integrity.

Furthermore, the spatial variability in performance ob-
served across CESM2 zones cannot be attributed to oxy-
gen limitation, as both biofilters were supplied with a gas
stream containing oxygen. This observation effectively ex-
cludes oxygen availability as a controlling factor and high-
lights the dominant influence of the thermal, hydric, and
structural properties of the oxidation medium on methane
oxidation performance under the investigated conditions.

Part of the variability observed in Figure 3 can be attrib-
uted to fluctuations in methane loading. As shown in Figure
5 (section 3.3.), methane loading influences oxidation effi-
ciency, particularly in CESM2, which exhibits greater fluctu-
ation across different loading ranges. This suggests that
part of the apparent variation is not solely due to intrinsic
system performance but is also driven by variations in inlet
methane flux.

Despite the constraints, CESM2 oxidized a greater mass
of methane during the summer of 2024, not due to higher
efficiency, but rather because of its substantially greater
methane loading (=750 vs. 250 g.m2.day™"). Consequently,
although oxidation efficiency was lower, the total volume
treated remained substantial. However, a statistically sig-
nificant difference in overall oxidation efficiency was ob-
served between CESM1 and CESM2 (p < 0.05), as shown in
Table 2, with CESM1 showing higher performance; the oxi-
dation efficiency itself is specifically addressed in Section
3.3. In addition, the amount of methane oxidized in Zone
3 was significantly higher in CESM1 compared to CESM2
(p < 0.05), indicating a spatially localized effect. This be-
havior appears to be associated with crack development
in CESM2, particularly near Zone 3, highlighting the impor-
tance of structural integrity for maintaining biofilter perfor-
mance.

To address the observed issues, targeted interventions
were carried out between August and November 2024.
These included manual excavation and compaction of
deeply fissured areas, mainly in Zone 3, and surface till-
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ing (=30 cm depth) of the MOL across the entire biofilter.
These adjustments led to a notable, albeit transient, in-
crease in methane oxidation observed in November 2024,
suggesting a partial restoration of uniform biogas distribu-
tion. Consequently, results from CESM2 should be inter-
preted with caution, as shelter induced disturbances may
have disproportionately affected its performance, and do
not necessarily reflect intrinsic material limitations under
typical field conditions.

The dataset presented in Figure S2 (Supplementary
Material Il) comprises water content, temperature, and the
amount of methane oxidized data for the CESM2 system
from October to December 2024. Due to technical and op-
erational constraints, sensor data were not available for
other months. Nevertheless, this period provides important
insights into the hydric and thermal conditions governing
methane oxidation during the transition from autumn to
early winter.

From October to November 2024, water content in Zone
1 remained relatively high, with values around 0.32 m3/m?3,
while Zone 2 exhibited lower moisture levels, ranging from
0.20 to 0.10 m3/m3, confirming the spatial heterogeneity
previously identified in CESM2 (Figure S1). After Novem-
ber 2024, a pronounced decrease in water content was ob-
served in both zones, with Zone 1 decreasing to 0.10-0.04
m3/m? and Zone 2 reaching values as low as 0.02 m3/m?.
Rather than being directly associated with summer con-
ditions, this drying trend reflects the combined effects
of reduced precipitation input and continued influence of
the shelter enclosure, which limits natural rewetting of the
MOL.

In CESM1, water content profiles were monitored over a
longer period, from April to December 2022, as also report-
ed by Almeida et al. (2024). During this period, moisture
content ranged from 0.35 m3/m? to 0.80 m3/m? (Figure S3,
Supplementary material 1), indicating consistently higher
water availability compared to CESM2. Similarly to CESM2,
higher moisture levels were observed in Zone 1, suggest-
ing a recurring spatial pattern within the system, probably
influenced by slope and preferential water accumulation.

The temperature profile for CESM2 (Figure S4) in Oc-
tober 2024 revealed pronounced spatial variability among
zones, with higher temperatures observed in Zone 2
(54.5°C) compared to Zone 1 (31.2-43.8°C). This indicates
the presence of localized thermal hotspots within the sys-
tem, probably associated with differences in gas flux distri-
bution and microbial activity, as well as the influence of the
shelter enclosure on heat retention.

At 1 m depth, corresponding to the base of the MOL
(CESM2), temperatures in November 2024 were 35.3°C,
30.6°C, and 23.7°C for zones 1, 2, and 3, respectively (Fig-
ure S5, Table S5, Supplementary material V). In December
2024, a consistent decrease in temperature was observed
across all zones, reaching 27.6°C, 24.3°C, and 19.6°C. This
cooling trend is consistent with the transition toward cold-
er seasonal conditions and suggests a progressive reduc-
tion in thermal energy within the system.

The elevated temperature observed in Zone 2 in Octo-
ber 2024 may have contributed to suboptimal conditions
for methane oxidation. Although moderate increases in

temperature can enhance microbial activity, excessively
high temperatures, such as those exceeding 50°C, may in-
duce thermal stress in methanotrophic communities, shift-
ing metabolism and potentially reducing oxidation efficien-
cy (Gémez-Borraz et al. 2025).

Considering the period from October to December 2022
in CESM1, corresponding to the same seasonal window
analyzed for CESM2 in 2024, the average temperature did
not vary significantly among zones, remaining within a rel-
atively narrow range between 50°C and 62°C (see Figure
S6, Supplementary material VI). This thermal uniformity
contrasts with the pronounced spatial variability observed
in CESM2.

The more homogeneous temperature distribution in
CESM1 suggests a more stable internal environment, pos-
sibly associated with the absence of the shelter enclosure
and the resulting natural exchange of heat and moisture
with the atmosphere.

Furthermore, the combination of high temperatures
and the previously observed moisture conditions may
have intensified spatial heterogeneity in methane oxida-
tion. While Zone 2 exhibited higher temperatures, its lower
moisture content compared to Zone 1 suggests that the
balance between thermal conditions, water availability,
and gas diffusivity plays a critical role in controlling sys-
tem performance. Nevertheless, beyond these site-specif-
ic effects, both systems exhibited similar temporal trends
consistent with seasonal patterns, suggesting that ambi-
ent temperature may have influenced methane oxidation
dynamics.

A decline in efficiency was observed during the summer
(2022, 2024) for both biofilters, followed by a temporary
peak in August and a subsequent drop in early September.
An additional decrease in performance occurred at the be-
ginning of winter, pointing to a shared seasonal response
across both systems. This pattern indicates an influence
of temperature and moisture on system performance. El-
evated summer temperatures promoted drying, affecting
methanotrophic activity, gas diffusion, and structural integ-
rity. In CESM2, high temperatures caused surface cracking
(especially in Zone 3) as discussed before. A similar trend
was observed in CESM1, where temperatures reached 43-
52°C in August 2022 (Almeida et al., 2024), followed by a
decline below 40°C. Although continuous data in August
2024 were unavailable for CESM2, the consistency be-
tween systems suggests that seasonal heating and drying
drove the observed dynamics, with the shelter amplifying
these effects.

3.2 Methane oxidation capacity with batch tests

As part of the CESM2 phase, we conducted batch tests
in August 2024, shortly after the marked decline in per-
formance observed in July 2024, to assess the impact of
disturbances, fissuring, on the methane oxidation capacity
of the MOL. Three field samples were collected, one from
each zone, and compared to a reference material from
CESM1, also sampled by zone. This CESM1 material, col-
lected at the end of the project (2022), was stored in an
airtight 18 L container and kept active through weekly in-
jections of 500 mL of pure methane.
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Figure 4 illustrates the performance differences across
the two biofilter phases, revealing a marked decrease in mi-
crobial activity in the CESM2 samples.

While the CESM1 compost fully oxidized the meth-
ane within 10 hours, with an initial oxidation rate of
1.55% CH,h’, CESM2 samples displayed a comparable
rate during the first two to three hours (1.29% CH,.h"), fol-
lowed by a significant slowdown (0.27% CH,.h") reflecting
microbial stress or partial dormancy due to dry and fis-
sured field conditions in CESM2.

These findings reinforce the hypothesis that the shel-
ter enclosure modified boundary conditions and impaired
biofilter performance. The poorest-performing batch (Zone
3, upslope) aligned with the most fissured field zone, indi-
cating that physical disruption adversely affected microbi-
al activity. This is consistent with Figure 3, which shows
lower oxidation in Zone 3 during the summer. In contrast,
CESMT1 exhibited high and stable oxidative capacity across
all zones, in both batch and field conditions.

Considering this, adapting the operational strategy
of the biofilter to the specific constraints imposed by the
enclosed configuration appears necessary, particularly to
mitigate heat-related effects such as cracking. Enhancing
moisture content and ensuring a more homogeneous gas
distribution within CESM2 are expected to improve the
overall oxidation rate while simultaneously reducing the
pronounced heterogeneity among zones. In parallel, an ac-
climatization protocol was launched in December 2024 to
reestablish microbial activity, with ongoing monitoring to
evaluate long-term recovery trends.

3.3 Effect of load on the methane oxidation efficien-
cy

Figure 5 shows the distribution of oxidation efficiencies
across methane loading rates for both phases. CESM1
exhibited predominantly high efficiencies (>95% in 33 in-
stances), sustained across a wide range of methane load-
ings, including elevated values (>900 g.m2.day™). This pat-

tern reflects the biofilter's ability to maintain high efficiency
despite substantial variations in methane input.

Several studies have reported that the landfill gas load-
ing rate can control the diffusion of atmospheric oxygen
into biofilter media, thereby limiting microbial methane ox-
idation (Dever et al. 2011). However, in the present study,
oxygen availability was not a limiting factor, as the gas
supplied to the biofilters contained approximately 18.5%
0,. In the study by Farrokhzadeh et al. (2017), methane ox-
idation efficiencies ranging from 80 to 95% were achieved
even under high methane loadings (370 - 1112 g.m2.day").
This sustained performance was attributed to the adopted
aeration strategy, which effectively prevented oxygen lim-
itation and ensured adequate O, availability for microbial
oxidation.

By contrast, CESM2 displayed greater variability, with
16 of 26 measurements falling below 80%, highlighting
the biosystem’s operational instability. Notably, the six low-
est-performing measurements (<70%) were all recorded
under low methane loadings (0-150 g.m?2.day"), suggest-
ing reduced efficiency of the system even under moderate
operating conditions. Only four CESM2 measurements
exceeded 95% efficiency, all at lower loads (<650 g.m™2.
day™), comparing to CESMT1, suggesting limited high-per-
formance range. However, when compared with other
studies, such as Falk et al. (2025), methane loadings of
approximately 650 g.m2.day" were among the highest val-
ues investigated. This comparison indicates that, although
CESM2 exhibited lower performance than CESM1, the bio-
filter under CESM2 conditions still demonstrated generally
good methane oxidation performance.

Some physical and chemical properties of the mate-
rials used in the MOL of both systems could, at first mo-
ment, explain the observed differences in performance. For
instance, CESM2 exhibited a significantly lower total poros-
ity (48%) compared to CESM1 (69%), which could theoret-
ically limit gas diffusion through the medium. However,
air permeability and air-filled porosity were comparable,

14 CESM1 CESM2

_n)
§ i —e— Zone 1 ; Downslope
© Zone 2 ; Midslope "
S 10
‘E —&— Zone 3 ; Upslope
o L \L e Initial Rate
®
5 8
C
9]
g
g 6
8 € - -0.27 %CHA-h_l
2
g 4 9¢ = .1.55 %c,
=

2

9 =-1.29 %cn, h71
0
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)

FIGURE 4: Methane consumption kinetics by zone for CESM1 and CESM2.
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suggesting that gas transfer limitations were not primarily
responsible for the observed performance differences. Fur-
thermore, the air-filled porosity values of 31% for CESM1
and 28% for CESM2 (Table 2) are well above the minimum
threshold of 14% identified by Gebert et al. (2011) as suit-
able for effective methane oxidation in biofilter systems.

In terms of organic matter content, the compost used
in CESM1 (44%) was markedly richer than that of CESM2
(6.7 %), potentially supporting a denser and more ac-
tive methanotrophic community. This may help explain
CESM1’s field performance. Nonetheless, the kinetic pro-
file of CESMZ2 still reflects strong intrinsic potential, sug-
gesting that its lower performance was not solely due to
biological limitations, but also influenced by physical fac-
tors such as reduced porosity or even boundary conditions
like the presence of a shelter enclosure. These findings em-
phasize the importance of both material composition and
structural properties in determining biofilter effectiveness.

Although CESM1 benefitted from a prior acclimatiza-
tion phase, the evidence points toward the shelter enclo-
sure in CESM2 as a major limiting factor. Localized heat
accumulation and surface fissuring, particularly in Zone 3,
disrupted gas distribution within the MOL. In several cases,
surface methane concentrations near fissures were equiv-
alent to inlet values, confirming the formation of preferen-
tial pathways that bypassed the MOL and compromised
the biofilter's overall efficiency.

The contrasted behavior of CESM1 and CESM2 high-
lights several practical implications for the design and
operation of field-scale methane oxidation biofilters. In
CESMT1, the clogging observed at the MOL-GDL interface

illustrates the limitations of incorporating fine sand filter
layers beneath high-organic-matter compost media. Deg-
radation and migration of organic components can lead to
pore occlusion and cementation, ultimately restricting gas
transfer and reducing long-term reliability. These observa-
tions underline the importance of ensuring hydraulic and
textural compatibility between adjacent layers, favoring
materials with comparable permeability to minimize the
risk of persistent clogging.

The performance of CESM2 further emphasizes the
need to carefully balance structural stability and mois-
ture retention in the selection of structuring agents for
structured engineered media. Although gravel enhanced
mechanical stability and drainage, reduced water-holding
capacity contributed to desiccation, spatial heterogeneity,
and reduced microbial robustness under field conditions.
These effects were amplified by the presence of the shel-
ter enclosure, which modified thermal and hydric boundary
conditions by limiting natural precipitation inputs and pro-
moting heat accumulation. In enclosed or semi-enclosed
configurations, such boundary-condition effects should
therefore be explicitly addressed through design measures
aimed at moderating temperature and maintaining ade-
quate moisture levels, such as controlled ventilation, shad-
ing, or supplemental irrigation.

Finally, the development of surface cracking and pref-
erential gas pathways in CESM2 demonstrates the critical
role of surface integrity in maintaining effective methane
oxidation. Cracking reduced methane residence time and
promoted localized bypass, particularly in upslope zones,
leading to reduced apparent efficiency despite high micro-
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TABLE 2: Characteristics of MOL materials.

Properties Standard CESM1 CESM2
Grain size distribution o o
g;‘ée'(ésog‘mr; o 1152nr:‘r$) 146882 (IS0, 2017) 8:820:/ ;1393;
Silt (D < 0.08 mm) P .
Specific gravity (p,) D854-23 (ASTM, 2023) 2.03 g.cm?® 2.50 g.cm?®
Field dry density (p,) D7263-21(ASTM, 2021) 0.63 g.cm?® 1.30g.cm?®
Total Porosity (n) - 69% 48%
Volumetric water content (8) D2216-19 (ASTM, 2019) 38 m3/m? 20 m3/m?
Air-filled porosity (8,) - 31% 28%
Organic matter (%w/w) D2974-20 (ASTM, 2020) 44% 6.7%
Dry Air permeability (m.s™) D6539 - 13 (ASTM_International, 2013) 8.4x10° 7.0x10°%
Maximum oxidation capacity (V, ) - g;ggqu g.;'gﬁiy*
Km - 12g.m?3 23.4g.m?

bial potential. Routine surface inspection and timely cor-
rective interventions, including rewetting, recompaction,
or shallow tilling, appear essential to sustain uniform gas
distribution and stable performance over time. Collectively,
these observations show that biofilter performance is gov-
erned not only by intrinsic material properties but also by
construction details and boundary conditions, which must
be jointly considered in practical design and operation.

4. CONCLUSIONS

This study highlighted key differences and shared pat-
terns between the CESM1 and CESM2 biofilters. Season-
al trends confirmed the role of ambient conditions, while
lab tests showed that CESM1's STEM had higher methane
oxidation capacity. Both substrates, however, maintained
a good oxidation potential. In the field, CESM1 delivered
stable performance, whereas CESM2 showed higher vari-
ability and reduced efficiency.

This variability was primarily linked to the CESM2 shel-
ter enclosure, which altered the thermal and hydraulic con-
ditions within the system. These changes led to overheat-
ing, MOL cracking (especially in Zone 3), and gas bypass.
Batch tests confirmed microbial activity loss, leading to
remedial actions and a reacclimatization protocol.

Corrective measures began in fall 2024, with microbial
recovery underway over winter. These findings show that
while enclosures facilitate continuous monitoring, they can
disrupt gas and moisture dynamics. Such effects must be
addressed in the design of enclosed biosystems to ensure
stable and efficient methane oxidation.

Based on these findings, the following practical recom-
mendations can be drawn:

+Avoid full enclosure without appropriate moisture and
temperature control systems.

+ Monitor and mitigate drying and cracking, particularly
in upslope zones.

+  Ensure a balance between structural stability and or-
ganic matter content in STEM design to maintain both
permeability and microbial activity.

Future work will focus on developing enclosure designs
that allow continuous monitoring while minimizing adverse
effects such as drying, overheating, and gas flow hetero-
geneity.
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ABSTRACT

This study evaluates the environmental impact of wastewater treatment in a textile
dyeing plant through a Life Cycle Assessment (LCA) following ISO 14040-44, compar-
ing three scenarios: (1) standard biological treatment, (2) electrochemical treatment
(EC), and (3) an optimized system with water recirculation and hydrogen recovery.
The results demonstrate that Scenario 3 is the most sustainable, achieving a 70%
reduction in freshwater consumption—dropping from 1,000 L to just 300 L per 100
kg of fabric. This optimized approach also reduces chemical inputs, such as NaCl
and Na,CO,, by 70%. From an energy perspective, the recovery of green hydrogen as
a by-product provides approximately 9.9 MJ of energy per 100 kg of fabric, contrib-
uting to a 35% decrease in operating costs. Economically, the transition to Scenario
3 results in a total saving of €3.50 per kg of fabric compared to the conventional
system. By effectively mitigating pollutant loads and drastically lowering the water
and carbon footprints, this study provides data-driven evidence for decision-makers
to adopt electrochemical processes. Ultimately, the integration of resource recovery
proves that the textile industry can achieve significant industrial-scale savings, esti-

1. INTRODUCTION

The textile industry is a major contributor to global in-
dustrial wastewater pollution, accounting for approximate-
ly 20% of total discharges worldwide (Velazquez, J., 2024).
Within this sector, cotton dyeing and finishing processes
are particularly critical due to their high consumption of
water and chemical auxiliaries, such as sodium chloride
and sodium carbonate. These processes generate large
volumes of saline effluents containing recalcitrant organ-
ic matter and non-biodegradable dyes, which significantly
challenge conventional wastewater treatment facilities.

Azo dyes, which account for over 80% of synthetic dyes,
pose severe risks to environmental and human health due
to their high stability and toxicity. When discharged into
water bodies, they obstruct light penetration, inhibiting
photosynthesis and depleting oxygen levels in aquatic eco-
systems. Most critically, the reductive cleavage of the azo
bond releases aromatic amines, many of which are known
carcinogens and mutagens linked to bladder cancer and
skin sensitization. These compounds tend to bioaccumu-
late, creating long-term ecological damage and significant
health hazards for textile workers and surrounding commu-

mated at €1,050 per day, while maintaining high environmental standards.

nities. Consequently, their removal from industrial waste-
water is a vital environmental priority to prevent the degra-
dation of global water resources (Alzain et al., 2023; Boya
Gao et al.,, 2022).

Because these complex pollutants are not effectively
removed by standard biological treatments—where high
conductivity can further inhibit essential microbial activ-
ity—facilities often require energy-intensive tertiary pro-
cesses to meet discharge standards. This technological
gap frequently results in high operational expenditures
related to chemical usage and sludge management. Con-
sequently, addressing these environmental challenges re-
quires the integration of advanced technologies, such as
electrochemical treatments, to enhance the degradation of
persistent organic loads and facilitate safer discharge or
water reuse (Ocampo, S., 2019; Cortazar Martinez, A., et
al., 2025).

Given these characteristics, the textile finishing indus-
try is considered a promising candidate for electrochem-
ical treatments, which could enhance the degradation of
recalcitrant organic matter while simultaneously enabling
hydrogen (H,) production—an approach especially relevant
since the sector generates effluents with high conductivity
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and complex organic loads (Cuesta-Mota, D. et al., 2024a).
Furthermore, it ranks among the top five industries in the
European Union in terms of water use (79.6 m* tCO,/t of
fabric produced) and CO, emissions (15-35 eq/t of fabric
produced) (European Topic Centre on Waste and Materials
in a Green Economy, 2019; Roth, J. et al., 2023). At the pro-
cess level, textile dyeing itself is highly intensive in water
and energy: consumption values range from 10 to 300 L of
water per kg of fabric (Samanta, k. et al. 2019), with finish-
ing-dyeing operations reaching 60-314 L/kg and peaks of
up to 645 L/kg (Ketelsen, M.et al., 2020). For cotton dyeing,
conventional procedures average around 120 L/kg (Reza-
Ul-Hoque, M., 2023). Beyond water use, recent studies have
quantified the carbon footprint of reactive dyeing, reporting
emissions of 5-7 kg CO_-eq per kg of fabric depending on
the recipe and process (Zhu et al., 2024). Digital optimiza-
tion of dyeing operations has been shown to significantly
reduce both greenhouse gas emissions and water con-
sumption (Kim et al., 2024). Pollutant loads remain a press-
ing concern, as dyeing effluents often exhibit high salinity
and persistent dye content, posing serious environmental
challenges (Hoque et al., 2024). These very characteristics,
as discussed, make textile effluents particularly suitable
for the application of electrochemical treatments. In par-
ticular, for the Catalonia region where this study is focused,
the water consumption, the reduction of the carbon foot-
print and the emission of less pollutants are considered as
priorities that the textile industry shall assess.

In this region, the environmental urgency is heightened
by severe hydric stress due to the fact that this zone cur-
rently experiencing the worst drought in its recent history,
with reservoir levels dropping below 16% of total capacity
(Velazquez, J., 2024).

Consequently, strict restrictions have been imposed on
water usage, and regional authorities have set ambitious
targets, such as reusing up to 70% of treated water by 2040
(Oria, 1., 2024). Implementing advanced water recovery
strategies in industrial sectors is therefore critical to mit-
igating water scarcity and adapting to long-term climate
challenges (Palermo, F., 2024).

The shift towards sustainability in the textile sector is
also driven by the need to reduce greenhouse gas (GHG)
emissions. Hydrogen has emerged as a promising alterna-
tive to fossil fuels, given its high energy density and its only
combustion by-product being water vapor. The integration
of hydrogen production into textile wastewater treatment
could simultaneously address water reuse and renewable
energy generation goals (TEXTIMCA, 2025 and Zeng, K., &
Zhang, D., 2010).

Electrochemical treatment processes have proven
highly effective in removing dyes and complex organic pol-
lutants from textile effluents while enabling the recovery of
salts and alkalinity for reuse (Fabregas, 2021). Furthermore,
electrochemical oxidation has shown energy consumption
levels (approx. 3.5 kWh/m3) comparable to conventional
textile wastewater treatment plants (Buscio et al., 2019).
While several studies have explored these technologies for
decontaminating synthetic organic dyes (Brillas & Martin-
ez-Huitle, 2015; Sala & Gutiérrez-Bouzan, 2014), the focus
has primarily been on anodic oxidation. In these systems,

hydrogen is simultaneously generated at the cathode as a
by-product, but it is generally extracted only for safety rea-
sons. Consequently, very few studies have addressed the
recovery of this hydrogen (Pathak et al., 2020; Cuesta-Mota
et al,, 2024a), despite its potential to substitute natural gas
in industrial heat generation, thereby reducing fossil fuel
dependency and carbon emissions (Ottosson, 2021).

To address this gap, our research group has designed
and constructed a dual-compartment reactor separated by
an ion exchange membrane. This configuration produces
impurity-free hydrogen, similar to specialized alkaline elec-
trolyzers (Cuesta-Mota et al., 2026). The experimental data
obtained from this prototype, integrated with industrial
data, has been used to generate the Life Cycle Inventory
(LCI) for a Life Cycle Assessment (LCA). This allows for
a comprehensive comparison of the environmental impact
between this integrated water and hydrogen-recovery sys-
tem and conventional biological treatments.

Life Cycle Assessment (LCA), in accordance with 1SO
14040/14044 guidelines, offers a comprehensive frame-
work to evaluate the environmental performance of such
process innovations. By comparing scenarios with conven-
tional and electrochemical treatments (with and without
water reuse), it is possible to quantify resource savings,
emission reductions, and the overall circularity potential
of the proposed system. Scientific research into the tex-
tile sector and wastewater treatment has applied Life Cy-
cle Assessment (LCA) to compare advanced technologies
against conventional biological methods like Activated
Sludge Processes (ASP). Key studies often focus on Ad-
vanced Oxidation Processes (AOPs), such as electroco-
agulation and ozonation, highlighting that while these
methods are efficient at removing persistent color and
COD, their environmental burden is heavily influenced by
electricity and chemical consumption (Bilinska et al., 2017;
Mufioz et al., 2009).

This study applies life cycle assessment (LCA) to three
process configurations for dyeing cotton fabrics, evaluat-
ing their environmental impact and resource recovery po-
tential. The objective is to provide evidence-based informa-
tion on the role of electrochemical treatment and hydrogen
valorization in promoting circularity in the textile industry,
including an economic estimate of the savings achieved
through recovery and recirculation processes. The main
novelty of the LCA performed in the current study is the
evaluation of a circular system that simultaneously treats
wastewater, recovers hydrogen (H2), and enables resourc-
es and water recirculation.

2. METHODOLOGY

Life Cycle Assessment (LCA) is a standardized meth-
odology used to evaluate the environmental impacts as-
sociated with all stages of a product’s life cycle from the
extraction of raw materials, manufacturing, and distribu-
tion, to use, end-of-life treatment, and disposal or recycling.
The main goal of an LCA is to provide a comprehensive
and quantitative understanding of how a product or pro-
cess affects the environment, enabling the identification of
opportunities for improvement and more sustainable deci-
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sion-making. In this work, the LCA methodology following
ISO 14040-44 has been applied to assess the environmen-
tal impacts and analyze the benefits associated with three
different scenarios of the same dyeing production process,
with the aim of providing a comprehensive quantitative
view and determining their overall environmental perfor-
mance.

An LCA typically follows the framework established
by the ISO 14040 and I1SO 14044 standards and consists
of four main phases: (1) Goal and scope definition, where
the purpose, system boundaries, and functional unit are
defined; (2) Life cycle inventory (LCI), involving the collec-
tion and quantification of inputs (materials, energy) and
outputs (emissions, waste); (3) Life cycle impact assess-
ment (LCIA), in which the potential environmental impacts
are evaluated; and (4) Interpretation, where the results are
analyzed and conclusions are drawn to support recom-
mendations.

The goal and scope of this study are defined in accord-
ance with ISO 14040 and ISO 14044 standards. The main
objective is to compare three different scenarios of the
same dyeing production process, which, depending on the
configuration, may include water recirculation and recovery
of heat and hydrogen.

The intended application of the study is to support de-
cision-making regarding resource efficiency and environ-
mental performance improvements in water-stressed re-
gions. The target audience includes researchers, industry
stakeholders, and policymakers.

The system boundaries are defined as cradle-to-gate in
order to provide a comprehensive assessment of the three
scenarios, considering recovery options and potential envi-
ronmental savings. The study includes all relevant process-
es from raw material extraction for chemicals and energy
production up to the finished dyed and centrifuged cotton
fabric and the associated wastewater treatment process-
es. Upstream processes such as cotton fiber cultivation
and spinning, as well as downstream use and end-of-life
phases, are excluded. These exclusions are justified based
on cut-off criteria related to relevance to the comparative
objective and expected negligible contribution to the differ-
ences between scenarios.

The functional unit is defined as 100 kg of convention-
ally dyed and finished cotton fabric under industrial con-
ditions. The reference flow corresponds to the quantity
of raw materials, energy, water, and auxiliary substances
required to produce this amount of finished fabric with
equivalent quality characteristics across all scenarios. This
functional unit ensures comparability of environmental im-
pacts between alternatives.

The impact assessment is performed using a recog-
nized Life Cycle Impact Assessment (LCIA) methodology,
and the selected impact categories are justified according
to the objectives of the study and the ISO 14044 require-
ments. Given the geographic context characterized by
strong water stress, the following impact categories are
considered: water consumption, global warming poten-
tial (expressed as kg CO,-eq/kg of fabric), pollutant loads
(salinity and dye residues in effluents), and human health
impacts related to exposure to toxic substances and de-

graded water quality. Global warming potential is used as
the indicator for climate change to avoid duplication with
carbon footprint metrics.

The system boundaries therefore include:

Water and energy inputs for dyeing and finishing oper-
ations.

+ Chemical auxiliaries (e.g., sodium chloride, sodium car-
bonate, reactive dyes).
Direct emissions to water (saline effluents, residual
dyes).
Direct emissions to air (CO, and other greenhouse gas-
es from energy use).

- Wastewater treatment processes, including biological
and physicochemical stages.

Infrastructure and capital goods are excluded from
the analysis, as their contribution is considered negligible
within the comparative framework. Allocation procedures
are not required unless multifunctionality arises in recov-
ery stages, in which case allocation is performed based on
physical relationships or system expansion, following 1SO
recommendations.

Primary industrial data are used for the core dyeing and
centrifugation processes, complemented by secondary
data from recognized databases for background process-
es. The reference year of the data and data quality indica-
tors (technological, geographical, and temporal represent-
ativeness) are documented. An uncertainty analysis and
data quality assessment are conducted to ensure robust-
ness of the results.

Figure 1 illustrates the schematic layout of the three
study scenarios and defines the system boundaries, with
Scenario 1 representing the current conventional process.
In this configuration, the dyeing stage includes the con-
sumption of energy, natural gas, chemicals, cotton input,
and water, corresponding to 1,000 liters of water per 100
kg of cotton. After dyeing, the fabric proceeds to the cen-
trifugation stage. Approximately 30% of the water is dis-
charged from the centrifugation process together with dye
residues and sodium carbonate, among other components.
Additionally, around 70% of the water is discharged direct-
ly from the dyeing process, containing residual dyes and
chemical substances such as sodium carbonate. These
two effluent streams are combined and undergo biological
treatment, followed by a physicochemical treatment stage
before final discharge.

Scenario 2 represents the substitution of the conven-
tional biological and physicochemical wastewater treat-
ments with an electrochemical treatment for the 70% of
wastewater generated during the dyeing stage. The re-
maining 30% of water discharged from the centrifugation
process continues to be treated through the conventional
physicochemical process.

In this configuration, the hydrogen (H,) produced as a
by-product of the electrochemical reactions is not recov-
ered or valorized. It is assumed to be released and there-
fore does not contribute to energy substitution within the
system. Consequently, the net energy balance reflects only
the electricity demand of the electrochemical process with-
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FIGURE 1: Schematic representation of the three study scenarios.

out accounting for any potential energy credits from hydro-
gen recovery.

Scenario 3 builds upon Scenario 2 by integrating re-
source recovery strategies. In addition to the electrochem-
ical treatment, a closed-loop water recirculation system is
implemented. The treated effluent exits the electrochemi-
cal reactor at approximately 60°C, enabling heat recovery
and reintegration into the dyeing process, thereby reducing
thermal energy demand.

Moreover, approximately 70% of the chemical auxilia-
ries (e.g., sodium carbonate and salts) remain in the treat-
ed stream and are recirculated into the system. The dye is
not recirculated, as it is removed during the electrochemi-
cal process through indirect oxidation mechanisms involv-
ing chlorine species generated in situ.

In this scenario, the hydrogen (H,) generated at the
cathode is recovered and injected into the natural gas
stream used in the dyeing process. This partial substitution
contributes to a reduction in fossil fuel consumption and
associated greenhouse gas emissions.

Additionally, the electrochemical operating conditions
(voltage and current density) are optimized to maximize
hydrogen production efficiency while maintaining ade-
quate pollutant removal performance. This optimization
improves the overall environmental and energetic perfor-
mance of the system.

The energy mix assumed corresponds to the European
electricity mix for the reference year 2024, reflecting aver-
age grid composition and emission factors. This assump-
tion is critical, as regional variations in energy sources (re-
newables vs. fossil fuels) can significantly alter both the
carbon footprint and the global warming potential results.

Regarding the choice of data for the LCA, this study
comprises the use of both primary data coming from in-
dustry and secondary data, from commercial datasets, Pri-
mary data includes measurements collected directly from
industrial operations and pilot-scale dyeing processes, in-
cluding measured water consumption (10-300 L/kg), cot-
ton-specific averages (120 L/kg), and effluent characteris-
tics. Secondary data were obtained from established LCA
databases (e.g., Ecoinvent, LCA for Experts) and peer-re-
viewed literature, which provide emission factors, energy
mix data, and background processes.

The environmental characterization is performed con-
sidering a pool of different impact categories, as suggest-
ed by Product Environmental Footpring Category Rules for

Apparel and Footwear (PEF Apparel & Footwear, 2025) he
inclusion of human health impacts and global warming po-
tential broadens the scope of the analysis, allowing for a
more holistic evaluation of the environmental performance
of textile dyeing. This framework highlights critical hot-
spots in resource use, pollutant discharge, and climate-re-
lated emissions, while also providing a basis for assessing
alternative technologies such as electrochemical treat-
ment.

The Life Cycle Assessment (LCA) methodology, follow-
ing 1ISO 14040-44 (Figure 2), has been applied to assess the
environmental impacts and benefits associated with the

Singeing Machine

Desizing < Bleaching
Washing Train
Reactive Dyeing Acid Dyeing
(Continuous)

Dyeing Washing
Train
Finishing
(Tumbler)

b Gas consumption

4‘ Electricity consumption
{ water consumption

& Steam consumption

O Has meter

Finishing
(Rame)

FIGURE 2: LCA process (ISO 14040).
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three scenarios. LCA is a systematic approach to evaluate
the environmental aspects and potential impacts of a prod-
uct, process, or system throughout its entire life cycle. The
aim of this study is to provide a comprehensive quantita-
tive view of the scenarios and determine their performance
in terms of environmental sustainability.

The study was conducted in two main LCA stages:

+  Description (Goal and Scope Definition): This stage
provides a qualitative description of the processes for
the three scenarios, which is complemented with sche-
matic representations. The objective is to compare the
three scenarios and evaluate the benefits of water re-
circulation. The system boundaries, functional unit, and
main assumptions are also defined in this stage.
Inventory Data (Life Cycle Inventory, LCI): This stage
specifies the type of data used rather. Primary data
were obtained directly from the plant operations, whi-
le secondary data were sourced from commercial LCA
databases. The LCA calculations were performed using
the software LCA for Experts (formerly known as GaBi)
from Sphera, together with the following commercial
databases for secondary data: Professional, ecoinvent,
among others.

The research is conducted by analyzing the dyeing pro-
cess of the company ABSA (Figure 2) and following the
ISO 14040 and 14044 guidelines for the application of LCA.
Three scenarios are defined and presented in detail, with a
functional unit of 100 kg of dyed cotton fabric.

Scenario 1: As previously mentioned, this scenario cor-
responds to the conventional process with biological and

physicochemical treatment (Figures 3). It represents the
current industrial practice at ABSA. The process includes
the standard dyeing operations, followed by biological
treatment and subsequent physicochemical treatment of
the generated wastewater streams. No water recirculation
or resource recovery strategies are applied in this config-
uration. This scenario serves as the baseline for compari-
son, , enabling the quantification of the environmental im-
pacts associated with the existing production system and
providing a reference point against which the performance
improvements of Scenarios 2 and 3 can be assessed.

Scenario 2: As previously seen, it involves the replace-
ment of the conventional treatment with an electrochem-
ical process achieving 95% decolorization (Figure 3). The
electrochemical process also generates hydrogen as a
by-product, while consuming electrical energy for its op-
eration. All other steps of the dyeing process remain the
same. This scenario allows evaluation of the environmen-
tal benefits and potential trade-offs associated with imple-
menting the electrochemical technology compared to the
conventional approach.

Scenario 3: Building on Scenario 2, this stage incorpo-
rates the reuse of treated water in subsequent dyeing pro-
cesses (Figure 3). The use of recirculated water reduces
overall fresh water and chemical consumption by 70%, sig-
nificantly lowering the environmental footprint of the oper-
ation. Additionally, the hydrogen generated during the elec-
trochemical treatment is injected alongside natural gas,
further decreasing fuel consumption. Energy efficiency is
also improved by recovering heat from the electrochemical
process discharge, which remains at 60°C. Since the dye-
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FIGURE 3: Flow diagram from ABSA company (https://absa.es/).
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TABLE 1: Data from the three scenarios.

Dyeing process Scenario 1 Scenario 2 Scenario 3
cotton textile (kg) 100 100 100
Electricity (MJ) 97.8 97.8 97.8
Distilled water (L) 1000 1000 300
Dye (kg) 3 3 2.1
Sodium Chloride (NaCl) (kg) 70 70 21

INPUT
Sodium Carbonate (Na,CO,) (kg) 20 20 6
Thermal energy (CH,) (MJ) 432 432 130
Decolorized water (reused) (kg) 0 0 700
Heat of the water (MJ) 0 0 337
Thermal energy(H,) (MJ) 0 0 34.6
Wastewater (L) 764 764 764

OUTPUT
Dyed wet cotton fabric (kg) 429 428 429

ing process requires higher temperatures, this pre-heated
water (representing 70% of the total volume) only requires
a 20°C increase, drastically reducing natural gas demand.
As in Scenario 2, the electricity required for the electro-
chemical process is fully accounted for in the LCA. This
scenario evaluates the benefits of both the technological
upgrade and the resource recirculation strategy.

For each scenario, material and energy inputs and out-
puts were modeled using the LCA for Experts software,
including electricity, natural gas, water, salt, and sodium
carbonate consumption, as well as by-products such as
the hydrogen generated (Table 1). The system boundaries
encompass the dyeing and centrifugation processes, the
environmental impacts of biological, physicochemical,
and electrochemical treatments, and the final disposal of
residues, providing a comprehensive assessment of the
operational environmental impacts for each scenario. As
we can see, the description of Scenario 3 has been updat-
ed to explicitly highlight the significant reduction in inputs
required for the optimized system. Specifically, the table
1 now clearly reflects that fresh water consumption is re-
duced from 1,000 L in the baseline to 300 L in Scenario
3. Furthermore, the required amount of NaCl is decreased

v

v

from 70 kg to 21 kg. These substantial reductions directly
emphasize the efficiency and environmental benefits of the
closed-loop system implemented in this scenario.

In addition to the environmental assessment, this study
also considers the potential economic improvements, par-
ticularly the savings achievable through optimized dyeing
processes in terms of reduced water, energy, and chemical
consumption.

3. RESULTS AND DISCUSSION

The dyeing process (Figure 4) for cotton fabrics com-
prises a sequence of carefully designed steps aimed at
achieving a uniform and durable coloration. It begins with
the preparation of a dye bath containing demineralized wa-
ter, the selected dye, sodium chloride (NaCl) and sodium
carbonate (Na,CO,), where the demineralized water pre-
vents the formation of precipitates that could compromise
dye quality, the dye type (commonly reactive dyes for cot-
ton) is chosen according to the desired color and process,
sodium chloride promotes dye fixation by reducing the
solubility of the dye in water and enhancing its absorption
by cotton fibers, and sodium carbonate acts as an alkaliz-

v

Solution with decalcified

water, dye, NaCl and

Methods

Washed and spun dyed
fabric

N-ri2 -

T
(1
1
'

v

discontinuous
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FIGURE 4: Diagram of the conventional process.
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ing agent that activates the dye’s reactive groups and fa-
cilitates chemical bonding with the fibers. Once prepared,
the cotton fabric is immersed in the bath under constant
agitation to ensure uniform color distribution, and the solu-
tion is heated, often using thermal energy from natural gas
combustion, to reach the optimal temperature for dye—fib-
er reaction, which may require several hours depending on
the dye type and desired shade. Different dyeing methods
can be employed, such as the traditional discontinuous
or batch process (which can produce between 5 and 20
tonnes of fabric per day), the continuous process, where
production rates range from 30 to 100 tonnes per day, and
semi-continuous approaches like the “pad-batch” method,
where the fabric is impregnated with dye, rolled, and stored
to allow color fixation before washing. Regardless of the
method used, dyeing is highly water-intensive: for every
100 kg of dried cotton fabric produced, approximately
1,000 liters of water are consumed. After dyeing, the fabric
is rinsed to remove unfixed dye, a critical step for ensuring
colorfastness during washing and wear, and is then cen-
trifuged to eliminate as much residual water as possible
before subsequent finishing operations (Mazharul Islam K.,
2012 and FDTEXTIL 2020).

In addition to the environmental considerations, the
three scenarios also incorporate potential economic im-
provements. In the first scenario, representing the current
factory process, costs are mainly associated with biologi-
cal and physicochemical treatments, which require signif-
icant operational expenditures in energy, chemicals, and
sludge management.

In the second scenario, the substitution of convention-
al treatments with electrochemical process introduces
opportunities for cost savings through reduced chemical
consumption and the added value of hydrogen generation,
which can be utilized as an energy carrier.

The third scenario further enhances economic per-
formance by reusing treated water, recovering salts and
dyes, and injecting the generated hydrogen together with
natural gas, thereby reducing both raw material costs and
fossil fuel dependency. These potential savings highlight

Gas Mixture
(021 C|2)

[

the dual benefit of the proposed technological alternatives,
combining environmental impact reduction with improved
economic efficiency.

The conventional cotton fabric dyeing process involves
four main stages: dyeing, centrifugation, biological waste-
water treatment, and additional tertiary physico-chemi-
cal treatment. The latter two are essential for removing
residual organic and inorganic contaminants. Biological
treatment promotes the growth of microorganisms that
degrade organic compounds, while tertiary physico-chemi-
cal treatment (typically using activated carbon or coagula-
tion-flocculation) removes residual color. Following these
steps, water undergoes sedimentation, filtration, and disin-
fection before being discharged or reused (Martinez-Huitle,
C. A, &Brillas, E., 2009 and Cuesta i Mota, D.,et al. 2024b).

The study evaluated the replacement of these post-dye-
ing treatment stages with a single electrochemical treat-
ment process. This technology applies direct electric cur-
rent in an electrolytic cell containing an anode and cathode
immersed in alkaline wastewater from dyeing, rich in dyes,
NaCl, and Na,CO,. Electrochemical oxidation at the anode
produces hydroxyl radicals and oxygen, which effectively
degrade dyes and complex organic contaminants. At the
cathode, water reduction generates hydrogen gas, a poten-
tially valuable by-product. Additionally, chlorine generated
from chloride ions can form hypochlorite under alkaline
conditions, enhancing dye oxidation (Martinez-Huitle, C. A,
& Brillas, E., 2009 and Cuesta i Mota, D.,et al. 2024b).

Depending on current density and treatment time, elec-
trochemical processing can partially break down dye mol-
ecules (decolorization) or fully mineralize them to ensure
water quality suitable for reuse. Full mineralization requires
higher energy input than decolorization alone (Cuesta i
Mota, D.,et al. 2024b).

The process also produces ~0.016 kg of hydrogen per
100 kg of fabric, equivalent to 9.9 MJ of energy, offering
potential partial substitution for natural gas in heating ap-
plications (Figure 5). While hydrogen reuse in this context
has not yet been implemented, its integration would require
efficient capture and storage systems, adaptation of heat-

Dyeing wastewater

[

(H,0 + NaCl + Dye)

Dyeing
Process

Treated wastewater

~fmm

(H,0 + NaCl)

Anode

Mercerization wastewater

-~

(H,0 + NaCH)

Mercerization

Mercerization wastewater

-

(H,0 + NaOH)

Cathode

FIGURE 5: Flow diagram of the electrochemical treatment process..
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ing equipment to hydrogen fuel, and process optimization
to maximize production (Zeng, K., & Zhang, D., 2010).

Life Cycle Assessment (LCA) results indicate that in-
corporating electrochemical treatment reduces effluent
pollutant load and eliminates the need for additional phys-
ico-chemical treatment. In Scenario 2, chemical consump-
tion decreases significantly, whereas Scenario 3 achieves
the highest savings in water and salts, also reducing water
footprint. Overall, Scenario 3 demonstrates the lowest to-
tal environmental impact and the greatest resource effi-
ciency.

Figure 6 illustrates the schematic layout of the three
study scenarios . As depicted in the graph, Scenario 1
(blue line) represents the current conventional process,

=@ Case study

serving as the baseline for comparison. In contrast, Sce-
nario 2 (orange line) shows a significant increase in envi-
ronmental impacts, particularly in Global Warming Poten-
tial (GWP) and Acidification Potential (AP), due to the high
electricity consumption of the electrochemical process
without resource recovery. Finally, Scenario 3 is designed
to mitigate these impacts through a closed-loop system,
utilizing recovered heat, chemicals, and hydrogen to dras-
tically reduce the overall environmental footprint across
most impact categories compared to the other two sce-
narios.

Figure 7 illustrates the comparative results of the three
scenarios regarding water consumption, primary energy
demand, and Global Warming Potential (GWP). As shown,

Comparison

i ADP elements [kg Sh eq.]
=== Case study 250%
2 Water [m3] ADP fossil [MJ]
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3
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FIGURE 6: Flow diagram of the electrochemical treatment and reuse process.
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FIGURE 7: Dyeing process.
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Scenario 3 (grey bar) demonstrates the most significant
improvements, achieving a 50% reduction in water usage
and a substantial decrease in GWP compared to the base-
line Scenario 1. The red error bars on Scenario 3 indicate
the sensitivity range of +-20% with respect to the energy
consumed in the electrochemical process

Based on the analysis of Figure 8, the results demon-
strate distinct environmental profiles for each scenario,
highlighting the impact of each system process. When ex-
amining the processes individually, the dyeing stage con-
sistently presents the highest impact across all scenarios
and indicators due to energy and chemical consumption.
This is followed by the centrifugation stage, which shows
a lower relative impact. In terms of wastewater treatment,
substituting the conventional biological and physicochem-
ical treatment with electrochemical treatment significantly
increases energy-related impacts (GWP and Primary Ener-

gy) in Scenario 2 due to high electricity demand without
resource recovery. However, when this electrochemical
process is coupled with heat and hydrogen recovery in Sce-
nario 3, the environmental footprint is drastically reduced,
making it the most sustainable option.

In Figure 9, the laboratory setup is presented for evalu-
ating both the quantity of hydrogen recovered and its purity.

As shown in Table 2, the calculations indicate that the
implementation of electrochemical treatment with water
and salt reuse leads to a reduction in operating costs of
approximately 35% compared to the stages without reuse.
This corresponds to an estimated saving of €350 per 100
kg of processed fabric when compared to the conventional
dyeing process. Extrapolated to an industrial scale, with an
average of three dyeing cycles per machine per day, this
results in potential savings of around €1,050 per day. How-
ever, the investment costs of electrochemical technology
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FIGURE 9: Scenario 2: Electrochemical treatment process.

at an industrial scale have not yet been determined, as no
commercial reactors for this application are currently avail-
able.

This study highlights that transitioning from conven-
tional biological treatments to electrochemical processes
with water recirculation (Scenario 3) is the most sustain-
able path for the textile industry. Key insights include the
ability to significantly reduce resource consumption: Sce-
nario 3 cuts freshwater use by 70% (from 1,000 L to 300 L
per 100 kg of fabric) and reduces chemical inputs like so-
dium chloride and sodium carbonate by 70%. Furthermore,
electrochemical treatment enables the recovery of hydro-
gen as a green energy by-product, providing approximately
9.9 MJ of energy per 100 kg of fabric.

The electricity consumption data for the electrochemi-
cal treatment used in the inventory were obtained from an
experimental prototype. However, the results obtained at
a laboratory scale are extrapolable to an industrial scale,
as electrochemical technology is highly scalable. Electro-
chemical technology is highly scalable. At the laboratory
scale, an optimal current density is determined. For scaling
up to industrial equipment, the ratio between the current
and the electrode surface area is maintained. The authors

TABLE 2: Economical calculation.

Cost (Euros)

Scenario 1 Scenario 2 Scenario 3
Dyeing process 983 983 574.4
Centrifugal process 16.8 16.8 16.8
Electrochemical process 0 0.2 59.5
TOTAL 999.8 1000 650.7

of this article have experience in the industrial scale-up of
electrochemical reactors for the treatment of textile dyeing
wastewater containing reactive dyes. In the ECUVal project
(Eco-innovation project ECO/13/630452), based on labora-
tory results, they built a reactor with an electrode surface
area of 0.6 m? and an optimal amperage of 100 A, which
enabled the treatment of 4 m3/h of dyeing effluent (Buscio
etal., 2019).

Finally, a sensitivity analysis was performed exclusively
on hydrogen production to optimize the generation process
by fine-tuning energy consumption.

Figure 10 illustrates the sensitivity analysis for Sce-
nario 3, evaluating the impact of varying the energy con-
sumption required for hydrogen generation by +-5% and
+-20%. The graph demonstrates a linear relationship be-
tween primary energy input and the resulting environmen-
tal impacts, specifically Global Warming Potential (GWP)
and Abiotic Depletion Potential (ADP). As depicted, even
with a $\pm$20% variation in energy consumption for the
electrochemical process, the overall environmental impact
remains lower than that of Scenario 2. This indicates that
the closed-loop system and resource recovery strategies
in Scenario 3 are robust and provide a net environmental
benefit regardless of minor fluctuations in energy efficien-
cy. Finally, a sensitivity analysis was performed exclusively
on hydrogen production to optimize the generation process
by fine-tuning energy consumption. This analysis should
be revisited at the industrial scale, as it will provide critical
insights for achieving optimal process efficiency and ad-
justment. This analysis should be revisited at the industrial
scale, as it will provide critical insights for achieving opti-
mal process efficiency and adjustment.
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Impacts evolution for Case 3 electricity and H2 generation
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FIGURE 10: Scenario 3: Electrochemical treatment and reuse process.

4. CONCLUSIONS

The implementation of electrochemical treatment in
cotton dyeing processes, particularly when coupled with
water reuse, provides substantial environmental benefits
by significantly reducing water and chemical consumption
while enabling the energy valorization of hydrogen. Life
Cycle Assessment (LCA) highlights that the reuse of wa-
ter effectively closes the resource loop, thereby enhancing
the overall sustainability of the process. It is advisable that
future studies explicitly state, within their methodological
sections, which considerations are applied in the initial
phases, ensuring greater clarity and traceability throughout
the research. This analysis further indicates that the adop-
tion of these technologies at an industrial scale could con-
siderably advance the sustainability of the textile sector,
supporting the transition towards a circular economy. Col-
lectively, these findings emphasize the critical importance
of developing innovative technologies that not only reduce
reliance on natural resources but also promote improved
waste management and energy efficiency.
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ABSTRACT

The shrimp aquaculture industry generates wastewater rich in organic matter, sus-
pended solids, nutrients, pathogens, and residual antibiotics, posing environmental
challenges. Conventional biological treatments, including constructed wetlands, bio-
floc systems, microalgae cultivation, and recirculating aquaculture systems (RAS),
are widely used due to low cost and environmental compatibility; however, their per-
formance is often constrained by recalcitrant organics and unstable effluent quality
under water reuse conditions. This review focuses on recent advances in integrating
biological processes with nano TiO, modified ceramic membranes. Ceramic mem-
branes provide mechanical strength, chemical stability, and tolerance to saline and
harsh conditions, while TiO, modification enhances hydrophilicity, antimicrobial ac-
tivity, and photocatalytic degradation of refractory pollutants. Reported studies show
chemical oxygen demand (COD) removal efficiencies of 85-92% and near complete
total suspended solids (TSS) removal, while TiO, modified membranes achieve over
90% removal of dyes, proteins, and oils and reduce membrane fouling under ultravi-
olet (UV) irradiation. Membrane fouling mechanisms, photocatalytic performance,
bioreactor integration, and economic considerations are discussed. The combina-
tion of biological treatment and modified ceramic membranes represents a promis-
ing approach for enhancing water reuse and long term treatment stability in shrimp

aquaculture.

1. INTRODUCTION

The shrimp farming sector in Vietnam has been de-
veloping rapidly, making a significant contribution to ag-
uaculture export value and agricultural economic growth.
However, along with the increasing stocking density and
production intensity, the volume of wastewater generated
has grown substantially. Wastewater from shrimp ponds
may contain organic pollutants, suspended solids, nitrog-
enous compounds, phosphates, pathogenic bacteria, and
residual (Szczepanik, 2017). If these components are not
effectively controlled, they can degrade the quality of re-
ceiving water bodies, cause eutrophication in aquatic en-
vironments, and increase the risk of disease outbreaks
in farming areas. Therefore, the application of highly effi-
cient, stable, and shrimp farming compatible wastewater
treatment technologies is an important research direc-
tion. Shrimp aquaculture wastewater can be treated using

physical, chemical, and biological methods. Among these,
biological treatment stands out due to its environmental
friendliness, low operating costs, and effectiveness in re-
moving organic matter and nitrogenous compounds. Cur-
rent biological treatment technologies of interest include
constructed wetlands, biofloc technology, microalgae sys-
tems, high-rate algal ponds (HRAP), and RAS. Among them,
RAS is considered a promising approach, allowing precise
control of culture conditions, enhancing biosecurity, while
reducing freshwater demand and limiting environmental
discharge (Bohnes & Laurent, 2021).

However, in practical operation, RAS still faces limi-
tations related to the accumulation of dissolved organic
matter, recalcitrant compounds, suspended solids, and mi-
croorganisms in the recirculating system. When water is
reused over multiple cycles, pollutants that are difficult to
remove via conventional biological treatment may accumu-
late, degrading water quality and affecting animal growth.
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To improve effluent water quality in recirculating systems,
membrane technologies are increasingly integrated into
treatment systems due to their ability to effectively retain
suspended solids and microorganisms, providing a more
stable water stream for reuse (Banu et al., 2009). Most
current systems use polymeric membranes due to low
investment costs and versatile fabrication. However, this
material type faces several long-term operational limita-
tions, particularly lower mechanical and chemical stabil-
ity, decreased performance under temperature, cleaning
chemicals, or high pollutant loads. Moreover, membrane
fouling occurs rapidly, reducing flux, shortening membrane
lifespan, and increasing maintenance and replacement
costs. To address these limitations, inorganic membranes,
particularly ceramic membranes, have attracted consider-
able attention due to their stable performance under harsh
conditions. Ceramic membranes exhibit high chemical and
mechanical stability, tolerance to a wide pH range, high
temperature, and pressure, long operational lifespan, and
lower fouling propensity compared to polymeric mem-
branes (Danfa et al., 2021). Nevertheless, conventional
ceramic membranes still have limitations in antibacterial
properties, self-cleaning ability, and fouling resistance dur-
ing long-term operation. To overcome these issues, recent
studies have focused on modifying ceramic membranes
with nanomaterials, particularly titanium dioxide (TiO,).
Nano TiO, modified ceramic membranes retain their inher-
ent mechanical and chemical properties while enhancing
antibacterial activity, self cleaning, and fouling resistance
through photocatalytic mechanisms, thereby improving
the removal efficiency of organic matter and microorgan-
isms in wastewater. In recent years, nano TiO, modified
ceramic membranes have been widely applied in industrial
wastewater, oil-containing wastewater, protein-rich efflu-
ents, and dye-laden wastewater due to their high separa-
tion efficiency and superior durability (Hemavibool et al.,
2022; Shan et al., 2010). The pollutant retention capability
of nano TiO, ceramic membranes combined with photoca-
talysis is evident for several typical compounds. Methylene
blue (MB, 320 Da) can be retained at over 90% by ultrafil-
tration membranes with an average pore size of 10-50 nm,
while UVA-assisted photocatalysis increases the removal
efficiency from 40.8% to 97.7%. Bovine Serum Albumin
(BSA, 66 kDa) is retained up to 98% by a 14 nm ultrafiltra-
tion membrane and nearly 100% when combined with TiO,
- Ag photocatalysis under visible light. For oil-contaminat-
ed wastewater, TiO, coated microfiltration ceramic mem-
branes retain over 90% of oil emulsions, and photocatalysis
can enhance oil removal from 91% to 98.5% under UVC irra-
diation, even for droplets smaller than the membrane pore
size. Therefore, nano-TiO, modified ceramic membranes
demonstrate the combination of mechanical retention and
photocatalytic mechanisms, effectively removing recalci-
trant organic compounds, from azo dyes and proteins to oil
emulsions, while maintaining high permeate flux and mem-
brane lifespan, highlighting their potential for industrial and
aquaculture wastewater treatment. Given the characteris-
tics of shrimp aquaculture wastewater, often containing
recalcitrant antibiotics and organic pollutants, integrating
nano-TiO, modified ceramic membranes with biological

treatment processes can create an efficient and sustain-
able recirculating system, optimizing pollutant removal
while maintaining stable water quality for reuselntegrating
biological technology with nano-TiO,-modified TiO, modi-
fied (Ghamarpoor et al., 2024).

Despite recent advances, studies on integrating bio-
logical treatment with nano TiO, modified ceramic mem-
branes for shrimp aquaculture wastewater remain relative-
ly limited and fragmented. Most current publications focus
individually on pollutant removal efficiency, membrane
fouling, or photocatalytic activity, while comprehensive as-
sessments under aquaculture conditions are still lacking.
Therefore, this review presents the current status, environ-
mental issues, and technological trends in shrimp aquacul-
ture wastewater treatment, particularly emphasizing the
integration of biological treatment with nano TiO, modified
ceramic membrane filtration toward effective and sustain-
able water recirculation and reuse.

2. MATERIALS AND METHODS
2.1 Methodology and search strategy

The objective of this study was to evaluate the feasi-
bility and effectiveness of integrating biological treatment
technologies with nano-TiO, modified ceramic membranes
to improve shrimp aquaculture wastewater treatment effi-
ciency and support water reuse objectives in aquaculture
systems. The review covered both theoretical and ex-
perimental studies published between 2017 and 2024 to
ensure the relevance and reliability of the collected data.
This period was chosen to encompass the most recent
developments in photocatalytic membrane engineering
and aquaculture wastewater treatment technologies. To
enhance search precision, a Boolean search strategy was
employed. Keywords such as “shrimp aquaculture waste-
water”, “ceramic membrane”, “nano-TiO,”", “photocatalysis”,
“recirculating aquaculture systems (RAS)”, and “biological
treatment” were systematically combined using logical op-
erators (AND, OR, NOT). This allowed refinement of queries,
exclusion of irrelevant records, and expansion of coverage
where necessary

The literature search strategy was structured around
four main analytical dimensions: research subject, tech-
nological approach, operational context, and application
objective (Table 1).

2.2 Inclusion and exclusion criteria

To ensure that the review remained focused and rele-
vant, specific inclusion criteria were established. Studies
were considered suitable if they addressed biological treat-
ment technologies such as biofloc systems, microalgae
cultivation, constructed wetlands, or RAS applied directly

TABLE 1: Search strategy and keyword structure.

Analytical dimension  Search terms

(“TiO, photocatalyst”) OR (“nano Ti0,"”) OR

Subject (“modified ceramic membrane”)
(“wastewater treatment”) OR (“photocatalysis”)
Approach OR (“recirculation”) OR (“MBR”)
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to aquaculture wastewater. Research was also included
when it investigated the use of ceramic membranes or
nano TiO, modifications, particularly in relation to pollut-
ant removal efficiency, fouling resistance, or photocatalytic
performance. Furthermore, eligible publications were re-
quired to provide quantitative treatment outcomes, includ-
ing indicators such as COD, BOD, TSS, nutrient removal, or
antimicrobial effectiveness. Finally, studies that discussed
the integration potential between biological processes and
advanced membrane systems were prioritized, as these
offered insights into sustainable and scalable wastewater
management solutions.

In contrast, several exclusion criteria were applied to fil-
ter out studies that did not align with the objectives of this
review. Research focusing exclusively on polymeric mem-
branes, without consideration of ceramic or TiO, based
modifications, was excluded due to its limited relevance
to the scope of this study. Similarly, studies that examined
wastewater streams unrelated to aquaculture, i.e. munici-
pal, textile, or industrial effluents, were not considered, as
their findings could not be directly extrapolated to shrimp
aquaculture systems. Publications that lacked experimen-
tal validation, relying solely on theoretical models or con-
ceptual frameworks without supporting data, were also
excluded to maintain the scientific rigor and reliability of
the analysis.

By applying these inclusion and exclusion criteria, the
review ensured that only methodologically robust and con-
textually relevant studies were analyzed, thereby strength-
ening the validity of the findings and enhancing their ap-
plicability to shrimp aquaculture wastewater management.

2.3 Data extraction and categorization

For each study that satisfied the inclusion criteria, a
systematic data extraction protocol was implemented to
ensure consistency and comparability across sources.
Information was collected on the characteristics of aqua-
culture wastewater, including pollutant type, concentration,
salinity, and microbial load, thereby establishing a baseline
for understanding the complexity and variability of shrimp
aquaculture effluents. Details regarding membrane spec-
ifications were also recorded, such as pore size, material
composition, TiO, coating techniques, and the irradiation
source employed to activate photocatalytic processes.

Data concerning the biological treatment technolo-
gies applied were documented, covering systems such
as biofloc, microalgae cultivation, RAS, and constructed
wetlands. To assess treatment efficiency, performance in-
dicators were extracted, including COD and BOD removal,
nutrient reduction, antimicrobial activity, fouling resistance,
and flux recovery. Operational parameters, i.e. pH, temper-
ature, hydraulic retention time, and exposure to UV or visi-
ble light, were noted to contextualize treatment outcomes
under varying environmental conditions. In addition, stud-
ies were evaluated for economic and scalability consider-
ations, including capital investment, energy requirements,
and maintenance demands, which are critical for practical
application in aquaculture systems.

To enable structured comparison, the extracted data
were organized into four analytical dimensions. The first di-

mension, research subject, distinguished studies focused
specifically on shrimp aquaculture wastewater from those
addressing other aquaculture systems. The second dimen-
sion, technological approach, classified studies according
to whether they employed biological treatment, ceramic
membrane filtration, TiO, photocatalysis, or hybrid sys-
tems integrating multiple methods. The third dimension,
operational context, identified whether the research was
conducted at laboratory, pilot, or full scale levels. The final
dimension, application objective, highlighted the intended
outcomes of each study, including pollutant removal, water
reuse, fouling mitigation, or antimicrobial enhancement.

This structured categorization provided a coherent
framework for comparative analysis, ensuring that both
technical performance and practical applicability were crit-
ically assessed within the broader context of shrimp aqua-
culture wastewater management.

2.4 Analytical tools

To explore prevailing research directions and identify
critical bottlenecks, VOSviewer software was utilized to
construct keyword co occurrence maps. This bibliometric
technique enabled the visualization of associations among
frequently cited terms, i.e. TiO, photocatalysis, shrimp ag-
uaculture, and membrane fouling, and provided valuable
insights into emerging thematic clusters within the field.

Complementing this bibliometric analysis, a compar-
ative matrix evaluation was performed to systematical-
ly assess differences in treatment performance across
technological strategies. The comparison encompassed
conventional biological processes versus hybrid biological
membrane systems, polymeric membranes versus ceram-
ic membranes, and unmodified ceramic membranes ver-
sus those enhanced with nano TiO, coatings.

By integrating bibliometric mapping with comparative
performance analysis, this dual methodological approach
offered both a conceptual overview of research trends
and a quantitative assessment of technological efficiency,
thereby reinforcing the robustness of the evaluation frame-
work for wastewater treatment strategies in shrimp aqua-
culture.

3. RESULTS AND DISCUSSION

3.1 Shrimp farming systems and wastewater gene-
ration context

3.1.1 Development trends and technological transformation
in shrimp farming

Vietnam ranks among the five leading countries in glob-
al shrimp production and is a key supplier of shrimp prod-
ucts worldwide. The shrimp farming area has increased by
an average of 5% per year, primarily driven by the growth in
white-leg shrimp farming. White-leg shrimp production has
increased by an average of 13%, while black tiger shrimp
production has declined by 8% over six years, with no sig-
nificant improvement in productivity compared to whiteleg
shrimp. Shrimp export is a key sector of Vietnam’s econ-
omy, contributing significantly to agricultural growth and
generating substantial revenue. However, numerous chal-
lenges caused a decline in global demand in 2023. Notably,
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the United States, Vietnam's largest shrimp export market,
experienced a 32% decrease, negatively impacting domes-
tic production. Despite this, Vietnamese shrimp exports
to other markets such as Japan, South Korea, and China
achieved strong growth. The shrimp pond area in Viet-
nam has rapidly expanded in recent years to meet export
demands. Although current profits are high, the success
rate remains low, resulting in higher production costs for
farmed shrimp than in other countries.

Meanwhile, Vietnam possesses a significant advantage
in advanced and deep processing technologies. Therefore,
to enhance the competitiveness of Vietnamese shrimp, a
clear transformation is needed in the farming sector. The
shrimp farming industry in Vietnam is changing, focusing
on production growth and sustainability, along with the
adoption of new technologies.

Many science and technology enterprises have recently
introduced shrimp farming solutions that apply Industry 4.0
technologies, contributing to improved accuracy in environ-
mental monitoring and disease management (Iber & Kasan,
2021). One notable application is the automated feeding
system, which supplies feed according to the actual de-
mand of the shrimp. Parameters such as feeding duration
and rest intervals can be easily adjusted based on the re-
maining feed, helping to control appropriate feed amounts,
increase feed conversion efficiency, reduce costs, and min-
imize environmental pollution. Although the initial invest-
ment cost is relatively high, the system’s durable materials
help regulate temperature, withstand weather fluctuations,
and prevent water stratification, thereby enabling multiple
yearly production cycles. A practical current strategy is the
development of ecological and organic shrimp farming
models, particularly integrated shrimp-mangrove systems
(Ahmed et al., 2017). About 60,000 ha of shrimp ponds in
the Mekong Delta region operate under this model. It lev-
erages natural resources to maintain ecological balance
and contributes to mangrove forest conservation, creating
a sustainable, environmentally friendly farming ecosystem
with high economic value. Simultaneously, switching to bi-
ological products and probiotics emphasizes reducing an-
tibiotics and chemicals in aquaculture (Zhang et al., 2016).
These solutions help control diseases effectively, improve
water quality, reduce pollution, and enhance product qual-
ity.

Many shrimp broodstock still depend on imports, pos-
ing quality and disease control challenges. Therefore, in-
vesting in modern broodstock production facilities that
meet biosecurity standards and can supply high-quality
broodstock is essential. In parallel, long-term selective
breeding programs should be implemented with criteria
such as fast growth, high survival rates, adaptability to
harsh environmental conditions, and especially resistance
to serious diseases. In addition to the five main shrimp ex-
port markets, China, the United States, Japan, the EU, and
South Korea, which account for 76% of total shrimp export
value, the country is expanding into potential markets such
as the United Kingdom, Canada, and Australia, as well as
rapidly growing regions including the Middle East, Africa,
and Southeast Asia.

3.1.2 Shrimp farming technologies

Multi-stage shrimp farming technology is divided into
stages based on the developmental phases of shrimp - typ-
ically two or three stages. It is designed to optimize farming
conditions at each stage, minimize risks, and increase pro-
duction efficiency. The model is currently widely adopted in
provinces throughout the Mekong Delta. Characteristics of
the 2-phase farming technology model includes a nursery
phase (phase 1) and a commercial farming phase (phase
2). In the first phase, shrimp are typically reared in net-cov-
ered houses for 20 - 30 days to protect them from adverse
weather conditions and other external factors. The pond
environment is strictly controlled to minimize shrimp mor-
tality. Characteristics of the 3-phase farming technology
model consist of two nursery phases (nursery phase 1 and
nursery phase 2), followed by a commercial farming phase.
All ponds are covered with tarpaulins during hot weather to
help maintain a stable water temperature of approximately
30°C, which is optimal for shrimp growth.

Semi-Biofloc microbiological farming technology in
intensive shrimp farming involves cultivating beneficial
bacteria outside the pond (also known as microbial incu-
bation) using carbon sources such as molasses and sug-
arcane molasses. The bacterial strains used are beneficial
species of Bacillus. The cultivated bacteria are then intro-
duced to the culture ponds to create a favorable rearing
environment (Mangott et al., 2020). This environment can
process excess nutrients before they are discharged into
the external environment, thereby improving feed efficien-
cy, reducing disease outbreaks, and enhancing biosecurity
for the farmed shrimp.

Super-intensive shrimp farming technology in green-
houses is a modern, closed-loop aquaculture model. The
farming system is housed within a greenhouse structure,
which is covered with durable glass that withstands pro-
longed exposure to sunlight and rain while allowing suf-
ficient light transmission for shrimp culture. Shrimp are
stocked at high densities, typically 300 to 500 individuals
per square meter, optimizing space and yield. The water
recirculation and waste treatment systems are strictly con-
trolled to minimize environmental pollution and improve
resource use efficiency.

Different shrimp farming technologies exhibit distinct
strengths and limitations in terms of productivity, biose-
curity, investment cost, and operational complexity. Multi-
stage shrimp farming technology enables very high stock-
ing densities, typically ranging from 250 to 300 individuals
per square meter, which results in high yields of approxi-
mately 35-40 tons per hectare and a relatively short and
stable culture cycle of 70-85 days per crop. This system
also achieves high survival rates, often exceeding 90%, and
demonstrates reduced vulnerability to environmental fluc-
tuations and external pathogens. However, these advan-
tages are accompanied by substantial initial and operation-
al costs, particularly for feed, seed stock, and electricity,
and the requirement for extensive auxiliary infrastructure,
which limits the effective farming area to only 20-25% of
the total site.
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Semi-biofloc microbiological farming technology ap-
plied in intensive shrimp culture offers effective control
of excess nutrients, improves feed conversion efficien-
cy, and enhances biosecurity. When combined with other
technological innovations, this approach improves pond
environmental conditions and promotes the formation of
natural bioflocs, thereby reducing feed consumption and
simplifying farm operations. In addition, the use of limited
external water exchange reduces the risk of pathogen in-
trusion. Nevertheless, this system requires strict control of
multiple operational parameters, including adequate aera-
tion, appropriate water circulation, and precise adjustment
of the carbon-to-nitrogen ratio. Maintaining stable and bal-
anced microbial communities across large ponds, typically
ranging from 1,500 to 3,000 m? remains challenging, and
continuous aeration is necessary to sustain sufficient dis-
solved oxygen levels. Consequently, successful operation
depends heavily on experienced personnel and advanced
management skills.

Super-intensive shrimp farming in greenhouse systems
relies on high-level technological integration to improve
traceability of shrimp seed and feed sources, thereby en-
suring food hygiene and safety. The incorporation of micro-
biological approaches without the use of antibiotics con-
tributes to high and stable productivity while significantly
reducing land requirements. However, the implementation
of greenhouse structures and membrane-based systems
results in investment costs that are considerably high-
er than those of conventional intensive farming models.
Moreover, this farming approach demands skilled opera-
tors with strong technical and managerial capabilities.

Recirculating shrimp farming systems with minimal
water exchange provide effective control of environmental
conditions and disease outbreaks, while significantly re-
ducing water consumption and increasing shrimp survival
rates. These systems typically operate without antibiotics
or chemical additives, thereby minimizing environmental
impacts and creating a safer culture environment. High
stocking densities, ranging from 150 to 300 individuals
per square meter, can be achieved, with reported yields
of approximately 7.6-7.8 tons per 1,000 m?. Despite these
advantages, recirculating systems require high capital in-
vestment, estimated to be 45-60% greater than that of con-
ventional farming systems, and necessitate operators with
appropriate professional training and technical expertise.

Winter shrimp farming in tarpaulin-covered systems en-
ables off-season production and can deliver high produc-
tivity and economic value. However, this approach involves
substantial investment and extended culture durations.
Environmental and disease control during winter farming
is generally more complex than in the main production sea-
son, and improper management of individual crops may
increase the risk of environmental pollution and disease
outbreaks. Recirculating aquaculture system (RAS) for
shrimp farming with minimal water exchange features fil-
tration systems (mechanical and biological filters), culture
ponds, and water supply and drainage channels operating
under a mechanism that ensures the reuse of farming wa-
ter (Halim et al., 2025; Nugraha et al., 2023). Wastewater
is treated through sedimentation tanks, biological filtration,

and disinfection before being returned to the culture ponds
(Arun et al., 2023). The model helps maintain stable water
quality, minimizes water exchange, and reduces the risks
of disease outbreaks and environmental pollution. With ef-
fective environmental control, shrimp exhibit faster growth,
higher survival rates, and improved economic efficiency.
Winter shrimp farming in tarpaulin-covered systems is an
intensive farming model conducted within tarpaulin-cov-
ered structures, that helps maintain stable temperatures
during colder seasons. The tarpaulin cover provides insula-
tion, blocks wind and rain, and creates a favorable environ-
ment for shrimp growth under adverse weather conditions
(Kashem et al., 2023).

There are two standard farming methods: (i) Sin-
gle-Stage Farming, in which shrimp are directly stocked
into ponds and reared for 3-4 months before harvest; and
(i) Multi-Stage Farming, which includes 2 phases (Phase 1:
Shrimp are reared in indoor nursery tanks for 20-30 days.
Phase 2: Once the shrimp reach a size of 3 - 4 cm each,
they are transferred to commercial ponds at an average
density of 100 shrimp per square meter. After two months,
shrimp grow to a size of 50 - 60 individuals/kg and are
ready for harvest.

It can be concluded that the shrimp farming industry
is increasingly adopting various advanced technologies to
improve productivity and minimize risks. Each technologi-
cal model exhibits characteristics suitable for specific envi-
ronmental conditions and farming scales. The multi-stage
shrimp farming system is appropriate for regions with
well-developed infrastructure. By separating each rear-
ing phase, this model improves disease control; however,
it requires advanced technical expertise and significant
capital investment. In contrast, semi-biofloc technology,
which employs beneficial microorganisms for water treat-
ment and improved feed conversion, is commonly applied
in small- and medium-scale operations. Despite its advan-
tages in cost reduction, this method poses challenges in
managing water quality at high stocking densities. Winter
shrimp farming in tarpaulin-covered houses is suitable for
northern provinces or areas with distinct cold seasons. This
approach allows for the extension of the farming season
and supports shrimp survival under adverse climatic condi-
tions. Nonetheless, it remains seasonal in nature and limit-
ed in production scale. Super-intensive greenhouse shrimp
farming represents a modern, closed farming model char-
acterized by high productivity and strong environmental
control. It is particularly suitable for large-scale farms or
enterprises due to its high initial investment requirement.
Among the technologies, the RAS with minimal water ex-
change is currently regarded as the most effective and
broadly applicable model (Liu et al., 2024). RAS enables
water reuse, reduces environmental discharge, enhances
control over water quality parameters, conserves water
resources, and increases shrimp survival rates (Samui et
al., 2024). Compared to other farming systems, RAS offers
superior environmental and disease control, resulting in
greater productivity and economic efficiency. This model
aligns well with the principles of sustainable aquaculture
and is expected to play a central role in the industry’s future
growth.
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Water is the primary living medium, directly influencing
shrimp growth, physiological health, nutrient metabolism,
and disease resistance. Effective water quality manage-
ment is a fundamental prerequisite for maintaining pro-
ductivity, optimizing economic performance, and ensuring
the long-term sustainability of shrimp farming systems.
Shrimp farming, particularly in intensive and super-inten-
sive systems, requires substantial water. The total water
consumption during a production cycle can amount to sev-
eral thousand cubic meters per hectare. During the culture
period, periodic water exchange is necessary to maintain
a stable pond environment, dilute organic pollutants, and
mitigate the accumulation of toxic gases. Modern aqua-
culture systems like RAS, are increasingly being adopted
to reduce water usage and significantly minimize environ-
mental discharge. Shrimp farming infrastructures are typ-
ically designed with distinct functional ponds, including
sedimentation ponds, treatment ponds, grow-out ponds,
and effluent holding ponds, to ensure strict control over
water quality, thereby minimizing the risks of disease trans-
mission and cross-contamination. The quality of water
supplied to shrimp ponds must conform to the standards
specified in the national technical regulation on brackish
water shrimp culture farm - Conditions for veterinary hy-
giene, environmental protection and food safety (QCVN 02-
19:2014/BNNPTNT), which is summarized in Table 2.

3.1.3 Characteristics of wastewater generation in shrimp
farmings

Shrimp excrete organic and metabolic wastes and un-
eaten feed during growth and development. These sub-
stances accumulate and decompose, resulting in water
quality deterioration and the formation of wastewater con-
taining high concentrations of pollutants such as ammonia
(NH_/NH,*), nitrite (NO,), nitrate (NO,), phosphate (PO,*),
organic matter and pathogenic microorganisms (Aqui-
no et al,, 2019; Vu et al., 2021). Poor water management
can result in disease outbreaks, causing shrimp mortality.
The prolonged presence of these pollutants in water can
lead to oxygen depletion and contamination. Chemicals
and pharmaceuticals have been widely applied in shrimp
farming due to their critical roles in enhancing productivity,
promoting growth, and disease control. These substances
include antibiotics, antifouling agents, pesticides, polychlo-
rinated biphenyls (PCBs), polybrominated biphenyl ethers,

and disinfectants (Silerio Vazquez et al., 2024). Chemicals
discharged into water bodies negatively impact environ-
mental health and human safety (Ahmad et al., 2022; Do
et al.,, 2019). Reports indicate that intensive and semi-in-
tensive shrimp farming uses over 8.2 tons of chemicals.
These compounds persist in the aquatic environment for
extended periods after discharge (Phuong et al., 2023). To
maintain water quality, periodic water exchange is essen-
tial for removing accumulated waste within ponds. This
practice generates substantial volumes of wastewater, es-
pecially when pond water shows signs of contamination or
during disease outbreaks (Ayalew, 2022). The discharged
water typically contains elevated suspended solids, organ-
ic matter, and bacteria levels. Activities such as bottom
sludge dredging, pond washing, disinfection, and sediment
conditioning produce wastewater during pond preparation.
This wastewater may contain residual chemicals (lime, dis-
infectants, bactericides), sludge deposits, and accumulat-
ed debris from previous farming cycles (Do et al., 2018).
Wastewater from shrimp farming is compositional-
ly complex, typically containing high concentrations of
pollutants and microorganisms, particularly pathogenic
agents (Krishnani et al., 2018). The composition and char-
acteristics of shrimp farming wastewater vary depending
on the culture stage, stocking density, feed type, feeding
strategies, water exchange regimes, and pond manage-
ment practices (Chuaicham et al., 2023). Major constitu-
ents include uneaten feed, shrimp excretory products, and
decomposing organic matter from dead flora and fauna
(Tien Nguyen et al, 2024). These organic compounds
contribute to elevated BOD and COD levels. Nitrogen- and
phosphorus-containing compounds, such as NH,/NH,*,
NO,, NO_, PO,* are also commonly present. Elevated am-
monia and nitrite concentrations are toxic to shrimp and
the surrounding ecosystem. In addition, heavy metals and
residual chemicals may be present due to improper use of
lime, pharmaceuticals, and other chemical agents (Do et
al., 2022). Wastewater also harbors heterotrophic bacteria
and organic-degrading microorganisms, including patho-
genic strains such as Vibrio spp. Algae and plankton can
proliferate excessively in nutrient-rich conditions, altering
pH levels and dissolved oxygen concentrations in the wa-
ter (Alvarez & Otero, 2020). The characteristic composition
of shrimp pond wastewater is summarized in Table 3. Key

TABLE 3: Characteristic parameters of shrimp farming wastewater.

TABLE 2: Quality of water supplied to and present in ponds for . QCVN 02 -
black tiger shrimp and whiteleg shrimp (QCVN 02-19:2014). No.  Parameters Unit  Value Range 19:2014/BNNPTNT

No.  Parameters Unit  Permissible Value 1 Salinity %o 12-30

1 Dissolved Oxygen (DO) mg/l i =235 2 CoD mg/l : 65-180 150

2 pH 7-9, daily fluctuations < 0.5 . 3 BOD (20°C) mg/I : 20-100 50

3 Salinity mg/l i 535 . 4 NH,* mg/l i 1-10

4 Alkalinity mg/l i 60-180 5 NO, mg/l : 0.4-3

5 Water Transparency cm 20-50 6 NO, mg/l i 0.1-5

6 NH, mg/l <03 7 TN mg/l i 520

7 H,S mg/l i <0.05 8 TP mg/l i 0.1-12

8 Temperature °C 18 9 TSS mg/l : 50-200 100
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pollution indicators such as COD, BOD,, and TSS exceed
the permissible limits defined by QCVN 02-19:2014/BN-
NPTNT. Therefore, appropriate treatment measures must
be implemented to treat shrimp farming wastewater before
it is discharged into the environment or reused.

The quality of shrimp pond wastewater at Hai Dong
Commune, Hai Hau District, Nam Dinh Province indicates
that most of the measured parameters exceed the permis-
sible limits. Specifically, TSS exceed the regulatory limit by
a factor of 20.8, while COD and BOD, exceed the limits by
8.73 and 7.88 times, respectively. These results indicate
that shrimp farming activities significantly impact the qual-
ity of local water bodies. Analytical results also reveal that
the receiving canals are contaminated with elevated con-
centrations of organic matter.

The characteristics of wastewater from black tiger
shrimp (Penaeus monodon) ponds in Cu Lai village (Phu
Hai commune, Phu Vang district, Thua Thien Hue province)
and from white-leg shrimp (Litopenaeus vannamei) farms
on sandy soils in Dien Loc (Phong Dien district, Thua Thien
Hue province) show that wastewater from shrimp farming
on sandy soils exhibits a pollution profile similar to that of
traditional black tiger shrimp ponds. Most parameters are
within the permissible discharge limits specified in QCVN
24:2009/BTNMT (Column B); however, COD exceeds the
standard by approximately 1.3 to 2.0 times. Compared to
the standards for surface water quality (QCVN 08:2008/
BTNMT) and coastal seawater quality (QCVN 10:2008/BT-
NMT), additional treatment is required to reduce TSS, COD,
NH,*, NO,, and NO, to protect aquatic life.

The pH values of shrimp farming wastewater in Bac
Lieu province fall within the permissible range specified by
QCVN and are suitable for white-leg shrimp (Litopenaeus
vannamei) culture (optimal pH 7.5-8.5) (Table 4). Mean-
while, COD and BOD, concentrations in wastewater from
super-intensive shrimp farming are 1.5 times higher than
those in intensive shrimp farming wastewater, and both ex-
ceed the permissible limits by a significant margin. The ag-
gregated results reveal that pollutant concentrations vary
considerably across shrimp farming models.

Specifically, intensive and super-intensive farming sys-
tems exhibit markedly higher pollutant levels than sand-
based farming, black tiger shrimp, and white-leg shrimp
models. Parameters such as BOD,, COD, TSS, total nitro-
gen (TN), and total phosphorus (TP) in wastewater from

intensive and super-intensive shrimp farming exceed the
QCVN 40:2011/BTNMT Column B standards, in some cas-
es by multiple folds, reflecting substantial organic matter,
suspended solids, and excess nutrients. Additionally, NH,*
concentrations and total coliform levels are also consider-
ably elevated. Conversely, shrimp farming on sandy soils
and black tiger shrimp and white-leg shrimp systems ex-
hibit significantly lower COD, TSS, and total nitrogen, with
most parameters remaining within or near the regulatory
limits (Goswami et al., 2022).

3.1.4 Environmental impacts of shrimp farming wastewater

When effectively managed, shrimp farming wastewater
can help enhance nutrient concentrations in culture ponds
to increase aquaculture productivity. In certain situations,
supplementary feeding is not required, which helps re-
duce production costs. Shrimp farmers can integrate crop
cultivation with shrimp farming by establishing adjacent
pond sections where nutrient-rich wastewater is used for
irrigation. Shrimp farming wastewater can be reused to
mitigate environmental degradation and conserve water,
enabling more rational use of natural water resources and
preventing wastage (Mishra et al., 2018). Additionally, this
wastewater is beneficial for restoring nutrient-poor sandy
soils, which are known to lack sufficient nutrients for crops.
However, if shrimp farming wastewater is not effectively
and promptly treated, it can cause negative impacts on wa-
ter quality, soil health, and human health.

This wastewater contains high levels of organic com-
pounds such as uneaten feed, shrimp feces, and decom-
posed shrimp carcasses, which increase BOD and COD,
significantly reducing DO levels. This leads to oxygen de-
pletion, adversely affecting aquatic organisms. Further-
more, wastewater may contain pathogens such as viruses,
bacteria, and parasites. When discharged into rivers, ca-
nals, or seas, these pathogens can spread to natural aquat-
ic species or nearby aquaculture areas, increasing the risk
of widespread disease outbreaks. Wastewater can cause
long-term soil impacts when used for irrigation and agri-
culture. Crops grown in soils with excessive nitrogen and
phosphorus tend to exhibit excessive vegetative growth,
which is undesirable for productivity. Moreover, heavy met-
als absorbed by plants can enter the food chain, potentially
reaching humans (Do & Tran, 2023). Soil salinity is elevat-
ed near shrimp farms; specifically, for every one-meter de-

TABLE 4: Characteristics of wastewater from intensive and super-intensive shrimp farming in bac lieu province.

Intensive Shrimp Farming

Super-Intensive Shrimp Farming QCVN 40:2011/BTNMT Column

No. Parameters Unit Wastewater (n = 20) Wastewater (n = 20) B

1 pH 7.55+0.24 7.87+0.18 5.5-9
2 BOD, mg/| 268141 403195 50

3 coD mg/| 291437 466+92 150
4 TSS mg/| 492.5+129.5 698.6+350.7 100
5 Total N mg/I 52.75+23.01 9.63+10.93 40

6 Total P mg/| 5.63+2.34 17.32+12.05 6

7 N-NHA,* mg/I 8.461+4.36 29.841+24.807 10

8 Total Coliform MPN/100ml 2758519558 27105+11800 5000
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crease in distance from the shrimp pond to the surround-
ing land, salinity increases by 0.14% (Amoako Johnson et
al., 2016). Another study indicated that shrimp wastewater
significantly increases concentrations of total organic car-
bon (TOC), TN, and TP in coastal soils up to a depth of 10
cm. This wastewater accounts for 30% - 33.6% of TOC in
coastal soils and alters carbon and nutrient dynamics in
receiving areas.

3.2 Current technologies for shrimp aquaculture
wastewater treatment

Various technologies have been applied to treat shrimp
aquaculture wastewater depending on pollutant composi-
tion and operational conditions. Table 5 summarizes the
principal treatment technologies reported for shrimp ag-
uaculture wastewater, highlighting their treatment mecha-
nisms, pollutant removal performance, and major practical
constraints.

The following sections present a more detailed descrip-
tion of each technology to illustrate their mechanisms and
performance in treating shrimp aquaculture wastewater.

3.2.1 Constructed wetlands

Constructed wetlands (CWs) are treatment systems
that mimic natural wetlands but are designed and con-
trolled to improve water quality (Huang et al., 2019). CWs
are considered a cost-effective system for treating aqua-
culture wastewater, especially shrimp farming wastewa-
ter (Dinesh Kumar et al., 2020). CWs carry out nitrification,
denitrification, and demineralization processes through
plants and microorganisms (Yang et al., 2023). The ef-
fectiveness depends on design factors (substrate, plants,
microorganisms), operational factors (hydraulic retention
time, hydraulic loading rate, groundwater depth, flow re-
gime), and environmental conditions (temperature, pH,
salinity, moisture, nutrient levels, specific carbon sourc-
es).

In Vietnam, studies have shown that constructed wet-
lands can effectively treat shrimp farming wastewater. One
study in Bac Lieu evaluated a 400 m? wetland system using
native salt-tolerant plants such as Sesbania, Eleocharis,

and saltgrass. The system combined biological ponds and
wetlands to reuse water from black tiger shrimp ponds -
the same source of wastewater (Hiep et al., 2023). Results
showed that COD, BOD,, NH,*, and TP removal rates ex-
ceeded 50%. The NH, concentration in the effluent was low
(<0.1 mg/L), making the water suitable for reuse. Interna-
tionally, studies have also used constructed wetland mod-
els to treat aquaculture wastewater (Kashem et al., 2023).
A system using Canna indica combined with 20 mg/L Fe?
showed very high treatment efficiency, with removal rates
of TN, TR, and COD reaching 95%, 75%, and 62%, respective-
ly (Zhimiao et al., 2019). Another study investigated the im-
pact of plant physiological characteristics on the treatment
efficiency of CWs (de Paula et al., 2024). Results indicated
that CWs planted with a mixture of multiple plant species
had higher treatment efficiency compared to systems with
only one species. Besides removing conventional pollut-
ants, this system could also treat antibiotics in the water.
Specifically, removal efficiencies for antibiotics SMX, SMM,
SMZ, SDZ, and TMP were 29.8%-76.3%, 20%, 20%, 12%, and
89%, respectively.

The use of constructed wetlands for shrimp wastewa-
ter treatment offers several notable advantages. One of the
main benefits is their relatively low construction and oper-
ating costs compared with conventional treatment technol-
ogies. Constructed wetlands rely primarily on natural pro-
cesses involving aquatic plants and microbial communities
to remove pollutants, resulting in low energy consumption
and minimal maintenance requirements. Previous studies
have shown that these systems are effective in removing
organic matter, nitrogen, phosphorus, and, in some cases,
residual antibiotics commonly found in shrimp farming ef-
fluents. In addition, constructed wetlands can be integrat-
ed directly into shrimp farms, contributing to water reuse
and promoting more sustainable resource management
practices.

However, constructed wetlands also present several
limitations. A major constraint is the relatively large land
area required for their implementation, which may restrict
their applicability in regions with limited space. Treatment
efficiency can vary depending on environmental conditions

TABLE 5: Overview of major treatment technologies for shrimp aquaculture wastewater.

Technology Treatment characteristics

Advantages and limitations

Aerobic/anoxic biological treatment

COD, BOD, and NH,*

Based on microbial activity for organic matter degra-
dation and nitrogen conversion; effective removal of

Low operating cost and easy implementation, but
sensitive to organic loading fluctuations and environ-
mental conditions

Biofloc Technology

water quality stabilization

Heterotrophic microorganisms assimilate inorganic
nitrogen and form biological flocs, contributing to

Water-saving and nutrient recycling, but difficult to
control floc density

Constructed wetland

Combines sedimentation, adsorption, and biodegra-
dation by plants and microorganisms; effective for
TSS, nitrogen, and phosphorus removal

Low cost and environmentally friendly, but requires
large land area

Recirculating Aquaculture System (RAS)

quality

Integrates mechanical filtration, biological treatment,
and water recirculation to maintain stable water

Reduces water exchange and improves environmen-
tal control, but requires high initial investment

Polymer membrane-based MBR

Combines biological treatment with membrane sepa-
ration, achieving high removal of COD, NH,*, and TSS

Produces high-quality effluent, but membrane fouling
remains significant

Nano TiO, modified ceramic membrane

refractory pollutants

Integrates membrane filtration and photocatalysis,
enhancing removal of COD, TSS, microorganisms, and

Good fouling resistance and chemical durability, but
requires high investment cost and UV irradiation
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such as temperature, pH, and salinity, leading to fluctua-
tions in performance. Moreover, constructed wetlands
typically require a long start-up period before reaching
stable and optimal treatment efficiency. If not properly
designed and managed, these systems may also create
favorable conditions for mosquito breeding. Furthermore,
constructed wetlands are generally less effective in treat-
ing wastewater with very high pollutant concentrations or
toxic compounds, and therefore may require pre-treatment
or combination with other treatment technologies.

3.2.2 Biofloc technology

Biofloc technology is a new biological approach that
is effective in aquaculture, based on the principle of sus-
pended activated sludge (Banu et al., 2011). In Vietnam,
this technology has been applied in several localities with
promising results, supporting further development and
broader adoption. Microorganisms in the biofloc system
compete with pathogens in the water, helping reduce dis-
ease and improve yields. When an external carbon source
is added, heterotrophic bacteria combine with excess sus-
pended organic matter and algae to form floc. These floc
particles are rich in protein and serve as a preferred met-
abolic food source for shrimp (Ahmed & Ambinakudige,
2024). Various factors, such as the C:N ratio, TSS, DO, pH,
stocking density, biofloc dosage, and light, affect the effi-
ciency and sustainability of biofloc technology. This meth-
od is effective, cost-saving, and easy to operate. However,
it also has some limitations: High initial investment cost:
farmers need to have a good understanding of the tech-
nology; the aeration system must operate continuously,
otherwise, dissolved oxygen levels in the pond drop rapidly,
leading to shrimp mortality or biofloc die-off, which endan-
gers shrimp health; at high stocking densities, especially in
the late stages of shrimp growth, waste accumulation can
exceed assimilation capacity. This reduces biofloc efficien-
cy, degrades water quality, and increases risk.

3.2.3 Microalgae and HRAP systems

Microalgae are tiny photosynthetic organisms capa-
ble of assimilating nutrients in aquaculture environments
(Huang et al., 2022). They offer a cost-effective and prac-
tical biological method for aquaculture wastewater, in-
cluding that from shrimp farms. Microalgae are used not
only for wastewater purification but also to synthesize in-
creased amounts of protein, lipids, and natural pigments
to replace aquaculture feed and enhance animal immunity
(Dinesh Kumar et al., 2016). However, selecting suitable
microalgae species requires careful consideration, as pol-
lutant removal efficiency depends heavily on species and
environmental conditions. Microalgae technology is an
advanced, eco-friendly technology that offers multiple ben-
efits (Zhao et al., 2025). It helps absorb excess nutrients
such as nitrogen and phosphorus while releasing dissolved
oxygen via photosynthesis, improving water quality and
pond stability. Some microalgae species secrete substanc-
es that inhibit pathogenic bacteria, helping reduce disease
risk. The biomass after treatment can be used as fertilizer,
animal feed, or bioproducts, increasing the economic value
of the farming system. However, the efficiency depends on

light and temperature conditions, that treatment efficiency
may decrease during bad weather. Farmers require basic
technical knowledge, and initial investment costs in ponds,
aeration, and lighting can be relatively high.

Managing shrimp farm wastewater by algal pond
systems is effective, profitable, and a green technology
(Razaviarani et al., 2023). Algae are maintained at high den-
sities and harvested to process valuable products such as
biofuel. Algal growth helps absorb excess nutrients in pol-
luted water, which contributes to water purification before
reusing or discharging it into the environment (Rodriguez
Leal et al., 2023). A study by Soka University, Japan, us-
ing simulated aquaculture wastewater, showed that HRAP
could remove 100% of ammonium, nitrate, phosphate,
and over 80% of organic matter. Another report found Ar-
throspira sp. Similarly, Arthrospira sp. was also reported to
PCC7413 is effective, removing 84.9% + 1.9% ammonia by
Arthrospira sp. Concentrations drop to as low as 4.9 mg/L
during treatment by Nostoc sp. and PCC7413, achieved
within 24 hours. In an integrated farming study involv-
ing shrimp, clams, and aquatic plants in Romania, algae
demonstrated a higher efficiency in removing pollutants. In
an integrated farming study involving shrimp, clams, and
aquatic plants in Romania, algal-based treatment systems
achieved pollutant removal efficiencies of 29%, 79%, 76%,
and 99% for COD, suspended solids, total nitrogen, and to-
tal phosphorus, respectively; however, the original study
did not specify the exact algal species used.

3.2.4 Recirculating aquaculture systems (RAS)

In RAS systems, shrimp are cultured in ponds or tanks
equipped with agitators and aerators suited to their growth.
Shrimp ponds or tanks collect waste, which is pumped into
external mechanical and biological filtration systems for
treatment (Chen et al., 2024). The system continuously fil-
ters solids like feces, uneaten feed, molted shrimp shells,
dead algae, and suspended organic matter in pond water,
which are continuously filtered and treated separately in
the recirculation tanks. After removing harmful substances,
water is biologically treated and recirculated to the shrimp
ponds. Continuous waste removal, combined with benefi-
cial microbes, keeps pond water clean. Toxic gases (NH,,
NO,, and HZS) remain within safe limits, reducing disease,
allowing higher stocking densities, and improving yield.
The typical operating principle of the RAS farming system
is illustrated in Figure 1. The RAS consists of supplemen-
tary processes that allow wastewater to be reused for the
culture tanks). It is divided into two types: partial water ex-
change systems (10%-70% water recirculated per day) and
full water recirculation systems (less than 10% water re-
placed per day). RAS includes shrimp culture tanks, settling
and mechanical filtration tanks, biological filtration tanks,
disinfection equipment, and water supply, drainage, and
aeration piping systems. Initially, wastewater is transferred
from culture tanks to filtration units. Solid particles settle
into a sludge collection pit. Water is then filtered through
materials such as sand, gravel, fabric, and mesh (Duong
et al., 2019). Large particles are retained and moved to the
sludge tank. After this stage, water still contains high con-
centrations of dissolved ammonia (NH,) and remains un-
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FIGURE 1: Diagram of the RAS system.

treated (Mohammadi et al., 2016). Aerobic, facultative, and
anaerobic bacteria in biological filters perform nitrification
and denitrification. These bacterial groups convert Nitro-
gen- and carbon-based compounds into non-toxic forms
(Vu et al., 2023). The treated water is pumped back to the
culture tanks. Aeration operates continuously to supply
sufficient oxygen for bacterial degradation. Disinfection is
crucial for eliminating pathogens and controlling microbes
to prevent disease in culture ponds. UV light or ozone can
be used during this stage.

Throughout the culture period, water circulates in a
closed system with no replacement, with only a small
amount of fresh water added to compensate for evapora-
tion losses (Hung et al., 2017). The filtration system must
operate continuously throughout the culture cycle (3-5
months), and aeration must be maintained daily; therefore,
a stable power supply for the water pumps is essential.
Among aquaculture wastewater treatment methods, RAS
is considered a superior solution due to its integration of
multiple outstanding advantages. Therefore, researching
and improving the RAS technology process to suit waste-
water from whiteleg shrimp farming, while adapting to Viet-
nam’s technical and economic conditions, is essential (Viet
Do et al., 2022).

Recirculating aquaculture system (RAS) technology
with low water exchange is currently applied on a limited
scale and is mainly implemented in research projects and
pilot models rather than in widespread commercial shrimp
farming. The main advantage of this technology lies in its
high treatment efficiency, allowing effective control of wa-
ter quality under intensive culture conditions. RAS operates
without the use of antibiotics or chemical additives, there-

by minimizing negative environmental impacts, creating a
safe growth environment for shrimp, and significantly re-
ducing the risk of disease outbreaks.

Despite these advantages, RAS technology also pre-
sents notable limitations. The most significant drawback
is the high initial investment cost, which is approximately
45-60% higher than that of conventional shrimp farming
systems. In addition, the operation of RAS requires skilled
personnel with professional expertise and appropriate
training to ensure stable system performance and effective
management. These factors currently limit the large-scale
adoption of RAS in shrimp farming practices.

In RAS, treated wastewater is not completely dis-
charged but is reused repeatedly within the same system.
This requires the effluent quality to achieve a high stand-
ard, not only ensuring the removal of organic matter, toxic
compounds, and pathogenic agents, but also maintaining
long-term stability to prevent pollutant accumulation dur-
ing recirculation.

To overcome these limitations, membrane-based treat-
ment technologies have attracted increasing attention
because of their ability to provide effective solid-liquid
separation and improve effluent quality under recirculating
conditions. Among available membrane materials, ceram-
ic membrane is considered particularly suitable for aqua-
culture applications due to its high mechanical strength,
chemical resistance, thermal stability, and tolerance to
harsh cleaning procedures, allowing stable long-term op-
eration in complex wastewater environments. In addition,
ceramic membranes exhibit superior durability compared
with polymeric membranes, making them more appropri-
ate for intensive and continuous operation in RAS.
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To further enhance treatment efficiency, recent studies
have focused on surface modification of ceramic mem-
branes using nano-Titanium dioxide. Under Ultraviolet light
irradiation, TiO, coated ceramic membranes can effectively
degrade various organic compounds, proteins, and antibi-
otics resistant to biodegradation, which are characteristic
pollutants in shrimp aquaculture wastewater. Moreover,
TiO, coating improves membrane hydrophilicity, thereby
reducing foulant accumulation and microbial attachment
on the membrane surface, which helps mitigate membrane
fouling one of the major operational challenges in recir-
culating systems. With these combined advantages, TiO,
modified ceramic membranes not only improve pollutant
removal efficiency but also extend operational cycles, re-
duce maintenance requirements, and enhance the overall
sustainability of RAS operation.

3.3 Advanced membrane based treatment for
shrimp wastewater

3.3.1 Ceramic membrane technology in wastewater tre-
atment

In recent years, several innovative technologies have
been increasingly applied to mitigate the impact of pollu-
tion caused by shrimp farming on surface water bodies,
including the RAS. Among these, membrane filtration tech-
niques have shown significant promise in enhancing treat-
ment efficiency and enabling water reuse (Do, Bui, & Vu,
2023; Duong et al., 2020). In particular, ceramic membranes
have attracted attention due to their superior properties
compared to conventional polymer membranes, such as
greater mechanical, thermal, and chemical stability, result-
ing in extended lifespan and improved fouling resistance
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(Ayode Otitoju et al., 2020). However, membrane fouling re-
mains a significant challenge (Do & Chu, 2022). To address
this, modifying ceramic membranes with photocatalytic
nanomaterials has attracted considerable interest, aimed
at enhancing both pollutant removal efficiency and anti-
fouling performance (Pereira et al., 2011). Titanium dioxide
(Ti0,), owing to its high quantum yield, chemical stability,
and cost-effectiveness, is widely used as a coating to en-
hance photocatalytic activity (Dharma et al., 2022; Radeka
etal., 2014).

3.3.2 Nano TiO, modified ceramic membranes

In the context of increasing water pollution, TiO, pho-
tocatalysis has emerged as an effective solution due to its
ability to generate highly oxidative hydroxyl (+OH) and su-
peroxide (0,*) radicals, capable of degrading recalcitrant
organic pollutants (Hassaan et al., 2023).

Analysis of 4,500 scientific publications from 2019-
2024 using VOSviewer indicates two concurrent research
trends: improving photocatalytic materials and integrat-
ing them with physical treatment platforms, particularly
membrane technology (Figure 2). Doping TiO, with metal
or non-metal elements can improve its adsorption capac-
ity and thus enhance water treatment efficiency. Howev-
er, recovering dispersed TiO, powders from the reaction
medium is challenging, limiting reusability and increasing
operating costs. To overcome this, various support materi-
als have been used to immobilize TiO,, facilitating catalyst
recovery (Cruz Moreno et al., 2025). Effective substrates in-
clude ceramics, activated carbon, glass, composite, stain-
less steel, and zeolites. Among them, ceramics stand out
due to their low cost, natural abundance of clay, tunable
porosity, and excellent thermal, chemical, and mechanical
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FIGURE 2: Research trends on TiOl photocatalysis in water and wastewater treatment.
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stability (Morjéne et al., 2020; Zendehzaban et al., 2013).
Nano TiO, coated ceramic membranes have proven effec-
tive in degrading pollutants present in shrimp farm waste-
water, including organic compounds, antibiotics, and ni-
trogenous substances (2023; Shi et al., 2013).

Incorporating or coating TiO, onto ceramic membranes
allows simultaneous physical filtration and photocatalyt-
ic oxidation, forming photocatalytic membrane reactors
(PMRs). Under UV or visible light irradiation, the generated
electron-hole pairs (e/h*) trigger free radical reactions that
degrade organic compounds on the membrane surface, re-
duce fouling, and extend operational lifespan.

The effectiveness of TiO, modified ceramic membranes
in removing various pollutants has been demonstrated in
numerous studies. Table 6 summarizes representative re-
search on the performance of nano TiO,-coated ceramic
membranes for water and wastewater treatment.

From the table, it can be seen that TiO, modified ce-
ramic membranes have demonstrated broad applicability
in treating a variety of wastewater pollutants, including azo
dyes, proteins, oils, and recalcitrant organics. Their effec-
tiveness arises from the synergy between mechanical fil-
tration and photocatalytic degradation: physical retention
captures larger contaminants, while photocatalytic activity
generates hydroxyl and superoxide radicals under UV or
visible light, decomposing smaller or recalcitrant mole-
cules. This dual function not only enhances removal effi-
ciency but also mitigates membrane fouling and prolongs
operational lifespan.

Optimal performance depends on pore size, membrane
structure, and light exposure. Nano and ultrafiltration mem-
branes (1-50 nm) balance retention and photocatalytic
efficiency for dyes and proteins, whereas microfiltration
membranes handle larger particles and emulsified oils.
Doping TiO, with metals or non metals (Ag, Ni, N) further
improves antimicrobial activity, broadens light absorption,

and enhances pollutant degradation. Reported removal ef-
ficiencies are high..., >90% for dyes and proteins, 90-98.5%
for oils, and 99.9% bacterial inactivation.

Despite these advantages, challenges remain. Photo-
catalytic efficiency can be limited by high turbidity or sur-
face fouling, and thick TiO, coatings may reduce water flux.
Therefore, careful optimization of layer thickness, pore
size, and light accessibility is essential for practical appli-
cations. Overall, TiO, modified ceramic membranes offer
a promising, versatile solution for advanced wastewater
treatment, effectively combining filtration and photocataly-
sis for high removal efficiency and reduced fouling.

3.3.3 Integration of membrane bioreactor (MBR) systems
Ti0, modified

In conventional shrimp farming, water is typically
sourced and pretreated before being supplied to the cul-
ture ponds. In contrast, the proposed system (Figure 3)
integrates the shrimp pond with a wastewater treatment
unit designed to treat and recirculate the water, thus form-
ing a closed-loop system. The technological layout for the
recirculating wastewater treatment system using MBR and
nano TiO,-modified ceramic membranes is illustrated in
Figure 4.

Initially, wastewater from the shrimp pond is pumped
through a coarse screen to remove solid waste such as
shrimp remains and other debris (Figure 4). It then flows
into an equalization tank to regulate flow rate and ho-
mogenize water quality prior to treatment. The pretreated
water is sent to the primary treatment units using physic-
ochemical and biological methods. In the biological treat-
ment stage, the water passes through aerobic and anoxic
tanks to remove organic matter and nutrients. Following
biological treatment, activated sludge is separated by the
TiO,-modified ceramic membranes (Mozia et al., 2015).
To maximize photocatalytic performance, place the mem-

TABLE 6: Studies on TiO, nanoparticle modified ceramic membranes for wastewater treatment.

Membrane type Functionalization method

Target pollutants

Removal efficiency / Key

Operating conditions results

Ceramic membrane coated : Doping, coating, function-

Azo dyes (MB, RB5, CR,

pH ~8, UVA 365 nm MB: from 40.84% (retention)

with TiO, nanofibers alization DR80, AOQ, CYX) to 97.74% with UVA irra-
diation; optimal pore size
10-50 nm

Ceramic ultrafiltration (UF) - Proteins (BSA) Pore size 6-14 nm, UVA Retention 98-100% BSA;

TiO, membrane irradiation TiO,-Ag composite achieves
~100% under visible light

Ceramic microfiltration (MF) | — Proteins (BSA) Pore size 530 nm, UV-A Removal 70% BSA, high

TiO, membrane irradiation water flux 3000 LMH.bar !

Ceramic TiO, membrane Ag/TiO, nanofiber coating Bacteria, MB, TOC UV 100 mW/cm?2, 98 min E. coli 99.9%, MB 88%, TOC
99%; flux ~5 L/m2.bar

Al,0O, tubular membrane Coating Organic compounds, ink, UV light T W/m? Fouling-induced flux decline

coated with TiO,
orange)

dyes (humic acid, methyl

reduced to 27% (vs. 67%
without irradiation)

ALQ, / Ti substrate coated Coating / rod-like

with TiO, nanostructures vinphos)

Pesticides (Diuron, Chlorfen-

UV 10-300 W/m? Removal: Diuron 78%,
Chlorfenvinphos 68%; flux

~15L/m2bar

AlLO, membrane coated
with N-doped TiO, (N-TiO,)

Nitrogen doping

Organic compounds

Flux decline 12-50%, en-
hanced organic degradation

Pore size 200-800 nm,
visible light

Al,0, membrane coated
with TiO,/Ag/HAP

Combined coating

Bacteria (E. coli)

6-log removal (LRV 6) of E.
coli; flux decreased 20-25%

Light intensity 0.3 mW/cm?,
60 min
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brane module outside the biological reactor (Loddo et al.,
2025; Zheng et al., 2017).

Under UV light, the TiO, coating performs physical filtra-
tion and degrades refractory organic compounds such as
antibiotics used during shrimp farming and residual organ-
ics entirely removed in the bioreactor (Kabir et al., 2020).
Additionally, UV light also acts as a disinfectant. With the

integration of multiple treatment processes, the treated
water can be recycled back to the shrimp pond via an in-
termediate tank or discharged into the environment if regu-
latory standards are met (Kruse et al., 2020). Furthermore,
a supplementary step may be included in reintroducing es-
sential minerals before reusing (Xie et al., 2022). The sys-
tem - including pumps, aerators, mixers, sensors, and other
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control equipment - is managed by an automated panel.
This setup conserves water, reduces discharge volumes,
and maintains water quality suitable for shrimp farming.

3.3.4 Limitations and operational challenges TiO, modified

Despite their potential, TiO,-modified ceramic mem-
branes still face several limitations. Ceramic membranes
cost significantly more than conventional polymer mem-
branes.

Though resistant to corrosion and heat, eramic mem-
branes are brittle and prone to cracking. Damaged mem-
branes cannot be repaired and must be entirely replaced,
raising costs and causing system downtime. Thus, strict
mechanical safety protocols are required during transport,
installation, and operation to avoid impact and vibrations.
Although nano TiO, coatings enhance fouling resistance,
membrane clogging remains challenging, particularly in
shrimp farm wastewater rich in proteins and polysaccha-
rides (Nannou et al., 2025). A study integrating TiO, photo-
catalysis with ceramic membrane filtration showed prom-
ising results in reducing organic pollutants (EI Sharkawy et
al., 2023). However, regular cleaning was still required to
maintain filtration performance. Variations in influent flow
and pollutant load can destabilize the microbial commu-
nity, leading to shock loads and incomplete treatment, ac-
celerating membrane fouling and reducing lifespan. There-
fore, stable system performance requires precise influent
control, microbial support (through aeration, nutrients, or
probiotics), and regular membrane cleaning. TiO,-modi-
fied ceramic membranes are mainly limited to laboratory
or small-scale pilot models. High investment and mainte-
nance costs make it unsuitable for smallholder farmers
without technical or financial support.

3.3.5 Economic and operational feasibility of nano TiO, mo-
dified ceramic membrane systems

Economic feasibility is an important factor influencing
the practical adoption of advanced wastewater treatment
technologies in shrimp aquaculture because treatment
costs directly affect production efficiency and long-term
operational sustainability. Ceramic membrane systems
have attracted considerable attention because of their high
chemical resistance, thermal stability, and long operational
lifespan compared with polymeric membranes. However,
their initial investment cost remains relatively high due to
the expensive raw materials and manufacturing process-
es involved. In general, ceramic membranes may cost ap-
proximately 3-5 times more than conventional polymeric
membranes. While polymer membranes cost around 200-
1.000 USS/m? ceramic membranes (unmodified) range
from 1,000-5,000 US$/m?, representing a fivefold increase.
Additionally, the nano TiO, material and the surface mod-
ification process incur further costs (Davari et al., 2025;
Szymanski et al., 2018).. To harness the photocatalytic ca-
pability of TiO,, the system must be equipped with UV light
sources, increasing capital, energy, and maintenance costs
.although their service life can be significantly longer under
harsh wastewater conditions. Membrane fouling remains
one of the major operational challenges, particularly when
treating shrimp wastewater containing suspended solids,

organic matter, proteins, and microbial residues. Fouling
leads to permeate flux decline and increases the frequency
of chemical cleaning, thereby raising operational costs. In
membrane bioreactor systems, aeration is commonly ap-
plied to control fouling accumulation and may account for
a substantial proportion of total energy consumption.

For nano TiO, modified ceramic membranes, photocat-
alytic activity under ultraviolet irradiation improves mem-
brane surface hydrophilicity and promotes degradation
of organic pollutants, thereby reducing fouling intensity.
However, ultraviolet irradiation also introduces addition-
al energy demand. Depending on irradiation intensity and
operating duration, UV related energy consumption may
significantly increase total operating cost, particularly in
continuous treatment processes.

Compared with conventional biological treatment tech-
nologies such as constructed wetlands or biofloc systems,
membrane-based systems generally require higher capital
investment but provide superior effluent quality and great-
er potential for water reuse. This advantage is particularly
important because water reuse can reduce freshwater de-
mand and improve biosecurity in shrimp farming operations.

To improve economic applicability, hybrid treatment
systems combining biological pretreatment with mem-
brane separation have been increasingly recommended.
Biological pretreatment reduces pollutant loading before
membrane filtration, thereby extending membrane lifespan
and lowering cleaning frequency. Although the initial in-
stallation cost remains relatively high, long-term benefits
such as stable treatment efficiency, reduced environmental
discharge, and improved water reuse potential may partial-
ly offset the initial investment under practical production
conditions.

4. CONCLUSIONS

Vietnam's shrimp farming sector has significantly in-
creased productivity and economic value. However, it also
exerts considerable pressure on the environment due to in-
creasing pollution from pond effluents. Shrimp pond waste-
water contains high and variable loads of organic matter,
nutrients, and pathogenic microorganisms, necessitating
more efficient and stable treatment solutions. Combining
MBR technology with nano TiO,-modified ceramic mem-
branes has shown great potential in addressing these chal-
lenges. Its advantages, high pollutant removal efficiency,
antifouling properties, antibacterial action, and extended
membrane life, are well documented in worldwide studies.
Integrating biological treatment and advanced membrane
technology offers a promising pathway for shrimp waste-
water treatment. It builds on current technologies and
supports effective practices in shrimp aquaculture. This
provides both a scientific and practical basis for the subse-
quent phases of this research. Developing and evaluating
an MBR system using nano TiO,-modified ceramic mem-
branes for shrimp wastewater would be helpful to design a
model that integrates biological treatment with advanced
membrane filtration. TiO,-modified ceramic membranes
aim to enhance antibacterial properties, reduce fouling,
and extend system longevity.. Future studies should focus
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on optimizing hydraulic retention time, mixed liquor sus-
pended solids, and membrane operating pressure under
practical shrimp farming conditions to improve long-term
treatment efficiency and economic feasibility.

ACKNOWLEDGMENTS

This material is based upon work supported by the Viet-
namese Ministry of Science and Technology in the Vietnam
- Korea joint research program under grant number NDT/
KR/23/12. The authors are also grateful for the support
from Hanoi University of Science and Technology (Deci-
sion No. 12980/Qb-DHBK, 27/12/2024). It was also par-
tially supported by LASER PULSE program for the project:
“Decentralized water resource circulation as a sustainable
solution for plantation” at HUST.

REFERENCES

Ahmad, A. L., Chin, J. Y., Mohd Harun, M. H. Z,, & Low, S. C. (2022).
Environmental impacts and imperative technologies towards sus-
tainable treatment of aquaculture wastewater: A review. Journal of
Water Process Engineering, 46, 102553. https://doi.org/10.1016/].
jwpe.2021.102553

Ahmed, N., Cheung, W. W. L., Thompson, S., & Glaser, M. (2017). Solu-
tions to blue carbon emissions: Shrimp cultivation, mangrove
deforestation and climate change in coastal Bangladesh. Marine
Policy, 82, 68-75. https://doi.org/10.1016/j.marpol.2017.05.007

Ahmed, Z., & Ambinakudige, S. (2024). How does shrimp farming im-
pact agricultural production and food security in coastal Bangla-
desh? Evidence from farmer perception and remote sensing ap-
proach. Ocean and Coastal Management, 255, 107241. https://doi.
org/10.1016/j.ocecoaman.2024.107241

Alvarez, X., & Otero, A. (2020). Nutrient removal from the centrate of
anaerobic digestion of high ammonium industrial wastewater by
a semi-continuous culture of Arthrospira sp. and Nostoc sp. PCC
7413. Journal of Applied Phycology, 32(5), 2785-2794. https://doi.
org/10.1007/s10811-020-02175-4

Amoako Johnson, F.,, Hutton, C. W., Hornby, D., Lazar, A. N., & Muk-
hopadhyay, A. (2016). Is shrimp farming a successful adapta-
tion to salinity intrusion? A geospatial associative analysis of
poverty in the populous Ganges—Brahmaputra—Meghna Delta of
Bangladesh. Sustainability Science, 11(3), 423-439. https://doi.
org/10.1007/s11625-016-0356-6

Aquino, R. V. S. d., Barbosa, A. A,, Carvalho, R. F. d., Silva, M. G., Nasci-
mento Junior, W. J. d., Silva, T. D. d., Silva, J. P, & Rossiter Sa da Ro-
cha, 0. (2019). Degradation study of tris(2-butoxyethyl) phosphate
with TiO2 immobilized on aluminum meshes employing artificial
neural networks. Water Science & Technology, 80(6), 1163-1173.
https://doi.org/10.2166/wst.2019.363

Arun, J., Nachiappan, S., Rangarajan, G., Alagappan, R. P, Gopinath, K.
P, & Lichtfouse, E. (2023). Synthesis and application of titanium
dioxide photocatalysis for energy, decontamination and viral disin-
fection: a review. Environmental Chemistry Letters, 21(1), 339-362.
https://doi.org/10.1007/s10311-022-01503-z

Ayalew, A. A. (2022). A critical review on clay-based nanocomposite
particles for application of wastewater treatment. Water Sci-
ence & Technology, 85(10), 3002-3022. https://doi.org/10.2166/
wst.2022.150

Ayode Otitoju, T., Ugochukwu Okoye, P, Chen, G., Li, Y., Onyeka Okoye,
M., & Li, S. (2020). Advanced ceramic components: Materials, fab-
rication, and applications. Journal of Industrial and Engineering
Chemistry, 85, 34-65. https://doi.org/10.1016/j.jiec.2020.02.002

Banu, J. R, Kaliappan, S., Do, K. U., James, A, & Yeom, I. T. (2009).
Combined Treatment of Domestic Wastewater using Anaerobic
and Solar Photocatalytic Treatment. Water Quality Research Jour-
nal, 44(4), 393-398. https://doi.org/10.2166/wqrj.2009.039

Banu, J. R, Kaliappan, S., Kumar, A., Yeom, |. T,, & Do, K. U. (2011). Ef-
fect of low temperature thermochemical pretreatment on sludge
reduction potential of membrane bioreactor treating primary treat-
ed dairy wastewater. Water Quality Research Journal, 46(4), 312-
320. https://doi.org/10.2166/wqrjc.2011.026

Bohnes, F. A, & Laurent, A. (2021). Environmental impacts of existing
and future aquaculture production: Comparison of technologies
and feed options in Singapore. Aquaculture, 532, 736001. https://
doi.org/10.1016/j.aquaculture.2020.736001

Chen, F, Qiu, T,, Xu, J., Zhang, J., Dy, Y., Duan, Y., Zeng, Y., Zhou, L., Sun,
J., & Sun, M. (2024). Rapid Real-Time Prediction Techniques for
Ammonia and Nitrite in High-Density Shrimp Farming in Recir-
culating Aquaculture Systems. Fishes, 9(10), 386. https:/doi.
org/10.3390/fishes9100386

Chuaicham, C., Trakulmututa, J., Shu, K., Shenoy, S., Srikhaow, A,
Zhang, L., Mohan, S., Sekar, K., & Sasaki, K. (2023). Recent Clay-
Based Photocatalysts for Wastewater Treatment. Separations,
10(2), 77. https://doi.org/10.3390/separations10020077

Cruz Moreno, D., Neri Alvarez, M., Ortiz Rabell, G., Neri Flores, M. A., &
Fajardo San Miguel, G. (2025). Functionalized nanoparticles-based
surface treatment as an alternative to mitigate deterioration in
fired clay materials. Discover Applied Sciences, 7(5), 391. https://
doi.org/10.1007/s42452-025-06872-y

Danfa, S., Martins, R. C., Quina, M. J., & Gomes, J. (2021). Supported
TiO2 in Ceramic Materials for the Photocatalytic Degradation
of Contaminants of Emerging Concern in Liquid Effluents: A Re-
view. Molecules, 26(17), 5363. https://doi.org/10.3390/mole-
cules26175363

Davari, N., Falletta, E., Bianchi, C. L., Yargeau, V., Rodriguez Seco, C.,
& Boffito, D. C. (2025). Comparing the photocatalytic activity of
suspended and floating Ag-decorated TiO2 for dye removal. Tet-
rahedron Green Chem, 5, 100059. https://doi.org/10.1016/j.tg-
chem.2024.100059

de Paula,R. Z., Fontana, L., & de Jesus, T. A. (2024). Phosphorus remov-
al by free water surface constructed wetlands for the wastewater
treatment: bibliometric and bibliographic review. Discover Water,
4(1), 49. https://doi.org/10.1007/s43832-023-00050-0

Dharma, H. N. C., Jaafar, J., Widiastuti, N., Matsuyama, H., Rajabsa-
deh, S., Othman, M. H. D., Rahman, M. A., Jafri, N. N. M., Suhaim-
in, N. S, Nasir, A. M., & Alias, N. H. (2022). A Review of Titanium
Dioxide (TiO(2))-Based Photocatalyst for Oilfield-Produced Water
Treatment. Membranes (Basel), 12(3). https://doi.org/10.3390/
membranes12030345

Dinesh Kumar, M., Gopikumar, S., Uan, D. K., Adishkumar, S., & Ra-
jesh Banu, J. (2020). Constructed Wetlands: An Emerging Green
Technology for the Treatment of Industrial Wastewaters. In R. N.
Bharagava (Ed.), Emerging Eco-friendly Green Technologies for
Wastewater Treatment (pp. 21-44). Springer Singapore. https://
doi.org/10.1007/978-981-15-1390-9_2

Dinesh Kumar, S., Santhanam, P, Park, M. S., & Kim, M.-K. (2016). De-
velopment and application of a novel immobilized marine microal-
gae biofilter system for the treatment of shrimp culture effluent.
Journal of Water Process Engineering, 13, 137-142. https://doi.
org/10.1016/j.jwpe.2016.08.014

Do, K. U., Bui, T. S., & Vu, N. T. (2023). Combination of Membrane-Based
Biochar for Ammonium Removal from Domestic wastewater—A
Review. In M. P. Shah (Ed.), Microbial Technologies in Industrial
Wastewater Treatment (pp. 319-335). Springer Nature Singapore.
https://doi.org/10.1007/978-981-99-2435-6_16

Do, K. U,, Bui, . T. N., Tran, H. T., & Chu, X. Q. (2023). Effect of Organic
Loading Rates on Performance of Treating Dairy Wastewater in a
Lab-Scale Sequencing Batch Reactor. International Journal of En-
gineering and Technology Innovation, 13(2), 150-159. https://doi.
org/10.46604/ijeti.2023.10763

Do, K. U., & Chu, X. Q. (2022). Performances of membrane bioreactor
technology for treating domestic wastewater operated at different
sludge retention time. In M. Shah, S. Rodriguez-Couto, & J. Biswas
(Eds.), Development in Wastewater Treatment Research and Pro-
cesses (pp. 107-122). Elsevier. https://doi.org/10.1016/B978-0-
323-85583-9.00010-7

Do, K. U, Kim, J. H., & Chu, X. Q. (2018). Sludge characteristics and
performance of a membrane bioreactor for treating oily wastewa-
ter from a car wash service station. Desalination and Water Treat-
ment, 120, 166-172. https://doi.org/10.5004/dwt.2018.22716

Do, K. U,, Le, T. L., & Nguyen, T. L. (2022). Application of Zero Valent
Iron to Removal Chromium and Other Heavy Metals in Metallur-
gical Wastewater. In Sustainable Water Treatment (pp. 415-440).
https://doi.org/10.1002/9781119480075.ch11

Do, K. U., & Tran, M. H. (2023). Application of Membrane Technology
Combined with Sequencing Batch Reactor for Treating Milk Waste-
water. In M. P. Shah (Ed.), Sustainable Industrial Wastewater Treat-
ment and Pollution Control (pp. 13-29). Springer Nature Singapore.
https://doi.org/10.1007/978-981-99-2560-5_2

T.N.B. Thi et al. / DETRITUS / Volume 35 - June 2026 / pages 113-129 127



Do, T. C. M. V,, Nguyen, D. Q., Nguyen, K. T,, & Le, P. H. (2019). TiO2 and
Au-TiO2 Nanomaterials for Rapid Photocatalytic Degradation of
Antibiotic Residues in Aquaculture Wastewater. Materials, 12(15),
2434. https://doi.org/10.3390/ma12152434

Duong, H. C., Ansari, A. J., Cao, H. T., Nguyen, N. C., Do, K.-U., & Nghiem,
L. D. (2020). Membrane distillation regeneration of liquid desic-
cant solution for air-conditioning: Insights into polarisation effects
and mass transfer. Environmental Technology and Innovation, 19,
100941. https://doi.org/10.1016/j.eti.2020.100941

Duong, H. C., Tran, T. L., Ansari, A. J., Cao, H. T,, Vu, T. D, & Do, K.-U.
(2019). Advances in Membrane Materials and Processes for De-
salination of Brackish Water. Current Pollution Reports, 5(4), 319-
336. https://doi.org/10.1007/s40726-019-00121-8

El Sharkawy, H. M., Shawky, A. M., Elshypany, R., & Selim, H. (2023).
Efficient photocatalytic degradation of organic pollutants over
TiO2 nanoparticles modified with nitrogen and MoS2 under visi-
ble light irradiation. Scientific Reports, 13(1), 8845. https://doi.
org/10.1038/s41598-023-35265-7

Ghamarpoor, R, Fallah, A., & Jamshidi, M. (2024). A Review of Synthe-
sis Methods, Modifications, and Mechanisms of ZnO/TiO2-Based
Photocatalysts for Photodegradation of Contaminants. ACS
Omega, 9(24), 25457-25492. https://doi.org/10.1021/acsome-
ga.3c08717

Goswami, R. K., Agrawal, K., & Verma, P. (2022). Phycoremediation of
nitrogen and phosphate from wastewater using Picochlorum sp.:
A tenable approach. Journal of Basic Microbiology, 62(3-4), 279-
295. https://doi.org/10.1002/jobm.202100277

Halim, M. A,, Aziz, D., Arshad, A., W. S. Wong, N. L., Nabi, M. M., Islam,
M. A., & Syukri, F. (2025). A systematic analysis of recirculating
aquaculture systems (RAS) and biofloc technology (BFT) for white
leg shrimp (Litopenaeus vannamei) in the indoor farming system.
Aquacultural Engineering, 110, 102544. https://doi.org/10.1016/].
aquaeng.2025.102544

Hassaan, M. A,, EI-Nemr, M. A,, Elkatory, M. R., Ragab, S., Niculescu, V.
C., & EINemr, A. (2023). Principles of Photocatalysts and Their Dif-
ferent Applications: A Review. Topics in Current Chemistry, 381(6),
31. https://doi.org/10.1007/s41061-023-00444-7

Hemavibool, K., Sansenya, T., & Nanan, S. (2022). Enhanced Photo-
catalytic Degradation of Tetracycline and Oxytetracycline Antibi-
otics by BiVO4 Photocatalyst under Visible Light and Solar Light
Irradiation. Antibiotics, 11(6), 761. https://www.mdpi.com/2079-
6382/11/6/761

Hiep, N. T, Anh, L. H. Q., Tuan, P. D,, Khang, D. S., Dong, P. D,, Han, H.
T. N, Thuan, D. D., & Nga, D. T. (2023). Improving the Treatment
of Saline Wastewater from Shrimp Farms Using Hybrid Construct-
ed Wetlands Models toward Sustainable Developmen. Environ-
ment and Natural Resources Journal, 21(6), 554-562. https://doi.
org/10.32526/ennrj/21/20230146

Huang, C., Luo, Y., Zeng, G., Zhang, P, Peng, R, Jiang, X., & Jiang, M.
(2022). Effect of adding microalgae to whiteleg shrimp culture on
water quality, shrimp development and yield. Aquaculture Reports,
22,100916. https://doi.org/10.1016/j.aqrep.2021.100916

Huang, X. f,, Ye, G. vy, Yi, N. k., Ly, L. j,, Zhang, L., Yang, L. y., Xiao, L., &
Liu, J. (2019). Effect of plant physiological characteristics on the
removal of conventional and emerging pollutants from aquacul-
ture wastewater by constructed wetlands. Ecological Engineering,
135, 45-53. https://doi.org/10.1016/j.ecoleng.2019.05.017

Hung, D. C., Nguyen, N. C., Uan, D. K., & Son, L. T. (2017). Membrane pro-
cesses and their potential applications for fresh water provision
in Vietnam. Vietnam Journal of Chemistry, 55(5), 533. https://doi.
org/10.15625/2525-2321.2017-00504

Iber, B. T., & Kasan, N. A. (2021). Recent advances in Shrimp aquacul-
ture wastewater management. Heliyon, 7(11), e08283. https://doi.
org/10.1016/j.heliyon.2021.e08283

Kabir, J., Cramb, R., Alauddin, M., Gaydon, D. S., & Roth, C. H. (2020).
Farmers’ perceptions and management of risk in rice/shrimp farm-
ing systems in South-West Coastal Bangladesh. Land Use Policy,
95, 104577. https://doi.org/10.1016/j.landusepol.2020.104577

Kashem, A. H. M., Das, P, Hawari, A. H., Mehariya, S., Thaher, M. I,
Khan, S., Abduquadir, M., & Al Jabri, H. (2023). Aquaculture from
inland fish cultivation to wastewater treatment: a review. Reviews
in Environmental Science and Bio/Technology, 22(4), 969-1008.
https://doi.org/10.1007/s11157-023-09672-1

Krishnani, K. K., Kumar, N., Meena, K. K., & Singh, N. P. (2018). Biore-
mediation of Perturbed Waterbodies Fed with Wastewater for
Enhancing Finfish and Shellfish Production. In B. B. Jana, R. N.
Mandal, & P. Jayasankar (Eds.), Wastewater Management Through
Aquaculture (pp. 185-206). Springer Singapore. https://doi.
org/10.1007/978-981-10-7248-2_9

Kruse, J., Koch, M., Khoi, C. M., Braun, G., Sebesvari, Z., & Amelung,
W. (2020). Land use change from permanent rice to alternating
rice-shrimp or permanent shrimp in the coastal Mekong Delta, Vi-
etnam: Changes in the nutrient status and binding forms. Science
of The Total Environment, 703, 134758. https://doi.org/10.1016/j.
scitotenv.2019.134758

Liu, X., Wang, Y., Liy, H., Zhang, Y., Zhou, Q., Wen, X., Guo, W., & Zhang,
Z.(2024). A systematic review on aquaculture wastewater: Pollut-
ants, impacts, and treatment technology. Environmental Research,
262, 119793. https://doi.org/10.1016/j.envres.2024.119793

Loddo, V., Umair, M., Kanwal, T., Palmisano, L., & Bellardita, M. (2025).
Efficient photocatalytic removal of drugs in aqueous dispersions
by using different TiO2 based semiconductors under UV and sim-
ulated solar light irradiation. Journal of Photochemistry and Pho-
tobiology A: Chemistry, 468, 116465. https://doi.org/10.1016/].
jphotochem.2025.116465

Mangott, A., Nappi, J., Delli Paoli Carini, A., Goncalves, P, Hua, K., Do-
mingos, J. A, de Nys, R., & Thomas, T. (2020). Ulva lactuca as a
functional ingredient and water bioremediator positively influ-
ences the hepatopancreas and water microbiota in the rearing of
Litopenaeus vannamei. Algal Research, 51, 102040. https://doi.
org/10.1016/j.algal.2020.102040

Mishra, A., Mehta, A., & Basu, S. (2018). Clay supported TiO2 nanopar-
ticles for photocatalytic degradation of environmental pollutants:
A review. Journal of Environmental Chemical Engineering, 6(5),
6088-6107. https://doi.org/10.1016/j.jece.2018.09.029

Mohammadi, Z., Sharifnia, S., & Shavisi, Y. (2016). Photocatalytic deg-
radation of aqueous ammonia by using Ti0O2ZnO/LECA hybrid pho-
tocatalyst. Materials Chemistry and Physics, 184, 110-117. https://
doi.org/10.1016/j.matchemphys.2016.09.031

Morjéne, L., Tasbihi, M., Schwarze, M., Schomécker, R., Aloulouy, F, &
Seffen, M. (2020). A composite of clay, cement, and wood as nat-
ural support material for the immobilization of commercial titania
(P25, P90, PC500, C-Ti02) towards photocatalytic phenol degrada-
tion. Water Science & Technology, 81(9), 1882-1893. https://doi.
org/10.2166/wst.2020.244

Mozia, S., Szymanski, K., Michalkiewicz, B., Tryba, B., Toyoda, M., &
Morawski, A. W. (2015). Effect of process parameters on fouling
and stability of MF/UF TiO2 membranes in a photocatalytic mem-
brane reactor. Separation and Purification Technology, 142, 137-
148. https://doi.org/10.1016/j.seppur.2014.12.047

Nannou, C., Maroulas, K. N., Tsamtzidou, C., Ladomenouy, K., & Kyzas,
G. Z. (2025). Photocatalytic degradation of veterinary antibiotics
in wastewaters: A review. Science of The Total Environment, 966,
178765. https://doi.org/10.1016/j.scitotenv.2025.178765

Nugraha, M. A. R., Dewi, N. R., Awaluddin, M., Widodo, A., Sumon, M. A.
A., Jamal, M. T,, & Santanumurti, M. B. (2023). Recirculating Aqua-
culture System (RAS) towards emerging whiteleg shrimp (Penae-
us vannamei) aquaculture. International Aquatic Research, 15(1),
1-14. https://doi.org/10.22034/iar.2023.1973316.1361

Pereira, J. H. 0. S, Vilar, V. J. P, Borges, M. T,, Gonzélez, 0., Esplugas,
S., & Boaventura, R. A. R. (2011). Photocatalytic degradation of
oxytetracycline using TiO2 under natural and simulated solar radi-
ation. Solar Energy, 85(11), 2732-2740. https://doi.org/10.1016/j.
solener.2011.08.012

Phuong, N. M., Hung, N. H., Kha, T. M., & Hoa, C. P. (2023). Study on Ag-
uaculture Wastewater Treatment by Aquatic Plants. VNU Journal
of Science: Earth and Environmental Sciences, 39(4). https://doi.
org/10.25073/2588-1094/vnuees.4995

Radeka, M., Markov, S., Lon¢ar, E., Rudi¢, O., Vucetié, S., & Ranogajec,
J. (2014). Photocatalytic effects of TiO2 mesoporous coating im-
mobilized on clay roofing tiles. Journal of the European Ceramic
Society, 34(1), 127-136. https://doi.org/10.1016/j.jeurceram-
s0c¢.2013.07.010

Razaviarani, V., Arab, G., Lerdwanawattana, N., & Gadia, Y. (2023).
Algal biomass dual roles in phycoremediation of wastewater
and production of bioenergy and value-added products. Inter-
national Journal of Engineering and Technology Innovation,
20(7), 8199-8216. https://doi.org/10.1007/s13762-022-04696-6

128 T.N.B. Thietal. / DETRITUS / Volume 35 - June 2026 / pages 113-129



Rodriguez Leal, S., Silva Acosta, J., Marzialetti, T., & Gallardo Rodriguez,
J. J. (2023). Lab- and pilot-scale photo-biofilter performance
with algal-bacterial beads in a recirculation aquaculture sys-
tem for rearing rainbow trout. Journal of Applied Phycology,
35(4), 1673-1683. https://doi.org/10.1007/s10811-023-02981-6

Samui, S., Mallick, B., & Bailey, A. (2024). Impact of shifting from rice
to shrimp farming on migration aspirations in Bangladesh. Re-
gional Environmental Change, 24(4), 150. https://doi.org/10.1007/
s10113-024-02312-6

Shan, A. Y, Ghazi, T. I. M., & Rashid, S. A. (2010). Immobilisation of
titanium dioxide onto supporting materials in heterogeneous pho-
tocatalysis: A review. Applied Catalysis A: General, 389(1), 1-8.
https://doi.org/10.1016/j.apcata.2010.08.053

Shi, Z. F, Zhang, S. M., & Guo, S. (2013). Treatment of Waste Seawa-
ter from Shrimp Farm Using a Photocatalytic Membrane Reactor.
Applied Mechanics and Materials, 409-410, 199-203. https://doi.
org/10.4028/www.scientific.net/AMM.409-410.199

Silerio Vazquez, F. d. J., Gonzélez Burciaga, L. A., Antileo, C., Nufiez
Nufiez, C. M., & Proal Néjera, J. B. (2024). Photocatalytic degrada-
tion of antibiotics in water via TiO2-x: Research needs for techno-
logical advancements. Journal of Hazardous Materials Advances,
16, 100506. https://doi.org/10.1016/j.hazadv.2024.100506

Szczepanik, B. (2017). Photocatalytic degradation of organic contam-
inants over clay-TiO2 nanocomposites: A review. Applied Clay
Science, 141, 227-239. https:/doi.org/10.1016/j.clay.2017.02.029

Szymanski, K., Morawski, A. W., & Mozia, S. (2018). Effectiveness of
treatment of secondary effluent from a municipal wastewater
treatment plant in a photocatalytic membrane reactor and hy-
brid UV/H202 - ultrafiltration system. Chemical Engineering and
Processing: Process Intensification, 125, 318-324. https://doi.
org/10.1016/j.cep.2017.11.015

Tien Nguyen, N., Tran-Nguyen, P. L., & Vo, T. T. B. C. (2024). Advances
in aeration and wastewater treatment in shrimp farming: emerging
trends, current challenges, and future perspectives. Aqua Water In-
frastructure, Ecosystems and Society, 73(5), 902-916. https://doi.
org/10.2166/aqua.2024.328

Viet Do, P, Thao Nguyen, S., Tai Chau, T., Nguyen Tk, L., Touchet, A,
Gutter, G., Mahl, P, & Phan, H. (2022). Growth assessment of vari-
ous formulae of essential minerals and trace elements on whiteleg
shrimp at different salinities. Vietnam Journal of Biotechnology,
20(1), 125-133. https://doi.org/10.15625/1811-4989/15781

Vu, N.-T,, Ngo, T.-H., Nguyen, T.-T., & Do, K.-U. (2023). Performances of
coffee husk biochar addition in a lab-scale SBR system for treating
low carbon/nitrogen ratio wastewater. Biomass Conversion and
Biorefinery, 13(6), 5273-5282. https://doi.org/10.1007/s13399-
021-01788-0

Vu, N. T, Nguyen, T. H. T,, & Do, K. U. (2021). Removal of ammonium
from aqueous solution by using dried longan peel as a low-cost
adsorbent. In M. Shah, S. Rodriguez-Couto, & K. Mehta (Eds.), The
Future of Effluent Treatment Plants (pp. 569-588). Elsevier. https://
doi.org/10.1016/B978-0-12-822956-9.00029-5

Xie, Y., Wang, J., Ren, F,, Shuai, H., & Du, G. (2022). Nonmetallic Min-
eral as the Carrier of TiO2 Photocatalyst: A Review [Review].
Frontiers in Catalysis, Volume 2 - 2022. https://doi.org/10.3389/
fctls.2022.806316

Yang, L., Jin, X,, Hy, Y., Zhang, M., Wang, H., Jia, Q., & Yang, Y. (2023).
Technical structure and influencing factors of nitrogen and phos-
phorus removal in constructed wetlands. Water Science & Tech-
nology, 89(2), 271-289. https://doi.org/10.2166/wst.2023.414

Zendehzaban, M., Sharifnia, S., & Hosseini, S. N. (2013). Photocatalytic
degradation of ammonia by light expanded clay aggregate (LE-
CA)-coating of TiO2 nanoparticles. Korean Journal of Chemical
Engineering, 30(3), 574-579. https://doi.org/10.1007/s11814-012-
0212z

Zhang, S., Ban, Y., Xu, Z., Cheng, J., & Li, M. (2016). Comparative evalu-
ation of influencing factors on aquaculture wastewater treatment
by various constructed wetlands. Ecological Engineering, 93, 221-
225. https://doi.org/10.1016/j.ecoleng.2016.05.029

Zhao, J., Peng, L., & Ma, X. (2025). Innovative microalgae technologies
for mariculture wastewater treatment: Single and combined mi-
croalgae treatment mechanisms, challenges and future prospects.
Environmental Research, 266, 120560. https://doi.org/10.1016/j.
envres.2024.120560

Zheng, X., Shen, Z.-P, Shi, L., Cheng, R., & Yuan, D.-H. (2017). Photocat-
alytic Membrane Reactors (PMRs) in Water Treatment: Configura-
tions and Influencing Factors. Catalysts, 7(8), 224. https://www.
mdpi.com/2073-4344/7/8/224

Zhimiao, Z., Xiao, Z., Zhufang, W., Xinshan, S., Mengqji, C., Mengyu, C., &
Yinjiang, Z. (2019). Enhancing the pollutant removal performance
and biological mechanisms by adding ferrous ions into aquacul-
ture wastewater in constructed wetland. Bioresource Technology,
293, 122003. https://doi.org/10.1016/j.biortech.2019.122003

T.N.B. Thi et al. / DETRITUS / Volume 35 - June 2026 / pages 113-129 129



COLUMNS AND SPECIAL CONTENTS

This section comprises columns and special contents not subjected to peer-review






[ ]
Multidisciplinary Journal for
Circular Economy and Sustainable
Management of Residues

Environmental Forensics, Law and Policy

I

CISA

ENVIRONMENTAL LIABILITY ALLOCATION - PRACTICES

Lakshmi Priya ', George K. Varghese ?, Maria Pettersson ® and Christian Zafiu #

" SCMS School of Engineering and Technology, Kerala, INDIA
2 National Institute of Technology Calicut, Kerala, INDIA

3 Department of Social Sciences, Technology and Arts, Lulea University of Technology, SWEDEN
4 Institute of Waste and Recycling Management, BOKU University, Vienna, AUSTRIA

1. INTRODUCTION

Environmental liability allocation, although grounded in
sound and progressive legal principles capable of respond-
ing to evolving environmental challenges, remains ineffec-
tive unless those principles are meaningfully translated
into practice without losing their purpose and intent. While
our last column examined the foundational doctrines gov-
erning environmental liability—such as the polluter pays
principle, precautionary principle, strict and absolute liabili-
ty, and various civil liability allocation models—the practical
application of these principles is discussed in this column.
Environmental harm frequently involves multiple actors,
historical contamination, scientific uncertainty, cross-bor-
der impacts, and evolving regulatory frameworks, all of
which add to the complexity of identifying responsible par-
ties and apportioning liability. Against this backdrop, we
try to explore the practical approaches, mechanisms, and
challenges involved in implementing environmental liability
allocation in real-world environmental disputes and reme-
diation processes.

By liability allocation practices, we mean the practical
methods and mechanisms used to determine who should
bear responsibility for environmental damage, to what
extent, and in what manner such responsibility should be
enforced. It may involve identifying responsible actors, es-
tablishing causation, apportioning liability among multiple
contributors, determining remediation obligations, and en-
forcing compensation and restoration measures. While lia-
bility allocation principles provide the legal foundation for
environmental accountability, liability allocation practices
concern their operational application in real-world situa-
tions. Consequently, liability allocation practices represent
the interface between legal theory and practical enforce-
ability, translating environmental liability principles into
workable mechanisms capable of ensuring effective reme-
diation, environmental justice, and long-term environmental
protection. These practices become particularly important
in cases involving multiple polluters, historical contamina-
tion, scientific uncertainty, and long-term ecological harm,
where even identifying the responsible party itself may be
a complex exercise. The process is often shaped not only

by legal rules but also by scientific evidence, regulatory pol-
icies, economic considerations, contractual arrangements,
and institutional capacity.

2. CHALLENGES IN LIABILITY ALLOCATION

While undertaking liability allocation, it is important
to be mindful of the challenges involved in translating the
principles of environmental liability allocation into practice.
Recognizing these challenges in advance helps in antici-
pating potential issues and carrying out the allocation pro-
cess in the most appropriate and equitable manner. The
major challenges likely to be encountered during liability
allocation include:

«Difficulty in identifying responsible parties: Environmen-
tal harm often results from the cumulative activities of
multiple actors over long periods, making the identifica-
tion of responsible parties a complex exercise (Petrisor,
2014). Determining who caused the damage, to what
extent, and during which period becomes particularly
difficult in cases of historical contamination or diffuse
pollution, where environmental harm may arise grad-
ually from multiple sources rather than from a single
identifiable polluter.

Problems of causation and scientific uncertainty: Estab-
lishing a clear causal link between a particular activity
and environmental harm is often one of the most dif-
ficult aspects of environmental liability allocation. Sci-
entific uncertainty, cumulative pollution from multiple
sources, and the delayed manifestation of environmen-
tal damage frequently complicate efforts to identify
the precise source and extent of harm. In many cases,
environmental impacts become evident only years or
decades after the polluting activity occurred, making
causation difficult to prove with certainty (Kruge et al.,
2020).

Apportionment of liability among multiple polluters:
Even where responsible parties are identified, allocating
liability proportionately remains a significant challenge.
Determining the appropriate basis for differentiating
liability among multiple responsible parties—whether
based on the degree of contribution, duration of in-
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volvement, nature of activity, level of fault, or extent of
environmental harm caused—is often a complex exer-
cise (Reddy, 2010). Once such individual responsibil-
ities are assessed, courts and regulators may decide
whether liability should be imposed through joint and
several liability, proportionate liability, or equitable allo-
cation methods.

Quantification of environmental damage: Environmen-
tal harm frequently involves ecological degradation,
biodiversity loss, and long-term public health impacts
that are not easily quantifiable in monetary terms (Pfen-
nigstorf, 1979). Unlike conventional property damage,
environmental injury may affect ecosystems, natural
resources, and future generations in ways that are dif-
ficult to measure precisely. Consequently, assessing
the appropriate cost of remediation, restoration, and
compensation often becomes contentious, particularly
where scientific uncertainty and competing valuation
methods are involved.

+ Insolvency or disappearance of polluters: In many cas-

es, the entities responsible for environmental harm may
become insolvent, dissolved, defunct, or otherwise un-
traceable by the time contamination is discovered or re-
mediation is required. This creates significant practical
difficulties in enforcing environmental liability, particu-
larly in cases involving historical pollution or long-term
environmental damage. As a result, governments or
affected communities are often compelled to bear the
financial burden of cleanup and restoration, undermin-
ing the effectiveness of the polluter pays principle and
shifting environmental costs to the public.
Regulatory and institutional limitations: The effective
implementation of environmental liability regimes is
often constrained by institutional and administrative
limitations. Weak enforcement mechanisms, lack of
technical expertise, inadequate monitoring and data
collection systems, and bureaucratic delays can sig-
nificantly hinder timely investigation, assessment, and
remediation of environmental harm. In many jurisdic-
tions, regulatory authorities may also face shortages
of financial resources and scientific capacity, reducing
their ability to enforce liability effectively and consist-
ently.

+ Balancing environmental protection with economic de-
velopment: Governments may sometimes hesitate to
impose stringent environmental liability on industries
due to concerns about economic growth, industrial
development, employment generation, and investment
inflows. Fear of discouraging business activity or af-
fecting economic competitiveness can lead to diluted
enforcement, regulatory leniency, or delays in imposing
remediation obligations, thereby weakening the effec-
tiveness of environmental liability regimes (Becker et
al., 2013).

Cross-border and transboundary environmental harm:
Environmental pollution frequently extends beyond ter-
ritorial and jurisdictional boundaries, particularly in cas-
es involving air pollution, transboundary rivers, marine
pollution, and climate change. Such situations raise
complex questions relating to applicable law, jurisdic-

tion, enforcement authority, and the responsibility of
different States or actors. The absence of uniform inter-
national standards and the need for effective cross-bor-
der cooperation often make the allocation and enforce-
ment of environmental liability particularly challenging.

These challenges present a persistent gap between
legal theory and practical enforceability in environmental
liability allocation. While environmental law has developed
sophisticated principles to ensure accountability, preven-
tion, and remediation, their effective implementation often
encounters scientific uncertainty, evidentiary difficulties,
institutional limitations, economic pressures, and complex
factual situations involving multiple actors and long-term
environmental harm. As a result, the true effectiveness of
environmental liability regimes depends not merely on the
existence of sound legal principles but on the capacity of
legal and regulatory systems to apply them consistently,
fairly, and effectively in practice.

Liability allocation practices adopted across different
jurisdictions have attempted to address these challenges,
although with varying degrees of success. Nevertheless,
environmental liability allocation procedures continue to
evolve, supported by ongoing legal, regulatory, and scien-
tific research.

3. LIABILITY ALLOCATION—SELECTED EXAM-
PLES

One of the major areas in which environmental liability
has been extensively applied is the remediation of contam-
inated sites. Consequently, remediation liability provides
valuable examples for understanding the existing practices
of environmental liability allocation.

3.1 Liability allocation under CERCLA

The Comprehensive Environmental Response, Com-
pensation, and Liability Act (CERCLA) of the United States
is widely regarded as one of the earliest and most influ-
ential civil liability statutes specifically addressing environ-
mental remediation liability. Enacted in 1980, the legisla-
tion is more commonly known as the Superfund Act. Under
CERCLA, the liability allocation process for contaminated
site remediation follows a systematic procedure involving
site assessment, identification of responsible parties, re-
mediation planning, and cost recovery. The process gen-
erally begins with the identification of a contaminated site
by the United States Environmental Protection Agency (US
EPA) or state environmental agencies. Preliminary assess-
ments and detailed site investigations are then conducted
to determine the nature and extent of contamination, iden-
tify hazardous substances present, evaluate environmental
and human health risks, and assess the urgency of reme-
dial action.

Following site characterization, the EPA identifies Po-
tentially Responsible Parties (PRPs), which may include
current and former owners or operators of the site, hazard-
ous waste generators, and transporters involved in the dis-
posal of hazardous substances. CERCLA imposes strict,
joint, several, and retroactive liability, meaning that any
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PRP may potentially be held responsible for the full cost of
remediation regardless of fault or the timing of the activi-
ty. Once PRPs are identified, the EPA generally encourages
negotiated settlements under which the responsible par-
ties voluntarily undertake or finance cleanup activities in
accordance with EPA-approved remediation plans.

In situations involving multiple PRPs, liability alloca-
tion becomes necessary to equitably distribute remedia-
tion costs among the parties. Such allocation may occur
through negotiations, mediation, non-binding allocation
procedures, or contribution litigation before courts. Dur-
ing this process, several equitable considerations are tak-
en into account to determine the relative responsibility of
each PRP. The widely applied Gore Factors and Torres Fac-
tors provide important guiding principles for such alloca-
tion and are discussed separately. If negotiated allocation
is unsuccessful, courts may determine the proportionate
liability of each party based on site-specific circumstances
and equitable considerations.

Once liability allocation is completed, remediation ac-
tivities are implemented either directly by the PRPs or by
the EPA using Superfund resources. Where the EPA under-
takes cleanup itself, it may subsequently recover remedia-
tion costs from responsible parties through administrative
or judicial proceedings.

3.2 Liability allocation examples from European Un-
ion

The Environmental Liability Directive (Directive 2004/
35/EC) provides the overarching framework for environ-
mental liability across the member states of the European
Union (EU). However, the Directive functions as a minimum
harmonization framework and is implemented through
national legislation in each member state. Consequently,
while the broad principles and objectives established by
the Directive are common across the EU, the specific pro-
cedures and approaches for liability allocation may vary
among member states depending on their legal systems
and implementing legislation. Nevertheless, these nation-
al frameworks are generally aligned with the overarching
requirements and guiding principles of the EU Directive.

3.2.1 Sweden

In Sweden, the allocation of liability is carried out under
the Swedish Environmental Code (SEC), which is founded
on several core principles: the polluter pays principle, strict
liability, and shared and retroactive responsibility for envi-
ronmental damage. The fundamental premise is that the
party responsible for pollution should also bear the costs
of preventing and remedying any resulting harm.

Under the Code’s general rules of consideration, anyone
who pursues or intends to pursue an activity must take the
protective measures, observe the restrictions, and adopt
the precautions necessary to prevent, hinder, or counteract
damage or nuisance to human health or the environment
(Ch. 2, s. 3 SEC). Where damage nevertheless occurs, the
party who, through an activity or measure, has caused such
damage is required to restore the environment or compen-
sate for the harm caused. This responsibility persists “un-
til the damage or nuisance has ceased” (Ch. 2, s. 8 SEC).

These general rules apply broadly to virtually all activities
affecting land, water, air, and ecosystems.

More specific provisions governing liability for environ-
mental damage are set out in Chapter 10 SEC. Since 2007,
these rules have been aligned with the EU Environmental
Liability Directive and focus on three categories of serious
environmental damage: damage to protected species and
natural habitats, damage to water, and land contamination
(Ch. 10, s. 1 SEC). The primary liable party is the person
or legal entity that conducts or has conducted the activity
that caused the pollution (the “operator”). Liability is strict,
meaning that it does not depend on negligence or fault, and
it applies to both current and former operators. Swedish
law thus recognises retroactive liability, allowing responsi-
bility to be imposed even for activities that have ceased. In
practice, however, liability is generally limited to activities
conducted after 30 June 1969, when modern environmen-
tal regulation emerged with the Environmental Protection
Act. Retroactivity is particularly significant in cases involv-
ing contaminated land, such as abandoned industrial sites.
Liability is not confined to completed activities; it may also
arise in relation to ongoing operations where pollution dam-
age or serious environmental damage can be established.

Where several parties have contributed to the pollution,
they may be held jointly and severally liable. This allows the
supervisory authority to require any one of them to bear
the full cost of remediation. That party may subsequently
seek recourse against the others in proportion to their re-
spective contributions. Regardless of who is identified as
the operator, the scope of remedial obligations is subject
to a case-by-case assessment of reasonableness. In reme-
diation cases, the reasonableness assessment balances,
on the one hand, the general duty to take necessary pre-
ventive measures and, on the other hand, factors such as
the time elapsed since the pollution occurred, whether the
activity was lawful at the time, and the extent to which the
party contributed to the damage (Ch. 10, s. 4 SEC). Conse-
quently, even where an operator is formally responsible for
historical pollution, the reasonableness assessment may
reduce liability in practice, potentially to zero.

Under certain conditions, liability may also extend
to landowners. This liability is subsidiary and arises only
where no responsible operator can be identified or held
accountable. It further requires that the property was ac-
quired after the contamination occurred and that the ac-
quirer knew, or ought to have known, of the pollution at the
time of acquisition. The purpose of the landowner liability
is to push for thorough investigations in land acquisitions,
thereby enforcing the precautionary part of the regulatory
framework.

3.2.2 Austria

In Austria, liability allocation for environmental damage
was introduced in 2009 and amended in 2018 through the
Federal Environmental Liability Act (BGBI. | Nr. 55/2009),
which transposed the European Environmental Liability
Directive into national law. Consistent with the EU Direc-
tive, the Austrian framework is based on the polluter pays
principle and relies on a combination of strict public law
enforcement and civil liability mechanisms.
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Similar to Swedish legislation, operators engaged in
specified hazardous activities are subject to strict liability,
irrespective of fault, for the prevention and remediation of
environmental damage affecting soil, water bodies, and bi-
odiversity. The Act defines operators as persons or entities
carrying out professional activities and excludes private
individuals from its scope.

Unlike the Swedish framework, however, liability un-
der the Austrian Environmental Liability Act is limited to
environmental damage occurring after the Act entered
into force on 20 June 2009 and therefore does not have
retroactive effect. For contamination predating the Act,
or in situations where the polluter cannot be identified,
other legislative instruments may apply, most notably the
Contaminated Sites Remediation Act, which has been in
force since 1989. This Act is intended to address legacy
pollution and orphan contaminated sites. Remediation ac-
tivities under the Contaminated Sites Remediation Act are
financed through a dedicated environmental levy imposed
on landfilling, long-term waste storage, waste incineration,
and certain waste transport activities. In addition to reme-
diation measures, the fund also supports site investiga-
tions, monitoring programmes, and research on innovative
remediation technologies. In certain circumstances, the
provisions of the Federal Environmental Liability Act may
be superseded by more specific legislation, such as the
Water Rights Act or the Waste Management Act.

The costs of preventive and remedial measures must
be borne by the operator responsible for the environmen-
tal damage, including costs incurred by third parties act-
ing on the operator’s behalf. Where such costs cannot be
recovered from the liable operator, the owner or co-owner
of the property from which the damage originates may be
required to bear the costs, provided that the owner con-
sented to or knowingly tolerated the installations or activi-
ties that caused the damage and failed to take reasonable
preventive measures.

The allocation of costs under the Austrian framework
is intended to incentivize operators to adopt preventive
measures and sound environmental management practic-
es while also recognizing the responsibilities of property
owners in preventing environmental harm.

3.3 Liability allocation in India

India does not yet have a dedicated and comprehensive
environmental liability allocation framework comparable to
the detailed allocation mechanisms established under CER-
CLA or the Environmental Liability Directive. However, liabil-
ity allocation principles are increasingly reflected through a
combination of statutory provisions, judicial decisions, and
regulatory guidelines. One notable guideline is the ‘Guide-
lines on Implementing Liabilities for Environmental Damag-
es due to Handling and Disposal of Hazardous Waste and
Penalty’ prepared by the Central Pollution Control Board
(CPCB). It is based on the principles of strict liability and
joint and several liability, under which the responsible par-
ty—whether occupier, transporter, operator, or importer of
hazardous waste—is held liable irrespective of negligence.
In the event of spills, leakages, fires, illegal dumping, or oth-
er hazardous waste incidents, the responsible party must

immediately undertake emergency response measures to
contain and control the release, protect human health and
the environment, and report the incident to the concerned
authorities. The responsible party is further required to car-
ry out an environmental site assessment, including Phase
| and Phase Il Environmental Site Assessments (ESA | and
ESA I1), to determine the extent of contamination, identify
contaminants of concern, assess exposure pathways and
receptors, and evaluate risks to human health and the envi-
ronment. Based on these assessments, remediation plans
with site-specific target levels must be prepared and imple-
mented following approval by the State Pollution Control
Boards (SPCB) or Pollution Control Committees (PCC). The
framework also imposes compensation liability for dam-
ages such as loss of property, crop damage, reduced agri-
cultural productivity, health impacts, hospitalization costs,
ecological damage, and loss of life.

The guidelines prescribe indicative financial liabilities
for different stages of environmental response and reme-
diation. Upon identification of an incident, an immediate
response liability is imposed to cover emergency response
actions and Phase | assessment. If the SPCB/PCC itself un-
dertakes the emergency response due to non-compliance
by the responsible party, the liable amount may increase to
twice the immediate response liability along with applica-
ble interest. In addition, a minimum site assessment liabil-
ity is also imposed, which can increase depending on the
extent and nature of contamination. Remediation liabilities
vary depending on factors such as contaminant type, im-
pacted environmental media, groundwater contamination,
and ecological sensitivity. The responsible party may also
be required to furnish bank guarantees equivalent to the
estimated assessment and remediation liabilities.

The guidelines further state that when the responsible
party is not traceable, the SPCBs/PCCs may themselves un-
dertake emergency response, environmental assessment,
and remediation activities directly or through third-par-
ty agencies, and may seek financial assistance from the
State/UT Government if necessary. In such situations, the
SPCBs/PCCs are empowered to file an FIR under the Code
of Criminal Procedure (CrPC) for investigation and identi-
fication of the responsible party, and subsequently recov-
er liabilities equivalent to three times the actual costs in-
curred, along with applicable interest.

4. GENERALIZED PROCEDURE OF LIABILITY
ALLOCATION

A closer examination of the examples discussed above
reveals that, although the specific details may vary across
jurisdictions and cases, the underlying liability allocation
procedure remains broadly similar. This general framework
may be summarized as illustrated in Figure 1. Table 1 brief-
ly explain these stages.

5. DETERMINANTS OF LIABILITY

A frequent challenge in environmental liability alloca-
tion is determining the relative contribution of individual
polluters in situations involving multiple responsible par-
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TABLE 1: Liability allocation procedure.

Step

Stage

Key Activities

Key Output

1

Identification of Damage or Contamination

Detection through inspection, monitoring,
self-reporting, or complaints; preliminary
inquiry by competent authority

Damage or environmental threat identified

Emergency Response and Immediate Mea-
sures

Contain, control, and mitigate immediate
risks; protect human health and environment;
authority intervention if responsible party fails
to act

Immediate risks reduced or controlled

Site Assessment and Damage Characteriza-
tion

Assess extent and nature of contamination;
identify pollutants, affected media, receptors,
and pathways; conduct risk assessment and
causal analysis

Site assessment and risk characterization
completed

Identification of Responsible Parties

Identify owners, operators, generators,
transporters, importers, and other contribu-
tors using records, permits, manifests, and
forensic analysis

List of potentially responsible parties prepared

Determination of Applicable Liability Standard

Determine applicable legal regime such as
strict liability, fault-based liability, absolute
liability, joint and several liability, or proportion-
al liability

Applicable liability principles established

Development of Remediation/Restoration Plan

Prepare remediation and restoration strategy;
include primary, complementary, and com-
pensatory measures where necessary; obtain
regulatory approval

Approved remediation or restoration plan

Allocation of Liability Among Multiple Parties

Allocate liability through negotiation, media-
tion, administrative process, or court proceed-
ings; consider contribution, toxicity, duration,
compliance, causation, and benefit derived

Allocation decision and share of liability for
each party

Imposition of Financial Liability and Cost
Recovery

Impose liabilities for response, assessment,
remediation, compensation, monitoring, and
administrative costs; require financial assur-
ance mechanisms

Financial liabilities imposed and secured

Implementation of Remediation Measures

Responsible parties implement approved
remediation plan under authority supervision
and compliance monitoring

Remediation measures implemented and
compliance achieved

10

Government Intervention (if Non-Compliance
or Unidentified Parties)

Authority undertakes remediation where
parties fail, are insolvent, or unidentified;
recover costs, penalties, and interest through
legal action

Government action and cost recovery initiated

Identification of
Damage or Contamination

Emergency Response and
Immediate Measures

Site Assessment and
D: Ch {zati

)

|
B

Determination of ‘ Development of Allocation of Liability Among
Applicable Liability Standard Remediation/Restoration Plan Multiple Parties

imposition of Financial Liability

and Cost Recovery

:

Implementation of
Remediation Measures

Government Intervention
(if Non-Compliance or
Unidentified Parties)

FIGURE 1: Stages of environmental liability allocation.
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ties. To address this issue, courts in the United States have
often relied on equitable allocation approaches such as
the Gore Factors and Torres Factors. In addition, recent
research has increasingly focused on developing method-
ologies for differential responsibility allocation, incorporat-
ing scientific, legal, and risk-based approaches to achieve
more equitable distribution of environmental liabilities.

5.1 Gore factors

The Gore Factors originated from legislative discus-
sions led by former U.S. Congressman Albert Gore Jr. dur-
ing the development of CERCLA. Although they were never
formally incorporated into the statute, over time, the Gore
Factors (H.R. 7020, 96th Cong., 2d Sess. (1980)) have be-
come widely accepted in contribution actions, settlement
negotiations, and non-binding allocation procedures as
practical tools for equitable apportionment of cleanup
costs among responsible parties.

The Gore Factors generally consider six major aspects
while allocating liability: (i) the ability to distinguish the
contribution of each party to the contamination; (ii) the
quantity of hazardous waste contributed by each party;
(iii) the degree of toxicity of the hazardous substances in-
volved; (iv) the degree of involvement of each party in the
generation, transportation, treatment, storage, or disposal
of hazardous waste; (v) the degree of care exercised by
the parties with respect to the hazardous substances; and
(vi) the degree of cooperation demonstrated by the parties
with regulatory authorities during investigation and reme-
diation.

Although the Gore Factors are non-binding and do not
override CERCLA’s strict, joint, and several liability frame-
work, they play an important role in promoting fairness and
facilitating negotiated settlements among PRPs. Courts,
allocators, and regulatory agencies frequently rely on these
factors, along with site-specific considerations, to distrib-
ute remediation costs in a more equitable manner. The
Gore Factors have also influenced environmental liability
allocation practices in several other jurisdictions and con-
tinue to serve as one of the most recognized frameworks
for equitable allocation of environmental remediation lia-
bilities.

5.2 Torres factors

The Torres Factors are additional equitable considera-
tions used in the United States to assist in the allocation of
environmental remediation liability among multiple PRPs
under CERCLA. Unlike the more widely recognized Gore
Factors, the Torres Factors (United States v. Davis, 31F.
Supp.2d 45 (D.R.1.1998)), emerged primarily through judi-
cial interpretations and case-specific allocation exercises
in complex contamination disputes. They are generally ap-
plied as supplementary criteria to achieve a more equitable
and practical distribution of remediation costs, particularly
in situations where strict application of statutory liability
may produce disproportionate outcomes.

The Torres Factors expand the scope of liability alloca-
tion beyond direct contaminant contribution by incorporat-
ing broader equitable and socioeconomic considerations.
These factors may include the economic benefit derived

from the polluting activity, the degree of knowledge regard-
ing the hazardous nature of the waste, the financial capa-
bility of the responsible party, the extent of negligence or
misconduct, efforts taken to prevent environmental harm,
and the willingness of parties to participate in remediation
and cooperate with regulatory authorities. In some cases,
courts may also consider the relative fairness of impos-
ing liability, including whether excessive financial burden
on a party would undermine equitable cost distribution.
Consequently, the Torres Factors provide flexibility in lia-
bility allocation and allow courts and allocators to account
for site-specific circumstances that may not be fully ad-
dressed through traditional contaminant-based allocation
approaches alone.

6. RECENT DEVELOPMENTS

The Gore and Torres factors provide a strong founda-
tion for liability allocation in situations involving multiple
parties contributing to environmental pollution. In addi-
tion, the Environmental Liability Directive and guidelines
adopted in several other countries have proposed various
factors relevant to different contamination scenarios and
regulatory contexts. Numerous court decisions across ju-
risdictions have also relied on case-specific considerations
for proportionate liability allocation. Building upon these
developments, Priya et al. (2022) conducted a comprehen-
sive analysis of the various determinants used in environ-
mental liability allocation and proposed a structured frame-
work that integrates scientific assessment with legal and
equitable considerations in cases involving multiple pol-
luters contributing to a common environmental damage.
Recognizing the limitations of the current approaches to
liability apportionment, the authors proposed a two-stage
allocation procedure consisting of technical liability alloca-
tion followed by legal liability allocation. The framework is
intended to improve transparency, consistency, and scien-
tific defensibility in assigning remediation responsibilities
among polluters.

The first stage, termed technical liability allocation, fo-
cuses on scientifically quantifiable characteristics of pol-
lution and pollutants. According to the authors, technical
liability represents the proportion of responsibility attrib-
utable to each polluter based on measurable environmen-
tal attributes determined through environmental forensic
investigations. The proposed technical factors include
pollutant quantity, toxicity, mobility, persistence, spread
within environmental media, duration of pollutant release,
and remediability of the contaminant within the affected
environmental matrix. To operationalize these factors, the
framework proposes the use of indices such as an “Impact
Index” and a “Remediation Index,” which collectively reflect
the extent of environmental harm and the complexity of
remediation attributable to each polluter. This stage there-
fore attempts to establish a scientifically derived propor-
tional contribution of each responsible party.

The second stage involves legal liability allocation,
wherein the technically derived shares are further adjust-
ed using legal, regulatory, and equitable considerations.
These may include negligence, regulatory non-compliance,
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economic benefit derived from the polluting activity, coop-
eration with authorities, and other jurisdiction-specific legal
principles. In this manner, the framework combines objec-
tive scientific assessment with broader legal and policy
considerations to arrive at a more balanced and equitable
liability allocation. The proposal by Priya et al. is particu-
larly significant because it allows technical experts to un-
dertake the scientific component of liability determination
while enabling the judiciary and regulatory authorities to fo-
cus primarily on legal and equitable considerations within
their domain of expertise (Priya et al., 2025).

7. CONCLUDING REMARKS

Environmental liability allocation is an inherently com-
plex and challenging task, particularly in situations in-
volving multiple polluters, long-term contamination, and
uncertainties in causation and environmental damage
assessment. The principles underlying liability allocation
reflect broader societal priorities regarding environmental
protection, ecological restoration, public health, fairness,
and accountability. Consequently, liability allocation prac-
tices must not only ensure effective recovery of remedia-
tion costs but also uphold the fundamental spirit of envi-
ronmental justice and the polluter-pays principle.

The effectiveness of environmental liability systems
depends significantly on the robustness, transparency, and
scientific defensibility of the allocation procedures adopt-
ed. Well-defined allocation methodologies are essential for
translating broad legal principles into practical, equitable,
and implementable outcomes. In this context, liability al-
location should not remain purely a legal exercise, as envi-
ronmental contamination often involves highly technical is-

sues related to pollutant behaviour, contaminant transport,
ecological risk, environmental fate, and remediation com-
plexity. Therefore, the involvement of technical experts,
particularly environmental forensic experts, is essential for
establishing scientifically sound and defensible allocation
decisions. Integrating technical expertise with legal and
regulatory considerations can substantially improve the
accuracy, transparency, consistency, and acceptability of
liability allocation outcomes, thereby contributing to more
effective environmental remediation, environmental jus-
tice, and overall environmental governance.
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Department of Geography, University of Victoria, Canada

1. INTRODUCTION

This column presents preliminary results from an
ongoing research project with waste pickers in Canada,
where they are commonly called binners, exploring differ-
ent forms of grassroots social innovation identified during
fieldwork.

The project started in October 2025 and involved bin-
ners from Victoria and Vancouver, both in British Colum-
bia, with a focus on understanding their educational back-
ground, needs, wishes, and dreams. Activities included: i)
conversations and connections with non-profit organiza-
tions working with people experiencing social vulnerability;
ii) visits to Bottle Depots, where binners deliver beverage
containers, for observations and informal conversations;
iii) short interviews with those interested in participating in
the project; iv) and one workshop.

Although the project initially focused on education, this
immersion into the daily realities of binners also provided
broader insights into their experiences. Binners contribute
to resource recovery and circular economy systems by col-
lecting bottles discarded in public spaces, or recovering re-
cyclables incorrectly disposed of in waste bins, and helping
to keep refund money circulating within the local economy.
In this sense, they simultaneously resist social exclusion
while generating environmental benefits for society.

One of the main differences observed between the two
cities is that, in Vancouver, many binners are connected
through the Binners’ Project (Binners’ Project, 2025), while
in Victoria they work mainly individually.

Our last research project conducted in this region in
2024 explored the role of grassroots organizations in the
circular economy, showing examples of their social innova-
tion, but was not able to explore the individual experiences
of binners (Castro et al., 2026). For this reason, this column
will focus on the case of Victoria, presenting the experience
of three binners working individually, emphasizing their in-
formal environmental stewardship and contributions to the
circular economy.

Our argument is that social innovation also emerges
among waste pickers working individually, even though the
literature and our previous work often focused on organ-
ized groups such as cooperatives as case studies (Cam-

pos et al., 2022; Castro & Gutberlet, 2025; Gutberlet, 2021;
Gutberlet et al., 2020, 2023).

2. CONTEXTUALIZING WASTE PICKERS IN
CANADA

Waste picking activities in Canada are closely connect-
ed to Deposit Return Systems (DRS), also known as bottle
bills (Container Recycling Institute, n.d.). In these systems,
consumers pay a deposit when purchasing beverages and
receive the money back when containers are returned to
designated collection points. Since many containers are
never returned by consumers, this creates an opportunity
for people in need of income to collect and redeem them
(Talbott, 2021). Different from many Global South contexts,
where waste pickers usually sell different recyclable mate-
rials (Morais et al., 2022), in Canada, binners mainly return
beverage containers and receive the deposit refund, as
shown in Figure 1.

Some people question the relevance of this activity,
since Canada already has separate collection and recy-
cling systems in place. However, many beverage contain-
ers still end up littered in public spaces such as beaches
and parks, or mixed with waste in incorrect bins, as showed
in Figure 2. In this sense, binners help reduce pollution
and increase recycling rates by recovering these materi-
als. They also collect containers previously separated by
residents for recycling. In these cases, the material would
likely be recycled anyway, but the refund money would re-
main within the private recycling system. When collected
by waste pickers, this money instead circulates within the
local economy and can contribute, even in a limited way, to
poverty reduction.

In Vancouver, waste pickers are commonly called
binners; in Victoria, binners or diverters; and in Montreal,
valoristes. In Vancouver and Montreal, grassroots waste
picker organizations advocate for workers’ rights and
recognition while also creating better work opportunities
(Castro et al., 2026). In Victoria, British Columbia, an or-
ganization called The Diverters’ Foundation (DF) operated
between 2020 and 2025, but the organization eventually
ended its activities.
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FIGURE 1: Flow of beverage containers with refunds in Victoria, highlighting where binners operate (Source: Authors).

3. BINNERS’ SOCIAL AND CIRCULAR INNO-
VATIONS IN VICTORIA

Currently, there is no grassroots organization bringing
binners togetherin Victoria to organize work or promote col-
lective action. As a result, most binners work independent-
ly, with only a few collecting alongside a partner or friend,
and the activity remains completely informal. Participants
were approached and invited to join the research in front
of a Bottle Depot in the downtown area, where many bin-
ners regularly deliver the beverage containers they collect.

FIGURE 2: A public waste bin located on Dallas Road in Victoria,
BC, in April 2026. The bin did not allow for waste segregation, re-
sulting in mixed waste disposal. Once full, recyclables such as
beverage containers overflowed onto the ground, illustrating the
role of binners in preventing pollution and diverting recyclable ma-
terials from landfill (Source: Authors).

Across interviews and informal conversations, broader
issues such as housing insecurity, mental health challeng-
es, stigma, and the ongoing drug crisis in British Columbia
frequently emerged, reflecting some of the social vulnera-
bilities that shape the daily realities of many binners in the
region.

This section discusses experiences and perspectives
shared by three male participants who have been engaged
in binning for several years: i) Binner 1, Ryan Thomas, a
former member of The Diverters’ Foundation (DF), who ex-
pressed pride in having his name included in the study and
participated in both an interview and a workshop (Figure 3);
if) Binner 2, who participated in an interview but preferred
to remain anonymous; and iii) Binner 3, who did not wish
to participate formally in the interview process, but with
whom informal conversations were conducted on two oc-
casions near the depot.

Ryan expressed pride in being a binner and highlighted
several positive aspects of the activity, including physical
exercise, environmental contribution, and the possibility of
earning daily cash income. He also demonstrated genuine
concern for the environment, society, and his local commu-
nity.

“I love this planet and | don’t know why we'’re being so haz-
ardous to it. It's disgusting... | just keep doing what'’s right,
what | believe is right (...). There’s so many positives that I've
been mentioning that come from it (being a binner), like the
exercise, the helping in the environment, the cash daily, so
many positives for how could | not be proud of it?” (Ryan
Thomas, April 10, 2026).

According to Ryan, binning in Victoria remains largely
an individual activity, despite the existence of some sense
of community among workers. He explained that working
collectively can sometimes become distracting, reduce
earnings, and limit autonomy regarding when, where, and
how to work. He also mentioned that unequal levels of ef-
fort may create tensions when income needs to be shared.
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FIGURE 3: From left to right, Julia, Ryan, and Ana, during the workshop held on April 10, 2026, at the public library in Downtown Victoria

(Source: Authors).

These perspectives resemble reasons often identified in
the literature for why some independent waste pickers do
not want to join cooperatives (Rosaldo, 2022; Sekhwela &
Samson, 2020).

When he was a member of the DF, Ryan participated in
activities such as providing waste sorting and awareness
services at events, organizing Bottle Drive initiatives where
community members could donate containers and interact
with binners, and contributing to the filming of a documen-
tary about binners. At the same time, he continued collect-
ing containers independently on the streets, which he still
does today.

The contribution of binners to the circular economy ex-
tends beyond recycling. Besides recovering beverage con-
tainers, they also recover and recirculate reusable goods
that would otherwise be discarded. Both Ryan and Binner 2
mentioned the large quantity of usable items disposed of
by society and how binners intervene in this process. For
example, Binner 2 regularly collects discarded materials to
resell:

“What introduced me to it (to become a binner) was... | was
in Vancouver when they had a significant garbage strike and
garbage just started piling up in the alleys and such and |
was living in a low income neighborhood. There was just so
many products in the driveway. VCRs, bikes, furniture, TVs,
and you know, you can look at some of it and you say, well,
that’s garbage, that’s garbage, but it’s like ‘oh, somebody will
give me two bucks for this, and this here is 10 bucks’. So
it was through that, that really, ‘cause you walk by and you
think ‘I can't, | can’t walk. I'll take a chance”. (Binner 2, March
10, 2026).

“Christmas in the dumpsters are like hilarious man, like peo-
ple’s whole living rooms get thrown out because they get
new stuff. Like you open up a bin and you're like ‘oh | know
this person’s room is in here’ (...) it's like perfectly good elec-

tronics, they still work and stuff like that (...). Its brutal how
wasteful this society is.” (Ryan Thomas, April 10, 2026).

Despite the contribution of binners to reuse and repur-
pose, this activity faces significant stigmatization. Ryan
argues that it is essential for the community to understand
that it is important work and to recognize how creative and
talented these people are:

“That'’s the cool thing, is how the bottle collectors will find
stuff in garbages, and they make something out of it, like
a trailer to bring with them or something, they make out of
scraps. and some of these things are amazing what they
come up with (...). | think that’s a part of the stigma that
needs to be exposed about these people. A lot of the stigma
is that people that do that kind of work are pretty much use-
less to society. A lot of people view them like that, and some
of the stuff they come up with will blow you away, man.
And that means they’re working too, like they make things”.
(Ryan Thomas, April 10, 2026).

Binner 3 provides a clear example of this type of inno-
vation through reuse, as he built his own adapted bicycle
for collecting beverage containers, allowing him to trans-
port and store larger quantities of materials while facilitat-
ing mobility, which may help explain his high productivity
(Figure 4). Ryan also demonstrates high productivity and
relies on a particular mode of transportation, using roller
blades to move more quickly between collection points. In
contrast, Binner 2 collects materials on foot and transports
them to the depot by bus (this is only feasible because it's
not a large quantity, since binners with big bags and a cart
usually can't use public transport with them).

These three collection and transportation methods gen-
erate little or no pollution when compared to conventional
waste collection systems that rely on trucks. In this sense,
binners contribute not only through material recovery, but
also through relatively low-impact collection practices.
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FIGURE 4: Estimated minimum and maximum number of containers collected by each binner per month. Source: Authors’ calculations
based on estimates provided by binners during fieldwork conducted in Victoria in 2026.

4. FINAL CONSIDERATIONS

This column presented an ongoing research project
and some initial reflections on grassroots social innova-
tions identified during fieldwork with binners in Victoria.
The experiences discussed here illustrate how binners
contribute to circular economy practices through reuse,
repurposing, resale, and recycling activities, acting as infor-
mal environmental stewards despite persistent stigma and
social vulnerability.

Based on our experiences conducting research in these
regions, we recognize that grassroots organizations can
strengthen the impacts generated by binners and improve
their living conditions, by increasing visibility, creating
more income opportunities, and supporting better working
conditions. In this context, our intention is not to suggest
that working individually is preferable. Rather, this column
seeks to show that even with limited resources and sup-
port, binners working independently continue to develop
adaptive practices and make environmental and social
contributions to their communities.
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DETRITUS & ART / A personal point of view on Environment and Art

by Rainer Stegmann

Diedel Kloever, an artist that brings scrap to life

I met Diedel Kloever in his beautiful garden in Varel, Ger-
many. He is a very hospitable and friendly person, deeply
connected to his homeland. He sent me the following text,
which is part of his biography written by Laava Royal (www.
laavaroyal.com). To me, it characterizes Diedel Kloever's
work perfectly:

Sculptor, musician, and festival producer, Diedel Kloev-
er has spent the past two decades turning discarded metal
into living works of art. He describes himself as a “scrap art-
ist.” Known for his Yard Art sculpture garden, Kloever welds
old tools, car parts, and other unwanted metal into strikingly
lifelike figures—animal and human forms that seem alive
with energy.

Kloever was always drawn to painting, tinkering, and
creating. However, it wasn't until the early 2000s, after he
taught himself to weld, that he discovered his authentic ar-
tistic voice. Unlike many sculptors who start with a sketch,
Kloever begins with the raw material itself. The scraps de-
cide what story they want to tell. Each piece evolves organ-
ically, guided by the metal’s shapes and his intuitive sense
of form. The results are strikingly realistic, two of his most
impressive pieces being a massive silverback gorilla head
that seems to return your gaze, and a rhino that stands sen-
tinel as the garden’s “watchman”. He not only sculpts realis-
tic-looking animals but also gives them an expression and
brings them to life.

Diedel Kloever showed me his impressive workshop,
where he creates his sculptures like a locksmith, using a
variety of tools, including welding equipment. It is often
forgotten that when we admire sculptures and statues,
there is the hard work of the manufacturing process and
the craftsmanship that the artist must possess. | think the
examples presented here speak for themselves. | am al-
ways pleasantly surprised by the enthusiasm Diedel Kloev-
er shows in creating his work. It reminds me of scientists
who are as devoted to their work as artists like him are.
They want to solve a problem that makes them think about
it “all the time”. Only when you are really devoted to your
work outstanding results can be reached.

Diedel Kloever receives his metal scrap from a local
manufacturer and has no trouble obtaining adequate ma-
terial. In general, scrap metals are recycled. Recycling pure
iron and steel is standard practice, but alloy steel, which
accounts for about 20% of total iron and steel, cannot
be recycled in the same way because it produces inferior
steel; therefore, alloy steel must be separated from deliv-
ered steel scrap upfront in a complex process. Recycling

involves separating alloying metals during thermal recy-
cling, as different metals melt at different temperatures;
this process does not achieve 100% separation. Diedel Klo-
ever opens our eyes to the beauty that hides in scrap, as
well as to its material value.

More information about the artist can be found on his
website at www.yard-art.de.

In the next issue
of DETRITUS, | will
discuss with you
whether the image
presented is art or
waste
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