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The need for energy-efficient wastewater treatment technologies has
grown due to increasing water scarcity and the high energy demands
of conventional treatment methods. This review examines emerging
approaches that reduce energy consumption while maintaining
treatment efficacy. The study categorizes them into biological,
membrane-based, electrochemical, advanced oxidation processes
(AOPs), and hybrid/integrated systems. Biological methods which
include anaerobic digestion (AD) and microbial fuel cells (MFCs)
provide dual benefits of treatment and energy generation, while
membrane technologies, such as membrane bioreactors (MBRS),
enhance water recovery and reduce chemical usage. Electrochemical
methods and AOPs, including electrocoagulation and photocatalysis,
offer energy-efficient alternatives with promising contaminant removal
capabilities. The integration of these technologies in hybrid systems
further optimizes energy efficiency and treatment performance and
demonstrates significant potential for sustainable wastewater
management. This review compiles recent advances to guide future
research and application of energy-efficient solutions in wastewater
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1. Introduction

The global demand for clean water and the challenges posed by wastewater management continue
to grow as populations expand and industrial activities increase [1][2]. Wastewater treatment plants
(WWTPs) are critical for maintaining public health and environmental protection, yet they are also
some of the largest energy consumers within municipalities [3][4][5][6][7][8]. Hence this
technology is still a pipe dream in many developing countries. Traditional treatment methods, such
as activated sludge, can make up to 50% of a WWTP's operational expenses thereby driving the
need for energy-efficient technologies to mitigate both economic and environmental impacts
[9][10][11]. Energy-efficient wastewater treatment technologies aim to reduce energy consumption
while maintaining high treatment performance. This can be achieved through biological, chemical,
and electrochemical methods, among others [2][12]. Biological processes such as anaerobic
digestion not only treat wastewater but also generate energy in the form of biogas [13][14].
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Similarly, emerging techniques like microbial fuel cells (MFCs) directly convert the organic content
of wastewater into electricity and offer a dual advantage of treatment and energy recovery
[15][16][17][18][19]. Membrane-based technologies such as membrane bioreactors (MBRS) are
also gaining popularity for their ability to reduce energy usage through the integration of advanced
filtration systems[20][21].

Electrochemical methods are also becoming important in the quest for energy efficiency. These
methods show promise in reducing both energy consumption and chemical use, particularly when
powered by renewable energy source. Additionally, advanced oxidation processes (AOPs) and
ozonation, are being explored for their ability to reduce energy consumption while effectively
removing contaminants, particularly in decentralized or remote applications. This review aims to
provide a comprehensive overview of energy-efficient technologies in wastewater treatment,
analyzing their mechanisms, advantages, and potential for future adoption. By compiling findings
from recent studies, this paper highlights the importance of integrating energy-efficient methods to
ensure the sustainability of wastewater treatment processes.

2. Energy-Efficient Wastewater Technologies

A flow chart of energy-efficient technologies in wastewater treatment are presented in Figure
1.While Table 1 presents a summary of selected studies on energy efficient waste water treatment
technologies. The figure illustrates a range of energy-efficient wastewater treatment technologies
categorized by biological, membrane-based, electrochemical, advanced oxidation processes
(AOPs), and hybrid/integrated systems. Biological methods, such as anaerobic digestion (AD) and
microbial fuel cells (MFC), are well-established for both waste stabilization and energy recovery,
with MFCs demonstrating dual benefits of COD reduction and electricity generation [19].
Membrane technologies, including membrane bioreactors (MBRS) and forward osmosis (FO), are
known for their high filtration efficiency and potential in nutrient recovery, though challenges
related to fouling persist [22]. Electrochemical methods like electrocoagulation (EC) and capacitive
deionization (CDI) offer promising alternatives by leveraging electric fields to treat contaminants
and enhance deionization, respectively, with minimal chemical addition [23]. Advanced oxidation
processes, particularly photocatalysis and ozonation, provide effective solutions for degrading
recalcitrant pollutants through radical generation, though they often require high energy inputs.
Finally, hybrid and integrated systems combining these technologies have gained attention for
optimizing treatment efficiency and enhancing sustainability by addressing limitations of standalone
approaches [24]. Collectively, these technologies represent a diverse toolkit aimed at achieving high
efficiency in wastewater treatment while minimizing environmental impact.
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Figure 1: Energy Efficient Wastewater Treatment Technologies
2.1 Biological Methods

2.1.1 Anaerobic Digestion (AD)

Anaerobic Digestion (AD) is widely recognized as one of the most energy-efficient methods for
wastewater treatment, this is because it offers the dual benefits of waste stabilization and energy
recovery. AD is a biological process where microorganisms break down organic matter in the
absence of oxygen, thereby producing biogas, which can be harnessed as energy. [25] reported that
AD holds substantial promise for sustainable biogas production, effective waste management, and
contributing to climate change mitigation. [26] found that the anaerobic co-digestion of water
hyacinth and poultry manure significantly enhances biogas production, demonstrating the potential
of these substrates for renewable energy generation in sustainable waste management. This makes
AD a highly energy-efficient process, with the added benefit of energy generation. [24] reported
that using a two-stage serial AD process for sewage sludge improves biogas production by 9.5—
40.1% and enhances volatile suspended solids reduction compared to a single-step digestion
process. This combination of waste treatment and energy recovery highlights the dual benefits of
AD as both a treatment technology and a renewable energy source. In AD, microorganisms break
down organic matter in the absence of oxygen, producing biogas—a mixture of methane and carbon
dioxide—that can be used as a renewable energy source. This process not only treats wastewater
but also helps offset energy costs by producing biogas, which can be converted into electricity or
heat. Moreover, AD is highly versatile and can be applied to various types of wastewater, including
municipal, industrial, and agricultural waste. The energy efficiency of AD systems can be further
enhanced by co-digestion, where multiple waste streams (e.g., wastewater sludge and food waste)
are treated together to increase biogas yields. [27] investigated the interplay between various AD
parameters in a pig-dung aided water hyacinth digestion process and demonstrated the impact of
these parameters on biogas production and process efficiency.
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Advanced AD technologies, such as high-rate anaerobic reactors and two-phase digestion, improve
process stability and methane production, making the method even more attractive for energy-
efficient wastewater treatment [23][28]. Despite these benefits, AD does have some limitations,
including the need for careful monitoring of operational parameters like pH and temperature to
ensure optimal performance. [29] examined how temperature and pH levels influence biogas
production from the co-digestion of food waste and cow dung and revealed that optimal conditions
significantly enhance biogas yield.

2.1.2. Microbial Fuel Cells (MFCs)

Microbial Fuel Cells (MFCs) are an innovative and energy-efficient technology for wastewater
treatment that harnesses the metabolic activity of microorganisms to generate electricity while
simultaneously treating organic waste [30]. Fuel cells are promising candidates for energy
conversion systems [31], of which MFCs represent an advanced technology that converts the
chemical energy of organic matter in wastewater directly into electricity through electroactive
bacteria [19]. In an MFC, organic substrates in wastewater serve as fuel for electroactive bacteria,
which catalyze the oxidation of these substrates at the anode, releasing electrons that travel through
an external circuit to the cathode, where they reduce oxygen or other electron acceptors. [32] found
that MFC technology effectively treats wastewater for irrigation purposes while generating
electricity, providing a dual benefit in sustainable water reuse and energy generation. Through a
case study on fruit-processing wastewater in a semi-arid region, the authors demonstrated that MFC
technology leaves low nutrient concentrations in the effluent and offers economic potential by
creating value from both treated water and electricity production, positioning MFCs as economically
viable and environmentally beneficial for addressing water and energy shortages in agricultural
settings.

The efficiency of MFCs can be enhanced by optimizing factors such as electrode materials,
microbial consortia, and reactor configurations, paving the way for their application in decentralized
wastewater treatment systems and resource recovery frameworks. According to [33], MFCs can
reach a peak voltage of 0.8 V, achieve a Chemical Oxygen Demand (COD) reduction of 81.81%
and a Biochemical Oxygen Demand (BOD) reduction of 64%, with optimized MFC parameters
thereby demonstrating significant potential for both wastewater treatment and energy production.
[22] affirmed that MFC technology provides an innovative solution for sustainable wastewater
treatment by simultaneously optimizing electricity generation and phosphorus removal,
demonstrating potential for self-powered wastewater treatment plants that support both clean water
access and renewable energy production. Although still in early stages, the energy generation
potential of MFCs makes them a promising addition to the future of wastewater treatment.

2.2. Membrane Technologies

2.2.1. Membrane Bioreactors (MBRs)

MBRs combine biological treatment with membrane filtration, offering high-quality effluent and
reducing the energy demand compared to conventional methods. MBR technology offers an
efficient and sustainable solution for industrial wastewater treatment in developing countries, with
key advantages in treatment efficiency, reduced chemical usage, and water reuse potential [21]. [34]
conducted a study that found out that osmotic MBR hybrid system has the capability to achieve
contaminant removal efficiencies exceeding 80% in wastewater treatment.

2.2.2. Forward Osmosis (FO)

Forward osmosis is another emerging membrane technology that uses a natural osmotic pressure
gradient to separate water from contaminants. FO has shown significant potential in reducing energy
consumption [43]. [35] underscored that FO technology holds promise for desalination and water
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treatment due to its low energy requirements and fouling resistance. The low-energy demand and
high water recovery rates make FO a strong candidate for large-scale operations, particularly in
water-scarce regions. The integration of FO with other treatment technologies in hybrid systems
further enhances energy efficiency, underscoring FO's potential as a sustainable solution for
reducing energy consumption in water treatment processes [36].

2.3. Electrochemical Methods

2.3.1. Electrocoagulation (EC)

Electrocoagulation (EC) is an electrochemical process that uses electrical currents to destabilize and
remove pollutants from wastewater. This method has gained attention for its energy efficiency,
especially when powered by renewable energy sources like solar power. [37] demonstrated that EC
optimized via response surface methodology, effectively removed up to 92.3% of color, 95.28% of
COD, and 83.33% of turbidity from hospital wastewater under specific conditions, highlighting
EC's potential for treating various wastewaters with minimal energy consumption.
Electrocoagulation (EC) is gaining recognition for its effectiveness in purifying water, particularly
in removing emerging contaminants such as microplastics [38].

2.3.2. Capacitive Deionization (CDI)

Capacitive deionization (CDI) is a novel electrochemical process used to remove dissolved ions
from water. CDI systems use electrically charged electrodes to adsorb ions, making them a lower-
energy alternative to reverse osmosis (RO) for desalination and water purification. [39] found that
capacitive deionization (CDI) technology, especially when enhanced with activated carbon
electrodes, offers an energy-efficient and low-maintenance approach for removing heavy metal ions
and other contaminants from brackish water. This makes it a promising alternative for water
desalination and treatment in industrial applications.

2.4. Advanced Oxidation Processes (AOPs)

2.4.1. Photocatalysis

Photocatalysis uses light-activated catalysts to degrade pollutants in wastewater, thereby offering
energy-efficient solutions especially when driven by solar energy. [40] highlighted the key factors
that influence the performance of solar photocatalysis in removing emerging micro-pollutants and
inactivating pathogens to include catalyst type, water matrix composition, and microbial load. The
use of sunlight as a free energy source significantly enhances the energy efficiency of this treatment
method. [41] highlighted the dual nature of nano-photocatalysts in wastewater treatment by
emphasizing their efficiency in removing pollutants while also noting their potential to introduce
emerging secondary contaminants that pose health and environmental risks. [42] discussed the
promising role of photocatalysis in wastewater treatment and focused on the use of nanomaterials
for enhanced filtration, the advantages of green synthesis methods over chemical approaches, and
the integration of artificial intelligence and machine learning in designing photocatalysts. However,
despite its potential for wastewater decontamination, photocatalytic technology faces challenges in
real-world application due to low photo efficiency under visible light [43].

2.4.2. Ozonation

Ozonation, a method for wastewater disinfection, offers the dual benefits of effective contaminant
removal and reduced chemical use. Ozonation can be particularly energy-efficient when coupled
with ultraviolet (UV) light. [44] found that while UV photolysis was effective in reducing
concentrations of anticancer drugs while ozonation proved significantly more energy-efficient by
achieving nearly complete degradation of doxorubicin, daunorubicin, epirubicin, and irinotecan
across pH levels in a shorter time. [45] affirmed the effectiveness of advanced oxidation processes
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(AOPs) like photolysis, 0zone-based systems, and Fenton reactions in degrading organic pollutants,
with a focus on the role of hydroxyl and sulfate radicals in enhancing wastewater treatment.

2.5. Hybrid and Integrated Systems

The integration of multiple treatment technologies in hybrid systems has shown great promise in
enhancing energy efficiency while maintaining high performance. [46] reviewed hybrid anaerobic
osmotic membrane bioreactors (AnOsMBRs) and emphasised their potential for energy-efficient
municipal wastewater treatment by producing reusable high-quality effluent and recovering
resources. However challenges like salt accumulation, membrane fouling, and optimal draw solute
selection must be addressed to maintain performance and reduce energy consumption. [47]
highlighted membrane bioreactor (MBR) technology's advantages over conventional activated
sludge (CAS) processes, its improved permeate quality, reduced space requirements, and
operational simplicity were applauded, despite challenges like fouling and energy demands. Despite
the challenges, these integrated approaches are increasingly being recognized as the future of
energy-efficient wastewater treatment.

Table 1: Summary of Previous Studies on Energy-Efficient Wastewater Treatment
Technologies

Technology Study Key Findings

Anaerobic  Digestion [25] AD has significant potential in biogas production as sustainable renewable energy,
(AD) waste management and climate change mitigation

Microbial Fuel Cells MFCs can achieve a maximum voltage of 0.8 V, 81.81% COD reduction, and 64%
(MEC) [32] BOD reduction, with optimized MFC parameters showing promising results for
wastewater treatment and energy generation

Osmotic membrane bioreactor hybrid system has the potential of achieving over 80%
contaminant removal efficiency in wastewater treatment

FO technology is a promising solution for desalination and water treatment that offers
benefits such as low energy consumption and resistance to fouling.

Electrocoagulation [38] EC is increasingly recognized for its effectiveness in water purification in the removal
(EC) of emerging contaminants like microplastics.

CDI provides a low-energy and easy-to-maintain method for extracting heavy metal
[39] ionsand other impurities from brackish water.

Membrane Bioreactors [33]

Forward Osmosis (FO) [35]

Capacitive
Deionization (CDI)

The promising role of photocatalysis in wastewater treatment focuses on the use of
Photocatalysis [42] nanomaterials for enhanced filtration and the advantages of green synthesis methods
over chemical approaches

Ozonation proved significantly more energy-efficient by achieving nearly complete
degradation of contaminants across pH levels in a shorter time.

emphasised the potential of hybrid anaerobic osmotic membrane bioreactors
Hybrid Systems [46] (AnOsMBRs) for energy-efficient municipal wastewater treatment by producing
reusable high-quality effluent and recovering resources.

Ozonation [44]

Wastewater treatment technologies each have unique strengths and limitations. Anaerobic digestion
(AD) excels in biogas production and climate change mitigation but struggles with contaminant
removal [2][25][49]. Microbial fuel cells (MFCs) combine energy recovery with moderate pollutant
reduction but face scalability and high material costs [30][32][50]. Membrane bioreactors (MBRS)
achieve >80% contaminant removal but are hindered by fouling and energy demands [21][33][51].
Forward osmosis (FO) offers low-energy, fouling-resistant treatment, though scalability remains a
challenge [35][52][53].

Electrocoagulation (EC) is effective for emerging contaminants like microplastics but generates
sludge and consumes significant energy [38][54][55]. Capacitive deionization (CDI) provides
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efficient heavy metal removal from brackish water but is unsuitable for high-salinity applications
[39][56][57]. Photocatalysis, driven by nanomaterials, is eco-friendly but depends on light
availability [42][43][58], while ozonation ensures rapid degradation across pH levels at high
operational costs [44][59][60].

Hybrid systems, such as anaerobic osmotic membrane bioreactors, combine resource recovery with
energy efficiency but require substantial initial investment and expertise [46][61][62]. Thus,
integrating these technologies based on specific needs can optimize performance and sustainability
[63][64].

3. Conclusion

The continuous development of energy-efficient technologies for wastewater treatment presents
promising opportunities for reducing operational costs and minimizing environmental impacts.
Innovations such as anaerobic digestion, membrane bioreactors, and electrochemical methods have
shown significant potential to lower energy consumption. The integration of hybrid systems further
enhances treatment efficiency and energy savings. As research progresses, these technologies will
play an important role in ensuring sustainable and cost-effective wastewater treatment on a global
scale.
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