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ABSTRACT: Textile wastewater poses a substantial environmental
challenge due to the persistence of organic dyes. This study introduces a
novel approach using photovoltaic (PV) powered electro-Fenton (EF)
technology for effective treatment of textile wastewater. Acid orange 7
(AO7), methylene blue (MB), and malachite green (MG) were selected as
representative organic dyes to validate the method under varying
experimental conditions. Analysis of variance (ANOVA) highlighted the
significant influence of pollutant type, pH levels, and current density on the
degradation efficiency of the system, with optimal conditions observed at pH
= 3 and high current density. To underscore the environmental benefits, a
comprehensive life cycle assessment (LCA) was conducted. The PV-powered
EF system, when implemented in a textile mill, exhibited an energy payback
time (EPBT) of 9.53 years, a greenhouse gas payback time (GPBT) of 4.45
years, and a life cycle cost (LCC) of 1.9 × 105 RMB. Comparative analysis with conventional Fenton and EF processes revealed
substantial energy savings, with carbon emissions reduced by 95% and 78%, and energy consumption reduced by 87% and 52%,
respectively.

1. INTRODUCTION
Significant environmental pressures are brought about by rapid
population growth and urbanization.1,2 Water pollution,
particularly, is considered a critical concern,3,4 with organic
dyes from textile manufacturing posing substantial challenges.5

These dyes are known to persist in water bodies, disrupting
ecological equilibrium,6,7 and their carcinogenic properties
further contribute to environmental and health risks.8,9

Traditional methods like biological oxidation and chemical
flocculation have been found to struggle with effectively
addressing these pollutants,10,11 necessitating advancements in
textile wastewater treatment technologies.
The potential of the Fenton reaction has been identified as a

solution,12 where organic dyes are degraded using H2O2 and
Fe2+.13 However, challenges in the production and storage of
these chemicals have hindered widespread adoption.14,15 An
alternative, the electro-Fenton (EF) process, operates on
electrochemical principles, continuously generating Fe2+ ions
and hydroxyl radicals (HO•) to enhance dye degradation
efficiency.16,17 Despite its effectiveness, the EF process remains
reliant on grid electricity, leading to high energy consump-
tion.18 To address this issue, the integration of renewable
energy sources, such as solar energy, is considered crucial.
Photovoltaic (PV) panels can be strategically installed in
unused spaces such as textile mill roofs and cesspool covers to
harness solar power, reducing reliance on conventional grid
sources.

Life cycle assessment (LCA) methodology provides a robust
framework for evaluating energy consumption and carbon
emissions in textile wastewater treatment systems.19 Estev́ez et
al. performed LCA of technologies for decolorization strategies
in textile wastewater to analyze their environmental impacts
and economic benefits;20 Grisales et al. applied LCA to
evaluate the impacts of multiple constituents of textile
wastewater on the Fenton process;21 Zhang et al. conducted
an LCA of sludge waste reuse in the EF process;22 Magdy et al.
used the LCA approach to compare five methods of chemical
removal of phenol and its transformation products containing
EF.23 These studies have applied LCA to assess various aspects
of wastewater treatment technologies in the textile sector,
highlighting its utility in assessing environmental impacts and
economic feasibility.
While existing research has focused on LCA applications in

textile wastewater treatment, there remains a gap in evaluating
the integration of solar energy to enhance energy efficiency and
sustainability. This study aims to fill this gap by implementing
a PV-powered EF system and evaluating its performance under
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varying operational conditions. An LCA of the system is
conducted to compare its environmental and economic
benefits against conventional Fenton and EF processes.
The system design and methodology are presented in

Section 2. Experimental results are presented in Section 3,
followed by the LCA findings in Section 3.2. The main findings
of the study are summarized in Section 4.

2. RESEARCH METHOD
2.1. PV-Powered EF System. 2.1.1. Experimental Instru-

ments and Materials. The PV-powered EF system is primarily
composed of a PV system and an EF wastewater treatment
system, as depicted in Figure 1’s flowchart. The experimental
setup can be seen in Figures 2 and 3.

The PV system includes PV panels connected sequentially to
an inverter and then to a battery. Solar energy is absorbed by
the PV panels to generate electricity, which is converted from
direct current (DC) to alternating current (AC) by the
inverter. Any surplus electricity produced is stored in the
battery for future use. Situated in Chengdu, China (longitude:
104.00 degrees, latitude: 30.56 degrees north), the exper-
imental platform features PV panels oriented southward at a
30-degree angle from the ground. This orientation optimizes
solar energy capture for efficient power generation.

The EF system for wastewater treatment employs nickel
foam as the cathode and graphite electrodes as the anode,
arranged parallel to the solution. The positive PV pole
connects to the anode, while the negative PV pole connects
to the cathode, establishing a complete current loop. In the
experiment, 400 mL of organic dye wastewater served as the
target solution. Continuous oxygenation of the solution was
ensured, and degradation rates were monitored by measuring
the absorbance using a UV spectrophotometer.
2.1.2. PV System. The Sandia model24 was used to calculate

and evaluate the power production of the PV system.
According to calculations performed with this model, the PV
system in this experiment is expected to generate 37 kW h
annually.
2.1.3. EF Degradation Model. In the experiments, an EF

model was used to study the degradation of organic dyes. The
process utilizes an electrochemical technique based on the
Fenton reaction. The addition of Fe2+ acted as a catalyst,
initiating the generation of hydroxyl radicals (HO•) crucial for
this process, as depicted by eq 1.25 These hydroxyl radicals
possess strong oxidative capabilities, efficiently facilitating the
oxidation of organic dyes.

Fe O 2H 2e Fe OH OH2
2

3+ * + + + • ++ + +

(1)

2.2. Analysis of Variance Technique. The statistical
analysis of the data was conducted using SPSS software.26

Multifactor analysis of variance (ANOVA) was employed to
determine the statistical significance of differences between
data groups, with a significance level set at p ≤ 0.05. The
influence of each factor on the degradation rate was evaluated
based on the magnitude of the P-value. Specifically, the analysis
concentrated on the individual effects of the three factors, with
no consideration of their three-factor interaction.
2.3. Life Cycle Assessment. The LCA method offers a

comprehensive approach to evaluate the environmental impact
of products, utilizing metrics like energy payback time (EPBT)
and greenhouse gas payback time (GPBT).27 These metrics
rely on parameters such as global warming potential (GWP)
and primary energy demand (PED) within the LCA frame-
work. The efootprint software, utilizing data primarily sourced
from the Ecoinvent database, facilitates online LCA analysis.
2.3.1. Life Cycle Inventory. The system implemented in this

experiment is customized for textile mills, with all necessary
equipment and materials manufactured in China. The system
is designed to operate over a service life of 20 years,
encompassing five distinct stages: production, transportation,
construction, operation, and waste management. The system’s
boundary conditions are illustrated in Figure 4. During the
production phase, components including PV panels, batteries,
inverters, current controllers, and air pumps are manufactured.
Transportation primarily involves light diesel trucks for road
transport, while construction activities are localized within the
textile mill premises. In the operational phase, energy
consumption primarily stems from the PV system. Waste
generated during the system’s lifecycle is typically managed
through methods such as adsorption or REDOX processes.
2.3.2. Environmental Impact Assessment. 2.3.2.1. Energy

Payback Time. EPBT signifies the duration in years that a PV
system requires to generate sufficient energy throughout its
lifecycle to offset the energy consumed during its production.
The calculation formula for EPBT is expressed in eq 2:

Figure 1. Flowchart of experimental apparatus.

Figure 2. PV panel used in the experiment.

Figure 3. Experimental platform of the EF method.
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E E

E
EPBT

input BOS

output
=

+

(2)

where:
• Einput is the primary energy demand (PED) of the PV

component during its lifecycle (kW h),
• EBOS is the energy required for the balance of system

(BOS) (kW h),
• Eoutput is the annual primary energy saved by the PV

system through power generation (kW h).
2.3.2.2. Greenhouse Gas Payback Time. GPBT signifies

the duration in years required for a PV system to mitigate
carbon emissions over its lifecycle to offset the emissions
associated with its production and operation. The calculation
formula for GPBT is given by eq 3:

GPBT
GHG GHG

GHG
PV BOS

output
=

+
(3)

where:
• GHGPV is the global warming potential (GWP) of the

PV component during its lifecycle (kgCO2eq),
• GHGBOS is the greenhouse gas emissions from the

balance of system (BOS) (kgCO2eq),
• GHGoutput is the annual primary energy saved by the PV

system through power generation (kgCO2eq).
2.3.3. Life Cycle Cost. Life cycle cost (LCC) serves as a

comprehensive metric for evaluating the economic aspects of a
system, encompassing all expenses incurred from procurement
through to decommissioning. LCC includes costs associated
with procurement, transportation, installation, operation,
maintenance, management, and decommissioning over the
system’s lifecycle. The calculation method for LCC considers
fixed costs, variable costs, maintenance and operation expenses,
salvage value, and other pertinent factors specific to PV
panels.28

3. RESULTS AND DISCUSSION
3.1. The Experiment on the Degradation of Organic

Dyes. The experimental setup in the controlled laboratory
conditions was as follows: the temperature was maintained at
16 °C, using a 400 mL sample of pollutant solution with a
concentration of 20 mg/L. Oxygen was supplied via an oxygen
pump at a rate of 0.6 L/min, and Fe2+ was added to maintain a
controlled concentration of 200 μmol/L. The absorbance of

the solution was measured continuously. Samples were
collected every minute following the initiation of current
injection to calculate the degradation rate of pollutants.
The study investigated the degradation rates of three

different organic dyes�acid orange 7 (AO7), methylene
blue (MB), and malachite green (MG)�under varying
conditions of organic dye type, current density, and pH.
These dyes were chosen due to their diverse colors and
chemical structures. The findings contribute to verifying the
general applicability of the system for treating organic dye
effluents in textile mills. Specifically, the output current was
varied by 5 mA, 10 mA, and 15 mA, while pH conditions
ranged from 2, 3, to 4.
3.1.1. Effect of the Type of Organic Dye. Various organic

dyes are extensively used in textile factories, and their
degradation efficiencies vary across different EF systems,
which determines the suitability of PV-powered EF systems
for treating textile factory wastewater. Therefore, AO7, MB,
and MG organic dyes were selected for degradation under
controlled conditions: pollutant concentration of 20 mg/L,
current density set at 10 mA, and pH maintained at 3. The
experimental results are illustrated in Figure 5.

Effective degradation capabilities for all three pollutants were
demonstrated by the system, with degradation rates exceeding
50% within 20 min. The highest degradation efficiency was
exhibited by MG, achieving a maximum degradation rate of
82% within 20 min, closely followed by MB at 81%. In
contrast, a lower degradation rate of only 69% was shown by
AO7. This variation was attributed to the differing numbers of
readily oxidizable functional groups in the molecular structures
of the pollutants.
In Figure 6, the energy consumption during the degradation

of the three pollutants through the EF process is illustrated. It
is observed from the comparison that under identical
experimental conditions, the energy consumption for AO7
degradation is the highest, followed by MB, while MG shows
the lowest energy consumption. This difference is likely
associated with the degradation rate, where faster degradation
generally corresponds to lower energy consumption.
3.1.2. Effect of pH. The efficiency of EF degradation is

notably influenced by pH levels. The degradation rate of AO7
under pH conditions adjusted to 2, 3, and 4 is illustrated in
Figure 7. Upon comparison of the degradation rates after 20
min across these pH conditions, it was observed that pH 3
yielded the highest degradation rate, approximately 72%.
Furthermore, the degradation of pollutants remained con-
sistently high throughout the experiment under pH 3

Figure 4. Boundary conditions of the system.

Figure 5. Comparison of degradation rate of three kinds of pollutants.
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conditions. Thus, pH around 3 is identified as the optimal
condition for EF-mediated removal of target pollutants.
The degradation efficacy can be adversely impacted by a

decrease in pH, possibly due to an excess of hydrogen ions. At
low pH levels, the stability of H2O2 in solution is enhanced by
the presence of hydronium ions (H3O2

+).29 Simultaneously,
hydrogen gas is produced through cathodic reduction,
resulting in the reduction of hydroxyl radicals (HO•)
production and thereby reducing oxidation efficiency.30

Conversely, a significant decline in degradation efficiency is
brought about by increasing solution pH, likely attributable to
the reduced availability of Fe2+ ions. As Fe2+ is oxidized to Fe3+
and precipitates at higher pH levels, the concentration of Fe2+
required for catalyzing the Fenton reaction is diminished.31

Under the same experimental conditions, MB and MG were
selected as pollutants for further investigation, and the results
are presented in Figures 8 and 9. The experimental outcomes
for MB were found to be consistent with the previously drawn
conclusions, confirming their alignment. After a certain
duration, stabilization of the degradation rate curve for MG
is observed, indicating sustained degradation of the pollutant

without further rate increase. Specifically, stability is reached in
approximately 10 min under pH = 3, around 11 min under pH
= 2, and after about 13 min under pH = 4. These findings
support the conclusion that stable degradation of pollutants is
maintained under optimal pH conditions around 3. The
experimental results corroborate the earlier conclusions
regarding the effect of pH on pollutant degradation efficiency.
Figure 10 depicts the energy consumption associated with

the degradation processes of AO7, MB, and MG by the EF

system under pH conditions of 2, 3, and 4. It was observed that
the lowest energy consumption for all three pollutants was
recorded at pH 3. Additionally, considering that the
degradation efficiencies of AO7, MB, and MG were highest
at pH 3, a correlation between degradation rate and energy
consumption is hypothesized. At higher degradation rates, the
concentration of dyes in the solution is reduced, leading to a
decrease in the consumption of HO• generated during the EF
process. The accumulation of HO• is subsequently dimin-
ished, reducing their production rate and thereby lowering the
overall power consumption of the current loop and energy
consumption.
3.1.3. Effect of Current Density. The efficiency of oxygen

reduction in the EF system is influenced directly by the applied
current. Figure 11 illustrates the degradation rates of acid AO7
under current densities of 5 mA, 10 mA, and 15 mA. After 20
min of treatment, AO7 was degraded to 67% at 5 mA, 68% at
10 mA, and 69% at 15 mA. Furthermore, an increase in the
slope of the degradation curve was noted with higher current
densities, indicating that the degradation rate was accelerated
with increased current. It was observed that AO7 degradation
is more effective at higher current densities. This phenomenon
is attributed to the higher cathode-imposed potential at
increased currents, which enhances the conversion of pumped
oxygen to H2O2 and increases the production of HO• through

Figure 6. Energy loss in the degradation process of three pollutants.

Figure 7. PH affects the degradation rate of AO7.

Figure 8. PH affects the degradation rate of MB.

Figure 9. PH affects the degradation rate of MG.

Figure 10. PH affects the energy consumption of the three organic
dyes.
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electrolysis. The role played by these radicals in accelerating
the oxidative degradation of pollutants is crucial.32

Figures 12 and 13 illustrate the degradation results of MB
and MG under current densities of 5 mA, 10 mA, and 15 mA,

respectively. For MB, an improvement in degradation
efficiency was observed with increasing current density.
Specifically, higher degradation rates were achieved at 15 mA
compared to 10 mA and 5 mA conditions. Under different
current conditions, the degradation rate of MG is stabilized
over time: approximately 14 min at 5 mA, 13 min at 10 mA,
and only 11 min at 15 mA. A positive correlation between
degradation efficiency and higher current densities is
confirmed by this observation. The beneficial impact of higher
currents in enhancing the effectiveness of both MB and MG
degradation in the EF system is underscored by these findings.
Figure 14 depicts the energy loss associated with the

degradation processes of AO7, MB, and MG under the current

density conditions of 5 mA, 10 mA, and 15 mA. Throughout
the EF process system, increased power consumption is caused
by higher current densities, which accelerate reaction rates and
induce higher potential differences. The generation of more
HO• is driven by this heightened potential difference, and an
excess of these radicals accumulates in the solution, resulting in
additional energy consumption.
3.1.4. Analysis of Variance. The results of multifactor

ANOVA were summarized in Table 1 based on the analysis of
experimental data. It was found that degradation rates are
significantly influenced by the type of organic dyes, pH, and
current density. Among the factors analyzed, the most
substantial impact on degradation rates was exerted by the
type of organic dyes, followed by current density. The effect of
pH, however, was observed to be comparatively less significant.
3.2. The Life Cycle Assessment of the PV-Powered EF

System. In this section, the LCA of the PV-powered EF
system is presented. Initially, the system was applied for
wastewater treatment at a textile mill located in Chengdu. The
environmental impact of the system was comprehensively
analyzed, followed by an evaluation of its cost-effectiveness and
economics. Subsequently, comparisons were made between the
energy consumption and carbon emissions of the PV-powered
EF system and those of conventional Fenton and EF processes
to highlight its energy-saving advantages.
3.2.1. The LCA of the System in a Textile Mill. The

feasibility of the PV-powered EF system was assessed by
selecting a textile mill in Chengdu as the study site. Each day
15,000 m3 of textile wastewater containing organic dyes is
processed at this mill. The existing deep treatment process is
replaced by the PV-powered EF system to enhance the
degradation of organic dyes during wastewater treatment. A PV
capacity of 4.5 MWp has been installed at the textile mill,
meeting the energy requirements for operating the system. The
electricity generated by the PV system is used to power EF
system components such as agitators and air pumps, reducing
dependence on the municipal grid.
Figure 15 depicts the GWP and PED of each component in

the PV-powered EF system utilized for wastewater treatment at
the textile mill. The total PED of the system amounts to 7.61 ×
105 MJ, with 3.64 × 105 MJ attributed to PV panels (47.8% of
the total). The GWP of the system is 56.24 tCO2eq, with PV
panels contributing 28.37 tCO2eqs (50.4% of the total).
Batteries and inverters also exert significant influence on the
environmental assessment of the entire system.

Figure 11. Current density affects the degradation rate of AO7.

Figure 12. Current density affects the degradation rate of MB.

Figure 13. Current density affects the degradation rate of MG.

Figure 14. Current density affects the energy consumption of the
three organic dyes.
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3.2.2. Environmental Influence. Eqs 2 and 3 were used to
calculate the EPBT and GPBT for the entire PV-powered EF
system at the textile mill. Throughout its life cycle, the total
PED of the system amounts to 7.61 × 105 MJ, which translates
to 2.11 × 105 kW h. The total GWP of the system is computed
as 56.24 tCO2eq. Annually, 22.15 MW h of electricity is
generated by the PV power generation system installed at the
textile plant, resulting in a reduction of approximately 12.63
tons of CO2 emissions per year. The system’s EPBT is
calculated to be 9.53 years, with a GPBT of 4.45 years, both
falling within the 20-year system design life, indicating feasible
energy recovery and carbon emission reduction over the entire
life cycle.
3.2.3. Life Cycle Cost of the System in a Textile Mill. The

calculated investment costs for equipping the textile mill with
the PV-powered EF system are presented in Table 2. The LCC
of the system in the textile mill amounts to 1.9 × 105 RMB.
Figure 16 illustrates the cost distribution among various
components of the system. The majority of the total

expenditure is constituted by the acquisition costs of PV
panels, batteries, inverters, and current controllers. Impor-
tantly, the overall cost structure is significantly influenced by
the high market prices of batteries, inverters, and PV panels.
Therefore, to enhance economic efficiency, thorough compar-
isons should be conducted during equipment procurement.
Consideration should be given to selecting batteries, inverters,
and PV panels based on their pricing and their ability to meet
operational requirements.
The annual electricity generation from the PV system

applied to the wastewater treatment system of this textile mill
amounts to 22.15 MW h. If this electricity had been sourced
from the city’s grid, it would have incurred a cost of 1.4 × 104
RMB annually. Based on this comparison, the LCC of the PV-
powered EF system applied to the textile mill can be recovered
within 13.57 years.
It is indicated by this calculation that beyond 13.57 years of

service life, the economic benefits of implementing the PV-
powered EF system will surpass those of the conventional EF
system. The long-term economic viability and financial
advantages associated with adopting renewable energy
solutions for wastewater treatment in industrial settings are
underscored.
3.2.4. Advantages of the System. If the target textile mill

were to adopt the Fenton process, annual consumption of
H2O2 would amount to 26.59 tons. The average production
and storage energy consumption per ton of H2O2 is 3 MW h,
resulting in a carbon footprint of approximately 2 tons. The
total energy consumption for this process reaches 79.77 MW h,
with a corresponding carbon footprint of 53.18 tons.
Alternatively, using the EF process would entail an annual
electricity consumption of about 22.15 MW h, leading to
emissions equivalent to 12.63 tons of CO2.
In contrast, if the PV-powered EF system constructed in this

study were adopted, the energy consumption for the target
textile mill would be reduced to 10.55 MWh. This represents
an 87% reduction compared to the Fenton method and a 52%
reduction compared to the EF method. In terms of carbon
emissions, the system would emit only 2.81 tons of CO2,

Table 1. ANOVA Results of Degradation Rate

Factor Degrees of Freedom Sum of Squares Mean Square F-Value P-Value

organic dye types 2 0.029761 0.014880 232.58 <0.0001 significant
pH 2 0.005415 0.002707 8.46 0.0260 significant
current density 2 0.016293 0.008146 24.27 0.0017 significant

Figure 15. Environmental impact assessment of each component of
the system used in a textile mill.

Table 2. Cost of Investment in the EF Powered by PV
System

Item Unit Price Quantity
Total Price
(RMB)

PV panels 0.1 yuan/W 260 kW 2.6 × 104

battery 3680 yuan/piece 30 pieces 1.1 × 105

inverter 808 yuan/piece 30 pieces 2.4 × 104

current controller 1900 yuan/piece 4 pieces 7.6 × 103

air pump 14 yuan/piece 40 pieces 5.6 × 102

agitator 3500 yuan/piece 2 pieces 7 × 103

wire 0.94 yuan/m 1000 m 9.4 × 102

light truck
transportation

0.1 yuan/(t·km) 1500 t·km 1.5 × 102

installation 57 yuan/m2 260 m2 1.5 × 104

electricity 0.63 yuan/kW h 404 kWh 2.5 × 103

sum 1.9 × 105

Figure 16. Percentage of cost for each piece of equipment.
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marking a 95% reduction compared to the Fenton method and
a 78% reduction compared to the EF method. Figure 17

compares the LCA results of the three systems, highlighting
the substantial environmental benefits and efficiency gains of
the PV-powered EF system over traditional Fenton and EF
methods.
The energy consumption of the EF process is primarily

influenced by the energy used in the production, installation,
and operational electricity requirements of its equipment. In
contrast, significantly more energy is required for the
production and storage of Fenton reagents in the traditional
Fenton process compared to the EF process. As a result,
substantial advantages in terms of energy efficiency and
reduced carbon emissions are provided by the EF process.
In this paper, the energy supply structure is transformed by

integrating PV modules that harness solar energy, a renewable
resource, to replace the reliance on the urban grid for powering
the EF process. This transition resulted in a reduction in urban
grid power consumption, particularly in terms of carbon
emissions. Significant CO2 emissions are typically produced by
urban power generation, whereas the clean characteristics of
solar energy led to a marked decrease in the carbon footprint
of the system compared to both the Fenton and EF processes.

4. CONCLUSION
The development of a PV-powered EF system for the
degradation of organic dyes in wastewater treatment is
presented in this paper. A significant advancement in achieving
energy-efficient solutions for deep wastewater treatment
processes is represented by the system. Through LCA, the
system’s environmental benefits and economic feasibility are
evaluated. Several advantages are offered by implementing the
PV-powered EF system in textile mills. Reliance on the grid
and conventional energy sources is reduced, leading to
anticipated savings in energy costs and improvements in
overall economic efficiency. By leveraging solar energy, a
renewable resource, lower carbon emissions are contributed by
the system compared to traditional wastewater treatment
methods.

1 A PV-powered EF degradation system for organic dyes
was constructed. The system integrates a PV system with
an EF system, designed to enhance the deep treatment
process of textile mill wastewater and achieve efficient
degradation of organic dyes, accompanied by significant
economic benefits. Furthermore, the system demon-
strates notable energy-saving advantages in terms of
reduced energy consumption and carbon emissions.

2 The degradation rate and energy consumption of various
organic dyes under different operational conditions were
systematically investigated to validate the system’s
efficacy in textile mill wastewater treatment. Notably,
the degradation efficiencies for AO7, MB, and MG
reached 82%, 81%, and 69%, respectively, within a 20
min time frame. Optimal experimental conditions were
identified at pH = 3 and the highest current density of
15 mA. Additionally, there exists an inverse relationship
between energy consumption and degradation rate
magnitude. Statistical analysis using ANOVA confirmed
significant effects of pollutant type, pH, and current
density on the system’s degradation rate.

3 This paper conducted an LCA of the PV-powered EF
system applied to wastewater treatment in textile mills.
The EPBT for the system installed in a Chengdu textile
mill was estimated at 9.53 years, with a GPBT of 4.45
years. The LCC was calculated at 1.9 × 105 RMB,
ensuring energy recovery over the system’s service life.
Furthermore, comparing the LCA results with traditional
Fenton and EF processes, the PV-powered EF system
demonstrated an 87% reduction in energy consumption
compared to Fenton and a 52% reduction compared to
EF. Carbon emissions were similarly reduced by 95%
compared to Fenton and 78% compared to EF,
highlighting its substantial energy-saving advantages.

Areas for improvement in this study are still noted, which
also point to directions for future research. (1) Three specific
organic dyes in the wastewater treatment system of textile mills
were focused on, without consideration of potential
interactions among various dyes commonly found in actual
textile mill effluents. Future research could explore the mixed
conditions of different dyes to better reflect real-world
scenarios. (2) The LCA conducted in this study relied solely
on statistical data, lacking error analysis that could affect result
accuracy. Future studies should incorporate error analysis to
account for uncertainties and enhance the robustness of LCA
findings.
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