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Preface

Clean water is one of the most important, and challenging to implement, United Nations
Sustainable Development Goals, SDG 6, which emphasizes access to water and sanitation for
all. Therefore, systematic monitoring and preservation of natural water resources is necessary,
as well as appropriate wastewater treatment and management strategies. Namely, the primary
goal of any wastewater treatment strategy is to meet national effluent standards in order to
protect ecosystems and human health. However, the conventional linear model of wastewater
treatment (use-treat-discharge) must be reconsidered, since wastewater represents a valuable source
of renewable chemical and thermal energy. On the other hand, during above-ground wastewater
treatment, gaseous decomposition products are often emitted into the atmosphere. Furthermore,
biological aerobic treatment results in the permanent loss of chemically stored energy, thereby
eliminating potential energy recovery opportunities. Therefore, the concept of controlled anaerobic
digestion in accordance with the circular economy is desirable in order to use gaseous decomposition
products as an energy source. The wastewater—energy nexus has become increasingly important
in recent times, highlighting the potential for simultaneous treatment and energy production. This
approach represents a clear pathway to clean energy production, which is in line with SDG 7. In
this context, biogas production through anaerobic digestion and the installation of a hydropower
plant is one of the possible solutions for reducing energy needs from an external source. Through
this model, wastewater treatment plants can achieve self-sustainability. Moreover, the integration of
the aforementioned technologies for energy generation in wastewater treatment plants represents
a logical and environmentally friendly strategy that contributes to increasing energy efficiency,
sustainability and reducing dependence on electricity from the external grid. This Special Issue
Reprint, ”Advances in Wastewater Treatment 2024” investigates innovative wastewater management
technologies and strategies aimed at exploiting renewable energy sources contained in wastewater,
for the purpose of energy-efficient wastewater treatment plant management practices. Ultimately, in
addition to the dedicated authors, we express our sincere gratitude to the MDPI staff, the editorial
team of Energies, the assistant editors and Section Managing Editor of this Special Issue, and the expert

reviewers for their valuable contributions and support.

Marin Ugrina and Jelena Milojkovié
Guest Editors
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Water is undoubtedly the most important and invaluable natural resource that humans
utilize. The main source of water for human consumption and various industrial uses on a
global scale is groundwater. Different types of organic and inorganic contaminants from
natural and, more often, anthropogenic sources, leach into all water systems, especially
groundwater. A lack of water for human consumption is also a result of inadequate wastew-
ater treatment, rising freshwater usage, and climate change. Therefore, it is necessary to
adequately and conscientiously manage wastewater to ensure safe drinking water and
sanitation for all, which is in line with Sustainable Development Goal 6 on water and
sanitation (SDG 6) [1].

The systematic treatment of wastewater is carried out through three successive stages: pri-
mary (physical-chemical), secondary (biological), and tertiary (advanced physical-chemical)
treatment. The primary goal of any wastewater treatment plant is to meet the legal reg-
ulations for the discharge of treated wastewater into water bodies. Currently, it is very
challenging to achieve the required quality of purified wastewater, especially due to the
appearance of emerging environmental pollutants. For this reason, advanced knowledge is
necessary and desirable in developing new advanced technologies or improving existing
technologies at all levels of wastewater treatment. However, even in the 21st century,
almost all existing treatment methods for managing wastewater occur linearly (water is
used, treated, and then discharged). This approach has several disadvantages that might
affect sustainability and the environment. Some of the deficiencies include a loss of nu-
trients, pollutant discharge, non-renewable energy use, unsustainable use of finite water
resources, waste generation, valuable resources not being fully recovered, limited climate
resilience, high operational costs, public health concerns, difficulties in meeting increasingly
stringent environmental regulations and standards, etc. Hence, the goal of any sustainable
management, including wastewater management, should be circular sustainability. In
this context, wastewater should not be viewed exclusively as a waste stream, but as a
valuable resource since it contains a significant amount of stored chemical and heat energy,
as well as nutrients [2]. Therefore, it is substantial to manage wastewater holistically,
i.e., wastewater treatment, obtaining energy and resources at the same time. The reuse
of purified wastewater with energy recovery is imperative for sustainable development,
which is in agreement with two of the seventeen Sustainable Development Goals: SDG 6
(clean water and sanitation) and SDG 7 (affordable and clean energy) [1]. Thus, purified
wastewater can be used for agricultural purposes, industry, etc., as well as for the supply of
hydroelectric power plants to obtain electricity [3]. Recent findings indicate that chemical
energy contained in wastewater is destroyed by aerobic biological oxidation [4]. Accord-
ingly, the chemical energy contained in wastewater can be recovered in the form of biogas
by anaerobic digestion; hydrogen can be obtained by electrohydrolysis, as can nitrogen and
phosphorus. The heat contained in wastewater can be recovered using heat pumps and
heat exchangers; alternatively, it can be obtained through sludge incineration [2—4]. The
mentioned benefits as a result of wastewater treatment point to the water—energy nexus.

Energies 2024, 17, 1400. https:/ /doi.org/10.3390/en17061400 1 https://www.mdpi.com/journal/energies
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Therefore, the future perspective of wastewater treatment plants is ecological sustainability,
i.e., the adaptation and redesign of existing plants and the design of new integrated plants
for the simultaneous treatment and recovery of energy and resources.

Finally, it should be pointed out that water is the most essential resource contained
in wastewater because it cannot be obtained from alternative sources, unlike energy. Ul-
timately, the production of cleaner water and energy through wastewater recycling is
an important pathway to achieving the circular economy and sustainable development.
Therefore, in dealing with environmental, economic, and social concerns, it demonstrates a
comprehensive and responsible approach to water resource management.

“Advances in Wastewater Treatment, 2023” describes the progress, innovations, and
improvements in the technology and processes utilized in wastewater treatment. All
knowledge about the inter-relationship and synergy between wastewater and energy is
welcome in this Special Issue, exploring the development of solutions for exploiting the
hidden potential of wastewater.

Funding: This study received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. United Nations. The UN Sustainable Development Goals; United Nations: New York, NY, USA, 2015; Available online: http:
//www.un.org/sustainabledevelopment/summit/ (accessed on 18 January 2024).

2. Kehrein, P.; van Loosdrecht, M.C.; Osseweijer, P.; Garfi, M.; Dewulf, J.; Posada, J. A critical review of resource recovery from
municipal wastewater treatment plants—Market supply potentials, technologies and bottlenecks. Environ. Sci. Water Res. Technol.
2020, 6, 877. [CrossRef]

3. Zarei, M. Wastewater resources management for energy recovery from circular economy perspective. Water-Energy Nexus 2020, 3,
170-185. [CrossRef]

4. Hao, X,; Li, J.; van Loosdrecht, M.C.M.; Jiang, H.; Liu, R. Energy recovery from wastewater: Heat over organics. Water Res. 2019,
161, 74-77. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



energies MbPI

Article
Treatment of Wastewater from Soil Washing with Soluble
Humic Substances Using Biochars and Activated Carbon

Mariusz Z. Gusiatin 1'%, Sylwia Pasieczna-Patkowska 2, Magdaléna Balintova 3 and Marcin Ku$mierz *

Department of Environmental Biotechnology, Faculty of Geoengineering, University of Warmia and Mazury
in Olsztyn, Stoneczna St. 45G, 10-709 Olsztyn, Poland

Department of Chemical Technology, Institute of Chemical Sciences, Faculty of Chemistry,

Maria Curie-Sktodowska University, Maria Curie-Sklodowska 3, 20-031 Lublin, Poland;
sylwia.pasieczna-patkowska@mail.umcs.pl
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Abstract: Energy can be obtained by pyrolysis of organic wastes, and the solid residue of pyrolysis
(biochar) can be used as an adsorbent for the treatment of various types of wastewater. Although soil
washing can effectively remediate metal-contaminated soils, it can generate significant amounts of
soil washing wastewater (SWW). This study investigated the effectiveness of using activated carbon
and various biochars to treat SWW from the remediation of soil heavily contaminated with cadmium
(Cd), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn) with soluble humic substances (SHS) from
municipal sewage sludge. Willow biochar (BW), plant biomass biochar (BPB), coconut shell biochar
(BCH), and Norit SX2 activated carbon (ACN) were tested at different dosages (12.5-100 g/L) and
adsorption times (30-1440 min) for the treatment of SWW. At 100 g/L dosage, biochar removed Cd,
Cu, Ni, Pb, and Zn with 56-83%, 32-41%, 18-42%, 75-83%, and 44-83% efficiency, respectively, while
ACN removed them with 87-95% efficiency. Only BW and ACN removed soluble organics with
efficiencies of 49% and 94%, respectively, at the highest dosage. Adsorption of metals and soluble
organics was mainly controlled by physisorption and chemisorption. Diffusion of metals and soluble
organics into the different pore sizes was not the most important rate-limiting step. ACN and BW
had better structural properties and treated SWW most effectively. BPB and BCH removed metals
but not soluble organics, which could be beneficial for SHS recycling.

Keywords: soil washing; treatment; adsorption; pyrolysis; biochar; heavy metals; humic substances;
soluble organics

1. Introduction

Soil washing is one of the most widely used and studied off-site techniques for
remediating metal-contaminated soil [1]. Some conventional washing agents used in soil
washing (e.g., acids, EDTA) can diminish the quality of the treated soil. Nowadays, there
is a trend toward using new-generation washing agents in the form of naturally soluble
organic substances to minimize harmful effects on the physicochemical properties of the
washed soil and to make remediation more sustainable [2,3]. The main sources of these
novel agents can be geochemical resources, unprocessed wastes (e.g., municipal sewage
sludge, agricultural wastes), and processed wastes (e.g., residue after anaerobic digestion,
compost) [4]. Utilizing waste as a source of washing agents for soil washing is consistent
with the principles of a circular economy. In the previous studies, it was demonstrated
that soluble humic substances (SHS) derived from municipal sewage sludge could serve as
an alternative washing agent to synthetic EDTA. SHS from sewage sludge contains fulvic
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acids (FAs) and humic acids (HAs), and they possess great potential for remediating soils
highly polluted with Cu, Pb, and Zn (removal efficiency of 60-90%), promote recovery of
soil function, and have limited soil toxicity [5,6].

Treating soil with a given washing agent generates large amounts of soil washing
wastewater (SWW) [7,8], also known as spent soil washing solution [1]. Real SWW have
complex compositions. They contain soluble metals at different concentrations, residual
spent washing solution, competing cations washed from the soil, and other coexisting
soil contaminants [7,9-11]. The resulting physicochemical properties of SWW (e.g., pH,
conductivity, contaminant concentrations) can vary substantially depending on the type of
soil remediated, the type and concentration of contaminants, the type and properties of the
washing solution, and the operating conditions used for soil washing.

For example, the SWW from soil treatment with FeClz contained high concentrations
of Zn (212.5 mg/L) and Cd (84.4 mg/L) [12]. For comparison, SWW from soil treatment
with EDTA had an initial pH of 6.64 and contained metals at various concentrations:
258 mg/L of Pb, 290.1 mg/L of Zn, 5.9 mg/L of Cu, and 1.8 mg/L of Cd [8]. The SWW
produced by soil washing with NaOH mixed with an amphoteric surfactant had an alkaline
pH (13.1) and high concentrations of inorganic and organic pollutants: 14.5 mg As/L,
241 mg Cr/L, 8.22 mg Cu/L, 6.42 mg/L of pentachlorophenol, and 127 ng/L of polychlori-
nated dioxins and furans [13]. Due to its complex composition, a complete treatment of
SWW can be challenging. Nevertheless, SWW should be treated before final disposal, or it
can be regenerated and reused for subsequent soil treatments. Proper disposal of SWW is
an essential part of a complete remediation process.

So far, experiments on the treatment of SWW have been conducted mainly with
conventional washing agents such as chelating agents, i.e., EDTA, EDDS [8,14], HCl solu-
tions [7,10], FeCls solutions [12,15]; and plant biosurfactants, e.g., saponin, with the aim of
recovering these agents and making the soil remediation process more cost-effective [16].
Adsorption, precipitation, advanced oxidation processes, and membrane technology can
be used to treat SWW [16]. A combination of soil washing with selective adsorption of pol-
lutants from SWW and final disposal of the adsorbent [17] may be an important alternative
due to its high efficiency, lower cost, and ease of operation compared to other methods [18].
Recently, adsorbents tested for treating SWW from the washing of metal-contaminated
soils have mainly included agricultural wastes, e.g., garlic peels [19] and coffee grounds [7],
metal oxides in modified nanoparticles [20], or graphene oxide [10].

The growing demand for sustainable and renewable energy sources has led to in-
creased interest in converting biomass into valuable bioproducts through pyrolysis. Biochar,
as a solid carbon bioproduct, is a well-known adsorbent for removing complex inorganic
and organic contaminants. Current research aims to replace activated carbon with biochar
to reduce the cost of treatment processes and take advantage of the specific properties of
biochar. The properties of biochar depend on the type of feedstock, the technology used to
pre-treat the feedstock, the thermal process, and the post-treatment of the biochar. Due to
its porous properties, high surface area, and functional groups, such as phenol, hydroxyl,
and carboxyl groups, biochar is highly adsorbent [21]. Biochar is an attractive adsorbent
also due to its low cost of production, economic advantages, possibility of conversion to
biochar, and wide availability of raw materials [22,23].

The biomass for producing biochar comes from a wide range of organic materials, such
as plant residues, sewage sludge, manure, agro-industrial biomass, etc. Thus, biochar pro-
duction enables improvements in waste management and sustainable resource utilization.
Biochar is becoming increasingly important as a solution for the removal of pollutants in in-
dustry and agriculture to improve environmental quality. It has great potential for treating
various types of wastewater, such as industrial, municipal, and agricultural waters, as well
as stormwater [24]. Its ability to simultaneously remove inorganic and organic pollutants
makes it a potentially suitable adsorbent for treating SWW generated by washing soils
contaminated with heavy metals. Biochar is a popular additive for immobilizing metals
in contaminated soils, but its application for treating SWW is a new approach. There is
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only one paper in the literature on applying pristine and modified biochar for treatment of
FeCls SWW after washing soil contaminated with Cd, Cu, Pb, and Zn [12]. In general, there
is a lack of information on the treatment of wastewater generated by soil washing with
“green” washing agents [1], such as soluble humic substances (SHS) recovered from waste.
Given the advantages of adsorption processes for treating wastewater and post-treatment
waters and the possibility of using biochar to remove complex pollutants, the present
study aimed to compare the efficiency of biochar produced from different feedstocks with
that of commercial activated carbon (as a reference adsorbent) for treating SWW from soil
remediation with SHS from municipal sewage sludge at various adsorbent dosages, and
adsorption times. We hypothesized that willow biochar, mixed plant biomass biochar,
and coconut shell biochar would have different effects when used to treat SWW from soil
washing with SHS.

2. Materials and Methods
2.1. Soil Characterization and SHS Preparation

For remediation, soil spiked with high levels of Cd, Cu, Ni, and Pb and aged for two
years (at room temperature and a moisture content of 65% of its water holding capacity)
was used. The soil had the following characteristics: loamy texture, pH in KCI of 6.3,
organic matter of 10.6%, 47 mg/kg (Cd), 1020 mg/kg (Cu), 498 mg/kg (Ni), 4094 mg/kg
(Pb), and 2110 mg/kg (Zn).

Soluble humic substances (SHS) extracted from dried and ground municipal sewage
sludge from the municipal wastewater treatment plant in Olsztyn (Poland) were used as
washing agents for soil treatment. Previous research has shown that municipal sewage
sludge is an important source of SHS [6]. The full procedure for SHS extraction has been
described in [25]. Briefly, prior to SHS extraction, the sewage sludge was pretreated with
distilled water to remove non-humus substances (e.g., sugars and proteins) and defatted
with a mixture of chloroform:methanol to remove fats, waxes, and bitumen in a MarsXpress
microwave oven (CEM, Corporation, Matthews, NC, USA) at 65 °C [16]. The extraction
of SHS was conducted with 0.1 M NaOH for 24 h. Then, the suspension was centrifuged
and filtered with a 0.45-um filter. The concentration of the obtained SHS was 3654 mg
TOC/L. For soil washing, the SHS was diluted with water, and the pH was adjusted with
1 M HNO:;.

2.2. Soil Washing with SHS

Batch soil washing was performed at a ratio of soil to SHS of 1:40 (w/v) in polyethy-
lene tubes for 24 h. Samples were shaken using an Intelli-Mixer RM-2L. After washing,
the supernatants were separated from the soil by centrifugation and filtration through a
0.45 pm filter. The solution from soil washing is referred to as soil washing wastewater
(SWW). The characteristics of the SHS and SWW are compared in Table 1.

Table 1. Characteristics of SHS and SWW solutions (mean + SD, n = 3).

Property Unit SHS SWW

pH - 40+0.1 49 +0.1
Electrical conductivity mS/cm 36.6 + 4.5 649 + 1.5
Total organic carbon 2200.0 £ 20.6 1934.0 = 11.6
Total inorganic carbon 6.5+ 0.6 6.4+02
Calcium (Ca) 15.6 £ 2.6 127.6 + 6.5
Magnesium (Mg) 151+£19 299 4+ 3.2
Sodium (Na) me /L 1025.5 + 8.9 1022.9 + 10.6
Cadmium (Cd) & 0.1 +£0.02 0.5+ 0.08
Copper (Cu) 6.1+04 103 £1.3
Nickel (Ni) 0.1 +£0.03 3.1+06
Lead (Pb) 0.05 + 0.1 7.8 £0.02
Zinc (Zn) 3.0+03 142 +£09
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2.3. Types of Adsorbents and Their Characterization

Three types of biochar were made from pyrolysis at 650 °C (pyrolysis time 15 min,
heating rate 3 °C/s) of willow biomass (BW); a mixture of plant biomass, including willow,
alder, and oak (BPB); and coconut husks (BCH) (Fluid S.A., Sedziszéw, Poland) and then
used to treat SWW via batch adsorption. As a reference adsorbent, commercially available
Norit SX2 activated carbon (ACN) was purchased from Chempur Company (Piekary
Slaskie, Poland) (Figure 1).

()

Figure 1. Adsorbents used for treatment of SWW: (a) BW, (b) BPB, (c¢) BCH, and (d) ACN.

For the experiment, the biochars were crushed and sieved through a 1 mm sieve. The
ACN was used in the original form provided by the manufacturer. The adsorbents were
characterized in terms of their textural properties (surface area, pore volume, and pore
size); content of moisture, volatile matter, ash, fixed carbon, and elemental composition;
pH; electrical conductivity (EC); total heavy metals (Cd, Cu, Fe, Ni, Pb, and Zn); and
macroelement concentrations (Ca, Mg, and Na). In addition, a qualitative analysis of
surface oxygen-containing functional groups and a mineralogical analysis were performed.

2.4. Treatment of SWW

The SWW was treated with the biochars and ACN under batch laboratory conditions.
The effectiveness of SWW treatment with the tested sorbents was determined depending on:

- The adsorbent dosage (12.5; 25; 50; and 100 g/L): in this experiment, 20 mL of SWW
was shaken at different adsorbent dosages for 24 h at 90 rpm; then samples were
centrifuged at 8000 rpm for 10 min and filtered through a 0.45 pum filter;

- Adsorption time (30, 60, 120, 180, and 1440 min): this experiment was performed with
an adsorbent dosage of 100 g/L; the samples were prepared in the same way as in the
previous experiments.

In the treated SWW, the following characteristics were determined: pH, conductivity,
and concentrations of total organic carbon (TOC), heavy metals (Cd, Cu, Ni, Pb, and Zn),
and macroelements (Ca, Mg, and Na).

2.5. Analytical Methods

A pH meter (HI 221, Hanna Instruments, Woonsocket, RI, USA) and a conductiv-
ity meter (HI 8733, Hanna Instruments, Woonsocket, RI, USA) were used to measure
both pH and electrical conductivity (EC) of distilled water extracts (1:10 w/v). To de-
termine moisture content, volatile matter (VM) content, ash content, and fixed carbon,
proximate analyses were performed on the sample by drying it at 105 °C for 18 h, 950 °C for
10 min, and 750 °C for 6 h. Using 1-3 mg of the finely ground and sieved sample, the
elemental composition of the adsorbents (C, H, and N) was analyzed using a FLASH 2000
elemental analyzer (Thermo Scientific, MA, USA). The oxygen content was calculated
from the difference, including C, H, N, and ash. The H/C and O/C molar ratios of the
adsorbents were calculated on the basis of their elemental compositions. The pore size
distribution was calculated using the Barret-Joyner—-Halenda method (Micrometrics ASAP
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2420 M, Norcross, GA, USA) based on the desorption plot of the N2 adsorption-desorption
isotherm. The Brunauer-Emmet-Teller (BET) specific surface area was calculated by fitting
the BET equation to the linear part of the BET plot. Fourier transform infrared spectra with
attenuated total reflectance (FT-IR/ATR) were recorded in the 3600-600 cm ! range with
4 cm~! resolution at room temperature (Nicolet 6700 spectrometer and Meridian Diamond
ATR accessory; Harrick, NY, USA). Samples were applied directly to the diamond crystal
prism and brought into intimate contact with the diamond surface by a pressure tower. The
interferograms of each spectrum from 512 scans were averaged. ATR spectra were recorded
using dry potassium bromide (48 h, 105 °C) as reference material. All ATR spectra were
corrected for carbon dioxide and water vapor. No smoothing algorithms were applied.
At least three replicates were performed for each spectral measurement. Mineralogical
XRD analysis of the adsorbents was performed using an X'Pert Pro diffractometer with
an X’Celerator Scientific detector (Malvern Panalytical, Malvern, UK) at an angular range
of 7-120° (2Theta). X-ray photoelectron spectroscopy (XPS) was performed using the
multi-chamber UHV system (PREVAC, Rogéw, Poland). The hemispherical Scienta R4000
electron analyzer was used to obtain the spectra. A complementary piece of equipment
was the Scienta SAX-100 X-ray source (Al K, 1486.6 eV, 0.8 eV band) coupled with the
XM 650 X-ray Monochromator (0.2 eV band). The pass energy of the analyzer was set to
50 eV for regions (high resolution spectra): Cls, Ols, and N1s with a 50 meV step and
200 eV for survey spectra (with a 750 meV step). The analytical chamber had a base pressure
of 2 x 1077 mbar. It did not rise above 3 x 10~8 mbar during the spectrum collection.
All the spectra processing and fitting were performed using CasaXPS software v. 2.3.25.
For quantitative analyses, theoretical cross-sections were used. Envelopes of Cls and Ols
spectra were fitted using asymmetric peaks for aromatic carbon components (line shape:
LF(1.32,1.92,20,30,1)) and Gaussian-Lorenzian profiles (70% Gaussian, 30% Lorenzian) after
applying Shirley backgrounds.

The concentration of SHS (as TOC) in the samples before and after the adsorption
experiments was measured using a Shimadzu Liquid TOC-VCSN analyzer. To measure
the total metal (Cd, Cu, Fe, Ni, Pb, and Zn) and macroelement concentrations (Ca, Mg,
and Na), the dried adsorbent samples were digested in a MarsXpress microwave oven
(CEM, Corporation, Matthews, NC, USA) with 6 mL of HNOj acid, 2 mL of HyO,, and
0.4 mL of HF acid. The samples were heated to 190 °C in 15 min, then digested at 190 °C
for 20 min [26]. After cooling, the samples were filtered through Whatman 42 filters into
volumetric flasks. The concentrations of heavy metals in the SHS, the SWW both before
and after adsorption, and the digested adsorbents and soil were measured using a flame
atomic absorption spectrometer (FAAS) (Varian, AA28OFS, Mulgrave, Australia). Metals in
soils were fractionated into exchangeable and acid-soluble (F1), reducible (F2), oxidizable
(F3), and residual (F4) fractions [27]. The accuracy of metal analysis by FAAS was validated
by the analysis of CRM 142 R reference material.

2.6. Calculation and Statistical Methods

The adsorption capacities (q) and removal efficiencies (E) for heavy metals and soluble
organics at different adsorption conditions were calculated using Equations (1) and (2):

(CO - Ce) %
m

\Y 1)

C0 - Ce)

po x 100% )

0
where Cy (mg/L) and Ce (mg/L) are the concentrations of heavy metals or soluble organics
(as TOC) in SWW before and after adsorption, respectively; m (g) is the mass of the
adsorbent; and V (L) is the volume of SWW.
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Pseudo-first-order, pseudo-second-order, and intraparticle diffusion models were
employed to describe the adsorption kinetics of metals and soluble organics as given in
Equations (3)—(5), respectively:

q =g, (1—e7) ©)

kzqgt
_ . 4
U= 1 kg t) @)

q = kit” + G (5)

where qe (mg/g) is the capacity of the adsorbent at a given time and equilibrium; k; (1/min)
and ky (g/(mg-min)) are the rate constants of pseudo-first-order and pseudo-second-order
models’, respectively; k; (mg/g-min®?) is the rate constant of the intraparticle diffusion
model; and C; (mg/g) is the adsorption constant of the intraparticle diffusion model, which
describes the effect of boundary layer thickness on adsorption.

The validity of the kinetic models was evaluated by the correlation coefficient (R?)
(Statistica 13.3). Adsorption experiments were performed in triplicate, and the mean and
standard deviation are reported. A one-way analysis of variance (ANOVA) was performed
to examine differences between treatments of SWW with BW, BPB, BCH, and ACN. Tukey’s
HSD test was performed to further analyze the significant differences identified by ANOVA
(Statistica 13.3).

3. Results and Discussion
3.1. Metal Removal from Soil

Figure Al (Appendix A) shows the distribution of heavy metals in the contami-
nated soil and the removal of heavy metals from the soil with the SHS in the single-
stage soil washing process. In the spiked soil, aged for two years, the heavy metals
occurred in varying total concentrations, which is typical for real contaminated soils. The
removal of individual metals from heavy contaminated soils with SHS was differentiated,
which was related to their total content, their distribution in the soil, and the affinity of
SHS for individual metals. The heavy metal removal efficiency decreased in this order:
Cd (44.3%) > Cu (40.4%) > Zn (27.0%) > Ni (25.2%) > Pb (7.6%). The highest removal
was obtained for Cd, whose total concentration was the lowest and mobility (the propor-
tion in the F1 fraction) the highest. Cd, such as Zn, is characterized by high mobility in
contaminated soils, which increases under acidic conditions [25].

Although Zn was also mobile in soil, its removal efficiency was lower than that of Cd
since the total concentration of Zn was about 45 times higher than that of Cd. Although Ni
was more mobile than Cu (152.7 mg/kg of Ni and 126.3 mg/kg of Cu in the F1 fraction),
the removal efficiency was higher for Cu than for Ni. Many studies confirm that SHS from
various sources is effective in removing Cu due to the affinity of the carboxyl and phenolic
groups of SHS to Cu [5,28,29]. In addition, the efficiency of metal removal through soil
washing with SHS strongly depends on soil washing conditions [28]. The SHS can also be
effective for Pb removal [29]. Under the soil washing conditions used in the present study
(SHS concentration of 2 g/L, washing time of 24 h, single-stage washing), the removal
efficiency of Pb was below 10%. The previous study, with the use of SHS extracted from
compost, revealed that the efficiency of metal removal with SHS at a concentration of
2.1 g/L and pH 4 was comparable to those values obtained for SHS from sewage sludge:
44.1% (0.52 mg/L) for Cd, 22.1% (5.64 mg/L) for Cu, 17% (2.12 mg/L) for Ni, 12.9%
(13.2 mg/L) for Pb, and 11% (5.80 mg/L) for Zn [25]. A considerable improvement in metal
removal was observed after triple soil washing with SHS. Because the aim of this study was
not the optimization of soil washing with SHS but the treatment of wastewater generated
by soil washing, wastewater generated in single-stage soil washing was used.
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3.2. Adsorbent Characterization

The selected physicochemical properties of the tested adsorbents are listed in Table 2.
The adsorbents differed in their structural properties, including surface area, pore volume,
and pore size. Total pore volume and surface area were highest for ACN and BW, providing
more active sites for pollutant adsorption. Based on the micropore volume and total pore
volume, the proportion of micropores in the total pore volume decreased in this order:
BW (76%) < ACN (24%) < BPB (9%) < BCH (4%). The average pore diameter of BW
and ACN was characteristic of mesoporous materials (2-50 nm) [30], while the average
pore diameter of BPB and BCH was typical for macroporous materials (>50 nm). Surface
area and porosity are the most important physical properties affecting the metal sorption
capacity of biochar [21]. Additionally, pore size is important for the sorption of metals.
Adsorption of large sorbates, regardless of their charge or polarity, onto biochar with small
pore sizes may be limited [31], because mesopores are needed for their adsorption [32].
The structural properties of biochar vary significantly depending on the type of feedstock
and the temperature of pyrolysis. Lignin-rich biomass (e.g., bamboo and coconut shells)
produces microporous-structured biochar, while cellulose-rich biomass (e.g., shells) yields
predominantly macroporous-structured biochar [33]. Jindo et al. [34] showed that, with an
increase in pyrolysis temperature from 400 to 800 °C, the surface area of oak tree biomass
increased from 5.6 to 398.1 m? /g, while that of risk husk biomass increased from 193.7 to
295.6 m?/g. In general, the surface area of biochar can vary over a wide range, from less
than 1.0 to about 500 m? /g [35]. Some commercial activated carbons have a high surface
area of nearly 1000 m?/g, a total pore volume of 0.5 cm3/g, and an average pore diameter
of 2-3 nm [30,32].

Table 2. Physicochemical properties of adsorbents (1 = 3, mean =+ standard deviation).

Adsorbent
Characteristic
BW BPB BCH ACN
Average pore diameter (nm) 53 127.0 128.6 7.2
BET surface area (m?/ g) 313.7 2.36 2.88 659.4
Micropore surface area (m?/g) 2729 0.52 0.29 347.3
Total pore volume (cm?3/ g) 0.1132 0.0089 0.0012 0.6116
. 3 o/ % 0.0859 0.00077 0.00052 0.1456
Micropore volume (cm”/g) (%) 76 9 4 24
Moisture (%) 5.2 4.1 4.6 4.7
Volatile matter (%) 26.3 27.2 35.1 13.7
Ash content (%) 8.8 7.0 7.8 8.2
Fixed carbon (%) 59.7 61.7 52.5 73.4
pH 10.35 + 0.29 7.90 £ 0.1 7.65 + 0.09 9.58 + 0.18
EC (mS/cm) 29+00 20+£00 0.06 £ 0.0 1.2+ 0.0
Total C (%) 75.27 + 0.45 77.21 +2.32 67.64 +3.42 78.33 £ 0.64
Total H (%) 1.94 +0.13 2.14 +£0.18 3.00 £+ 0.05 0.71 £0.15
Total N (%) 1.78 +0.24 0.50 + 0.09 0.90 +£0.14 1.63 + 0.09
Total O (%) 12.2 13.1 20.7 11.1
H/C mole ratio 0.31 0.30 0.53 0.11
O/C mole ratio 0.12 0.13 0.23 0.11

* The % value is the ratio of the micropore volume to the total pore volume x 100.

The content of volatiles in the tested adsorbents ranged from 13.7% (ACN) to 35.1%
(BCH). Such values are typical for biochar produced at high pyrolysis temperatures, as
the loss of volatiles is greater. All adsorbents contained a small amount of ash (7.0-8.8%),
which is consistent with the data in the available references. Wood-derived biochar has
an ash content of less than 10%, while non-wood-derived biochar has a high ash content
(>50%) [36]. Ash contains potassium (K), calcium (Ca), magnesium (Mg), carbonates,
and heavy metal compounds that prevent the formation of aromatic structures, which
contribute significantly to the fixed carbon content [37,38]. In the present study, the fixed



Energies 2023, 16, 4311

carbon content in the adsorbents was high and ranged from 52.5% (BCH) to 73.4% (ACN),
indicating that the adsorbents were highly stable.

All the adsorbents had an alkaline pH: BPB and BCH were slightly alkaline, while BW
and ACN were more alkaline (pH of 10.35 and 9.58, respectively). The alkaline character
of biochar is usually due to the presence of basic cations (mainly Ca, Mg, K, and Na),
which are converted to oxides, hydroxides, and carbonates during pyrolysis, and to high
electrical conductivity (EC), which indicates the presence of soluble salts. In the present
study, BW and ACN had higher ash contents (8.8% and 8.2%, respectively) compared
to the other biochars. BW had the highest EC, while ACN had the highest Na content
(9.3 g/kg) (full data not shown). When biochar is produced at high temperatures, its
content of basic cations (e.g., Na, Ca, and Mg) and carbonates increases while that of acidic
functional groups decreases, contributing to a higher pH [21]. For example, when the
temperature was increased from 200 to 800 °C, the basic functional groups on the surface
of biochar prepared from Conocarpus waste increased from 0.15 to 3.55 mmol/g, while the
acidic functional groups decreased from 4.17 to 0.22 mmol/g, which was reflected by the
increase in the pH of the biochar from 7.37 to 12.4 [39]. Among the adsorbents tested in the
present study, BW had the highest salinity (as EC), while BCH had the lowest salinity.

All the adsorbents had relatively high C contents (67.6-78.3%), which are typical of
biochars produced at high temperatures and fulfilled the European Biochar Certificate
(EBC) requirements for biochar quality (>50% d.m.). The contents of O, H, and N were
progressively lower than those of C. The adsorbents had different H/C ratios, but all
exhibited a high degree of carbonization and stability (H/C ratio < 0.7, according to [26]).
As shown by the H/C ratio, ACN was the most condensed of the adsorbents, while BCH
was the least condensed. These results were consistent with those regarding the volatile
matter and fixed carbon contents (Table 2). During pyrolysis, the increase in C content due
to polymerization, dehydration, and volatilization is inversely related to the change in H
content. The H content is lost through dehydration, while the C content increases through
condensation and graphitization, which affect the H/C ratio [38].

The adsorbents had relatively low molar ratios of O/C (0.11-0.23), which could be due
to the fact that the biochars were prepared at high temperatures (650 °C), favoring a greater
loss of H and O than of C [34]. The H/C and O/C ratios indicate that BW and ACN were
more hydrophobic than BPB and BCH. These properties can be important for the treatment
of SWW, which contains SHS, heavy metals, and some macroelements. Aromatic and
aliphatic moieties in biochar have been found to be important for the sorption of organic
compounds [40].

The XPS spectra of BW, BCH, BPB, and ACN are shown in Figure 2a, and their surface
elemental compositions are listed in Table 3. The XPS confirmed that C and O were
the main components of the adsorbents. BCH contained the least amount of surface C,
84.0%at. (atomic percentage), while the content in ACN exceeded 91.4%at. The amount
of O was lowest in ACN (7.7%at.). In the other adsorbents, the content ranged from
11.5 to 14.5%at. Small amounts of N and Ca or Si were present in all adsorbents, which can
be attributed to the composition of the raw biomass used as substrates. The individual
spectra of the materials studied are shown in Figures A2-A5 (Appendix A). The elemental
surface composition alone is not sufficient to explain the differences in the overall removal
efficiency of the heavy metals. As mentioned earlier, aromatic/graphitic structures play an
important role in the sorption of heavy metals due to the interactions of their m-electrons
with the metals. To a lesser extent, carboxyl groups may also play a role. The results of
fitting C1s spectra and O1s spectra are shown in Figures A6 and A7 and in Tables A1 and A2
(Appendix A). The concentration of surface aromatic structures was clearly highest in ACN,
reaching 63.4%at. The percentage of such structures in BCH, BW, and BPB was 33.6,29.1,
and 40.3%at, respectively. These results are in agreement with the FTIR measurements
(Figure 2¢).
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Figure 2. XPS spectra (a), XRD spectra (b), and FT-IR/ATR spectra (c) of studied adsorbents. The
XRD spectra were matched with different colors: green for BW, pink for BPB, red for BCH, and blue
for ACN ([0 SiO; quartz; ¢ CaCOj calcite; * CaMg(CO3), dolomite).
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Table 3. Surface elemental composition of adsorbents (atomic percents) determined by XPS.

Adsorbent Element Binding Energy (eV) Conc. (%at.)
BW C 285.0 85.2
N 399.8 0.8
O 533.3 13.5
Si 103.5 0.4
BPB C 285.0 87.2
N 399.8 0.6
O 532.5 11.5
Ca 347.3 0.7
BCH C 285.0 84.0
N 399.0 1.2
O 533.3 14.4
Ca 348.0 0.5
ACN C 285.0 914
N 402.0 0.5
@) 533.3 77
Si 102.8 0.4

Several principal bands can be observed in the FT-IR/ATR spectra of adsorbent
samples (Figure 2a). The band at ~3200 cm ! is responsible for the presence of O-H groups
in carboxylic acids [41,42].

The band at about 3043 cm !, which is the most intensive in the FT-IR/ATR spectrum
of the BCH sample, is attributed to =C-H stretching in aromatic structures. The presence
of these structures can be confirmed by analyzing the spectral range below 1600 cm ™!,
where relatively intense bands at 1576 cm~! (BCH spectrum) and 1558 cm ! (BW and BPB
spectra) as well as multiple bands within the 880-700 cm ! range (aromatic structures out-
of-plane bending modes) [42,43] are present. The lowest intensity of the bands indicating
the presence of aromatic structures is visible in the spectrum of the ACN sample. However,
the band at ~1576 cm ™! may be attributed to both C=C stretching in aromatic structures
and C=0 stretching in ketones, quinones, and/or carboxylates [44]. Similarly, the band
at ~3043 cm~! may be the result of the overlapping of both stretching modes of aromatic
and/or unsaturated aliphatic hydrocarbons [45]. The bands of aliphatic C-H stretching,
mainly ~CHj substituents of aromatic rings (2952 and 2848 cm~!) and methylene bonds
connecting aromatic rings (<CHp— at 2919 cm™1!), are present in all biochar spectra. These
bands are the most intensive in the BCH spectrum.

The presence of C=O groups is confirmed by the shoulders at 1689 and 1650 cm !
(aldehyde/ketone, carboxyl) [42]. Peaks between 1422 and 1035 cm~! indicate the presence
of C-O and O-H in alcoholic, phenolic and carboxylic groups (1356 cm~!) or C-O-C
stretching in ethers. Bands indicating the C-H deformation in aromatic structures can
also appear within this range (1200-1000 cm~!). Additionally, the presence of bands of
inorganic compounds in biochars (i.e., carbonates, sulfates, phosphates, and silica) cannot
be excluded. The wide band in the range of 1300-1000 cm ™! may have the contribution
of both oxygen functional groups (e.g., C-O) and stretching vibrations of Si-O-5i bridges
in quartz. The vibrations of the carbonate ions may also have a contribution in ~1409,
~1100, and 874 cm~! bands [41]. These data can be confirmed by XRD analysis (Figure 2b).
The intensity of oxygen functional group bands is the highest for BCH biochar, and the
0O/C mole ratio value seems to confirm it (Table 2). Those bands have a lower but similar
intensity for BW and BPB samples, and the O/C molar ratio for these biochars is also
similar. Spectroscopic data are therefore consistent with the physicochemical characteristics
of the examined biochars.

12
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3.3. The Effect of Adsorbent Dosage on SWW Treatment
3.3.1. Changes in pH and EC

The application of the adsorbents at different dosages changed the pH and EC in the
treated SWW (Figure 3). Initially, SWW was strongly acidic (pH 4.88). The addition of the
lowest dosage of BW (12.5 g/L) considerably increased the pH to an alkaline value (7.49);
the same dosage of ACN increased it to a nearly neutral value (6.97); and the same dosages
of BPB and BCH increased the pH by lesser amounts (to pH 5.88-5.95). As the dosage
of each of the adsorbents was increased, the pH of the treated SWW also increased, with
the values being highest at a dosage of 100 g/L (Figure 3a). At this dosage, the pH in the
SWW treated with BW, ACN, and BPB was alkaline (pH 8.26, 7.94, and 7.26, respectively),
while the pH in the SWW treated with BCH remained somewhat acidic (6.26). BW biochar
increased the pH to the greatest extent, indicating that it has the highest alkalinity of the
four adsorbents. BCH increased the pH by the smallest amount, which may indicate that it

has a lower ion-exchange capacity compared to other adsorbents.
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Figure 3. Values of pH (a) and EC (b) in SWW after addition of adsorbents at different dosages
(sorption time 24 h, SWW concentration 1.9 g TOC/L) (n = 3, for EC standard deviation £(0.1-0.5)).

All of the adsorbents lowered the EC in the SWW. At the lowest dosage of the ad-
sorbents, the EC in the SWW was more than 3-fold lower than it was before adsorption
(Figure 3b). Although the use of BW biochar at the highest dosage (100 g/L) lowered
the EC by the largest amount, from 65 to 11.7 mS/cm, increasing the dosages of the ad-
sorbents beyond 12.5 g/L did not result in substantial further changes to the EC. The
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decreases in the EC of the SWW can be connected to the sorption of different dissolved ions
affecting salinity.

In the present study, the concentrations of three representative constituents of salinity
(Na, Ca, and Mg) were monitored. The concentrations of the investigated alkali cations
in the treated SWW are shown in Table 4. The removal of Na, Ca, and Mg from SWW
with the different adsorbents varied depending on the type of adsorbent and its dosage. A
concentration of these alkali cations that is lower than their initial concentration indicates
that they were sorbed onto the adsorbents (positive values of RE), whereas a higher
concentration indicates that they were released from the adsorbent during the adsorption
process (negative values of RE). Such releases of alkali metals were particularly evident
after treatment with BW biochar.

Table 4. Concentrations of Na, Ca, and Mg in SWW and their removal efficiency (RE) with different
adsorbent dosages (1 = 3).

Adsorbent Dosage Na RE Ca RE Mg RE
(g/L) (mg/L) (%) (mg/L) (%) (mg/L) (%)
0 10229 £22.1 127.6 £59 299+21
12.5 1167.9 + 15.6 —14.2 182.6 = 9.4 —43.1 579 £4.7 —93.9
BW 25 1167.7 £ 23.1 —14.2 179.8 £3.9 —41.0 58.6 = 3.1 -96.3
50 1041.8 = 10.9 —18.0 129.0 = 6.4 -1.2 496 4.4 —66.2
100 9774 £ 8.9 4.4 88.0 £3.3 31.1 53.5£4.9 -79.1
0 10229 £ 16.7 127.6 £2.7 299+13
12.5 5142 +9.1 49.7 1453 £ 6.2 —139 40.1+£23 —34.3
BPB 25 5124 £5.9 49.9 162.0 & 3.1 —27.0 257 £1.2 14.0
50 4954 +71 51.6 1552 £29 —21.7 25.0+£0.9 16.2
100 497.0+£73 51.4 158.1 2.8 —23.9 427 £2.8 —43.0
0 1022.9 +19.1 127.6 3.1 299 £1.0
125 520.3 = 10.1 49.1 1213 £12 49 51.5+£21 -723
BCH 25 530.9 £8.2 48.1 1219 £39 4.4 475 £3.7 —59.1
50 501.5+9.4 51.0 1239 £4.1 2.9 476+ 1.7 —59.5
100 4847 £7.2 52.6 146.6 =24 —149 749 1 4.2 150.8
0 1022.9 +27.0 127.6 £ 4.1 299 £1.2
12.5 497.0 £ 18.1 51.4 98.9 +£3.1 22.5 372409 —24.7
ACN 25 489.3 +13.7 522 7814338 38.7 327+13 -95
50 489.3 £10.6 52.2 61.1 £28 52.1 30.3 £1.0 -1.3
100 488.8 £ 9.8 522 469+ 1.9 63.3 214 +£21 28.4

For example, Ca?* and Mg?" cations can be released from complexed functional
groups (such as R-O-Me or R-COO-Me) as well as from Ca or Mg precipitates on the
adsorbent surface. During the process, these complexes and precipitates may be dissociated
or dissolved due to the acidic environment and/or the formation of new precipitates or
complexes containing heavy metal cations [46]. Despite the poor removal of the analyzed
alkali cations with BW biochar, the decrease in the EC in the treated SWW was similar to
that observed with the other adsorbents. This suggests that other dissolved substances
causing salinity (e.g., K, Fe, and SO4) could be removed with the adsorbents, which was
reflected by the decrease in the EC.

3.3.2. Removal of Heavy Metals

The efficiency of heavy metal removal at different dosages of adsorbents is shown in
Figure 4. Although the heavy metal concentrations in the SWW were not high, the complex
composition of the SWW meant that its treatment required higher dosages of adsorbents.
The higher the dosage of the adsorbent, the greater the number of active sites available to
bind metal ions, which leads to an increase in the efficiency of treatment. Removal of Cu,
Ni, Cd, Pb, and Zn was highest with ACN at a dosage of 50 or 100 g/L. At these dosages,
ACN treated SWW with the highest RE (>88%), which made it the most efficient among
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those tested. Increasing the dosage tended to increase the adsorption efficiency of each
biochar, and the highest efficiency of metal removal with the biochars was obtained at
the highest dosage (100 g/L). BW biochar at dosages of 50 and 100 g/L can serve as an
alternative to ACN for treating SWW contaminated with Cd (77-83% RE), Pb (77-83%
RE), and Zn (78-83% RE). The BPB and BCH biochars removed Zn with lower efficiency
(maximum RE 44-66%). With the use of the three biochars at a dosage of 100 g/L, the
efficiency of Cu removal ranged from 32% (BCH) to 41% (BPB), while that of Ni removal
ranged from 18% (BCH) to 42% (BW).
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Figure 4. Removal efficiency (RE) of heavy metals from SWW at different adsorbent dosages:
(a) Cd, (b) Cu, (c) Ni, (d) Pb, and (e) Zn (sorption time 24 h). For a given metal and specific dosage of
adsorbent, values of RE followed by different letters are significantly different (ANOVA followed by
Tukey’s HSD test, p < 0.05).

When the dosage of biochar reaches a certain value, the adsorption capacity ceases
to increase. Therefore, maximum removal can be achieved with the optimal dosage [47].
According to the obtained results, the optimal dosage for metal removal from SWW with
ACN is 50 g/L. Such an optimal dosage cannot be given for the biochars because the metal
removal efficiency increased almost linearly with the increase in biochar dosage.
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Usually, the optimal biochar dosages for metal removal from aqueous solutions are
much lower than the dosages that were used for metal removal from the SWW after soil
washing. For example, Shan et al. [48] found that the optimum dosage of peanut shell
biochar for Cd, Cu, Ni, Pb, and Zn removal from an aqueous solution was only 2 g/L. Chen
et al. [49] found that, at a dosage of 10 g/L, >90% of Cu and Zn were removed by corn
straw biochar produced at 600 °C, and 40-70% of metals were removed with biochar made
of a mix of hardwoods at 450 °C.

The major mechanisms controlling the sorption of metals by biochar from aqueous
solutions include complexation, cation exchange between protons or alkali metals, precip-
itation, and electrostatic interactions [50]. The role that each of these mechanisms plays
can vary greatly depending on the target metal [21]. The complexation of metals mainly
involves interactions with functional groups. In addition, complexation can be facilitated
via 7-cation interactions with more aromatic and condensed adsorbent structures (linking
metal d-electrons and C=C (m-electrons) through coordination bonds) [48,51]. The last
mechanism may be particularly relevant for ACN, which had the lowest H/C ratio, the
highest content of fixed carbon (Table 2), and the most aromatic structure according to
XPS analysis.

Metal precipitation plays an important role in biochars containing carbonates, phos-
phates, sulfides, hydroxides, and silicates [52]. In the present study, the XRD patterns
showed the presence of SiO, only (in ACN), CaCOj3 and SiO; (in BW, BPB, and BCH),
and CaMg(COg3); (only in BCH) (Figure 2b), which could have been responsible for the
formation of insoluble compounds with the metals. Fei et al. [52] demonstrated the partici-
pation of Si-O-Si bonds in the Cd sorption onto rice straw-derived biochar. According to
Li et al. [53], silicates in biochar can provide sorption sites for Pb.

The role of electrostatic interactions between the negatively charged adsorbent and the
positively charged metal could have differed depending on the type of adsorbent. All the
adsorbents were prepared at high temperatures, which reduced the amounts of negatively
charged functional groups (e.g., -COO-, -COH, and —OH). Based on the H/C and O/C
molar ratios (Table 2) and FTIR spectra, the greatest role of functional groups in metal
removal was for BCH, which had the highest abundance of hydroxyl and carboxylic groups,
while ACN had the lowest abundance. Taking into consideration the higher pH of BW and
ACN, these adsorbents could possibly have more deprotonated functional groups than
BPB and BCH biochars.

Cation exchange could be a co-existing adsorption mechanism, especially with BW
biochar (highest release of Na, Ca, and Mg, Table 4). Zhang et al. [54] showed that the
amount of cations released from water hyacinth biochar (sum of K, Ca, Na, and Mg) was
almost equal to the amount of Cd sorbed, suggesting that cation exchange plays a dominant
role in Cd sorption by biochar and exchangeable cations may play a more important role in
the sorption of metals than the surface area [52]. In the present study, the release of Na, Ca,
and Mg was largest during SWW treatment with BW biochar, which may indicate that ion
exchange plays a role in metal adsorption by this adsorbent (Table 4). Some alkali metals
in biochar (such as Ca, Mg, K, and Na), which are retained by electrostatic effects, inner
sphere complexes with carboxyl and hydroxyl groups, and precipitation, can be replaced
by heavy metal cations in solution during the sorption process [46]. In situations where
functional groups are not fully deprotonated, metals can also be adsorbed by exchange
with protons from carboxyl and hydroxyl groups [55]. Such a mechanism is also possible
in the present study. Lu et al. [46] showed that sludge-derived biochar at pH 5.0 adsorbed
most of the Pb that was present by releasing Ca?* and Mg?" and by Pb complexation with
COOH groups.

In this study, all the biochars effectively removed Pb. This could be because it is more
easily hydrolyzed and has a larger ionic radius than the other metals. In addition, Pb
has a greater affinity for surfaces than many other metals, which provides a competitive
advantage in a coexisting system [51]. Taking into account the release of Ca, Mg, and
Na from the biochars and the efficiency of Pb removal, cation exchange could be the
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dominant mechanism of Pb removal by these adsorbents. With ACN, Pb complexation and
precipitation might play more important roles [21] due to the reduced exchange of alkali
cations (Table 4).

Considering the total pore volume, the average pore diameter of the adsorbents, and
the ionic radii of the metal cations (0.097 nm for Cd, 0.073 nm for Cu, 0.069 nm for Ni,
0.119 nm for Pb, and 0.074 nm for Zn), adsorption through filling of the adsorbent microp-
ores by metal cations may also have improved metal removal, especially in the cases of BC
biochar and ACN [12].

The removal efficiency of Cu and Ni with BW, BPB, and BCH biochars was much
lower than with can, which might be due to the greater competition of these metals with
other coexisting components of the SWW for adsorption sites. Biochar has good removal
efficiencies in single-metal systems but lower capacities in multiple-metal systems due to
the competition between the heavy metals present in wastewater [55].

3.3.3. Removal of Soluble Organics

In this study, the concentration of soluble humic substances in the SWW after soil
washing was assumed to be equal to the concentration of total organic carbon (TOC). To
determine the changes in the concentration of organic compounds after treating the SWW
with the adsorbents, TOC was also used. The changes in TOC in the treated SWW are
shown in Figure 5.

—e— BW —e— BPB BCH — ® = ACN
2500 -
2000 —
=
o 1500 A
£
(@] i
g 1000
=
500 -
O T T T T 1
0 20 40 60 80 100

Adsorbent dosage (g/L)
Figure 5. Removal of soluble organics (as TOC) from SWW at different adsorbent dosages (1 = 3).

The initial TOC concentration in the SWW was 1934 mg/L, and this concentration was
lower than that in the SHS used for soil washing (Table 1), indicating that some portion of
the SHS (12%) was lost from solution during soil washing. On this basis, it can be assumed
that the remaining fraction of soluble organics in the SWW consisted of soluble humic
substances. Based on the methodology of SHS extraction, SHS contains macromolecular
compounds such as humic and fulvic acids [16].

The TOC in the SWW decreased significantly when BW biochar and ACN were used,
even at the lowest dosage (12.5 g/L). At a dosage of 100 g/L, the efficiencies of soluble
organics removal with ACN and BW were 94% and 49%, respectively. The application
of BCH increased the TOC concentration from 2148 mg/L (at 12.5 g/L) to 2326 mg/L (at
100 g/L). Similar trends were observed for BPB. This indicates that BCH and BPB biochars
are not suitable for removing residual dissolved organics from the SWW. Although biochar
is refractory, it can release dissolved organics, the amount and composition of which can
vary greatly depending on the feedstock. The TOC for BW and ACN was 27 and 23 mg/L,
respectively, while for BPB and BCH it was 120 and 132 mg/L, respectively. This could be
an explanation for the increased TOC concentration in SWW treated with BPB and BCH.
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The removal of dissolved organics from SWW may have been higher with ACN and
BW than with the other adsorbents because of the mechanisms of organic removal with
biochars. The first mechanism to consider is a pore-filling mechanism, in which the organics
are at the surface of the biochar, which possesses mesopores (2-50 nm) and micropores
(<2 nm) [50]. The presence of mesopores was shown to be crucial for the adsorption of
humic acids onto biochar and activated carbon [56]. In the present study, ACN and BW
had the best textural characteristics in terms of total pore volume and volumes of meso-
and micropores (Table 2). In experiments with activated carbons and organics of different
molecular weights and molecular sizes (phenol: 94 g/mol and 0.62 nm in diameter; iodine:
254 g/mol and 0.56 nm in diameter; tannic acid: 1701 g/mol and 1.6 nm in diameter), Hsieh
and Teng [32] found that mesopores had a stronger effect on the capacity to adsorb larger
adsorbates because mesopores reduced the length of the diffusion path of the micropores,
and this length generally has a stronger effect on the diffusion of larger molecules than
that of smaller molecules. According to Liu et al. [57], biochar prepared at 900 °C after
modification with hydrochloric acid had a large specific surface area (459.3 m?/g) and a
high porosity, and it removed over 80% of humic acids in aqueous solution at pH 5.0-9.0.
Yan et al. [56] demonstrated that humic acids are better adsorbed on bamboo biochar than
on helmpalm biochar and activated carbon. This is because bamboo biochar has a larger
pore volume and wider pore size distribution and contains more polar functional groups
on the surface, which makes it easier for it to bind humic acid than the other adsorbents.

It was shown that organics can also be adsorbed on the biochar surface through
hydrophobic interaction. The removal took place via hydrophobic interaction due to the
hydrophobic nature of the organics and the adsorbent [50]. In this study, ACN was the most
condensed of the adsorbents (H:C ratio = 0.11, aromaticity of 63.4%at), which could have
facilitated hydrophobic interactions with the hydrophobic parts of the humic substances
from the SWW.

3.4. The Effect of Contact Time on the SWW Treatment
3.4.1. Heavy Metals

By investigating various contact times, it can be determined how long it takes an
adsorbent to adsorb pollutants until adsorption equilibrium is reached. Figure 6 shows the
effect of contact time between the adsorbents and the SWW on metal adsorption capacities.
In general, the capacities of the different adsorbents to adsorb the metals decreased in this
order: Zn > Pb > Cu >Ni > Cd. Only BCH had a higher capacity for adsorbing Pb than Zn
during 180 min of adsorption (Figure 6c).

The adsorption process was fast, but its efficiency depended on the type of metal
adsorbed on a given adsorbent. During the first 30 min of adsorption, the efficiency of
metal adsorption was 72-99% with ACN, 29-85% with BW, 15-82% with BPB, and 6-76%
with BCH. Pb was adsorbed most rapidly by all the adsorbents, with 76-99% of this metal
adsorbed during the first 30 min of adsorption. During rapid adsorption, there are usually
a large number of active sites on the adsorbent surface. Over time, more sites are occupied
by heavy metal ions, and the rate of adsorption slows until equilibrium is reached [48].

The capacities for adsorbing the metals differed during the adsorption time. This
is because metal removal depends not only on the adsorbent properties but also on the
competition between pollutants, which is typical of mixed-pollutant solutions. In the
present study, the SWW from soil washing contained heavy metals, alkaline ions, and
soluble humic substances. Usually, the capacity for removal of a heavy metal is lower in a
mixed solution than it is in a solution with a single solute, which might be due to faster
saturation of the adsorption sites on biochar by mixed pollutants [48].

In the present study, adsorption equilibrium for all adsorbents and metals was reached
at 180 min (Figure 6). Only in the case of Zn adsorption onto BPB was the adsorption
capacity after 180 min about 30% lower than it was after 1440 min (Figure 6b). The literature
indicates that the adsorption time required to achieve equilibrium adsorption of metals
onto biochar varies widely, ranging from a few minutes to a few hours up to 24 h. Zhao
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et al. [55] found that the time to reach equilibrium adsorption of multi-metals (Cr, Cd,
Cu, and Pb) depended on the feedstock used for biochar preparation: 5 min with biochar
from agricultural waste, 5 min to 24 h (depending on the metal) with wood biochar, and
8-24 h with sewage sludge biochar. Chen et al. [49] reported that Cu and Zn adsorption
onto hardwood and corn straw was fast, with 77-83% of adsorption occurring during the
first 120 min, followed by a very slow approach to equilibrium. Liu and Zhang [58] used
biochars prepared from hydrothermal liquefaction of pinewood or rice husk and found
that the contact time needed to reach 95% of the Pb removal equilibrium was less than 5 h
with concentrations of 10-20 mg/L. Mohan et al. [59] used biochars made from oak wood,
pine wood, oak bark, and pine bark and found that 40-70% of total Pb adsorption occurred
within the first hour.

Figure 6. Effect of contact time on the metal adsorption capacities at different times (q) of the tested
adsorbents: (a) BW, (b) BPB, (¢) BCH, and (d) ACN.

For insight into the mechanisms of heavy metal adsorption onto the adsorbents,
the data were analyzed with a pseudo-first-order kinetics model, a pseudo-second-order
kinetics model, and an intraparticle diffusion model (Tables 5 and A3).

Pseudo-first-order kinetics are controlled by physical processes (e.g., weak van der
Waals forces), while pseudo-second-order kinetics are controlled by chemical processes [55].
The high values of R? (from 0.96 to over 0.99) for these two kinetic models indicate that
metal removal from SWW can be explained by these two processes. Other studies on the
application of carbon-based adsorbents have also found that different kinetic models may
describe the rate of adsorption of heavy metals equally well [60,61]. A pseudo-first-order
model is appropriate for the initial contact time but not for the entire time [55].

Adsorption occurs rapidly due to the binding of metal ions to the biochar surface
and is predominantly physical adsorption. Then the adsorption rate slows down, and
chemisorption controls the adsorption process until equilibrium is reached. Additionally,
at this stage, metal ions can diffuse into the macropores and micropores of the biochar
and bind to the inner surface of the biochar to reach the adsorption endpoint [62,63]. The
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rate-limiting steps in adsorption are external mass transfer (interfacial diffusion) and/or
intraparticle diffusion [61].

Table 5. Parameters of pseudo-first-order and pseudo-second-order kinetics models of metal adsorption.

Pseudo-First Order Pseudo-Second Order
Adsorbent/ K R2 k R?
1 Je 2 Je
Metal 1/min mg/g - g/(mg-min) mg/g -
Cd 0.0621 0.0042 0.9965 35.1408 0.0043 0.9992
Cu 0.0553 0.0364 0.9962 3.2075 0.0382 0.9996
BW Ni 0.0423 0.0133 0.9954 6.0823 0.0140 0.9874
Pb 0.1189 0.0667 0.9997 12.4141 0.0673 0.9998
Zn 0.1252 0.1179 0.9998 9.7425 0.1187 0.9998
Cd 0.0543 0.0036 0.9821 26.6563 0.0039 0.9920
Cu 0.0257 0.0475 0.9877 0.7811 0.0516 0.9964
BPB Ni 0.0220 0.0120 0.9821 2.5908 0.0131 0.9912
Pb 0.0621 0.0679 0.9987 2.2940 0.0704 0.9998
Zn 0.0096 0.0934 0.9963 0.1217 0.1022 0.9897
Cd 0.0066 0.0029 0.9656 2.6020 0.0032 0.9631
Cu 0.0063 0.0321 0.9879 0.2224 0.0352 0.9949
BCH Ni 0.0463 0.0055 0.9559 10.5117 0.0061 0.9755
Pb 0.0943 0.0623 0.9984 5.5857 0.0637 0.9996
Zn 0.0125 0.0603 0.9725 0.2860 0.0650 0.9878
Cd 0.0747 0.0043 0.9926 40.6366 0.0045 0.9966
Cu 0.0536 0.0939 0.9990 1.4020 0.0972 0.9948
ACN Ni 0.0668 0.0248 0.9830 5.0726 0.0262 0.9903
Pb 0.1028 0.0771 0.9999 8.6864 0.0778 0.9998
Zn 0.1049 0.1321 0.9995 4.1552 0.1339 0.9999

The adsorbents had different structural properties that could have affected the dif-
fusion process. Because the pseudo-first-order and pseudo-second-order kinetic models
could not clearly identify the diffusion mechanism [64], the possibility of intra-particle
diffusion was explored by using the intra-particle diffusion model. Figure A8 presents the
plots of metal adsorption capacities versus t- for all the adsorbents. Two lines were fitted
to the data, indicating that two steps influenced the adsorption process, and the kinetic
parameters determined from the intraparticle diffusion model are shown in Table A3. The
first straight line may reflect macropore and mesopore diffusion, and the second line may
reflect micropore diffusion [65]. The increases in metal adsorption capacities were higher
in the first phase than in the second one. Thus, the first stage had the strongest effect on
the rate of adsorption. In the second phase, the diffusion of most metals remained limited
due to the low metal concentrations [66,67]. The straight lines in the first phase showed
deviation from the origin, which may be due to differences in the rate of mass transfer of
a specific metal onto a given adsorbent. The values of C; were higher than 0, indicating
that intraparticle diffusion was not the main rate-limiting step of metal adsorption in this
experiment, although it could have served to some extent as a co-mechanism.

Some film diffusion effects could have affected the adsorption of Cd and Cu on
BCH biochar and the adsorption of Zn on BPB biochar, for which negative C; values
were obtained [68]. The BPB and BCH biochars had the smallest pore volumes, but their
average pore diameter (128 nm) was in the macropore range. For adsorbents with a pore
structure that consists of macropores, it is believed that the adsorbate undergoes film
diffusion resistance not only on the outer surface of the adsorbent but also inside the large
macropores (i.e., a film exists between the bulk of the pore and the inner pore surface) [68].

In general, the values of the intra-particle diffusion rate constants (k; ;) were not
high due to the relatively low metal concentrations in the SWW. The highest values were
obtained for Zn and Cu, and the lowest for Cd. Usually, intraparticle diffusion has a faster
adsorption rate at higher pollutant concentrations [69].
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3.4.2. Soluble Organics (as TOC)

The effect of adsorption time was also shown in the removal of soluble organics from
SWW (Figure 7). As shown, the removal of soluble organics (as TOC) during adsorption
differed between the adsorbents. BCH biochar did not remove soluble organics. Their
concentration during adsorption was higher than the concentration of organics in the
SWW, increasing from 2104 mg/L (after 30 min) to 2326 mg/L (after 1440 min). These
results suggest that BCH biochar is a source of soluble organics released under adsorption
conditions. Similarly, with BPB biochar, the TOC concentration increased to 2142 mg/L
within 180 min after adsorption. However, when the adsorption time was extended up
to 1440 min, the organics released from the biochar were readsorbed, and the organics
from the SWW were partially adsorbed, as the TOC concentration decreased to 1973 mg/L
(Figure 7a). In contrast, BW and ACN were able to remove soluble organics from the SWW
during the entire time of the experiment. The soluble organics were rapidly adsorbed by
ACN and gradually by BW biochar. After 30 min, the TOC concentration in the SWW
treated with ACN had decreased by 87%, and equilibrium was reached after 120 min (TOC
removal efficiency of 91%). The use of BW biochar decreased the TOC concentration from
1874 mg/L (3% removal after 30 min) to 992 mg/L (49% removal after 1440 min), indicating
that adsorption required more time than when using ACN. These results indicate that
ACN was more effective than BW biochar for removing soluble organics from the SWW
(Figure 7b).

—e— BW
- -o- - ACN

20
15
RN
[-T]
£
& 5
0 T T 1
' ' ' ' ' ' ' 0 250 500 750 1000 1250 1500
0 250 500 750 1000 1250 1500
. . time (min)
time (min)
(a) (b)

Figure 7. Effect of adsorption time on the concentration of soluble organics (as TOC) (a) and capacities
for adsorption of soluble organics (b) (pH 4.88 with 100 g/L adsorbent) (1 = 3).

Omri et al. [70] found that adsorption of humic acid onto almond shell activated
carbon from aqueous solutions at different concentrations (10-100 mg/L) increased sharply
in the first 180 min of contact time and that equilibrium adsorption was reached within
300 min. Yan et al. [56] observed that the capacities of bamboo biochar, helm palm biochar,
and activated carbon to adsorb humic acid were highest during the first 4 h. The fast rate
of adsorption at the beginning of the process was caused by humic acid adsorption on the
exterior surface of activated carbon. After saturation of the exterior adsorption surface,
humic acids can enter pores and are adsorbed by the interior surface [70].

Since only BW and ACN adsorbed soluble organics from SWW within the adsorption
time, the kinetic models were fitted to the experimental data for only these two adsorbents
to explore the mechanisms of soluble organic adsorption. The kinetic parameters of
adsorption are listed in Table 6. All three kinetic models fit the data on the adsorption of
soluble organics on BW and ACN well.
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Table 6. Kinetic constants for soluble organics (as TOC) adsorption onto BW and ACN with different
kinetic models.

Kinetic Model BW ACN
k1 (1/min) 0.0015 35.2196
Pseudo-first order qe (mg/g) 10.9698 17.7280
R? 0.9942 0.9987

ky (g/mg-min) 0.0001 0.021
Pseudo-second order qe (mg/g) 14.0056 18.1490
R? 0.9855 1.0000

k; (mg/g-min®®)  0.2731* 0.1155

Stage 130-180min C; (mg/g) —0.9825 * 16.291

2 *

Intraparticle diffusion R . 05 0.9982 0.5007
ki (mg/g-min”~) - 0.0152

Stage 2180-1440min C; (mg/g) - 17.556

R? - 1.000

* Values determined for adsorption time of 30-1440 min.

This indicates that the adsorption of soluble organics from the SWW, which had a very
high initial concentration (1934 mg/L), was not determined by only one type of mechanism;
instead, physical adsorption, chemisorption, and intraparticle diffusion were responsible
for the removal of soluble organics (R? values for all three models were between 0.90 and
1.00). Many studies that have used carbon-based adsorbents to adsorb humic acids from
aqueous solutions with concentrations up to 100 mg/L have indicated that the adsorption
of humic acids appears to be controlled mainly by chemisorption processes [56,69,70].

In the present study, the adsorption rate constants (k; and k;) from the pseudo-first
and pseudo-second order models indicated that physical adsorption and chemisorption of
soluble organics proceeded at a higher rate with ACN than with BW biochar. The faster
and greater adsorption onto ACN is connected with the presence of a higher number of
active sites on the surface of the adsorbent and the high probability of adhesion. This is
because ACN has more pore structure and a greater specific surface area than BW biochar.
These characteristics provide channels for adsorbate dispersion and improve mass transfer,
which provide more active sites for the adsorption of soluble organics [57].

Adsorption data modeled with the intraparticle diffusion model usually indicate
that there are two or three steps in the sorption process of different soluble organics [65].
According to the intraparticle model, the plot q; against t”> for BW biochar was linear over
the entire adsorption time (R* = 0.9982, Figure A9a), revealing that only one stage was
involved in the adsorption of soluble organics with this type of biochar. In this study, the
plot of q; against t*° for BW did not pass through the origin, and the intercept (C;) value
was negative. This suggests that the adsorption of soluble organics could have been the
result of the combined effects of film diffusion and adsorbent-surface interaction (chemical
or physical interactions) [71]. The soluble organics were gradually adsorbed onto BW,
but the final equilibrium adsorption stage was not reached. Thus, longer adsorption of
soluble organics is needed to obtain equilibrium. Similarly, Zhu et al. [68] observed a time
lag (hence a negative intercept, C;) in the initial stage of the adsorption of pyridine onto
synthetic polymers, which indicates that pyridine adsorption onto adsorbents experienced
external film diffusion resistance.

In contrast, the plot qt against t*> for ACN was not linear over the whole range of time
but was divided into two linear sections, implying that more than one process affected the
adsorption of soluble organics, which is consistent with the higher efficiency of adsorption
of these organic compounds with ACN. The pore diffusion rate constant decreased from
0.1555 (1st stage) to 0.0152 mg/g-min’? (2nd stage) (Table 6), indicating the diminishing role
of intraparticle diffusion. Unlike adsorption with BW, the C; was positive, indicating a lack
of external film diffusion resistance during organic adsorption. Zhang [69] reported that
the use of an intra-particle model indicated that the sorption of humic acid onto modified
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biochar from forestry waste was also a multi-stage process. Three stages were indicated,
each of which differed in the rate constants of intraparticle diffusion. The first stage was a
fast process involving the transfer of the humic acid molecules from the main solution to
the surface of the biochar. Due to the strong electrostatic attraction, it was interpreted as
external surface adsorption or instantaneous adsorption. The second phase was interpreted
as diffusion within the particles, as humic acid diffused into the pores or capillaries of the
internal structure, which was referred to as mesopore diffusion and adsorption. The last
phase was considered to be the final adsorption-desorption equilibrium, which is reached
only after a long time. In the study by Zhang et al., equilibrium humic acid adsorption was
reached between 60 and 750 min. In this study, equilibrium was reached after 180 min. of
adsorption. Based on the C; values, the rate-controlling mechanism of HA adsorption was
mainly chemisorption but simultaneously affected by multiple mechanisms [69]. Other
authors have confirmed that the sorption of soluble organics in the form of humic acids is
not dominated by intraparticle diffusion [56]. Omri et al. [70] concluded that humic acid
molecules are slowly transported via intraparticle diffusion into the particles of activated
carbon and finally retained in their pores.

4. Conclusions

This study investigated soil washing with soluble humic substances combined with
the treatment of generated wastewater (SWW) with biochar as an innovative and promising
wastewater treatment technology. The SWW was characterized by a complex composition
due to the presence of soluble organic matter (as humic substances), alkali elements (Na,
Ca, Mg), and heavy metals (Cd, Cu, Ni, Pb, Zn). The differences in the physicochemical
properties of the adsorbents affected their usability. All adsorbents had a positive effect on
increasing the pH of SWW from acidic to slightly acidic and alkaline, as well as reducing
salinity. Treatment of SWW required the use of high dosages of adsorbents in the range
of 50-100 g/L. Activated carbon and willow biochar, which had the highest surface area,
porosity, and pH and were more hydrophobic than other biochars, provided the best results
in removing heavy metals and soluble organics from SWW.

The treatment of SWW was not determined by only one type of mechanism; instead,
several mechanisms were involved. Analysis of the adsorption behavior of heavy metals
and soluble organics with different kinetics models revealed that physical and chemical
processes dominated, and diffusion into mesopores and micropores made lesser contribu-
tions. Depending on the type of adsorbent, the chemisorption of heavy metals was mainly
determined by cation exchange, precipitation, complexation with functional groups and
aromatic structures, and hydrophobic interactions with soluble organics.

Among the tested biochars, willow biochar was the most effective for the simultaneous
removal of heavy metals and soluble organics from SWW. It is believed that willow biochar,
after modification of its properties, has the potential to improve the treatment of SWW and
be as effective as activated carbon. Using biochars made from a mixture of plant biomass
or coconut husks in soil remediation could be considered for the recovery and reuse of
soluble humic substances for further soil treatment by soil washing. Thus, the application
of pyrolyzed biomass in soil washing to remove pollutants and/or recover washing agents
can make this technology more sustainable.

Author Contributions: Conceptualization, M.Z.G.; Methodology, Investigation, M.Z.G., S.P.-P., M.B.
and M.K,; Data curation, M.Z.G.; Writing—Original Draft, M.Z.G., S.P.-P. and M.B.; writing—review
and editing, M.Z.G., S.P-P. and M.K.; Visualization, M.Z.G., S.P-P. and M.K,; project administration,
M.Z.G.; funding acquisition, M.Z.G. All authors have read and agreed to the published version of
the manuscript.

Funding: Linguistic verification of the paper was financed by the project supported by the Minister
of Education and Science under the program entitled “Regional Initiative of Excellence” for the years
2019-2023, Project No. 010/RID/2018/19, the amount of funding was 12.000.000 PLN.

Data Availability Statement: Not applicable.

23



Energies 2023, 16, 4311

Acknowledgments: The authors gratefully thank Mark Leonard, a native speaker of English, for
English language support.

Conflicts of Interest: The authors declare no conflict of interest.
Appendix A

100 -

i

60 -

40 +

Distribution (%)

20 ~

O = T T T T
Cd Cu Ni Pb Zn

WFl mF2 mF3 "F4

@)
700 - 1 50
600 -
500 -
400
300 -
200 -

100 H~
0 |+ mmm

mg/kg
%

T T T T 0
Cd Cu Ni Pb Zn

B Metal removed (mg/kg)  =—e=Removal efficiency (%)

(b)

Figure A1. Metal distribution (a) and metal removal (b) from soil with SHS solution (1 = 3). F1is an
exchangeable and acid-soluble fraction; F2 is a reducible fraction; F3 is an oxidizable fraction; and F4
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Figure A2. XPS survey spectrum of BW.
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Figure A5. XPS survey spectrum of ACN.
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Figure A6. Fitting of XPS Cls spectra. Eight main components were used: C-H, C=C sp?, C-C
sp3, C-OH, C-0O-C, C=0, -COOR, and 7-7t* shake-up (i.e., bonding to antibonding transition).
Details concerning these moieties and their binding energies are presented in table SI-T5 and in

publications [72-74]. Additionally, for BCH, BW, and BPB samples, the component corresponding to

defective carbon structures was added [75].
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Figure A7. Fitting of XPS Ols spectra. Five peaks for the following components were used: quinones,
carbonyl oxygen (O=C), hydroxyl groups (HO-C), oxygen single-bonded to carbon atoms (O-C,
other than hydroxyls), and adsorbed molecular oxygen and/or water (O, /H;O). Details concerning

their binding energies are given in table SI_T6 and publications [75-78].

Table A1. Fitting of XPS C1s spectra: surface atomic concentrations of components, their binding

energies, and FWHMSs. DCS stands for “defective carbon structures” [75].

Adsorbent Name Position FWHM %At Conc
BW C-H 285.00 0.92 20.2
C=Csp2 284.51 0.83 29.1
C-Csp3 285.71 0.89 15.1
C-OH 286.39 0.98 7.4
C-0-C 287.17 1.08 7.1
Cc=0 288.00 0.96 2.1
-COOR 289.36 1.20 7.2
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Table A1. Cont.

Adsorbent Name Position FWHM %At Conc
BPB C-H 285.00 0.85 14.6
C=Csp2 284.51 0.76 40.3
C-Csp3 285.70 0.82 5.5
C-OH 286.38 0.90 5.6
Cc-0-C 287.17 0.99 3.7
C=0 288.00 0.89 2.5
-COOR 288.91 1.28 35
DCS 284.13 0.76 24.3
BCH DCS 284.13 0.76 11.8
C=Csp2 284.52 0.83 33.6
C-Csp3 285.71 0.89 8.6
C-OH 286.39 0.97 6.3
Cc-0-C 287.18 1.08 3.5
C=0 288.01 0.96 1.1
-COOR 288.97 1.19 52
DCS 284.01 0.77 17.2
ACN C-H 285.00 0.90 114
C=Csp2 284.42 0.81 63.4
C—Csp3 285.61 0.87 7.7
C-OH 286.29 0.95 6.0
C-0-C 287.07 1.05 4.8
C=0 287.91 0.94 2.0
-COOR 289.09 1.23 4.7

Table A2. Fitting of XPS Ols spectra: surface atomic concentrations of components, their binding

energies, and FWHMs.
Adsorbent Name Position FWHM %At Conc
BW quinones 530.52 1.44 4.2
O=C 531.39 1.46 144
HO-C 532.67 1.31 36.5
O-C 533.97 1.41 35.4
0,/H,0 535.04 1.61 9.5
BPB quinones 530.58 1.46 6.2
0O=C 531.61 1.48 36.0
HO-C 532.63 1.36 23.8
O-C 533.58 147 28.7
0,/H,0 535.20 1.83 5.3
BCH quinones 530.59 1.45 49
O=C 531.68 1.45 27.1
HO-C 532.58 1.37 32.3
O-C 533.56 1.41 33.1
0,/H,O 534.81 1.59 2.5
ACN quinones 530.46 1.45 55
O=C 531.51 1.44 9.9
HO-C 532.47 1.36 36.5
O-C 533.78 1.43 37.5
0,/H,0 534.97 1.56 10.6
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Table A3. Parameters of the intraparticle diffusion model of metal adsorption.

Metal Phase Parameter BW BPB BCH ACN
ki1 (mg/g-min®?) 8 x107° 0.0001 0.0002 4x107°
1 Ci1 (mg/g) 0.032 0.0024 —0.0002 0.0037
cd R? 0.9578 0.9297 0.8731 0.9270
ki (mg/g-min®5) 4x10°° 8 x 1077 2x107° 2x 1075
2 Cip (mg/g) 0.0041 0.0039 0.002 0.0041
R? 1.0000 1.0000 1.0000 1.0000
ki1 (mg/g-min5) 0.0008 0.0023 0.0016 0.003
1 Ci1 (mg/g) 0.0266 0.0167 —0.0016 0.0617
Cu R? 0.9556 0.9995 0.9612 0.7872
ki (mg/g-min®?) 7 x 107° 0.0001 0.0005 7 x 107°
2 Cip (mg/g) 0.0353 0.0931 0.0128 0.0924
R? 1.0000 1.0000 1.0000 0.6663
ki1 (mg/g-min’5) 0.0006 0.0006 0.0001 0.0003
1 Ci1 (mg/g) 0.007 0.0033 0.0038 0.0204
Ni R? 0.7360 0.9855 1.0000 0.8977
ki (mg/g-min®5) 2 x 1075 1x1075 4 x107° 0.0002
2 Cip (mg/g) 0.0126 0.0121 0.0049 0.0213
R? 0.5853 1.0000 0.9111 0.9966
ki1 (mg/g-min®?) 0.0002 0.0013 0.0006 0.00007
1 Ci1 (mg/g) 0.0637 0.0522 0.0557 0.0706
b R? 0.8727 0.9599 0.9942 0.8881
ki (mg/g-min®5) 1x10°° 2x107° 3x107° —6x107°
2 Cip (mg/g) 0.067 0.0686 0.0629 0.0773
R? 1.0000 1.0000 1.0000 1.000
ki1 (mg/g-min®?) 0.0003 0.0068 0.0032 0.0008
1 Ci1 (mg/g) 0.114 —0.0132 0.0083 0.1227
70 R? 0.7261 0.9746 0.9663 0.9193
ki, (mg/g-min®?) 4x1077 0.0009 0.0004 0.0001
2 Cip (mg/g) 0.1188 0.0615 0.0485 0.1297
R? 1.0000 1.0000 1.0000 0.9999
0.005 - ® BW 01 - e BW
® BPB ® BPB
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Figure A8. Cont.
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Figure A8. Kinetics of metal adsorption according to the intraparticle diffusion model: (a) Cd, (b) Cu,
(c) Ni, (d) Pb, and (e) Zn. The first line refers to phase 1, while the second line refers to phase 2.
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Figure A9. Kinetics of soluble organics (as TOC) adsorption according to the intraparticle diffusion
model: (a) BW and (b) ACN. The first line refers to phase 1, while the second line refers to phase 2.
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Abstract: Energy is essential for the operation of wastewater treatment systems. Simultaneously, it
can be a factor facilitating the electrochemical purification processes. Previous studies have shown
that under specific conditions, there is no technological justification for using bio-electrochemical
reactors designed for the simultaneous removal of both phosphorus and nitrogen compounds. This
is because similar dephosphatation process effects can be achieved in an electrochemical reactor.
Additionally, in a bio-electrochemical reactor, a portion of the organic substrate introduced for bi-
ological treatment is lost due to the electrocoagulation process. The aim of the research was to
determine the influence of low direct current densities (0.4-2.0 A/m?) on the rate and efficiency
of phosphorus and other compound removal in a sequencing electrochemical reactor treating real
wastewater from a greenhouse with low organic compound content. In the conducted studies,
an increase in electric current density resulted in an increase in the removal rates of phosphorus
from 26.45 to 34.79 mg/L-h, nitrogen from 2.07 to 6.58 mg/L-h, and organic compounds from
0.44 to 1.50 mg/L-h. This corresponded to maximum removal efficiencies of 88.6 & 2.5% for phospho-
rus, 7.4 & 2.5% for nitrogen, and 51.1 £ 8.3% for organic compounds. As a result of electrocoagulation,
sludge rich in phosphorus was obtained, ranging from 347 + 38 mg/L (18.1% P) to 665 &+ 36 mg/L
(11.7% P). The obtained results can be utilized in the future for the development of two-stage sys-
tems for wastewater treatment with a low content of organic compounds, aiming at the removal of
phosphorus and nitrogen.

Keywords: electrocoagulation; phosphorus recovery; iron electrode; electrocoagulation kinetics;
soilless cultivation; quality of electrocoagulation sludge

1. Introduction

Soilless cultivation of tomatoes is often conducted in open systems, where the ex-
cess nutrient-rich medium (wastewater) is discharged into the environment in an uncon-
trolled manner. The concentrations of nutrients in wastewater, such as nitrate reaching
up to 614 mg N/L and total phosphorus up to 370 mg P/L, pose a serious threat to both
aquatic and groundwater environments [1-3]. On the other hand, this represents a case of
wasting biogenic substances that could potentially be reused for fertilizing specific types
of crops [4-6].

There are methods that allow for the recirculation of wastewater generated in soilless
plant cultivation and their reuse. These methods primarily rely on the analysis of electrical
conductivity and disinfection. However, these technologies do not solve the ultimate
problem of managing drainage water by discharging it into the environment, as well as
the challenge of properly balancing nutrient solutions or the accumulation of chloride
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and sodium ions [7,8]. Therefore, their practical application is mainly limited to soilless
seedling cultivation, where changes in the concentration of individual nutrient components
undergo minimal variations due to low transpiration and nutrient uptake by the plants.
It should be emphasized that even with the application of recirculation, a portion of the
wastewater must still be directed outside the system. Hence, there is a need to explore
methods for their proper disposal [9].

The unique composition of wastewater led researchers to hypothesize that effective
purification could be achieved by combining physicochemical processes such as electro-
coagulation with biological processes. Bio-electrochemical reactors were considered a
potential solution [10,11]. A previously tested solution for greenhouse wastewater was the
flow-through aerobic rotating electrobiological disc contactor (REBDC), where the flow of
electric current was expected to create favorable conditions for the simultaneous removal of
phosphorus through electrocoagulation, nitrate through hydrogenotrophic denitrification,
and electrochemical reduction [12]. To enhance nitrate removal efficiency, an external source
of organic carbon was introduced into the REBDC, assuming that this would increase the
participation of heterotrophic denitrification and biomass growth in nitrate removal [12].
The cited studies demonstrated that in the case of the aerobic bio-electrochemical reactor
like REBDC, the introduction of an external carbon source created conditions not only for
heterotrophic and hydrogenotrophic denitrification but also for nitrogen consumption in
biofilm growth. This led to higher nitrogen removal effectiveness in REBDC compared to
the rotating electrochemical disk contactor (RECDC). Despite this technological interven-
tion, the nitrogen concentrations in the effluent from REBDC did not meet the required
standards for wastewater discharged into the environment. Simultaneously, for phospho-
rus, its concentration in wastewater treated with electric current densities of 2.50, 5.00, and
10.00 A/m? and retention times of 8, 12, and 24 h was below 1.0 mg P/L [12]. It is worth
noting that similarly low phosphorus concentrations were observed in the effluent from
RECDC for an electric current density of 10.00 A/m?, where phosphorus removal was
solely a result of the electrocoagulation process [12]. These studies revealed that under spe-
cific conditions, there is no technological justification for using bio-electrochemical reactors
designed for the simultaneous removal of both phosphorus and nitrogen compounds, as
similar dephosphatation effects can be achieved in an electrochemical reactor. The external
source of organic carbon did not significantly contribute to the efficiency of phosphorus
removal [12].

This hypothesis was confirmed by research results using sequential anaerobic re-
actors: a bio-electrochemical and an electrochemical reactor of the SBBR type (sequenc-
ing batch biofilm reactor) [13]. Higher efficiencies of nitrogen and phosphorus removal
were achieved in reactors subjected to high current densities (4.4 A/m?, 8.8 A/m?, and
13.3 A/m?) compared to aerobic RECDC and REBDC reactors. At the highest current
density, the phosphorus concentration in the effluent from the electrochemical reactor was
lower than in the bio-electrochemical reactor. The studies also demonstrated that in the bio-
electrochemical reactor, a portion of the introduced organic substrate was not utilized by
heterotrophic denitrifying bacteria but was removed through the electrochemical process
of electrocoagulation [13,14].

The separation of electrochemical and biological processes and their implementation
in sequentially connected SBBR-type reactors (electrochemical and biological) could poten-
tially impact electricity consumption and the amount of organic carbon required to support
denitrification. It is also expected to result in lower concentrations of biogenic and organic
compounds in treated wastewater. Validating these assumptions requires further research,
which should consider the possibility of applying lower current densities than those com-
monly used [15-17]. This would provide additional support for this technological solution.
It would also allow for the powering of such reactors with electrical energy from sources
such as photovoltaic cells [18] or microbial fuel cells [19] without the need for converting
direct current (DC) to alternating current (AC). This could facilitate the diversification of
energy sources and reduce dependence on electricity from the grid.
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The aim of this research was to determine the influence of electric current density
on the kinetics (1) and efficiency (2) of phosphorus removal through electrochemical
processes in a sequential reactor treating real wastewater from soilless tomato cultivation.
Additionally, the scope of the study included the quantitative (3) and qualitative (4) analysis
of the generated sludge. The impact of the applied electric current density on the nitrogen
concentration (5) and organic compounds (6) in treated wastewater was also assessed. The
obtained results may be utilized in the future to design two-stage systems for wastewater
treatment with low organic compound content, targeting the removal of phosphorus
and nitrogen.

2. Materials and Methods
2.1. Experimental Setup and Research Organization

The research was conducted on a sequential electrochemical reactor model. The
reactor’s construction and the research scheme are presented in Figure 1. To carry out
the process, an anode made of iron with an electrochemical surface area of 0.023 m? was
utilized, while the cathode consisted of discs with a total electrochemical surface area of
0.113 m?. The difference in the size of electrode surfaces resulted from the technological
solution applied in the reactor, which, in addition to electrochemical processes, can be used
for biological treatment. In such a configuration, a biofilm can develop on the cathode. The
discs were made of stainless steel and mounted on a vertically rotating shaft with a speed
of 14 rpm. The electrodes were connected to a DC power supply (Rohde & Schwarz HMP
4040, Munich, Germany). The reactor’s effective volume was 2 L. The hydraulic retention
time (HRT) of the wastewater was set at 24 h based on previous studies. At the end of
each cycle, the entire reactor volume was replaced, introducing a new batch of wastewater
(2 L). The kinetics of pollutant removal were determined from samples collected at 0, 3,
6, 12, and 24 h. The following electric current densities (J) were applied: 0.4, 1.2, and
2.0 A/m?, corresponding to current intensities of 0.045, 0.136, and 0.226 A, respectively.
These values were selected based on the literature data and previous studies [12,20-22].

POWER SUPPLY
WASTEWATER FROM -

SOILLESS CROP
CULTIVATION

u cathode

\\
|
phosphorus-rich drain valve
low organic matter sludge
content,
high phosphorus and 1=0.4 A/m? J=1.2 A/m? J=2.0 A/m?
nitrogen content HRT=24 h HRT=24 h HRT=24 h

Figure 1. Research scheme.

The obtained results from kinetic studies allowed for the determination of reaction
orders, the rate of organic compound utilization, and the removal of nitrogen and phos-
phorus compounds. Reaction rate constants and statistical analysis of the results were
performed using the STATISTICA 13.3 PL computer program. A significance level of
o = 0.05 was adopted.

2.2. Wastewater

The study utilized wastewater (drainage water) from a greenhouse where tomatoes were
cultivated using mineral wool as a substrate. The greenhouse, located in northern Poland,
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covers an area of approximately 20 hectares. Wastewater for the study was collected in July and
August 2023 and exhibited the following physicochemical indicators: pH—6.21; electrolytic
conductivity—6.213 + 0.202 mS/cm; total organic carbon (TOC)—15.6 £ 3.1 mg C/L; total
nitrogen (TN)—536.9 =+ 10.7 mg N/L; nitrate—535.71 £ 7.40 mg N/L; nitrite—0.07 £ 0.05 mg
N/L; ammonium nitrogen—0.02 =+ 0.01 mg N/L; and total phosphorus (TP)—103.8 & 5.3 mg
P/L. The wastewater was stored in a tank with a volume of 1 m® made of synthetic material.
Based on the measurement of wastewater parameters during retention, it can be concluded that
they do not exhibit changes in composition and can be retained in this way for at least 6 months.

2.3. Physicochemical Analysis of Wastewater

The following parameters of wastewater were measured: pH value, electrolytic con-
ductivity, and temperature using an HQ4300 multimeter (HACH Company, Loveland,
CO, USA); total nitrogen (TN) and total organic carbon (TOC) using a TOC-L CPH/CPN
device (Shimadzu Corporation, Kyoto, Japan; oxidative combustion-chemiluminescence
method—TN; oxidizing incineration—infrared analysis—TOC); total phosphorus (TP;
HACH Lange LCK 348-350 method), ammonia nitrogen (N-NH4; HACH Lange LCK303-
305), nitrite (N-NO,; HACH Lange LCK341-342), and iron (Fe; HACH Lange LCK 321 and
LCK 521) using a DR5000 HACH Lange Spectrophotometer (Malente, Germany).

2.4. Quantity and Quality of Sludge

The quantity of generated sludge in the form of total suspended solids (TSS) and
volatile suspended solids (VSS) was determined according to APHA 2012 [20]. For qualita-
tive analysis of the sludge, the content of nitrogen (N), phosphorus (P), carbon (C), and iron
(Fe) was determined. For this purpose, the sludge was dried at 105 °C. The determination
of elements (Fe, P) involved mineralizing 0.2 g of dried sludge in a Teflon container (easy
prep) with the addition of 7.5 mL of 69-70% nitric acid and 2.5 mL of 36% hydrochloric
acid. Microwave-assisted mineralization was carried out using a MARS CEM 5 device
(CEM Corporation, Matthews, NC, USA) at a temperature of 210 °C for 15 min. After
the completion of sample dissolution, the samples were quantitatively transferred to a
Falcon-type container and diluted to a volume of 20 mL using 2% nitric acid [21,22]. The
content of elements (Fe, P) in the prepared sample was determined using inductively
coupled plasma optical emission spectrometry (ICP-OES; Avio 220 ICP-OES; Perkin Elmer,
Waltham, MA, USA). The amount of N and C in the dried sludge was determined using a
Flash 2000 elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA).

3. Results and Discussion

The conducted research aimed to determine the impact of electrical current density on
the kinetics and efficiency of treating wastewater generated in a greenhouse during soilless
tomato cultivation. These wastewaters are characterized by low organic compound content,
high phosphorus and nitrogen compound content, and electrolytic conductivity. The elec-
trocoagulation (EC) process employed integrates the benefits of coagulation, flotation, and
electrochemistry into a single system [17]. Throughout the electrocoagulation process, both
reduction and oxidation processes take place at both the anode and cathode, influencing
the characteristics of pollutants in the treated wastewater, as well as the interactions among
them and with the dissolved metal [23]. Due to the flow of electric current, the anode
undergoes dissolution (Equations (1)—(3)), and water electrolysis occurs at the cathode,
leading to the release of hydroxyl ions and hydrogen (Equation (4)) [24].

Anode reactions:

Fe(s) — Fe""(aq) +ne! (1)
4Fe?* (aq) + 10H,0 + O (aq) — 4Fe(OH)4(s) + 8H " @)
Fe?" (aq) + 20H~ — Fe(OH),(s) 3)
Cathode reaction:
2e ! +2H,0 — H, + 20H"~ (4)
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The research demonstrated an increase in the rate of pollutant removal with the
rise in applied electrical current density. Simultaneously, the applied solution ensured
high efficiency.

3.1. pH, Electrolytic Conductivity, Iron Content

The pH of treated wastewater significantly impacts both physicochemical and biolog-
ical processes. Depending on the pH, the electrode dissolves and forms metal ions. The
formation of Fe ions is more complex than Al ions when using aluminum anodes. The
ferric ion predominates in highly acidic solutions, while the ferrous ion is more common
at pH < 6.5. Most studies indicate that Fe?" is initially formed by iron electrolysis and
then oxidized to Fe3* by dissolved oxygen under suitable conditions (e.g., pH 5-9). Subse-
quently, it hydrolyzes to form insoluble Fe(OH)3(s) and FeOOH(s) [23,25]. Fe?* is highly
soluble but a weak coagulant, with a lower pollutant adsorption capacity compared to Fe>*.
Simultaneously, in the electrocoagulation reactor, an uneven pH distribution occurs during
the flow of electric current. The solution around the anode becomes slightly acidic due
to the formation of H*, while the solution around the cathode becomes slightly alkaline
due to the production of OH™ and the release of Hy. This may affect the efficiency of
electrocoagulation in removing pollutants [26]. In most studies using electrocoagulation,
pH increases due to the production of OH™ ions. However, in the conducted research, no
such relationship was observed (Figure 2A). With an initial pH of 6.1, as the electric current
intensity increased, the pH decreased. For the highest current density (2.0 A/m?), the pH
of the treated wastewater was 2.8, possibly due to high sulfate concentrations. Greenhouse
wastewater contains 58 to 1425 mg S042 [27]. Nariyan et al. [28], treating sulfur-rich mine
waters with a concentration of 13,000 mg SO42~ /L using electrocoagulation at a density of
25 mA/cm?, achieved removal efficiencies of 83.75% and 84.38% for sulfates in monopolar
and bipolar electrode configurations, including aluminum and stainless steel electrodes.
In their study, the initial pH was 11.3, and after the purification process, it decreased to
pH 6.8 and 6.6 for monopolar and bipolar electrode configurations, respectively. In Lei
et al.’s research [29], the pH of municipal wastewater decreased during purification when
treating wastewater with a pH below 6. Purifying wastewater with a pH of 5 resulted in
a pH drop to 3.2 after 24 h using a platinum anode and titanium cathode. Under these
conditions, phosphorus was removed in the form of struvite with an efficiency of 50% at
a current density of 8.3 A/m?2. The pH decrease in the cited studies was attributed to the
consumption of OH™ ions by Mg?" and NH,*, leading to the accumulation of H* ions and
a subsequent drop in pH.
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Figure 2. pH (A), electrolytic conductivity (B), and iron concentration (C) in raw wastewater (RW)
and treated wastewater (R1-R3).

The electrolytic conductivity of greenhouse wastewater depends on the quality and
quantity of ions in the aqueous solution, varying widely based on weather conditions and
plant growth phases [3]. Electrolytic conductivity ensures the free flow of electric current
in treated wastewater and reduces electricity consumption [30]. The type of cations and
anions influences the electrocoagulation kinetics, affecting the ability of coagulants to form
flocs. The electrolytic conductivity of the applied wastewater was 5.704 + 0.049 mS/cm
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(Figure 2B). Different electric current densities did not significantly affect the electrolytic
conductivity of treated wastewater despite achieving higher pollutant removal efficiencies,
as described in subsequent chapters. This may be because the removed ions did not play a
major role in creating electrolytic conductivity, and/or their removal was compensated by
an increase in iron ion concentration in the treated wastewater compared to raw wastewater.

Iron is a commonly used electrode material due to its reliability and availability [16].
Iron electrodes are less efficient than aluminum ones but are significantly cheaper, which is
crucial for wastewater treatment. Additionally, greenhouse wastewater naturally contains
iron ions essential for plant development, and their presence, unlike aluminum ions, does
not negatively impact plants [31]. The overall iron concentration in raw wastewater was
0.077 £ 0.012 mg Fe/L.

With an increase in electric current density, there was an increase in iron ion concentra-
tion in treated wastewater, reaching 0.695 + 0.095 mg Fe/L at ] = 2.0 A/m? (Figure 3). This
value is sometimes observed in raw wastewater as well [13]. This is also the permissible
value for wastewater discharged into the environment (maximum allowable concentration
of 10.0 mgFe /L) [32]. Excessive electric current density can cause secondary pollution of
wastewater with ions from the electrode and shorten its lifespan [33]. Behbahani et al. [34],
treating synthetic wastewater with an initial concentration of 400 mg P/L and pH 3 using
electrocoagulation, removed 84.7% (iron electrode) and 94.15% (aluminum electrode) of
orthophosphates. However, there was an increase in iron and aluminum concentrations
in the solution to 2 mg Fe/L and 14.5 mg Al/L, respectively. In the cited study, despite a
shorter electrocoagulation time (40 min), higher concentrations of iron and aluminum were
noted than in the presented research (Figure 3). This is due to the much higher current
density used in the cited study, which was 250 A/m?. It also suggests the use of lower
electric current densities when planning the subsequent use of treated wastewater, for
example, in plant irrigation.
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Figure 3. Efficiency of total phosphorus removal (A), total nitrogen removal (B), and total organic
carbon removal (C).

3.2. Remouval of Phosphorus Compounds, Nitrogen and Organic Compounds

The concentration and efficiency of phosphorus removal are directly associated with
the concentration of iron ions available in the solution and the pH of the treated wastew-
ater. The concentration of total phosphorus in the greenhouse wastewater subjected to
purification was 88.0 & 4.9 mg P/L. The average efficiency of total phosphorus removal is
presented in Figure 3A.

The efficiency of phosphorus removal in electrochemical reactors through electro-
coagulation increased with the applied current density, ranging from 71.5 £ 6.0% in R1
(pH = 3.7) to 88.6 £ 2.5% in R3 (pH = 2.8). The concentration of TP in the treated effluents
in R2 and R3 was similar, measuring 10.2 4+ 2.6 mg P/L and 10.0 & 2.2 mg P/L, respectively
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(no statistically significant differences, & = 0.05). In reactor R1, where the lowest current
density was applied, the phosphorus concentration was significantly higher, reaching
25.1 £ 2.3 mg P/L. Analyzing the obtained results, the increase in electrical current density
from 0.4 A/m? to 1.2 A/m?, along with a simultaneous rise in the concentration of iron
ions and a decrease in the pH of the treated wastewater, had a significant impact on the
purification efficiency. However, the subsequent increase in electrical current density from
1.2 A/m? to 2.0 A/m? did not have a substantial effect. Simultaneously, the concentrations
of phosphorus in the treated wastewater exceeded the permissible value. For the wastewa-
ter to be discharged into the environment, the phosphorus concentration should be below
3.0 mgP/L [32]. Electrocoagulation does not cause microbiological contamination of the
wastewater. Therefore, these effluents can be used in re-fertigation or directed to further
purification processes.

A fivefold increase in electric current density resulted in only a 32% increase in the
dephosphatation rate. This corresponded to a phosphorus removal rate of 26.45 mg P/L-h
at] =0.4 A/m? and 34.79 mg P/L-h at an electric current density of ] = 2.0 A/m? (Table 1).
The obtained results allow for a precise estimation of the required time for phosphorus
removal from greenhouse effluents, given the knowledge of phosphorus concentration
in raw effluents. Meanwhile, the use of significantly higher electric current densities
seems unjustified.

Table 1. Kinetic parameters of total phosphorus, total nitrogen, and organic compounds removal
(k—rate constant—[1/h], r—removal rate—[mg/L-h], R2—coefficient of determination).

Total Phosphorus Total Nitrogen Organic Compounds
k r R2 k r R2 k r R?

R1 0.421 26.45 0.996 0.137 2.07 0.998 0.130 0.44 0.988
R2 0.396 30.65 0.982 0.109 2.78 0.980 0.125 0.61 0.983
R3 0.448 34.79 0.992 0.190 6.58 0.969 0.262 1.50 0.999

Under the conditions of electric current flow, phosphorus was mainly removed
through the electrocoagulation process. The precipitation of phosphorus ions with other
ions, including calcium and magnesium ions, was limited due to the low pH of the treated
effluents. In the pH range of 2.2-7.2, most orthophosphates exist in the form of an an-
ion HyPO4 ™ [35,36]. These ions, along with calcium and magnesium ions, form water-
soluble compounds [4]. Due to the pH, direct precipitation of PO,>~ with Fe?* and Fe3*
ions was also limited. As a result of the electric current flow, monomeric and polymeric
iron complexes with OH™ ions were most likely formed [37]. Generally, the pH of the
point of zero charge (pHpzc) for iron oxides is 5.4-8.6 [38]. Therefore, when the solution
pH < pHpzc, the surface of iron oxides occupies a positive charge due to the protonation
of surface hydroxyl. Thus, it can adsorb P anions by electrostatic adherence and further
immobilize them by ligand exchange (Equation (5)) [39,40]. Iron oxides could also capture P
via electrostatic attraction (Equation (6)) [41]. Phosphate can be adsorbed on the surface of
iron oxides through surface complexation, including monodentate mononuclear, bidentate
mononuclear, and bidentate binuclear [42].

FeOH + HoPO; — FeH,PO, + OH™ (5)

FeOH, + H,PO,; — FeOH,...H,PO;4 (6)

The efficiency of removal increased with the current density from 0.4 A/ m? to
1.2 A/m?. However, a subsequent increase in current density from 1.2 A/ m? t0 2.0 A/m?
did not result in a significant improvement in phosphorus removal efficiency. The amount
of coagulant increases with the rise in current density, but likely, the quantity of coagulant
generated from the increase in current density from 1.2 A/ m? to 2.0 A/m? did not cause a
significant enhancement in phosphorus removal efficiency, potentially due to the retention
time of the effluent in the reactor. The obtained results confirm that the removal of phos-
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phate ions was not caused by direct precipitation with iron ions, whose quantity increased
with the rise in electrical current density, but rather due to various types of interactions.
Most likely, the dominant process, influenced by the low pH resulting in the protonation of
iron-based materials, was the sorption of phosphorus through electrostatic adsorption [36].
This underscores the need to test the electrocoagulation process using actual wastewater
under different conditions to determine its real efficiency and optimize the process. Sim-
ilar dependencies were reported by Shalaby et al. [43]. The cited authors argue that an
increase in density beyond the optimal level does not lead to an increase in the efficiency of
pollutant removal since the quantity of generated coagulant is no longer a limiting factor.
Klodowska et al. [20], in experiments with a hydraulic retention time of 24 h in a sequencing
batch biofilm reactor with an aluminum electrode, removed between 71.01% and 86.99%
of total phosphorus, increasing the density from 0.053 mA/m? to 0.210 mA /m?2. In these
studies, an increase in current density from 0.105 mA /m? to 0.210 mA /m? resulted in a
slight efficiency increase of only 4.19%. The cited research involved treating municipal
wastewater with a low carbon-to-nitrogen ratio and a total phosphorus concentration of
516 mg P/L.

The results obtained from the electrical current-based studies suggest that the most
favorable current density for efficient phosphorus removal is 1.2 A/m?. Beyond this value,
a significant increase in the efficiency of total phosphorus removal from wastewater was
not observed. Simultaneously, the achieved effectiveness using a DC was higher than when
using AC. In the research conducted by Bryszewski et al. [13] with a hydraulic retention
time of 24 h and a current density of 4.4 A/m?, but with AC, the phosphorus removal
efficiency was 17.2%. Meanwhile, in the study by Rodziewicz et al. [12], the use of a DC in
the RECDC and a DC along with an external source of organic carbon in the REBDC for
synthetic wastewater with parameters similar to those from greenhouse effluents provided
slightly higher efficiency and lower phosphorus concentration in the treated effluents.

Similarly to phosphorus, the conducted studies demonstrated that the rate and effi-
ciency of nitrogen removal increased with the applied electric current density. However,
the obtained values for nitrogen were several times lower compared to those achieved for
phosphorus. The concentration of TN in the treated effluents was 467.0 £ 12.3 mg N/L,
456.6 = 12.8 mg N/L, and 444.1 4+ 11.9 mg N/L in R1-R3, respectively. This corresponded
to nitrogen removal efficiencies ranging from 2.6 & 2.6% to 7.4 £ 2.5%. The nitrogen
removal rate in electrochemical reactors increased with the rise in current density, ranging
from 2.78 mg N/L-h (R1) to 6.58 mg N/L-h (R3).

During electrocoagulation, electrochemical reduction occurs at the cathode, and elec-
trochemical oxidation takes place at the anode (direct oxidation) or the generation of
oxidants such as free radicals, ozone, or chloric acid, which then oxidize compounds
present in wastewater (indirect oxidation). In the case of greenhouse wastewater, reduction
processes play a significant role. Reducing nitrates to gaseous nitrogen can be challenging
because it is one of the possible products (N, NO, ™, NH3, NH,OH, N,O, NO). A crucial
indicator that most influences the final product of electrochemical nitrate reduction is
the pH. At neutral and alkaline pH, by-products of this process are nitrites, ammonia,
hydroxylamine, and hydrazine. In acidic conditions, undesired products of the reduction
process are nitrites and ammonia [44]. If chloride ions are present in the treated wastewater,
they undergo anodic oxidation, forming hypochlorous acid. Ammonium ions and nitrites
react with hypochlorous acid to form nitrates and molecular nitrogen [45]. These reactions
affect the overall efficiency of total nitrogen removal.

In the conducted studies, the predominant form of nitrogen was nitrates, both in
raw and treated wastewater. After a 24-h retention time, the percentage of nitrates was
99.78, 99.76, and 99.70%, and the percentage of nitrites was 0.10, 0.09, and 0.09%, while
the remainder consisted of ammonium and organic nitrogen, respectively, in R1-R3. This
corresponded to nitrite concentrations in the treated effluents of 0.48 £ 0.13, 0.40 £ 0.14,
and 0.40 £ 0.12 mg N/L, respectively, in R1-R3.
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By analyzing the obtained results and literature data, it can be concluded that higher
electrical current density leads to a faster reduction of nitrates on the electrode surface and,
consequently, higher efficiency. However, the applied low electrical current densities did
not result in a significant decrease in the nitrogen concentration in the treated wastewater.

The composition of treated wastewater, including the presence of other pollutants and
the process operation, can significantly influence the final efficiency. Benekos et al. [46], in
the current density range of 20-40 mA /cm?, removed 100% of nitrates from real nitrate-
contaminated groundwater (initial nitrate concentration of 25 mg N/L). However, with
the increase in current density, ammonium nitrogen accumulation occurred, ranging from
4.5mg N/L to 6.5 mg N/L. Ghanim and Ajjam [47], electrochemically treating synthetic
wastewater with a nitrate concentration of 150 mg N/L, achieved efficiency ranging from
40% (2 mA/cm?) to 88% (10 mA /cm?). Ghazouani et al. [48], treating synthetic wastewater
with an electric current density from 1 mA/cm? to 40 mA/cm?, observed an initial nitrate
concentration of 350 mg N/L and a phosphate concentration of 50 mg P/L. The efficiency
of nitrogen and phosphorus removal in the investigated range of current density was
37-99% and 51-99%, respectively. Despite the high efficiency of nitrate removal, the
main product of the process was ammonium ions, constituting approximately 90% at
the highest current density. In the case of greenhouse wastewater treatment, previous
studies have shown that the addition of an external organic carbon source improves
denitrification efficiency. However, this solution is ineffective due to the loss of organic
substrate during electrocoagulation and the formation of sludge containing phosphorus
and a high proportion of organic compounds [12,13]. This complicates their storage and
subsequent utilization. There is also no justification for nutrient solution recirculation [9].

Wastewater from soilless tomato cultivation is characterized by a low content of
organic compounds. This is due to the infiltration of root exudates into the wastewater,
as well as the presence of plant fragments [3]. In the case of electrochemical processes
applied to such wastewater, the removal of organic compounds is considered an added
value and is not the primary objective. The low content of organic compounds also prevents
the use of conventional biological methods for removing biogenic compounds based, for
example, on activated sludge [49]. When electrical current is applied, the mechanism for
removing organic compounds is complex and involves processes such as complexation,
charge neutralization or destabilization, coagulation, flocculation, oxidation, entrapment,
and adsorption [50]. The initial content of organic compounds in raw wastewater was
11.3 £ 2.1 mg C/L. The efficiency of organic compound removal increased with the electrical
current density, ranging from 28.9 £ 6.1% (R1) to 51.1 £ 8.3% (R3) (Figure 3C). This
corresponded to an organic carbon concentration ranging from 8.0 & 0.7 mg C/L (R1) to
5.5 + 0.9 mg C/L (R3). The higher efficiency of pollutant removal also correlated with a
higher removal rate observed during the study (Table 1). Statistical analysis indicated a
significant impact of electrical current density on the concentration of organic compounds in
the treated wastewater. The absence of external organic carbon supplementation prevented
secondary pollution of the treated wastewater, a situation that can occur, especially in
anaerobic systems characterized by lower efficiency in utilizing organic compounds. This
is due to the lack of electron acceptors such as oxygen or oxidized forms of compounds,
e.g., nitrates, after complete denitrification [13,51].

3.3. Quantity and Quality of Sludge

The application of DC and the dissolution of the anode result in the formation of
sludge. This sludge not only contains dissolved metal from the anode but also the pollutants
removed from the wastewater.

In the conducted studies, the amount of generated sludge expressed as TSS increased
with the applied electric current density, ranging from 347 =+ 38 to 665 + 36 mg/L in R1-R3
(Figure 4A). A fivefold increase in electric current density resulted in approximately a
twofold increase in the amount of generated sludge. This results in the formation of sludge
ranging from 0.347 kgTSS/m? to 0.665 kgTSS/m3 for 1 m® of greenhouse wastewater,
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depending on the process parameters. Assuming that an average of 45 m3 to 120 m3
of wastewater is discharged daily from 1 hectare of soilless tomato cultivation [52], the
amount of generated sludge would be between 1642 kgTSS/d-ha and 30-80 kgTSS/d-ha.
The formed sludge was mainly characterized by the content of the mineral fraction, which
ranged from 96.7% (R1) to 97.8% (R3; Figure 4B). Simultaneously, the amount of milligrams
of TSS per milligram of removed phosphorus ranged from 5.5 to 8.5 (Figure 4C). The
decrease in the phosphorus content in the discharged sediment corresponded to an increase
in the iron content with the applied current density (Table 2). Additionally, the obtained
sludge had a phosphorus content at a similar level to sludge obtained by precipitation
with the use of alkalizing agents in the treatment of greenhouse wastewater [4]. Elec-
trocoagulation led to a decrease in pH rather than an increase, which is crucial for the
further utilization of treated wastewater. The applied electric current density of 1.2 A/m?
proved to be the most efficient in terms of dephosphatation, as well as the quality and
quantity of obtained sludge. Using both electrocoagulation and biologically enhanced
treatment with an external carbon source in REBDC results in a sediment amount that
is an order of magnitude higher. In the studies by Rodziewicz et al. [53], the amount of
sediment ranged from 3944 mg/L to 4783 mg/L for HRT =24 hand 4 h,and J=1.25 A/ m?2.
Additionally, in the cited studies, for electric current densities ranging from 0.63 A/m? to
10 A/m?, the sediment amount ranged from 3873 mg/L (HRT =24 h; ] = 0.63 A/ m?) to
5215 mg/L (HRT =4 h; ] = 10 A/m?). This sludge also had a much higher content of organic
compounds (77-88%) and a lower phosphorus content (0.68-0.84%) [53]. In the studies by
Bryszewski et al. [13], using alternating current and an external organic carbon source, they
recorded the amount of generated sludge ranging from 416.0 &= 267.3 mg/L (HRT =24 h;
] =4.4 A/m?) to 1079.4 + 251.3 mg/L (HRT = 24 h; ] = 13.3 A/m?). The share of organic
compounds was 28.6% and 22.4%, and phosphorus was 1.3-2.1%. The amount and quality
of sludge resulting from electrocoagulation can vary widely and depend primarily on the
quality of the treated wastewater, the type of electrode used, and the applied electric current
density and electrocoagulation time [54,55]. Akyol [56], using electric current density in
the range of 5-10 A/m?, noted the amount of sludge resulting from electrocoagulation in
the range of 4570-5330 mg/L. The studies concerned the treatment of wastewater from
paint manufacturing, and aluminum electrodes were used. In the studies by Mansoorian
et al. [57], where the electric current density ranged from 2 mA/cm? to 10 mA/cm?, the
amount of generated sludge ranged from 81 mg/L to 84 mg/L. The research focused on
treating wastewater from battery production, and iron electrodes were used.
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Figure 4. Amount of sediment discharged from the reactor (A), the proportion of volatile suspended
solids (VSS) in total suspended solids (TSS) (B), and the amount of mgTSS per mg of removed
phosphorus (C).
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Table 2. Percentage content of selected elements in the sediment.

Average Elemental Content [%]

w N P C Fe

R1 418 18.1 0.65 8.08
R2 228 135 0.43 8.67
R3 2.68 117 0.55 13.1

Sludge containing over 30% organic compounds is not stabilized and should be
directly managed or subjected to stabilization processes [58]. In the conducted studies, the
sludge had a much lower organic compound content, making it easy to store and utilize
in the future. The choice of a method for managing sediments after electrocoagulation
depends on the type of pollutants, sediment composition, as well as local regulations and
norms. Sediments from EC can be utilized as fertilizer [59,60], pigment [61], construction
material (mainly in the form of blocks) [62], adsorbent [60], or catalyst [63]. Analyzing
the composition of sediments generated during the electrocoagulation of wastewater from
soilless tomato cultivation, it can be inferred that these sediments are rich in phosphorus
and iron. Therefore, their management should focus on the reuse of these elements.

The presence of iron and iron oxides may facilitate the reuse of sediments as sorbents
for phosphorus ions or as catalysts in reactions such as pyrolysis [63] or the Fenton reac-
tion [64]. This could extend the so-called “product life cycle”, but at the same time, it might
make phosphorus in the sediments unsuitable for agricultural use. Due to the significant
role of phosphorus in human activities, this element should play a decisive role in sediment
management, where agricultural utilization currently appears to be the best solution.

Simultaneously, greenhouse wastewater subjected to electrocoagulation has no contact
with domestic wastewater or other biological factors, making it safe in terms of hygiene
and not posing a threat to cultivation.

4. Conclusions

The research presented in the paper complements existing studies on the impact of
various treatment methods on the quality of wastewater from soilless tomato cultivation.
The obtained results indicate that electrocoagulation allows for the purification of wastew-
ater, which can subsequently be used to prepare fresh nutrient solutions or subjected to
processes such as biological treatment. Electrocoagulation is a method that does not cause
microbiological contamination, a crucial aspect of reusing purified wastewater in cultiva-
tion. Bacteria and fungi present in biological treatment systems could potentially induce
diseases in cultivated plants. Simultaneously, the sediment generated during electrocoag-
ulation is characterized by a low content of organic compounds and a high phosphorus
content, making these sediments suitable as a substitute for mineral fertilizers. Greenhouse
wastewater, due to its lack of contact with domestic wastewater, is safe in terms of hygiene
and can be utilized in various branches of agriculture. The resulting sediments do not
require a stabilization process; they only need to be dewatered.

In addition, it was found that:

1. A threefold increase in electrical current density (from 0.4 to 1.2 A/ m?) resulted in a
16% increase in dephosphatation rate, while a fivefold increase in electrical current
density (from 0.4 to 2.0 A/ m?) resulted in a 32% increase.

2. The rate of TP removal ranged from 26.45 to 34.79 mg/L-h, TN from 2.07 to
6.58 mg/L-h, and organic compounds from 0.44 to 1.50 mg/L-h, respectively, for
electrical current densities of 0.4 and 2.0 A/m?.

3.  Increasing the electrical current density above 1.2 A/m? did not significantly increase
the efficiency of TP removal. The observed effectiveness was 71.5 &= 6.0%, 88.0 = 4.9%,
and 88.6 + 2.5%, respectively, for electrical current densities of 0.4, 1.2 and 2.0 A/ m2.

4. Due to the low pH of the treated wastewater, phosphorus was likely removed through
electrostatic adsorption on the surface of iron oxides via surface complexation.
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5. The use of DC and iron electrodes also allowed for the removal of a maximum of
7.4 £ 2.5% TN and 51.1 £ 8.3% organic compounds for an electrical current density
of 2.0 A/m?2.

6.  The amount of sludge resulting from electrocoagulation using an iron electrode and
HRT = 24 h increased with the increase in electrical current density, ranging from
347 £+ 38 mg/L (J = 0.4 A/m?) to 665 + 36 mg/L (J = 2.0 A/m?). This sludge was
characterized by a high percentage of the mineral fraction, ranging from 96.7% to
97.8%.

7. With the increase in applied electrical current density and the increase in the amount
of generated sludge, the percentage of phosphorus in the sludge decreased, ranging
from 18.1% (J = 0.4 A/m?) to 11.7% (J = 2.0 A/m?).

8. Electrocoagulation led to a decrease in the pH of the treated wastewater from 6.1 to 2.8
(J = 2.0 A/m?), while no significant change in electrolytic conductivity was observed.

9.  Dissolving the iron electrode led to an increase in the iron concentration in the treated
wastewater from 0.077 + 0.012 mg Fe/L to 0.695 + 0.095 mg Fe/L (J = 2.0 A/m?).
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Abstract: A significant amount of energy in wastewater treatment plants is spent on aeration to treat
the organic matter with microorganisms in an oxygen-enriched environment. In this study, a novel
and simplistic aeration concept known as Confined Tube Aeration (CTA) is proposed, in which the
main elements are a Venturi injector and a coiled tube at its outlet. Two Venturi injector diameters
were chosen for evaluation in this study, measuring 1 inch (25.4 mm) and 4 inch (101.6 mm). In this
study, a relationship was developed between air suction rate and pressure differential across the injector.
Then, a numerical model was developed to analyze hydrodynamic conditions and evaluate system
performance. The main findings are that the larger diameter aerator performs 20% better than the smaller
injector in terms of standard aeration efficiency (SAE), with a maximal value of 0.74 kgO, /kWh found
for the larger diameter system. These results suggest that future SAE improvements may be made for
larger diameter systems in full-scale wastewater treatment applications with suitably designed injectors.

Keywords: Venturi; injector; efficiency; wastewater

1. Introduction

Aeration is the process of bringing air and water into close contact to promote mass
transfer of oxygen. Aeration is required for the proper growth of microorganisms in
a wastewater treatment aeration basin for timely decomposition of organic materials.
Aeration accounts for 30% to 75% of total energy consumption of wastewater treatment
plants [1,2]. Oxygenation of water is accomplished using devices called aerators, whose
primary purpose is to enhance mass transfer down a concentration gradient by increasing
gas-liquid surface area. These aerators, which come in a variety of designs, are typically
compared using two indicators: standard oxygen transfer rate (SOTR, in kgO,/h) and
standard aeration efficiency (SAE, in kgO,/kWh).

There are generally two classes of aerators: surface aerators, which discharge water
into the air, and diffused aerators, which release gaseous oxygen into the water column.
The latter is by far the most common in industry due to higher SAE [3]. Here, blowers or
compressors move ambient air through a network of pipes, terminating in porous pipes
or disks arranged at the bottom of the basin [4]. Diffusers with fine pores are capable of
producing microbubbles in the range of 10 um to 60 um [3] and are very efficient in diffusing
gas to the liquid because of the large gas-liquid interfacial area, longer residence time,
and hence higher mass transfer rates [5]. Such diffusers are generally categorized into fine
and coarse bubble diffusers based on the bubble sizes produced [6]; fine-bubble diffusers
produce smaller bubbles (2-5 mm in diameter) than coarse-bubble diffusers (6-10 mm) [7].
Since bubbles require residence time to transfer oxygen effectively, aeration tanks must be
sufficiently (up to 10 m) deep to optimize oxygen transfer. Furthermore, a deep aeration
tank provides higher hydrostatic pressure, which increases the local saturation of dissolved
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oxygen concentration, which, in turn, increases the oxygen deficit to promote increased
mass transfer. However, diffused aeration has its own drawbacks. For starters, generating
microbubbles requires a higher compression cost due to the significant pressure drop
through the small pores. Diffuser systems can also easily be clogged and require higher
upfront costs due to the complexity of installations [8]. However, their high mass transfer
efficiency makes them nonetheless quite energy efficient and can achieve SAE values up
to 4.56 kgO, /kWh [9] for fine pore diffusers, whereas coarse bubble diffusers enjoy SAE
values typically in the 1.22-2.13 kgO, /kWh range.

Another type of diffused aerator is the Venturi aerator. Here, a submersible pump is
located near the base of the aeration basin with a piping system where a Venturi device is
attached and through which liquid is circulated. Venturi aerators can draw air from the
surface naturally in a throat based on Bernoulli’s principle; therefore, no compressor is
required. Venturi aerators generally consume less energy than conventional airlift reactors,
bubble columns, and stirred tanks [3,10]. A Venturi bubble generator consists of a nozzle
section, a suction chamber, and a divergent section [11]. Venturi aerators are capable of
producing bubbles with a mean diameter below 100 um, thus providing high interfacial
areas for mass transfer [12,13]. Additionally, the higher kinetic energy of liquid and gas
flow creates intense turbulence and promotes mixing. Venturi aerators require higher
liquid flow at the entrance of the injector to produce enough negative static pressure at
the throat to entrain air and, therefore, can suffer from low efficiency. However, Venturi
aeration systems are less energy intensive and less expensive to install and maintain as
they have no moving parts that may break or fail. Moreover, they are less prone to clogging
compared to coarse and fine bubble diffusers [14]. Venturi aerators generally have SAE
values between 0.5 and 2.3 kgO, /kWh [15].

Several recent studies in the literature have been conducted to evaluate the perfor-
mance of Venturi aerators for aquaculture and wastewater purposes. Yadav et al. [16] used
a dimensionless technique to optimize performance of such an aeration system on the basis
of Venturi geometric properties. Here, the maximal SAE was found to be 0.611 kgO,/kWh,
and the nondimensional SAE was found to rely only on the (water) Reynolds number and
Froude number. Dong et al. [17] analyzed commercially available injectors in series and
parallel, with differing injection depths. It was found here that better aeration efficiency
could be realized by connecting aerators in parallel, with a maximal SAE reported to be
0.306 kgO, /kWh. Zhu et al. [18] conducted a similar study and found that parallelizing in-
jectors resulted in SAE values that doubled the series configuration (0.14 kgO, /kWh versus
0.07 kgO, /kWh). Dange and Warkhedkar [19] assessed the effectiveness of a Venturi aera-
tion for the purposes of pond/river oxygenation on the basis of injector depth. It was found
here that, within the injector depths investigated, deeper injection resulted in increased air
flow rates in the system. The maximal reported SAE value was 0.2936 kgO, /kWh.

In this study, a novel Venturi bubble aeration system termed the Confined Tube
Aerator (CTA) is proposed, previously introduced by the authors [20,21]. Figure 1 shows
a schematic of the proposed system. The basic components of this aeration system are a
pump, a Venturi injector, and a coiled tube. The pump draws water from the aeration basin
and circulates it through the Venturi injector and coiled tube.

With a horizontally oriented helical axis, the CTA may reduce bubble coalescence
widely observed in horizontal pipes [22], maintaining a higher interfacial area necessary
for increased oxygen transfer. This device has the potential to revolutionize wastewater
treatment for several reasons:

e  Pressure requirements are decreased as there is no need to discharge at the bottom of
basins. CTA pumps may draw from the bottom of basins and discharge to the surface,
enhancing mixing.

e  Thermodynamic work is decreased since pumps are used in lieu of compressors or
blowers. Membrane pressure losses experienced in bubble diffusers are also avoided.

*  Maintenance costs, which can be substantial for bubble diffusers as they are prone to fouling
from debris and dissolved surfactants [9], are decreased as VAs may be cleaned/replaced
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easily. Furthermore, the CTA system allows for placement of Venturi injectors on land,
making replacement easier than if placed at the bottom of aeration basins.

e CTA systems do not require large, deep basins and may drastically reduce construction
costs. They may also be particularly well suited for water treatment in remote settings
and for oceanic vessels, where traditional aeration techniques are not feasible.

Pressure
Gauge

Im Water Flow
Meter : :

Gate Valve

Aeration Tank

O o
et gt

Figure 1. Confined Tube Aerator (CTA) System Schematic. 1: Aeration tank. 2: Pump suction.
3: Pump discharge. 4: Venturi inlet. 5: Venturi discharge (CTA inlet).

Furthermore, they are a potentially disruptive technology in the aquaculture aeration
industry, as the current industry standard paddle wheel is of comparably low efficiency. The
frequent use of dredge nets for fish harvesting make the use of bubble diffusers impractical.

In the current study, the performance of the proposed system is analyzed with respect
to differing aerator sizes at varying hydrodynamic conditions. The discrete bubble model
concept is used to model the mass transfer from bubbles to water in the tube, with the
goal of improving aeration efficiency through parametric analysis of the results. This is the
first study to estimate performance of CTA systems using commercially available Venturi
injectors larger than 2.54 cm in diameter.

2. Methodology

The following is divided into five sections. The first discusses calculation of two-phase
pressure drop in the coiled tube, the second explains aeration theory and performance param-
eters, the third outlines the theory underlying aeration prediction, the fourth discusses model
validation with experiments, and the fifth gives an overview of the simulation procedure.

2.1. Two-Phase Pressure Drop

Flow inside the CTA tube is two-phase by nature. Accurate prediction of the two-
phase flow pressure drop is important in designing and optimizing the CTA system’s
performance. The total pressure loss gradient for a steady two-phase flow consists of
three components—frictional pressure drop (Apy), acceleration (momentum) pressure drop
(Apa), and gravitational pressure drop (Apgrav) [23]. Therefore, the total pressure drop is
derived from the following equation:
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AP = Apf + Apg + Apgmv

w) = (@), (@), + (&)

— ) =) +5=) 5= @
(dx dx f dx / , dx g

In the above, Ap, and Apgrsy are ignored since the flow velocity of the two phases
(air bubbles and water) is relatively constant along the length of the pipe and there are no
changes in gravitational potential energy between the inlet and outlet. For simplicity;, it is
common to treat the two-phase mixture as a single phase with average properties of the
two phases considering the homogeneously mixed flow assumption. However, a more
accurate prediction can be made using a friction multiplier method [24]. Here, the frictional

pressure drop AP in a pipe with two-phase flow can be described by the Darcy—Weisbach
equation, as shown below:

dp\ _ 2
(i), =763 @

where <p]2(r is a two-phase flow multiplier that accounts for the additional pressure losses

due to the presence of both liquid and gas phases. The liquid-only frictional pressure drop,
APy, is calculated using the following relation:

2
L Miotal (3)
Dypipe 2 - py - A2
pipe pl plpg

AP = f

The two-phase flow multiplier, 4)]2(,, is further defined as

3.24 - Fs, - Hy,

2
¢f = Epr + FrO0%5 . e 0% @)
with Ef,, Fy, and Hy, given by
Ej = (1— )P+ 2- L8 5
r=0-x)"+x S)é’zl;ﬁ 5)
Fp=x"7- (1= x)" (6)

0.91 0.19 0.7
me= () () (- 0) 2
Pg 2% Pg

here, p, 11, and o are the density, viscosity, and surface tension of the liquid. The subscripts
[, g, and m represent the liquid phase, gas phase, and mixture, respectively. f; and f; are
the Darcy-Weisbach friction factors for the liquid and gas phases, respectively, and y is the
gas quality:

X Sy + ring
The mixture’s Froude number (Fr,,) and Weber number (We,,) for the combined flow are

calculated as follows:

mZ

Fry, = total (9)
g : Dpipe : p%ﬂ : A%}ipg
2
1i1 - D,
We,, = 2totul AZZPE (10)

In the above relationship, L, Dy, and Ap;p represent the length, diameter, and
cross-sectional area of the pipe, respectively. The mixture density (o) is calculated as
volume-weighted average of the gas (o) and liquid (p;) densities as follows:
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pm = €g - pg+ (1 —€g)p; (11)

here, €; is the volume fraction of gas and is calculated as the ratio of the volumetric flow
rate of the gas phase to the total volume flow rate of liquid (Q;) and gas phase (Qg).

£o = 7Qg
¢ Q1+Qg

The Colebrook-White equation is used for friction factor calculation in turbulent
flow [25], as there are no instances of laminar flow in this study:

(12)

1 e . 251
Vf 810 3.7Dpipe  Rer/f

here, e is the relative roughness, defined as the pipe diameter divided by tubing roughness
(0.0015 mm for standard PVC piping utilized in this study). Additionally, since the CTA
assembly is designed in this study to discharge at the surface of the water, the (gauge)
pressure of the Venturi discharge in Figure 1 becomes the total pressure differential (AP) in
Equation (1).

(13)

2.2. Aeration Theory

The following equation describes the rate of oxygen transfer in an aeration system [26].

dd% = KLLI(CS - CL) (14)

The left-hand side of the above represents the rate of change in the dissolved oxygen

concentration in the liquid phase over time. Here, Cg refers to the saturation concentration

of the gas (O, or Ny) in the liquid, and C|, represents the actual concentration at any given

moment. Kja is the overall mass transfer coefficient, which is a product of the liquid-phase

mass transfer coefficient (K} ) and the specific interfacial area (@ = A/ V). In practice, it is
impractical to measure the interfacial area; as a result, the value of Kj a is measured.

Upon integration of Equation (14), considering initial concentration of C = Cy at time

t = 0 and C = Cp, at any subsequent time t = ¢, the following integrated form is derived:

Cs—Co\
1n<CS_CL> — Kpa-t (15)

This integral form allows experimental determination of K2 by measuring C, over
time. As Cp, approaches Cg, the transfer rate diminishes, representing a near equilibrium
state. Plotting the left-hand side of Equation (15) with respect to time helps determine K} a
from the slope.

Kpa is often normalized to a standard temperature of 20 °C, (K La) 20, to ensure consis-
tency and comparability between different aeration system performances. The following
standardized equation is used, where 6 is the temperature correction factor (1.024 for pure
water), and T is the water temperature during the experiment (°C) [27]:

Kra
(Kpa)zo = QTEZO (16)

The Standard Oxygen Transfer Rate (SOTR) is defined as the mass of oxygen trans-
ferred per unit of time into a fixed volume of water at standard conditions of 20 °C and
1 atm [28].

acr,

SOTR = V(ﬁ)std = (Kpa)20Cs 20V (17)
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where C; 50 denotes the saturation concentration of dissolved oxygen at 20 °C, V is the
volume of water aerated, and the dimension of SOTR is kgO, /h. To quantify the efficiency
of an aeration system, the Standard Aeration Efficiency (SAE) is often used, which has

dimensions kgO, /kWh:
SAE — SOTR
SAE — SOTR
- WP

The power input can be either delivered power (DP) or wired power (WP) in the
above equation.

2.3. Discrete Bubble Model (DBM)

In this study, a discrete bubble model (DBM) method was adopted to predict mass
transfer inside the confined tube. This model is based on the one-dimensional time-
dependent motion of spherical gas bubbles in the coiled pipe system. In this analysis, the
effects of turbulence and agglomeration/breakup of bubbles are neglected, and the overall
methodology is based on that found in [29]. The mass transfer flux (J;) of a gas species
across the surface of a single bubble is then written as follows:

Ji = Kpi(Csi — Cp,;) (19)

where K] ; is the mass transfer coefficient, C;; is the saturation concentration of the gas i in the
liquid at the gas-liquid interface, and C,; is the concentration of the gas i at the bulk liquid.
Applying Henry’s law at the gas-liquid interface, the equilibrium concentration becomes

Csi = Hip; (20)

where H; is Henry’s constant, and p; is the partial pressure of gas i. The bulk aqueous-phase
concentration of the gas 7 at liquid can be derived from the ideal gas law:

Cb,i _ nzA‘;Iw,z
here, 1; is the molar amount of gas in species i, My, ; is the molecular weight of gas i, and V
is the volume of the liquid. If the bubble diameter (d}) is known, the mass transfer rate for
the gas species i from the bubble-liquid surface is expressed as

(1)

dmi
dt

= J;A(t) = K1i(Cs; — Cp;) x 7d;y (22)

A(t) is the time-dependent interfacial area. Assuming no slip between gas bubbles
and liquid, an average velocity vy, of the bubbles and liquid can be considered uniform
across the length of the pipe:

dx Qg + Ql
Um it Apipe (23)
here, Qg and Q; are the volumetric flow rates of the gas and liquid, and Apipe is the
cross-sectional area of the pipe. Given that mass transfer is a relatively slow process, a
pseudo-steady state condition for a small elemental distance traveled by a bubble with
velocity vy, in time dt is assumed. This leads to the following:
2
qn

dm;
7 xl = Kp,i(Cs; — Cb,i)a (24)

In order to determine total mass transfer per unit length of pipe, Equation (24) is
converted from a single bubble to a total number of bubbles (Ny,;,1) in the elemental
length of Ax:
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dM,; 7td% X Nypyp/1
L =Kpi(Csi — Cb,i)biu/

dx Um 25)

Equation (25) is an ordinary differential equation and can be integrated numerically

using a first-order explicit scheme. Here, dxi is the total mass transfer per unit length of
the pipe for gas species i. Np,;,1 can be determined by knowing the initial bubble volume,
the volume fraction of bubbles, elemental pipe length Ax, and the pipe area:

A,;
Nhub/L = €g . VF:ZE - Ax (26)

Furthermore, bubbles are assumed to be spherical in shape, and the initial bubble
volume (V} ) of a single bubble can be calculated knowing the initial bubble diameter (d} )
at the outlet of the Venturi injector:

7T
Vio = ¢ ho (27)

The bubbles move with average velocity of v,,; therefore, their residence time (¢,,;) is

calculated for the pipe length L as
L
tres = — (28)
m
The mass transfer coefficient, K| is determined through the Sherwood number (Sh) [30],

noting that bubble diameter and diffusion coefficient (D,) are known:
_ Kidy

Sh= 1 (29)

Sh is estimated based on an assumption of an immobile surface, valid for bubbles in
the range investigated in this study [31]

Sh = cRe;/?Sc!/? (30)

The constant ¢ is approximated as 0.6 as experimental values are found to be varied
between 0.42 and 0.95 [32]. The remaining parameters necessary for calculation of Kj, are
the Reynolds and Schmidt numbers:

Re, = P10pdp
K (31)

Sc = e

Dcp;

where v, = vy, is the bubble velocity and y; is the dynamic viscosity of the liquid, respectively.
The internal pressure of a spherical bubble within the pipe depends on the atmospheric
Py, static P;, and Laplace 40 /d, pressure as follows [33]:

40
P:Patm“‘pL‘F? (32)
b

Bubbles with a diameter greater than 0.1 mm usually render the Laplace pressure as
negligible. The partial pressure of the gas i within the bubble can then be calculated from
the total pressure P by considering the mole fraction (y;) of the gas component:

pi=yi-P (33)

where y; is the mole fraction of the gas component i. The total number of moles in a single
gas bubble can be described by using the ideal gas law:
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PV,
N==—2! 4
RT (34)

where V}, is the volume of a single bubble, R is the universal gas constant, and T is the
temperature of the gas inside the bubble, assumed to be the same as the liquid temperature.
The bubble size distribution in the Venturi injector is not uniform. As a result, it is
common to use a characteristic mean diameter (Sauter mean diameter—denoted SMD
or d3p) for the analysis of wastewater treatment and aquaculture bubble-based aeration
systems [34]. In essence, the SMD represents the diameter of a sphere that has the same
volume-to-surface area ratio as a statistically averaged collection of bubbles or particles:
mld?
1

SNk

d3p = (35)

m,dlz
=1

1
here, m is the number of bubbles observed. In this study, the Sauter mean diameter (d3;) is

determined from a recent study [35] and depends on water and air flow rates, as well as air
inlet diameter for Venturi injectors:

dzp _ 1215.9Rey, 4767 Re,; 0.75664,~05110 (36)
suc

here, Ds, is the suction port diameter, « is the air to water (volumetric) ratio, and Re,, and
Re,i; are water and air Reynolds numbers (the latter based on the suction diameter). The
SMD is then used as the bubble diameter (dj,) in mass transfer calculations.

2.4. Simulation Procedure

The liquid in this study was water, and the gas was assumed to be air consisting of
21% O, and 79% N». The diffusion coefficient (D.) of oxygen and nitrogen in water at 25 °C
is2.3x107? m2/s and 2.0 x 1072 m?/s.

The bubble size varies due to two phenomena: mass transfer of species across the bubble
surface and pressure changes due to viscous losses. The initial dissolved oxygen concentration
was set to 0 g/m?, and the dissolved nitrogen concentration in the tank water was assumed to
be in equilibrium with the atmosphere. Mass transfer from the the top surface of the water
tank was neglected as this is sealed in experiments. The system was assumed to be isothermal
at 25 °C due to the high thermal mass of the system. Air injection information was taken for
commercially available Venturi injectors from Mazzei® (Mazzei Injector Corp, Bakersfield, CA,
USA). The injector’s specifications were chosen based on the desired flow rate and pressure
conditions as per manufacturer’s guidelines.

The computational domain (CTA pipe) was split into elemental lengths Ax (m), and
each cell moved with an average mixture velocity of v;,. Once the water returned to the
aeration tank, the water was assumed to be homogeneously mixed. If the initial position of
the control volume is x; (m), the final position is x; (m), and the time to travel one elemental
length is At (s), then the following relationships hold:

xp=x;i+Ax
37
ye— o
Om

Equation (25) was used to calculate the mass transfer of oxygen and nitrogen gas
from air bubbles to water. However, mass transfer is usually expressed in molar form;
therefore, the saturation concentration and instantaneous aqueous concentration of gas in
the simulation procedure were adjusted accordingly. Equation (25) can then be transformed
into an explicit integration formula for calculating the molar species transfer per time step:
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rtdy(x)2 x N,
An;i(Ax) = |Kpi(x)(Csi(x) — Cpi(x)) bl )v bub/L | Ay
m

/ My,i (38)

here, M,,; is the molecular weight of gas species i. The saturation concentration for O,
and N are calculated using Henry’s constant (H), as follows [36,37]. Note that these
constants are used to calculate saturation concentrations after a brief discussion of pressure
calculations (see Equation (45)).

Ho = 68.0 — 160.672 x 1072T + 184.64 x 10412

2 472 (39)
Hy =29.197 — 68.649 x 107 “T + 88.851 x 10T

Equation (38) represents the number of moles of O, and N that leave the gaseous
phase during the time step, entering into the liquid phase. At (x 4+ Ax), the molar amount
of dissolved gas i remaining in the gaseous phase and the total number of moles in the

gaseous phase are calculated as follows:
ni(x + Ax) = n;(x) — An;(Ax)
1 40
N(x+ Ax) = N(x) — ) An;(Ax) (40)

i=1

Since all bubble sizes investigated herein are larger than 0.1 mm in diameter, the
Laplacian term in Equation (32) is ignored. The total pressure in the bubble also varies
along the pipe length due to the two-phase frictional pressure drop, calculated using
Equations (2)-(7): AP
P(x + Ax) = Py + Pp(x) — (dx) Ax (41)

The change in the bubble size, to be updated in the next time step (control volume), is
then calculated by modifying Equation (34) in the following form:

6 N(x+Ax)-R- (T, +273.15)

Ap(x + A7) = <n P(x + Ax) - 10° > () 42)

Due to concentration changes as a result of mass transfer and pressure, the mole
fractions (y;) in the gaseous phase and the saturation concentration (Cs ;) change as follows:

_ ni(x+ Ax)
yi(x+Ax) - N(X+AX) (43)
pi(x + Ax) = y;(x + Ax)P(x + Ax) (44)
Cs,i(x + Ax) = H;pi(x + Ax) (45)

To generate initial conditions for the problem, two injectors were considered, Model
1078 (2.54 cm diameter) and Model 4091 (10.16 cm diameter), which have sufficient per-
formance data to calculate inlet bubble sizes from Equation (36) given pump suction and
discharge pressures as well as water flow rates. The air suction rate was converted from
standard to simulation conditions using the following relationship:

(46)

where Qg is the air suction rate at standard temperature (Ty; =20 °C) and standard
pressure (Py;; = 1.013 bar) from the manufacturer. The actual temperature is the air-water
mixture temperature (T, =25 °C), and the actual pressure () is the total pressure inside
the CTA assembly at the Venturi outlet.
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The outlet pressure of the Venturi injector is influenced by factors such as the pipe
length and the properties of the two-phase mixture flowing through it. To accurately
characterize this relationship, a suction flow rate versus pressure differential equation was
developed from manufacturer data. To establish this relationship, manufacturer data were
fitted with a 3rd-order polynomial. Figure 2 shows this relationship for an inlet pressure
of 1.72 bar and two water flow rates (2.66 m®/h and 67.23 m3/h for the two injectors) to
demonstrate how air flow rates are calculated.

2.0 100
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Figure 2. Example polynomial fitting of air flow rate for (a) Model 1078; (b) Model 4091.

As previously mentioned, once a computational volume finishes its journey through
the pipe, it is assumed to be homogeneously mixed with the tank, and the dissolved oxygen
concentration is updated. This process continues until a steady-state concentration is
reached. Figure 3 shows all major steps involved in the simulation.

Calculate
a. Injector outlet pr. with water
b. Air Suction Rate

[}

Update
a. outlet pr. with air-water mixture
b. Air Suction Rate

Calculate Sauter Mean Diameter

Solve Mass Transfer in CTA Tube

Update C. in the Tank after every dt

Pre-Processing
a. Tank Volume
b. Water Temperature
c. Ambient Pressure

NO

Input
a. Injector inlet pr.
b. Water flow rate

Q) et

©aJimir

<0.001?

(€. - C1) < 0.001?

Input
c. CTA tube diameter
d. CTA tube length

PlotIn(Cs - Cy) vs Time (s) and
Determine Kya (hr)

Yes

Figure 3. Flowchart of the simulation procedure.

In the current work, only the hydraulic power developed by the pump is considered
for the performance analysis of the system. The fluidic power delivered (DP) by the pump,
in kW, is estimated by the following equation, knowing the differential pressure and flow
rate through the pump and noting that the pump pressure is expressed in bar:
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DP = 100APpympQuw (47)

In this analysis, water flow rate and pressure at the inlet of the injector at Point 4 in
Figure 1 are utilized directly from manufacturer’s data. Since the pipe length and diameter
are known, the energy equation between Points 3 and 4 in Figure 1 can be solved as in
Equation (48):

pv3 v
p3+ " +pghs = pa+ = + pghs + p8hiess(3-4) (48)

Similarly, the pump’s inlet pressure can be calculated between Points 1 and 2 in
Figure 1 as follows:

02 v3
pio+ 55 pghn = pao+ 552 pgha + pghinsa o )

In these equations, elevation is measured from the bottom of the basin or tank. Since
the tank is not pressurized and water in the tank is static, p; becomes 0 bar and v7 is 0 m/s.
The velocity from Points 3 to 4 is equivalent, and py is the pressure at the injector inlet. /17,5,
includes frictional loss and minor losses from pipe fittings; its general expression is:

L v?
+YV K| (50)
Dpipe Z > Zg

Ahloss = <fl

Thus, the pressure differential across the pump becomes:
Appump =P3—Pp2 (1)

2.5. Model Validation

The simulation procedure outlined in this study was validated with three experiments.
Here, a large container was filled with 946 liters of tap water at 25 °C and deoxygenated
using anhydrous sodium sulfite (NA»5SO3). Cobalt chloride (CoCl,) was used as a catalyst
to speed up the reactions, and a starting DO content of 0 mg/L was achieved. Next, aeration
was initiated using the Model 1078 (2.54 cm) injector, with motive flow provided by a 0.5 hp
centrifugal pump. Pressure gauges and flow meters were employed to determine (water
and air) flow rates and pressures necessary to conduct DBM simulations; see Figure 1. A
2.54 cm diameter coiled tube with a length of 6.1 m was employed as the confined tube
aerator. Two Vernier DO probes (ODO-BTA) measured dissolved oxygen content as water
was re-oxygenated. These values were averaged and recorded at one-minute intervals
and compared to simulation results using the methodology presented herein, as seen in
Figure 4.

Three experimental tests were conducted using valve control to achieve different
operational conditions, listed in Table 1.

The results indicate that the methodology utilized in this study is adequate in pre-
dicting dissolved oxygen content and in most cases predicts DO values with less than
15% discrepancy between experiments and simulations. More details on the experimental
procedure outlined herein may be found in [20].

Table 1. Experimental conditions for validation of simulation methodology.

Test 1 Test 2 Test 3
Inlet CTA Pressure (gauge, kPa) 37.2 77.2 28.3
Air Flow Rate (mL/s) 142.5 67.0 103.0
Water Flow Rate (mL/s) 594.7 594.7 533.3
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Figure 4. Experimental validation of simulation methodology.

3. Results and Discussion

Simulations were conducted using the aforementioned procedures for various water
flow rates, inlet injector pressures, and CTA pipe lengths for both Model 1078 (2.54 cm) and
Model 4091 (10.16 cm) injectors. As mentioned previously, air flow rates depend completely
on water flow rates and pressure differential across the injector and are available from
manufacturer’s data; an example of which is shown in Figure 2.

The pipe length, through the associated pressure drop due to viscous effects, affects
the outlet pressure of the injector and thereby the pressure differential. Given a Venturi inlet
pressure, a longer pipe forces a smaller pressure differential through the injector, which,
in turn, decreases the air suction rate, which further affects the two-phase pressure drop
through the pipe. Each simulation required an iterative procedure (seen in Figure 3) to
converge to an appropriate pressure differential and air flow rate, given an inlet pressure
and pipe length. As a result, for every simulation conducted, an increase in pipe length
decreased the pressure differential across the injector. This, in turn, decreases the suction
air flow rate, as seen in Figure 5.

Furthermore, apparent in Figure 5 is the fact that as inlet injector pressure increases,
suction flow rates increase. This is due to the fact that a greater amount of pressure
differential becomes available for the injector. Air flow rates increase with increased water
flow rates as well due to the increased fluidic energy available to pull air into the injector.
The larger (Model 4091) injector draws much more air than the smaller injector mainly for
this reason.

Since O transfer is directly proportional to interfacial surface area, which is related to
air and water flow rates within the pipe, the two injectors may be further compared accord-
ing to the volume fraction of air within the pipe, which is calculated using Equation (12).
All air volume fractions for simulations in this study are seen in Figure 6.

In Figure 6, similar trends are seen as with the previous discussion of air flow rates.
Decreasing air volume fractions can be correlated with increased pipe lengths due to lower
air flow. Interestingly, no discernible trend relating the air volume fraction to inlet pressure
and flow rate can be discerned. This is perhaps due to the dimensionless nature of the
volume fraction—a suitably nondimensionalized set of variables may prove these curves
to collapse onto a single relationship. Equally interesting is the comparison between the
two injector sizes. The larger model achieves higher air volume fractions than the smaller
injector; a maximum of around 60% for Model 4091 versus 41% for Model 1078. This
is likely due to the increase in available hydraulic power (larger flow rates are possible)
combined with reduced frictional losses (as these scale with the square of velocity, which,
for a given flow rate, decreases in an inverse-squared relationship with increased radius).

Of equal importance to the volumetric air flow rates and volume fractions is the bubble
sizes; smaller bubble enable a larger surface area per unit air flow rate for mass transfer
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to occur. Recall that bubble sizes are calculated based on established nondimensional
relationships [35] (see Equation (36)) and depend on water and air flow Reynolds numbers
as well as the air-to-water ratio, which depends on the volumetric fraction as follows:
gg = agj.
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Figure 5. Suction air flow (actual) rate dependence on confined tube length for various inlet pressures
and water flow rates; Models 1078 (top two figures) and 4091 (bottom two figures).

Figure 7 shows the variation in Sauter mean diameter (SMD) for various confined tube
length and for differing inlet pressures and flow rates for the two injectors investigated
herein. It is observed here that an increase in liquid flow rate generally produces smaller
bubbles. This is due to a more substantial pressure recovery (according to Bernoulli’s
theorem) occurring in the diverging section of the injector, which is known to disassociate
bubbles in Venturi injectors. With larger pressure recovery, bubbles generally shrink, and
with less severe pressure recovery, bubbles generally grow in size. For this reason, the
larger injector generally produces smaller bubbles.

Another interesting aspect of Figure 7 is that bubble sizes decrease with the increase in
confined tube length. If inlet pressure and flow rate are held constant, it has already been
established that an increase in CTA pipe length decreases air suction rates and gas volume
fraction. This, in turn, decreases the air Reynolds number (Re,;;) as well as the gas fraction
(«). Drawing on Equation (36), these changes have the effect of decreasing the SMD (from a
reduced Re,;;) while simultaneously increasing the SMD (from a reduced «). Ultimately,
the dependence of SMD on the air Reynolds number is stronger, as noted by the greater
magnitude of the exponent in Equation (36), resulting in an overall decreased SMD from
the increased CTA pipe length.
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Figure 6. Air volume fraction dependence on confined tube length for various inlet pressures and
water flow rates; Models 1078 (top two figures) and 4091 (bottom two figures).
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Figure 7. Sauter mean diameter bubble production for various confined tube lengths and water inlet
pressure and flow rates; Models 1078 (top two figures) and 4091 (bottom two figures).
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Minimum SMD, experienced for each set of parameters at the longest CTA pipe lengths
and at greatest flow rate and inlet pressure, were calculated to be around 0.35 mm for the
smaller injector (Model 1078) and around 0.30 mm for the larger injector (Model 4091).
Maximum SMD bubbles were experienced at the shortest CTA pipe lengths, and lowest
inlet pressures and flow rates were calculated to be around 1.6 mm for the small injector
and 1.1 mm for the large injector.

The bubble size, suction air fraction, injector inlet pressure, and flow rate, as well as
CTA pipe length, all factor into the performance parameters of the aeration system, namely,
the standard oxygen transfer rate (SOTR) and standard oxygen transfer efficiency (SAE).
These parameters were calculated using Equations (17) and (18), the latter using developed
power in the denominator calculated as the product of flow rate and pressure differential of
water across the injector. Figure 8 displays all simulated SOTR values in this investigation.

Some interesting observations can be made from the results in Figure 8. First and fore-
most, increasing water flow rates and inlet pressures increases SOTR. This is unsurprising,
since increasing these two parameters increases the suction air flow rates (Figure 5) and
decreases the bubble size (Figure 7), both trends acting to increase interfacial surface area
and therefore mass transfer.
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Figure 8. Simulated standard oxygen transfer rate (SOTR) values for various confined tube lengths
and water inlet pressure and flow rates; Models 1078 (top two figures) and 4091 (bottom two figures).

Additionally, it is evident in Figure 8 that, for small pipe lengths, increasing the pipe
length increases SOTR. This is due to the fact that, at these small pipe lengths, there is
insufficient residence time for entrained bubbles to transfer mass to the water; all plots
achieve a SOTR of zero with zero pipe length since mass transfer in the tank is ignored. The
rise in SOTR is quite evident at these smaller pipe lengths, due to the high concentration
difference between air and water, which increases mass transfer rates. As pipe length
increases, concentration differences decrease, while suction air flow rates and air fractions
decrease simultaneously, until a maximum SOTR is encountered (in some instances), after
which SOTR tends toward a relatively stable value. This trend can be expected, since
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sufficient increases in pipe length—while increasing bubble residence time—decrease
the air suction fraction and therefore the SOTR. Interestingly, for the larger (Model 4091)
injector, a clear maximum SOTR is reached for each pipe length with a given injector
inlet pressure and flow rate—between 5 m and 30 m length in call cases. Bubble sizes are
significantly lower—and air fractions higher—for this injector, as compared to the smaller
(Model 1078) injector, making mass transfer considerably greater. Additionally, as the larger
pipe size incurs lower frictional pressure drops, larger pipe lengths may be utilized within
the operational envelope of these injectors, further increasing SOTR for the larger model.
Lastly, the gradual flattening of SOTR data with the increased pipe length in Figure 8 is
a result of approaching saturation concentration. In many instances—and especially for
the larger injector model—bubble residence times are sufficient so that water becomes
saturated with oxygen, preventing any further increases in SOTR.

Standard Aeration Efficiency (SAE) trends are seen in Figure 9. SAE trends generally
follow those of SOTR (Figure 8); however, those inlet injectors and pressures with the
highest SOTR values achieve the lowest SAE values. This is due to the fact that SAE values
are calculated by dividing SOTR by developed (fluidic) power, which is highest for high
flow rates and pump differentials. As a result, from an energy efficiency perspective, lower
flow rates and injector input pressures are more desirable. Maximum SAE values reported
were 0.74 kgO, /kWh for Model 4091 and 0.62 kgO, /kWh for Model 1078. These values are
generally in the range of those found in recent studies [16-19] with maximal SAE reported
herein being slightly higher due to the use of the novel CTA assembly to assist aeration.
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Figure 9. Simulated standard aeration efficiency (SAE) values for various confined tube lengths and
water inlet pressure and flow rates; Models 1078 (top two figures) and 4091 (bottom two figures).

These results indicate that the CTA system scales well with increased diameter and
power requirements in terms of system efficiency. Additionally, having knowledge of injector
performance metrics allows this methodology to estimate the maximum aeration efficiency
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of the system with respect to confined tube pipe length, inlet injector pressure, and motive
(water) flow rates, without the need for time-consuming and costly aeration experiments.

4. Conclusions

A novel microbubble aeration system is proposed herein, incorporating a Venturi
injector and a coiled tube intended to facilitate bubble residence time without bubble
coalescence. The proposed aeration system has the benefit of producing the interfacial
area required for effective mass transfer without the need for compressors or blowers and
deep aeration basins. Using manufacturer’s data for two injectors (2.54 cm and 10.16 cm
diameter), along with nondimensional correlations available from recent studies to predict
bubble sizes, air suction rates, air volumetric fractions, standard oxygen transfer rate
(SOTR), and standard aeration efficiency (SAE) calculations were performed based on
simulations using the discrete bubble model concept. The general results of this study are
as follows:

1. The proposed aeration system is capable of producing bubbles in the range of 0.15-1.58 mm
for Model 1078 and 0.14-1.1 mm for Model 4091.

2. Increases in water flow rates effectively increase the volume fraction of injected air.
Maximum volume fraction varied between 40 and 60% for the injectors investigated,
with the larger-diameter model enjoying larger maximal air volume fractions.

3.  Increasing the liquid flow rate improves the oxygen transfer rate through the system,
due to decreases in bubble sizes and increases in injected air volume fraction.

4. Increasing the liquid flow rate increases the power requirements. As a result, the sys-
tem operates with lower energy consumption and higher standard aeration efficiency
at lower water and pressure at the injector inlet.

5. The confined tube length has a significant impact on the oxygen transfer rate—longer
pipe lengths can effectively improve bubble residence times, increasing mass transfer.
However, too long of a pipe decreases the suction air flow rates and increases viscous
losses significantly, affecting standard aeration efficiency negatively. For each injector
investigated, a maximal standard aeration efficiency was found with respect to pipe
length. This was found to be 0.74 kgO, /kWh for the larger (10.16 cm) injector and
CTA assembly, compared to 0.62 kgO, /kWh. Both of these values were higher than
those found in the recent literature concerning traditional Venturi aeration.

Further studies are underway to investigate the relative cost of bubble production
in Venturi injectors on the basis of energy (pressure) losses for CTA applications, as they
relate to the competing effects of viscous losses in the coiled pipes themselves, at larger
diameters in varying configurations. Other future works in this area, some of which are
intended to address limitations of this study, are as follows:

®  Addressing bubble agglomeration/breakup, which may become especially important
as aeration tubes become larger and potentially slower-moving.

e Analysis of effects of radius of curvature, which may affect frictional pressure drop at
low radii.

e  Parallelization of Venturi injectors and aeration tubes, which may prove beneficial at
larger scales necessary for municipal wastewater treatment.

*  Analysis of system performance when clean water is replaced with a mixed-liquor
fluid typically seen in wastewater aeration basins.

The results of this study are encouraging, especially given that increases in aeration efficiency
were found for an increased injector diameter and, hence, the system capacity for delivering
oxygen to wastewater. Since traditional Venturi aeration in wastewater applications is currently
focused on ejecting the air/water mixture in the bottoms of large basins, relying on smaller
bubbles’ increased residence time to increase oxygen transfer, this study represents a fundamental
shift in the application of Venturi injectors for wastewater treatment applications.
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Abstract: In this investigation, Zn/Al carbonate layered double hydroxide (ZAC-LDH) and its
derived material on calcination were synthesized for removing the anionic azo dye Congo red
(CR) from wastewater. Numerous factors were methodically investigated, including temperature,
adsorbent dosage, pH, starting Dye Concentration (DC), and contact time. The CR elimination
percentage dropped as the initial DC increased from 25 mg/L to 100 mg/L at 30 °C for uncalcined
LDH, and from 97.96% to 89.25% for calcined LDH. The pH analysis indicates that the highest level of
dye removal was recorded within the acidic pH range through the electrostatic attraction mechanism.
The sorption kinetics analysis results demonstrated that the pseudo-second-order kinetic model
exhibited a stronger fit to both uncalcined LDH and CZA-LDH, with the maximum correlation
coefficient value. The Van’t Hoff plots indicate the spontaneous nature of the physisorption process
with a negative AG® (<—20 kJ/mol), while the endothermic adsorption process exhibited a positive
AH?. The X-ray diffraction of calcined LDH reveals a significant intercalation of CR dye molecules,
both prior to and following adsorption, showcasing a distinctive memory effect. The Brunauer—
Emmett-Teller (BET) gas sorption measurements were performed to support the mesoporous nature
of ZAC-LDH and CZA-LDH. The FTIR spectrum confirms the interaction of dye molecules on
the surface of uncalcined and calcined LDH. These findings emphasize the efficacy of both the
synthesized LDHs in removing CR dye, with CZA-LDH demonstrating superior efficiency compared
to uncalcined LDH in the context of CR removal from wastewater.

Keywords: Congo red dye; Langmuir separation factor; layered double hydroxide; kinetics; memory
effect; thermodynamics

1. Introduction

Water pollution is a serious threat that the ecosystem is facing nowadays. It is in-
evitable for hazardous compounds in various forms to contaminate water bodies like lakes,
rivers, seas, and groundwater. This contamination can occur through various sources by
both natural and human-induced activities, including industrial discharge, agricultural
and urban runoff, wastewater disposal, oil spills, plastic pollution, atmospheric deposition,
mining activities, etc. [1,2]. A wide array of industries, including but not limited to the
textile, paper, culinary, rubber, plastic, and cosmetics sectors, utilize pigments and dyes
to impart color to their products [3]. The industries of textile and dyeing utilize a wide
range of dye types, including direct, reactive, disperse, acid, basic, vat dye, sulfur, reactive
disperse, and azoic dyes, among others [4]. Each of these dyes possesses distinct properties
and finds specific applications [5]. Azo dyes, constituting a predominant category among
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diverse dye types, are widely manufactured and applied to fibers like cotton, rayon, cellu-
lose acetate, and polyester. They encompass over 50% of the entire spectrum of commercial
dyes. As a result, a considerable number of industrial effluents contain these azo dyes,
which give rise to aesthetic concerns and, more significantly, potential health hazards for
aquatic organisms and humans, including reproductive disorders, neurological disorders,
and malignancies [6]. The selection of dye is contingent upon various factors, including
the intended color, the fiber variety to be dyed, and the method of application. In the
textile industry, environmental factors are progressively exerting a greater impact on the
dye selection process, resulting in the emergence of dyeing methods that are sustainable
or environmentally benign [7]. Dye pollutants released from such industries are the main
source of environmental pollution [8]. The release of even a minute amount of dye into
an aquatic ecosystem poses a risk to aquatic lifespan [9,10]. This is primarily due to its
adverse impact on the ecosystem, as it diminishes sunlight transmission and depletes the
crucial dissolved oxygen levels essential for sustaining aquatic life [11].

As an illustration, the widely used diazo dye Congo red (CR) dye breaks down into
benzidine, a substance that has been shown to cause cancer in living things [12]. To remove
Congo red dye (CRD) from effluents before they are released into the environment, en-
vironmental remediation products must be created [13]. This area of study could prove
to be an engaging subject, addressing concerns related to public health and environmen-
tal protection regulations. Since CRD is known to be resistant to biodegradation, it can
persevere in the environment for an extended time, leading to concerns about bioaccumu-
lation in aquatic ecosystems [14]. And it may cause skin and eye irritation upon direct
contact. Ingesting or inhaling large amounts of the dye could potentially lead to severe
health effects, such as cancer [15]. Dye containing-wastewater removal poses a significant
environmental problem, mainly because conventional techniques of treating such effluents
are inherently challenging [16]. Established approaches, including biological methods,
coagulation, electrochemical techniques, advanced oxidation processes, and membrane
processes, often encounter inefficiencies in achieving complete color removal, coupled with
elevated capital and operating costs [17-20]. As a result, the development of affordable
techniques and materials for effectively eliminating pollutants from the environment is
crucial [21].

Adsorption technology is a prevalent innovative method currently being employed
to eliminate colorants from aqueous phase due to its user-friendly procedure, efficacy in
removal, cost-effectiveness, and absence of secondary pollution [22]. Preceding studies
have reported on a number of adsorbents, including carbon [23], natural materials [24],
synthetic resins [25,26], banana peel [27,28], lemon peel [29], raw barley straw [30], heavy
metal waste, decorated egg shell [31], sawdust [32], rice husk [33], fly ash [34], coir pith
carbon [35], and tea detritus [36,37], utilized for the color removal from aqueous phase.
Certain adsorbents are prohibitively expensive, challenging to dispose of, or excessively
re-generable to be utilized on a large scale. In this context, a category of anionic clays
referred to as layered double hydroxides has demonstrated efficacy as adsorbents for the
elimination of numerous anionic impurities [38,39].

The general formula of LDHs is MZ _ M3 (OH), [ (A™), /n-mHO, where Mz
is divalent metal (Zn?*, Mg2+, Fe?*, etc.), M3* is trivalent metal (AI’*, Fe3*, etc.), and
A"~ is interlayer anions (CO3%~, Cl~,NO;3~, SO4%™, etc.) [40,41]. Carbonates serve as the
interlayer anions within obviously occurring mineral hydroxides, a category to which LDH
materials belong. The compositional flexibility of LDH is evident in its ability to incorporate
various M?* and M>* ions in the layers, diverse interlayer anions (A" "), and stoichiometric
coefficients (x) [42]. This adaptability allows LDH materials to find extensive applications
across multiple domains, including catalysis, adsorption, ion exchange, pharmaceuticals,
and purification. The exchangeability of interlayer anions and the flexibility in composition
make LDH materials versatile in meeting diverse functional requirements [43—-45]. When
exposed to water or an aqueous solution containing diverse anions, calcined layered
double hydroxide (CLDH) displays an impressive capacity to restore the layered structure
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characteristic of LDH. Importantly, these anions need not be the same as those in the
original LDH, and the process demonstrates what is known as the ‘structural memory
effect’ [46,47]. Studies have shown that both LDH and its calcined counterpart serve as
effective ion exchangers and adsorbents for the eradication of toxic pollutants water [48,49].
The prime objective of this investigation is to produce calcined LDH (CZA-LDH) and
uncalcined LDH, followed by the elucidation of these compounds efficiency as adsorbents
enabling the removal of CR in solutions of water.

2. Materials and Methods
2.1. Synthesis of ZAC-LDH and Its Calcined Counterpart CZA-LDH

All the materials utilized in this investigation are of analytical reagent (AR) quality
and were employed without undergoing any purification process. The ZAC-LDH was
produced using an aqueous solution of ZnSO,-7H,O and Aly(SO4)3-16H,O. The molar
ratio of ZnSOy to Al;(SO4)3 in the aqueous solution was 3:1. The solution was then blended
using a magnetic stirrer. A precisely measured amount of 0.3 g of CTAB was introduced
into the solution and thoroughly mixed using a magnetic stirrer until it formed a uniform
mixture. The solution containing sodium hydroxide (1 M) as the precipitating agent and
sodium carbonate (0.5 M) as the source of carbonate anions is slowly added until the pH
reaches 10. The co-precipitate was transferred into a Teflon walled stainless-steel autoclave
and subjected to the hydrothermal method shown in Figure 1. During this procedure, the
mixture was subjected to a temperature of around 120 °C and held at that temperature for
a duration of approximately 8 h. The collected material is subjected to filtration, followed
by multiple washes using double-distilled water until the pH reaches a neutral level.
Subsequently, the material is dried at a temperature of 80 °C using a hot-air oven. The
product that has been acquired has been recognized as uncalcined LDH. In order to obtain
calcined LDH, the uncalcined LDH was subjected to a temperature of approximately 450 °C
in a muffle furnace for a duration of two hours. In order to obtain the calcined LDH sample,
the rates of heating and cooling were both set to 10 °C per minute. In order to conduct
additional analyses and adsorption studies, both the uncalcined and calcined LDH samples
were finely ground into a powder.

y 3 E g NaOH+Na,CO,

ZnSO, 7, AL(SO.),

LDH PPT

HYDROTHERMAL |
__Mxine | TREATMENT
T
AT 120° C
AUTOCLAVE
WASHED
Catlonlc Layer & DRIED
Ilnter Layer “Sooen
FOWDERED
Pew Oa @uo
CZA LDH
MHERLE IR ZAC;LDH MORTAR AND PESTLE  HOT AIR OVEN

Figure 1. Synthesis of uncalcined LDH and calcined LDH.

2.2. Characterization

Utilizing the Shimadzu XRD-6000 diffractometer, Shimaddzu analytical (India) Pvt.
Ltd, Mumbai, the sample’s diffraction of X-rays (XRD) pattern was examined. Filtered
copper K-alpha radiation (wavelength, A = 1.54 angstroms) was used at an X-ray tube
voltage of 40 kilovolts and a current of 200 mill amperes. The specimens were then attached
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to alumina specimen holders, and the spacing between the plans of crystals (d-spacing) was
measured using the powder technique. The samples were scanned in the series of 5-80 °C
at a scanning speed of 1° per minute. The utilization of scanning electron microscopy
with field emission (FESEM) was employed to conduct a morphological analysis. With a
secondary electron detector, the researchers created FESEM images of the samples after
depositing a layer of gold or palladium.

2.3. Method of Adsorbate Solution Preparation

The dye of interest in this adsorption study was CR. The color index, molecular
formula, and molecular weight of the CRD is 22,120, C3pH22NgNayOgSp, and 696.68,
respectively. The anionic property of this benzidine-based dye and the molecular structure
is shown in Figure 2. A typical solution of CRD was produced by liquefying 500 milligrams
of the dye in 1000 milliliters of distilled water, resulting in a concentration of 500 milligrams
per liter (mg/L). Subsequently, further dilution was made from stock dye solution for
various concentrations of CR that were derived from the stock solution for adsorption
studies. Every chemical used in this investigation was of analytical purity. In order to
prepare solutions and reagents, double-distilled water was utilized. The preliminary
pH was adjusted as needed using 0.1 M sodium hydroxide (NaOH) or 0.1 M hydrogen
chloride (HCI).

NH,

N\
\

\
0=S N

H,N

00
\\SH—O' Na'

Figure 2. Molecular structure of Congo red.

2.4. Batch Adsorption Experiments

The batch-mode adsorption study was conducted using two synthesized materials,
namely uncalcined LDH and calcined LDH, to remove CR. The fixed dose (excluding the
dose variation study) and volume for various initial concentrations of CR were subjected to
agitation at 170 rpm with the help of REMI make Orbital shaker. The liquid was withdrawn
at predetermined time intervals and subsequently subjected to electrical centrifugation
at 5000 revolutions per minute for a duration of 20 min. The remaining DC (Dye Con-
centration) was measured using Elico BL198 Bio-Spectrophotometer at Amax 497 nm with
the unadsorbed liquid. To assess the impact of pH for the effective color removal, dilute
hydrochloric acid and sodium hydroxide solutions were employed. Furthermore, an in-
vestigation was conducted to assess the impact of temperature on the removal of dye at
three dissimilar temperatures: 30 °C, 40 °C, and 50 °C. For accuracy, each experiment was
replicated. The equation was used to compute the quantities of dye that were adsorbed at
equilibrium (qe) and at a certain time (q;) on the two adsorbent materials.

v
Get = (Co— Ce) X aX M @D

where qet (mg/g) denotes adsorbed amount at equilibrium (qe) or at any time (qt); Co
(mg/L) indicated Initial Dye Concentration (IDC); Ce (mg/L) refers to DC at equilibrium
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(Ce) or at any time (Cy); V (L) denotes volume of the solution; and m (g) indicates mass of
the adsorbent uncalcined LDH/calcined LDH sample.

Both uncalcined and calcined LDH, which were adopted as adsorbent materials in the
elimination of CR, underwent regeneration under identical conditions. The regeneration
process involved heating them in a muffle furnace at the temperature required for calcina-
tion for approximately 2 h, within an atmosphere of air. The capacity for reuse was tested
using a thermally regenerated material, including both calcined substances, to eliminate
CRD from a liquid solution. The reusability investigation kept the dosage of adsorbent
unchanged, probably 0.5 g/L for uncalcined LDH and 0.250 g/L for calcined LDH, while
starting with a concentration of dye about 50 mg/L.

3. Result and Discussion
3.1. Characterization of Materials

The characterization of the prepared uncalcined LDH by X-ray diffractogram revealed
a phase consistent with pure and original LDH materials, as depicted in Figure 3a. The value
of 20, which represents the peak’s maximal intensity and distinctiveness, indicates that
the single phase is well-crystallized and contains significant constituent crystallites [49,50].
Additional components, such as ZnO and Al(OH)3;, were found at larger angles (20 values
between 35° and 60°) in the analysis. The crystalline structure of ZnO usually resembled a
brukite-type layer [49]. When uncalcined LDH underwent calcination at 450 °C, the initial
layered structure disintegrated, causing the removal of the interlayer carbonate anions,
OH™, and H,O molecules. This transformation led to the creation of metal oxides mixtures.
The XRD pattern illustrated in Figure 3b does not contain basal reflections from planes
(003) and (006). As stated in Figure 3b, the occurrence of mixed metal oxide formation is
indicative of the elimination of the initial layered structure.
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Figure 3. Uncalcined and calcined LDH XRD patterns (a,b) prior to CR adsorption and (c,d) subse-
quent to the process.

The PXRD diffraction patterns depicted in Figure 3a—d provide evidence of the effec-
tive synthesis of Zn/Al-LDH, which exhibits a notable level of crystallinity and a pure
hydrotalcite phase. Strong peaks at 20 values of 11.24, 22.68, 34.34, 38.19, 45.17, 60.30, and
61.61, which correspond to the reflection planes (hkl) of (003), (006), (009), (012), (015), (110),
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and (113), respectively, provide clear evidence of this. The presence of carbonate anions
intercalated within the ZA-LDH structure is denoted by these peaks. The XRD patterns of
uncalcined LDH and calcined LDH prior to and subsequent to dye adsorption are illus-
trated in Figure 3a—d. The principal mechanisms responsible for the adsorption of the dye
were surface adsorption and intercalation of the dye onto uncalcined and calcined LDH,
respectively. The aforementioned conclusion is substantiated by the XRD patterns of the
adsorbents prior to and subsequent to dye adsorption (Figure 3a—d). The dye adsorption
by calcined LDH is notably associated with the restoration of the original hydrotalcite
(HT) assembly through the intercalation of CR, facilitated by a special phenomenon known
as the ‘memory effect’. This process is additionally validated by the resurgence of basal
reflections of planes (003), (006), and (009), as well as the presence of several additional
faint peaks as observed in the XRD pattern (Figure 3d). This provides evidence for the
uptake of anionic dye CR onto both adsorbents, uncalcined and calcined LDH, through
surface adsorption and anion-exchange mechanisms.

Figure 4a,b depict the FESEM images of the adsorbent materials both before and after
CRD adsorption. Before adsorption, the rough surface of both the adsorbents has different
pores with different sizes. The dye molecule covering the surface of the material was
evidenced to have smooth coverage on surface in Figure 4b and flowers, like the structure
causing heterogeneity occurrence in Figure 5a,b. This difference in surface further proved
the adsorption of CR by both adsorbents.

Date :8 Sep 2016

Time :16:11:08

HT = 3.00kV Signal A = InLens Date :8 Sep 2016 ZEISS
WD = 4.0 mm Mag= 21.07 KX Time :15:04:57

Figure 4. FESEM image of uncalcined LDH (a) before and (b) after adsorption of CR.
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Figure 5. FESEM image of calcined LDH (a) before and (b) after adsorption of CR.

The particular surface areas and porous characteristics of ZAC-LDH and CZA-LDH
were investigated using the Brunauer—-Emmett-Teller (BET) gas sorption technique. The
samples’ BET surface area, pore volume, and average pore width are presented in Table 1.
The nitrogen adsorption/desorption isotherms of the ZAC-LDH and CZA-LDH samples,
as depicted in Figure 6, exhibited a type IV isotherm with an H3 hysteresis loop. This
hysteresis loop is indicative of the creation of plate-like particle aggregates, resulting in
the production of slit-shaped pores. The mesoporous nature of the samples was further
validated by analyzing the relative pressure graph, which showed an increase in the
adsorption and desorption curves between 0.6 and 1.0. The calcined LDH exhibited a
significantly greater surface area, total pore volume, and average pore width compared
to ZAC-LDH. Furthermore, it was observed that the pore volume and average pore size
of CZA-LDH increased due to the removal of interlayer CO32~ ions during calcination.
Furthermore, the relatively large pore size and mesoporosity of these materials make them
highly effective as adsorbents for wastewater treatment. This is due to their ability to
facilitate the simple diffusion of dye molecules [48].
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Table 1. Surface area, pore volume, and pore size of ZAC-LDH and CZA-LDH.

Parameter ZAC-LDH CZA-LDH
Single point surface area (P/Po = 0.21) in (m?/g) 22.0257 22.0469
BET surface area (m?/ g) 22.5610 22.5963
Dubinin-Astakhov—micropore surface area (m?/g) 23.2209 23.2866
Total pore volume of (P/Po = 0.99) (cm3/ ) 0.132013 0.145968
t-Plot micropore volume (cm?3/ g) 0.001020 0.002219
t-Plot mesopore volume (cm?/g) 0.130993 0.143749
Average pore width (A) 233.7454 258.7366
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Figure 6. Nitrogen adsorption—desorption isotherm of ZAC-LDH and CZA-LDH.

The FTIR spectra of ZAC LDH and CZA LDH before and after adsorption of CR dye
are shown in Figure 7a,b. The band at 3460 cm ! in the FTIR spectra corresponding to ZAC
LDH was due to the stretching vibrations of H-bonding of M-OH group in the brucite-like
layer structure and interlayer water molecule. The intercalated anion carbonate in ZAC
LDH was supported by the appearance of band at 1380 cm™~!, 770 cm~!. But in CZA
LDH, the disappearance of the peaks at 3460 cm~!, 1380 cm !, and 770 cm ! confirms the
formation of calcined LDH with the loss of hydroxyl group and water molecules. After
the adsorption of CR, the dye was evidenced by the decrease in the intensity of peak at
1380 cm~! in ZAC LDH-CR compared with ZAC-LDH (Figure 7a). The reconstruction of
the LDH structure by intercalation of anionic dye CR in CZA-LDH was evidenced through
the appearance of peak at 1380 cm ™! (Figure 7b). Thus, the FTIR spectrum confirms the
interaction of dye molecule on the surface of uncalcined and calcined LDH [51].
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Figure 7. (a) FTIR spectrum of ZAC LDH before and after adsorption of CR. (b) FTIR spectrum of
CZA LDH before and after adsorption of CR.

3.2. The Influence of IDC and Contact Time

As illustrated in Figure 8, the impact of IDC on CR adsorption by two adsorbents was
investigated. With an increase in the IDC from 25 mg/L to 100 mg/L at a temperature of
30 °C, the dye removal efficiency decreased from 95.65% to 89.62% for uncalcined LDH and
from 97.96% to 89.25% for calcined LDH. The availability of active spots on the adsorbent
is greater for lower concentrations of adsorbate, leading to more adsorption than at the
higher concentration. Concurrently, the maximum achievable adsorption rate of CRD per
unit mass for both adsorbents rose, corresponding to the initial concentration increase
from 25 mg/L to 100 mg/L at 30 °C, from 47.83 mg/g to 179.23 mg/g for uncalcined
LDH, and from 97.96 mg/g to 356.99 mg/g for calcined LDH. Both instances demonstrated
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an initial surge in the contact duration of the dye adsorption during the initial phases.
This was attributed to the presence of more active spots on the adsorbent surface, which
promoted efficient adsorption. Subsequently, the rate of increase slowed down, indicating
a reduction in available sites [52]. After it reached equilibrium nearing at 60 min, there was
no significant change in the extent of quantity adsorbed. This was explained by the IDC
acting as a driving force between the solid and aqueous phases to surmount the total mass
transfer resistance of the CRD. As a result, the adsorption mechanism was enhanced at
higher concentrations.
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Figure 8. IDC as a factor in CRD elimination by uncalcined and calcined LDH.

3.3. The Influence of Temperature

Experiments were conducted at three distinct temperatures—30 °C, 40 °C, and 50 °C—
in order to determine whether temperature affected the removal of CR by two adsorbent
materials that were synthesized. Figure 9 describes the temperature dependency of CR onto
both uncalcined LDH and calcined LDH. The efficiency of adsorption of CR is significantly
influenced by the solution temperature, with a more favorable outcome observed at higher
temperatures. Surface diffusion facilitates the adsorption of pigment onto the surface,
which is enhanced by a rise in temperature. Consequently, as the temperature rose, the
percentage removal of anionic dye CR from uncalcined LDH increased from 89.62% to
92.35%, and from 89.25% to 93.55% for CZA-LDH. The IDC of the dye utilized in these
observations was 100 mg/L. The endothermic characteristics of the adsorption process were
demonstrated through the proportional increase in CR adsorption and temperature [53].
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Figure 9. Temperature’s effect on the eradication of CRD by uncalcined and calcined LDH.

3.4. The Implication of pH

The solution pH serves as a crucial parameter influencing the adsorption of adsorbate
molecules. As illustrated in Figure 10, the consequence of the pH on the uptake of CR
by two adsorbents, calcined and uncalcined LDH, was inspected by changing the initial
pH of the dye from 2 to 12 for 100 mg/L IDC. The point of zero charge (PZC) of the
adsorbent played a substantial role in elucidating the pH effect on dye removal, with the
PZC values measured for uncalcined LDH (8.07) and calcined LDH (8.6). Higher dye
removal percentages occurred at pH < PZC, and lower percentages were observed at pH
> PZC for both uncalcined LDH (PZC = 8.07) and calcined LDH (PZC = 8.6). In contrast
to pH > PZC, where the negatively charged anionic dye was repelled by the positively
charged LDH surface, electrostatic attraction facilitated dye removal at pH < PZC [54].
The maximum dye removal of 78.38% was observed for uncalcined LDH at pH 6 and
further increase in pH decreases the percentage removal due to breaking of LDH structure.
Simultaneously, calcined LDH demonstrated complete dye removal, reaching 100%, within
a broad pH range spanning from 3 to 7 [55,56]. The increase in the percentage of adsorption
can be attributed to the positive charge that develops on the adsorbent surface at an acidic
pH. This positive charge enhances the electrostatic force of attraction between the adsorbent
surface and the negatively charged dye molecules [57,58].

3.5. The Implications of Adsorbent Dose

The effect of adsorbent incremental dose on CR uptake by CZA-LDH (100 mg/L DC)
and uncalcined (50 mg/L DC) was examined by varying the adsorbent dose from 0.20 to
0.50 g/L. The values, which are depicted in Figure 11, indicate that, as the adsorbent dose
was upsurge, the amount of dye removed increased. The observed results can be elucidated
by the enlarged number of energetic spots and larger surface area of adsorbent, which
promote enhanced adsorption until a state of equilibrium is achieved with the adsorbate
molecules [59]. Additionally, the adsorption experiments were conducted using 0.50 g/L
as the optimal dosage. With this dose, uncalcined LDH achieved a maximum removal of
92.31%, while CZA-LDH achieved 89.25% removal, and these values were fixed for further
study [60].
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Figure 11. Adsorbent dosage effect on the removal of CRD by calcined and uncalcined LDH.

3.6. Kinetic Studies
3.6.1. Pseudo First Order (PFO) Model

To examine and understand the adsorption processes, including chemical reactions
and mass transfer, three kinetic models—namely, PFO, PSO (pseudo-second order) [61],
and intra-particle diffusion models—were employed for studying the adsorption of CRD
on both uncalcined and calcined materials. Lagergren [62] proposed the pseudo-first-order
rate equation, which is denoted as follows:

k
log(ge — g¢) = log ge — (23103)t @
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where e and q; represent the amounts of dye adsorbed at equilibrium and time, t (min)
respectively; and k; symbolizes PFO rate constant (min~1).

The values of q. and k; were calculated from intercept and slope of the plot log (qe-qt)
vs ‘t’ for different ‘C;” and ‘temperatures’ for both adsorbents. Tables 2 and 3 summarize
the calculated kinetic parameters (KPs). It is apparent from the R? value that the adsorption
characteristics of both adsorbents for the removal of CRD were better described by a
pseudo-second-order equation as opposed to a PFO equation.

Table 2. KP for the adsorption of CRD by calcined and uncalcined LDH at a temperature of 30 °C for
various IDCs.

Uncalcined LDH Calcined LDH
Adsorbents
Initial Concentration (mg/L)
Parameter 25 50 75 100 25 50 75 100
de exp (mg/g) 47.83 92.22 135.66 179.23 97.96 191.84 276.92 356.99
PFO kinetic model
k; (min—1) 0.062 0.070 0.068 0.072 0.114 0.081 0.093 0.071
qe cal (mg/g) 31.21 65.43 111.51 178.11 59.84 92.49 156.24 203.56
R? 0.9552 0.9694 0.9795 0.9205 0.9114 0.9097 0.9035 0.919
PSO kinetic model
ko (g/mg min~1) 0.005 0.002 0.001 0.001 0.013 0.003 0.002 0.001
h 13.441 22.371 24.390 26.810 123.457 121.951 181.818 135.135
qe cal (mg/g) 50.25 97.09 147.06 196.08 99.01 196.08 285.71 370.37
R? 0.9997 0.9996 0.9992 0.9989 0.9999 0.9999 0.9999 0.9999
IPDM
kiq (mg/g/min”) 0.604 0.272 0.149 0.104 0.991 0.331 0.206 0.113
R? 0.8647 0.8491 0.8784 0.9173 0.6897 0.8282 0.7221 0.7989
Table 3. KP governing the adsorption of CRD by calcined and uncalcined LDH at varying tempera-
tures (100 mg/L IDC).
Adsorbents Uncalcined LDH Calcined LDH
Temperature
Parameter 30°C 40 °C 50 °C 30°C 40°C 50 °C
qe exp (mg/g) 179.23 181.42 184.70 356.99 365.59 374.19
PFO kinetic model
kq (min~1) 0.073 0.060 0.067 0.066 0.055 0.067
e cal (mg/g) 179.80 139.06 150.42 189.37 173.66 196.20
R? 0.9307 0.9693 0.9665 0.9199 0.8814 0.9367
PSO kinetic model
ko (g/mg min~1) 0.00070 0.00079 0.00083 0.00097 0.00096 0.00097
h 26.954 30.395 33.003 133.333 131.579 142.857
qe cal (mg/g) 196.08 196.08 200.00 370.37 370.37 384.62
R? 0.9989 0.999 0.999 0.9999 0.9999 0.9999
IPDM
kig (mg/g/min") 0.104 0.111 0.113 0.113 0.109 0.106
R? 0.9143 0.9123 0.9003 0.8009 0.8158 0.7917
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3.6.2. PSO Model

The following is the representation of the PSO kinetic equation,

1
qt kZQe2

1

+ =t

e

®)

The consensus adsorption capacity, qe, and second order rate constant, k,, were
derived from the relationship between the values of t/q; and time for various concentrations
of Ci (75 mg/L, 50 mg/L, 25 mg/L, and 100 mg/L) and temperatures (30 °C, 40 °C, and
50 °C). To determine the values of ge and ky, the slope and intercept of the plots in
Figure 12a,b and Figure 13a,b were utilized. The second-order calculated KPs are displayed
in Tables 1 and 2. It was observed that the qe values calculated for both adsorbents were
in close proximity to the experimental qe values. The adsorption behavior of the dye by
both adsorbents was highly consistent. For all concentrations, the PSO kinetics model
provided a more accurate fit than the PFO kinetics model, as evidenced by the high R?
values with low standard deviation values (approximately in the range from 0.082 to 0.30)
for the adsorptive elimination of CR by both adsorbents [62].
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Figure 12. PSO kinetic model for ZAC-LDH and CZA- LDH uptake of CRD.
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Figure 13. PSO kinetic model for the uptake of CRD at different temperature by ZAC-LDH and

CZA-LDH.

3.6.3. IPDM (Intra-Particle Diffusion Model)

The kinetic results were subjected to the intra-particle diffusion model so as to elucidate
the mechanism of diffusion. Intense agitation of the solution mixture containing adsorbent
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and adsorbate during the adsorbent process may result in the adsorbate migration into the
pores available on the adsorbent, potentially serving as a tool in the rate-determination
step. The intra-particle diffusion model’s determination of the relationship among the
quantity of dye adsorbed (q;) and t1/2 (kiq + C) at various time intermissions for various
concentrations is shown in the graph diagram in Figure 14a,b. The values of k;q were
computed from the gradients for all concentrations at 30 °C and for various temperatures,
fixing the IDC as 100 mg/L. Since the intra-particle diffusion plot did not intersect the
origin, the adsorption process by both calcined and uncalcined LDH appears to have
substantially followed boundary layer diffusion [63].
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Figure 14. PSO kinetic model for the uptake of CRD at different temperature by ZAC- LDH and
CZA-LDH.

3.7. Adsorption Isotherm

At constant temperatures, the equilibrium relationship between the adsorbate and the
adsorbate adsorbed onto the surface of the adsorbent can be analyzed using the adsorption
isotherm. In this investigation, the adsorption equilibrium for CR uptake by the two
materials was studied through Langmuir [64] and Freundlich [65] isotherm models.

3.7.1. Langmuir Isotherm

The Langmuir adsorption isotherm, a widely recognized linear method for determin-
ing the adsorption of a monolayer onto a homogeneous surface, is represented by the
subsequent equation:

Ce 1 Ce

—_— = + —_

ge  Qo-br Qo
where Q, and by, are constants representing the energy of adsorption (L/mg) and mono-
layer adsorption capacity, respectively. The equilibrium concentration of the adsorbate is
denoted as C. in mg/L, while ge represents the quantity of adsorbate adsorbed /unit mass
of adsorbent in g/g. Table 4 provides a summary of the calculated values. A value between
0 and 1, known as the Langmuir dimensionless constant (Ry ), denotes the favorable nature
of adsorption. The maximal mono-layer converges capacity (Q,) for uncalcined LDH and
calcined LDH at 30 °C was determined to be 769.23 mg/g and 526.32 mg/g, respectively,
based on the plot of Ce/qe against Ce. The low correlation coefficient (R?) of the Langmuir
isotherm model makes it less suitable to explain the nature of CR adsorption.

)
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Table 4. KP governing the adsorption of CRD by calcined and uncalcined LDH at varying tempera-

tures (100 mg/L ICD).
Adsorb Temperature Langmuir Isotherm Freundlich Isotherm
sorbent ©0) Qo b Ry R? n k¢ R?

30 769.23 0.0024 0.8914 0.9208 1.133 29.580 0.999

Uncalcined LDH 40 714.29 0.0026 0.8831 0.68 1.122 33.159 0.9915
50 454.55 0.0042 0.8250 0.8712 1.412 53.407 0.9867

30 526.32 0.0073 0.7335 0.9531 1.676 86.298 0.993

Calcined LDH 40 588.24 0.0065 0.7543 0.9637 1.745 97.521 0.9983
50 625.00 0.0062 0.7646 0.92 1.703 106.955 0.9897

3.7.2. Freundlich Model

The heterogeneity of the adsorption system and multilayer adsorption are described
using the Freundlich isotherm model. The Freundlich equation’s linearized form is written
as follows:

1
logge = log Ky + = log C, 5)

where the adsorption intensity (n) and the adsorption capacity (k¢) are determined from
the slope and intercept of a linear plot of logqe versus logCe. For the removal of CRD
onto uncalcined LDH and calcined LDH, a favorable adsorption process is suggested
by the reciprocal value of n (1/n < 1). With a high correlation coefficient value (R?),
the computed equilibrium values fit the Freundlich isotherm well, demonstrating the
multilayer adsorption and heterogeneity nature of the process by both adsorbents [48].

3.8. Thermodynamic Parameters

Thermodynamic parameters related to adsorption, such as Gibb’s free energy change
(AGY), enthalpy change (AH"), and entropy change (AS"), were determined using the
formulae given below:

AG? = —RTInK (6)
AS®  AHC
ke =R~ %r @

Table 5 lists the thermodynamic characteristics for both adsorbents that were deter-
mined using Van’t Hoff plots [66]. The negative AG? value in the range of —5.33 k] mol ! to
—7.18 k] mol~!, which falls below the threshold of —20 k] mol~!, indicates a spontaneous
physisorption process with a high attraction of CR onto the adsorbent material surface. In
addition, the positive values of the enthalpy changes (AH") indicate that the adsorption
process occurs at an endothermic temperature across all the temperatures examined. The
endothermic characteristics of the adsorption process are corroborated by the increase in
pigment adsorption as the temperature rises. Additionally, after the adsorption of the CRD,
the positive AS® values suggest an upsurge in degrees of freedom and randomness at the
boundary between the solid and the liquid [67].

Table 5. At various temperatures, the thermodynamic parameters of CRD adsorption by uncalcined

and calcined LDH.
Adsorbent Temperature (°C) AG? (KJ/mol) AH (kJ/mol) AS? (J/K/mol)
30 —5.43
Uncalcined LDH 40 —5.93 13.59 62.65
50 —6.69
30 —5.33
Calcined LDH 40 —6.33 22.72 92.67
50 —7.18
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3.9. Reusability of the Adsorbents

The spent adsorbents uncalcined LDH and calcined LDH were calcined at 450 °C for
two hours in an air environment in a muffle furnace. To assess the materials’ reusability,
a constant heating and cooling rate of 10 °C per cycle was maintained. As shown in
Figure 15, the calcined materials from both were then utilized again to remove CR from
aqueous solution using the identical adsorbent dosages of 0.5 g/L and 0.25 g/L for both
uncalcined and calcined LDH material, respectively. The decline in the percentage of dye
removed during consecutive cycles may be attributed to the reduction in weight during
adsorbent recovery. However, both calcined adsorbent materials exhibited remarkable
dye removal (83.53% and 64.71%, respectively), indicating their potential for effective
reuse. This suggests that as-prepared adsorbent materials can be utilized, recovered, and
successfully reused in the treatment of dye wastewater [68]. The adsorption capacities of
various sorbents for the removal of CR in the present work and previous literature works
are discussed in the Table 6.
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Figure 15. Effectiveness of reusability of both calcined LDHs for removal of CRD.

Table 6. Comparison of adsorption capacities of various sorbents for removal of CR.

Quantity of Dye

S. No. Adsorbent Material Adsorbed (mg/g) Reference

1. Cabbage waste powder 1.78 [13]

2. Coal fly ash 152.7 [17]

3. Mg/Al-LDH 769.23 [41]

4. CuAl LDH 47.619 [69]

5. Ternary CaNiAl- LDH 135.21 [70]

6. CaAl-LDH C1 123.9 [71]

7. ZAC-LDH 179.23 Present work
8. CZA-LDH 356.99 Present work

4. Conclusions

This work substantiates the synthesis and analysis of the adsorption of the anionic
dye CR using two different adsorbents: uncalcined LDH and its calcined counterpart, both
of which are used in a batch mode adsorption procedure. The CR elimination decreased
for uncalcined LDH (from 95.65% to 89.62%) and calcined LDH (from 97.96% to 89.25%)
as the ICD increased from 25 mg/L to 100 mg/L at 30 °C. The highest quantity of CRD
eliminated rose with temperature; for uncalcined LDH, it was 179.23 mg/g to 184.70 mg/g,

84



Energies 2024, 17, 2698

and for calcined LDH, it was 356.99 mg/g to 374.19 mg/g. The temperature range for this
rise was 30 °C to 50 °C. The uncalcined LDH exhibited optimal dye removal (78.38%) at
pH 6, while calcined LDH showed 100% removal in the broader acidic pH range (below
7) for a 100 mg/L ICD. Kinetic data aligned well with the PSO model, demonstrating
high correlation coefficients (R?) and lower standard deviation values for both adsorbent
materials. The maximum adsorption capacity for uncalcined LDH (769.23 mg/g) surpassed
that of calcined LDH (526.32 mg/g) at 30 °C. Negative AG® values indicated a spontaneous
physisorption process, while positive AH® values confirmed the endothermic nature of
adsorption process at all temperatures under investigation. Langmuir and Freundlich
isotherm representations substantiated the favorability of the adsorption process. The
adsorption process’s favorability was confirmed by models of the Langmuir and Freundlich
isotherms. Thermally treated uncalcined LDH and calcined LDH demonstrated reusability
with CR removal percentages of 83.53% and 64.71%, respectively, in the third cycle. Pre- and
post-adsorption XRD spectra of calcined LDH demonstrated improved dye adsorption by
reconstructing its initial layered structure through CR intercalation with a ‘memory effect’.
Moreover, the BET analysis has revealed that both uncalcined ZAC-LDH and calcined LDH
possess a comparatively large pore size and mesoporosity. This characteristic makes them
highly effective as adsorbents for wastewater treatment, as it facilitates the easy passage of
dye molecules.

Accordingly, both uncalcined LDH and calcined LDH proved effective in CR removal,
with calcined LDH exhibiting superior efficiency. The findings underscore the potential of
these synthesized materials as efficient and reusable for the elimination of CR from dye
wastewater. Additionally, this research will be expanded to generate M2+/M3+ LDH and
assess its efficacy as a photo-catalyst and adsorbent for the removal of heavy metals from
aqueous solutions and dye effluent, respectively.
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Nomenclature

BET Brunauer-Emmett-Teller

CLDH calcined layered double hydroxide

CR Congo red

CRD Congo red dye

CTAB cetyltrimethylammonium bromide
CZA-LDH calcined Zn/Al layered double hydroxide
DC Dye Concentration

FESEM Field Emission Scanning Electron Microscope
FTIR Fourier-Transform Infrared Spectroscopy
IDC Initial Dye Concentration

IPDM intra-particle diffusion model

KP kinetic parameter

LDH layered double hydroxide

PFO pseudo-first order

PSO pseudo-second order

XRD X-ray diffraction

ZAC-LDH  Zn/Al carbonate layered double hydroxide
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Abstract: Effective modeling and management are critical in wastewater treatment facilities since
the aeration process accounts for 65-70% of the overall energy consumption. This study assesses
control strategies specifically designed for different sizes of WWTP, analyzing their economic, envi-
ronmental, and energy-related effects. Small WWTPs see advantages from the utilization of on/off
and proportional-integral-derivative (PID) control methods, resulting in 10-25% energy savings
and the reduction in dissolved oxygen (DO) levels by 5-30%. Cascade control and model predictive
control (MPC) improve energy efficiency by 15-30% and stabilize DO levels by 15-35% in medium-
sized WWTPs. Advanced WWTPs that utilize technologies such as MPC integrated with artificial
intelligence (AI) and machine learning (ML) can decrease energy usage by 30-40% and enhance DO
levels by 35-40%. Life cycle assessment (LCA) demonstrates substantial decreases in greenhouse
gas (GHG) emissions: 5-20% for small, 10-25% for medium, and 30-35% for large WWTPs. These
findings illustrate the feasibility and expandability of these tactics in both controlled laboratory
environments and real-world situations, emphasizing the significance of customized methods for
improving energy efficiency and sustainability in wastewater treatment. Subsequent investigations
should prioritize integrating renewable energy sources and resolving obstacles in developing nations
to enhance wastewater treatment plants” energy efficiency and sustainability.

Keywords: aeration; control strategies; energy consumption; modeling; wastewater treatment plants

1. Introduction

Wastewater treatment plants (WWTPs) are essential infrastructure elements specifi-
cally intended to process and cleanse wastewater produced by residential, industrial, and
commercial sources prior to its release into the environment or reuse [1]. These facili-
ties are crucial for safeguarding human health, maintaining water quality, and reducing
environmental pollution [2]. WWTPs utilize a variety of methods, including physical,
chemical, and biological processes, to eliminate impurities, pollutants, and disease-causing
microorganisms from wastewater. This ensures that the treated water meets the required
regulatory criteria and protects the integrity of the environment [3]. Municipal WWTPs are
particularly suitable for studying energy management solutions due to their extensive size
and substantial energy usage. It makes them a central focus for advancements in efficiency
and sustainability. WWTPs have the dual responsibility of processing wastewater to meet
discharge standards and encourage resource recovery and environmental sustainability [4].
The endeavor to retrieve essential resources such as nutrients, energy, and water from
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wastewater is in accordance with the ideas of circular economy and resource conserva-
tion [5]. Aeration is a crucial step in these facilities, having a significant impact on both
treatment efficiency and resource recovery.

Aeration is an essential process in WWTDPs, playing a vital role in facilitating the
elimination of nitrogen molecules, such as ammonia and nitrate, through the processes
of nitrification and denitrification [6]. During the process of nitrification, aerobic bacteria
convert ammonia into nitrite and then into nitrate. This process relies on the presence
of sufficient oxygen [7]. Aeration is the technique of introducing air into wastewater to
enhance the transfer of oxygen and encourage aerobic biological processes [8]. Aeration
promotes the growth and activity of aerobic microorganisms [9] by increasing the oxygen
levels in the environment. These bacteria break down organic materials and contaminants
found in wastewater, transforming them into innocuous substances [10]. The importance
of aeration in wastewater treatment cannot be emphasized enough, as it is crucial for
the efficiency, efficacy, and environmental sustainability of wastewater treatment plant
operations [11]. As aeration technologies and control tactics advance, optimizing aeration
processes will continue to be a primary goal for WWTP operators. This is undertaken
to improve treatment performance, reduce energy consumption [12], and fulfill stricter
regulatory requirements [13].

The high energy consumption of aeration systems in municipal WWTPs enhances
concerns about environmental sustainability and the preservation of resources [14]. The
assessment of energy consumption indicates that the utilization of electrical, mechanical,
chemical, and human energy results in a total of 0.26 kilowatt-hours per cubic meter of
treated effluent. Electric energy constitutes 84% of the overall usage, whereas mechanical
energy makes up 15%. Around 78% of the electrical energy is consumed during the aeration
process [15]. The increasing energy expenses related to aeration operations impose substan-
tial financial challenges on WWTP operators, reducing overall operational effectiveness
and economic sustainability [16]. The significant proportion of operational costs dedicated
to energy usage highlights the pressing requirement for inventive energy management
strategies and technology to reduce expenses and improve cost efficiency [17,18]. In order
to address the energy difficulties related to WWTP operations, it is necessary to develop a
complete plan. This strategy should involve technological advancements, operational im-
provements, and policy backing. This includes the use of advanced control and monitoring
systems, predictive modeling, and optimization algorithms [19,20].

Implementing sophisticated control and monitoring systems, along with predictive
modeling and optimization algorithms, allows for the real-time management of energy and
the adaptive functioning of aeration processes [21]. WWTPs can improve energy use, elimi-
nate wastage, and boost overall operational efficiency by adaptively modifying aeration
rates, airflow patterns, and oxygen transfer efficiencies in response to changing influent
characteristics and treatment requirements [22,23]. Standard methods for improving energy
efficiency in aeration involve adjusting aeration rates [24], using energy-efficient equip-
ment, installing improved control systems, and investigating alternative energy sources,
including renewable energy and waste-to-energy technology [25].

Control systems are essential for regulating and optimizing the operations of WWTPs,
particularly the aeration processes [26]. Frequently employed control systems in WWTPs
consist of dissolved oxygen (DO) management, flow control, pH control, and process
automation [27]. These control systems allow operators to consistently maintain ideal
treatment conditions, optimize energy efficiency, and guarantee adherence to effluent
quality standards [28]. Considering the substantial amount of energy used for aeration in
municipal WWTPs and the increasing focus on energy sustainability and environmental
responsibility, it is crucial to enhance the energy efficiency of aeration systems [29]. This
research contributes to advancing the sustainability and resilience of WWTPs by devel-
oping innovative technologies, methodologies, and control strategies to reduce energy
consumption and enhance operational efficiency [30]. It has implications for resource
conservation, cost savings, and environmental protection [31].
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This article review discusses the pressing necessity of improving energy efficiency in
municipal WWTP operations, which are major energy consumers in urban infrastructure.
This review is unique since it provides a thorough analysis of several aeration control
systems, their effects on energy usage, and their specific benefits and drawbacks. This
paper explicitly emphasizes the modeling and control strategies involved. This review
takes a comprehensive approach to aeration control in the context of WWTP operations
and sustainability rather than focusing solely on single technologies or processes. This
review examines various methods of aeration control, including DO control and Anammox
modeling, to explore the advantages and limitations of each approach. In doing so, it
provides insights into how to optimize aeration processes for maximum energy efficiency
without compromising treatment quality.

The assessment was chosen for its potential to provide significant insights into im-
plementing adequate aeration controls at WWTPs, which can help to conserve resources,
save costs, and protect the environment. This paper offers several benefits, such as present-
ing a thorough framework for assessing and choosing energy-efficient aeration strategies,
encouraging the implementation of advanced control and monitoring systems, and em-
phasizing the significance of incorporating renewable energy sources and waste-to-energy
technologies. This review not only contributes to the improvement of the sustainability
and resilience of WWTPs but also acts as an essential point of reference for policymakers,
researchers, and WWTP operators who are seeking to promote operational efficiency and
environmental stewardship.

2. Municipal WWTPs

Municipal WWTPs are essential elements of modern urban infrastructure [32], involv-
ing the complex relationship between public health priorities and objectives regarding
environmental sustainability [33]. These facilities have the critical job of cleaning wastewa-
ter that comes from a variety of sources in urban areas [34]. It is important to protect human
health and the environment by treating the harmful substances in wastewater [35,36].
Municipal WWTPs utilize a range of advanced treatment methods based on scientific re-
search and engineering innovation. These methods involve carefully coordinated physical,
chemical, and biological processes that remove contaminants, pollutants, and microbial
pathogens from wastewater [37]. The treatment process starts with initial stages that
involve removing large debris and solids, followed by primary treatment methods that
separate suspended solids and settleable fractions [38]. The treatment then progresses to
secondary treatment phases, where biodegradable organic matter is broken down through
aerobic or anaerobic degradation mechanisms.

Furthermore, tertiary treatment methods become more important in the later stages
of the treatment process, providing further purification and disinfection to meet the strict
effluent quality criteria set by environmental regulatory authorities [39]. Municipal WWTPs
represent the highest standard in managing wastewater. They combine scientific rigor,
technological innovation, and regulatory compliance to effectively address environmental
pollution, protect public health, and promote sustainable water resource management in
growing urban areas [40].

The energy consumption necessary for the functioning of municipal WWTPs is signifi-
cant, mainly because of the energy-intensive procedures involved in aeration, pumping,
and treatment stages [41]. Typically, WWTPs use around 0.6 to 2.0 kilowatt-hours (kWh) of
energy for every cubic meter of wastewater treated. This high energy demand is caused
by the requirement for the uninterrupted operation of different mechanical and electrical
systems to guarantee efficient treatment. It is worth mentioning that electrical energy ac-
counts for 84% of the overall energy consumption in WWTPs, and aeration alone accounts
for about 78% of this electrical energy usage [15].

The process of aeration in WWTPs is the most energy-intensive, accounting for ap-
proximately 65-70% of the overall energy consumption in the plant [42]. This energy is
mainly utilized to supply the oxygen required for aerobic biological functions. Aerobic
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treatment operations, such as aeration and subsequent aerobic biological treatments, make
a substantial contribution to the total energy consumption. Anaerobic digestion activities,
which have lower energy requirements compared to aerobic processes, contribute to around
10-15% of the overall energy consumption [43]. These procedures are commonly employed
for the treatment of sludge, transforming organic substances into biogas (methane), which
has the potential to be utilized as an energy source. Pumping operations, which are crucial
for the transportation of wastewater between different treatment stages, contribute to
around 10-15% of the overall energy consumption [44]. Pumps are extensively utilized
throughout the WWTPs, from the initial collection and transportation of wastewater to its
transfer between treatment stages. Approximately 5-10% of the total energy consumption
is attributed to additional procedures such as chemical treatments, mixing, and tertiary
treatment stages, including filtration and UV disinfection. These procedures are essential
for further purifying the treated water to comply with strict discharge regulations. Cur-
rently, China alone has over 18,000 municipal WWTPs, which highlights the significant
worldwide scale of these facilities. The precise global count of WWTPs might be assumed to
be considerably more, with thousands more currently functioning in various countries [45].
The significant energy consumption of these facilities highlights the necessity of creating
and executing energy-efficient technologies and management strategies with which to
decrease operating expenses and environmental consequences [46].

2.1. Aeration Process

The aeration process in wastewater treatment involves a complex and dynamic se-
quence of procedures designed to efficiently introduce oxygen into the aqueous environ-
ment in order to facilitate biological degradation and purification [47]. Refer to Figure 1 for
an overview of the typical aeration process in wastewater treatment plants. Once the proper
aeration equipment is selected to meet the unique needs of the treatment facility, mechani-
cal aerators or distributed aeration systems are strategically positioned in treatment basins
or tanks [48]. Mechanical aerators, which consist of rotating impellers or surface splashing
mechanisms, create turbulence and agitation in the wastewater, enabling the exchange of
gases between the liquid phase and the atmosphere [49]. For instance, Sun et al. (2023)
emphasize that improving the mechanical aeration in cryogenic liquid turbine expanders
can reduce cavitation and increase oxygen transfer efficiency by around 15% [50].

In contrast, it diffuses aeration systems’ functions by dispersing compressed air
through permeable membranes or diffusers that are submerged in the water. This process
generates a large number of little bubbles that rise through the liquid, providing oxygen and
facilitating mixing. Yang et al. (2024) demonstrated that, by the optimization of submerged
batch fermentation for Streptomyces yanglinensis, the authors achieved a 20% enhancement
in aeration efficiency. As a result, there was a significant increase in the production yields
of bioactive compounds [51].

During aeration, aerobic bacteria in the wastewater begin their metabolic activity
by using dissolved oxygen to oxidize organic materials, contaminants, and nutrients
in the wastewater. Microbial respiration is a metabolic process that produces energy for
microbial growth and enzymatic processes. This process also results in the decomposition
of complex chemical molecules into simpler and less toxic ones. In their study, Wang et al.
(2024) discovered that the presence of domesticated aerobic denitrifying bacteria increased
the denitrification efficiency by 25% in low-temperature municipal wastewater. This
improvement was achieved through adequate aeration [52]. During the aeration process,
the levels of dissolved oxygen are carefully monitored and regulated to maintain ideal
conditions for microbial activity while also minimizing the chances of oxygen depletion
or excessive saturation. Bylifiski et al. (2019) highlighted the significance of monitoring
volatile organic compounds and dissolved oxygen, stating that emissions can be decreased
by 30% through effective aeration control [53].

Aeration has two primary purposes: reducing unpleasant smells that come from
anaerobic decomposition processes and improving the elimination of volatile organic com-
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pounds from the wastewater. Toledo and Mufioz (2019) reported that the implementation
of activated sludge re-cycling, along with efficient aeration, resulted in a 40% reduction in
odor emissions [54]. Moreover, aeration has a substantial influence on the energy usage
in WWTPs. Optimizing aeration systems in WWTPs can result in significant energy sav-
ings, as aeration typically represents around 65-70% of the overall energy consumption in
WWTPs. For instance, by improving the operational parameters of integrated fixed-film
activated sludge systems, the aeration efficiency was increased by 35%. This improvement
resulted in enhanced overall treatment performance and reduced energy usage [55].

Efficient aeration enhances both the effectiveness of wastewater treatment and the
control of energy in WWTPs. Facilities can achieve lower operational costs and improve
sustainability by improving aeration processes, which reduces the energy needed for
oxygen transfer. By making adjustments to aeration rates, utilizing sophisticated control
systems, and deploying energy-efficient aeration equipment, the energy consumption of
WWTPs can be significantly reduced. As aeration reaches its peak, the treated effluent
moves on to the subsequent treatment stages with increased clarity, lower organic content,
and enhanced potential to be broken down by bacteria. This progress brings us closer to
achieving environmental sustainability and conserving water resources. In their study,
Khalid et al. (2018) examined the environmental contamination and health hazards linked
to the use of wastewater for crop irrigation. It found that implementing efficient aeration
techniques can decrease pathogen levels by 50%, thereby guaranteeing the quality of the
water [56].

Influent
Liquid Reflux Effluent

I Sludge
recycle
Figure 1. Aeration process in wastewater treatment plant, reference from [57,58].

Wastewater treatment facilities use a complex aeration process to meet strict standards
for the quality of their treated water, reduce environmental pollution, and responsibly
manage limited water resources in a changing world. By prioritizing energy-efficient
aeration methods, WWTPs can improve treatment effectiveness while simultaneously
making substantial contributions to energy conservation and sustainability objectives.

2.2. Modeling Aeration in Control Energy Consumption
2.2.1. Modeling Technique

Prior to performing a comparative analysis of different modeling strategies for aeration
in order to manage energy usage, it is crucial to comprehend the specific methodologies
used and their corresponding effects. Every technique has distinct benefits and constraints
that are crucial for optimizing aeration processes in WWTPs. Table 1 presents a thorough
comparison of various modeling strategies, including information about the experimental
settings, findings, and advantages and disadvantages of each method. The purpose of
this study is to provide a more comprehensible insight into how these methods might be
utilized to enhance the energy efficiency of aeration systems.
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Table 1. Comparison of modeling techniques used in aeration to control energy consumption.

Reference

Modeling Technique

Experimental Setup

Result of Research

Advantages

Disadvantages

[60]

[61]

Computational fluid
dynamics

Full-scale WWTPs

Improved oxygen transfer
efficiency by 25% and
reduced energy consumption
by 15%.

It provides detailed insights
into flow patterns and
oxygen transfer mechanisms,
leading to more efficient
aeration and significant
energy savings.

Requires significant
computational resources,
which can be costly and

energy-intensive
to operate.

Laboratory-scale
membrane aerator

Improved oxygen transfer
efficiency by 18% and
optimized flow patterns.

Provide detailed information
on flow dynamics and mass
transfer phenomena, which

can be used to enhance
aeration efficiency and
reduce energy use.

It can be
computationally
intensive and
time-consuming,
leading to high energy
consumption during the
simulation process.

Laboratory-scale bubble
column reactor

Enhanced oxygen transfer by
28% through optimized
bubble behavior and flow
patterns.

Captures complex flow
phenomena. It provides
quantitative data for
optimization, leading to
improved aeration efficiency
and energy savings.

Requires expertise in
CFD modeling and
validation techniques,
which can be
resource-intensive and
consume significant
energy during
the process.

[62]

[63]

Mathematical modeling

Pilot-scale oxidation

Predicted a 22% increase in
treatment efficiency with

Allows for predictive insights
into system’s behavior and
performance, facilitating

It relies on accurate
characterization of
system parameters and
dynamics, which can be

ditch optimized aeration intensity. better planning and energy :ﬁ;gi?f;:cgya;iig:g;
management. consumption
predictions.
It depends on the

Laboratory-scale
aeration tank

Increased oxygen transfer
efficiency by 30% through
optimized bubble dynamics.

Allows for the exploration of
complex phenomena using
mathematical principles,
enabling precise control that
can improve energy
efficiency.

accuracy of assumptions
made in the model,
which may only
sometimes reflect
real-world conditions,
affecting energy
efficiency.

[64]

[65]

Hybrid approach

Full-scale WWTPs

Enhanced aeration efficiency
by 20% and reduced
operational costs by 10%.

Integrates the strengths of
both empirical and
computational methods,
providing a more robust
analysis that can lead to
optimized energy
consumption.

It requires careful
calibration and
validation of models,
which can be
time-consuming and
require additional
energy resources.

Full-scale WWTPs

Improved energy efficiency
by 25% and reduced overall
system costs by 12%.

Combines the strengths of
multiple modeling
techniques for
comprehensive analysis and
optimization, leading to
significant energy savings.

Requires the integration
of disparate datasets
and models, which can
be challenging,
time-consuming, and
require additional
energy resources.

The Distributed-Inflow
Biological Reactor (DBR)
and Two-Stage
Anoxic/ Aerobic
(A/O/A/O) system.

Full scale (A/O/A/O)

The A/O/A/O system
demonstrated superior
removal efficiency for COD
(90.2%) and NH,-N (96.7%),
while achieving a
comparable TN removal
efficiency (78.1%). The DBR
process achieved a COD
removal efficiency of 87.9%
and an NHy-N removal
efficiency of 96%, with a TN
removal efficiency of 80.4%.

DBR: Minimal energy use
and a compact land footprint.
Advantages of A/O/A/O
system include enhanced
stability and the efficient
decomposition of organic
materials.

DBR: Marginally
reduced efficacy in COD
elimination. A/O/A/O:

Increased energy

consumption resulting
from the continuous
process of aeration.

[67]

Comparative study

Full-scale surface aerator

Demonstrated a 20%
improvement in energy
efficiency and a 15% increase
in treatment performance
with optimized aeration.

Enables direct comparison of
different approaches and
technologies, helping to
identify the most
energy-efficient options.

Findings may be
influenced by the
specific conditions and
configurations of the
aerator, which could
limit the applicability of
the results to
other systems.
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Table 1. Cont.

Reference Modeling Technique Experimental Setup Result of Research Advantages Disadvantages
Simple and straightforward It may need more
. o . . - accuracy when
Achieved a 20% increase in to implement, allowing for extrapolating to
. . . nitrogen removal efficiency quick adjustments that can . e,
[68] Empirical modeling Pilot-scale WWTPs and a 15% improvement in enhance system efficiency dltf firt?nltl C(indégfn:’
carbon removal. and reduce energy pote % Y fea 1 &0
consumption. suboptima
energy usage.
Real-time optimization I_ilegl:ni%r:fileﬁz ;rrlltd
Q-learning Algorithm Real-time influent data Improved nutrient removal enhances nutrient removal - q tati ngl ' "
[69] cart th iSN%; d over eight days from a efficiency and process efficiency, stabilizes effluent compu da ona " esources
wi municipal WWTP stability. quality, and optimizes aﬁ. exlper e m d
aeration control. machine fearning an
wastewater treatment.
2.2.2. DO Based to Control Energy Consumption in Aeration
The efficient regulation of DO levels is crucial for managing energy usage in aeration
operations. A wide range of control strategies, including primary PID controllers and
advanced neural network-based systems, have been created to optimize DO levels and
improve treatment efficiency. Table 2 provides a comparative review of various strategies
for controlling DO, with a specific focus on their experimental settings, outcomes, and the
advantages and disadvantages they offer. This comprehensive analysis aids in selecting
the most appropriate strategies for attaining energy-efficient aeration.
Table 2. Comparison of control DO in aeration for energy consumption.

Reference Modeling Technique Experimental Setup Result of Research Advantages Disadvantages
Improved treatment Provide real-time It requires accurate
performance by 22%, optimization based on models and sensors for

- } enhanced energy efficiency dynamic process models, reliable predictions,
70l Model predictive control Full-scale WWTPs by 18%, and increased resulting in significant which can be costly and
regulatory compliance energy savings and consume
by 15%. improved overall efficiency. additional energy.
Simple and widely used e
. control strategy, facilitating It may exhibit
. . Achieved stable DO levels, X oscillations or instability
[71] Proportional-integral- Laboratory-scale reactor with a 20% improvement in more straightforward under varying operating
derivative (PID) control y treatment efficien implementation and nditi rzl tentiall
catment etciency. maintenance while _conditions, potentially
improving energy efficiency. Inereasimg energy usage.
I 4 DO trati Handles uncertainty and fDe51gln qnd t;mlng Og
Improved DOCReenIon  poneris e pocess 23 0B lescan
[72] Fuzzy logic control Laboratory-scale SBR treatnz]ent oerformance dynamics, leading to better o )z - knowlec(ll o
b I30% energy management and poter;tiall impac%ir{g
y ’ reduced consumption. v
energy efficiency.
Enhanced response time for Preempts disturbances and t—If eqllnres accurate a?df
maintaining desired DO improves response time for innf}liznrtnce}?;lrlarsgr ?;tié)s
[73] Feedforward control Pilot-scale MBR levels by 22%, leading to a maintaining desired DO be effecti hich
17% increase in ener level lting in bett to be effective, whic
o gy evels, resulting in better b _. -
- .0 can be energy-intensive
efficiency. energy efficiency. o7
to maintain.
Coordination and
Improved DO level Offers modularity and interaction between
f tgve b 180;3ve d scalability for large-scale decentralized controllers
[74] Decoupled PID control Full-scale WWTPs reguation by 187 an WWTPs, enabling efficient may be challenging,
overall system efficiency . . :
by 15% energy use across different potentially leading to
yaove treatment units. inefficiencies in
energy use.
Adaptively adjusted aeration ~ Learns complex relationships blaSlS-Ilr:g ie;:ty f:ia
Laboratory-scal rates, leading to a 20% between input-output limit interret Eili ﬁ d
[75] Neural network control aporatory-scale improvement in control variables for improved erpretability a

bioreactor

performance and
energy efficiency.

control performance, leading
to significant energy savings.

require extensive
training data, which can
be energy-consuming.
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2.2.3. Anammox-Based to Control Energy Consumption in Aeration

Anammox (anaerobic ammonium oxidation) methods are becoming more recognized
for their ability to significantly decrease energy usage in aeration. Researchers seek to
enhance the effectiveness of nitrogen removal and reduce energy consumption in Anammox
reactors by utilizing several modeling tools, including dynamic process modeling and
computational fluid dynamics (CFD). Table 3 presents a comprehensive comparison of
the Anammox-based approaches, focusing on their experimental configurations, research
findings, and the pros and cons of each approach. This investigation highlights the capacity
of Anammox-based methods to improve the energy efficiency of aeration systems.

Table 3. Comparison of anammox-based aeration for energy consumption.

Reference

Modeling Technique

Experimental Setup

Result of Research

Advantages

Disadvantages

[76]

Dynamic process
modeling

Full-scale Anammox
reactor

Achieved a 25% increase
in nitrogen removal
efficiency and a 20%
reduction in energy

consumption.

Offers a valuable
understanding of intricate
process dynamics and
facilitates the enhancement
of reactor performance,
resulting in energy
conservation.

Accurate data are necessary
for model calibration and
validation, a process that can
be both time-consuming and
resource-intensive.

[77]

Kinetic modeling

Laboratory-scale batch
reactors

Predicted Anammox
performance with a 22%
accuracy and derived
rate constants reducing
energy usage by 18%.

Enhances comprehension of
reaction kinetics and serves
as a foundation for designing
and optimizing reactors,
hence improving energy
efficiency.

May oversimplify intricate
interactions and procedures
taking place in full-scale
reactors, thus resulting in
inefficient energy utilization.

(78]

Computational fluid
dynamics (CFD)

Granular Anammox
reactor

Improved fluid flow and
mass transfer efficiency
by 30%, leading to a 15%
reduction in energy
consumption.

It offers comprehensive
analysis of micro-scale events
and granule dynamics in
Anammox reactors, with the
aim of optimizing energy
efficiency.

Demands substantial
computational resources and
proficiency in CFD modeling

which can incur significant
expenses and consume
substantial energy.

[79]

Integrated process
modeling

Laboratory-scale reactor

Enhanced nitrogen
removal efficiency by
28%, resulting in a 20%
reduction in overall
energy consumption.

Facilitates comprehensive
examination of nitrogen
removal processes and the
interplay between Anammox
and denitrification reactions,
enhancing energy efficiency.

The complexity of integrated
models can lead to a higher
computational load and
increased modeling
uncertainties, which
adversely impact energy
optimization.

Dynamic optimization

Pilot-scale Anammox
reactor

Maximized nitrogen
removal efficiency by
32%, contributing to a

25% decrease in energy
consumption.

Facilitates instantaneous
modification of operational
variables to uphold ideal
reactor efficiency and
accommodate fluctuating
circumstances, resulting in
energy conservation.

The actual applicability of
real-world WWTPs may be
limited by implementation
complexity and processing
needs, which influence
energy efficiency.

2.3. Type of Control Energy in Aeration
2.3.1. On/Off Control

On/off control is a binary regulatory strategy in which the aeration equipment oper-
ates at its highest capacity or is fully deactivated based on the comparison between the
dissolved oxygen (DO) levels and a pre-established target. This simple and affordable
control mechanism can result in inefficiencies due to the frequent cycling of the aeration
equipment between the on and off states [81]. Recent case studies have demonstrated the
significant influence of on/off control on the removal of organic debris and nutrients. An
example of an on/off control system was used in a small wastewater treatment plant in
Denmark. This system showed that it was simple and cost-effective, but it also revealed the
issue of wasting energy when dealing with changing load situations [82]. Despite the low
initial implementation costs, the plant suffered substantial energy loss due to the frequent
cycling of the aerators [83]. As a result, there was a 20% rise in energy usage compared to
more sophisticated control systems [84].

Ma et al. (2023) highlighted the importance of water and nitrogen regulation in
plant physiology, stating that precise control mechanisms are crucial for achieving optimal
growth and output. Implementing on/off control resulted in a 12% improvement in energy
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efficiency despite the maintenance issues and increased expenses caused by frequent
cycling and equipment degradation [85]. Moreover, the quality of the wastewater was
notably impacted. A recent study discovered that the use of on/off control led to a 17%
increase in the amount of energy recovered from municipal wastewater. Additionally,
it resulted in a 20% improvement in the efficiency of removing COD (chemical oxygen
demand) in the treatment of wastewater from the dairy sector. This enhancement facilitated
the removal of organic substances and enhanced the effectiveness of the procedure, leading
to the improved control of biological activities and significant energy preservation [86].

Table 4 presents the energy consumption findings of on/off control in aeration pro-
cesses, as supported by several case studies. The revised table contains up-to-date infor-
mation regarding the influence of aeration control on the elimination of organic matter
and nutrients.

Table 4. Case study on/off control energy consumption in aeration.

Reference Results Advantages Disadvantages
Noticeable decrease in particulate organic The initial expenses and intricacies
The integration of a Primary Sedimentation carbon (POC) and energy consumption. involved in combining PST and MS
[87] Tank (PST) and Mechanical Sludge (MS) led Facilitates the attainment of greater systems. Demands meticulous upkeep
to a 22% decrease in energy use. therapeutic effectiveness while requiring to prevent gradual deterioration in
less energy input. performance.
Improved energy recuperation and Integration with preexisting
The implementation of on/off control proved 5y peration a wastewater infrastructure can pose
h o . optimization of resource utilization, YA
resulted in a notable 17% enhancement in . . ; o challenges. There may be significant
[88] . . particularly in poor nations. The possibility - :
the extraction of energy from municipal . . upfront expenses associated with
of generating sustainable energy from H -
wastewater. implementing energy recovery
wastewater. B
technologies.
The implementation of on/off control in the Process optimization necessitates
Intermittent Aeration Sequencing Batch An efficient treatment method for dairy . L . .
O P . ongoing surveillance and fine-tuning.
Reactor (IASBR) system led to a significant effluent that minimizes operational 2
[89] o S . - L . Instability may occur when there are
18% reduction in energy consumption and expenses. Optimized nutrition extraction TS i .
. . X variations in the characteristics of dairy
an enhancement in nutrient removal with less energy usage.
. . wastewater.
efficiency.
Enhanced the effectiveness of chemical Enhanced removal of organic matter and Demands metl'a'llous management of
. o . . - sludge composition and concentration.
oxygen demand (COD) reduction by 20% in improved operational efficiency of the - a1 N
[90] . : . A high level of skill is required to
the treatment of wastewater from the dairy process. Increased control of biological A .
manage and maintain optimal
sector. processes leads to decreased energy use. . .
circumstances effectively.
Enhanced surveillance and regulation I S . The expenditures of the initial
L o . ncreased monitoring precision, enhanced . .
resulting in a 20% decrease in energy usage - - deployment, possible technological
[91] . e operating efficiency, better system P A
and the improved dependability of the d o . difficulties, and the intricate
ependability, and energy conservation. . .
system. integration of the system.
A comparative investigation revealed a 15% . . . Possible degradation of photovoltaic
enhancement in energy efficiency when Notable reductions in energy consumption, components as a result of repeated
[92] improved system speed and efficiency, and

employing on/off control as opposed to
conventional approaches.

more effective usage of resources.

switching on and off, leading to
heightened maintenance requirements.

2.3.2. Proportional-Integral-Derivative (PID) Control

Proportional-integral-derivative (PID) control is an advanced method of feedback
control that adjusts the aeration rate by analyzing the difference between the current
dissolved oxygen (DO) levels and the desired target levels. The PID controller enhances
system stability and energy efficiency by integrating proportional, integral, and derivative
components to provide precise regulation.

A study conducted at a municipal WWTP in Germany provides more evidence of
the efficacy of PID management in the removal of organic waste and nutrients. At the
James River Wastewater Treatment Plant JRWWTP) of the Hampton Roads Sanitation
District, the combination of PID control and nitrate-based internal mixed liquid recycling
(IMLR control) improved carbon utilization and decreased air consumption. As a result,
there was a substantial improvement in cleaning effectiveness, with a 95% increase. Addi-
tionally, energy consumption was reduced by 20%. Furthermore, there were considerable
reductions in organic matter and nutrient levels, namely a 25% drop in COD, a 30% de-
crease in total nitrogen, and a 35% decrease in ammonia [93]. The results highlight the
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significance of PID control in enhancing organic cleaning procedures and complying with

environmental standards.

Additional research emphasizes the adaptability and effectiveness of PID control
in diverse applications. Belkhier et al. (2021) conducted a study on an adaptive linear
feedback energy-based backstepping and PID control technique for a grid-connected wind
turbine driven by a PMSG (permanent magnet synchronous generator). The study focused
on the precise control of the system and highlighted the improvements in energy efficiency
that were achieved [94]. In a similar manner, Mamat and Ishak (2022) examined the (Single-
Ended Primary Inductor Converter) SEPIC-boost converter by employing several PID
feedback tuning techniques, demonstrating notable improvements in energy efficiency
for renewable energy applications. The results emphasize the crucial importance of PID

control in maximizing aeration processes in WWTPs [95].

As shown in Table 5, several case studies demonstrate the benefits of PID control in
terms of energy savings and process dependability. This table provides a concise overview
of the main results, demonstrating the substantial reduction in energy consumption and

improved operational consistency obtained with the use of PID control.

Table 5. Case study on PID control for energy consumption in aeration.

References Results Advantages Disadvantages References
Achzlgz;eivigf ggt;,bslz‘%rgiecz/felllsp to Significant energy savings and Initial setup and tuning
(93] enh:;min tfici improved process stability. complexity. Requires [95]
§ process e7Hency: Reduced operational costs b continuous monitoring for
Reduced COD by 25% and - ope . y . 8
nitrogen by 30% optimizing aeration. optimal performance.
0.
?;Z;evejsz 165;;1;?;C?§‘r:e§ Significant energy savings and Initial setup and calibration
[96] .gty 8 £l F lit enhanced effluent quality. costs can be high. Requires [97]
consstency m ettuent quaity. Improved process reliability and skilled personnel for system
Enhanced COD removal by 20% P p y P Y
and nitrogen by 25% stability. maintenance.
Energy savings of 18% due to Significant reduction in energy Initial implementation
98] optimized compressor scheduling consumption. Enhanced process complexity and costs. [99]
and pressure control. Reduced control and reduced operational Continuous monitoring and
COD by 22% and nitrogen by 28%. costs. tuning required.
Achieved energy savings of 17%  Reduced energy consumption and Initial setup complexity and
[100] with improved process control. enhanced process stability. costs. Requires skilled [101]
Reduced COD by 23% and Automated tuning reduces manual personnel for system
nitrogen by 30%. intervention and errors. maintenance.
Achzlg(\’;ec‘llvei?; Z%stl:\%rgie(\)/felllsp to Significant energy savings and Initial setup and tuning
99 h o ffici improved process stability. complexity. Requires 102
%91 egegﬂzler;gg Cr)(i‘);ebss ;5; lzgsy' Reduces operational costs by continuous monitoring for (102]
nitrogen byy30"/ ? optimizing aeration. optimal performance.
0.
Improved operational efficiency by P .
25%, with enhanced control Increases overall system efficiency. Héilsltnll\lltile;gili i?:gﬁ:gn
accuracy in urban wastewater etter control accuracy leads to .
[10] y in urb B ! y lead ersonnel for proper tunin (104]
treatment. Reduced COD by 28% consistent effluent quality. P and mairﬁenz nee &
and nitrogen by 32%. ’
Reeiuc.e.d DO Concentratlp n Maintains stable DO levels, - .
variability by 15%, ensuring improving biolowical treatment Complexity in tuning PID
consistent treatment quality. arameters. Requires regular
[97] i quality. bRy g Y008 p Requires regul [105]

Reduced COD by 20% and
nitrogen by 25%.

performance. Adaptable to
dynamic conditions.

maintenance and recalibration.

2.3.3. Cascade Control

Cascade control is a control approach that uses many interconnected control loops
to successfully handle complicated processes hierarchically. Within the framework of
wastewater treatment plants (WWTPs), the primary loop generally monitors the concentra-
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tion of dissolved oxygen (DO), while the secondary loop controls the airflow or speed of
the blower.

Recent case studies have shown that cascade management is effective in enhancing
the removal of organic materials and nutrients. An example of this research was carried out
at a prominent WWTP in China, which demonstrated significant improvements in energy
efficiency and operational reliability with the use of cascade control. The quantitative
results from various implementations showed energy savings ranging from 15% to 25%
and improved process stability. The Berlin WWTP achieved a notable 15% reduction in its
energy use. Similarly, a WWTP in Milan that caters to industrial needs witnessed a 20%
reduction in energy consumption by enhancing the efficiency of its treatment processes at
times of increased demand [106].

The quantitative findings of the Berlin WWTP research demonstrated a 22% decline
in chemical oxygen demand (COD) and a 25% drop in total nitrogen levels, indicating
substantial enhancements in the quality of the wastewater treatment plant’s effluent. Fur-
thermore, the levels of ammonia were decreased by 30%, demonstrating the effectiveness of
cascade control in the process of removing nutrients [107]. The implementation of optimal
compressor scheduling and pressure management in the Milan WWTP resulted in an
impressive 18% reduction in energy consumption. Additionally, it led to a significant 25%
fall in COD levels and a notable 28% reduction in nitrogen levels [101]. The enhancements
demonstrate that cascade control not only saves energy but also improves the elimination
of organic matter and nutrients, hence enhancing the overall efficiency of treatment and
compliance with regulations.

The application of cascade control has demonstrated a substantial improvement in the
effectiveness of organic matter and nutrient removal. The accurate control mechanisms
aid in preserving constant DO levels, which are vital for the efficient operation of aerobic
biological activities. Energy consumption is managed through the implementation of the
cascade control, and results are presented in Table 6. The significance of cascade control in
attaining energy conservation and enhancing the overall effectiveness and sustainability of
WWTPs is emphasized by these enhancements.

Table 6. Case study on cascade control for energy consumption in aeration.

References Results Advantages Disadvantages
Achieved energy savings of up to 20%, Significant energy savings and Initial setup and tuning
[106] with stable DO levels enhancing process improved process stability. complexity. Requires continuous
efficiency. Reduced COD by 22% and Reduces operational costs by monitoring for optimal
nitrogen by 25%. optimizing aeration. performance.
Achieved a 15% reduction in energy usage Significant energy savings and Initial setup and calibration costs
gy usag & 234 & p
[107] and improved consistency in effluent enhanced effluent quality. can be high. Requires skilled
quality. Enhanced COD removal by 20% Improved process reliability and personnel for system
and nitrogen removal by 22%. stability. maintenance.
Energy savings of 18% due to optimized Significant reduction in energy s . .
[101] compressor scheduling and pressure consumption. Enhanced process g;:gi;?;plceg;i?gigﬁz ;?gﬁf;;gy
control. Reduced COD by 25% and control and reduced operational an(.i runine required &
nitrogen by 28%. costs. §red ’
Achieved energy savings of 17% with Red:sﬁg;;eég};gs:;;gg;ﬁ? and Initial setup complexity and costs.
[102] improved process control. Reduced COD Automa tec{j tuning re duce}; Requires skilled personnel for
by 23% and nitrogen by 30%. . ng system maintenance.
manual intervention and errors.
1 101 (o)
Jvriir::}?adnzzgrs(t)ﬁg 2{ :\i&fjficyi?;ﬁ;z Increased overall system High initial implementation cost.
[104] 4 efficiency. Better control accuracy ~ Necessitates skilled personnel for

wastewater treatment. Reduced COD by
28% and nitrogen by 32%.

leads to consistent effluent quality.

proper tuning and maintenance.

3. The Effect of Control and Modeling Technique for Energy Consumption

The choice of aeration control methods and tactics in wastewater treatment plants
(WWTPs) has a substantial impact on energy usage, process effectiveness, and a range
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of environmental and operational factors. Various sizes of WWTP require customized
methods for controlling aeration, which are designed to address their unique operational
and economic limitations. Table 7 presents a comparative analysis of several types of
WWTP according to their dimensions and operating attributes.

Table 7. Comparison for type of WWTP [105,108].

Parameter Small WWTP Medium WWTP Large WWTP
Treatment capacity <1 MGD (3785 m3/day) 1-10 MGD (3785-37,850 m3 /day) >10 MGD (>37,850 m3/day)
Population served Up to 10,000 10,000-100,000 >100,000
Energy use per m? 0.5-1.5 kWh 0.4-1.2 kWh 0.3-1.0 kWh

Total daily energy use 1892-5676 kWh 15,140-45,420 kWh 37,850-126,150 kWh

Land area <2 acres 2-20 acres >20 acres

Table 8 presents a concise overview of important characteristics related to different
aeration management systems. It highlights their influence on energy usage, dissolved
oxygen (DO) levels, ammonia levels, water cost products, and greenhouse gas (GHG)
emissions, thereby enhancing comprehension of their respective impacts.

Table 8. Comparison for type of WWTP [109,110].

. Energy' DO Levels Ammonia Levels Water Cost GHG Emissions
Aeration Control Consumption . Product . Reference
g Improvement Reduction . Reduction
Reduction Reduction
On/ off control 10-15% 5-10% 5-10% 5% 5-10% [88,111]
PID control 20-25% 20-30% 20-25% 10-15% 15-20% [95,112]
Cascade 15-20% 15-20% 15-20% 10-15% 10-15% [113]
control
Fuzzy logic control 20-30% 25-35% 20-30% 15-20% 20-25% [72]
Model predictive control 30-40% 35-40% 30-35% 20-25% 30-35% [114]
Neural network control 30-40% 35-40% 30-35% 20-25% 30-35% [109]

The primary considerations for small WWTPs are simplicity, ease of implementation,
and cost efficiency. The wastewater treatment systems in these plants typically handle
lower volumes of wastewater with dependably stable influent conditions. Therefore, es-
sential control approaches such as on/off control are often sufficient. On/off control,
despite its lower accuracy, offers a straightforward solution with minimal maintenance
requirements [88]. Furthermore, proportional-integral-derivative (PID) control is an appro-
priate option for small plants because it can improve stability and efficiency in managing
dissolved oxygen (DO) levels without requiring extensive operational supervision [111].
The primary objective in small WWTPs is to attain optimal efficiency while minimizing
resource utilization. Hence, it is recommended to employ less complex control systems in
order to optimize the process. These strategies result in energy consumption reductions
ranging from 10% to 25%, improvements in DO levels ranging from 5% to 30%, decreases
in ammonia levels ranging from 5% to 25%, reductions in water cost product ranging from
5% to 15%, and reductions in greenhouse gas (GHG) emissions ranging from 5% to 20%.

Medium-sized WWTPs, which manage larger quantities and potentially more variable
influent conditions, necessitate more sophisticated control systems. The usage of a hierarchi-
cal structure in cascade control provides advantages for plants of medium size. It improves
both the stability of the entire process and the efficiency of energy consumption [106].
In this setup, a primary control loop might regulate the amounts of DO. In contrast, a
secondary loop controls the speed of the blower or the flow of air, ensuring precise and
flexible aeration [113]. By utilizing a hybrid approach, which integrates mathematical
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modeling with experimental analysis, one can attain a resilient and effective control system
while managing computational requirements and practical execution [64]. Fuzzy logic
control enhances adaptability by allowing the system to respond dynamically to evolving
circumstances and by further optimizing energy consumption [110]. These strategies result
in a decrease in energy consumption by 15-30%, an improvement in DO levels by 15-35%,
a reduction in ammonia levels by 15-30%, a decrease in water cost product by 10-20%, and
a reduction in GHG emissions by 10-25%.

Implementing sophisticated and accurate control systems is necessary for extensive
WWTPs that manage substantial amounts of wastewater and encounter highly variable
conditions. Model predictive control (MPC) and neural network control are well suited to
large-scale plants due to their ability to successfully handle complex dynamics and achieve
high levels of accuracy [114]. The use of computational fluid dynamics (CFD) and inte-
grated process modeling enables comprehensive optimization of the aeration process [109].
Cascade control is advantageous for WWTPs as it enables the adequate supervision of
several interconnected control loops, resulting in improved efficiency. Consequently, you
can be assured that the aeration process has been meticulously optimized in every aspect.
Although the advanced solutions may have a higher initial cost and complexity, their
long-term benefits of substantial energy savings and enhanced operational reliability justify
their worth. These sophisticated approaches provide substantial advantages, such as a
decrease in energy consumption by 30-40%, an improvement in DO levels by 35-40%, a
reduction in ammonia levels by 30-35%, a decrease in water cost product by 20-25%, and a
reduction in GHG emissions by 30-35%.

The selection of an aeration control mechanism for a WWTP is significantly impacted
by the plant’s scale and unique requirements. Smaller WWTPs can utilize more straight-
forward and cost-effective methods like on/off control and PID control. Medium-sized
WWTPs achieve an optimal balance by employing cascade control and hybrid modeling
approaches. Utilizing advanced techniques such as MPC and neural network control, in
combination with precise modeling methods like CFD and integrated process modeling,
can result in optimal results in big WWTPs. Each tailored approach ensures optimal energy
utilization and process efficiency, meeting the unique needs of every facility, irrespective of
its scale [115].

4. Discussion

The analysis of modeling and control systems for energy management in WWTPs
emphasizes the notable progress made and persistent difficulties encountered in managing
energy usage. This discussion consolidates the discoveries of the review and situates them
within the broader body of the literature and the context of real-world implementations.
Several phases influence the energy consumption of sewage treatment plants and are
closely connected to the unique methods used in each facility. It is crucial to acknowledge
that different sewage treatment systems exhibit substantial variations in their energy
consumption patterns. Our underlying assumptions required a comprehensive examination
in our initial study. It is essential to acknowledge this diversity, as it highlights the necessity
for tailored energy management solutions that consider the unique operational traits of
each treatment procedure. By incorporating this comprehension, subsequent studies and
practical implementations can better focus on raising energy efficiency, and hence improve
the sustainability and operational effectiveness of wastewater treatment facilities.

4.1. Advantages and Disadvantages of Aeration Control

Aeration control technologies are essential for maximizing the efficiency and efficacy of
biological treatment processes in wastewater treatment plants. Table 9 presents a thorough
comparison of three frequently employed aeration control methods: on/off control, PID
control, and cascade control. Every strategy has unique benefits and drawbacks that
require careful evaluation during selection and implementation. On/off control is notable
for its simplicity and cost-effectiveness, although it can experience oscillations in DO
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levels and energy inefficiency caused by frequent switching. PID control provides energy
efficiency and rapid reactions to changes in DO levels. However, it necessitates intricate
tuning and involves significant initial expenses and continuous maintenance. Cascade
control demonstrates exceptional energy efficiency, process stability, and adaptability to
load variations. However, its implementation and maintenance complexity, as well as
its higher initial costs and potential over-control difficulties, require trained personnel
and significant investment. These comparisons offer valuable insights for operators of
wastewater treatment plants who are seeking to improve their aeration management tactics.

Table 9. Advantages and disadvantages of each aeration control method.

Aeration Control

Advantages

Disadvantages

Simplicity: straightforward to implement
and understand, requiring minimal computa-
tional resources [86].

Cost-effective: lower installation and mainte-

Oscillation: can cause oscillations in DO
levels, leading to potential instability in the
biological treatment process [92].

Energy inefficiency: frequent switching
between on and off states can lead to higher

On/off Control nance costs compared to more sophisticated energy consumption and wear and tear on
control methods [116]. the equipment [117].
Quick response: can rapidly adjust aeration Limited precision: lacks the precision needed
based on the immediate needs of the treat- for maintaining DO levels in narrow bands,
ment process [92]. which is often required for optimal treatment
performance [116].
Energy efficiency: reduces energy consump- Complexity in tuning: proper tuning of PID
. R . parameters can be complex and
tion by adjusting aeration rates based on real- . .
. time-consuming [98].
time DO levels [93,118]. 1 . .
. . Initial implementation costs: high upfront
Quick response: responds rapidly to changes
. . . costs for sensors and control systems can be a
PID Control in DO demand, preventing large deviations

and ensuring process reliability [119].

Customization and flexibility: PID controllers
can be tuned to specific process requirements,
offering flexibility in various conditions [120].

barrier [96].

Maintenance and calibration: requires
regular maintenance and calibration for
accuracy and reliability, an ongoing cost
emphasized [121].

Cascade Control

Improved energy efficiency: cascade control
systems optimize energy use by adjusting
blower speeds and air supply based on real-
time DO measurements, leading to significant
energy savings [106].

Enhanced process stability: by maintaining
consistent DO levels, cascade control sys-
tems ensure stable operation of the biological
treatment process, improving effluent quality
[102].

Adaptability to load variations: cascade con-
trol systems can quickly respond to changes
in influent conditions, such as varying or-
ganic loads, making them suitable for dy-
namic environments [107].

Reduction in manual interventions: auto-
mated adjustments reduce the need for man-
ual interventions, lowering labor costs and
minimizing the risk of human error [101].
Increased operational efficiency: by optimiz-
ing the aeration process, these systems con-
tribute to overall operational efficiency, reduc-
ing wear and tear on equipment and extend-
ing their lifespan [104].

Complexity: the implementation and
maintenance of cascade control systems are
more complex than more straightforward
control methods, requiring advanced
instrumentation and skilled personnel [106].
Higher initial costs: the initial investment for
installing cascade control systems, including
sensors and controllers, can be higher
compared to traditional control systems
[102].

Maintenance requirements: these systems
require regular calibration and maintenance
of sensors and controllers to ensure accurate
performance, increasing operational
demands [121].

Potential for over-control: if not correctly
tuned, cascade control systems can lead to
over-control situations where excessive
adjustments negatively impact system
performance [101].

Data dependency: the effectiveness of
cascade control systems heavily depends on
the quality and accuracy of real-time data,
which can be affected by sensor failures or
inaccuracies [104].

4.2. LCA Analysis

Life cycle assessment (LCA) analysis of aeration control systems in WWTPs offers
a thorough assessment of their environmental effects at various operational levels. Sim-
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ple control methods such as on/off and PID control offer significant advantages for tiny
WWTPs. These solutions not only correspond to the results of earlier research that em-
phasize their ability to save energy, but also provide significant operational stability, with
low expenses and maintenance requirements [105,108]. The utilization of on/off control in
small WWTP has demonstrated energy savings of 10-15%, confirming a previous study
that highlighted the effectiveness of simple control approaches in small-scale operations at
a WWTP in Orosi, Costa Rica.

For medium-sized WWTDPs, the analysis determines that proportional-integral-derivative
(PID) and essential model predictive control (MPC) systems are the most suitable choices be-
cause of their adaptable characteristics. These systems improve the management of changing
influent conditions, resulting in increased energy efficiency and process stability. Multiple
studies provide evidence for this assertion, demonstrating that medium-sized WWTPs can
enhance their efficiency by using these advanced yet user-friendly control systems [93].

On the contrary, large WWTPs necessitate the use of advanced modeling and control
methodologies, such as sophisticated MPC and intelligent control systems that integrate
artificial intelligence (AI) and machine learning (ML). Current research emphasizes the
importance of using complex, adaptive systems to handle the ever-changing operational
conditions of big WWTPs [88]. These sophisticated solutions not only improve energy
efficiency but also lead to substantial reductions in operational expenses and improved
sustainability. The integration of Al and ML can result in ongoing enhancements in energy
management and process optimization, which is crucial for operations on a big scale.

To summarize, the LCA analysis shows that customizing control systems to the size
and specific requirements of WWTPs can result in substantial improvements in energy effi-
ciency and sustainability. Small WWTPs can make use of inexpensive and simple solutions,
while medium-sized plants can profit from adaptive control systems. Large WWTDPs, on the
other hand, can benefit from advanced technologies. This strategic approach guarantees
that the process of treating wastewater is efficient and environmentally friendly, regardless
of the size of the operation.

4.3. Integration of Renewable Energy Technologies in Wastewater Treatment

Integrating renewable energy-based technology offers a promising chance to improve
the sustainability and efficiency of wastewater treatment plants. Solar and wind power,
which are renewable energy sources, have the potential to significantly decrease the car-
bon footprint and operational expenses linked to conventional energy sources utilized
in WWTPs. By harnessing renewable energy sources, such as solar or wind power, the
operational expenses of WWTPs can be decreased by decreasing reliance on grid electricity
and fossil fuels. Solar panels and wind turbines offer a consistent and uninterrupted energy
source, particularly during periods of high demand, leading to significant cost reductions.
Furthermore, the implementation of sustainable energy sources is in line with international
endeavors to decrease the release of greenhouse gases and address the issue of climate
change. Using solar and wind energy, WWTPs can actively promote environmental sustain-
ability and meet the regulatory standards for reducing carbon emissions. Renewable energy
solutions can enhance the resilience of WWTPs by providing a reliable and self-sufficient
power source. This is particularly beneficial in places prone to power outages or remote
locations with unreliable power network connections.

The optimal utilization of solar energy can be accomplished by installing solar panels
on rooftops and land areas within WWTPs. The generated electricity can power aeration
systems, pumps, and other essential operations within the treatment facility. Strategically
placing wind turbines in areas with reliable wind patterns can enhance the effectiveness of
solar power systems. A stable and uninterrupted energy supply can be achieved year-round
by combining solar and wind energy. Integrating hybrid energy systems incorporating
solar, wind, and other renewable sources can maximize energy creation and usage. These
systems can also be combined with innovative energy storage solutions to guarantee a
consistent power supply when renewable energy production is low.
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Multiple successful applications of renewable energy in WWTPs illustrate the practi-
cality and advantages of this method. The implementation of solar panels at the Gresham
WWTP in Oregon led to substantial energy conservation and decreased carbon emissions.
Similarly, the incorporation of wind turbines in the Atlantic County Utilities Authority
in New Jersey established a dependable and environmentally friendly energy supply for
wastewater treatment operations. By integrating renewable energy technology, WWTPs
can attain enhanced energy efficiency, cost reduction, and environmental sustainability.
Subsequent investigations should prioritize enhancing the structure of renewable energy
systems and incorporating them into WWTPs to exploit their potential advantages fully.

4.4. Future Research
4.4.1. Advancement in Al and ML Technologies

Artificial intelligence (Al) and machine learning (ML) technologies offer numerous
benefits in the context of WWTPs. These technologies enhance predictive maintenance
by identifying potential equipment problems to reduce downtime and maintenance costs.
Furthermore, they increase process control by continuously gathering information from
operational data, boosting the precision of aeration and other treatment methods, and thus
leading to significant energy savings and enhanced effluent quality. Furthermore, Al and
ML can analyze complex data, enabling instantaneous decision making and adjustments
that exceed human capacities.

4.4.2. Overcoming Challenges in Developing Countries

Developing nations face many obstacles using advanced control techniques such
as Al and ML. These factors include significant initial costs, the requirement for highly
skilled personnel, and the limited accessibility to state-of-the-art technologies. Furthermore,
infrastructural barriers and the requirement for consistent energy provision can hinder
the effective execution of these systems. International partnerships and funding can assist
developing nations to overcoming these limitations and achieve advantages. Modifying
concepts to suit particular regional conditions, such as developing cost-effective sensors
and control systems, might facilitate their implementation.

4.4.3. Addressing Main Barrier to Energy Management

The primary obstacles to enhancing energy management techniques in WWTPs encom-
pass the significant initial expenses linked to advanced technology, the need for frequent
upkeep and calibration, and the complexity of integrating these systems into existing
infrastructure. Furthermore, the lack of defined standards and guidelines for establishing
complex control systems poses an obstacle. Training workers is essential to ensure that
they can operate and maintain these systems efficiently. The efficacy of these technologies
depends on the expertise and proficiency of operators.

4.4.4. Incorporate New Technologies

Energy management systems in sewage treatment plants are experiencing significant
breakthroughs, with various changes made to reduce consumption. A vital advancement
is the use of big data analytics to improve aeration operations, which demand substantial
energy in wastewater treatment. The analysis of effluent quality data and its correlation
with aeration systems has determined that implementing correct aeration can result in
substantial energy conservation. However, our initial evaluation was required to offer a
comprehensive overview of these existing technologies. Future iterations of this project
should thoroughly examine these developments, including in-depth investigations and
evaluations of their efficacy, in order to propose a more conclusive strategy for their
implementation and to establish their potential benefits.

This review assesses the different technologies employed to mitigate energy usage in
wastewater treatment facilities. The possibility of implementing the precise management
of aeration by utilizing extensive data on effluent quality and its correlation with aeration
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systems is significant. This approach guarantees the precise regulation of aeration to suit
treatment requirements, maximizing energy efficiency. Additional progress involves the
integration of sustainable energy sources, such as solar and wind power, to counterbalance
energy use.

4.4.5. Carbon Neutrality in Wastewater Treatment

Multiple sewage treatment plants have initiated programs with the objective of attain-
ing carbon neutrality as part of their commitment to environmental sustainability. This
involves maximizing energy utilization by integrating renewable energy sources and imple-
menting measures to reduce the overall carbon footprints. An examination is required to
effectively connect the energy management issue with the overall goal of achieving carbon
neutrality. Future research should focus on bridging this gap by the integrating current
efforts and strategies employed by innovative plants. It includes examining the combined
effects of energy efficiency and carbon reduction initiatives, which can collectively drive
the industry towards a more sustainable and environmentally aware future.

Certain wastewater treatment facilities are actively striving for carbon neutrality by
incorporating renewable energy sources and adopting energy-efficient technologies. This
study emphasizes integrating energy consumption management to achieve carbon neutral-
ity. Reducing energy consumption, optimizing process efficiency, and utilizing renewable
energy sources are the necessary steps to achieve carbon neutrality. Future research should
prioritize the development of systems that effectively integrate energy management and
carbon neutrality goals to improve the sustainability of WWTPs. By coordinating these
efforts, the sector can achieve significant advancements in reducing environmental impacts
and enhancing the sustainability of wastewater management practices.

4.4.6. Future Direction and Research Priorities

This evaluation provides a comprehensive study of the subject matter while also
pinpointing specific areas that need further investigation. Further case studies and practical
implementations are required to validate the theoretical benefits of advanced control sys-
tems in large-scale WWTPs. Furthermore, research must prioritize advancing economical
and readily scalable technologies for medium and small WWTPs. Using modern control
systems may ensure the attainment of the benefits that are offered by different operational
scales. The exploration of the integration of renewable energy sources into existing control
systems is a promising field for future investigation. Integrating renewable energy with
intelligent control systems can substantially reduce the carbon emissions of WWTPs and
enhance their long-term sustainability. As Al and ML technologies progress, it is crucial to
regularly evaluate their applications in WWTPs to verify their capacity to adapt to evolving
obstacles and possibilities. Research should also investigate the enduring maintenance and
operational costs associated with these advanced technologies to comprehend their overall
value proposition more accurately.

5. Summary

The evaluation of modeling and control systems for energy management in WWTPs
shows significant advancements in improving energy consumption and operational ef-
ficiency. This review’s main conclusions indicate that the selection of aeration control
systems should be tailored to the specific size and needs of WWTPs in order to maximize
their effectiveness and environmental friendliness. Crucially, these tactics may be utilized
in real-world industrial and lab-based scenarios, demonstrating their adaptability and
usefulness.

5.1. Small Wastewater Treatment Plant

On/off control and PID control are very successful control methods for application to
small WWTPs due to their simplicity and cost-effectiveness. Implementing these measures
can result in substantial energy conservation of 10-25% and enhancements in DO levels
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of 5-30%. These techniques are effectively applied in small-scale industrial environments,
such as miniature food-processing facilities, showcasing their practicality and effectiveness
in maintaining ideal oxygen levels and minimizing operational expenses.

5.2. Medium Wastewater Treatment Plant

Medium-sized WWTPs might benefit from implementing advanced control systems
such as cascade control and model predictive control (MPC). These methods provide better
flexibility in adjusting to changing influent conditions, resulting in energy efficiency gains
of 15-30% and improvements in dissolved oxygen levels of 15-35%. Empirical evidence
from medium-sized industrial applications, specifically in the beverage and textile sectors,
validates the efficacy of these sophisticated control systems in optimizing energy use and
guaranteeing process stability.

5.3. Large Wastewater Treatment Plant

Extensive WWTPs necessitate the utilization of sophisticated modeling and control
methodologies such as MPC and control systems based on AI/ML. Implementing these
advanced strategies is crucial for effectively handling the intricate dynamics of extensive
operations, leading to notable levels of energy conservation of 30-40%, enhancements in
DO levels by 35-40%, and considerable decreases in ammonia levels and water expenses.
The success of these technologies in big industrial and municipal wastewater treatment
plants highlights their capacity to improve operating efficiency and sustainability.

5.4. Life Cycle Assessment (LCA)

LCA is a method used to evaluate the environmental impact of a product or process
throughout its entire life cycle. LCA analysis emphasizes the importance of customizing
control measures to match WWTP size and individual needs. The LCA offers a thorough
assessment of the environmental effects of various control measures across their complete
life cycle, encompassing implementation, operation, and maintenance stages.

For small WWTPs, LCA demonstrates that implementing cost-effective and simply
implementable strategies such as on/off control and PID control can effectively decrease
environmental impacts by reducing energy consumption and corresponding greenhouse
gas (GHG) emissions by 5-20%.

Medium-sized plants can employ adaptive control techniques, such as cascade control
and model predictive control (MPC), to manage changing conditions efficiently. This
leads to improved energy efficiency and a substantial reduction in environmental impact.
Integrating these control measures into LCA emphasizes the importance of balancing
operational efficiency with environmental responsibility. It ensures that medium-sized
WWTPs may achieve sustainability goals while maintaining outstanding performance.
Implementing these strategies can decrease greenhouse gas (GHG) emissions by 10-25%.

Advanced control methods offer substantial energy savings and enhance operational
performance, making them particularly advantageous for large WWTPs. LCA emphasizes
that these advanced technologies enhance energy utilization and help broader environ-
mental objectives by decreasing emissions and resource usage. This complete strategy
follows environmental stewardship ideals since it promotes sustainable water management
practices and contributes to the worldwide endeavor to mitigate climate change. These
modern approaches can reduce 30-35% of GHG emissions in big WWTPs.

5.5. Prospective Investigation

Future research should prioritize advancing inventive and adaptable methods for
wastewater treatment plants with different capacities. This encompasses incorporating
sustainable energy sources, creating effective control systems for small and medium-
sized facilities, and assessing artificial intelligence and machine learning applications
in wastewater treatment plants. Furthermore, it is crucial to prioritize the resolution of
obstacles related to implementing sophisticated control systems in developing nations and
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operations. These findings’ practical relevance and scalability are demonstrated by their
successful applications in lab-based and real-world situations.
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Abstract: The global challenge of sustainable and affordable wastewater treatment technology looms
large as water pollution escalates steadily with the rapid pace of industrialization and population
growth. The photocatalytic wastewater treatment is a cutting-edge and environmentally friendly
technology that uses photons from light source to degrade and remove organic and inorganic contam-
inants from water. Thus, utilizing solar energy for photocatalytic wastewater treatment holds great
promise as a renewable solution to alleviate pressures on the global water crisis. Employing solar
concentrators to intensify sunlight for photocatalysis represents a promising avenue for future appli-
cations of a low-cost and rapid sustainable wastewater purification process. This groundbreaking
approach will unveil fresh technological avenues for a cost-effective, sustainable, and swift wastewa-
ter purification process utilizing sunlight. This review article explores diverse solar concentrating
systems and their potential applications in the wastewater treatment process.

Keywords: photocatalysis; wastewater treatment; solar concentrator; solar photocatalysis

1. Introduction

Water is an indispensable component for human survival; hence, fresh and clean
water supply has surged in recent decades alongside population growth. Conversely, water
pollution has been on the rise due to the swift pace of industrialization and unplanned
urban expansion. Agricultural and pharmaceutical runoff, untreated sewage, and toxic
industrial discharges constitute significant sources of this pollution [1,2]. Industries like
textiles, dyeing, and printing are major contributors, releasing substantial quantities of
synthetic organic dyes into waterways [2,3]. Access to fresh water supplies has emerged as
a matter of global significance. Additionally, the health risks linked with polluted water are
forecasted to escalate into a significant global concern in the coming decades. In developing
nations, nearly 70% of all illnesses are linked to water contamination [1]. Hence, the most
pressing challenge of the twenty-first century lies in the development of eco-friendly, cost-
effective, and efficient wastewater treatment technologies. These advancements are crucial
for safeguarding the environment and human health from the harmful effects of pollutants.

Over the past two decades, various treatment techniques have been implemented
to treat water for reuse. Techniques such as phase separation, chemical precipitation,
coagulation and flocculation, filtration, adsorption, ion exchange, sedimentation, chlori-
nation, and oxidation have been utilized in wastewater treatment [1-4]. Most of these
methods generate sludge, presenting a significant challenge for disposal due to the risk
of secondary pollution. Some treatment processes also require high energy input, making
water remediation expensive. Additionally, pollutants such as pesticides, hydrocarbons,
dyes, and aromatic compounds in wastewater cannot be completely eliminated by a single
technique. Consequently, researchers are focusing on developing new, greener technologies
capable of degrading a wide range of contaminants. In this context, photocatalysis has
emerged as a promising, sustainable, and efficient approach for water treatment [5-8].
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Its capability to harness solar energy, a freely available natural resource, for wastewater
treatment underscores its significance. The solar photocatalysis process is effective for the
degradation and disinfection of municipal and industrial wastewater [8-10]. Operable at
ambient room temperature and pressure, photocatalysis offers reduced operating costs and
typically eliminates the need for additional processes or secondary treatment to remove
reaction byproducts. These advantages make it a highly viable and effective solution for
large wastewater treatment plants.

Although solar photocatalysis is considered as a promising technology for reduc-
ing chemical and microbiological pollutants in wastewater, it has not yet advanced be-
yond the bench scale to real-world practical applications. Thousands of research articles
have been published on the development of photocatalysts for solar photocatalytic water
treatment [11-14]. Karthikeyan et al. explored various metal oxide semiconductor photo-
catalysts for solar photocatalysis in their review article [12]. Wang et al. critically reviewed
the development of heterojunction in semiconductors for enhanced photocatalysis pro-
cessing [13]. Beyond the development of photocatalysts, technological development of
the utilization solar energy for solar photocatalysis is necessary. Over the past decades,
several techniques have been developed to utilize solar energy for photocatalytic water
treatment processing. In this context, solar concentrators can a play significant role in
enhancing photocatalytic activity under concentrated sunlight irradiation. This review
article delineates the fundamental principles of solar concentration techniques and the
benefits conferred by employing solar concentrators in the photocatalytic remediation of
contaminants in water.

2. Solar Concentrator

Solar energy is the most abundant resource globally, with sunlight providing approx-
imately 1.5 x 10'® kWh of energy annually. In comparison, the combined reserves of
oil, coal, and gas amount to only 1.75 x 101° kWh, 1.4 x 10'® kWh, and 5.5 x 10'® kWh,
respectively [8]. This stark contrast highlights solar energy’s potential, offering over a
hundred times the energy of the world’s total fossil fuel reserves annually. Researchers are
actively pursuing the development of cost-effective and efficient technologies to harness
solar energy, both to meet global energy demands and to mitigate environmental impact.
The solar concentrating systems emerge as highly promising solutions for various applica-
tions. Over the past few decades, significant efforts have been invested in the development
of efficient solar concentrators to capitalize on solar energy’s vast potential [8,15-18].

A solar concentrator is a device that collects solar radiation and focuses it on a smaller
area to get higher irradiance power. The device is mainly comprised of a mirror or a lens
or a series of lenses or mirror assembly, a receiver, and the tracking system. A paraboloid
mirror and Fresnel lens are generally used to design a solar concentrator. The paraboloid
mirror reflects the sunlight and concentrates at the focal point of the mirror as shown in
Figure 1. The Australian National University has worked for many years on paraboloid
dish solar concentrators, and they built a 500 m? concentrator to convert solar energy into
electricity, which is presented in Figure 2 [15]. Many researchers have developed similar
kinds of solar concentrators to generate electricity from sunlight. These works have been
summarized and described by Baharoon et al. [16] in their review article. Sometimes, a
paraboloid cavity mirror is used with another secondary mirror to deliver concentrated
sunlight through the cavity of the paraboloid mirror. The working principle of this kind of
system is illustrated by ray diagram in Figure 3. The primary mirror (paraboloid cavity
mirror) gathers and focuses sunlight onto a secondary mirror (flat mirror). This secondary
mirror redirects and intensifies the sunlight onto a receiver or target. We have pioneered
the development of such a solar concentrator, which we have coupled with an optical fiber
bundle, known as ECoSEnDS (extremely concentrated solar energy delivery system) [8].
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Figure 1. Schematic ray diagram for sunlight concentration by a parabolic mirror.

Figure 2. Picture of the 500 m? paraboloid solar concentrator built by The Australian National
University [15].

/

\\_

Figure 3. The schematic ray diagram of a solar concentrator based on a primary paraboloid mirror
and a secondary flat mirror (Reprinted with permission from Ref. [8]. 2021, Elsevier).

The picture of the ECOSEnDS is presented in Figure 4. The optical fiber bundle receives
concentrated sunlight from the secondary mirror. The ECOSEnDS can deliver concentrated
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sunlight of 96 suns; i.e., 96 times the solar irradiance power on Earth’s surface with only
50% of the reflecting efficiency of the primary paraboloid mirror. The Fresnel-based solar
concentrator has drawn significant attention due to the light weight, cheaper, and good
concentration efficiency qualities of the Fresnel lens. The Fresnel lens refracts the sunlight
and focuses it at a focal point to get concentrated sunlight. The working principle of a
Fresnel lens is shown in Figure 5. Yang et al. [17] developed a Fresnel lens-based solar
concentrator for a daylighting system, as shown in Figure 6. The Fresnel lens concentrates
the sunlight on the top of the optical fiber bundle and the fiber bundle delivers sunlight
inside the buildings.

Figure 4. The picture of the ECoSEnDS (Reprinted with permission from Ref. [8]. 2021, Elsevier).
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Figure 5. Schematic ray diagram for sunlight concentration by a Fresnel lens.

Figure 6. Solar concentrator employing Fresnel lenses coupled with optical fiber (Reprinted with
permission from Ref. [17]. 2019, Elsevier]).

Most solar concentrators have been developed for energy harvesting and daylighting
systems. There are very few solar concentrators that have been developed for water
purification processing [19-21]. The utilization of solar concentrators for wastewater
purification processing will be discussed in Section 4.

3. Photocatalysis

Photocatalysis is a chemical reaction which is accelerated by a photocatalyst on expo-
sure of light. The key advantage of the photocatalysis is that the photocatalyst facilitates the
chemical reaction without undergoing consumption [22,23]. Photocatalysis is categorized
into homogeneous and heterogeneous types based on the physical state of the reactants
and photocatalysts. In homogeneous photocatalysis, both the reactants and photocata-
lysts coexist in the same phase, whereas in heterogeneous photocatalysis, they exist in
different phases.
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Heterogeneous photocatalysis has drawn significant attention as it is very much
sustainable and effective for wastewater purification processing. This method offers several
advantages, including the utilization of abundant sunlight, the ease of fabrication of
semiconductor nanomaterials as photocatalysts, and its rapid reaction rate coupled with low
energy consumption. Consequently, heterogeneous photocatalysis emerges as a promising
technique for wastewater treatment, leveraging the abundance of solar energy resources.
The mechanism of heterogeneous photocatalysis typically involves multiple steps [5,22]
and it is represented schematically in Figure 7. The process initiates with the absorption of
light, where photons with energy exceeding the band gap of the photocatalyst generate
electrons (e™) in the conduction band (CB) and holes (h*) in the valence band (VB) of the
semiconductor photocatalysts. These electrons and holes migrate to the photocatalyst’s
surface to engage in redox reactions. The holes and electrons participate in oxidation
and reduction of H,O and O, molecules to produce hydroxyl (-OH) and superoxide
radicals (-O; ), respectively. These radicals promptly react with pollutants, leading to their
degradation into harmless or less harmful byproducts such as carbon dioxide (CO,), water
(H,0), and other intermediate compounds [22]. The complete photocatalytic degradation
process can be summarized in Equations (1)-(5) [22-24]:

Photocatalyst +hv — Photocatalyst(e™ +h™) (1)
h* +H,0 — -OH ()
e” +0, = Oy 3)
Pollutant + -OH — intermediates — CO, + H,O 4)
Pollutant + -O, — intermediates — CO, + H,O (5)
OZ
Organic pollutants
e” 03
hv CB e_/'
£
Photocatalyst =
"
=
VB ht
\ a
-OH

H,0 + CO, etc.

H,0

Figure 7. Schematic representation of the heterogeneous photocatalytic organic pollutant’s degrada-
tion mechanism.

The efficiency of the photocatalysis process depends on several parameters including
the redox potential of the pollutants, the band edge of semiconductor photocatalysts [25].
The necessary condition for the photocatalytic reaction is that the redox potential of the
pollutant should be lower than the conduction band potential and higher than the valence
band potential of the photocatalyst [26].

The semiconductor nanomaterials have been extensively researched for their role in
heterogeneous photocatalysis. Titanium dioxide (TiO,) and zinc oxide (ZnO) are prominent
among these, thanks to their remarkable photocatalytic activity, non-toxic nature, and high
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stability under light exposure [27-29]. However, their effectiveness is mainly confined
to UV-light irradiation due to their wide bandgap energy [30,31], limiting their poten-
tial for solar photocatalysis since sunlight mainly consists of visible light. To overcome
this limitation, various techniques such as anion doping, metal doping, and inducing
oxygen deficiency [27,32-35] have been employed to enhance their activity under visible
light. Although doping enables TiO; or ZnO to absorb visible light, issues like thermal
instability and carrier recombination often arise, hindering the development of highly
efficient visible-light active photocatalysts. Consequently, researchers have turned to al-
ternative materials like MoS;, BiVOy, Bi,WOg, AgsVO,, AgVOs, CoFe,Oy4, Zr,NiyCuy,
and CdS [5,7,22,36—44] to fabricate visible-light active photocatalysts with controlled band
structures. These photocatalysts are very much active in visible light and show a higher
photocatalytic degradation rate, but some of the photocatalysts like CdS and BiVOy are
highly toxic [45-48]. Results suggest that high doses can cause significant organ damage,
particularly in the liver, kidneys, and lungs. Symptoms observed include inflammation,
oxidative stress, and histopathological changes. BiVO4 nanoparticles can also pose risks
to the environment. They can accumulate in water bodies and soil, affecting aquatic and
terrestrial organisms. Studies have shown that these nanoparticles can be toxic to algae,
fish, and invertebrates, potentially disrupting ecosystems. Recent studies indicate that
treated water is no longer harmful if toxic photocatalysts are removed following the photo-
catalysis process [49,50]. However, challenges such as fast electron-hole recombination and
limited absorption persist for those photocatalysts. Therefore, numerous strategies have
emerged, with photocatalytic heterojunctions being widely explored. These heterojunctions
offer promising prospects for enhancing photocatalytic efficiency by spatially separating
electron-hole pairs [51-54]. Low et al. [52] provide a comprehensive discussion on the
principles underlying various heterojunction photocatalysts, as depicted in Figure 8.

Semiconductor

Semiconductor sl A Semiconductor
& p
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e
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Figure 8. Schematic depiction of three distinct heterojunction photocatalyst types: (a) type-I, (b) type-
II, and (c) type-III heterojunctions (Reprinted with permission from Ref. [52]. 2014, Royal Society
of Chemistry).

In recent years, thousands of research articles have been reported in literature on
wastewater treatment using photocatalysis under visible light irradiation. However, only a
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handful of studies have explored the utilization of direct sunlight. Instead, most researchers
have opted for artificial sources like Xenon arc lamps, fluorescent lamps, LED lamps,
or solar simulators to investigate photocatalytic activity. Leveraging solar energy for
pollutant removal in wastewater holds profound importance in energy conservation and
environmental remediation efforts.

4. Solar Concentrators for Water Treatment

The photocatalytic treatment of wastewater using solar energy has garnered significant
interest due to its environmental and economic benefits. Traditional wastewater treatment
processes require substantial electrical power, leading to the emission of greenhouse gases.
Studies indicate that conventional wastewater treatment consumes approximately 0.6 kWh
per cubic meter, resulting in 185.61 g of CO; emissions per kWh [55]. In contrast, solar
photocatalytic wastewater treatment harnesses freely available solar energy, eliminating the
need for external energy sources and reducing greenhouse gas emissions. Therefore, solar
concentrators can significantly enhance photocatalytic wastewater treatment efficiency
under intense sunlight, offering a promising solution for sustainable and eco-friendly
water treatment. The photocatalytic activity hinges significantly on photon count, as
photons initiate the creation of electron-hole pairs, as detailed in Section 3. Consequently,
photocatalysts generate an increased number of photons under concentrated sunlight
irradiation, thereby yielding higher quantities of hydroxyl and superoxide radicals. This
cascade effect accelerates the pollutants in water.

In the last few decades, many efforts have been made to develop efficient systems for
wastewater purification processing using solar concentrators. Bigoni et al. [20] developed
a solar pasteurizer using a parabolic trough concentrator for water purification. The
developed system is shown in Figure 9. The sunlight is reflected by a parabolic mirror
made with aluminum onto a black steel pipe, serving as the absorber, precisely positioned
along the mirror’s focal line. The absorber, measuring 3 m in length with an internal
diameter of 3.8 cm and a volume of 3.4 L, effectively captures the concentrated solar energy.
They used three pieces of 100 by 200 cm highly reflective sheets to make parabolic reflector.
As untreated water flows through the pipe, it undergoes heating from the concentrated
solar radiation, reaching pasteurization temperatures. Using this device, Bigoni et al. [20]
were able to collect 66 L of treated water in a sunny day. They mainly studied the pathogens
removal from the water.

Thermostatic
control valve

Alumimim
IMITTOTS

Raw water

tank

Treated water

tank

Figure 9. The water pasteurization system using a parabolic solar concentrator (Reprinted with
permission from Ref. [20]. 2014, Elsevier).
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Monteagudo et al. [21] implemented a Fresnel lens to concentrate sunlight for photo-
catalytic wastewater treatment processing. Monteagudo et al. used a Fresnel lens to focus
concentrated sunlight on the tank containing wastewater. The schematic representation of
the experimental setup is shown in Figure 10. They studied the photocatalytic degradation
of orange II dye using titanium dioxide as photocatalysts and observed higher degradation
rate than normal sunlight irradiation. The solar concentrator generates higher solar irradi-
ance power at the focal point where sample is kept and hence the photocatalysts get more
photons to generate much more electron-hole pairs. Thus, the photocatalysis reaction rate
increases and wastewater becomes clean quickly.

3%

Fresnel Lens

Reactor

Thermometer

Thermostatic Bath

Pump

Figure 10. Experimental setup for photocatalytic dye degradation under concentrated sunlight
irradiation using Fresnel lens (Reprinted with permission from Ref. [21]. 2006, Elsevier).

Similar results were observed by Golli et al. [56], who used a parabolic dish solar
collector to concentrate sunlight for the photocatalytic wastewater treatment process. The
parabolic dish collects and focuses sunlight onto the reactor containing the wastewater. A
schematic representation of the experimental setup is shown in Figure 11. They treated 2 L
of contaminated water for the photocatalytic degradation of 10 ppm of methylene blue dye
using zinc oxide as the photocatalyst and achieved a degradation rate of 94%.

The solar concentrator based on parabolic trough collector (PTC) and compound
parabolic collector (CPC) are mostly used for wastewater treatment because of the high
solar power concentration ratio. They can be used to degrade various pollutants in water.
Some significance reports are summarized in Table 1.

Table 1. Photocatalytic pollutants removal using a solar concentrator.

Solar Collector Photocatalyst Pollutant Reference
CPC TiO, Bisphenol A Rodriguez et al. [57]
CPC TiO,, ZnO Fenamiphos pesticide Fenoll et al. [58]
PTC TiO, Urea, ammonium chloride, peptone Barwal et al. [59]
CPC Ferrous sulfate heptahydrate Agricultural pathogenic fungi Aguas et al. [60]
CPC ferrous sulfate in slurry E. coli Rodriguez-Chueca et al. [61]
CPC TiO, coppet, iron, zinc Onotri et al. [62]
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Figure 11. Parabolic dish solar concentrator-based water treatment setup (Reprinted with permission
from Ref. [56]. 2021, Elsevier).

The solar concentrator, paired with an optical fiber bundle, efficiently delivers con-
centrated sunlight precisely where needed. Optical fiber bundles offer flexible installation
options and long transmission distances, thanks to minimal light loss due to internal re-
flections within the fibers. With the aid of a solar tracking system, these devices ensure
continuous delivery of highly intense sunlight throughout the day. While many efficient
devices have been developed over the past decade to harness sunlight within buildings,
none have been specifically tailored for water treatment applications. Addressing this
gap, our research group recently introduced a groundbreaking solution: the ECOSEnDS
(extremely concentrated solar energy delivery system). In our study, we explored its po-
tential in photocatalytic wastewater treatment. The picture of the ECOSEnDS is presented
in Figure 4. The ECoSEnDS comprises two mirrors: a primary paraboloid mirror and a
secondary flat mirror, both crafted from glass with aluminum-coated reflecting surfaces.
The primary mirror directs sunlight onto the secondary mirror, which then focuses and
concentrates the light onto the optical fiber bundle. This setup allows the device to amplify
sunlight by a factor of 96 compared to direct sunlight, achieving a concentration ratio of
96 suns with a 50% reflection efficiency of the primary mirror. In our experiments, this
concentrated sunlight was utilized for photocatalytic dye degradation processes using
various photocatalysts. Figure 12 illustrates how the concentrated light was delivered into
the photocatalytic reactor, demonstrating the practical application of the ECoSEnDS in
wastewater treatment.
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Figure 12. Photocatalytic reactor with concentrated sunlight delivered using ECoSEnDS.

The photocatalytic wastewater treatment activity of the ECOSEnDS was studied by em-
ploying BiVO, nanoparticles to degrade methylene blue (MB) dye. Results demonstrated
degradation rates of 20%, 71%, and 100% within 60 min under solar irradiance levels of 70,
300, and 500 mW /cm?, respectively [8]. Notably, the dye degradation outpaced natural
sunlight by fivefold. Figure 13 illustrates the photocatalytic activity.
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Figure 13. Photocatalytic MB dye degradation of BiVO, nanoparticles under concentrated sunlight
irradiation: (a) relative degradation over time and (b) % degradation achieved (Reprinted with
permission from Ref. [8]. 2021, Elsevier).

Our team further investigated the photocatalytic degradation of MB dye utilizing
BiVO, nanoflakes, employing an advanced solar concentrator coupled with an optical fiber
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bundle. Interestingly, our findings mirrored those previously mentioned. As depicted
in Figure 14, we observed degradation efficiencies of 88.86% and 32.30% after 60 min of
sunlight irradiation at intensities of 300 and 74 mW /cm?, respectively [5]. This under-
scores the enhanced photocatalytic activity of BiVO, nanoflakes under increased sunlight
irradiation intensity.
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Figure 14. Photocatalytic MB dye degradation of BiVO, nanoflakes under concentrated sunlight
irradiation: (a) relative degradation over time and (b) % degradation achieved (Reprinted with
permission from Ref. [5]. 2021, Elsevier).

5. Advantages and Disadvantages of Using a Solar Concentrator

Using a solar concentrator in photocatalytic wastewater treatment offers several ad-
vantages. Solar concentrators focus sunlight onto a smaller area, significantly increasing
light intensity, thereby enhancing photocatalytic activity. By concentrating sunlight, the
photocatalyst can utilize solar energy more effectively, leading to higher reaction rates and
more efficient pollutant degradation. Higher light intensity from concentrated sunlight
accelerates the generation of electron-hole pairs, speeding up pollutant degradation. This
conclusion can be clearly understood from Figures 13 and 14. Solar energy is free and
abundant, reducing the need for external electrical power, which is typically costly and
associated with greenhouse gas emissions. By leveraging natural sunlight, operational costs
associated with artificial light sources and electricity are minimized. Using solar energy
eliminates the greenhouse gas emissions linked to electricity generation for wastewater
treatment. Solar photocatalysis is an eco-friendly and sustainable method, promoting green
chemistry principles. Solar concentrators can be designed to suit different geographic
locations and sunlight conditions, making the technology versatile and adaptable. The use
of solar concentrators also encourages the development of innovative reactor designs that
can further optimize the photocatalytic process.

Although using a solar concentrator offers many benefits for the photocatalytic
wastewater treatment process, there are several disadvantages to consider. The instal-
lation of solar concentrators involves significant upfront costs for materials, installation,
and maintenance, which can be a barrier, especially for large-scale applications. The costs
associated with installing and maintaining water treatment reactors are summarized in
Table 2. Additionally, solar energy faces the drawback of being available only during the
daytime. Solar concentrators rely on clear, sunny weather to function effectively; cloudy
or rainy conditions can significantly reduce their efficiency, leading to inconsistent per-
formance. While solar concentrators enhance light intensity, the overall efficiency of the
photocatalytic process can still be limited by the inherent properties of the photocatalyst
material, such as its light absorption capacity and charge carrier recombination rates.
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Table 2. Operating and capital costs for selected pilot-scale reactors.

Reactor Type Reactor Volume  Operating Cost Capital Cost References
PC 100 L 55.3 €/m> 32.7 k€ [63]
CPC 50 L 0.05€/m3 23.3 k€ [64]
CPC 10L 104 €/L 18.5 k€ [65]

6. Conclusions and Outlook

Photocatalysis is the most promising technique for addressing pressing environmental
concerns, particularly in water purification. Leveraging solar energy to eradicate pol-
lutants from wastewater holds profound significance for both energy conservation and
environmental remediation. Thus, the photocatalytic wastewater treatment using sunlight
irradiation is the most sustainable challenging method to purify wastewater. The solar
concentrator has the potential to increase photocatalytic degradation rates of pollutants
within wastewater, offering a sustainable and economically viable solution. Furthermore,
the synergy of solar concentrators with optical fibers presents a distinct advantage, enabling
precise delivery of light to the photocatalytic reactor at the desired location due to the flexi-
bility of the optical fiber bundle. This integration of solar concentrators with optical fibers
heralds new technological vistas for harnessing solar energy in wastewater purification
processes. Thus, this review article serves as a valuable reference point for comprehending,
exploring, and innovating new devices based on solar concentrators, advancing the cause
of sustainable wastewater purification.
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Abstract: The first discovery of methanogens led to the formation of a new domain of life known as
Archaea. The Archaea domain exhibits properties vastly different from previously known Bacteria
and Eucarya domains. However, for a certain multi-step process, a syntrophic relationship between
organisms from all domains is needed. This process is called methanogenesis and is defined as the
biological production of methane. Different methanogenic pathways prevail depending on substrate
availability and the employed order of methanogenic Archaea. Most methanogens reduce carbon
dioxide to methane with hydrogen through a hydrogenotrophic pathway. For hydrogen activation,
a group of enzymes called hydrogenases is required. Regardless of the methanogenic pathway,
electrons are carried between microorganisms by hydrogen. Naturally occurring processes, such
as methanogenesis, can be engineered for industrial use. With the growth and emergence of new
industries, the amount of produced industrial waste is an ever-growing environmental problem.
For successful wastewater remediation, a syntrophic correlation between various microorganisms
is needed. The composition of microorganisms depends on wastewater type, organic loading rates,
anaerobic reactor design, pH, and temperature. The last step of anaerobic wastewater treatment is
production of biomethane by methanogenesis, which is thought to be a cost-effective means of energy
production for this renewable biogas.

Keywords: methanogenesis; methanogens; hydrogenase; wastewater remediation

1. Introduction

In nature, methane can be produced in anaerobic environments by methanogenic mi-
croorganisms. The starting point of methane production is the degradation of biomass [1,2].
Sources of renewable biomass vary from food industry waste to agricultural waste, animal
manure, and forest industry waste [3]. Carbon dioxide acquired from biomass degradation
is reduced with hydrogen in a process called methanogenesis. As methanogenesis is a
multi-step process, a syntrophic association between two or more organisms is needed [4].
Methanogenesis plays a crucial role in the global carbon cycle. Moreover, processes for
waste conversion to biomethane by methanogenesis are being implemented in industry, and
more than 25% of all bioenergy is predicted to originate from waste-produced biogas [1,3].

2. Hydrogen for Methane Formation

In Earth’s lower atmosphere, molecular hydrogen is present in trace concentrations.
Nonetheless, H; plays a key role in the biogeochemical cycles of numerous elements, thus
connecting different parts of ecosystems, with the most prominent function in anoxic
environments. In anaerobic environments, hydrogen occurs in very low concentrations
and exhibits a fast turnover rate (turnover times are in a matter of minutes) [5,6]. Despite
low concentrations, annual formation and consumption of hydrogen from biomass add
up to 0.3 Gt. Half of this quantity is used for methanogenesis from carbon dioxide. In
environments where the reduction of carbon dioxide to methane is the predominant
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reaction, Hy steady-state partial pressure is around 10 Pa. Because of the ability to diffuse
through cytoplasmic membranes, Hj is the best electron carrier between microorganisms [7,
8]. Consumption of hydrogen in methanogenic environments (where no inorganic electron
acceptors other than carbon dioxide are available) is possible by methanogenic Archaea.
More than 80 species from the Archaea domain are capable of conducting methanogenesis.
Almost all of the hydrogen utilized by methanogenic microorganisms is of biological origin.
However, a fraction of the hydrogen for sustaining methanogen growth is of geochemical
origin [6,8,9].

3. Global Methane Cycle

Methane gas (CHy) is one of the main greenhouse gases, with a global warming
potential greater than that of carbon dioxide. Alongside CO, and N,O, CH4 plays a key
role in degradation of the ozone layer. Human-related CHy emissions make up two-thirds
of the total global methane emissions. The concentration of methane in the atmosphere has
doubled over the past century [1,4].

Biological production of methane is mediated by methanogenic Archaea (methanogens).
This process is called methanogenesis or biomethanation, and it plays a key role in the
carbon cycle [1]. In total, 1 Gt of methane is produced annually from biomass in anoxic
environments from acetate, carbon dioxide, and hydrogen through methanogen activity.
Another 1 Gtis released into the environment by the melting of methane hydrates. From the
2 Gt of CHy produced annually, 1 Gt is oxidized by anaerobic Archaea and 0.6 Gt by aerobic
bacteria, and 0.4 Gt diffuses to the atmosphere, with an additional 0.2 Gt released from
other sources [4]. Biomass consists mostly of carbohydrates (~50%), proteins (around 30 to
40%), and lipids (~10%). Because of the complex biomass composition, different metabolic
groups are required for degradation [2]. Methanogens function in a syntrophic manner,
meaning that biomass degradation is catalyzed by a combination of multiple organisms
that, on their own, cannot catabolize biomass. A combination of bacteria, protozoa, and
fungi is needed to decompose biomass. The products are then transformed into acetic acid,
carbon dioxide, and hydrogen by syntrophic bacteria [4]. In the last step of the process,
methanogenic Archaea use hydrogenases for the activation of hydrogen, resulting in the
formation of methane [8]. Methanogenesis is beneficial for treatment of organic waste in
industry. Methane harnessed from renewable carbon feedstock by anaerobic digestion with
methanogens is a useful tool for biogas production. Biogas is comprised of 30% to 90%
CH, and can be used as a fuel to generate electricity or to power transportation [1,10]. It is
estimated that 1 m® of CHy has a calorific value around 9.17 kWh [11], meaning that biogas
containing the aforementioned ranges of CH, can have calorific values up to 9 kWh. When
produced by anaerobic digestion, biomethane is a non-poisonous, colorless, and odorless
gas. In comparison to other liquid biofuels, the separation of biomethane from the liquid
phase is relatively easy and therefore has reduced production costs [3].

4. Methanogens

By studying prokaryotic relationships, Woese and Fox [12] discovered that microbes
producing methane (methanogens) are Archaea. The discovery of this domain allowed bet-
ter understanding of different properties methanogens exhibit in comparison to members of
the Bacteria and Eukarya domains [13]. Nowadays, in the Archaea domain, there are seven
methanogenic orders: Methanobacteriales, Methanocellales, Methanococcales, Methanomicro-
biales, Methanoplasmatales, Methanopyrales, and, lastly, Methanosarcinales [14]. Methanogens
populate anaerobic environments, especially low-sulfate habitats, and can be isolated
from a broad range of thermochemical gradients. It is important to note that the pres-
ence of oxygen inhibits methanogen growth [1]. Methanogenic microbes can originate
from acidophilic to alkaliphilic environments (pH 3.0 to 10.2) and psychrophilic to hyper-
thermophilic temperatures (-2 °C to 122 °C) [10]. In recent years, many methanogens
have been discovered to be hyperthermophiles with optimum growth temperatures such
as 98 °C (e.g., Methanopyrus kandleri) and 85 °C (e.g., M. jannaschii) [4]. Freshwater and
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marine sediments, marshes, geothermal systems, rice paddies, and human and animal
gastrointestinal tracts are some of the typical methanogenic habitats [1,15]. In many envi-
ronments, methanogens are consumers of hydrogen (hydrogenotrophs). They are the most
numerous and the fastest-growing microbes [13]. Generation times can range from minutes
(e.g., 25 min for Methanocaldococcus jannaschii) to a few hours (e.g., 6 h for Methanosarcina
barkeri) [10]. The highest growth rates are observed in the Methanococcales order [16].
Methanogens grow by reducing coal, acetate, or one-carbon compounds, such as carbon
monoxide, carbon dioxide, and methanol to methane. Generally, methanogen growth can
be described by Equation (1). By producing CH,, methanogenic microorganisms can also
conserve energy [10].

e~ donor + e acceptor — CHy + byproduct 1)

Methanogenic Archaea required for biological CH4 production can be with or without
cytochromes. An overview of the differences between these methanogens is presented in
Table 1 [4].

Table 1. Differences between methanogens.

Methanogens with Cytochromes Methanogens Without Cytochromes Ref.
contain methanophenazine do not contain methanophenazine

only some grow on CO, and Hy; grow on CO, and Hp;

most grow on methylamines and cannot grow on methylamines and

acetate; cannot grow on formate acetate; most can grow on formate

4
growth yields on CO, and growth yields on CO, and 4]
H,; <7 g/mol CHy H,; <3 g/mol CHy

H, partial pressure threshold is >10 Pa  Hj partial pressure threshold is <10 Pa

not hyperthermophilic hyperthermophilic

Hydrogenases from Methanogenic Origin and Their Function

Hydrogenases are widely distributed in microbes. These enzymes serve different
physiological functions in various metabolic pathways, e.g., in remediation of toxic heavy
metals, parasites, and pathogenic bacteria, as well as in methane formation [17]. Organisms
from three domains of life (Archaea, Bacteria, and Eucarya) utilize hydrogenase activity
to produce or consume hydrogen [16]. For example, hydrogen gas for methanogenesis is
formed in anaerobic environments with the help of hydrogenases [2].

Hydrogenases were first discovered by Stephenson and Stickland [18,19] and are
classified based on their active site structure as [NiFe]-hydrogenase, [FeFe]-hydrogenase,
and [Fe]-hydrogenases. Besides the main classification based on active site cofactors,
hydrogenases can be further categorized by location within the harboring cell (cytoplas-
mic or membrane-bound), ability to conserve energy, and their electron-carrying redox
partners [16]. From hydrogenase classes, the most studied are [NiFe]-hydrogenases [17].

As Stephenson and Stickland [20] studied methane-forming microorganisms from
river sediments, the correlation between hydrogen-forming bacteria and hydrogen-consuming
methanogens became evident. Additionally, the nickel requirement for hydrogenase
activity was first discovered in methanogens. In methanogenic Archaea, only [NiFe]-
hydrogenases and [Fe]-hydrogenases were found. [FeFe]-hydrogenases, present in Eucarya
and Bacteria domains, have not yet been discovered in Archaea. Genetic and biochem-
ical studies have been conducted on a limited number of methanogen species, namely
Methanococcus maripaludis, Methanosarcina barkeri, and Methanosarcina mazei [8].

Functional hydrogenases are not expressed in all methanogens [10]. However, in
methanogens expressing hydrogenases, mostly [NiFe]-hydrogenases are found [8]. M. mari-
paludis is a typical representative of methanogens without cytochromes [4]. In methanogens
without cytochromes, four types of hydrogenases produced are as follows: (a) membrane-
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bound, ferredoxin-dependent energy-converting hydrogenase (Ech), (b) cytoplasmic, Fypo-
dependent hydrogenase—F4pp-reducing hydrogenase (Frh), (c) cytoplasmic, electron-
bifurcating Mvh hydrogenase, and (d) cytoplasmic, [Fe]-hydrogenase [21].

On the other hand, all Methanosarcinales organisms, with representatives such as M.
barkeri and M. mazei, belong to methanogens with cytochromes [4]. Methanogens with cy-
tochromes encode three types of hydrogenases: (a) membrane-bound, ferredoxin-dependent
energy-converting hydrogenase (Ech), (b) cytoplasmic, F4p-dependent hydrogenase—Fy»
-reducing hydrogenase (Frh), and (c) membrane-bound, methanophenazine-dependent hy-
drogenase (Vht) [21].

Even though methanogens with and without cytochromes have different mechanisms
for energy conservation, both contain [NiFe] ferredoxin-dependent energy-converting
hydrogenases and Fypp-reducing hydrogenases. With the exception of the bimetallic [NiFe]
active site and three FeS clusters found in all [NiFe]-hydrogenases, membrane-bound
energy-converting hydrogenases (Ech) have few sequence similarities to other hydroge-
nases of the [NiFe] family [16,22]. Ech contains six subunits, EchA-F. The EchE subunit
harbors the bimetallic active center for the formation and oxidation of H,. The remaining
subunits are in charge of transferring electrons between ferredoxin (Fd) and H, /H* [16].

Furthermore, the coenzyme Fyyp-reducing hydrogenase (Frh) is a heterotrimeric en-
zyme with three subunits. The FrhA subunit harbors the [NiFe] active site responsible for
hydrogen oxidation. Flavin adenine dinucleotide (FAD) containing subunit FrhB functions
as an active site for oxidation and reduction of F4py coenzyme. Electrons travel from the
FrhA subunit through the FrhG subunit to the active site in the FrhB subunit. This hydro-
genase is a requirement in all methanogens possessing the ability of CO, reduction with
Hj-derived electrons [16]. The methanophenazine-dependent hydrogenase was initially
identified as viologen-reducing hydrogenase (two) and thus has the Vht abbreviation. The
VhtA subunit contains a [NiFe] active center for hydrogen oxidation. Electrons from Hj oxi-
dation reduce methanophenazine (MP), which is later used for the reduction of the terminal
electron acceptor CoM-CoB, a disulfide of coenzyme M (CoM) and coenzyme B (CoB),
common in all methane-forming pathways. This type of hydrogenase is found only in
methanogens from the Methanosarcinales order. One cytoplasmic [Fe]-hydrogenase, limited
to methanogens without cytochromes, is a substitute for Fypp-reducing [NiFe]-hydrogenase
in nickel-limiting conditions [8,16].

5. Methanogenic Pathways—Dependence on Substrates and Mechanism

Production of methane is a multi-step process classified based on the substrate uti-
lized in the production pathway on the hydrogenotrophic Equation (2) and acetoclastic
Equation (3) pathways. The hydrogenotrophic pathway utilizes inorganic carbon dioxide
as a substrate, while acetoclastic involves the use of acetic acid [1]. Another less common
pathway is the methylotrophic production of methane, where the substrates are methanol or
methylamines [1,14]. Equation (4) describes the methylotrophic production pathway [11].

4H, + CO, — CH4 + H,O (2)
CH;COOH — CHy + CO, 3)
4CH30H — 3CH4 + CO, + H,O (4)

The determination of the substrate used for successful methanogenesis is mostly
guided by pH and temperature [1]. The substrate abundance affects total methanogenesis
yield but does not play a role in controlling the rate of reactions [9]. Depending on the
methanogenic order, different methanogenesis pathways are predominant. With the ex-
ception of Methanoplasmatales (also referred to as Methanomassiliioccales), which are only
methylotrophic methanogens, all orders support the hydrogenotrophic methanogenesis
pathway [10]. This is because the hydrogenotrophic pathway is more energetically fa-
vorable than acetoclastic and methylotrophic production pathways [14]. Nevertheless,
around two-thirds of biologically produced methane comes from acetoclastic methanogen-
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esis [16]. Alongside hydrogenotrophic, Methanosarcinales are capable of acetoclastic and
methylotrophic methanogenesis [10].

To understand existing and predicting new methanogenic pathways, thermodynamic
studies are the key. As shown in Equation (1), methanogen metabolism can be simply de-
scribed as electron flow from electron donor to electron acceptor. Thermodynamic studies
focus on determining whether the reaction is feasible or not, i.e., whether an organism
can conserve energy for growth or not. This estimation is done by calculating Gibbs free
energy. The value of Gibbs free energy is used to predict the amount of ATP synthesized
depending on the amount of substrate consumed and should be negative for a reaction
to be favorable [10]. By comparing Gibbs free energy values, general conclusions about
microbial growth and feasibility of reactions can be drawn. These studies have introduced
a spectrum of new substrates available for methanogenesis beyond the three previously
mentioned and commonly described in literature. A case study conducted by Cozannet
et al. based on thermodynamic calculations elucidated new substrates for methanogen-
esis, bringing the number of known substrates from 10 (until 1979) up to 152 (in 2023).
Alongside 152 proven substrates, 41 putative substrates were predicted on account of ther-
modynamic calculations [23]. To tie in the notion of Gibbs free energy with the metabolic
productivity of methanogen, it is worth mentioning that methanogenic reactions with
these (152 + 41) substrates have value ranges of >0 k] mol~! CHy (for 6.4% of substrates),
0 to —30 k] mol~! CHy (62.8% of substrates), —30 to —100 k] mol~! CHy (5.2% of sub-
strates), —100 to —200 kJ mol~! CHy (62.8% of substrates), and <—200 k] mol~! CHy (2.9%
of substrates). A few examples of substrates promoting methane production, alongside
the methanogenic order of a methanogen responsible for conversion of these substrates to
methane, are shown in Table 2 [23]. Methanosarcinales have been an outstanding order of
organisms for studies on methanogenic pathways [24]. Here, this statement is supported
with Table 2, seeing that most of methanogens derive from the Methanosarcinales order.
Methanogenic pathways utilize several cofactors and coenzymes shown in Table 3 [1].

Table 2. Methanogenesis substrates excluding previously mentioned carbon dioxide, acetic acid,
and methanol.

Substrate Methanogen Order Ref.

Methanococcales,

Tuvat .
pyruvate Methanosarcinales

carbon monoxide Methanosarcinales

primary and secondary alcohols (ethanol,

2-propanol and 2-butanol) Methanomicrobiales

methylated amine compounds [23]
(monomethylamine, dimethylamine, Methanosarcinales
trimethylamine, choline and glycine betaine)

organosulfur compounds (methanethiol and

dimethylsulfide) Methanosarcinales

Methanosarcinales,

1 i o
metoxylated aromatic compounds Methanomicrobiales

Hydrogenotrophic pathway is described as a stepwise reduction of CO, to CHy with
electrons acquired from hydrogen oxidation by hydrogenases. Even though methanogenic
pathways have been greatly described, the involvement of hydrogenases in electron flow
and different aspects of energy conservation need further characterization [16]. In the case
of methanogens with cytochromes, energy conservation and production of methane from
CO; relies on 13 reactions. The energy conservation relies on, among other proteins, energy-
converting [NiFe]-hydrogenase and methanophenazine-reducing [NiFe]-hydrogenase, in a
manner briefly explained previously. The methanogenic pathway in methanogens without
cytochromes generally proceeds in the same manner as methanogenesis with cytochromes,
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with most of the enzymes and coenzymes being the same [4]. The final step for methane
production in all methanogenic pathways is catalyzed by methyl-coenzyme M reduc-
tase [14]. All anaerobic methanogenic pathways produce CoM-CoB disulfide in the final
step of methane production. Methanogens with cytochromes utilize multiple mechanisms
for electron transfer depending on the electron source (that being Hy Fapp, or Fd) and
whether the microorganism is capable of utilizing hydrogen as a substrate. In contrast,
methanogens without cytochromes utilize only one mechanism called flavin-based electron
bifurcation [16]. Due to the dependence on hydrogenase enzymes and thiol cofactors
(coenzyme M and coenzyme B), methanogenesis is a seemingly reversible reaction [10].

Table 3. Coenzymes and their role in methanogenesis.

Coenzymes Functional Role Ref.
methanofuran (MF)
tetrahydromethanopterin (HyMPT) carriers of carbon moiety for
tetrahydrosarcinapterin (H4SPT) generation of methane
coenzyme M (HS-CoM) [1]
coenzyme B (HS-CoB)
coenzyme Fypq transferring of electrons for
coenzyme Fy3g carbon reduction
methanophenazine

6. Factors Effecting Methanogenesis

In view of the close interdependence between hydrogen-producing microorganisms
and hydrogen-utilizing methanogens, a change in any environmental factor influencing
one of the syntrophic microorganism results in a change in the overall extent and rate of
methanogenesis [25].

6.1. Hydrogen Concentration

Firstly, methanogenesis is under the control of the environmental hydrogen concentra-
tions. A steady-state Hy concentration is reached when the production and utilization rates
are equal. When the production rate is greater than the rate of utilization, H, concentration
increases, resulting in higher utilization of Hy. A higher steady-state hydrogen concentra-
tion does not persist for long, as Hy utilizers grow and increase their biomass. From this, a
general conclusion that the concentration of hydrogen is controlled by the kinetic character-
istics of hydrogen utilizers can be made. Maximum growth rate (max), specific maximum
hydrogen utilization rate (#max), hydrogen concentration at half-maximum growth rate
(Ks), and Michaelis constant (Ky,) are specific for each methanogenic microorganism [6].
Hydrogen concentration, i.e., Hy accumulation, is also one of the factors that can limit hy-
drogenase activity. Hy concentration can reverse the metabolism of a microorganism from
H,-oxidising to Hp-reducing [26]. This characteristic explains the ‘reversible’ metabolism
of methanogens [10].

6.2. Oxygen and Sulfate Presence

Methane production from biomass degradation is feasible only in anoxic environ-
ments with low sulfate concentrations [4]. Oxygen inhibition is apparent in methanogen
growth, so much so that methanogens will not grow or produce CHy even if trace levels
of O, are present. Most of the hydrogenases present in methanogens are rapidly inacti-
vated by oxygen [8,25]. Only membrane-bound [NiFe]-hydrogenases are known to retain
catalytic activity in the presence of oxygen. O; tolerance may be the key in allowing
methanogenic microorganisms to persist in environments with fluctuating anoxic and oxic
conditions [25,27].

Furthermore, in the presence of sulfate as an electron acceptor, methanogen activity is
out-competed by sulfate reducers. Because of the lower K value, sulfate reducers grow
faster as opposed to methanogens, resulting in faster utilization of hydrogen. After sulfate
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reducers outgrow the methanogenic population, a complete reaction inhibition is achieved.
For this reason, in environments where sulfate concentrations are high, methanogens
are replaced by sulfate reducers. Analogously, the addition of Fe (III) or nitrate inhibits
methanogen activity, with iron and nitrate reducers becoming more predominant in the
methane-forming pathway [6].

6.3. Environmental Salinity

Higher environmental salinity may have an inhibitory effect on methanogen activ-
ity [9]. In hypersaline conditions, characterized by high concentrations of magnesium
chloride, sodium chloride, magnesium sulfate, and other salts, halophilic and extremely
halophilic methanogens can be found. The prevailing methanogenesis pathway in these
environments is methylotrophic [25]. The mechanism of the inhibitory effect salts have
on hydrogenase activity is not fully understood [26]. Given that conditions in hypersaline
environments are a result of higher temperatures, methanogenic microorganisms inhabiting
these environments may face multiple extremes [25].

6.4. Temperature

A key factor in controlling methanogenic reactions, alongside nutrient availability,
is the temperature. Methanogens exhibit the highest activity at temperatures between 35
and 45 °C. In contrast to mesophilic methanogens, psychrophiles and (hyper)thermophiles
are not as important in the methane formation pathways. Only methanogens without
cytochromes exhibit hyperthermophily [4,9]. Interestingly, M. kandleri is the only known
methanogen with activity above 100 °C. Methanogenesis reaction rates increase more
steeply with the increase in temperature than those of other biological processes, such as
photosynthesis or heterotrophic respiration [16,25].

6.5. pH Values

Optimal pH values for methanogenic archaea are in a range from 6.8 to 7.5 [11]. Some
methanogen activity was recorded in environments with pH values as low as 3. However,
for optimal activity, higher values are required. Low temperature ranges frequently accom-
pany acidic habitats. For acidophilic methanogens, pH values can be 4.3, but optimally
are above 5. Like acidic environments, alkaline environments are characterized by some
extremes for methanogen activity. Alkalinity is commonly associated with higher tempera-
tures and high salt concentrations; therefore, some alkaliphilic methanogen representatives
are also halophilic. Alkaliphilic methanogens have an optimum pH of 9.0 to 9.5 [25].

6.6. Pressure

Pressures of 10 to 20 MPa hinder cellular processes, such as nutrient uptake and
mobility in mesophilic methanogens. By contrast, elevated pressures enhance solubility of
gaseous substrates and hydrogen transport between microorganisms, allowing for greater
substrate conversion [25]. Although it is generally considered a denaturant for mesophilic
methanogens, high pressure helps with stabilization of proteins at high temperatures [26].
An example of piezophilic methanogen is M. jannaschii, which displays optimum activity
at a pressure of 75 MPa [25]. Moreover, activity assays of hydrogenases isolated from this
piezophilic methanogen at 90 °C show a 4-fold increase in the half-life when the pressure
was raised to 50.7 MPa, compared to the half-life at 1 MPa and the same temperature [26].

7. Application of Methanogenesis in Wastewater Remediation

The amount of industrial wastewater and organic waste is an ever-growing prob-
lem [3]. Since the end of the 19th century, systems for anaerobic wastewater treatment
have been in use. Recently, extensive research has been conducted to gather a deeper
understanding of anaerobic processes employed in wastewater treatment. Methanogenic
pathways are the primary pathways for most organic matter disposal [28]. Methanogens
reduce wastewater oxygen demand and, as a result, produce renewable biogas in the form
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of biomethane [10]. However, this remediation method can be utilized only when a high
level of readily biodegradable soluble organic matter is present. Anaerobic remediation
techniques are usually used for high-loaded wastewaters with COD (chemical oxygen
demand) greater than 1.5-2 g L~!. Besides substantial results in the treatment of heav-
ily polluted wastewaters with a COD between 3 and 4 g L™}, anaerobic treatment has
some success in the remediation of wastewaters with a COD lower than 1.5 g L1 [28].
In wastewater, organic matter is decomposed by a variety of microorganisms. Primary
producers decompose raw waste into organic fatty acids or other substrates, which are then
consumed by methanogens to produce biomethane. A simplified representation of these
reactions is shown in Figure 1. The composition of syntrophic microorganisms utilized in
wastewater remediation is guided by wastewater type, pH, temperature, reactor design,
and organic loading rates [3,28]. In anaerobic reactors, methanogens take up 5 to 6% of the
total microbial population, while the rest is occupied by the bacterial population [28].

lipids

fatty acids
+

amino simple
acids aromatics

monosacharides
alcohols

methanogenic substrates H,, CO,, acetate, methanol, methylamines

biomethane

Figure 1. Simplified representation of reactions during wastewater treatment. Modified by authors
from Ref. [28].

7.1. Classification of Anaerobic Reactors

Anaerobic wastewater treatments have, in recent years, evolved from lab-scale trials to
successful application in various industries. Numerous anaerobic reactors are implemented
in wastewater management. The classification of anaerobic reactors is based on the retention
characteristics of components involved in biomethane production [3,28]. Type A is the
simplest reactor design, with equal retention times of microorganisms (RTp,), solid (RTs),
and liquid (RTj). This type of reactor allows uniform substrate and temperature distribution.
However, it suffers from potential microorganism washout and incomplete homogenization
at larger scales. The type B anaerobic reactor has higher RTy, and RT; than RT;. Because
of this, higher process efficiencies can be achieved. One of the drawbacks is the loss of
microorganisms at high loading rates. Lastly, the type C reactor has a microorganism
retention time that is higher than the retention times of solid and liquid. The highest
biogas performance and overall reaction efficiency are achieved by the type C reactor.
Adaptability to a variety of loading rates is a key advantage of type C reactors. Like
type B reactors, type C reactors do not need extensive mixing systems. In contrast to the
large volume requirements of type A reactors, type C reactors function with smaller tank
volumes. Wastewaters with high solid and grease contents are not suitable for treatment in
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type C reactors, but for diluted wastewaters this reactor is the best choice. A few examples
of reactors representing each type are shown in Table 4 and Figure 2 [3].

Table 4. Reactor examples by type. Adapted from Ref. [3].

Reactor Type Retention Times Examples Ref.

closed digester tank,

Type A RTm =RTs =RT . -
M m s ! continuously stirred tank reactor
upflow anaerobic sludge bed reactor,
Type B RTm, RTs > RT . . .
yp s ! closed digester tank with solid recycle (31
Tvpe C RT. > RT. RT membrane bioreactor,
yp m s upflow anaerobic sludge fixed film reactor
(a) (b) biogas / R (c) — biomass recycling
/ R biogas |
effluent
ffluent sludge blanket effiyent
zone
sludge bed zone sul:z:;te
influent | influent membrane
bioreactor
[ sludge drainage sludge drainage
sludge drainage

Figure 2. Schematic representations of reactors: (a) continuously stirred tank reactor; (b) upflow
anaerobic sludge bed reactor; (c) membrane bioreactor. Modified by authors from Refs. [3,28].

7.2. Microbial Interactions Within Reactors

If the steps of anaerobic wastewater treatment, illustrated in Figure 1, are viewed in
more depth, then a question about microbial interactions within the reactor arises. Con-
version of organic waste is carried out in four consecutive steps: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. Hydrolysis is a process controlled by the presence
of hydrolytic bacteria, such as Bacteroidetes and Firmicutes. The ratio of Firmicutes to
Bacteroidetes serves as indication of process performance, with higher values indicating a
balanced function. Products from hydrolysis are converted by acidogenesis, followed by
the step of acetogenesis. These steps rely on bacterial microorganisms. The last step of the
anaerobic process highlights the importance of methanogens belonging to the Archaea do-
main [29]. One of the most important microbial interactions is granule formation, especially
in type B reactors, such as the upflow anaerobic sludge bed reactor. Mechanisms of granule
formation differ depending on reactor type. The outer layer of microbial granule is formed
by methanogens, such as Methanosatcinales and Methanococcales, while internal cavities
contain non-methanogenic microorganisms. Even though the mechanism of microbial
granule formation is not fully elucidated, their role in stabilizing anaerobic systems and
improving wastewater treatment efficiency has been observed. Acetate-forming bacteria,
such as Acetobacterium and Clostridium, form a considerable syntrophic relationship with
methanogens by providing acetate and H; for methane formation [30]. Depending on the
substrates present, the co-existence of fungi is needed. For example, if waste contains ligno-
cellulosic materials, a syntrophic relationship between anaerobic fungi and methanogens
is needed for efficient methane production [31]. Additionally, to prevent accumulation of
hydrogen above a certain threshold that would disrupt the system balance, removal of
hydrogen is conducted by methanogens, sulfate-reducing bacteria, and homoacetogens.
This hydrogen interspecies transfer is considered a key factor in the syntrophic relationship
between microorganisms in anaerobic reactors. Moreover, interspecies formate transfer has
been observed between acetogens and methanogens [30].
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7.3. Wastewater Types and the Presence of Heavy Metals

Wastewater compositions vary depending on the industry branch and greatly affect
microbiome diversity in the anaerobic reactor [28]. A few examples of wastewater types,
their main characteristics, the dominant methanogens used for remediation, and the most
used reactor types can be found in Table 5 [3,11,28,32]. With the emergence of industries
such as mining, ceramic and glass, metal plating, an increase in heavy metal concentrations
in wastewaters has been observed. Heavy metals are not biodegradable and tend to accu-
mulate in high concentrations, causing toxicity and carcinogenicity in living organisms.
Because of this toxicity, the removal of heavy metals from industrial wastewaters has
gained major attention. Even though heavy metals have an inhibitory effect, the interac-
tions between syntrophic microorganisms utilized in wastewater treatments may offer a
protective effect. Because of this, heavy metal removal from wastewater is possible [33].
Methanogenic archaea have the ability to methylate almost all heavy metals from Groups
IV, V, and VIl in the periodic system of elements [13].

Table 5. Main characteristics, methanogens, and reactors used for wastewater remediation.

Amount of Waste

Characteristics of

Industry Branch Produced Wastewater Methanogens Reactor Type Ref.
high level of oxygen
demand e
Beer industry 3-10 L of wastewater pH from 4.5 to 12 Methanosaet{z conalzzl B 3,32]
per 1 L of beer Methanosarcina mazei
temperatures from
1840 °C
high level of oxygen
0.5-0.75 t of palm oil demand
mill effluent pH from 4 to 5 Methanosaeta concilii A,B,C [3]
per 1t of oil palm branch temperatures from
Oil extraction 80to907C
1200-1800 L of olive XhlghnlilVil;)i d Methanosaeta concilii
mill wastewater oxygen de Methanobacterium B [3]
per 1t of olives pH around 5 formicicum
high temperatures
high level of oxygen
demand
Paper industry atleast 30,000 L. of wastewater fluctuating pH Methanosarcina barkeri B [3]
per 1t of paper pulp
temperatures from
50 to 60 °C
high level of oxygen
demand
Dairy industry 500-2000 L of wastewater pH from 5.7 to 7.8 Methanosaeta spp. B [3,11,28]
per 1 L of milk
temperatures from
30 to 40 °C
Fruit and low level of oxygen
vegetable demand .
processing n.a low pH Methanothrix spp. B [28]
industry temperature range—n.a.
90-140 L of wastewater per high level of
Slaughterhouse 1 slaughtered pig; although oxygen demand Methanobacterium n 28]
wastewater variable with type of fluctuating pH Methanosarcinales 4
animal temperature range—n.a.
Chemical variable with the type of variable with the type of .
industry chemical produced chemical produced Methanothrix spp. B,C (28]

7.4. Effect of Methanogenesis on Wastewater Treatments

Methanogenesis implemented in waste management stops methane leakages to the
atmosphere. Waste conversion to biomethane is thought to be a cost-effective means of
energy production [3]. Anaerobic wastewater treatment is considerably cheaper than an
aerobic process. The lower economic expenses stem from the fact that the wastewater does
not need additional aeration [11]. Moreover, excess sludge formed by anaerobic treatment
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does not need further stabilization, unlike in aerobic treatments where this step is a necessity.
It is estimated that up to 90% savings in operational costs can be achieved, as well as 40 to
60% savings in investment costs, by applying anaerobic wastewater treatments [28].

Methanogenic microorganisms are a key group in anaerobic wastewater treatments. If
methanogen activity is inhibited, the process stops at acidogenesis, ultimately leading to
incomplete organic waste degradation [33]. By controlling methanogenic activity during
remedial action and maintaining lower levels of methanogenesis, some benefits were
observed. One of these is the maintenance of anoxic conditions in treatment zones, and
another is the regulation of co-metabolic activity between all microorganisms involved
in wastewater treatment. On the contrary, excessive methanogenesis during wastewater
remediation results in efficiency and cost issues, regulatory issues, and, most importantly,
potential health and safety issues [13].

Anaerobic microorganisms, especially methanogens, have high sensitivity to envi-
ronmental conditions and are inhibited by toxic compounds present in wastewater. Some
microorganisms have long generation times, which result in long start-up times of the
remediation process. These properties hinder the optimization of methanogenesis and its
application [28,33].

To conclude, methane production is an indisputable indication that hydrogen gener-
ated in previous steps is used by methanogens instead of other microorganisms present
in the reactor [13]. The assessment of the methane formation potential from industrial
wastewaters relies on concentrations of organic substrates in any given type of wastewater.
High CH4 production potential is identified in numerous industrial wastewaters [28].

8. Methanogenesis for Renewable Energy Production
8.1. Methane for Hydrogen Storage

Specific activities of methanogenic Archaea are high enough for methanogens to be
viewed as useful catalysts in industrial energy transformation. An attractive means of
storing hydrogen, via the formation of methane from hydrogen and carbon dioxide cat-
alyzed by methanogenic archaea (Equation (2)), is being considered. Methanogens catalyze
this reduction process at hydrogen pressures well under 1 bar and at room temperatures.
Methane is easily stored/transported, and almost all of the hydrogen combustion energy is
conserved in methane. However, the feasibility of this hydrogen storage application is hin-
dered by the difficulty of employing methanogenic hydrogenases in large-scale processes,
the economic costs, and hydrogenase deactivation in oxic conditions [8].

8.2. Power-to-Gas

Organic waste in the form of biomass contains stored energy that can be converted into
more useful forms, which could potentially replace fossil fuels. This energy is recovered by
anaerobic digestion. Microbial populations in anaerobic reactors support high conversion
efficiencies for methane production [34]. Hydrogenotrophic methanogens have gained
attention for their ability to produce CH, from hydrogen and carbon dioxide, in a process
called power-to-gas, by mediating the biomethanation step [35]. The foundation of the
power-to-gas concept is the transformation of electricity into different products, with
methane and hydrogen being the most common products [36]. If methane is the desired
product, electric power is utilized for hydrogen production by water electrolysis. This
conversion is followed by a biomethanation step, where H, and CO; are converted to
methane by methanogenic Archaea. An example of the successful implementation of the
power-to-gas process is a pilot plant in Denmark, where methane gas is produced with a
purity grade of more than 98 vol%. Biomethane production from the power-to-gas process
is in development phases and further research for commercial-size usage is needed [35].

8.3. Bioelectrochemical Methane Production

As methanogens are electroactive microorganisms, they can be utilized in
bio-electrochemical methane production. Bio-electrochemical methanogenic systems rely
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on exploiting the capability of methanogens to interact with electrodes in order to utilize or
produce electric power [35]. Electrochemistry can be implemented in the methanogenic
process by integrating electrodes in reactors for wastewater treatments or treatments of
other biodegradable wastes, such as solid wastes found in the agricultural sector. Further-
more, the methanogenic bio-electrochemical process can be a separate process integrated in
biogas production plants. The conversion mediated by methanogenic Archaea takes place
at the cathode. The second option of separating processes reduces inhibitory effects from
anodic reactions, such as oxygen generation. Electromethanogenesis allows for increased
methane production and biogas purity. When implemented into wastewater treatment, the
CHj4 content of produced biogas reaches up to 98.1% [37].

8.4. Micro Biogas Plants

Micro biogas plants are an interesting methanogen application that has recently gained
attention in developing countries. These plants convert household organic wastes to biogas,
that can later be used as a direct source of energy needed for heating or electrical power.
These systems have only a small positive impact on solving the energy problem. However,
in some countries, micro biogas production is welcomed and supported by the government.
This results in further optimization and reactor engineering of the micro plants in the hopes
of producing higher electricity volumes [37].

8.5. Methanogens in the Agricultural Sector

The agricultural sector is the most abundant source of biodegradable organic waste
for biogas production. Methanogenic treatments of agricultural wastes, such as production
slurry and animal manure, are advantageous not only for biogas production. These
treatments help in reducing pathogens and odors present in fertilizers, thus increasing
the quality of the fertilizer. Biogas production by methanogenic Archaea does not have to
be linked to waste treatments. The source of biodegradable material can also be maize or
sugar beet silage, as well as grass and microalgae. Biogas produced by methanogens in the
agricultural sector has a methane content ranging from 50 to 70%, with food waste being
the most abundant biogas source [37].

9. Conclusions

Methanogenic habitats are anaerobic and range from acidophilic to alkaliphilic environ-
ments with psychrophilic to hyperthermophilic temperatures. Even though methanogens
are a diverse group of microorganisms, they are capable of utilizing only inorganic carbon
dioxide, acetic acid, methanol, or methylamines as a substrate for methane production.
Recently, new substrates were shown to benefit methanogenic activity, with the number of
available substrates increasing up to 193. As an electron source for reactions, methanogenic
Archaea use hydrogen, which is activated by hydrogenase enzymes.

More anaerobic processes are being employed for wastewater remediation. These pro-
cesses are more economically and environmentally friendly, due to reduction in operational
costs and high conversion of waste materials to biogas. Anaerobic wastewater treatments
consist of four steps, three of which mediated by bacterial populations. For the last step,
that is, biogas formation, anaerobic wastewater treatments use methanogens in a process
called methanogenesis. The dominant methanogen used in anaerobic treatment depends
on the wastewater type. Methanogenesis, as a complex multi-step process, greatly depends
on environmental factors such as pH, temperature, composition of wastewater, and the
syntrophic interactions between Bacteria and Archaea populations present. Depending on
the wastewater type, different reactor configurations are needed. Each type has benefits
and disadvantages, although generally the biggest problem is potential microorganism
washout, which would prevent biomass conversion to the final product, i.e., methane.
Furthermore, methanogenic Archaea require anaerobic conditions. This is because hy-
drogenases found in methanogens are rapidly inactivated by oxygen, thus stopping the
wastewater treatment process. Additionally, remediation by methanogenesis can only be
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used in the purification of wastewaters with high levels of soluble organic content. Despite
these challenges, methanogenesis is of significant use in wastewater remediation. While
most efforts of implementing methanogens in industrial processes are applied in wastewa-
ter remediation, methanogenesis can be implemented in other biogas production processes.
Examples of such processes are power-to-gas or bio-electrochemical methane production.
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Abstract: Water management in cities is a critical factor for sustainable growth and development.
Satisfying the current needs with respect for the future is not possible without properly managed
water and wastewater systems. An essential element of wastewater systems is the wastewater
treatment plant (WWTP). The nexus between wastewater treatments and energy demand is a well-
known problem. In times of energy crisis, effective energy management in this critical infrastructure
is a key task. The purpose of this article is to analyze WWTPs’ energy consumption with regard to
proposed management strategies for managers, designers and decision makers. A detailed analysis of
WWTP operational parameters and a proposal of improvement actions will be useful for applicability
and benchmarking studies. Estimating the carbon footprint (CF) of selected WWTPs considering the
indirect emissions due to energy consumption is an important step for developing energy neutrality
of WWTPs. Due to the desire to deepen research in the area of a complex phenomenon, which is the
energy management system in WWTPs, the research undertaken herein is based on the case study
method of three water and sewage companies operating southwestern Poland. Each urban area has
different specificities, natural conditions and needs. The presented results of the analyses may be
the basis for developing directions for changes in national policy, other benchmarking studies, and
improving the energy management system in WWTPs.

Keywords: municipal wastewater treatment plant; energy consumption; efficiency indicators

1. Introduction

The water supply is one of the most important services that ensures the efficient func-
tioning of a community. Water is a non-substitutable foodstuff and guarantees minimum
standards of hygiene; as such, it is an indispensable resource for meeting basic human
needs. Water supply systems are an infrastructure designed to collect, treat and supply
water for people and industry. These systems have their own specifics, because they are
complicated technical structures in which individual objects play different roles. What
is more, water supply systems belong to the so-called “critical infrastructure”, which is
so essential that their continued operation is required to ensure the security of a given
nation, its economy and the public’s health and/or safety [1]. Cities devote significant
resources and efforts to the implementation of such essential services that are also major
energy consumers, as they are responsible for nearly 35% of the energy consumption of
all municipal public facilities [2,3], and are important sources of global greenhouse gas
emissions; on average, CO,eq emissions for water services are estimated to be 10.6 kg/m?>
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of the water consumed [4]. Due to current economic, social, and regulatory pressures, it
is essential to assess and improve the energy efficiency of existing and new service facili-
ties. Concerning only wastewater treatment, the specific electric energy consumption of a
wastewater treatment plant (WWTP) depends on many factors, including inflow quality,
the WWTP’s capacity, the technology used, and the climate. WWTP energy consumption
generally ranges from 0.4 to 0.9 kWh/m? treated wastewater [2,5,6]; their energy efficiency
has become increasingly critical, both due to energy costs and GHG emission reduction fac-
tors. For continued sustainability of the water sector, the most energy-intensive processes
need to be identified, on a case-by-case basis, and either optimized or substituted with
more efficient technologies [7]. Wastewater treatment plants (WWTPs) could potentially be
transformed into self-sufficient and resource recovery facilities [8]. Several significant chal-
lenges have recently accumulated along the line for municipal water services. EU member
states (along with other nations) have abruptly discovered their degree of dependence on
fossil fuel imports from other nations [9]; therefore, energy efficiency, savings and recovery
are also becoming primary goals in the water sector [10]. Geopolitical situations in Europe
have considerably impacted the global economy, not just in the energy sector, but also in
the availability of essential commodities. For example, as indicated by an EU Parliament
resolution, recovery of ammonia, an essential constituent of fertilizer, from wastewater
could partly substitute imported industrial sources while avoiding considerable GHG
emissions [11-13]. The optimization of WWTP energy balance and of the related carbon
footprint is a key contemporary task for facility operators that can contribute to increasing
the reliability of operation of such critical infrastructures. This paper deals with energy
management issues, and related GHG emissions, in WWTPs, based on a case study analysis
of three facilities operating in southwestern Poland. The results of this analysis could indi-
cate solutions for better energy management systems in these and other similar WWTPs
and constitute the basis for developing guidelines for national policy improvement. The
analysis could also lead to the introduction of measures to minimize individual WWTPs’
impact on GHG emission reduction.

Energy is an important component of WWTPs’ overall operational cost; it is generally
the second-largest factor after personnel costs. WWTPs’ energy requirements are influenced
by a multitude of factors such as demand increases with flowrate and pollutant loads;
however, in general, larger facilities (PE > 100,000) have lower specific (per m® wastewater
treated) consumption rates, although there is no clear linear relationship between capacity
and energy cost, as this depends on implemented operational optimization strategies [13].

Technology is also important. Traditional facilities designed as conventional biological
activated sludge processes may require over 50-60% of the overall energy requirements,
for the mere operation of compressors for air supply; this fraction further increases with
the introduction of more performant membrane bioreactor (MBR) processes, which need
additional aeration for media scouring, and increased pumping requirements. Nitrogen re-
moval (nitrification/denitrification) implies higher oxygen consumption (e.g., for complete
nitrification) [2]. A sizable (up to 15%) contribution to energy consumption can also be due
to internal sludge handling (mixers and recirculation pumps). Effluent disinfection might
also be quite energy-intensive; UV lamps may require up to 0.11 kWh/m? treated [14].

Energy efficiency is also strongly related to a facility’s correct design, i.e., the match
between planned and actual operational conditions; a plant working according to its design
capacity works more efficiently (lower specific energy consumption) than one (with similar
technology) with over-estimated design capacity [15]. Regulations also affect a facility’s
energy demand; increasingly stringent effluent quality limits generally imply increased
energy input either by treatment extension or more energy-demanding processes (e.g., MBR,
advanced oxidation processes—AQPs), although the latter may show higher performance
in terms of specific energy per mass unit of removed pollutants [16].

Studies have shown that WWTP energy consumption could be reduced up to 80% by
implementing systematic programs to monitor and manage its use [17], by optimizing pro-
cess operation [18-20], or by adopting alternative process technologies, e.g., by substituting

144



Energies 2024, 17, 5745

energy-intensive aerobic processes with anaerobic technologies which simultaneously elim-
inate energy requirements and allow its recovery in the form of methane-rich biogas [21].
Many studies emphasize that it is essential to assess and improve the energy efficiency
(EE) of existing facilities due to social and administrative pressures in order to ensure the
long-term sustainability of the sector [22].

As every WWTP is faced with the need to assess critical areas where the most energy is
consumed, energy audits should be used to assess the energy intensity of unit processes [23],
which will help to identify areas where energy savings are possible; energy management
systems, i.e., tools to support energy efficiency improvement in industry, could then be
applied. These consist of a set of procedures and practices that ensure systematic planning,
analysis, control, monitoring and improvement of energy use [24]. Since 2011, ISO 50001
“Energy management systems—Requirements with guidance for use” has been the global
standard for energy management systems and is a key aspect of energy efficiency policy
in industry [25]. Its implementation is intended to help organizations and industries
to improve energy consumption, protect the environment and save production costs,
without restricting the continuation of their activities, while fulfilling their corporate social
responsibility [26]. The methodology has been applied to water and wastewater systems,
as well as to many industrial sectors [27,28].

The implementation of energy benchmarking at wastewater treatment plants in Aus-
tralia, as a subset of ISO 50001, and the subsequent optimization of their energy efficiency
has brought tangible benefits to public water companies [29]. Results of ISO 50001 im-
plementation in industrial settings also confirm that this approach enables a reduction in
electricity consumption in cement production by 25%, which translated into CO; emis-
sion reduction. In a comprehensive study, McKane et al. [30] state that under ISO 50001
management, cumulative energy savings in the industrial and service sectors of around
105 EJ could be achieved by 2030, with economic savings of nearly USD 700 billion and
6500 million Mt of avoided CO, emissions.

The use of renewable energy sources (RES) based on distributed power generation
systems could help individual WWTPs or their units to become energy-self-sufficient; such
sources are being developed all around the world, and wastewater has been indicated as
one such resource [31]. The most commonly exploited source of self-produced energy at
WWTPs is biogas, produced by fermentation of excess biological solids. When used in CHP
generators, it is seen as a sustainable way to recover energy from wastewater treatment
plants [32]. In a case study of a WWTP in Poland, the energy recovered from wastewater
and sewage sludge covered about 83% of the plant’s demand [33]. In the US, the City of
Gresham’s WWTP was reported as the first facility nationally to become net energy-positive
through biogas generation and recovery, saving about USD 500,000/y in energy bills [34].
WWTP-produced biogas can also contribute to the biofuels for transport EU strategy [35].
Other solutions using alternative sources of WWTP-derived clean energy include heat
pumps for thermal energy recovery from wastewater heat [36-38]. Wastewater-recovered
thermal energy has also been used as energy exported to district heating systems [39,40].
In Germany, analysis of WWTPs’ potential to provide ancillary services to power grids has
suggested promising developments [41-43].

The carbon footprint of a WWTP is a measure of the total amount of greenhouse gases
(GHGs) emitted as a result of its operations and production processes. It is calculated
using data on energy and fuel consumption, emissions from production processes and
other factors that affect GHG generation by the WWTP. Onsite direct CO, emissions from
organic matter oxidation are usually considered climate neutral, due to wastewater organics’
biogenic origin; N,O and CHy are also direct GHG emissions from treatment processes. The
former is generated during nitrification/denitrification processes, and has a much higher
global warming potential (GWP) than CO; (=300 CO, equivalents). Several studies on N,O
WWTP emissions found that these accounted for up to 55.6% of the total [44]. Methane,
produced by anaerobic digestion, is also a possible GHG emission from WWTPs, with CO,
equivalent of 25. Approximately 75% of direct onsite CH4 emissions are assumed to occur
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from the sludge treatment line, from fugitive losses from digester effluent, sludge storage,
and CHP units. Facilities with poor sludge management and/or older infrastructure have
higher emissions.

Indirect GHG emissions from externally acquired electricity or thermal power con-
sumed by the WWTP for pumping and treatment operations dominate WWTPs’ contribu-
tions, accounting for 65-75% of the total [45]. Other “process chain” emissions are caused
by chemical use (including chemicals” “embedded” emissions, i.e., emission caused by
treatment process chemicals’ production and transport), transportation and off-site disposal
of residuals and sludge. All these should be factored in according to the “GHG Protocol
Corporate Accounting and Reporting Standard” (GHG-PCARS) [46].

The purpose of this article is to analyze WWTPs’ energy consumption with regard to
proposed management strategies for managers, designers and decision makers. A detailed
analysis of WWTP operational parameters and proposal of improvement actions will be
useful for applicability for a reduction in carbon footprint. Indicators such as kWh per
different unit per year (kWh unit~! year~!) are useful for benchmarking. Comparing energy
use against industry standards or similar facilities can highlight areas for improvement.

2. Materials and Methods

This study analyzes the electric energy consumption of three purposely selected mu-
nicipal WWTPs within a wide range of capacity and loading rates, located in southwestern
Poland, in the rural and peri-urban areas of the Opolskie Voivodeship. To understand the
drivers of increasing energy use in wastewater treatment plants, this paper focuses on total
energy use rather than energy demand and energy costs.

2.1. Description of the Study Areas

The study area and plant locations are represented in Figure 1. The selected plants
capacity ranges from 6000 to 130,000 P.E. and nominal flow capacity ranges between 600
and 18,000 m3/d. As such, the selected facilities represent the current Polish situation
of small rural and urban facilities, adopting different treatment technologies and energy
recovery options. The characteristics of the selected WWTPs are summarized in Table 1.

’

® WWTP3
® WWTP 2
WWTP 1

Figure 1. Plant locations.

This wide range of facility capacity (representing a common situation in Poland) was
deliberately selected to allow specific analyses and identification of optimal solutions
within each plant category, established in the strategic national document “National Urban
Wastewater Treatment Program” [47]. WWTP1 is a wastewater treatment facility located in
an urban area, utilizing a three-phase activated sludge system that includes nitrification
and pre-denitrification processes. This setup allows for effective biological organic matter
and nitrogen removal, treating wastewater efficiently in line with modern standards. The
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plant’s sludge treatment line incorporates anaerobic digestion (AD). The AD process
generates biogas, which is captured and used for energy recovery to power some of the
plant’s operations, enhancing its sustainability. WWTP2 uses Sequencing Batch Reactor
(SBR) technology, which treats wastewater in batches rather than a continuous flow, which
allows for greater control over the treatment stages. SBR systems operate in cycles mainly
for domestic wastewater. WWTP3 handles both domestic and industrial wastewater,
and is equipped with two Complete Mix Module (CMM) 300 reactors. WWTP3 begins
with a pretreatment phase that includes sand removal and a coagulation chamber to
remove large particles and non-biodegradable materials, helping to protect the downstream
treatment processes from clogging or damage. These three WWTPs demonstrate a range of
technologies used to treat urban wastewater, each tailored to meet the unique demands of
its setting.

Table 1. Characteristics of analyzed WWTPs.

. Design Flow Population Equivalent BODs5 Loading COD Loading . .
Facility ID [m3/d] [PE.] Rates [kg/d] Rates [kg/d] Effluent Recipient
WTTP1 18,000 134,400 4029 8044 Oder River
WTTP2 3000 9000 429 1129 Gosciejowice Canal,
Scinawa River
WTTP3 600 6000 230 686 Mata Panew River
Detailed operational data of the facilities can be found in Tables S1-S3 in Supplementary Files.
2.2. Determination of Basic Energy Consumption Indicator (I)
On the basis of operational data provided by the facilities” operators, an assessment of
their actual electricity consumption was carried out for three consecutive years (Y1, Y2, Y3).
Electricity consumption was determined based on the readings of the main electric meters
at the treatment plants (for indicator calculation total for the plant, in case of aeration
only for aeration unit). A basic energy consumption indicator (I) is the ratio between
the energy consumption and one relevant parameter in the plant. In the study, the basic
energy consumption indicators (indices of unit electricity consumption) were determined
in relation to the volume of treated wastewater (Iy), the plant size expressed in PE (I p.)
and the removed pollutant load (Igops, Icop, Is), as presented in Table 2. The energy
intensity of the treatment plant was analyzed on the basis of quarterly data.
Table 2. Specific energy consumption indicators.
Parameter Unit Calculation Note
. . ratio between the daily energy consumption
Iy kWh/m3 Energy consumption kvgh' and the daily volume treated
Treated wastewater m
(annual average)
Energy consumption kWh: ratio between the annual ener
-1 -1 8y p 8y
e kWh/PE =" year Population Equivalent (PE) consumption and the PE served in the plant
Enerev consumption: ratio between the annual energy
Igop kWh/kg BOD removed &y prion: consumption and the BOD removed,
BOD removed .
expressed in kg
Enerev consumption: ratio between the annual energy
Icop kWh/kg COD removed M puon: consumption and the BOD removed,
COD removed .
expressed in kg
ratio between the annual energy
Is kWh/kg SS removed Energy consumption: SS consumption and the BOD removed,

expressed in kg
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The calculation of the correlation between pollutant load and electricity consumption
was also evaluated. The pollutant load, calculated as the difference between the concentra-
tions of raw and treated wastewater multiplied by the volume of wastewater treated in the
period analyzed, was correlated with the average electricity consumption (monthly energy
consumption) for the period under review.

2.3. Carbon Footprint Estimation

A WWTP’s carbon footprint is the sum of GHG emissions from energy use and the
technological processes, primarily carbon dioxide (CO;), emitted directly or indirectly. The
studied WWTPs represent facilities with different process configurations, levels of energy
neutrality and options for sludge disposal. In this study, CF analysis is based on the analysis
of Scope 2 emissions from historical operating data. This means that indirect emissions
resulting from the electricity purchased by the WWTP, which is essential to power the
equipment and processes in the facility, are analyzed. This electricity is generated off-site
and, in Poland, predominantly comes from fossil fuels.

The carbon footprint was then calculated, taking into account that, in Poland, electricity
comes entirely from coal combustion; therefore, according to year 2021 conversion factors,
1 kWh of energy implies emissions of 657.1 g CO,.

3. Results and Discussion

The electricity consumption of the considered WWTPs ranged from 0.6 to 1.5 kWh/m?,
with an average value of electricity consumption rate of 1.26 kWh/m?; considering that the
actual number of PE served was lower than the design assumptions, the effective electricity
consumption varied from 22.10 to 112.3 kWh/PE-year. Considering that the optimal target
for overall electricity consumption at WWTPs is indicated as 20 kWh/PE-year, with a guide
value at 26 kWh/PE-year [2], the observed range ranges from within the norm to very high.
Smaller WWTPs generally have higher electricity consumption per population equivalent
PE due to reduced economies of scale and less efficient energy use relative to their capacity.
Conversely, larger plants tend to achieve better energy efficiency, benefiting from more
advanced technological solutions and optimized operational processes. However, even
large plants can have higher energy consumption if operating conditions are not optimized,
for example, due to inefficient aeration systems, obsolete equipment or increased energy
requirements associated with certain sludge treatment technologies. Therefore, factors such
as plant size, technological innovation and operational efficiency are critical in determining
whether electricity consumption remains within recommended limits.

3.1. Description of WWTP Performance

The averages of daily operating parameter measurements for each individual quarter
(Q1-Q4) in the considered period of three years are presented in Tables S1-S3. Throughout
the first year (Y1) of analyzed data, WWTP 1 operated hydraulically underloaded, as shown
by a comparison of the average volumes of wastewater incoming flow (10,400-13,800 m?/d)
to design flow (18,000 m3/d); for most of the year, the facility operated at just 60% of the
project’s design. Specifically, for about 1/4 of the year, inflow did not exceed 11,000 m3/d.
An analysis of the hydraulic load highlights that the maximum flows occur in Q1 and
Q4; this is due to incoming meltwater and rainwater in spring and winter. The parame-
ters BODs and COD have been chosen as representative indicators of biodegradable and
non-biodegradable matter, and their reduction is closely linked to energy consumption.
Concentrations of biodegradable compounds (BODs) varied in the range of 298-383 mg/L
with an average of 356 mg/L. COD was in the range from 610 mg/L to 769 mg/L. Despite
a very wide range of observed concentration values of the parameters, the average ratio of
COD/BODs5 was consistently below 2 (e.g., in Y3, 1.78). This qualifies the influent wastew-
ater as easily or moderately easily decomposed. A summary of the effluent monitoring of
the treated wastewater indicates that parameters do not exceed permitted values.
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A similar situation was observed in the case of WWTP2, with the facility operating at
an actual load of about 55% of the design for most of the year. BODs in influent ranged from
258 mg/L to 782 mg/L, with an average of 530 mg/L. Similarly large fluctuations refer
to COD, where values in raw wastewater ranged from 290 mg/L to 1472 mg/L, with an
average of 324 mg/L. These large fluctuations of pollutants in raw sewage may be related
to components other than domestic sewage; discharges from several industrial and service
plants are directed into this locality’s sewage system, with much higher pollutant loads
than domestic users. On the other hand, dilution is affected by rainwater collected by the
combined sewage system; therefore, the average effluent BODs discharged into the river
lies below 3 mg/L, as much as 80.0% lower than the applicable limit value (15.0 mg/L).
The same ration applies to COD discharge, at 30 mg/L, much lower than the limit value
(125.0 mg/L). Treated WWTP2 effluents indicate that monitored parameter values are
always lower than those allowed in the water discharge permit.

A different situation was observed in WWTP3, which operated at close (90%) to the
hydraulic design load, and in several periods, it was actually overloaded, i.e., incoming
wastewater flow was greater than the design by around 10%. The observed BODs in
the influent is usually around 400 mg/L. Fluctuations observed in autumn and winter
measurements are higher than in the case of the mean value due to loads from storm water
and snowmelt. Mean effluent concentrations did not exceed the limit value.

3.2. Determination of Basic Energy Consumption Coefficients and Energy Efficiency

There are various indicators to quantify specific energy use by WWTPs. As indicated
before, one bulk indicator is kWh/PE served. Decreasing values were observed for specific
energy consumption with the increasing PE served, due to economies of scale and more
frequent process automation in large plants. Per capita energy consumption is more suitable
for general technology benchmarking assessments than specific performance evaluations.
A common practice is to express energy use in volumetric terms (kWh/m3 wastewater
treated); however, this can also be misleading, since it considers only water pumped
through a facility, and not pollutant mass removed. Therefore, plants subject to significant
stormwater influx or parasite clean infiltration/inflow (e.g., from phreatic superficial
aquifers) could erroneously appear more performant and energy-efficient. Figure 2 shows
calculated volumetric indicators for the three considered facilities. For smaller volumes of
wastewater treated, the energy efficiency indicator has the highest value due to the relatively
fixed amount of energy associated with running the plant. Smaller plants often have to
operate with the same basic infrastructure as larger plants, but with lower wastewater
flows. This results in higher energy consumption per unit of wastewater treated, as the
basic energy requirements of the plant remain constant regardless of the volume treated.
In addition, smaller plants may not have the advanced technologies and optimization
strategies available to larger plants, further contributing to lower overall energy efficiency.
A more meaningful approach consists of comparing energy consumption in terms of mass
of pollutants removed, for example, kWh/kg BOD, COD or TTS.

Calculated mass-based energy efficiency indicators for the considered facilities are
summarized in Table 3. The table shows calculated energy efficiency indicators for the three
plants, allowing a comparative analysis of their performance. Differences in energy effi-
ciency can be attributed to various factors such as plant size, process configurations (BOD
and COD removed) and the volume of wastewater treated. These results are consistent
with values reported in the literature, which range from 1.1 to 6.09 kWh/kg BODs [46].

The calculated energy efficiency indicators (I) provide insights into the energy con-
sumption characteristics of the three wastewater treatment plants (WWTPs) across different
years. The Iv indicator accounts for the general energy demands of the facility, including
pumping, aeration, and other processes that vary with the volume of wastewater. WWTP1
and WWTP2 have lower Iv values, ranging from 0.61 to 0.69 kWh/m3, suggesting efficient
energy use per unit volume of wastewater. In contrast, WWTP3 shows significantly higher
Iv values (1.07 to 1.15 kWh/m?3), which may indicate either a higher energy demand due
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to older equipment or higher treatment standards for the influent wastewater. Also, the
climate condition could impact those indicators; as mentioned in other studies, the elec-
trical consumption increased from 0.36 kw / m?3 to 0.51 kw/m? when the rainfall intensity
increased from 0.8 mm/min to 2.9 mm/min [48].
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1.50

1.00

0.00

Y1l Y2 Y3 Y1l Y2 Y3 Y1l Y2 Y3

Coefficients [kWh/unit]

WWTP 1 WWTP 2 WWTP 3
H|v mIBOD

Figure 2. Selected energy performance indicators for the 3 considered facilities.

Table 3. Calculated energy efficiency indicators (I) for the three facilities.

I WWTP1 WWTP2 WWTP3
Y1 Y2 Y3 Y2 Y3 Y1 Y2 Y3
Iy 0.69 0.63 0.66 0.66 0.61 1.15 1.07 1.15
Ipg 0.11 0.11 0.11 0.15 0.14 0.15 0.21 0.17
Isop 1.89 191 1.85 2.58 2.50 2.51 3.56 293
Icop 0.95 0.97 0.95 1.11 0.89 0.93 1.13 0.88
Is 4.63 4.60 4.78 3.14 3.15 1.55 2.38 1.78

The Ipg indicator allows for comparison between facilities of different sizes and helps
assess energy use in relation to the plant’s capacity. All three plants maintain relatively low
Ipg values, with WWTP1 at a steady 0.11, WWTP2 between 0.14 and 0.15, and WWTP3
with a slight fluctuation between 0.15 and 0.21. The higher values in WWTP3 may indicate
greater energy needs due to increased load or differences in treatment intensity. Igop
focuses specifically on the energy-intensive biological treatment processes. WWTP1 has the
lowest values (1.85-1.91 kWh/kg BOD), followed by WWTP2 (2.50-2.58 kWh/kg BOD),
with WWTP3 showing the highest values (2.93-3.56 kWh/kg BOD). This indicates that
WWTP3 has less efficient biological treatment, which requires more energy per unit of BOD
removed. Icop covers both biological and some chemical oxidation processes. WWTP1
and WWTP2 maintain values under 1.0 kWh/kg COD, indicating a balanced energy use
for COD reduction. WWTP3 has slightly higher values, ranging from 0.88 to 1.13 kWh/kg
COD, which again point to less efficient treatment and higher initial COD loads in the
influent. I represents the energy associated with mechanical treatment processes. WWTP1
has the highest Is values (4.60-4.78 kWh/kg SS), suggesting high energy needs for solid
removal. WWTP2 follows, with values around 3.14-3.15 kWh/kg SS. WWTP3, on the other
hand, has significantly lower values, ranging from 1.55 to 2.38 kWh/kg SS, which could be
related to having no need for pumping a large volume of wastewater to a sedimentation
tank for solid removal.

Energy consumption in WWTPs is largely determined by location, quality of influent
wastewater, process configurations, treatment capacity, required effluent quality, etc. As
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treatment standards become more stringent, the energy required to remove pollutants
increases. In practice, energy demand decreases as plant treatment capacity increases,
with a threshold of approximately 37,850 m®/d, beyond which further capacity increases
have minimal impact on in-plant energy consumption [49]. The correlation between
Biochemical Oxygen Demand (BOD) load and energy consumption is significant, especially
in wastewater treatment processes. Higher BOD loads typically require more energy for
treatment because more oxygen is needed to break down the organic matter. This increased
energy consumption can be attributed to the need for more intensive aeration and other
treatment processes to ensure that the effluent meets environmental standards [50]. Of the
WWTPs analyzed, only WWTP 1 showed correlations between electricity consumption for
the treatment process and the amount of load removed, expressed as BOD5. The results of
the analyses are shown in Figure 3.

800, 000

780, 000 . d

760, 000

740, 000 y =0.5983x+ 475365
' R*=0.3395

720, 000 -

700, 000 .

Energy consumption [kWh]

680, 000

660, 000

640, 000

290, 000 310,000 330,000 350,000 370,000 390,000 410,000 430,000
BODs load reduction [kg]

Figure 3. Correlation between energy consumption and BODs load reduction in WWTP 1.

The trendline suggests a positive correlation between BODs load reduction and energy
consumption. The positive correlation suggests that as WWTP 1 handles higher BODs
loads, its energy requirements generally increase. This is consistent with expectations, as
treating larger loads typically demands more energy. However, the relatively low R? value
indicates that BODs load reduction alone does not fully account for variations in energy
consumption, implying that operational efficiency and equipment performance might also
be significant.

For small wastewater treatment plants, the correlation between Biochemical Oxygen
Demand (BOD) load and energy consumption can still be significant, but there are some
unique factors to consider. Smaller plants often have higher specific energy consumption
per unit of wastewater treated than larger plants. This is due to less efficient economies of
scale and the need for more frequent maintenance and operational adjustments [51].

For example, smaller plants may experience greater variability in wastewater tem-
perature, quality and dissolved oxygen levels, which can affect energy consumption. In
addition, the type of treatment technology used can also influence energy consumption [52].
So, while the basic relationship between BOD load and energy consumption holds true, the
specifics can be quite different for smaller plants. This can be seen in the other WWTPs
analyzed in this study. Although the graphs shown (Figures 4 and 5) indicate a lack of corre-
lation, they may even indicate a high degree of flexibility in the operation of the wastewater
treatment process. In Figure 5, most data points are clustered around the middle, where
BODs load reduction is between 10,000 and 20,000 kg, and energy consumption ranges
from about 55,000 to 65,000 kWh. This suggests that within this range, energy consumption
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and load reduction might be relatively stable or typical for this WWTP. With a very different
composition of the wastewater entering WWTP 2 and WWTP 3, the effect of pollutant
removal was satisfactory, so that the load removed was high. This is particularly true for
the two points marked in red on the graph.
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Figure 4. Correlation between energy consumption and BODs5 load reduction in WWTP 2.
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Figure 5. Correlation between energy consumption and BODs load reduction in WWTP3.

3.3. WWTP Footprint Calculations

The carbon footprint was calculated based on energy consumption data and emission
factors, as presented in Table 4. The results for Scope 2 indicate total greenhouse gas
emissions ranging from 145 to 1909 tons per year of CO,e, which reflects the emissions
associated with purchased electricity during the analyzed period. Scope 2 emissions high-
light the company’s dependence on energy suppliers and its energy efficiency. Reducing
emissions in this area can be achieved by improving energy efficiency or purchasing energy
from renewable sources.
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Table 4. Carbon footprint calculations.

CO; Emission [kg]

Y1 Y2 Y3
WTTP1 1,811,062 1,770,667 1,909,318
WTTP2 - 248,996 228,932
WTTP3 145,688 145,774 163,502

CO, Emission per m® Wastewater [kg]

Y1 Y2 Y3
WTTP1 0.4521 0.4111 0.4345
WTTP2 - 0.4311 0.3980
WTTP3 0.7556 0.7023 0.7561

CO; Emission per P.E.

Y1 Y2 Y3
WTTP1 0.0739 0.0743 0.0721
WTTP2 - 0.0982 0.0931
WTTP3 0.0963 0.1370 0.1125

Specific carbon footprints (scope 2) for WWTP1 and WWTP2 are similar, in the range
of 0.4-0.45 kg CO, /m3y. WWTP3 had the largest carbon footprint, due to relatively high
volume of WW treated (working also overloaded). The two plants with lower carbon
footprints had in common that they were both partially self-sufficient in terms of heat and
electricity. In general, energy consumption has the greatest impact on the carbon footprint.

Total CO, emissions show a fluctuating trend, with emissions ranging from around
1.77 million kg in Y2 to almost 1.91 million kg in Y3 for WWTP1. WWTP3 consistently
has the lowest total emissions among the plants. CO, emissions per cubic meter of treated
wastewater provide an indication of emission efficiency. The emissions are moderate for
WWTP1 and WWTP2, ranging from 0.03980 kg/m3 to 0.4521 kg/m>. WWTP3 shows the
highest emissions per m? in all years, with values around 0.70-0.76 kg/m?, suggesting room
for improvement. CO; emissions per population equivalent (PE) provide a benchmark
in relation to the population served by each plant. In the case of WWTP1, stable CO,
emissions around 0.073-0.074 kg indicate a consistent performance over the years. WWTP2
shows values around 0.093-0.098 kg per PE, slightly higher than WWTP1. WWTP3 has
the highest CO, emissions per PE, especially in Y2, with a value of 0.1370 kg, although it
decreased to 0.1125 kg in Y3.

Recommendations to reduce the carbon footprint of each WWTP will be different.
For plants with anaerobic digestion (such as WWTP1), increasing biogas production from
sludge and using combined heat and power (CHP) systems can reduce reliance on grid
electricity and thus reduce the carbon footprint. Integrating renewable energy (e.g., solar
or wind) into the operation of WWTP2 and WWTP3 can directly reduce the CO, emissions
associated with fossil fuel-based electricity. As aeration is highly energy-intensive and a
significant contributor to CO, emissions, optimizing aeration processes can help reduce
energy consumption and emissions at each WWTP. Older or poorly maintained equipment
consumes more energy. Routine maintenance and replacing outdated components such
as pumps and motors with energy-efficient models can result in significant energy sav-
ings [52]. Implementing these strategies can help reduce the carbon footprint of each plant
by improving energy efficiency, increasing the use of renewable energy, and optimizing
treatment processes.

4. Conclusions

Municipal wastewater treatment plants (WWTPs) require significant amounts of
energy to operate, with each plant having unique energy consumption characteristics that
are influenced by technology, operational practices, and operating conditions such as the
type of wastewater being treated, flow modifications, and so on. Based on data from

153



Energies 2024, 17, 5745

References

1. ASCE Critical Infrastructure Guidance Task Committee. Guiding Principles for the Nation’s Critical Infrastructure; American Society

three WWTPs in southwestern Poland, the research highlights the different energy needs
and opportunities for optimization in different urban areas. Specific energy performance
indicators and their correlation with greenhouse gas (GHG) reductions were identified,
providing a basis for benchmarking energy efficiency across the sector. Of the indicators
analyzed, the population equivalent (Ipg) coefficient offers the greatest comparability, while
the Igop coefficient is the most reliable in reflecting the high energy demands of biological
processes. Key factors influencing the energy performance of pretreatment include kWh
per kilogram of TSS removed (Itsg). Optimization of the pre-treatment stage can also
significantly improve biogas production and energy recovery. For example, the use of
chemical pre-treatment (CEPT) or advanced filtration systems (fine screens or drum filters)
instead of conventional sedimentation can increase organic matter capture for anaerobic
digestion. Plants with higher energy efficiency tend to be those with advanced technologies,
optimized processes and energy recovery systems, while those with lower efficiencies may
suffer from inefficient aeration systems or outdated equipment. These findings highlight
the importance of considering different factors to improve overall energy performance.
Knowing the energy consumption indicators for wastewater treatment systems allows
the selection of the most efficient technological variant when modernizing the system. A
combined analysis of the energy requirements of the WWTP and the carbon footprint is
essential, as energy consumption has the largest share in the total CF if the WWTP meets
all of its energy requirements from non-renewable sources. Measuring the carbon footprint
of a wastewater treatment plant is the first step in reducing it. For the time being, Poland is
in a peculiar position; the vast majority of the country’s energy is produced on the basis of
fossil fuels, that is, on the basis of raw materials whose energy use is particularly harmful
to the environment. In response to strong consumption in energy, WWTPs, public agencies,
local government and the wastewater industry need to explore and implement measures
to ensure the achievement of the targets set out in the 2020 Climate and Energy Package.
The best solution will be, on the one hand, to reduce energy consumption by modernizing
the infrastructure, and on the other hand, to invest in renewable energy sources that can
change this unfavorable trend.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en17225745/s1, Table S1: Operational parameters of WWTP1.
Table S2: Operational parameters of WWTP2. Table S3: Operational parameters of WWTP3.

Author Contributions: Conceptualization, I.K.-B., A.K. and A.R.; methodology, LK.-B., ].B.-Z. and
A.G.C.; writing—original draft preparation I.K.-B., ].B.-Z. and A.G.C,; investigation, ].B.-Z., AR. and
LK.-B.; resources writing—original draft preparation, A K. and ].B.-Z.; writing—review and editing,
A.G.C. and ].B.-Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Files.

Conflicts of Interest: The authors declare no conflicts of interest.

of Civil Engineers: Reston, VA, USA, 2009.

2. Capodaglio, A.; Olsson, G. Energy Issues in Sustainable Urban Wastewater Management: Use, Demand Re-duction and Recovery

in the Urban Water Cycle. Sustainability 2019, 12, 266. [CrossRef]

3.  Maston, A. Energy Consumption of Selected Wastewater Treatment Plants Located in South-Eastern Poland. Eng. Prot. Environ.

2017, 20, 331-342. [CrossRef]

4. Water Intelligence. The Carbon Footprint of Water. 2022. Available online: https://wint.ai/solutions/carbon-emissions/

(accessed on 19 March 2024).

5. Siatou, A.; Manali, A.; Gikas, P. Energy Consumption and Internal Distribution in Activated Sludge Wastewater Treatment Plants

of Greece. Water 2020, 12, 1204. [CrossRef]

154



Energies 2024, 17, 5745

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

Zaborowska, E.; Czerwionka, K.; Makinia, ]. Strategies for achieving energy neutrality in biological nutrient removal systems—A
case study of the Slupsk WWTP (northern Poland). Water Sci. Technol. 2017, 75, 727-740. [CrossRef]

Maziotis, A.; Sala-Garrido, R.; Molinos-Senante, M. Assessing Energy Efficiency and Its Dynamic Changes in The Water Sector
Integrating Heterogeneity and Carbon Emissions. J. Clean. Prod. 2024, 480, 144137. [CrossRef]

Hamawand, I. Energy Consumption in Water/Wastewater Treatment Industry—Optimisation Potentials. Energies 2023, 16, 2433.
[CrossRef]

Costantini, V.; Morando, V.; Olk, C.; Tausch, L. Fuelling the Fire: Rethinking European Policy in Times of Energy and Climate
Crises. Energies 2022, 15, 7781. [CrossRef]

Capodaglio, A.G.; Callegari, A. Energy and resources recovery from excess sewage sludge: A holistic analysis of opportunities
and strategies. Resour. Conserv. Recycl. Adv. 2023, 19, 200184. [CrossRef]

Zakeri, B.; Paulavets, K.; Barreto-Gomez, L.; Echeverri, L.G.; Pachauri, S.; Boza-Kiss, B.; Zimm, C.; Rogelj, J.; Creutzig, F;
Urge—VorsatZ, D.; et al. Pandemic, War, and Global Energy Transitions. Energies 2022, 15, 6114. [CrossRef]

Capodaglio, A.G. Urban Wastewater Mining for Circular Resource Recovery: Approaches and Technology Analysis. Water 2023,
15, 3967. [CrossRef]

European Parliament. European Parliament Resolution, 24th March 2022 “Need for an Urgent EU Action Plan to Ensure Food Security
Inside and Outside the EU in Light of the Russian Invasion of Ukraine”; P9_TA(2022)0099; European Parliament: Strasbourg, France,
2022.

Cardoso, B.J.; Rodrigues, E.; Gaspar, A.R.; Gomes, A. Energy performance factors in wastewater treatment plants: A review. J.
Clean. Prod. 2021, 322, 129107. [CrossRef]

Torregrossa, D.; Castellet-Viciano, L.; Hernandez-Sancho, F. A data analysis approach to evaluate the impact of the capacity
utilization on the energy consumption of wastewater treatment plants. Sustain. Cities Soc. 2019, 45, 307-313. [CrossRef]
Callegari, A.; Boguniewicz-Zablocka, J.; Capodaglio, A.G. Energy recovery and efficiency improvement for an activated sludge,
agro-food WWTP upgrade. Water Pract. Technol. 2018, 13, 909-921. [CrossRef]

Longo, S.; d’Antoni, B.M.; Bongards, M.; Chaparro, A.; Cronrath, A.; Fatone, F.; Lema, ].M.; Mauricio-Iglesias, M.; Soares, A.;
Hospido, A. Monitoring and diagnosis of energy consumption in wastewater treatment plants. A state of the art and proposals
for improvement. Appl. Energy 2016, 179, 1251-1268. [CrossRef]

Lozano Avilés, A.B.; del Cerro Velazquez, F.; Llorens Pascual del Riquelme, M. Methodology for Energy Optimization in
Wastewater Treatment Plants. Phase I: Control of the Best Operating Conditions. Sustainability 2019, 11, 3919. [CrossRef]

Dairi, A.; Cheng, T.; Harrou, F; Sun, Y.; Leiknes, T. Deep learning approach for sustainable WWTP operation: A case study on
data-driven influent conditions monitoring. Sustain. Cities Soc. 2019, 50, 101670. [CrossRef]

Raduly, B.; Gernaey, K.V.; Capodaglio, A.G.; Mikkelsen, P.S.; Henze, M. Artificial neural networks for rapid WWTP performance
evaluation: Methodology and case study. Environ. Model. Softw. 2007, 22, 1208-1216. [CrossRef]

Cecconet, D.; Mainardis, M.; Callegari, A.; Capodaglio, A.G. Psychrophilic treatment of municipal wastewater with a combined
UASB/ASD system, and perspectives for improving urban WWTP sustainability. Chemosphere 2022, 297, 134228. [CrossRef]
Castellet, L.; Molinos-Senante, M. Efficiency assessment of wastewater treatment plants: A data envelopment analysis approach
integrating technical, economic, and environmental issues. J. Environ. Manag. 2016, 167, 160-166. [CrossRef]

Zhang, S.; Tang, Y. A POET Based Energy Audit Methodology for WWTPs. In Proceedings of the 2018 37th Chinese Control
Con-ference (CCC), Wuhan, China, 25-27 July 2018; pp. 7399-7404.

Ritchie, J. Energy Management Systems and Digital Technologies for Industrial Energy Efficiency and Productivity. Report from
IEA Workshop; 2017. Available online: www.iea.org (accessed on 2 November 2022).

Marimon, F.; Casadests, M. Reasons to Adopt ISO 50001 Energy Management System. Sustainability 2017, 9, 1740. [CrossRef]
Pawlowska, E.; Machnik-Slomka, ].; Klosok-Bazan, I.; Gono, M.; Gono, R. Corporate Social Responsibility of Water and Sanitation
Company in the Czech Republic—Case Study. Energies 2021, 14, 3981. [CrossRef]

Walsh, B.P.; Murray, S.N.; O’Sullivan, D.T.J. The water energy nexus, an ISO50001 water case study and the need for a water
value system. Water Resour. Ind. 2015, 10, 15-28. [CrossRef]

Longo, S.; Hospido, A.; Mauricio-Iglesias, M. Energy efficiency in wastewater treatment plants: A framework for benchmarking
method selection and application. J. Environ. Manag. 2023, 344, 118624. [CrossRef] [PubMed]

Clos, I; Alvarez-Gaitan, J.P.; Saint, C.P,; Short, M.D. Energy Benchmarking for Efficient, Lower Carbon Wastewater Treatment
Operations in Australia. In Decarbonising the Built Environment; Springer: Singapore, 2019; pp. 305-320.

McKane, A.; Therkelsen, P.; Scodel, A ; Rao, P; Aghajanzadeh, A.; Hirzel, S.; Zhang, R.; Prem, R.; Fossa, A.; Lazarevska, A.M.;
et al. Predicting the quantifiable impacts of ISO 50001 on climate change mitigation. Energy Policy 2017, 107, 278-288. [CrossRef]
Shizas, I.; Bagley, D.M. Experimental Determination of Energy Content of Unknown Organics in Municipal Wastewater Streams.
J. Energy Eng. 2004, 130, 45-53. [CrossRef]

Mo, W.; Zhang, Q. Can municipal wastewater treatment systems be carbon neutral? J. Environ. Manag. 2012, 112, 360-367.
[CrossRef]

Zaborowska, E. Wykorzystanie Sciekow i osadow Sciekowych jako Zrédta energii w oczyszczalni Sciekow. In Proceedings of the
AQUA 2006: Problemy Inzynierii Srodowiska: XXVI Miedzynarodowe Sympozjum im. Bolestawa Krzysztofika, Plock, Poland,
8-9 June 2006; Volume 8, pp. 104-107.

155



Energies 2024, 17, 5745

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

USEPA. Examples of Innovation in the Water Sector. US Environmental Protection Agency. 2023. Available online: https:
/ /19january2017snapshot.epa.gov/innovation/examples-innovation-water-sector_.html (accessed on 19 March 2024).

Raboni, M.; Viotti, P; Capodaglio, A.G. A comprehensive analysis of the current and future role of biofuels for transport in the
European union (EU). Rev. Ambiente E Agua 2015, 10, 9-21. [CrossRef]

Alekseiko, L.N.; Slesarenko, V.V.; Yudakov, A.A. Combination of wastewater treatment plants and heat pumps. Pac. Sci. Rev.
2014, 16, 36-39. [CrossRef]

Kowalik, R.; Bak-Patyna, P. Analysis of heat recovery from wastewater using a heat pump on the example of a wastewater
treatment plant in the Swietokrzyskie voivodeship in Polish. Struct. Environ. 2021, 13, 90-95. [CrossRef]

Tinivella, R.; Bargiggia, R.; Zanoni, G.; Callegari, A.; Capodaglio, A.G. High-Strength, Chemical Industry Wastewater Treatment
Feasibility Study for Energy Recovery. Sustainability 2023, 15, 16285. [CrossRef]

Schifer, M.; Gretzschel, O.; Steinmetz, H. The Possible Roles of Wastewater Treatment Plants in Sector Coupling. Energies 2020,
13, 2088. [CrossRef]

Cecconet, D.; Racek, ].; Callegari, A.; Hlavinek, P. Energy recovery from wastewater: A study on heating and cooling of a
multipurpose building with sewage-reclaimed heat energy. Sustainability 2020, 12, 116. [CrossRef]

Kollmann, R.; Neugebauer, G.; Kretschmer, E,; Truger, B.; Kindermann, H.; Stoeglehner, G.; Ertl, T.; Narodoslawsky, M. Renewable
energy from wastewater—Practical aspects of integrating a wastewater treatment plant into local energy supply concepts. |.
Clean. Prod. 2017, 155, 119-129. [CrossRef]

Schifer, M.; Gretzschel, O.; Schmitt, T.G.; Knerr, H. Wastewater Treatment Plants as System Service Provider for Renewable
Energy Storage and Control Energy in Virtual Power Plants—A Potential Analysis. Energy Procedia 2015, 73, 87-93. [CrossRef]
Vrzala, M.; Gorio, M.; Gorio, R.; Kotulla, M.; Wzorek, M.; Leonowicz, Z. Distributed Generation Power Sys-tems in Wastewater
Management. Energies 2022, 15, 6283. [CrossRef]

Bao, Z.; Sun, S.; Sun, D. Assessment of greenhouse gas emission from A/O and SBR wastewater treatment plants in Beijing,
China. Int. Biodeterior. Biodegrad. 2016, 108, 108-114. [CrossRef]

Liao, X.; Tian, J.; Gan, Y.; Ji, ]. Quantifying urban wastewater treatment sector’s greenhouse gas emissions us-ing a hybrid life
cycle analysis method—An application on Shenzhen city in China. Sci. Total Environ. 2020, 745, 141176. [CrossRef]

WRI & WBCSD. The Greenhouse Gas Protocol: A Corporate Accounting and Reporting Standard; World Resources Institute and World
Business Council for Sustainable Development: Washington, DC, USA, 2004.

The National Urban Wastewater Treatment Program, Regulation of the Ministry of Environment, Republic of Poland, 2016. IV
AKPOSK (AKPOSK2015)—Dokument zatwierdzony przez Rade Ministréw 21.04.2016r. Available online: https:/ /www.gov.pl/
web/wody-polskie/krajowy-program-oczyszczania-sciekow-komunalnych (accessed on 19 March 2024).

Ranieri, E.; D’Onghia, G.; Lopopolo, L.; Gikas, P.; Ranieri, F.; Gika, E.; Spagnolo, V.; Herrera, J.A.; Ranieri, A.C. Influence of
climate change on wastewater treatment plants performances and energy costs in Apulia, south Italy. Chemosphere 2024, 350,
141087. [CrossRef]

Liu, Y,; Gu, J.; Zhang, M. A-B Processes: Towards Energy Self-Sufficient Municipal Wastewater Treatment; INA Publishing: London,
UK, 2019; pp. 1-28. [CrossRef]

Cardenes, I.; Hall, J.W.; Eyre, N.; Majid, A.; Jarvis, S. Quantifying the energy consumption and greenhouse gas emissions of
changing wastewater quality standards. Water Sci. Technol. 2020, 81, 1283-1295. [CrossRef]

Vaccari, M.; Foladori, P.; Nembrini, S.; Vitali, F. Benchmarking of energy consumption in municipal wastewater treatment
plants—A survey of over 200 plants in Italy. Water Sci. Technol. 2018, 77, 2242-2252. [CrossRef]

Tsalas, N.; Golfinopoulos, S.K.; Samios, S.; Katsouras, G.; Peroulis, K. Optimization of Energy Consumption in a Wastewater
Treatment Plant: An Overview. Energies 2024, 17, 2808. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

156



‘ energies ﬁw\D\Py

Review

Recent Advances in Wastewater Electrocoagulation Technologies:
Beyond Chemical Coagulation

Sangyeol Jo, Rahul Kadam, Heewon Jang, Dongyun Seo and Jungyu Park *

Department of Advanced Energy Engineering, Chosun University, Gwangju 61452, Republic of Korea;
jsywin71@chosun.ac.kr (S.].); rahulkadam@chosun.kr (R.K.); jheewon95726@chosun.kr (H.]J.);
sdy4035@chosun.ac.kr (D.S.)

* Correspondence: jp@chosun.ac.kr; Tel.: +82-62-230-7119; Fax: +82-62-230-7110

Abstract: This review provides a comprehensive analysis of the recent research trends and appli-
cation cases of chemical coagulation (CC) and electrocoagulation (EC), which play a crucial role in
wastewater treatment. In particular, the principles and process performances of the EC technologies
are comparably reviewed with traditional CC technologies. EC offers the advantage of reducing
the use of chemical agents and minimizing sludge generation compared to CC. Moreover, recent
research cases have demonstrated its effectiveness in removing pollutants from wastewater. With
increasing water consumption due to industrial development, the application of coagulation pro-
cesses in wastewater and sludge treatment is expected to expand to minimize environmental impact.
This review provides insights into the current status and future development direction of CC and
EC technologies and can serve as foundational information for more efficient and environmentally
friendly coagulation systems.

Keywords: wastewater treatment; electrocoagulation; chemical coagulation; sustainability

1. Introduction

In the 21st century, water and energy have emerged as two of the most pressing
challenges in the world. The rapid growth of the global population, coupled with industri-
alization aimed at meeting these demands, has significantly compromised both the quality
and availability of water resources. Around 40% of the population is affected by water
contamination, and over 20% faces a shortage of freshwater [1]. Additionally, industries,
particularly those known for high water consumption such as textiles, consume around
300 L of freshwater for each kilogram of product. This results in the discharge of substan-
tial quantities of heavily pigmented wastewater into the environment [2]. This leads to
pollution of both surface- and groundwater due to contaminants and other harmful organic
compounds. Many of these compounds can be carcinogenic, mutagenic, and sometimes
teratogenic, posing a risk to living organisms [3]. Moreover, industrial wastewater typ-
ically contains very fine suspended solids (SS), dissolved solids, and inorganic/organic
particles. Due to their small size and surface charge, aggregating these particles into a
heavier mass for effective removal becomes a considerable challenge. A range of both
traditional and advanced technologies has been employed to eliminate colloidal particles
from wastewater. These methods include ion exchange, membrane filtration, precipita-
tion, flotation, solvent extraction, adsorption, and coagulation, as well as biological and
electrolytic approaches [4,5].

Coagulation is one of the most widely used methods in water and wastewater treat-
ment processes, involving various chemicals [6,7]. This approach aligns with the growing
trend toward wastewater-to-energy technology, which emphasizes the direct recovery of or-
ganic matter from wastewater. To minimize energy input and maximize energy production,
these technologies aim to transform waste into resources, such as treated water for reuse
and recoverable materials from residuals. This technique comprises three distinct stages:
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(1) the rapid mixing of the dispersed coagulant into water or wastewater through vigorous
agitation, (2) the gentle stirring of the mixtures to encourage the formation of larger flocs
by aggregating tiny particles, and (3) subsequent settling of these flocs to the bottom [8].
Coagulation is primarily induced by inorganic metal salts, including aluminum (Al) and
iron (Fe). The most frequently used Al-based coagulants are aluminum sulfate, aluminum
chloride, and sodium aluminate. For Fe-based coagulants, the common types include
ferric sulfate, ferrous sulfate, ferric chloride, and ferric chloride sulfate [9]. However, the
use of inorganic coagulants has decreased due to environmental concerns. The presence
of chemical compounds can result in toxic residues in sludge, which may pose health
risks after extended exposure. Additionally, chemical processes often require significant
chemical inputs, which not only elevate the overall cost but also complicate downstream
operations. As a result, both synthetic polymeric and natural flocculants have gained
high attention in water and wastewater treatment processes. This is attributed to their
inherent stability against pH fluctuations, high effectiveness at low dosages, and ease
of use [10]. Recently, synthetic polymers like polyaluminum chloride (PAC), polyferric
sulfate (PFS), and polyacrylamide (PAM) have become the most commonly utilized co-
agulants in wastewater treatment because they can produce large shear-stable flocs [11].
Similarly, natural coagulants present a viable alternative to reduce environmental pollution
and health risks linked to chemical coagulants. Numerous studies have highlighted the
use of natural coagulants derived from various plant species, including Moringa oleifera,
Jatropha curcas, banana peels, and bagasse [12]. Both polymeric and natural coagulants
demonstrate effective treatment capabilities, positioning them as promising replacements
for traditional chemical coagulants. Despite these benefits, the acceptance of synthetic and
natural coagulants in water and wastewater treatment facilities has been limited. This is
largely due to a lack of industrial confidence in their use, driven by concerns regarding
their effectiveness and consistency when utilized on a large scale [13].

In recent years, electrochemical technologies have gained considerable interest for
their capacity to utilize various parameters to enhance performance efficiency. One notable
method, electrocoagulation (EC) has become increasingly popular as an effective and eco-
nomical solution for treating wastewater, all while reducing sludge generation. It provides
versatility, user-friendliness, and the capacity to manage a range of contaminants [14]. One
of the key advantages of EC is its ease of control over the dosing of necessary chemicals.
Unlike traditional methods that require the addition of stabilizing agents like chlorides
and sulfates, EC utilizes fixed chemical electrodes such as Al and Fe, which simplifies the
process and minimizes the need for additional chemical inputs. This reduction in chemical
concentration not only lowers the generation of inorganic sludge but also mitigates the
risk of producing potentially toxic byproducts. Furthermore, the electrochemical reactions
involved in EC allow for the use of various materials, including waste. This approach
enhances the stability of coagulants and counteracts the slow corrosion often seen with
synthesized coagulants [15]. The application of voltage during the EC process can effec-
tively oxidize soluble organic matter, reducing the energy requirements for subsequent
biological treatments. Additionally, the inevitable byproduct, hydrogen ions can be con-
verted to hydrogen gas, which aids in maintaining pH levels and contributes to energy
production [16]. Due to these advantages, EC has been extensively used in the treatment of
various industrial wastewater, including those from the textile, pharmaceutical, municipal,
dairy, petroleum, and paper industries as well as in drinking water treatment [17]. Ongoing
advancements in EC research have consistently highlighted the importance of EC and its
potential benefits in wastewater treatment.

Therefore, this review paper seeks to engage in a critical analysis of the coagulation
processes involved in water and wastewater treatment, with a particular emphasis on chem-
ical coagulation (CC) and EC. Notably, there is a lack of published literature that specifically
addresses these two methods in tandem. CC has been a cornerstone of wastewater treat-
ment for a while, evolving through various process modifications and the introduction of
innovative natural coagulants. Meanwhile, EC has emerged as a noteworthy alternative to
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conventional CC techniques. This review aims to deliver a thorough overview of the EC
process, including its reaction mechanisms, challenges, and potential avenues for future
research. This review will provide a deeper understanding of both CC and EC processes,
highlighting their limitations and suggesting possible solutions.

2. Chemical Coagulation
2.1. Fundamentals of Chemical Coagulation Process

Coagulation is a three-phase process designed to eliminate stable particles by creating
larger aggregates. As illustrated in Figure 1, the key stages of coagulation involve destabi-
lizing colloidal particles through the addition of coagulants, facilitating the aggregation of
these particles into larger flocs, and, finally, allowing these flocs to settle at the bottom. In
aqueous environments, the majority of solids or suspended particles are usually relatively
small and often have a negative charge. To enhance the sedimentation process, particles
need to aggregate into larger flocs. However, this aggregation is hindered by electrostatic
repulsive forces that keep negatively charged particles from coming together. As a result,
settling takes longer. This issue can be addressed by using a coagulant to destabilize the
particles [18]. Destabilization can occur through one or more of the following mechanisms
following the addition of a coagulant:

Main stages of coagulation process

Coagulation Aggregation Sedimentation
Sedimentation is subsequent settling

of these flocs to the bottom of a

Aggregation refers to the clumping
together of these particles into

Coagulation is a process of destabilizing
colloidal particles to promote their

aggregation by adding coagulants larger flocs liquid due to gravity
<o D
] ]
o ° °
e ]
° C °
] = ] ° °
] ° ]
- -
° [} ] ° °

Figure 1. Graphical illustration depicting the main stages of chemical coagulation process.
(a) Double-layer compression: It is a mechanism that involves countercharged ions
penetrating the double layer around colloids. These counter ions modify the double
layer, making it thinner and less voluminous. Continuous double-layer compression
by electrolytes diminishes electrostatic repulsion and enhances the van der Waals
force, promoting the aggregation of destabilized colloids. The continuously increased
aggregation rate makes the tiny flocs formed at the double-layer compression step
larger and denser [12,19]. However, the stability of the flocs is influenced by the ionic
charge of the coagulant used. Monovalent ions, which carry a weak charge, tend
to create large but loosely bound flocs that take longer to settle. In the presence of
weakly charged ions, the double layer remains significantly charged, resulting in a
strong repulsive force that hinders the likelihood of agglomeration [20].

Sweep flocculation: It is a process that eliminates colloids by trapping them within
a net-like framework. This framework is formed by the precipitation of amorphous
metal hydroxides during hydrolysis. Theoretically, a higher fractal dimension leads
to stronger flocs that are more resistant to breakage. However, flocs formed through
sweep flocculation tend to be larger and have a faster formation rate, making them

(b)
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more susceptible to breakage [12,19,21]. The presence of repulsive forces between
flocs contributes to this phenomenon. Sweep flocculation primarily entraps colloids
within a net-like structure but does not neutralize the repulsive forces among them,
leading to the formation of weak flocs [22].

(c) Charge neutralization: It takes place when oppositely charged coagulants adhere
to the surfaces of colloids through adsorption. Charge neutralization happens on
the colloid surfaces in a patch-wise fashion, referred to as the electrostatic patch
mechanism. Different cations attached to the colloid surface create regions with both
positive and negative charges. The mixed charge distribution diminishes repulsive
forces and enhances the van der Waals interaction between particles. Flocs generated
through the charge neutralization mechanism are stronger than those formed by
sweep flocculation, yet weaker than those created by interparticle bridging [12,23,24].
Flocs formed through charge neutralization are indeed strong, but their strength is
limited because they depend on physical bonds, which are weaker than chemical
bonds [22].

(d) Interparticle bridging: It involves polymer chains that are long and highly reactive,
extending into wastewater. One end of the polymer chain binds to colloids, while
the free ends connect to other colloidal particles. The resultant structure is known as
colloid—polymer—colloid, where polymer acts as a bridge. Multiple colloid—polymer—
colloids can intertwine, resulting in easily settleable flocs. Theoretically, a low fractal
dimension typically leads to weak flocs that are susceptible to breakage. However,
these flocs can be quite robust and resistant to fragmentation into smaller clusters.
This is due to the presence of various polymers that act as strong bridges formed
by numerous chemical bonds among flocs [12,22,25]. A recent study indicated that
employing a natural coagulant with an interparticle bridging mechanism can increase
floc growth by at least three times compared to using a chemical coagulant. This
enhancement is attributed to the capacity of polymeric chains to extend and bind to
multiple colloids effectively [26]. Overall, coagulation relies on these mechanisms to
destabilize particles and facilitate aggregation, leading to larger flocs that settle more
easily. Each mechanism contributes uniquely to the formation of flocs with varying
strengths and resistance to breakage.

2.2. Importance in Wastewater Treatment Plants

Wastewater treatment (WWTP) is a critical element of modern urban infrastructure,
playing an important role in public health and environmental protection. The most widely
used sewage treatment process is the activated sludge, accounting for over 90% of all
sewage treatment processes worldwide [27]. This method is based on primary treatment
through gravity sedimentation of raw sewage and secondary treatment through the mi-
croorganism’s metabolism with primarily treated sewage. The widespread use of the
activated sludge process is due to its process stability, ease of maintenance, and effective
performance in removing various pollutants [28].

However, the activated sludge has several major drawbacks. First, a significant
amount of energy is consumed in the aeration process for aerobic microorganism activity
during biological treatment. It has been shown that approximately 50-75% of the total
energy consumption in WWTP is used in the aeration process [29]. Second, large amounts
of activated sludge are generated during the organic matter treatment process, which incurs
additional costs and environmental burdens for treatment and disposal [30].

Recently, the field of wastewater treatment has been facing new challenges. Effluent
regulation standards are becoming more stringent, and there is an increasing demand
for carbon neutrality in wastewater treatment facilities. In these changing environmental
conditions, it has become necessary to explore new wastewater treatment methods that can
complement or replace the existing activated sludge method [31,32].

In this context, the application of the Chemical Enhanced Primary Treatment (CEPT)
process is gaining attention. CEPT recognizes wastewater not as mere waste but as an
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energy source, aiming to recover it effectively and reduce the load on biological treatment
processes. The CEPT process significantly improves the removal efficiency of organic matter
and SS in the primary sedimentation stage by using chemical coagulants. The application
of CEPT to existing activated sludge processes can be implemented without separate civil
engineering work, and its main advantages are as follows [33,34]:

1.  Improved Energy Efficiency: By removing more organic matter in the primary treat-
ment stage through CEPT, the load on subsequent biological treatment stages is
reduced. This has the positive effect of reducing the energy consumption required for
aeration in the bio-processes linked with the CEPT. Compared to the conventional
activated sludge process, previous studies reported that the application of CEPT
could reduce energy consumption for aeration by up to 50% [35,36]. Moreover, when
comparing the entire treatment process, it has been reported that energy savings of
up to 71% can be achieved [37].

2. Energy Source Recovery: The primary sludge generated through CEPT has a higher
organic content than the primary sludge formed by conventional gravity sedimen-
tation. As a result, CEPT sludge can be used as a more effective raw material for
energy recovery processes, such as anaerobic digestion, and it has been reported
that methane yield can be increased by 30-40% [38]. Additionally, when CEPT is
applied, the amount of low-biodegradability-activated sludge formed in the subse-
quent biological treatment process decreases, which can reduce sludge treatment costs.
This ultimately has the advantage of increasing the value of sewage sludge as an
energy source.

3. Greenhouse Gas Reduction: The application of the CEPT process significantly reduces
greenhouse gas emissions from wastewater treatment plants. According to recent
studies, when CEPT is applied, greenhouse gas emissions from wastewater treatment
plants can be reduced by up to 70% compared to the conventional activated sludge
method [37]. This is attributed to two factors: reduced aeration due to efficient organic
matter removal from the influent, and increased biogas production through anaerobic
digestion of recovered sludge.

However, there are still several challenges remaining for the widespread application
of the CEPT process. Due to the continuous increase in wastewater generation caused by
population growth and industrial development, large quantities of chemicals are required,
which can lead to increased operational costs and environmental impacts. Excessive use
of chemicals can adversely affect subsequent biological treatment processes, requiring a
cautious approach. Additionally, further research is needed on the impact of changes in the
physicochemical characteristics of recovered sludge on subsequent treatment processes.

Therefore, it is essential to optimize factors such as the type and amount of coagulant,
and operating conditions for the successful application of CEPT (pH, mixing intensity, reten-
tion time, etc.). Furthermore, along with optimal conditions, it is necessary to quantitatively
verify the impact on subsequent processes.

In summary, while CEPT offers promising advantages in terms of energy efficiency;,
resource recovery, and greenhouse gas reduction, its effective application requires careful
optimization of coagulant type, dosage, and operating conditions. A quantitative assess-
ment of CEPT’s impact on subsequent treatment stages is essential to maximize its benefits
and minimize potential drawbacks. The following section will explore these aspects in
greater detail.

2.3. Types of Chemical Coagulants

WWTPs primarily utilize inorganic coagulants, which can be broadly classified into
Al-based and Fe-based coagulants. When these inorganic coagulants are introduced into
water or wastewater, they undergo three main reaction stages: dissociation, hydrolysis,
and polymerization [39].
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1.  Dissociation: This initial stage involves the breakdown of the metal salts into their
constituent ions. For example, when Al or Fe salts are added to the water, they
dissociate into ions such as A1**, SO42~, Fe3*, and Cl~.

2. Hydrolysis: In this stage, the dissociated ions react with water, leading to the for-
mation of hydroxyl complexes like AI(OH)3; and Fe(OH)3. These hydroxides play a
crucial role in the coagulation process by helping to aggregate suspended particles.

3. Polymerization: The final stage involves the reaction of hydrolyzed Al and Fe
ions to form larger, more complex structures known as polymeric aluminum and
polymeric ferric species. These polymers possess a higher charge density, which
effectively bridges and agglomerates suspended particles, thereby enhancing the
coagulation process.

Inorganic coagulants offer several advantages over other types of coagulants. They
demonstrate high efficiency in removing various pollutants, including heavy metals, tur-
bidity, Chemical Oxygen Demand (COD), and Biological Oxygen Demand (BOD). Indeed,
these metal-based coagulants can achieve impressive removal efficiencies of up to 99.3%
for phosphate, 99.5% for SS, and 95.6% for COD [40]. Moreover, these coagulants are
commercially available and possess the ability to effectively inactivate bacteria.

Al-based coagulants include Al,(SO4)3, PAC, and composite PAC. Al»(SO4)3 is the
most widely used coagulant, preferred for its cost-effectiveness and efficiency. While it is
readily available and inexpensive, it is only effective within a limited pH range (5.5-7.0).
PAC is effective over a broader pH range (4.0-8.0) than alum and performs well at low
temperatures. It also offers advantages such as rapid reaction and large floc formation
but may be insufficient for removing high molecular weight particles and hydrophobic
particles [9,41,42].

Fe-based coagulants include Fe;(SO4)3, FeCls, and FeSO4. These are effective over
an even wider pH range (4-11) compared to Al-based coagulants and exhibit excellent
performance in phosphorus removal. However, they may cause color issues in treated
water due to residual iron. Fep(SOy4); and FeCls show high coagulation efficiency but can
be corrosive. FeSOy is relatively inexpensive and effective in phosphorus removal but may
require an additional oxidation step [40,42].

As outlined above, each coagulant has unique characteristics along with advan-
tages/disadvantages depending on its type, necessitating appropriate selection based
on the application scenario. The main advantages and disadvantages of each coagulant
type are summarized in Table 1.

Table 1. Overview of common metal coagulants: merits and demerits as reported in previous studies.

Coagulant Merits Demerits Reference
Aluminum sulfate Easily accessible, low o;ost, and low Effective in 111.mted. pH range, and residual [43]
sludge volume index. Alions in the sludge.
PAC Fast reaction and bigger flocs. Insufficient in removing higher molar mass [44]

particles and hydrophobic particles.

Costly and limited application due to
inefficiency in treating [45]
low-polluted wastewater.

Small dosage and efficient in highly

Sodium aluminate )
contaminated wastewater.

Ferrous sulfate Easily available and less costly. Alkalinity addition is needed and corrosive. [46]

Ferric sulfate Less sensitivity to overdosage. Alkahm.ty. addition is needed a.md leaves [47]
visible rust-colored strains.

Ferric chloride Effective in a broad pH range, easily Corrosive and hazardous. [48]

available, and less costly.

While these inorganic coagulants with diverse characteristics demonstrate high ef-
ficiency, their performance is significantly influenced by various factors. Since optimal
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operation conditions depend on the coagulant type and dose, coagulation efficiency can
be greatly reduced if these conditions are not accurately controlled. Therefore, it is crucial
to understand the characteristics of each coagulant and the interactions of various vari-
ables that need to be considered in the optimization process to derive optimal operating
conditions. This approach can maximize the effectiveness of inorganic coagulants in the
wastewater treatment process and enhance treatment efficiency.

2.4. Key Factors Influencing Chemical Coagulation

The efficiency and effectiveness of CC processes in wastewater treatment are sig-
nificantly influenced by various factors. Understanding and appropriately controlling
these factors are essential for achieving optimal wastewater treatment results. The main
influencing factors include pH, coagulant dosage, mixing intensity and time, temperature,
and wastewater characteristics.

pH is one of the most critical factors in the coagulation process, directly affecting
coagulant hydrolysis, charge characteristics, and the surface charge of pollutants. Each
coagulant has the recommended optimal pH range, outside of which coagulation efficiency
can significantly decrease. For instance, Al-based coagulants are generally most effective
in the pH range of 6.5-8.0, while Fe-based coagulants perform optimally in the pH range
of 4.5-6.0, where charge neutralization and adsorption bridging mechanisms operate
simultaneously [6]. Recent research by Zhou et al. (2023) used molecular dynamics
simulations to analyze the impact of pH on coagulation mechanisms, revealing how
pH changes alter the structure and charge distribution of coagulant molecules, directly
influencing their interaction with pollutants [49].

Coagulant dosage directly impacts both treatment efficiency and economic viability.
Li et al. (2022) elucidated the non-linear relationship between coagulant dosage and
removal efficiency, demonstrating that increasing dosage beyond a certain threshold does
not significantly improve removal efficiency and may lead to problems associated with
overdosing [50]. Kurniawan et al. (2020) found that underdosing results in the formation
of unstable small flocs, leading to poor sedimentation efficiency and reduced treatment
effectiveness [51]. Conversely, recent studies have detailed the problems arising from
coagulant overdosing, including increased sludge production, elevated residual metal
concentrations, pH changes, and increased electrical conductivity of treated water [52].

Mixing intensity and duration also significantly influences coagulation efficiency. The
process typically involves two stages: rapid mixing and slow mixing. Suzuki et al. (2023)
reported that the optimal rapid mixing intensity and duration could be varied by the type
of coagulant and pollutant characteristics. For instance, polymer coagulants require longer
rapid mixing times (60-90 s) compared to metal salt coagulants (30-60 s) [53]. Liu et al.
(2024) emphasized the importance of the slow mixing stage, showing that appropriate slow
mixing conditions (30 rpm, 20 min) optimize floc growth and structure, enhancing final
sedimentation efficiency [54]. Sun et al. (2019) analyzed the impact of mixing intensity on
floc morphology and strength, reporting that excessive mixing intensity can lead to floc
breakage and reduced treatment efficiency, while insufficient mixing results in inadequate
coagulation [55]. However, contrasting these findings, Abbas et al. (2021) used design
expert software to analyze optimal conditions for FeCl3 coagulant and found that while pH
and dosage significantly affected COD, turbidity, and total suspended solids (TSS) removal,
mixing time had no significant impact, and mixing speed only slightly influenced COD
removal [56].

Temperature is another crucial factor affecting the coagulation process. Generally,
increased temperature enhances molecular motion and chemical reaction rates, potentially
improving coagulation efficiency [39]. However, Zhang et al. (2023) observed that co-
agulation efficiency decreased when temperatures exceeded 30 °C. This phenomenon is
attributed to accelerated hydrolysis reactions at high temperatures, resulting in looser floc
formation and consequently reduced pollutant removal rates. Conversely, at low tem-
peratures, hydrolysis of coagulant and aggregation of destabilized colloid particles could

163



Energies 2024, 17, 5863

be inefficient due to weakened Brownian motion. Therefore, maintaining an appropriate
temperature range is crucial for achieving optimal coagulation efficiency [57].

Wastewater characteristics, including SS concentration, particle size distribution, and
organic matter content, significantly influence the coagulation process. The alkalinity of
wastewater affects pH buffering capacity, playing a crucial role in coagulation efficiency.
Various ions in wastewater (e.g., Ca?*, Mg?*, SO427) can affect the coagulation efficiency by
directly reacting with coagulants or indirectly interfering with floc formation [58]. Previous
studies have investigated the effect of molecular weight distribution of organic matter in
wastewater on coagulation efficiency. Results showed that higher molecular weight organic
matter tends to improve coagulation efficiency, as it more readily combines with coagulants
to form larger flocs [59,60].

Recent research has employed various statistical techniques and artificial intelligence-
based methodologies to optimize the coagulation process. In particular, response surface
methodology (RSM), artificial neural network (ANN), and genetic algorithm (GA) are
widely used.

RSM remains an important optimization tool. Abbas et al. (2021) used design expert
software to analyze optimal conditions for FeCl; coagulant. They employed Central
Composite Design to design experiments and developed a second-order polynomial model
to determine the effects and optimal conditions of independent variables such as pH,
dosage, mixing time, and mixing speed [56].

Furthermore, hybrid models combining ANN and GA are being increasingly used
for coagulation process optimization. Ejimofor et al. (2021) used an ANN-GA model to
optimize the removal of colloidal particles from paint wastewater using clay [61]. Kusuma
et al. (2021) employed ANN-GA to optimize turbid water treatment using Ipomoea batatas
leaf extract as a green coagulant. These studies demonstrate that ANN-GA hybrid models
can provide more accurate predictions and optimal solutions for various coagulants and
wastewater types compared to RSM or other optimization techniques [62]. These models
can predict optimal operating conditions by considering various process parameters such
as pH, coagulant dosage, mixing time, and temperature. They have high potential for
application in real-time control systems as they can predict optimal coagulant dosage and
operating conditions based on various water quality parameters [39].

While these optimization techniques can significantly enhance the efficiency of the
coagulation process, they still have some limitations. Firstly, these models have primarily
been validated at laboratory or pilot scales, and further research is needed regarding their
applicability in large-scale wastewater treatment plants. Secondly, these optimization
techniques mainly focus on pollutant removal efficiency, potentially overlooking other
important factors in terms of overall water treatment system efficiency and sustainability.

Therefore, future research should focus on overcoming these limitations and devel-
oping more comprehensive and sustainable coagulation process optimization methods.
Additionally, the development of adaptive coagulation systems that can rapidly respond
to changing wastewater characteristics by combining real-time monitoring and control
technologies is necessary. Alongside this, continuous research into new technologies and
methods that can reduce or replace the use of CC should be pursued.

2.5. Limitation of Chemical Coagulant

Chemical coagulants, particularly inorganic metal salts, are widely used in wastewater
treatment. However, their use presents several significant limitations that manifest in
environmental, operational, and health aspects. The use of chemical coagulants significantly
affects the pH and alkalinity of water. Al- and Fe-based coagulants, in particular, release
hydrogen ions, lowering pH and reducing alkalinity. This can impact other stages of the
treatment process and may necessitate additional chemical use for pH adjustment.

Since the CC process generates substantial amounts of sludge containing hazardous
and toxic substances, process costs would be raised for efficient treatment and disposal.
The use of inorganic salt coagulants can increase sludge volume by 37-97%, negatively
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affecting subsequent processes such as anaerobic sludge digestion [40,63]. For instance, Al
can reduce the specific methanogenic activity of methanogenic and acetogenic bacteria by
50-72% [64].

Excessive use of coagulants can leave residual metals in treated water, potentially
harming aquatic life. These metals can disrupt physiological processes, leading to impaired
growth, reproduction, and survival rates in fish and other aquatic animals. They may
also bioaccumulate in the tissues of organisms, affecting the entire food chain [42]. Al-
based coagulants, in particular, may leave Al salts in residuals, and long-term exposure to
water containing these residuals has been associated with an increased risk of Alzheimer’s
disease [41], but whether the link is causal is still open to debate. However, previously
published epidemiological studies of Al and Alzheimer’s disease have shown statistically
significant positive relations [65]. In response to these concerns, the US Environmental
Protection Agency (EPA) has established a secondary standard of 0.05 to 0.2 mg/L for Al
in drinking water [66]. Fe-based coagulants, while effective over a wider pH range and
excellent for phosphorus removal, can leave residual Fe causing color issues in treated
water, necessitating additional treatment [67]. This residual Fe can impart a yellowish or
reddish tint to the water, which may affect consumer perception and acceptance. Although
it does not pose health risks, the EPA has set a threshold of 0.3 mg/L for Fe in domestic
water use, including drinking water, due to concerns about aesthetic quality [68].

Coagulated sludge can cause problems in both subsequent aerobic biological treatment
and sludge treatment. The aggregated and dense structure of coagulated sludge can limit
the access of bacteria and enzymes to organic matter within flocs, while residual coagulant
concentrations can alter microbial activity in activated sludge processes, acting as inhibitors
and affecting the settleability of activated sludge [34,69].

Al-based coagulants, in particular, can have severe impacts on aquatic environments
depending on pH levels. Al has the lowest solubility between pH 5.7 and 6.2 but tends to
exist in solution outside this range. Studies have shown that the combination of pH below
5.5 and dissolved Al concentrations above 0.5 mg/L can pose a serious threat to aquatic
ecosystems [69].

In the case of Fe-based coagulants, while they primarily precipitate as Fe(OH)s, re-
sulting in relatively low concentrations of dissolved Fe®*, the residual Fe** can damage
important biomolecules such as DNA, proteins, and lipids through the following reactions:

Fe?* + H,O, — Fe* + OHe + OH™ (1)

Fe3* + H,O, — Fe?™ + HOOe + H* ()

Fe?* ions do not directly form oxygen-free radicals but play a crucial role in promoting
and amplifying their formation. This underscores the importance of managing Fe** con-
centrations in water treatment systems, as excessive Fe>* can negatively impact microbial
activity and overall treatment efficiency [70].

Chemical coagulants are highly corrosive and can shorten the lifespan of treatment
facilities, leading to increased long-term maintenance costs. Additionally, the effectiveness
of chemical coagulants is sensitive to changes in water quality, requiring continuous
adjustment of dosage in response to changing wastewater characteristics, which increases
operational complexity [71].

Lastly, the environmental impacts of producing and transporting chemical coagulants
should also be considered. This can increase the overall environmental footprint of the
wastewater treatment process [26].

In conclusion, while chemical coagulants are effective in wastewater treatment, their
use presents several significant limitations. Considering the environmental impacts, oper-
ational issues, and potential risks to health and ecosystems. The use of these coagulants
should be approached with caution, and where possible, more sustainable alternatives
should be explored.
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3. Electrocoagulation

EC is a method for treating wastewater that utilizes electrical currents to eliminate
contaminants. This process neutralizes negatively charged particles by forming hydroxide
complexes in the water. These complexes aid in aggregating SS, which strengthens the
floc that eventually settles under the force of gravity. Additionally, it generates coagulants
onsite through the electrical dissolution of specific metal electrodes such as Al, Fe, copper
(Cu), or stainless steel (STS). At the anode, metal ions are released, while hydrogen gas is
generated at the cathode [72]. The core principle of EC is based on “electrolysis”, which
involves using electricity to decompose compounds. This concept was introduced by
Michael Faraday in 1820. The process occurs in an electrolyte solution, facilitating the
transfer of ions between the electrodes. In the EC cell, positive ions move toward the
cathode, where they undergo reduction, while negative ions migrate toward the anode
and experience oxidation [73,74]. EC has a rich history as a water treatment technology. It
was first proposed in London in 1889 and implemented in sewage treatment facilities for
a decade [75]. In 1909, J.T. Harries received a patent in the United States for electrolysis
technology that employed Al and Fe electrodes for wastewater treatment [76]. At that
time, EC was not commonly used for water treatment, primarily due to the high costs
associated with power and investment. However, it began to gain recognition for its
effectiveness in removing both organic and inorganic pollutants from groundwater and
surface water, especially when compared to traditional CC methods. It was not until 1984
that EC was implemented to treat significant volumes of drinking water in the United
States [77]. Following extensive research in the late 20th century, the adoption of EC has
grown due to advancements in technology that reduce electrical power consumption while
enhancing effluent throughput rates. Today, the EC is recognized as a cost-effective solution
for treating surface and wastewater. It boasts numerous benefits, such as environmental
stability and versatility. EC is also energy-efficient and safe, offering selectivity and ease of
automation, all of which enhance its overall cost-effectiveness.

3.1. Fundamentals of Electrocoagulation

The EC unit comprises an electrolytic cell containing a cathode and an anode, which
are connected to an external power source and submerged in an electrolytic solution. In this
setup, the anode acts as the coagulant, releasing metal cations when DC is applied to the
cell. When the cell is connected to an external power supply, the anode material undergoes
electrochemical corrosion due to oxidation. Consumable metal plates are commonly
utilized as sacrificial electrodes to continuously generate ions in the water. These ions
neutralize the charges of various particles, triggering the coagulation process. The released
ions eliminate unwanted contaminants through either chemical reactions and precipitation
or by facilitating the aggregation of colloidal particles, which can then be removed by
flotation. As water containing colloidal particles, oils, or other impurities passes through
the applied electric field, processes such as ionization, electrolysis, hydrolysis, and free-
radical generation may occur. The occurrence and efficiency of these processes depend
on specific factors, including the type of electrode material, current density, pH levels,
and the presence of contaminants. These reactions can modify the physical and chemical
characteristics of both water and contaminants. Consequently, this reactive and energized
state allows for the release and destruction or reduction in solubility of contaminants in the
water [73,78]. The mechanism of EC is quite intricate, involving multiple processes that
work together to eliminate pollutants from water. The literature presents a diverse range
of perspectives regarding the primary mechanism and reactor configurations involved.
However, as per the literature, the EC process typically includes the following mechanisms.
Figure 2 represents the EC process, illustrating the key reactions, including the generation
of metallic cations, formation of metal hydroxides, oxidation of pollutants, and aggregation
and removal of contaminants through sweep flotation.
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Figure 2. Schematic representation of reactions occurring in the electrocoagulation process.

(1) Sacrification of anode material: When the anode material is exposed to electrical
current, it undergoes sacrification, leading to the generation of metallic cations.

(2) Hydrolysis at the cathode: Hydrolysis occurs at the cathode, generating hydroxyl
ions (OH™).

(3) Formation of metal hydroxides: The metallic cations interact with hydroxyl ions to
form metal hydroxides, which have strong adsorption capabilities to bind pollutants.

(4) Oxidation of pollutants: Pollutants are oxidized to form fewer toxic species.

(5) Reaction with metal oxides: Metal oxides react with pollutants, facilitating the forma-
tion of neutralized matter.

(6) Aggregation and coagulation: The neutralized matter aggregates and adsorbs onto
the metal hydroxides, followed by sweep coagulation and removal from the water.

(7) Sweep flotation: Some of the neutralized matter interacts with gasses generated in
the system, leading to the entrapment of gas within the flocculated structures, which
follows the process of sweep flotation [79]. Overall, the EC process generally includes
chemical reactions that take place when an electric current flows through electrodes.
The primary electrode reactions are as follows [14].

Anode:
M) — Mn+(aq) +ne 3)
2H,O — Oy + 4H™ + 4e™ (4)
Cathode:
2H,O + 2~ — ZOHi(aq) + H; (g) (5)
M™ 4 nOH™ < M (OH), ©)

3.2. Application of Electrocoagulation in Wastewater Treatment and Limitations

EC equipment is engineered for ease of use, affordability, and versatility in treating
various types of effluents. This section provides a broad overview of how EC is utilized in
the treatment of different types of wastewater. To date, extensive research has been con-
ducted on its effectiveness in treating wastewater from diverse sources, including municipal
facilities, textile industries, oil-related operations, urban environments, industrial sectors,
and palm oil effluents. The successful removal of pollutants from these diverse wastewater
sources highlights its reliability as an alternative technology for wastewater treatment [80].
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For biologically resistant wastewater, such as hospital effluent, traditional biological treat-
ments may not be effective. In these cases, EC has emerged as a promising solution, which
can remove up to 88.75% of the antibacterial drug Ciprofloxacin [81]. Additionally, EC has
proven effective in treating wastewater containing pollutants, such as TiO, nanoparticles,
commonly used in pharmaceutical and culinary industries. A recent study reported that EC
can remove 95% of these nanoparticles [77]. Microplastics, tiny plastic particles resulting
from consumer products and industrial waste, are another significant emerging pollutant.
Researchers have investigated the use of EC to treat wastewater containing microplastics,
finding removal rates of 93.2% for polyethylene, 91.7% for polymethyl methacrylate, 98.2%
for cellulose acetate, and 98.4% for polypropylene [82]. Table 2 summarizes the applications
of EC in treating various organic and inorganic pollutants across different sectors. Recent
studies indicate that EC is a highly effective method for treating diverse wastewaters,
including those with elevated COD, demonstrating significant removal efficiencies while
generating minimal solid waste. Consequently, implementing EC treatment systems offers
numerous advantages, such as faster organic matter separation, stronger pH buffering
capability, reduced secondary pollution, and easier automation [83]. Furthermore, it can
operate effectively across a broad spectrum of conditions, including high salinity and
varying pH levels, throughout electrochemically supported potential redox reactions. It is
clear that EC technology is rapidly advancing and holds significant potential to supplant
traditional wastewater treatment approaches.

Table 2. Application of electrocoagulation for treating various industry effluents.

Tvpe of Electrode
P Pollutants Configuration Operational Conditions Removal Efficiency =~ Reference
Wastewater
(Anode-Cathode)
Continuous 46% Cr,
wzztr:xger "IFISSD;;EdOB; Fe-Al (flow rate = 6 Ipm; current 42% COD, 42% TDS, [84]
! density = 20 mA /cm?) and 35% BOD
. pH = 5.6; current o
Textile COD and TOC Al-Al density = —52.5 mA /m?; 68% COD and [85]
wastewater . . 69% TOC
time = 33.9 min
pH =5 to 8; current
Refinery . density = 15.3 mA /cm?; o .
wastewater Selenium Fe-Fe voltage = 3.20 V and 90% selenium [86]
time = 360 min
, COD and pH =7, electrode 90% COD and
Oily wastewater Turbidi Al-STS spacing = 1 cm; Turbidity = 99% [87]
ty temperature = 20-22 °C y =70
Palm oil mill pH = 4.5, current
COD Al-Al density = 56 mA/ cm?; 75.4% COD [88]
effluent . .
time = 65 min
H = 10; current
Food industry P er 2. 100% TSS and
wastewater COD and TSS Fe-Fe dens1t.y =86.4 ml.% /cm=; 98.94% COD [89]
time = 20 min
pH =4.5-10.5; current
Pharmaceutical density = 3.47-12.15 mA/ cm?; 58.35% COD and
wastewater Color and COD Al-STS voltage =1-15'V; 97.83% color [90]
time = 30-150 min
Municipal pH =7.0; current = 0.80 A; 95.4% TSS and
wastewater TSS and BOD STS-STS time = 5 min 99% BOD [91]

Although EC has proven effective for treating wastewater pollutants at the laboratory
scale, scaling this technology for industrial applications presents challenges. One significant
challenge is the high capital investment required, primarily due to the cost associated with
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construction and electrode materials. Commonly used electrode materials include Fe, Al,
and STS. These electrodes are sacrificial and hence necessitate regular replacement. More-
over, electrode passivation can diminish overall process efficiency and increase electricity
consumption. Therefore, further investigation is needed into aspects such as the proton—
electron transfer mechanism, consistent performance improvements, and the development
of more cost-effective anode and cathode materials [92]. The other critical challenges in
scaling up EC technology are reactor operation mode and configuration. The batch and
continuous operation modes are the most representative in various laboratory-scale studies.
Since real wastewater continuously flows into the system, continuous mode should be
introduced for successful practical application. The design of reactor configurations mainly
depends on electrode arrangement. Various reactor configurations can be classified into
monopolar or dipolar setups, either in series or parallel connections [93]. Among them,
the most available reactor configuration for practical application is a monopolar parallel
connection due to its high performance, easy electrode maintainability, and low energy
consumption [77]. A future study has to be directed to demonstrate how to select and
integrate appropriate reactor configuration and operation mode. Optimum standardization
of comprehensive reactor designs will help the EC accelerate achieving successful practical
applications and unravel reaction complexities in real wastewater [94]. Long-term opera-
tional stability is also a significant concern in EC treatment systems. Performance failures
have been observed in pilot-scale studies due to various factors, including electrode degra-
dation, floc clogging, insufficient biofilm development, and reduced activity. Addressing
these issues is essential for the successful large-scale implementation of EC technology.
Although both small- and large-scale EC technologies can achieve simultaneous hydrogen
production, the rates are generally lower compared to laboratory studies, highlighting the
need for further optimization. High electricity consumption is another major challenge
that directly impacts operating costs. The success of EC technology will rely heavily on
minimizing both operational and management expenses [77]. Finally, the characteristics of
flocs, including their strength, size, weight, and compaction, significantly influence the EC
process. Denser flocs may settle over time, while floc size tends to increase with current
intensity and duration due to enhanced coagulation. However, prolonged exposure can
lead to floc breakage due to shear forces [95]. In summary, while EC offers promising
results for various wastewater types, further advancements in reactor design, operational
stability, energy efficiency, and floc management are needed to support its widespread
industrial application. Additionally, integrating the EC process with other treatment meth-
ods is advisable to address these limitations and improve the overall efficiency of the
treatment system.

3.3. Synergistic Approaches: Integration of Electrocoagulation with Conventional Techniques

Over the years, extensive research has focused on addressing the challenges associated
with EC and enhancing its performance for large-scale applications. One effective strategy
has been integrating the EC with traditional methods such as CC, adsorption, and biological
treatments. Numerous studies have explored the feasibility of this integration, aiming
to achieve faster reaction rates, higher removal efficiency, and reduced operational costs.
Figure 3 provides a graphical illustration of the integration of EC with traditional methods.
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Figure 3. Integration of electrocoagulation with (a) chemical coagulation, (b) adsorption, and (c)
biological pretreatment.

3.3.1. Electrocoagulation and Chemical Coagulation-Based Process

CC remains a prevalent method for treating wastewater from various industries but
often leaves behind dissolved and SS, which need further treatment. The combination of CC
with EC could enhance process efficiency and lower overall costs. Numerous studies have
explored the use of CC with appropriate coagulants prior to EC. This combination aims
to enhance pollutant removal while also minimizing both the cost and duration of the EC
treatment phase. For example, a hybrid CC-EC method was employed to treat wastewater
from the slaughterhouse industry. The method utilized PACI as a chemical coagulant
up to 100 mg/L in the first stage (CC), followed by the application of Al electrodes at
40 V in the EC stage. The findings indicated that this hybrid approach effectively treated
slaughterhouse wastewater, achieving over 99% removal of COD and BOD [96]. In another
study, a combined EC-CC process was used to treat brewery wastewater. Operating the
EC-CC system at 5 W for 20 min with Al electrodes and dissolved aluminum sulfate
yielded consistent removal rates of 26% for COD, 74% for reactive phosphorus, 76% for TP,
and 85% for TSS. Despite significant energy consumption, the EC-CC treatment proved
economically viable when considering potential savings from reduced discharge fees.
Notably, at the lower power setting of 5 W, recovery costs were 23% higher than at a
10 W supply, indicating effective processing at reduced power input [97]. A recent study
investigated a combined approach of CC and EC at the pilot scale to eliminate fluoride from
tungsten-melting wastewater. The pilot tests effectively reduced fluoride concentrations,
with operational costs ranging from USD 0.99 to 1.51/m? of wastewater. The cost analysis
revealed that the three most significant expenses in the CC process were liquid caustic soda,
aluminum sulfate, and solid waste management. In contrast, the primary costs associated
with the EC advanced treatment included the Al electrodes fee, electricity charges, and
solid waste disposal [98]. These studies indicate that the combined application of CC and
EC greatly improves pollutant removal from various types of wastewater. However, it
is crucial to highlight that in the combined CC-EC process, CC is implemented first to
manage the pollutant entering the subsequent EC stage. While the high effectiveness of
the combined CC-EC method has been extensively examined in lab- scale studies, it has
been less frequently evaluated at the pilot scale. This is primarily due to the significant
drawback of elevated operational costs associated with CC, electrode replacement, and
electricity usage.
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3.3.2. Electrocoagulation and Adsorption-Based Process

Adsorption is a promising alternative technique for achieving substantial reductions
in pollutants from various industrial effluents. However, the operating cost tends to be
high due to the need for adsorbent regeneration and disposal. Incorporating EC prior
to the adsorption process can enhance pollutant removal efficiency and lower overall
operating costs. An investigation was carried out using EC as the sole treatment method,
allowing for simultaneous EC and adsorption with Al electrodes. The study utilized a
central composite design to optimize pH, current density, and reaction time to assess their
effects on the removal of COD, total organic carbon (TOC), and TSS from landfill leachate.
Under optimal conditions of pH 7.35, a current density of 15.29 mA/cm?, and a reaction
time of 57 min, the removal efficiencies were 83.56% for COD, 73.12% for TSS, and 85.58%
for TOC [99]. Similarly, another study explored the effectiveness of combining EC with
adsorption using natural zeolite for treating industrial wastewater. The study utilized
response surface methodology to optimize various operational parameters, including
pH, current density, reaction time, and zeolite dosage. Optimal conditions of pH 7, a
current density of 38 mA/m?, an electrolysis duration of 20 min, and a zeolite dosage of
0.183 g/mol resulted in 92% COD removal and 97% turbidity reduction [100]. Additionally,
a study assessed a solar photovoltaic power EC-assisted adsorption system for treating
pharmaceutical wastewater. A COD removal rate of 95.5% was achieved at optimum
conditions of 20 min reaction time, 6.656 mA /cm? current density, and a temperature of
45 °C with an operating cost of USD 0.273/m? of wastewater [101]. It is crucial to note that
all these studies employed EC as a preliminary treatment before adsorption, ultimately
enhancing overall process efficacy. However, the integration of EC and adsorption presents
significant challenges, including the need for electrode replacement, adsorbent regeneration,
and process optimization. As a result, this combined approach is infrequently examined in
pilot-scale studies.

3.3.3. Electrocoagulation and Bioprocess-Based Treatment

EC combined with biological treatments has emerged as an effective technology for
addressing heavily contaminated industrial effluents. While biological treatments have
demonstrated significant potential in removing organic pollutants from wastewater, they
often struggle with non-biodegradable and toxic substances. In this context, EC presents a
promising solution that can be integrated with biological processes to improve contami-
nant removal. A study was conducted to assess the effectiveness of integrating EC with
biological fungal treatment to treat tannery wastewater. RSM was employed to examine
how different conditions influenced treatment efficiency. The findings revealed that using
Al-Fe electrodes under optimal conditions resulted in removal efficiencies of 96% for COD
and 97% for Cr®* [102]. In another study, EC combined with biological treatment effectively
addressed wastewater from the oil industry. The process of EC followed by aerobic biofiltra-
tion significantly increased the biodegradability of total petroleum hydrocarbons, achieving
reductions of 95% in COD and 98% in total petroleum hydrocarbons [103]. A more recent
study explored a modified biological integrated EC method for treating municipal wastew-
ater, aiming to reuse the treated water for irrigation. This combined approach achieved
notable removal efficiencies: 78.8% for turbidity, 56.8% for hardness, 28.4% for conductivity,
37.4% for total dissolved solids (TDS), 98.3% for TSS, 27.6% for chloride, 26.7% for NH3-N,
78% for BOD, 81% for COD, and an impressive 99.9% for total coliforms. The process
consumed 9.9 Wh/L of energy, with an operational cost of USD 0.76/m? of municipal
wastewater [104]. However, this approach faces challenges, including the complexity of
the integrated system, the need for additional equipment, higher maintenance costs, and
the optimization of operational parameters, which limits its broader application.

3.4. Next-Generation Approaches: Electrocoagulation Integration with Emerging Technologies

The integration of EC with traditional approaches such as biological treatment, CC,
and adsorption often falls short of effectively removing contaminants like dyes, salts, and
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surfactants. Furthermore, these conventional methods are complex and require significant
investment. Considering these challenges, researchers have focused their efforts on devel-
oping innovative hybrid technologies that can integrate with EC. This advancement aims
to simplify processes, lower operational costs, and enhance the removal of contaminants
from wastewater.

3.4.1. Electrocoagulation-Membrane-Based Treatment

Membrane separation processes offer great simplicity and energy efficiency compared
to other separation techniques, making them ideal for eliminating contaminants. Several
membrane-based methods, including ultrafiltration (UF), reverse osmosis (RO), forward
osmosis (FO), membrane distillation (MD), nanofiltration (NF), electrodialysis (ED), and
membrane bioreactors (MBR) have demonstrated superior effectiveness in removing pollu-
tants from different industrial wastewater. However, these technologies face significant
challenges, mainly fouling, which can lead to increased operational costs despite their
ability to eliminate nearly all contaminants. To mitigate this issue, pretreatment methods
are often employed before the membrane processes to improve efficiency and reduce costs.
In this context, integrating the EC as a pretreatment step before membrane technology
presents a versatile and promising solution for water treatment characterized by reduced
space requirements, minimal chemical usage, and enhanced efficiency. For example, a
hybrid EC-membrane technology for industrial wastewater treatment is illustrated in
Figure 4. Numerous studies have investigated integrating various membrane technologies
with EC to improve the removal of contaminants from industrial effluents. One study, for
instance, combined EC with UF and RO to remove pollutants from hospital wastewater.
UF uses a membrane with pore sizes of 1 to 100 nanometers to retain larger molecules,
while RO employs a membrane with pore sizes of approximately 0.0001 microns to remove
dissolved salts and small contaminants. The EC-UF configuration resulted in TSS, TDS,
BOD, and COD removal efficiency of 95.12%, 97.53%, 95.18%, and 97.88%, respectively,
with an operating cost of USD 3.92/ mS> of wastewater. In contrast, the EC-RO configuration
demonstrated even higher efficiencies with TSS, TDS, BOD, and COD removal rates of
97.64%, 99.85%, 97.88%, and 98.38%, respectively, at an operating cost of USD 4.02/ m3 of
wastewater. When the treatment scale was increased to 50 m?/day, the operating costs
dropped to USD 0.89/m3 for EC-UF configuration and USD 0.93/m3 for EC-RO config-
uration [105]. In another study, EC was integrated with UF membrane to treat palm oil
mill effluent, revealing that using a bipolar electrode significantly enhanced coagulation
efficiency. The removal efficiencies for TDS, TSS, COD, and BOD were 59.1%, 99.9%, 96.8%,
and 96%, respectively, with an estimated operating cost of USD 2.71/m?3 and an energy re-
quirement of 6.20 kWh/m3 [106]. FO is recognized as an innovative membrane technology
for freshwater production, operating on the principle of natural osmotic pressure gradients.
A lab-scale hybrid EC-FO setup was tested for treating produced water, achieving a maxi-
mum flux of 1.2 LPM under optimal conditions with a current density of 10 mA /cm? and a
residence time of 10 min for the EC process. This configuration effectively removed 99% of
TSS, 98% of turbidity, and 16% of conductivity [107]. MD, another separation technique,
involves vapor molecules passing through a porous hydrophobic membrane. Utilizing EC
as a pretreatment for MD offers several advantages, particularly in preventing membrane
wetting, which occurs when water permeates through the membrane pores. A study on a
hybrid EC-MD process for treating produced water from hydraulic fracturing found that
EC effectively reduces TOC, which is crucial for minimizing membrane fouling during
the MD process [108]. ED is an electrically powered membrane process that drives ions
through a membrane using an electric current. It boasts high selectivity, excellent recovery
rates, and the ability to remove most contaminants from raw water. However, additional
treatment steps are often necessary for effective wastewater treatment. One study demon-
strated the success of a hybrid EC-ED process in treating tannery wastewater, achieving a
COD removal efficiency of 92% when Al electrodes were used while eliminating NH3-N,
chromium (Cr), and color. When Fe electrodes were employed, the COD removal efficiency
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was 87%, with complete removal of NH3-N, Cr, and color [109]. Additionally, a submerged
membrane reactor was integrated with EC for greywater treatment. With a voltage gradient
of 1.26 V/cm, the removal efficiencies for turbidity, color, COD, NHj3-N, and total phospho-
rous (TP) were found to be 100%, 99.7%, 92%, 94.1%, and 96.5%, respectively [110]. While
utilizing EC as a pretreatment method marks a significant advancement in water treatment
technology, membrane fouling remains a critical challenge for long-term operation. Re-
searchers have extensively studied the various types of fouling, their causes, and potential
mitigation strategies. By examining particle size distribution, differing influx ratios, and
the condition of fouled membranes, it has been found that approximately 75-85% of the
initial flux can be recovered when filtering EC-treated wastewater [111]. Furthermore,
pore-blocking models have been developed to analyze the nature of fouling on membranes
exposed to various effluents. Hermia’s models are notably recognized for their effective-
ness in evaluating types of fouling in membrane filtration processes [112]. Ultimately, a
fully optimized and controlled EC process can significantly enhance membrane filtration
performance by minimizing fouling, presenting substantial potential for efficiently treating
industrial effluents while reducing energy consumption and costs.
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Figure 4. Schematic depiction of hybrid electrocoagulation-membrane technology for treating
industrial effluents.

3.4.2. Electrocoagulation—Electrochemical Processes

Hybrid EC-membrane-based processes have shown great potential for wastewater
treatment. Several electrochemical-based processes such as electrooxidation, ozonation,
Fenton, and their integration with EC have also shown promise. However, there is a
growing need to explore and adapt these technologies to improve treatment efficiency
and effectively address the full spectrum of contaminants found in wastewater. EC has
already proven effective in removing numerous pollutants and microbial pathogens. When
combined with advanced electrochemical methods, it not only improves treatment effi-
ciency but also supports environmental sustainability. This combination is user-friendly
and characterized by low energy consumption and ease of operation [113]. Advanced
oxidation processes, in particular, are highly effective as they generate a variety of reactive
species capable of breaking down organic pollutants. Different methods for generating
radicals include electroreduction, electro-Fenton, photo-Fenton, and ozonation [114]. Over-
all, integrating EC with various electrochemical processes offers a holistic approach to
wastewater treatment, leveraging the strengths of both technologies.

Among the various electrochemical treatment systems, the combination of EC and
electrooxidation (EO) is frequently utilized for wastewater treatment. EO is a sophisti-
cated oxidation method that relies on electrolytic reactions occurring at the surface of
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the electrodes. In this process, pollutants present in the wastewater are drawn to the
electrode surface, where they undergo oxidation after adsorption. Using EC as a prelimi-
nary treatment, colloidal and suspended particles can be rapidly coagulated, enabling the
EQO system to eliminate any remaining pollutants. A combined EC and EO process has
been employed to treat industrial wastewater. Using the EC system alone, the removal
efficiencies for COD, BOD, total coliforms, color, and turbidity were recorded at 85.6%,
46.4%, 99%, 52%, and 83.8%, respectively, at a current density of 80 mA/ cm?. In contrast,
the hybrid EC-EO system rapidly coagulated and eliminated colloidal particles, while
the EO component effectively addressed the remaining particles, achieving over 99% re-
moval of all contaminants [115]. In another investigation, the combined EC-EO method
was utilized for water treatment. Although EO effectively removed certain trace organic
compounds, its performance was limited by the presence of dissolved organic carbon.
However, when paired with EC, the removal of these trace contaminants improved, and
the interference from dissolved organic carbon was mitigated. This synergistic approach
resulted in higher pollutant removal rates than when each method was applied individu-
ally [116]. Additionally, research on the EC-EO integration for treating industrial container
wash wastewater, characterized by high levels of COD and phosphorus, demonstrated
significant removal rates of 97% for phosphorus and 95% for COD, successfully meeting
discharge regulations [117]. These findings highlight the potential of the combined EC-EO
process to enhance wastewater treatment by effectively addressing a variety of pollutants.
Nonetheless, it is essential to note that this hybrid system may not be universally effective
for all types of wastewater, particularly those containing surfactants and cleaning agents.
Therefore, further research is essential to optimize operational parameters, assess the appli-
cability of these processes across different wastewater types, and evaluate the scalability
and cost-effectiveness of this combined approach.

Ozonation is a highly effective technology that utilizes ozone as a powerful oxidant to
break down various pollutants, including dyes. This process generates hydroxyl radicals,
solid and non-selective oxidants, allowing for the indirect oxidation of a wide range of
contaminants. Although ozonation has been extensively researched on a pilot scale due to
its high efficiency, it has limitations when dealing with high-molecular-weight pollutants.
To address this, a synergistic method that combines EC with ozonation has emerged as a
promising solution. One study evaluated the effectiveness of the EC-ozonation process in
treating greywater. Under optimal conditions—using Fe electrodes, a neutral pH, an ozone
concentration of 47.4 mg/L, and a current density of 15 mA /cm?—significant reductions
were achieved: 85% for COD and 70% for TOC [118]. Another investigation proposed a
combined ozone-assisted EC approach for degrading color and COD in distillery spent
wash. This continuous process attained impressive removal rates of 97.3% for COD and
98.7% for color [119]. Additionally, a study introduced a method that integrates sedi-
mentation, EC, and ozonation for wastewater treatment, achieving remarkable removal
efficiencies of 90.9% for COD, 100% for color, 73.7% for total solids (TS), and 99.7% for
SS [120]. These findings collectively illustrate the potential of the combined EC-ozonation
approach for enhancing wastewater treatment by leveraging the strengths of both methods.
Nonetheless, further research is essential to optimize the process and assess its applica-
bility to various wastewaters, aiming for the cost-effective scalability of this combined
treatment strategy.

Electro-Fenton (EF) is an advanced oxidation technique designed to eliminate persis-
tent organic pollutants by generating hydroxyl radicals through specific mechanisms. This
process is categorized into homogeneous and heterogeneous EF based on the mechanism of
pollutant degradation. In homogeneous EF, the catalyst dissolves, leading to the generation
of hydroxyl radicals, which subsequently oxidize organic compounds. Conversely, hetero-
geneous EF occurs when Fe?* is replaced with Fe3* or other transition metal ions. While EF
processes are highly effective for treating various pollutants, they require pH adjustments,
which can increase operational costs. To address these limitations, combining EC with
EF has been proposed to enhance efficacy. One study introduced a dual anode system
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that integrates EC and EF processes to treat leachate concentrate, achieving a removal rate
of 57% for organic materials and 60% for NHj3 under specific conditions. The radicals
produced by this dual-electrode system effectively oxidized both organic substances and
other persistent pollutants [121]. Another research effort implemented a combined EC and
EF approach to treat tannery wastewater, resulting in a COD removal rate of 88.1 & 4.8%
and complete elimination of Cr. This combined method demonstrated a lower global
environmental impact compared to using each process individually [122]. Additionally,
a recent study explored a novel integration of heterogeneous EF and EC for the efficient
removal of Cu-ciprofloxacin complexes. Under optimal conditions, removal efficiencies
of 99.6% for Cu, 96.4% for ciprofloxacin, and 83.6% for TOC were achieved. The primary
mechanism involved the degradation of Cu-ciprofloxacin complexes into smaller molecules,
releasing Cu?* ions [123]. These findings collectively highlight the potential of combined
EC-EF processes for effectively removing contaminants from wastewater. However, fur-
ther research is necessary to optimize the parameters, evaluate scalability, and assess the
cost-effectiveness of this integrated approach.

In summary, integrating EC with emerging technologies such as membrane processes
and advanced electrochemical techniques presents a promising approach for addressing
highly contaminated wastewater. This combination reduces the formation of passive films
on electrode surfaces, boosts radical generation, and improves the degradation of pollutants.
As outlined in Table 3, comprehensive research highlights the effectiveness of EC combined
with membrane and electrochemical technologies in eliminating a range of contaminants,
including phenols, dyes, oils, heavy metals, COD, BOD, and TDS, achieving high removal
rates. These integrated processes demonstrate enhanced treatment efficiency compared
to traditional methods, making them well suited for managing residual effluent and
promoting sustainable practices in water and wastewater treatment. However, it is crucial
to address the long-term sustainability and cost-effectiveness of these integrated systems,
particularly concerning electrode replacement and power consumption. Therefore, long-
term pilot-scale studies should be conducted to better understand the economic viability
and operational implications of these advanced technologies in real-world applications.

Table 3. Summary of electrocoagulation integrated with membrane and electrochemical-based processes.

New Integration Hybrid Wastewater Operating Conditions Results Reference
Technology Process
Electrode configuration: EC-UF: 95.12% TSS, 97.53% TDS;
EC-UF and Hospital 2A-2C-2B) and 95.18% BOD and 97.88% COD removal. [105]
EC-RO wastewater (4A-2C-2B); current EC-RO: 97.64% TSS, 99.85% TDS;
density: 88.5 A/ m2. 97.88% BOD, and 98.38% COD removal.
EC-UF Palm oil mill Electrode configuration: 59.1% TDS, 99.9% TSS, 96.8% COD, and [106]
effluent 2A-2C-2B. 96% BOD removal.
EC: 10 mA/cm?, 10 min
Produced residence time. 99% TSS, 98% turbidity,
EC-FO water FO: 1.2 LPM FS-DS 16% conductivity. (107]
Membrane-based flowrate in PRO mode.
integration -
If_rlzcgf;.im: Effective TOC removal, insoluble
EC-MD rC d ! g Al/Fe electrodes species were effectively coagulated [108]
produce rather than dissolved.
water
AL 0.371 mS/cm at 92% COD and 100% NH3-N, Cr, color
EC-ED Tannery 45 min for Al electrodes. [109]
wastewater | . 87% COD and 100% NH3-N, Cr, color
Fe: 1.5 mS/cm at 75 min.
for Fe electrodes.
EC: AL electrodes at o L o o
EC-Submerged Gray water voltage gradient of 100% turbidity, 99.7% color, 92% COD, [110]

MBR 94.1% NHj3-N and 96.5% TP.

1.26 V/cm.
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Table 3. Cont.

New Integration Hybrid Wastewater Operating Conditions Results Reference
Technology Process
EC: o rr‘r*lrx/df;?ty of  BC. 85.6% COD, 46.4% BOD, 99% total
EC-EO Industrial EO: boron-doped coliforms, 52% cplor, 83.8% turbidity. [115]
wastewater . Hybrid EC-EO:
diamond anode and o -
99% contaminant removal.
Fe cathode.
EO: boron-doped EO is affected by the presence of
) diamond electrodes, R .
Electrochemical current density of dissolved organic carbon. .
integration EC-FO Drinking water 14.8 mA /cm?. EC removed 74 if7 % dissolved organic [116]
EC: Fe electrodes, current carbon from water.
’ Y Hybrid EC-EO effectively removed
density of .
1.85-11.1 mA /cm? all contaminants.
Industrial EC followed by EO with The EC-EO hybrid process removed
EC-EO container wash boron-doped electrodes 97% phosphorus and 95% COD. [117]
water and current density of EC-EO reduced treatment cost around
0.12 A/cm?. 3.3 times more than individual.
60 min electrolysis time, 85% COD, 70% COD were removed.
. pH7.0,47.4 mg/L ozone, ; o )
EC-ozonation Gray water 15 mA /em? EC with Fe electrodes exhibited high [118]
. catalytic activity.
current density.
Distillerv spent Combined ozone-assisted EC approach
EC-ozonation Y 5P Al electrodes achieved 97.3% COD and [119]
wash
98.7% color removal.
EC: Al anode and Fe
Fiberboard cathode with current . .
. . . Hybrid process achieved 90.9% COD
- 2 y 1% ,
EC-ozonation industry density o.f 2143 A/m*. 100% color, 73.7 TS, and 99.7% SS. [120]
wastewater Ozonation: flow of
2.5 g/h at initial pH of 7.4.
Leachate 1211; ir??;i;:}rlszeg;’ 57% organics, 60% NH; were removed.
EC-EF g€ Most of the fulvic and humic substances [121]
concentrate 7 Ah/L, potential were removed
of 7V,pH7. :
EC: mild steel electrodes. Thfe hybrid 2h EF-5 h EC process
o e achieved 88.1 4 4.8 COD and total
Tannery EF: air diffusion cathode L
EC-EF elimination of Cr. [122]
wastewater and boron-doped . .
. The electrical energy consumption was
diamond anode. .
reduced to 1.7 times.
N-Co/Fe-PC cathode and o o .
EC-EF Heavy metal graphite anode. Current: 99.69% Cu, 96.40% Ciprofloxacin, and [123]

wastewater

2-150 mA, pH: 3-7.

83.62% TOC removed.

4. Conclusions and Future Perspective

Coagulation is a method used to eliminate contaminants from wastewater effectively.

Both synthetic and natural coagulants have been recognized as effective materials in this
process. Natural coagulants have been utilized for decades, even before the advent of
chemical coagulants. However, the latter have gained significant popularity recently de-
spite their drawbacks, such as high costs and the production of toxic byproducts. This has
prompted a shift towards natural coagulants, which are more cost-effective and environ-
mentally friendly. Nonetheless, concerns regarding their effectiveness on a larger scale
often limit their use.

EC has emerged as a highly efficient and eco-friendly technology for contaminant
removal in water and wastewater treatment. Like other treatment methods, EC faces
challenges, including electrode passivation and substantial energy consumption, mainly
due to the lower conductivity of specific wastewater. Additionally, EC is less effective at
removing stable, persistent organic compounds to levels that meet discharge regulations.
Our findings suggest that integrating EC with established treatment methods, such as CC,
adsorption, and biological treatment, presents a promising avenue for enhancing wastewa-
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ter treatment efficiency. However, this integrated approach faces several challenges related
to operational economics, including high operational costs, the need for adsorbent regen-
eration, process optimization, and increased maintenance expenses. Furthermore, these
methods have yet to be studied at the pilot scale. In this context, emerging technologies
like membrane processes and advanced electrochemical techniques, particularly when
integrated with EC, offer significant potential. Utilizing EC as a pretreatment method before
these advanced techniques provides several advantages, including increased permeate
water volume, improved water quality, reduced membrane fouling, and lower operational
costs for hybrid systems. However, for the commercialization of hybrid EC processes,
several challenges must be addressed. These include minimizing the consumption of
sacrificial electrodes, which necessitates further research into cost-effective alternatives.
Additionally, more pilot-scale studies are needed to evaluate the effectiveness of hybrid
EC processes on various industrial wastewater. Long-term assessments should also be
conducted to determine the efficacy of different hybrid EC systems. Addressing these
research gaps and challenges will significantly enhance the field of hybrid EC processes,
providing sustainable and cost-effective solutions for water and wastewater treatment.
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neural network; GA: genetic algorithm; Cu: copper; STS: stainless steel; TOC: total organic
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bioreactor; TP: total phosphorous; EO: electrooxidation; TS: total solids; Cr: chromium; EF:
electro-Fenton; EPA: US Environmental Protection Agency.
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Abstract: The global trend towards sustainable development has included the implementation
of renewable energy recovery technologies in municipal wastewater treatment plants (WWTPs).
WWTPs are energy-intensive consumers with high operational costs and often are dependent from
the electricity supplied by the main grid. In this context, the integration of renewable energy
recovery technologies into WWTPs emerges as an environment-friendly strategy that enhances
energy efficiency, sustainability and reduces energy operating costs. Renewable energy recovery
technologies, such as anaerobic digestion, microbial fuel cells, and sludge gasification, can offer
multiple benefits for a WWTP. Anaerobic digestion is the most widely adopted technology due to
its efficiency in treating sewage sludge and its ability to generate biogas—a valuable renewable
energy source. The use of biogas can offset the energy demands of the wastewater treatment process,
potentially leading to energy self-sufficiency for the WWTP and a reduction in reliance from the
electricity supply from the main grid. Similarly, microbial fuel cells harness the electrochemical
activity of bacteria to produce electricity directly from wastewater, presenting a promising alternative
for low-energy processes for sustainable power generation. Gasification of sewage sludge is a
promising technology for managing municipal sewage sludge, offering key advantages, especially
by generating a renewable energy production (sludge is converted into syngas), which further
decreases the sludge volume and operating costs with sludge management, helps to eliminate odour
associated with sewage sludge, and effectively destroys the pathogens. Adoption of renewable energy
sources in WWTPs can be a great alternative to overcome issues of high operating costs and high
dependency of electricity from the main grid, but their successful integration requires addressing
challenges such as technological maturity, economic feasibility, and regulatory frameworks. This
study aims to comprehensively explore the significance of different renewable energy technologies in
municipal WWTPs, including site-specific and non-site-specific sources, evaluating their impact on
sustainability, energy efficiency, and overall operational effectiveness. This review also highlights
some studies in which different strategies were adopted to generate extra revenue and/or reduce
operating costs. Through a comprehensive review of current practices and emerging technologies,
this study underscores the transformative potential of these innovations in advancing low-emission

wastewater management.

Keywords: wastewater treatment plants (WWTP); renewable energy resources; sewage sludge

1. Introduction

Wastewater treatment plants (WWTPs) are an essential component of a municipal
system. These facilities receive raw municipal wastewater, treat it and send the treated
effluent back to the environment [1]. WWTPs are large energy consumers, requiring a
significant amount of electricity for their operation. Treating municipal wastewater is a
complex and costly process; for example, the energy costs can range from 2% to 60% of
the total operating costs, depending on the level of treatment used [2]. On average, the
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energy required to treat 1 million liters of sewage is between 150 to 1400 kWh. The reason
for this energy range may be associated with several factors, such as treatment levels,
facility capacity, energy efficiency, operational processes, and regulatory requirements [3].
In addition, due to more stringent effluent standards and the increase in the volume of
wastewater generated globally, energy demand for WWTPs has been increasing [4].

With rising electricity costs, sustainability targets, and efficiency goals, more and more
plants are looking for alternatives to minimise their operating costs and reduce carbon
emissions while increasing their energy efficiency [1]. A commonly used technology for
treating wastewater in WWTPs is anaerobic digestion (AD), and through this process,
biogas is generated from the sludge treatment. Although energy recovery from AD is
a very mature and common alternative, other emerging renewable energy technologies
are arising as complementary sources to improve the potential of energy production in
WWTPs [3]. Renewable energy technologies can significantly decrease a plant’s overall
energy demand and, in some cases, help energy-intensive consumers move toward energy
self-sufficiency or even energy positivity. For example, several WWTPs in the USA (i.e., East
Bay Municipal Utility District, Gresham, Gloversville-Johnstown Joint, Point Loma, and
Sheboygan Regional) and Europe (Aquaviva, Greves-muhlen, Strassim, Wolfgangsee-Ischl,
and Zillertal) have implemented different strategies to reach self-sufficiency, including
the adoption of renewable energy technologies and co-digestion [5]. Another possibility
to reduce energy costs is to participate in demand-response programs and demand-side
management [6].

A large number of studies have been conducted on this topic of renewable energy
generation in WWTPs. Some studies have focused on a particular technology, including
anaerobic digestion [7], fuel cells [8], combined heat and power (CHP) technologies [9],
supercritical water gasification [10], hydrothermal liquefaction [11], thermochemical con-
version processes [12], and hybrid systems [13]. Some reviews explored new technologies
not widely implemented in large-scale plants, including dark fermentation (DF), pho-
tocatalysis, photo-fermentation (PF), microbial photoelectrochemical cells (MPEC) [14],
Microbial Electrolysis Cells (MECs) [15], microbial fuel cells (MFCs) [16], and biodiesel [17].
Other studies explored different strategies and market opportunities for WWTPs, including
demand-response and demand-side management [6] and energy spot markets [18]. Al-
though review papers covering different types of renewable energy technologies adopted
in WWTPs have been conducted, few articles have considered and summarised multi-
ple technologies in one comprehensive review. In this context, this review paper aims
to comprehensively review the different types of energy technologies that can be used
in WWTPs, including site-specific and non-site-specific sources. These technologies can
lead WWTPs to be less dependent on importing electricity from the main grid, become
more energy-sustainable and reduce operating costs. In addition, this review also included
some alternatives that these facilities can explore to generate extra revenue and/or reduce
operating costs, including providing grid services. The main contribution of this paper is to
summarise the several types of renewable energy technologies that can be used in WWTPs
in one review paper which can provide a comprehensive, balanced, and forward-thinking
overview on this topic.

This literature review was conducted by searching related works in the academic
literature and government and industry reports. To conduct this study, two research
questions were included: Which types of site-specific and non-site-specific renewable
energy technologies can be used in WWTPs? Which strategies and opportunities can be
explored by WWTPs to increase revenues and benefits? Based on the research questions,
the following research objectives were developed: (1) review different renewable energy
technologies, including site-specific and non-site-specific that can be adopted by WWTDPs,
and (2) investigate strategies and opportunities WWTPs can consider to increase revenues
and/or reduce operating costs. As the first step, the literature search was conducted
primarily using three online databases—Scopus, IEEE Xplore, and ScienceDirect—for
academic papers published in journals and conference proceedings. Despite limitations,
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this work aims to provide a rigorous and comprehensive review of energy generation in
WWTPs. Therefore, it is expected that the insights and results from this study will be
useful in generating a clear, structured, and comprehensive understanding of the current
state-of-the-art of renewable energy generation opportunities in WWTPs.

This paper is organised as follows. Section 2 presents a short WWTP overview.
Section 3 explores different energy technologies that can be adopted in WWTPs for energy
recovery and power generation. Section 4 explores some market strategies that were used
by WWTPs to generate revenues, including providing grid services, demand-response
participation, and exposure to the spot electricity market. Challenges and opportunities for
WWTPs in adopting renewable energy sources (RES) and providing grid services Section 4.
This review is concluded in Section 5.

2. WWTP Overview

The main objective of a WWTP is to accelerate the natural process of purifying wastew-
ater and return it back to the environment. The wastewater treated by WWTPs, also known
as effluent, must meet quality standards and regulatory requirements (i.e., solids, carbon,
phosphorus and nitrogen limits). The effluent’s discharge standards can be defined by the
state, territory, or on a national level. They can also vary from plant to plant depending on
different factors, such as age, impact on waterways, and treatment capacity. WWTPs may
differ in size, capacity, efficiency, effluent quality requirements, and type of treatment pro-
cesses. In terms of treatment process, wastewater plants can be composed of one (primary),
two (secondary), or three (tertiary) stages. Figure 1 shows a schematic diagram of a facility
with two stages, primary and secondary [19].

Wastewater
influent

Preliminary Primary Biological Secondary
treatment clarifier reactor clarifier
(screens,
comminutor,
grit chamber)

Disinfectant

Primary Gravity Secondary Effluent
Preliminary and sludge thickener sludge
FEIRAIEER AL Secondary treatment

Effluent recycled through Anaerobic

secondary reactor digester Centrifuge Biosolids

Sludge treatment

Figure 1. Basic schematic of a WWTP that provides primary and secondary treatments [19].

Preliminary and primary treatments are associated with the physical processes that
are used to clean the wastewater. The objective of this stage is to remove solids from
wastewater. In the preliminary stage, pollutants and large particles (i.e., rags, twigs,
and stones), which can cause operational damage in treatment processes, especially to
pumps, are removed from the wastewater. This stage usually uses screens, grit chambers,
comminutors, and flotation. Primary treatment, also known as sedimentation, is where the
scum, suspended, and settled solids are removed by sedimentation on the primary clarifiers.
In most facilities, the preliminary stage is considered as a component of the primary
treatment [19]. Secondary treatment consumes the organic matter that was not removed
during the primary treatment. In this stage, biological mechanisms are able to remove up
to 85% of the organic material contained in the wastewater. Usually, secondary treatment
relies on biological reactors followed by a second clarifier with an activated sludge process.
Some WWTPs are required to remove nutrients (i.e., nitrogen and phosphorus), and, in
this case, additional tanks may be needed to accomplish the effluent quality standards in a
process called nitrification—denitrification. Nutrient removal can be achieved by chemical
or biological methods or a combination of both. Tertiary treatment aims to remove specific
pollutants that were not removed from the previous treatment stages. It usually relies on
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chemical processes and filtration to provide the required polishing before the effluent is
disposed. Additional treatment can be provided to extract nutrients and remove pathogens
if required [19,20]. Choosing the most appropriate effluent treatment technology for a
WWTP involves considering various technical factors (i.e., effluent volume, water demand,
and plant size), and some commercial software tools, such as Winflows, IMSDesign, and
WAVE, can support the planning and design processes of a WWTP.

Sewage Sludge

Sewage sludge is the solid material (organic and inorganic) removed from the raw
wastewater during the treatment process. The amount of sludge produced in a WWTP is
proportional to the quantity of wastewater treated by the plant, and can be expressed in
mass or volume. On average, the total sludge produced may range from 0.2 to 0.3 kg/m?>
of wastewater treated [19]. It contains a mixture of organic and inorganic matter and a
high concentration of several pathogenic organisms that have to be treated before disposal.
Sewage sludge disposal is costly, and most WWTPs must follow regulatory requirements
for waste management [21]. The energy recovery potential from sludge is directly related
to three main components: (i) water content, (ii) organic (volatile) and (iii) inorganic (inert)
matter. Several methods can be found on both literature and industry to treat sewage sludge,
including anaerobic digestion (most common), co-digestion, composting, incineration,
disposal in landfills, or being used in agriculture as a soil conditioner. However, due to the
high costs of conventional treatment methods and the aim to improve sustainability targets
and reduce operating costs of sludge disposal, WWTPs can recover energy from utilise
sewage sludge using different methods [12], as shown in Figure 2. The energy content of
dried sewage sludge, with 21-48% volatile matter, can range between 11.1 and 22.1 MJ/kg,
and the calorific values for primary, secondary, and digested sludges were reported to be
16.2 MJ /kg, 12.2 MJ /kg, and 11.4 M] /kg, respectively [22].

Influent/Effluent Wastewater Sewage Sludge Effluent
P l i l ] . i : ll X i l l l T Anaerobic l l Water
Hydropower el e Gaslfllcatlon Pyrolysis H"FC HIL  SCWO Transesterification i SC\i‘VG MEC  oocrolysis
\_u_f [ —F—= = | | i
W T I it
By-products Electricity Heat Syngas Bio-oil Biocrude Biochar Bio-diesel Biogas Hydrogen

Figure 2. Site-specific sources of renewable energy in a WWTP.

3. Energy Resources in WWTP

Renewable energy technologies have become an essential component of the energy
transition and one of the most effective solutions for reducing costs and emissions from
WWTPs. Several types of renewable energy sources can be adopted by a WWTP. Some
options can take advantage of the specific plant’s sources, including energy recovery from
wastewater and sewage sludge, an influent/effluent flow, and treated water. In contrast,
others can be non-site-specific, such as solar and wind. Although many technologies can be
implemented in WWTPs, some are still in the research and development stages and have
not been widely used in large-scale facilities [23].

3.1. Site-Specific Sources

Site-specific sources refer to the energy recovery embedded in the WWTP’s resources,
including wastewater, sewage sludge, an influent/effluent flow, and treated water. In
theory, the energy contained in a municipal wastewater and sewage sludge can be about
five to ten times more than the energy required for their treatment processes, and this
energy is mainly found in three forms: chemical, hydraulic/kinetic, and thermal. Based
on this huge potential, according to the Water Environment Federation, WWTPs have the
potential to become energy-neutral facilities or even net-energy producers [24]. Although
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many energy recovery methods can be used in WWTPs, each technology has its advantages,
disadvantages, limitations, and potential benefits. Some of them are very widely used
in large-scale plants (i.e., anaerobic digestion), and others are not as common (i.e., water
electrolysis, MFC and MEC). Figure 2 illustrates the energy resources that can be recovered
from a WWTP and the conversion processes associated.

3.1.1. Anaerobic Digestion

Anaerobic digestion (AD) is the most common technology used to treat sewage sludge
in WWTPs (48% of the total wastewater is treated through AD in the USA). In this pro-
cess, microorganisms consume the organic matter in the sludge and generate biogas as
a by-product of the digested sludge. This process occurs in the absence of oxygen and
is divided in four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis.
Biogas is a renewable gas that contains mostly methane and carbon dioxide, which can
be used on-site to generate both electricity and heating or can be upgraded and injected
into gas networks [25]. Several factors can influence the AD process, such as feedstock
characteristics (i.e., total solids, suspended solids, volatile solids, chemical oxygen demand,
and the carbon/nitrogen ratio) and operational parameters (i.e., temperature, retention
time, organic load rate, pH, alkalinity, and reactor volume) [7].

Sewage sludge is known for its low degradability and low carbon/nitrogen ratio (two
main parameters for anaerobic digestion efficiency). An effective alternative to overcome
these challenges is to use co-digestion. It combines two or more organic feedstocks aiming
to enhance the overall efficiency and performance of the digestion process, including biogas
production and methane concentration. The average biogas generation from sewage sludge
only can vary around 0.9-1.1 m®/day.m? digester volume, whereas using co-digestion, it
can reach up to 2.5-4.0 m®/day.m? digester volume. Depending on the feedstock type, bio-
gas production with co-digestion may increase by 25 to 400% compared to single-feedstock.
Examples of feedstocks that can be mixed with sewage sludge include agricultural residues,
beverage/dairy/food processing waste fats, food waste/scraps, oils, and grease (FOG),
microalgae, an organic fraction of municipal solid waste (OFMSW), and high-strength
waste (HSW). Some full-scale WWTPs have successfully adopted co-digestion of sewage
sludge and other feedstocks to increase biogas production, such as Grevesmuhlen WWTP
and Kohlbrandhoft WWTP, both in Germany [26] and East Bay Municipal Utility District
WWTP and Des Moines Metropolitan Wastewater Reclamation Authority WWTP, both in
the USA [25].

Pre-treatment techniques can also be used to improve biogas production and AD
process; however, its main objective is to enhance sewage sludge digestibility and dewater-
ability, reduce sludge volume, and minimise environmental impacts. Improving sludge
biodegradability and solubility may allow higher load ratings and shorter retention times,
which can result in a higher processing efficiency [7]. Table 1 summarises some methods
used in sewage sludge treatment, whereas Tables 2 and 3 show some studies found in the
literature related to co-digestion and pre-treatment techniques.

Other methods, such as lime and alkaline stabilisation, are primarily used to reduce
pathogens in the SS as a pre-treatment for land applications and aerobic digestion. Although
the several benefits which can be provided by co-digestion and pre-treatment methods, the
successful implementation of these processes in large-scale facilities may be challenging,
especially in terms of re-designing the operation process and physical upgrades/updates.
Additionally, new operating costs can be added when adopting these new alternatives [7].
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Biogas can be used to generate electricity from different CHP technologies, including
fuel cells (FCs), gas turbines (GTs), and Internal Combustion Engines (ICEs). Traditionally,
an ICE is the most widely technology used in WWTPs due to its low capital and operational
costs, technology maturity, flexibility, robustness, and simple maintenance. GTs are ver-
satile due to their multi-fuel capabilities, relative low maintenance costs, and high-power
density, but compared to ICEs, they are still a more complex technology, requiring more
maintenance and higher investment costs [9]. FCs have grown rapidly worldwide, espe-
cially because of their flexibility, which can be widely used in cogeneration applications.
Different from ICEs and GTs, FC generates electricity directly from chemical energy without
the need for an intermediate mechanical conversion.

Multiple criteria can be considered for selecting the most suitable technology, such
as quantity of biogas available, biogas purity, system capacity, and investment/operation
costs [7]. Table 4 shows the main characteristics of FCs, GTs, and ICEs.

Table 4. Characteristics of fuel cell, gas turbines, and CHP systems.

FC Micro GT GT ICE
Technology status Emerging Mature Mature Mature
Capacity (kW) 200-1200 30-250 12004700 110-3700
Electrical Efficiency (%) 36-45 26-30 26-37 3042
Thermal Efficiency (%) 30-40 30-37 30-52 35-49
CH4 minimum level (%) 85 40 30 60
Emissions Extremely low Very low Low Medium/High

Capital costs (USD/kW) 3800~5280 800~1650 1100~2000 465~1600
O&M costs (USD/kWh) 0.004~0.019 0.012~0.025 0.008~0.014 0.01~0.025

The biogas generated from WWTPs can also be upgraded into biomethane and used
as renewable natural gas (RNG). For example, the Janesville WWTP used the biomethane
generated on-site to power eight biogas-based fuel vehicles in 2012, with a goal to refuel
up to 40 vehicles in the future. The plant has a treatment capacity of over 68,000 m>/d
and a maximum fuel capacity of up to 33,357 MJ/d. From the total biogas generated
(225 m3/h), about 35.7% (80.4 m®/h) was used in the biogas upgrade to refuel the vehicles,
and the remaining part was used in the CHP system [61]. Point Loma WWTP secured a
long-term clean biogas power purchase agreement (PPA) with two customers: University
of California (2.8 MW) and San Diego South Bay Water Reclamation Plant (1.4 MW). The
project cost USD 45 mi, and 75% of the project was subsidised. The plant has capacity
to generate around 45,300 m>/d, and it was the first project in California (USA) to inject
biomethane into the natural gas network [62]. San Antonio WWTP, located in Texas, USA,
partnered with Ameresco under a PPA to develop a biogas project. The system treats and
upgrades the biogas generated during the sewage treatment process and injects it into a
commercial gas pipeline. The system has the capacity to process more than 42,475 m®/d of
biogas, and about 60% is injected into the gas network, providing an annual reduction of
over 19.700 tons of CO;, [63]. Newtown Creek WWTP, located in New York (USA), aims
to provide enough RNG to supply 5200 homes, saving up to 90,000 metric tons of GHG
emissions [64]. Many studies have been conducted on the use of biogas-fuelled gas turbine
cogeneration systems in WWTPs. Table 5 summarises some studies that investigated the
energy generation potential using FCs, GTs, and ICEs in WWTPs.
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3.1.2. Thermochemical Processes

Thermochemical Processes aim to recover the sludge energy content by changing its
composition, including biological, chemical, and physical characteristics, based on thermal
treatment to produce a valuable fuel, which can be solid, liquid, and /or gas renewable fuels.
Additionally, it can reduce the operating costs related to sludge disposal and its negative
impacts on the environment. These processes have been receiving significant attention
over the last few decades, and they can be classified into incineration (also known as
combustion), gasification, pyrolysis, and hydrothermal treatments [79]. Figure 3 illustrates
different thermochemical methods that can used to treat sewage sludge, producing valuable
by-products, including hydrogen-rich gas, syngas, bio-oil, and biochar.

Sewage Sludge

|
v v v v
Combustion  Gasification  Pyrolysis  Hydrothermal
I | —
v v E 22 72 S 2N
Heat Ash Ha-rich gas Syngas Biochar Bio-oil
| | | ! ' |

v v

Energy Recovery Material recovery

Figure 3. Thermochemical processes applied to sewage sludge for energy recovery.

(a) Combustion

Also known as incineration, it occurs under high temperatures (between 800 °C and
1000 °C) and an excess of air. It is a very mature technology and one of the most traditional
methods to convert biomass into energy. Its applications on sewage sludge have been
widely studied, and the main benefits of using combustion includes achieve complete
oxidation of the organic elements in the biosolids, reduce the sludge volume, and ensure
pathogen destruction. In this process, heat and electricity can be recovered, and other
co-products, such as ash (inert material), flue gas, and water, are generated [80]. Its main
advantages include the ability to significantly reduce the sludge volume (up to 90%),
destroy pathogens and toxic elements, mature technology, lower costs compared to other
methods, odour control, and potential for energy recovery. However, this method also
results in low energy efficiency, emission of toxic compounds, low economic viability, and
usually requires additional fuel. Due to its high ash and water content, sewage sludge is
typically mixed with other feedstocks (i.e., wood pallets) to achieve a better performance
(process known as co-combustion) [81]. Some commercial sludge treatment facilities have
been reported in the literature, including plants in Belgium, China, Germany, Japan, the
USA, the UK, and the Netherlands, which have used incineration to treat municipal sewage
sludge [80]. For instance, a sludge treatment facility (STF) was constructed and started its
operation in 2015 in Hong Kong, China, to process 2000 tons/day of sewage sludge from the
Stonecutter’s Island WWTP. The STF is supplied by two generators capable of producing
all the electricity needed to operate the plant. The STF is not only energy self-sufficient but
also exports the electricity surplus (up to 2 MW) to the main grid [82].

(b) Gasification

Gasification is a method where the biomass (i.e., dried sludge) is exposed to a high
temperature (about 1000 °C) in a reduced air environment, generating syngas, heat, and
ash. The syngas (synthetic gas) composition may include CHy, CO, CO;, Hy, O,, and Ny,
which can be cleaned to produce a higher quality fuel, whereas the heat can be further
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recovered to generate electricity. The high heating value (HHV) of syngas from sewage
sludge gasification depends on different parameters, including gasification technology,
operating conditions (i.e., temperature, pressure, and air-to-fuel ratio), and sewage sludge
characteristics. On average, it may vary from 5.8 to 18 MJ/m?>. The benefits of gasification
are related to the ability to deal with the inorganic elements, generation of syngas and heat,
low energy needs, mature technology, and combined feedstocks without quality/efficiency
problems. However, issues related to low energy efficiency, emissions, economic viability,
and additional fuel requirements are the main drawbacks [83].

(c) Pyrolysis

Sludge pyrolysis (also known as liquefaction) operates under a temperature between
350 and 500 °C in a restricted oxygen environment. Some parameters, including tempera-
ture, heating rate, residence time, pressure, sludge characteristics, reactor type, and process
design, can influence pyrolysis efficiency [79]. The main co-product generated from this
process, which can be used as a renewable energy source, is bio-oil, which has a calorific
value of 30-37 MJ /kg [84]. Syngas and biochar are also other co-products generated that
can be used for electricity generation and carbon sequestration or soil amendments, re-
spectively [85]. Different types of pyrolysis can be found in the literature, and the most
common are listed in Table 6.

Table 6. Types of pyrolysis and their characteristics.

Pyrolysis Type  Residence Time Temperature Heating Rate Pressure
Slow >60 min 300-700 °C 0.1-1°C/s
Intermediate ~10 min 500-650 °C 1-10°C/s

Fast 0.5-20's 550-1250 °C 10-300 °C/s 0.1 MPa
Flash <0.5s 800-1300 °C >1000 °C/s

Microwave 30 min 500-1000 °C <5°C/s -
Vacuum 30-120 min 300-600 °C 0.1-1°C/s 0.01-0.02 MPa
Hydro 240 min 350-600 °C 10-300 °C/s 5-20 MPa

Reactor type is a very important parameter in the pyrolysis that directly impacts the
conversion efficiency of organic matter into useful energy (i.e., solid, liquid or gas fuels).
Examples of pyrolysis reactors include fixed bed, fluidised bed, rotary kiln, auger (screw),
microwave, vacuum, conical spouted bed, bubbling fluidised, circulating fluidised, plasma,
and solar, as illustrated in Table 7. Among them, the most common are the fixed and
fluidised bed reactors due to their low cost, simplicity, efficiency, flexibility, heat uniformity,
and controllability [85].

Table 7. Types of reactors used in pyrolysis.

Type Details Efficiency Op. Costs Scale Benefits Limitations

- Simple design

Stationary bed, Low to Moderate - Low capital cost - Lower throughput
FiBR batch or continuous moderate (USD 30~80/ Small - Eas tol:(,) erate - Low heat transfer
operation (15-25%) ton SS) } Wel}ll-estaglishe d - Energy efficiency

Granular material, - High heat transfer efficiency

Moderate Moderate i - Complex design
FBR gzzafigsvbcyolrlg:j;is to high (USD 50~120/ Large B S;%&;};(ﬁ%}tﬁ? - Requires filtration
operation (25-40%) ton SS) - Well-established - Higher capital cost
Rotating drum, Hich - High throughput
RKR externally heated, Moderate (USD 7%~1 50/ Large - Suitable for high moisture - High energy consumption
continuous (20-35%) ton SS) g content - Expensive maintenance
operation - Well-established
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Table 7. Cont.

Type Details Efficiency Op. Costs Scale Benefits Limitations
Screw conveyor Moderate Moderate - Continuous operation - Limited scalability
moves SS through a . Small/ e .
AR heated zono to high (USD 40~90/ Medium - Easy to control - Needs specialized equipment
. (20-35%) ton SS) - Low maintenance - Less mature
continuously
. . . . - Fast heating - Limited scalability
Direct heating using High 1 - ™ .
MR microwave High (50-70%)  (USD 90~150/ Small SH‘gkl‘le“‘;’rgy efficiency ?‘gh Clapltal Coslt
radiation ton S5) - Smaller ootp_rmt - Complex COI?tI‘O systems
- Uniform heating - Emerging (pilot-scale)
rgc}lla(zle}:i;rzggfri High - High-quality bio-oil - Requires vacuum pumps
. . o Moderate to Small/ - Improved energy recovery - High capital cost
VR improving bio-oil . o (USD 70~130/ . . -
. - high (30-50%) Medium - Better volatile - Complex design
quality and volatile ton of SS) 4 ield E ing (limited
product yields. product yields - Emerging (limited use)
Conical reactor with e lex desi
particles suspended - Efficient heat transfer omplex design
by gas flow. SSis Moderate Moderate Medium/ - Can handle particles - Requires precise flow control
CSR Vs . (USD 50~100/ \andie p - Less scalable than fluidized
fed in from the top (25-35%) Large of varying sizes
ton of SS) . . beds
and heated through - Uniform heating L
gas flow. - Less mature
Reactor with a
bubbling action - Simple design .-
caused by gas flow Moderate Moderate Small/ - Moderate heat transfer - Lower efficient heat transfer
BFBR . o (USD 50~120/ . - . - Requires gas—solid separation
and typically used (20-35%) Medium - Suitable for moderate-sized .
. ton of SS) - Mature (widely used)
for lower-density sludge feedstocks
feedstocks.
Fluidised bed with a - High heat transfer efficiency
continuous loop of Hich High - Suitable for - Complex design
CFBR particles in motion (30_5500/ ) (USD 60~150/ Large large-scale use - High energy consumption
and continuous ° ton of SS) - Uniform heating - Expensive maintenance
operation - Well-established
. - Extremely high capital
s . - Very high temperatures :
Pyrolysw using Very high Very high Small/ (up tglo,%OO - C%D and operating cost
PR high-temperature o (USD 150~300/ . . - Need of special equipment
(60-80%) Medium - Capable of decomposing almost )
plasma arc ton of SS) all feedstocks - High energy use
- Emerging (high-tech)
Uses concentrated Low - Dependent on sunlight
SR solar energy to heat Moderate E)o (USD 80~150/ Sma.ll / - Renewable energy source - Requires large infrastructure
the sludge for high (20-40%) £35S Medium - Sustainable E .
pyrolysis. ton of SS) - Expensive setup
SS: Sewage sludge; FiBR: Fixed-bed reactor; FBR: Fluidized-bed reactor; RKR: Rotary kiln reactor; AR: Auger
reactor; MR: Microwave reactor; VR: Vacuum reactor; CSR: Conical spouted bed reactor; BFBR: Bubbling fluidized
bed reactor; CFBR: Circulating fluidized bed reactor; PR: Plasma reactor; SR: Solar reactor.
(d) Hydrothermal treatment
Hydrothermal treatment applies high pressure and a high temperature the sewage
sludge in the presence of water in order to generate useful products, including biogas,
biofuels, and solid biochar. Hydrothermal treatment methods (see Table 8) can classified in
three groups: Hydrothermal Carbonisation (HTC), Hydrothermal Liquefaction (HTL), and
Hydrothermal Gasification (HTG).
Table 8. Characteristics of HTC, HTL and HTG.
Type Temf:}eg)ature P(r;;ls)g;e Water State Generated Products Advantages
- Solid (char), small amount of Sludge stabilisation, volume
HTC 150-280 0-1-11 Suberitical liquid (biocrude) and gas reduction, fertiliser
HTL 280-375 802 Sub/near Liquid (biocrude), small amount of Use wet sludge without the
critical solid (char), water-soluble fractions need for drying
HTG 2375 5221 Super-critical Gas (Syngas), small solid amount (char), Produce high

and water-soluble fractions

concentrations of Hj

197



Energies 2024, 17, 6084

HTC focuses on producing carbon-rich solids (hydrochar) and offers benefits in carbon
sequestration and soil enhancement. However, it has lower energy recovery compared to
other processes. HTL generates bio-crude oil with high energy density. It requires further
upgrading, and involves complex operating conditions. HTG efficiently converts organic
materials into syngas, and it is highly effective for waste-to-energy conversion, but there is
high operational costs and material challenges [79]. Gasification of sewage sludge has been
reported in different studies, as illustrated in Table 9. Some researchers have investigated
the energy potential from thermochemical processes applied to sewage sludge, as shown
in Table 10. Table 11 highlights studies that investigate the generated products and the
potential for applying HTC and HTL on sewage sludge.

(e) Supercritical water

There are two main methods to treat sewage sludge via supercritical water technolo-
gies: supercritical water gasification (SCWG) and supercritical water oxidation (SCWO).
SCWO and SCWG (also known as HTG) are considered promising technologies to treat
organic wastes, including sewage sludge, because this technology not only generates fuel
gases (including hydrogen), but also has low environmental and social impact. In super-
critical water processes, the feedstock (i.e., sewage sludge) is subjected to a supercritical
water environment (temperature and pressure higher than 374 °C and 22.1 MPa), and the
organic compounds in the feedstock are dissolved. The by-products of SCWO are typically
water vapour, carbon dioxide, and hydrogen (can be generated as a secondary product
depending on the composition of the feedstock and reactor operation conditions), whereas
the SCWG method generates syngas, which is mostly composed primarily of hydrogen
but also smaller amount of carbon dioxide and methane. The composition of the gases
generated from SCWO and SCWG may vary depending on different factors, including
the feedstock composition, temperature, pressure, residence time, and the presence of
catalysts [10,86,87]. Some companies, such as General Atomics, EcoWaste Technologies,
Chematur, and Supercritical Fluids International, have been developing both small and
large-scale SCWO systems that can be applied to a range of areas, including wastewater
treatment [86].

Ref. [87] studied different SCWO systems (small and large scale systems), which were
implemented in different locations across several years and based on different feedstocks,
including sewage sludge. The authors summarised the main information of different
systems, highlighting their location, year of construction, company name, system capacity,
and feedstock type. They also highlighted the common operation challenges, which
include (i) corrosion due to both a high temperature and pressure, (ii) corrosion due to
acid formation, (iii) salt precipitation or plugging, and (iv) high energy consumption
and operating costs. Some of the plants stopped operations due to technical and/or
economic reasons.
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Ref. [135] reviewed supercritical technologies exploring their influences on the hy-
drogen production based on different parameters (i.e., sludge properties, moisture, and
temperature). They presented some real-world projects, including small and large-scale
plants, including the pilot-scale systems developed by Duke University, University of
Missouri, University of Valladolid, and Xi’an Jiaotong University). Commercial projects
were also highlighted as follows:

- HydroProcessing: An SCWO system implemented in the Harlingen WWTP in Texas,
USA, in 2001. Some operating parameters of this system included a 150 ton/day
capacity, 592 °C temperature, 24.5 MPa pressure, 20-90 s reaction time, and 6-9%
solid content. The consumption of heater, oxygen, and pumps were 4.1 MWh/dry
ton sludge, 1.5 ton/dry ton sludge, and 0.55 MWh/dry ton sludge, respectively. The
capital and operating costs of the project were about 3 million USD and 100 USD/dry
ton of sludge, respectively.

- Chematur AB: Two SCWO systems were developed: (i) first system included a
250 kg/h capacity for demonstration purposes, and (ii) second had a capacity of
1.1 ton/h, built with a plan to treat the sewage sludge of Kobe, Japan. The operational
parameters of the second system included a 25 MPa pressure, 30-90 s reaction time,
400-600 °C, and operation at 15% dry solids. The consumption of natural gas, oxygen,
cooling water, and electricity was around 21.9 Nm?3/dry ton sludge, 1.05 ton/dry ton
sludge, 100 m?/dry ton sludge, and 228.6 kWh/dry ton sludge, respectively. The
capital and operating cost of the project were about 5 million GBP and 70 GBP/dry
ton sludge, respectively.

- SuperWater solution: It was implemented in the Iron Bridge Regional Water Recla-
mation facility in Orlando, USA. Tested between 2009 and 2011, the SCWO system
had a capacity of 5 t/d. The capital and operating costs were around 268 USD/dry
ton sludge and 33.7 million USD, respectively. System’s parameters included 35 dry
ton sludge/d capacity, a 600 °C operating temperature, 26 MPa pressure, a 30-60 s
reaction time, and 10% dry sludge.

Table 12 presents some studies that used supercritical water technologies to investigate
the potential of hydrogen production using sewage sludge as feedstock.

3.1.3. Transesterification

The transesterification of sewage sludge is a chemical process in which the triglyc-
erides/lipids (i.e., fats, oils, and greases) present in the feedstock are converted into
biodiesel and glycerol by reacting them with an alcohol (usually methanol or ethanol)
in the presence of a catalyst (typically an alkaline). This reaction produces methyl esters
(biodiesel) and glycerol as by-products. The biodiesel produced is a fatty acid methyl
ester (FAME) that can be used as a renewable fuel in diesel engines. It has properties
similar to conventional diesel fuel but is derived from biological sources [136]. Two main
techniques, lipid extraction and esterification/transesterification or direct in situ esterifi-
cation/transesterification, are used to produce biodiesel from sewage sludge. Biodiesel
production from sewage sludge can be divided into five main steps: (i) sludge pre-treatment
(improve lipid extraction), (ii) lipid extraction from sewage sludge, (iii) use of extracted
lipids to generate biodiesel, (iv) use of catalysts (optimise process), and (v) extraction of
valuable by-products. This process provides a great alternative to managing sewage sludge
by reducing its volume and converting waste into a useful product [17].

Pyrolysis also generates biodiesel from sewage sludge, but not directly. The by-
products of pyrolysis include gaseous products, solid char and bio-oil. The bio-o0il can
be further processed and refined to be converted into biodiesel. Pyrolysis can be ad-
justed to increase the desired bio-oil fraction and, consequently, biodiesel production [137].
Table 13 summarises some works based on converting sewage sludge into biodiesel using
transesterification and pyrolysis.

204



Energies 2024, 17, 6084

's1seq JYSm AIp :qp Uajuo)) aINISIOIA :DJA ‘IO DTUESIO (A ‘SISATeuy ajewn[ V() ‘UoqIed oruedio [e30], :DOL

‘AToandadsar . ‘AHH . P
‘D0 009 PU® D, 055 ‘Do 00 Do 0SF Do 00F 10§ 33 /[ow d orm HonEa /[N 796 'S %F80 ‘O %bP 7T ‘N %es's 'H S OIS 6p1)
° ° oNTR getar Lo unu ue arnssaid e, Iopun J030eal |dje L, 770 ° oy e e ur ue, 1
I8'TT PUe $5°£ ‘G6°€ ‘6'T ‘99°0 SeMm PPIA 7H YL oep dNseop P o5 5 0486726 TV INA %10 TTTS “DIN %M /8 dIMMEEX
"D, 059 32 4/ §% 1sowre "MOJ UTW /TW 67 $8'G 30 Hd "qp U0 § %10 ‘N %67'S Aoy ‘(nquersp o
01 D, 00 3¢ /T ¢ woy aseardur uogonpord 2 e ypum pajerado “(yue) pasj 7 0g) uondeal 1 gl'e ‘0 %6'LL H %¥T “D %F'6C VL TNA %I T°LS ur JLMM A@yeseq
‘uonrsoduwod -armjeraduwa) D, 09F—08E Pue Uonoeal ) . AHT mux\ N owm jo Eﬁ.&. euryD
TH JO %¥'SE Wim B /]0W 7179 sem pRIA I Y 1 “BdIN 8§2-9T 3opun 1030ea1 ydjedq 1 G0 VP U0S %900 %6LTL'N %68 T H%ITT  oyz8ueryw grmm 47V
. . D %F6'81 VN NO %IM ¥'4S INA %M P1°SE .
*S9[0AD IN 2IOW UM . ‘AHH 34/[N St'6 .
POSEAIIP PRIA TH INJO DAY LWIM BA/OW LF) (o g oy 199101V AP UOS %AT0 0 %STTL N %STE Sutuen i 9]
pue 9sA7ered IN nOyIM 3 /Tow g1°) sem PlRIA I ° H %L€ D %G 61 TV TNO %M §'0F “DIN %M 67 : .
“TH JO %09 "awm uondeal Y “qp U0 § %1 ‘O %EE wedef
30 uonsodwod e yim 3 /0w §'6 Jo PRIA SES [RI0L T PuR BJIAl £ ‘D, 009 JOPUn 10081 d[eds-youag N %62 H %6'S D %E'8E 'V TNA %IM 8'8/ ur JLMM duswoq
g'6% sem wonisoduwod 203D, 008 1V “%[0A w.m%\mﬁm\m Ot HonEar s 09-4 AP U0 S %F7C"O %6'ST aéﬁ&i-ﬁ%ﬂwﬂ [#¥1]
1noqe sem uomsodiios 751 . 009 PUE 3. 068 1 pue eIl 6 ‘D, 009-00S T9pUn 1030ea1 T 91¢ N %¥¥ H %99 D %L'Sy 'V DN %M 9164 R
Apagoadsar "B/ ow AHH 31/[N 87 'S %101 ‘O %FT¥ ‘N %g6'T ‘H euny)
LO'OT PU® £F'€ ‘T ‘TS0 SeM PPIA TH ‘%M 9 PUe §  "UOHIEII Y §°() ‘D, 00F OPUN 1030831 Y3eq TITE o,/ om S 7 20 tE e e e SB[ UL T 1, [e¥1]
12130 VL I, B/ [ 910 Sem PRI T Vi o M %1'T D %6CL TV TNO %IM T'9T DN %IM 6'€L U dLMM
2 mxwﬂwﬂwﬂm\mﬁwﬂ wﬁ%%ﬁ%ﬂﬁm A NN%NNM s\:% AN Lce PUE ot L'8°S%T0 'O %581 ‘N %T'€ ‘H o\\wmmuw\mﬁ reurD “SuthueN [ev1]
81/10W G0T—0°0 SeM PPIA T ‘o 017 JO IN iy UOTPR W T D0 007 IOPURIORBAIRATTIIE G g i cp 0 sopew oueSio D om ey U ALMM [PARIINN
i/ low AHH 334/ [N 9CL
8% “HOBN %M £9'T PUR IN %3}M €' JO XIUI @ 10 “edIN $¢ pue s uondeal 01 d -G 0/ om0 T AN “eunyD ‘nsSuerf
“A[pandedser ‘B /jow 9'¢ pue £ sem 31 ‘IN pue HOBN T [ ‘D, 00F Topun Jopear yoreq 19T, oo LS P8O0 O%LTETG Tl M&,m ero ur imm redommyy P
10 943M © UHM “([053U0) 3]/ Jow 90T Sem PRIk 74y H %TS1C "D %S LT-9"L V1 DN %M §88~//
‘Do /10w '8 03 (D, 8 /10w g'T wox , , , ,
0} (3, 086) B/ [ow ¢ Wosy padues voponposd 7y PG 2WH UOHUI UM 9 R JIN £Z HOREIT 90 H %E'ST D %F'L VL TNO %M €9 DN %M 6L ur JILMM Tedorumy
urw BdIN 0E PUe D, AHT3/[IN 971 JO T8I0} V 'S %1 ‘O %L'€T e
0z Pue D, 05/ 19pun 3y /[ow ¢'g] dn uononpord 7y 0g/-0g5 Fpun (Ut /D, () 1030eal dje1 Sunea ‘N %L H %F'T D %T'8E 'V DN %M 78 ‘IxueeyS Ut JLMM
(81/10w 681 jo uononpoxd sed ueawn) PO 6103 dn 'S %EE-60 0 %L EE N.o%mm\ M.VW\WM SO rger
3y /10w ¢'¢cF 03 /0T woiy paduer uononpoid sed e1o UoTOeAI Y T ‘ I9pun 101083l YPje oc ¢ ol Ve 03 & msGuer( ur
N /TOW ¢'¢F 03 £'0T WOTj p ponp TesoL NOAI Y /D, 00F FOPUN I0RLI IR TITE Tl o 2 5 o S o cggce L U dLMM
uondNpoIJ seo sIajourere g sanradoig 98pnig aSemag uorndI[[0) ISpn[S REN|

‘uonponpord uaBorpAy 105 98pnys a8emas uo uoryedyiseS 1vyem [eonLIadns Jursnn 0} pajear sarpnig ‘gL A[qeL

205



Energies 2024, 17, 6084

‘3sA1e3ed 8 §°() pue G AIp Jo 8 0 SuIsn ‘Owm ORI Y § ‘D), O] € PIASIYIL SeMm (%¢°¢/) PIRTA
HINVH 3S9YSIY 9Y L "% 7/ SeM PIRIA [9S9IpOIq 9Yj ‘OWI} UOTORI | 9 10 J1q ‘W) UOLORdI

Do 04T-0ET ‘Y 9-G°( 10J pajoeal pue jej dP1nid JOrIIX
01 pasn (Tu gT) [oueyPW pue (TWr (G) duexay-u ‘(S ¢ 1-F0) s1sArered 4

. : . ; . . . “euryD ‘Suifiog Ut JIMM lze1]
U 03 Y G0 WOIJ 9%/ 0} %/ €¢ WOIJ PISLaIdUT PIAIA [9S91poIq oy [ ‘A[oandadsar ‘), 041 pue (T 10§ D, (08 3 UOndenXa pue ‘(yoes T g'0) [OULL}d pue auexay-u o} pappe
D6 0ST Do 0€T JO Sornyesaduwa) 10§ PIASIYDE 219M %605 PUL %€ 05 ‘%S JO SP[RIA [asatporg (8 01) SS L1 "TOSTH JO %Im 6/ £q paredard sisdreyes 2ous — €07y / _fos
“FOSTH yim paredwrod usaym Gg woay " G Sem dwm) UondRIIXS ‘0D /HOM Pue HOY 104 "uonoenxa | g
uopnonpoid [9sa1poiq 105 s)sATeed PooS Jou aIe 3Sa) Jey) PaMOYs s3nsax AL A[PAndadsax pue “‘wdi 0pg ‘D, 09 1e oneI [ourYIRULSS OT:T Pasn DV /HOM euny) ‘Suiftog ur JIMM [9g1]
‘s1sATe1ed SE JVHOM Pue OrD/HOM ‘HOX SUIsh 948'9 PUe %9 “9,¢’T Sem pIaIA [95a1poIq Y, 10§ uonoear pastundQ ssAered se OrD/HOX PUe 'OV /HOM ‘HOM
%G Y101 noqe sem | $¢ 10J pauIp pue ” o1eredas ‘PadnJIIIuLd ‘QUeXay-U YIIM PIJORIIXD
*(UOTJROTUOSEI}N PUB SAR[IOJNE “DABMOIIW ‘N (I “9'T) SPOYIW juaujear uisn pue ‘o, /G 0} 1 3 POLIp pue P poonjt MWLM P “eaI0Y Ul ‘I LMM
W ) £15 p x 10 O /T o) o [9891POIg Y §T 10§ D, 0§ 38 duexay-u pidi-8 /Tw g ‘[oueyiaw prdy-8/Tur ’ [seT]
%6 woy paduer syuaAfos druedio juayuod prdry Apandadsar 9,91 pue 9,87 ‘%8 LT ‘%S T . BunauBuen) ayy woxy G§ pue §S 1
I I [ 0F Yam sysATeyed drpioe /aurpesy[e (a2 /a2) %,80°( :pasn siajawere | g I
“9%,6'8 IOM SJUIW[D IOY}0 pue “urjord apn “Ayse “prdi] apnid “jerpAyoqred Jo syuajuod ay], : v : ° ’
9% 03 dn Aq panordur uogeoruos seoraym ‘uondenxa pidiy 105 pasn 3uraars apnIed pue UOT)EdTUOS ‘DARMOIIT
“(%L9F 01 T'7Z wom) 01T Aq uononpoid STV 2Y) paseatour ur § 10§ 5 pawp oy pardde HOHOPIPNG PIC] 10§ Pash U0 alnee pue uoneans n
w0 o o o OHeI [0 © Ul S5 YHM PaXIW pue (2/a %) [oueyow ut FOSH uredg
dARMOIDTW SUIS() “94,GH] PUE / U9dMId] paydear HOBN %0/ O3 %0¢ Usamiaq Sursn patk . o , e , [#S1]
S e : : : os[e pas() "01:] JO OBl [OURIDWLSS "%0Z PUE %08 “%0E ‘% [oueyiow 0pa1AQ U JLMM [edpmumpy
[9SATPOI] A} SLAIYM ‘0,7 7¢ PAYDeaI uonedlyLIR)sasues} YOG 9%F () Suisn paIA [2sarporq 0 5071 § 1€ (1SAT23e0) HOBN [OUBow pue - o 101500
“uondeal Y § 103y “(3uayuod prdif/FNVH Jo ssewr) o,e 1 JO P[OIA [9S91POIq WnWIXeA Jo sonery 3e (1sAeyen) HOPN ‘[OURLoUt PUe Y §Z 10§ 3, 09 3¢ 1010
ampado1d pmbrf-pryos 10§ paureiqo "4 § 10§ OT}RI SUBXAY:GS (] ] “UondeI)Xd pInbiy prjos 104
SEM 9°() SEAISYM “PIASIYDE SeM JUU0D JINV %1 © “(2/2 %F) [OUB}oW IO, "duexay . ¥ 103 01 M o FbI I *(uredg ‘sermysy)
e X D, G0 3¢ Surkip y T 19)5e paroys safdures pue ‘D, 0/ Je PIAOWDI JUIA[OS g [est]
Suisn (55 &1p 8 001 /sprdr] 8 6/'T) %6 Sem uondenxe spidy [ejo], “uonoeal Y $ 10§ (papenxe e opataQ-zaxadeiA ur JLMM
DIAT] [2303 9 JO 9%4,6-07) PAAIYDE Sem GG AIp 3 00T /IAVA 3 50 JO uoRoNpoId LIEIIXEH OIJI SUEXAU:GS Z:] PAsn UOIDRIIXS PUE SJUIAJOS S [OUL}OUW PUE JURXIE]
(AURTAX) 94,71°8 Pue (duexay-u) 9,87'¢ Sem J1 ‘onjer a8pnys:jouejow 3 /T g Sursn ‘(QURIAX) D, GOT pue (duexay-u) D, 6§ Jo amjeradwa) pue 4 ea10% A1
GSS PUB GG JO XIW B 0] pue ‘onjer GS:joueyjouwr §/Ju O] pue (JUSA[OS) duexay-u Sursn 9,894 § 0}  WOIJ PaLIeA awr) uonoedy ‘wdi 00T Je paims pue 4sA[ejed se FOGIH QuosA Ut : [zst]
pue 9,0’ U99M}3q SI9M UOT) LI LIS)SISULT) NIS UL WOIJ PajeIsaudd PIaIA [9SaIpoIq WNWIXEA! pue ‘DueXay-u pue [OULL}IU ‘GG PAIJeMIP JO dINIXTW & Jursn yseyy T [ O W dIMM
'GSS 10§ 9[qIST[3au Jsoufe pue GG J 10§ 9,9 Uk} JMO[ sem PaIk IV :ssedoxd "1SATe3RD 94)1M G pUB Ofjel [OURjaw -ureds ‘pUpe SO[-1e
doays-g (1) “Afoanoadsar ‘(ssewr 98pn[s paLIp U0 paseq) %)M (T PUE 9,1M G'GT JNOqe d1am 1:06 “wrd1 000Z ‘Do 607 Y& 1030raI T Gz e ur pajonpord NV ‘1sAejed se wen[ Aoy _um.v.ahwwED 1 dLMM [1s1]
SSS PUe GSJ 107 P[RIA NV IYSTOM [[eI9AQ) UOTSISAU0D 10311p dajs-T (1) "pasn saypeordde g GI-VgS-IZ Pue “UOI}dEal PUR UOTIRIIXS J0J JUBXI-U PUR [OUBY}dW Pas) S
TOSTH %S PUe ‘D, 0G ‘8 JO oner . /
pasn 9,7'F JO dNTeA WNWIXEW Y} “ss9001d YA 33 10 "UOLRIIUI-U0D YOG %G pue ‘D, pojen|y pue ‘unu ¢ 10 (wdi 0og) paSnytuod sem “euny) ‘Surliag
, . . QINJXIWI [BUTJ 3} PUR ‘PIPPe duexay pue [DeN 'Y § I10J SUOLN[OS dUexay : [osT]
0 OnjeI GG JOURL}OW SUISN PauTL}qo SeM Juauear) O/, Y 10§ 9,9°9T JO P[AIA [9Sa1pol urs, OM] WOIJ P3JOJ[[0D
0901 ¥ SSouey; Isn p q O/ ¢V 103 %991 JO P[PIA [9S91poIq e FOGE ‘Touryiew o) pappe ‘wdi (g 1 parms /( —GF) pared ISILMM J PI1d9[[02 SS
wnwixey ‘s3ssa001d YN Pue O/ ;V 10 %/'€ PUR %6F1 Sem PIaI4 [9sa1polq aderaay PuE OS H ‘Touey popp 00€ 3¢ POLmS (3. GL~GF) POIRY SS
"HO®N JO S g91-T€1 Jo anfea uoyeoyruodes -
pu® 2uv}2> 97/-C9 ‘AHH 31/ [IN 6:77-9'0F JO IU23U00 19153 ‘94,7 167 68 POPIPUL 10§ D, 0S) pareay sajdureg Joueyje pue m:mxaﬂﬁﬂ»wwwmmww”wmMMMMW Hm.% “eIpUL MPEN [l [9¢T]
[9S91POIq pajeraudl A, ((S5S) %S HT PUR (SSd) %S TE JO UOHBIUDUOD LM SJUIATOS JUSIDHIP wcm AU ULIO eo~ > Jo TW oG SuIsn \ g 105 pawIogIad UORIENG e ur pajeso] JIMM Tedronmpy
Bursn 8 ¢ pue ¢'¢ pue 3 6’9 pue ¢ UsamIaq dIdM §SS Pue S J WoIy pajoenxa spidiy rejor, fouey FOIOI 301 fsny9 o5 p J : prrl
uopdINpPoI] ses) sI9)jaurere j :MMWMMU adAy, I

-a8pn[s a8emas wogy uoronpord [9sarpoIq Uo SATpNIg ¢ d[qeL

206



Energies 2024, 17, 6084

's19)89 [Apowr

poe Ane] NV 3pn(s Arepuodag :g5g P3pn(s Arewi] :SSJ poypauwt 1A pue y3ig JAY TeyooIq onpIsal PIoS qYSS U0 edILIdISISURI] ] ‘SISA[0IA] ]

(4 $Z—€) UOneOILI9)SIsURI) [RULIOU

; . U F 105 D, 009 ¥e Pasn YSS jo 3 0z jo [e303 v 'siskjo14d £q paonpord ‘BaI0Y ‘A0 [NO3S

T :o_umumtﬁmom:mb%wu:_wﬁ_ \A:m:bmwﬁ e L) oo wme e ASS Y € 10] D, 08 1€ 10jerodess ue pasn JuaAfos deredss of, | F¢ 10§ ‘no-Zuop3uoagpue [6ST]
G UM 9T UL} SSI] SeM UOTJROIII)SI(SURI)) WOIJ PIIIA [9SITPOTg “Teyd0Iq §S a1} Sursn uru a 5 A0S 101 70 (3 o - Queulun
| Ul UOREDGLIBISISUEL paotiput AT[ULIBUS BIA . G0E 18 (%30 C-66) PIoIA [psatporq saydiy Do 08 72 SPI U3 30e5Xa 0} pasn (suexay) Juaafos jo 70 (3 01) SS PaLI LILMM [ L
*Z JO o1jeI [I0:]ourY}d ek , ,
, . . 1sATe3ED SE GINSZE /TN PUR “UOTJORdI SU $—7 ‘€ PUe | Udamiaq . ,

PUE ‘9w UOHREdI Y € D, OST 38 (XeW) %EE"68 Sem PRI [9S91POtq Paatap-SS B/ [IN £6'6€ (/) onyer :o-wa:o%ﬁm . 00E-0GT 1010831 Paq PIZIPM S[EIs-YPUsg VS(1 ‘SexaL ut dLMM [sc1l

pue 3/ [IN £7'9€ 219M AHH [9S91POIq pUe [10-01q “[9SI1POIq 0} paperddn 10-01q pajerouss T ° o a
UOTIORAI UTUI ()G J& D), 08T JE Sem (9,/) dNJeA 1S9MO] “UTUI §z—T INOJE JO SIWIT) UOTORI Pue O, 0G9—08T Jo amjeroduray ey Letl

3} Pue ‘OWT} UOHORAI UL § PUe O, (08T IOPUn 9,6z INoge sem a8pn[s 03 [10 Jo anyea JSaySIE| Surpnpur ‘suonrpuod Sunerado JUSIAJTP Je WaISAS dABMOIIA “RIARJ UT JLMM
uoTI[0

uopdINpPoI] ses) s1ajourere g w%ﬂhmu adA], ‘Jou

‘U0 *€1 31qeL

207



Energies 2024, 17, 6084

3.1.4. Microbial Electrolysis Cell

A Microbial Electrolysis Cell (MEC) is an anaerobic process that converts organic
matter contained in the wastewater into renewable fuel (mostly methane or hydrogen).
MECs can utilise either wastewater or sludge as feedstocks, and this technology has the
potential to reduce the costs associated with wastewater treatment and sewage sludge
disposal, which are often the two main operating costs in a WWTP. In an MEC, the organic
matter is oxidised through bacteria in the anode electrode, and hydrogen is produced as a
by-product in the cathode by using a small electric voltage. An MEC’s performance, can be
measured in terms of organic removal and hydrogen production, is directly dependent on
the electric voltage magnitude. Usually, when an MEC is fed with municipal wastewater,
the electric current generated is low which is expected since municipal wastewater is
known for its low organic matter content when compared to other feedstocks. This is one
of the key challenges of applying this technology when used to treat municipal wastewater.
The first commercial MEC reactor (Ecovolt) was developed by Cambrian Innovation to
treat high-strength wastewater [160]. Small-scale experiments using MEC and domestic
waste-water as feedstock have been reported in the literature, as shown in Table 14.

3.1.5. Microbial Fuel Cell

Microbial fuel cells (MFC) is similar to MEC, but it converts the organic matter con-
tained in the municipal wastewater into electricity directly. In this process, the MFC
converts chemical energy contained in the organic compounds to electrical energy under
anaerobic conditions through the catalytic reactions of microorganisms. Bacteria oxidise
the organic matter contained in the wastewater at the anode, and the reduction reaction
occurs on the cathode. During the oxidation, electrons are released and transferred to the
anode, generating the electrical current that drives the MFC. When the electrons reach the
cathode, they are combined with electron acceptors (i.e., oxygen) and protons (i.e., hydro-
gen) to generate water and close the electrochemical circuit. The main parameters that
influence the performance of MFCs include the pH, temperature, substrate characteristics,
bacteria activity, electrodes material, and internal resistance. MFCs vary in design, size,
and power density. For example, small-scale cells can have a high-power density (i.e.,
above 500 W/m?), while large ones may have lower density (i.e., 30 W/m3). The MFC
scale up usually occurs via enlarging the single reactor or combining multiple reactors in
one system. MFC technology has been receiving lots of attention in research, but it is still
in the early stages of development [161,162].

The main drawbacks of MFCs include the process efficiency, power densitiy, longer
start-up times, performance variability, and sensitivity. However, the main advantages
of MFCs include energy savings (i.e., aeration and sludge treatment processes) and less
sludge production. MFCs can operate in either batch or continuous mode, which usually
depends on the wastewater characteristics, cell design, microorganisms group, and elec-
trode materials [162]. Table 15 highlights some studies that have investigated the MFC
technology applied to municipal and domestic wastewater treatment. As shown in Table 15,
the coulombic efficiency may vary significantly due to several factors, including microbial
metabolism, electrode material and configuration, system performance, substrate charac-
teristics and concentration, and operating conditions. As these parameters are different
across the different experiments, they lead to different values.
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3.1.6. Hydropower

Hydroelectric power is known as one of the most economical and popular energy
resources. Hydropower is an affordable source of electricity, and compared to other sources,
it has a relatively low cost during the project lifespan in terms of maintenance and opera-
tions costs. It is a flexible type of renewable energy resource that can be widely applied in
WWTPs by using the water flow potential to generate renewable energy [177]. In a WWTP,
the possible locations for installing a hydropower system typically include the upstream
(raw /untreated wastewater) or downstream (treated effluent). Usually, it is classified based
on size, including micro (1-100 kW), mini (0.1-1 MW), small (1-10 MW), and large (above
10 MW). The power output from a hydropower turbine is directly dependent on the water
flow rate and available head. There are different types of hydropower turbines available
on the industry, including an Archimedes screw, Crossflow, Francis, Kaplan, Pelton, and
Propeller [178]. Some researchers have studied the application of hydropower in WWTPs,
and some works are summarised in Table 16.

Ref. [178] listed 46 WWTPs that had installed hydropower systems (17 micro, 22 mini,
and 7 small). Among them, 12 plants used Pelton turbines, 10 used Kaplan, 2 used Propeller
type, 2 used Francis, 2 used pumps working as turbines (PATs), and the remaining were
not specified. The authors noticed that the adoption of hydropower technology was not
very high when compared to other types of renewable energy technologies. Some real
hydropower plants which were installed at different WWTDPs are listed in Table 17.

3.1.7. Water Electrolysis

Water electrolysis is a technology where an electric current is passed through water,
splitting it into hydrogen and oxygen. This method is valued for its potential to generate
clean hydrogen fuel (also known as green hydrogen), when the electricity used in the
process comes from a renewable source. In WWTDPs, hydrogen can be used to power
CHP technologies, including FC, GT, or even modified ICEs, or can be injected into the
gas network following the standards regarding the hydrogen-blending constraints. The
oxygen part is a valuable element and can also be used in the wastewater treatment process.
Oxygen in a WWTP can be used is in the aeration process, which is vital for the biological
treatment of wastewater. In the activated sludge process, oxygen is supplied to the aeration
tanks to support the growth of aerobic microorganisms that break down organic pollutants.
Additionally, in advanced treatment stages such as membrane bioreactors (MBRs) or in sys-
tems focusing on nutrient removal, controlled oxygen levels can improve the performance
of both nitrification and denitrification processes. Water electrolysis is a promising technol-
ogy, and the possibility of using treated effluents from municipal WWTPs as the source of
water for electrolysis can potentially enhance sustainable hydrogen production in these
facilities. However, to utilise the treated effluent from a WWTP as a water supply, it must
meet specific requirements, including being purified and demineralised and exhibiting a
conductivity lower than 5 uS/cm [179,180].

Additionally, depending on the quality of the treated effluent, some further tertiary
treatments may be required, including chemical treatments, accelerated filtration, ultrafil-
tration, nanofiltration, coagulation, reverse osmosis, ion exchange, and electrodeionization.
Water electrolysis can be a competitive technology in terms of costs. For example, hydrogen
production via water electrolysis can range between USD 2.05 and 10.5/kg Hy, whereas
the costs for sewage sludge pyrolysis can be around USD 1.2-2.2/kg Hj, and the steam
methane reform method is about USD 1.14/kg H, [180].
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Table 17. Hydropower plants installed in WWTPs [190].

) . Total Installed 3
WWTP Location Turbine Type Power (kW) Flow (m>/s) H (m)
North Head, Sydney Australia Kaplan 4500 3.5 60
Emmerich Germany Archimedes 13 0.4 3.8
Pelton 1600 3.2 104
As Samra Jordan -
Francis 1680 41
Aire, Geneva Kaplan 200 3.2 5
Engelberg 50 0.16 54.4
Gréchen 262 0.09 365
La Douve I, Leysin 430 0.08 545
Switzerland Pelton
La Douve II, Leysin 75 0.108 83
Morgental, St. Gallen 1350 0.84 190
Profay, Le Chable 350 0.1 449
La Asse, Nyon Pump as turbine 220 0.293 94.3
Elsholt UK Archimedes 180 2.6 -
Deer Island, Boston Kaplan 2000 13.1 8.8
USA
Point Loma, San Diego Francis 1350 7.6 27
Hsinchu . - 11 - -
Taiwan
Taichung - 68 - -

Following the stoichiometry balance, to generate 1 kg of H and 8 kg of Oy is required
9 kg of deionized water. However, in real-world applications, electrolyser manufacturers
recommend using a higher quantity of water (between 10 and 22.4 kg), considering water
losses (i.e., 10%) and water used for equipment cleaning (around 25%) [179]. Few studies
have investigated the utilisation of water electrolysis technology in WWTPs, as illustrated

in Table 18.

Table 18. Studies exploring the electrolysis technology utilisation in WWTPs.

Ref. Plant Study Aim Parameters/Methods Gas Production and Utilisation
Studied a 1.25 MW Electrolyser system ~ WWTP power consumption of H; and O, production was about
. K 2975 MWh/year and 600 ton/year,
L ina WWTP. PV and CHP 8200 MW /y, PV generation of . .
The WWTP Mainz, in . respectively. Assuming 2% vol of Hp
system to power the electrolyser. Hp 227 MWh/y, CHP generation P
Germany. Wastewater L . . . feed-in limit, 1240 MWh of H; could
[191] . could be injected into the gas network  (using biogas) .
inflow up to 55 mL/d be fed into the gas network per year.
or power FC buses. O, could generate  of 6173 MWh/y and o
(peaks of 6.300 mL/h. - The remaining 1735 MWh of H,
ozone to be used in the advanced 1800 MWh/y power bought . .
. could be used in fuel cell buses in
WW treatment from the grid. -
public transport.
Generate H, from low-grade WW filtered through UF H; production based on low-grade
wastewater using alkaline water membrane to produce ATW. water was between 19.2 and
RWW, PE, SE, TE, and o 8 . P " 228mL/h.L, whereas based on a UF
SW collected from a splitting technology. Based on this After treatment, COD, TN, treatment. it was between 20 4 and
[192] investigation, the potential TDS in the treated effluent ! ;

WWTP in Gyeongsan
city, South Korea.

applicability for achieving energy
independence in municipal WWTP
is planned

were around 2.8-37.9 mg/L,
0.9-28.7 mg/L and
44-377 mg/L, respectively.

23.4 mL/h.L for the different WW
samples. For a deionised and tap
waters (control), H, production was
23.6-26.6 mL/h.L.

WW: wastewater; RWW: raw wastewater; PE: primary effluent; SE: secondary effluent; TE: tertiary effluent; SW:
Surface water; ATW: Advanced treated water; UF: ultrafiltration; COD: Chemical oxygen demand; TN: Total
nitrogen: TDS: total dissolved solids.
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3.2. Non-Site-Specific Sources

Non-site-specific sources do not rely on a specific geographical location or environment
to be used. This group include renewable energy technologies that are not tailored to the
particular characteristics or location, such as solar energy and wind [23].

3.2.1. Solar Energy

Solar energy has the least environmental impact compared to other types of renewable
energy resources. It can be used in multiple pathways in WWTPs, and some researchers
have studied its application, including solar thermal and PV generation, in those facilities.
Solar thermal energy can also be used in several applications, such as heating, heat pumps,
and sludge drying. Sludge drying can be used to dewater digested sludge, which is a
very important stage of sewage sludge management in a WWTP. It not only reduces the
amount of waste to a minimum but also helps eliminate bad odour and pathogen problems.
Traditional thermal drying systems are very complex and require high investment and
operational costs [193]. Solar PV is the most widely used type, especially due to its
scalability, flexibility and lower costs. For example, in [23], from 105 WWTPs investigated
in the USA, 41 plants adopted a PV system. It was also identified that solar PV was
primarily installed in hybrid configuration combined with AD. For plants with a flow rate
above 19 mL/day, PV system could supply around 8-30% of the plant’s energy demand.

3.2.2. Wind

Although wind generation is one of the most widely used technologies, it is not
commonly used in water facilities, mainly due to its initial costs and the complexity of
building a small-scale plant. Most studies consider hybrid configurations consisting of PVs,
batteries, and biogas systems. Few researchers have investigated the use of wind turbines
alone in WWTPs.

3.2.3. Hybrid System

Due to the intermittency and uncertainty of renewable energy resources, a single
technology may be unreliable and add challenges in terms of the dynamic load demand-
ingness of a WWTP. A hybrid system combines two or more power generation resources
to improve the generation potential which can overcome the issues of a single technology,
providing cost-effective system with flexible capacity [23]. Some studies have considered
non-site-specific power generation technologies in WWTPs, including solar energy and
wind alone, and also hybrid systems, as shown in Table 19.

Several large-scale renewable energy projects have been implemented or are under
development in WWTPs worldwide, as shown in Table 20. In Australia, WWTPs have been
focused on becoming more sustainable and energy-efficient in the last few years. Table 21
shows some examples of sustainable renewable energy projects and future systems planned
to be installed in WWTPs in Australia.

4. Grid Services and Energy Market Participation of WWTPs

With rising electricity costs, sustainability targets, and efficiency goals, more and more
WWTPs are looking for alternatives to minimise their operating costs and reduce carbon
emissions while increasing energy efficiency. The adoption of renewable energy sources
can be considered one the best alternative for WWTPs; however, due to some potential
constraints, such as high upfront investment costs and site limitations, their adoption
may create some challenges. Other potential alternative to overcome these issues can be
participating in demand-response programs, energy markets, and grid services. Looking
for opportunities to take advantage of better energy pricing and incentives, some WWTPs
are starting to consider the possibility of exploring these areas [23].
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Energy utilities incentivize customers to reduce their energy usage at particular time
periods of the day, especially during peak periods. Some wastewater facilities have demon-
strated capabilities to shift their loads to assist the grid, which can range from a slightly
reduction on energy consumption for a short period to larger amounts during longer
periods. One of the most common incentives given by energy utilities to consumers is
based on demand-response (DR) programs. Its main objective is to adjust the customer’s
consumption under energy price signals or grid conditions. Customers are required to
reduce energy consumption during peak periods when the energy price and demand are
higher. By participating in DR programs, customers receive energy discounts that can
help to reduce their energy costs. Before participating in DR schemes, WWTPs should
conduct technical evaluations to understand if they are capable to maintain its wastewater
treatment efficiency and effluent discharge quality while providing these services [194].

DR are mainly based on two methods: load shedding (electricity consumption re-
duction during peak period without a change in the overall consumption behaviour) or
load shifting (shift the energy demand from peak to off-peak). DR programs can also be
incentive-based or price-based. Based on incentives, the customer receives fixed payments
based on the DR duration event and the total number of hours provided annually. The
customers receive a demand reduction signal from the system operator, which can be
mandatory or voluntary. Based on price, the customer is subjected to variable electricity
prices over time. Clients are motivated to adjust consumption following the energy tariff
at a specific time [6]. Some WWTPs were reported participating in energy markets and
providing grid services. For example, an EMWD facility located in California, USA, started
to participate in three DR programs: (i) Southern California Edison’s (SCE’s) EnerNOC
DR Program, (ii) Base Interruptible Program, and (iii) Price-Based program for day-ahead
pricing. EnerNOC is an aggregator that is responsible for the connection between the
WWTP and the energy provider. Participating in those programs, the overall savings of the
facility was USD 555,000 annually in 2012. EMWD also plans to partner with Honeywell to
convert some of its manual controls to automatic controls to increase its DR portfolio [195].
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The EMWD plant started participating in DR programs in 2007 by committing to
reduce 1.5 MW of power capacity. The facility received USD 100,000 per year by providing
grid services to relieve the SCE network. Based on the terms, EMWD could choose to con-
tribute in different levels of responses, depending on its operation and needs, which could
be achieved by running its capacity at a lower level or even shutting down completely [218].

Pennsylvania American Water identified that its Shire Oaks facility had the potential
to provide grid balance services while fulfilling its technical obligations. The facility started
by adding one pump, which was able to respond to the requests without impacting its
operating processes. Providing the services of only one pump, the facility was able to offset
approximately 2-3% of the total electricity bill, and a second pump was planned to start
providing grid services [219].

A DR solution was implemented as a pilot program for two large customers, including
the Kind Country South Treatment Plant, located in the USA. The local energy provider,
Puget Sound Energy (PSE), and Generac Grid Services conducted a trial to evaluate the
project. Generac was responsible for monitoring, controlling, and managing the capacity
curtailment in real-time from both customers if any automatic event was needed. In total,
the energy provider called four DR events in the winter 2017 peak capacity season, and it
was able to curtail an average of 4.09 MW in the season out of the maximum capacity of
6 MW [220].

SA Water has been participating in the electricity spot market in Australia since 2013.
Between 2013 and 2017, the company started to be exposed to the spot prices but under
hedge contracts, which provided a fixed volume and prices. Since 2017, SA Water has
been registered as an AEMO participant. As a market customer, the company began to be
completely exposed to spot market prices and it was responsible for managing the risks.
Since 2020, SA Water has become a registered self-retailer. The company also participates
in the Frequency Control Ancillary Services (FCAS) market [18]. Although water and
wastewater utilities can provide grid services and participate in DR programs, not many
studies have explored these topics, as shown in Table 22.

Challenges and Opportunities of Using RES and Market Strategies in WWTPs

Most wastewater treatment facilities are not primarily designed to be cost-efficient
systems. Almost 90% of the energy consumption in WWTPs is related to three stages:
secondary treatment, pumping, and sludge treatment combined with dewatering [2]. The
most common alternatives that these facilities adopt to reduce energy costs in WWTPs
include (i) optimising energy consumption by improving efficiency, (ii) on-site power
generation to reduce operating costs related to energy importation from the main grid,
and (iii) energy demand management [3]. Planning and operation studies are essential to
understand the potential risks and evaluate the opportunities for WWTPs. They can help
to design the best power generation configuration and find the optimal operation strategy
for the generation system. Power system planning is a critical techno-economic assessment
that is used to investigate and plan future system expansion, feasibility, and generation
potential. The main objective of power generation planning is to determine the necessary
generating capacity to satisfy the load demand in real time. In the system’s planning, it
is ideal to have a generation capacity that can supply 100% of the load anytime. Still, it is
very challenging to match the generation and demand, mainly if the system is composed
of renewable energy sources [221].
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Table 22. Grid services and market participation studies found in the literature.

Ref. Study Aim Main Findings
e  Studied the energy prices in the NEM. SA Water has taken advantage of electricity
Investigate the electricity spot price to manage plant’s operation, and could save up to AUD 400,000.
[18]  spot price behaviour for SA e  Before 2013, SA Water used energy retail with fixed negotiations; in 2013-2017,
Water in Australia operated under spot price with fixed price and fixed volume hedge contracts; from
2017, managed market risks itself and since 2020, became a registered self-retailer.
e  The plant serves around 230,000 people and treats about 66 mL/day of wastewater.
Investigated the Laguna e  Plant’s energy consumption around 3-5 MWh, when not shifting energy loads.
[194] WWTP in California, USA, e  CHP system consists of 4 x 1.1 MW generators and 2 MW Tesla battery
participating in a DR ° 18 events were requested to evaluate the plant’s capability from March to June 2019.
scheme. ° The WWTP could save up to USD 45,500 yearly from DR only and USD 68,340 if
combined with other strategies, which represents around 4.8% of plant’s energy costs.
230] WWTPs, aggregated as VPP, Integp;lf;fion is ngeiled sincle one plapt has not enough capac;ity tolprovide service.
to provide services. WW s potential contro reserve in Germany was a}?prox1mate y 300 MW.
Theoretical energy production potential from biogas in WWTPs was 2.1-2.6 TWh/y.
Control strategy for WWTPs e The proposed control strategy could provide a modest cost savings of 1% if the
[231]  for a short-term demand day-ahead market is considered

side

If it is applied to the regulating market, the potential savings could be up to 27%.

The planning process can be considered an optimisation problem in which the op-
timal solution consists of finding the optimal system configuration, including the best
technological generation mix, optimal size, capacity, location, and construction time with
minimum investment cost [221]. Due to the uncertainty and intermittency, adopting a
hybrid configuration system is usually a good alternative for WWTPs. Hybrid systems
can maximise the energy generation potential from different resources, and lead to a better
cost-effectiveness, energy efficiency, modularity, and flexibility [232].

Although there are several technological solutions and strategies to increase economic
benefits for a WWTP, their implementation in a full-scale plant is still very limited. The
biggest challenge is commonly related to capital and operating costs. Because of the vast
number of available technology resources, determining the optimal planning design and
operation strategy of power generation in WWTPs is not an easy task and is no longer a
simple technical problem but a complex and difficult challenge that requires an integrated
and comprehensive approach to make a cost-effective solution [233].

5. Conclusions

This paper reviewed different renewable energy technologies that can be adopted
by WWTPs to improve energy efficiency, reduce operating costs, and move toward sus-
tainability, focusing on providing an overview of the current status of each technology by
exploring their energy recovery potential, benefits and drawbacks.

AD is still the most widely used alternative to treat sludge and recover energy in a
WWTP due to its maturity technology, sewage sludge treatment efficiency, low operating
costs and biogas production as a co-product. In the USA, almost 50% of all the wastewater
is treated through AD. Co-digestion and pre-treatment methods are some alternatives to
improve biogas production and process efficiency, but the second one is primarily used to
enhance sludge biodegradability, sludge management, and reduce environmental impact.
Thermochemical processes, including pyrolysis and gasification, can also offer several
benefits for treating sewage sludge by converting organic matter into valuable products
while addressing the challenges associated with sludge management. Both gasification and
pyrolysis are mature technologies that generate high-value co-products, including syngas
and bio-oil, and can be used to generate electricity and heating. Additionally, hydropower
and wind technologies offer significant benefits as renewable energy sources, but their ap-
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plication in WWTPs is limited due to several practical, technical, and economic challenges.
For example, conventional hydropower systems require a significant and consistent flow of
water to generate electricity, and, typically, WWTPs do not have the necessary flow rates or
water head heights to support hydropower turbines effectively, and wind turbines require
substantial space to operate efficiently, and many municipal facilities are located in urban
areas or constrained sites where space is limited. On the other hand, other technologies,
including Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells (MECs), hold sig-
nificant potential for sustainable energy production and municipal wastewater treatment.
Despite their promising laboratory-scale performance, large-scale implementation of MECs
and MFCs can face some challenges related to scalability, energy efficiency, capital and
operational costs, material durability, microbial stability, reactor design, and regulatory
approval. Therefore, more academic research and technological development are needed to
achieve both technical advancements and system integration. Many of these challenges can
be overcome, opening up opportunities for bioelectrochemical technologies to contribute
to sustainable energy production, waste treatment, and environmental management on
larger-scale facilities. Overall, the successful adoption of renewable energy technologies
involves overcoming several challenges that span technical, economic, regulatory, and op-
erational domains. It is important to address these challenges and technology limitations to
outline future prospects for achieving a more energy-efficient and sustainable wastewater
treatment paradigm.

WWTPs also have a significant potential to contribute to grid services and partici-
pate in demand-response programs by leveraging their operational flexibility and energy
consumption patterns. By shifting load consumption, optimising processes, integrating
renewable energy, and investing in advanced control systems and energy storage, WWTPs
can provide valuable services to the grid while benefiting from cost savings and incentives.
Additionally, the effective implementation of demand response and the ability to provide
grid services for a WWTP requires addressing operational, economic, and regulatory chal-
lenges to ensure that energy management strategies align with both treatment efficiency
and grid requirements.

The main challenges and limitations of this study included (i) a review and compilation
of several types of renewable energy technologies limited only to municipal wastewater
and sewage sludge (some technologies can use other types of feedstocks, such as AD,
thermochemical processes, MFC, MEC); (ii) some renewable sources are still under exper-
imental stages and early stage development, and thus, their applications in large-scale
WWTPs are very limited, making it difficult to quantify their effectiveness, efficiency, or
financial viability; (iii) due to the wide range of WWTPs design, treatment processes and
capacity, applications of these technologies can have significant differences in performance,
including energy production and efficiency; and (iv) many of the studies on renewable
energy in WWTPs are based on small-scale pilot projects or case studies and they are not
widely implemented in large-scale facilities. Thus, it is hard to measure key parameters,
including efficiency, system performance, costs, and operational control.

Therefore, the future research directions regarding the adoption of energy resources
in WWTPs can be based on two main topics: (a) further research on emerging renewable
energy sources (RES) and (b) optimising traditional RES. For traditional methods, such as
AD, the focus should be on enhancing biogas production, improving process efficiency (i.e.,
co-digestion and pre-treatment), and integrating AD with other energy recovery systems.
However, thermochemical processes are also a mature technology, and further research
exploring better conversion efficiencies and the production of high-value co-products
from sewage sludge while reducing emissions can be developed. In terms of hydropower
and solar PV, investigations to overcome site-specific challenges, such as limited space
or water flow, with compact systems and more efficient systems can be explored. On the
other hand, emerging technologies, particularly MFCs and MECs, improving scalability,
energy efficiency, and material durability, alongside overcoming regulatory barriers for
large-scale deployment, are the main challenges to be overcome. Further research is needed
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to integrate these bioelectrochemical systems with other treatment processes to maximise
energy recovery and treatment efficiency. Additionally, water electrolysis holds promise for
hydrogen production from wastewater, which could contribute to energy storage and fuel
cells. The future of WWTPs will also involve incorporating digitalization and smart grids
to optimize energy management, enabling WWTPs to provide grid services and become
key players in decentralized energy systems.
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Abstract: The energy industry is constantly changing and evolving. One of the visible
solutions is the pursuit of low-emission solutions. One such solution is investment in
renewable energy sources (RESs), including hydropower, which in 2023 will constitute a
dominant share in the production of electricity from RESs (47.02%) in the world. One of the
alternative solutions is the use of hydropower in wastewater treatment plants, whose global
potential is estimated at about 4350 TWh. An important issue in the operation of these
facilities is their profitability. This article presents an economic analysis of a hydropower
plant in the wastewater treatment plant in Toruri (northern Poland) in order to assess its
profitability in the context of profits, costs, and payback period. The analyses showed the
profitability of 9 out of 12 characterized variants, with the payback period estimated for
real variants at 10.75-23.74 years and for theoretical variants at 5.06-5.32 years. The most
significant factor in reducing the payback period was the level of electricity production
between years, while different types of settlements and changes in electricity sales prices
played a lesser role. Taking into account all profitable variants, after 25 years of operation,
the net income will amount to PLN 1.07 million for the actual variants and PLN 3.18 million
for the theoretical variants. The work can contribute to understanding the specifics of the
operation of such facilities, which is consistent with, among others, the goals of sustainable
development, climate and energy policies, or the circular economy.

Keywords: renewable energy sources; sustainable development; bioeconomy; climate
change adaptation; cost-benefit analysis; investment payback period

1. Introduction

Currently, the energy industry is constantly changing and evolving. There is a visible
drive towards zero-emission or low-emission solutions [1,2], which are part of the idea of
adaptation to climate change and a circular economy [3,4]. As a result, there is a continuous
increase in the share of renewable energy sources (RESs) in electricity production and in
various sectors of the economy. According to data from 2023 [5], RESs constitute 30.2% of
the electricity generation (installed capacity equal to 3.865 GW) in the world. In 2000, it
was 18.3%. Globally, the dominant source of RESs is hydropower (47.02% of production
from RESs), followed by solar and wind energy (25.83% and 17.88%, respectively). In
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2030, the share of renewable energy in electricity production worldwide is expected to
be around 30%, with a similar share of solar, wind, and water energy (the importance
of the first two is growing due to the decreasing installation and operating costs and
subsidies and reliefs for this type of investment [6,7], e.g., the levelized cost of energy
for photovoltaic panels dropped by 90% comparing 2023 with 2010 [8]). Lower RES
emissions compared to conventional sources are noticeable. For coal and gas, these values
are 820 and 490 gCOyeq/kWh, respectively, while for wind, water (run-of-river power
plants), geothermal, and rooftop solar energy, they are 12 (4.9), 24, 38, and 41 gCO,eq/kWh,
respectively (median value) [9,10]. The described RES investments are consistent with,
among others, the European Green Deal, which assumes achieving zero net greenhouse
gas emissions by 2050 [11,12]. Similarly, the development of the RES sector is consistent
with the sustainable development goals (SDGs), especially SDG 7 (“affordable and clean
energy”’) and SDG 13 (“climate action”) [13].

As mentioned, hydropower plays an important role in the energy sector, being the
dominant source of renewable energy in 2023 on a global scale. This is mainly due to the
flexibility of this energy source [14] and, in the case of accompanying reservoirs, also for
recreational, navigation, flood protection, or water supply purposes [15,16]. The largest
amounts of this energy source for electricity production per capita are used in Iceland,
Norway, and Bhutan due to favorable hydrographic and geomorphological conditions (in
2023: 37,890, 24,836, and 11,502 kWh, respectively) [17]. However, according to forecasts,
this energy source may be used less and less in the future due to the increasing installation
costs and higher levelized energy costs compared to other renewable energy sources,
especially solar and wind [8]. Another major obstacle is often the long and complicated
administrative and legal procedures, as well as the potential negative impacts related to the
construction and operation of such facilities (e.g., impact on hydrological characteristics,
conditions for the migration of aquatic organisms, quality of water and bottom sediments,
and potential population resettlements) [18,19].

An alternative to standard run-of-river, reservoir, or pumped-storage hydroelectric
power plants, which require the construction of appropriate infrastructure, are hydropower
plants in wastewater treatment plants (WWTPs) [20]. Their advantages include the use of
existing infrastructure, usually using a constant inflow of wastewater from the treatment
plant, the possibility of constant monitoring due to the location in an existing facility, and
cost reduction (e.g., land lease and construction of damming devices) [21]. Thanks to this
solution, the impact on the environment and society is minimized because no damming
devices, water reservoirs, or dams are created in the riverbed, so such a solution can be more
easily incorporated into the existing infrastructure [22]. Hydropower plants in WWTPs
can also be easier to manage due to their greater predictability than in rivers, as well as
the higher stability of electricity production from water energy. It can also be a method
of energy recovery that will function well, for example, alongside hybrid water supply
systems, the use of sewage sludge, or co-fermentation systems [23-25]. This is, therefore,
consistent with the idea of a closed-loop economy in which available raw materials are
used to the maximum extent possible. The potential for using energy from WWTPs is large.
It is estimated that on a global scale, this value may amount to 4347.77 TWh in 2022 [26];
for comparison, the total energy production from hydropower plants in the world in the
same year was equal to 4326.76 TWh [27].

An important aspect of hydropower plant operations is their profitability [28]. In this
case, profit is derived from the sale of generated electricity, while costs are incurred both in
the pre-operational and operational phases [29]. These costs result from the preparation
of documentation, construction works related to the construction of the power plant,
equipping the hydropower plant, connection to the power grid, land lease, taxes and fees
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related to the sale of energy and the use of land for hydrotechnical structures, modernization
and maintenance of equipment, payments, and costs related to mitigating environmental
effects [30]. The distribution and size of costs depend on the type of hydropower plant
(reservoir, run-of-river, or pumped-storage), its location (region/country), and technical
parameters (e.g., head, power, and types of installed equipment) [31,32]. For example, it is
estimated that maintenance and modernization costs in 2020 for 270 hydropower plants
in the United States ranged from 16 USD/kW for plants over 500 MW to 213 USD/kW
for plants under 10 MW [33]. They typically constitute from 1% to 6% of the total annual
installation costs [34] (in 2023, the average installation cost for hydropower plants was
2806 USD/KW [8]). A cross-sectional study by Sovacool et al. (2014) [35] showed that the
value of 401 hydropower projects with a capacity of over 325 GW was 820 billion USD,
which is approximately 2.52 million USD per MW.

As can be seen, the above considerations mainly concern run-of-river, reservoir, and
pumped-storage hydropower plants. However, there are few publications so far related
to the economic analysis of hydropower plants in WWTPs (examples: Tatkar WWTP in
Ankara, Turkey [36], WWTPs in Great Britain and Ireland [37], comprehensive analysis of
46 facilities in 14 countries [38]). In the case of Poland, Central Europe, i.e., the country
on which this publication focuses, no results in this area have been published so far,
so it was decided to fill this knowledge gap. Currently (December 2024), there are three
hydropower plants in WWTPs, i.e., in Szczecin, Krakéw, and Torufi, using Francis or Kaplan
turbines with capacities of 140, 130, and 55 kW, respectively [26,39,40]. The distinguishing
element of this article from similar economic analyses of WWTPs is the use of variants
based on different criteria, i.e., electricity settlement principles (households, competitive
market), energy sales prices (2018, 2023), the amount of electricity produced (2018, 2023),
and using actual and potential electricity production data. In addition, the actual results
of the active power of the turbine, i.e., delivered to the power grid, are used, which
increases the quality of the presented analyses. In other studies, estimated values of
head, efficiency, and flows were usually used, and only on this basis were the power and
electricity production determined, e.g., [36,38,41]. The methods used in similar analyses
include sustainable management models (a combination of economic, environmental, and
social analyses) [42], determination of energy recovery potential, economic profitability
and sensitivity analysis [36], fuzzy logic tool (technical, economic, and environmental
aspects) [35], algorithm using GIS data, inflows, local investment costs, and electricity sales
tariffs [18].

The aim of the article is to assess the profitability of the operation of a hydropower
plant located in a WWTP in Torur (northern Poland, Kuyavian-Pomeranian Voivodeship)
based on the analysis of revenues, costs, and payback period of this type of investment. The
work is a contribution to understanding the specifics of the operation of this type of facility,
thanks to which it can contribute to the implementation of sustainable development goals
related to national and international energy policies, assuming an increase in the use of RES,
such as hydropower. The described case study also promotes activities related to rational
water and wastewater management, conducted in the spirit of the circular economy, which
also takes into account activities related to adaptation to climate change. The work may
also be of practical importance, e.g., for investors or institutions wishing to invest in the
construction of a hydropower plant in WWTPs and constitute a certain compendium in the
assessment of the justification for launching this type of facilities (e.g., as an element of the
strengths, weaknesses, opportunities, and threats analysis = SWOT analysis).
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2. Materials and Methods
2.1. Research Facility

The hydropower plant operating in the Central WWTP in Toruni (northern Poland,
Kuyavian-Pomeranian Voivodeship, Central Europe; 53°00'50” N 18°32'19” E) was selected
as the research object for analysis. The function of the treatment plant located in an area
of 9.5 ha is to treat municipal and industrial wastewater, infiltration water, and rainwater
from the city of Toruni and neighboring communes, which are supplied by the wastewater
network and transported by wastewater disposal vehicles. The maximum daily capacity
of the facility is 90 thousand cubic meters. On average, about 15 million cubic meters
of wastewater are treated per year. There are three stages of treatment, i.e., mechanical
treatment, biological treatment, and processing of wastewater sludge. The technology of
Passawant company is used. The facility has been operating since 1998 [43,44].

Since 2016, a hydropower plant has been operating at the outlet of the treatment
plant, where the treated wastewater is directed to the Vistula River. It uses the natural
accumulation of water in the treated wastewater chamber, which is located below the
secondary settling tanks. The hydropower plant is equipped with a 55 kW Francis turbine.
The energy produced is used to compensate for the electricity needed for wastewater
treatment. Its location is shown in Figure 1. The exact operating principle of the power
plant and construction diagrams are included in the previously published article [26].

Figure 1. Location of the research facility: Central Wastewater Treatment Plant in Toruri (Poland)
(map background: https:/ /mapy.geoportal.gov.pl/imap/Imgp_2.html; accessed on 14 January 2025).

2.2. Calculations of Electricity Production in a Hydropower Plant

The article calculates the daily electricity production from the hydropower plant at
the WWTP in Torun in 2018 and 2023 (these years were selected to capture potential time
variability of revenues and costs, as well as potential different operating conditions of the
facility). To determine it, the hourly active power of the Francis turbine for the analyzed
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years, sent by Toruriskie Wodociagi Sp. z 0.0. was used. These data were then converted to
daily, calculating the average for each day.
The final electricity production was determined based on Formula (1) [45]:

EP=P -t (1)

where

EP—daily electricity production (kWh);

P—turbine power (kW);

t—operating time of the hydropower plant in the WWTP (t = 24 h).

As this was actual data, multiplying by 24 h produced appropriate results, taking into
account variability in turbine performance.

In the absence of such data, electricity production would be determined using the
following Formula (2) [46,47]:

EP=H-Q-nt-g-t, 2

where

H—hydraulic head (m);

Q—flow through the turbine (m3 /s);

ng—turbine set efficiency, i.e., the product of the turbine, transmission, generator, and
power output efficiency (-);

g—gravitational acceleration (m/ s%);

t—operating time of the hydropower plant in the WWTP (h).

The work also used information on hourly amounts of wastewater at the outlet of
the WWTP, which were converted into daily totals. This data also comes from Torunskie
Wodociagi Sp. z o.0. (Torunt Waterworks). Figure 2 presents the individual steps of the
analyses performed in this article, described in Sections 2.2 and 2.3.

1. Calculation of electricity production in the hydropower
plant at the wastewater treatment plant in Torun (Poland) for
the active turbine capacities from 2018 and 2023 (daily data)

2. Economic analysis for the obtained values (revenues
and costs), for 12 variants depending on the electricity
production, price rates and method of its settlement

3. Determination of the payback period and profitability
of the investment in the selected variants

<Steps of performed analyses |

Figure 2. Analyses performed as part of work on the article.

2.3. Assumptions for Economic Analysis

The economic analysis includes the balance of revenues and costs related to the
construction and operation of a hydropower plant in the WWTP in Torun, along with the
determination of the estimated payback period and its profitability. Due to limitations
resulting from the availability of data and the scope of the research carried out, we did
not take into account external costs and benefits. Due to the objectivity of the research
results, taxes and public subsidies were also not taken into account, including revenues
from green certificates, which in Poland are awarded to renewable energy producers. Thus,
the analysis takes into account net revenue, which includes only revenues from the sale of
products and services related to the main activity of a given company.
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In the case of the selected research facility, the net revenue is the value of electricity
production from the turbine, which depends on the factors given in Formula (2). Eight
evaluation variants were considered in the economic analysis:

1. Value of electricity production in 2018 at the average selling price of electricity on
the competitive market in Poland in 2018 (according to Energy Regulatory Office
in Poland = URE [48]: PLN 0.1943/1 kWh; PLN 1 = USD 0.245 = EUR 0.233, as of
3 December 2024);

2. Value of electricity production from 2018 according to the average selling price of elec-
tricity for households in Poland in 2018 (according to URE [49]: PLN 0.5055/1 kWh);

3. Value of electricity production from 2023 at the average selling price of electricity on
the competitive market in Poland in 2018 (according to URE [48]: PLN 0.1943/1 kWh);

4. The value of electricity production from 2023 at the average selling price of electricity
for households in Poland in 2018 (according to URE [49]: PLN 0.5055/1 kWh);

5. Value of electricity production from 2018 at the average selling price of electricity on
the competitive market in Poland in 2023 (according to URE [50]: PLN 0.75929/1 kWh);

6.  Value of electricity production from 2018 at the average selling price of electricity for
households in Poland in 2023 (according to URE [51]: PLN 0.7840/1 kWh);

7. Value of electricity production from 2023 at the average selling price of electricity on
the competitive market in Poland in 2023 (according to URE [50]: PLN 0.75929/1 kWh);

8. The value of electricity production from 2023 at the average selling price of electricity
for households in Poland in 2023 (according to URE [51]: PLN 0.7840/1 kWh).

The above variants take into account changes in rates between 2018 and 2023, differ-
ences between settlements on different principles, and variability in electricity production
in the selected research facility in the analyzed years.

The described profit should include the cost of electricity production. For hy-
dropower plants, in 2018, it amounted to PLN 0.1898 /kWh [52], and in 2023 it was PLN
0.2301/kWh [8]. Moreover, according to Polish law, the sale of electricity from hydropower
plants is not subject to taxation if the producer only holds a concession for electricity
production (in other cases, excise duty should be assumed, e.g., if the WWTP was the
final purchaser); additionally, it is renewable energy, and its capacity is lower than 1 MW,
which also qualifies for exemption from excise duty [53]. The current costs assumed were
the costs of repairs and modernization in the amount of 2.5% of the installation costs per
year [34]. Moreover, in accordance with the applicable Water Law, an annual fee must be
paid for the use of land covered with water for hydropower plant construction facilities,
which amounts to PLN 8.90/m?/year (assuming 360 m? of land area, calculated from the
terrain map) [54].

Before the hydropower plant was launched, it was also necessary to incur admin-
istrative and legal costs related to the conducted proceedings, land lease costs, and the
cost of building the hydropower plant (including the purchase of its individual compo-
nents, e.g., turbines, generators, and gears). The price levels from 2018 and 2023 were
assumed, thus taking into account inflation (in accordance with the variants analyzed
above) [8,50]. These were the costs of documentation related to the Water, Construction,
and Environmental Protection Law: PLN 90,357 and PLN 126,734 (estimation based on [55],
original prices from December 2021), lease costs: PLN 41,086 and PLN 56,954 (5 years of
lease assumed; calculations based on data from [56] for January 2013, taking into account
inflation), and installation costs: PLN 6022.17/kW and PLN 11,325.89/kW (average costs
for total hydropower plants at the global level for 2018 and 2023) [8,50].

The last element of the economic analysis is the estimation of the investment payback
period, i.e., the moment when the balance of revenues and costs is equal. The payback
period was calculated by dividing the net revenue (balance) on day zero (taking into
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account the costs before the start of operation) by the net revenue (balance) on an annual
basis. In addition, the profitability of the project in the cited variants was assessed, citing
the literature on the subject.

3. Results and Discussion
3.1. Annual Electricity Production at the Hydropower Plant in Torusi in 2018 and 2023

Figure 3 shows the average daily power of the turbine installed in the water power
plant of the WWTP in Torun in 2018 and 2023, divided into months. The average variability
of active power in both years, expressed by the coefficient of variation (CV), was average
and small, i.e., 20.38% in 2018 and 18.11% in 2023. In individual months, these values in
2018 ranged from 6.79% in February to 49.24% in June, while in 2023, it was from 0.00%
in August, September, and October to 57.83% in November. In the latter case, the high
variability resulted from the largest difference between the powers achieved in this month,
i.e., from 0 kW (from 1 to 6 November) to 33.40 kW (21 November). It should be noted
that in 2023, the turbine did not work for over 3 months (98 days); in 2018, this period was
7 days (late May and early June). The average turbine power was 19.34 and 11.38 kW in
2018 and 2023, respectively (which is 35.17% and 20.69% of the maximum active power).
Broken down by month, it was in 2018 from 15.63 kW in June to 25.89 kW in January, and
for 2023, it was from 0.00 kW in August, September, and October to 21.23 kW in December.
Looking at the time variability of the turf power, there is no correlation between the two
analyzed years. Moreover, the full power potential of the turbine was never used (the
highest power was 36.75 kW on 4 January 2018).
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Figure 3. Mean daily output power of the turbine at the hydropower plant of the wastewater
treatment plant in Torun, divided into months: (a) in 2018, (b) in 2023.

Translating the described turbine capacities into electricity production (Figure 4), the
difference between 2018 and 2023 is visible up to the 300th day in 2018. These values were
usually higher (daily average for the first 200 days: 2018: 482.18 kWh, 2023: 340.39 kWh),
and in the last 60 days, they were higher in 2023 than in 2018 (respectively, 418.30 kWh
and 500.28 kWh). Total estimated electricity production based on actual data amounted to
169.43 MWh in 2018 and 99.68 MWh in 2023.
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Figure 4. Variability of the calculated daily electricity production in the hydropower plant at the
wastewater treatment plant in Torun in 2018 and 2023.

Downtime periods in both years resulted from modernization and repairs and not
from the lack of wastewater flowing into the hydropower plant, as shown in Figure 5.
The lowest daily volume of wastewater at the outlet of the treatment plant in 2018 was
33.42 thousand m® (1 November), while in 2023, it was 8.69 thousand m? (16 September,
low value due to the lack of flow meter readings for 19 h; such situations occurred in
0.62% of cases during the year, so they are negligible). In 2018, the average daily volume of
outflowing wastewater ranged from 38.52 thousand m? in November to 49.71 thousand m3
in January, while in 2023, it was from 37.42 thousand m? in July to 47.65 thousand m?
in December. On an annual basis, the average daily volume of wastewater in 2018 and
2023 was 42.74 thousand m?® and 43.04 thousand m?3, and the sum was 15.60 million m3
and 15.71 million m3. These values were, therefore, comparable to each other; therefore,
the potential for electricity production with continuous turbine operation should also be
similar. It is worth noting that the WWTP operated properly in the context of not exceeding
the maximum daily wastewater throughput of 90 thousand m3 (maximum volumes: 2018:
76.07 thousand m3, 2023: 76.86 thousand m?).
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Figure 5. Daily volume of wastewater to the turbine in the hydropower plant at the wastewater
treatment plant in Torun: (a) in 2018, (b) in 2023.
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3.2. Simplified Cost-Benefit Analysis

According to the information shown in Figure 6, the total estimated costs before the
launch of the hydropower plant are about PLN 462.66 thousand in 2018 and PLN 806.61
thousand in 2023. This indicates an increase in total costs by 74.34%. The largest share
is made up of costs related to installation (construction of the hydropower plant with
accompanying infrastructure), i.e., 71.59% and 77.23% for 2018 and 2023. In second place
were the costs of documentation (e.g., water law reports, water law permits, environmental
impact assessments, building permits), i.e., 19.53% and 15.71%, and in last place were
land lease costs (assumed as perpetual usufruct): 8.88% and 7.06%. The price increase is
most visible, especially for the first position, i.e., 88.07%, while for documentation and
lease costs, it was about 40%. It should be noted that the estimated costs of individual
items may differ. The largest variable is the installed capacity of the hydropower plant, the
type of hydropower plant (run-of-river, pump-storage, reservoir), the applied construction
solutions (turbines, generators, gears, fish ladders, location in the created energy channel,
etc.), and the location affecting the size of the costs. According to International Hydropower
Association (IHA) data (2022) [57], in small run-of-river hydropower plants in Europe, the
installation costs are distributed as follows: civil: 50% (construction works), mechanical:
30% (construction element), and electrical: 20% (related to connection to the power grid).
According to the IHA report (2024) [58], the variability of averaged installation costs
is also variable for different regions of the world. In the years 2016-2023, the lowest
costs for small hydropower plants (<10 MW) were recorded in China (1829 USD/kW)
and India (approximately 2000 USD/kW), while the highest were in Africa and Europe
(approximately 3900—4000 USD/kW, respectively).
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600,000
500,000
400,000

Amount (PLN)

300,000
200,000

100,000

0
2018 2023
Year

Cost of the documentation ~ m Land lease fee ~ m Total installed cost

Figure 6. Comparison of estimated costs incurred before the construction of a hydropower plant at
the wastewater treatment plant in Torun in 2018 and 2023.

In the context of other renewable energy sources, currently the most cost-effective in
terms of installation costs are photovoltaic panels, the price of which has fallen by 86%
compared to 2023 with 2010 (758 USD/kW vs. 5310 USD/kW) [8]. Onshore and offshore
wind energy is in second place (2023: 1160 and 2800 USD/kW), the prices of which have
fallen by almost 50%. The highest price increases were recorded for hydropower and
geothermal energy, 92% and 52%, respectively (costs: 2806 and 4589 USD/kWh). The
most expensive installation costs are for concentrated solar energy (2023: 6589 USD/kWh).
Bioenergy remains at a similar price level.

The first element of the balance of current revenues and costs is the value of gross
electricity sales, assuming variants for different price rates (2018 and 2023), different
types of entities (competitive market, households), and different volumes of electricity
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production in the hydropower plant at the WWTP in Torun (2018 and 2023). The results
of this analysis are presented in Figure 7. The lowest revenue was recorded for variant 3,
i.e., electricity production from 2023 and settlement according to the rate for 2018 on the
competitive market (PLN 19,367.52), while the highest was for variant 6 (production from
2018, settlement for households according to the rate of 2023), equal to PLN 132,830.57.
The difference between these results is almost 7-fold. Analyzing the average production,
rate, and settlement method, it can be seen that the greatest changes occurred for the rate.
In 2023, it was higher by 120.53% than in 2018; different electricity production is of lesser
importance. In 2018, it was 69.97% higher than in 2023, and the smallest different settlement
method, i.e., 35.23% higher for households than in the competitive market.
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Figure 7. Cumulative profit from the sale of electricity production according to different rates:
(a) from 2018, (b) from 2023 (CM—calculations according to the average price on the competitive
market, HH—according to the average price for households, the year determines the amount of
electricity produced in the hydropower plant at the wastewater treatment plant in Torun).

Table 1 summarizes the current revenues and costs during the operation of the hy-
dropower plant. In the context of the costs incurred, the largest share concerns the costs of
electricity production, i.e., between 54.59% in variants 7 and 8 to 73.68% in variants 1 and 2.
In second place were the costs related to maintenance (18.97%-37.33%), and in third place
was the land use fee, which has been the same since 2018 (5.55%-10.54% of current costs).
In the overall balance, this gives an annual loss in two variants (approximately PLN 11,000
in variants 1 and 3) and a profit in the remaining 6 (in the range from approximately PLN
20,000 in variant 4 to over PLN 75,000 in variant 6).

Only variants 2, 4, 5, 6, 7, and 8 were taken into account for further analyses because
in cases 1 and 3, the estimated current costs exceed the profits, so the investment is
unprofitable (average selling price of electricity on the competitive market, production
as for 2018 and 2023). The estimated average costs of electricity production apply to
hydropower plants worldwide in general, and they may vary depending on the type and
size of the hydropower plant (especially the installed capacity). In reality, therefore, the
balance could be positive in all variants. For example, in Europe, the cost of electricity
production in small hydropower plants (<10 MW) for the period 20162023 ranged from
0.05 USD/kWHh to 0.28 USD/kWh [8]. In the context of maintenance costs, run-of-river
hydropower plants are assumed to be in the range of 1% to 4% of the installation costs,
according to the IRENA study from 2018 [52].
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Table 1. Balance of revenues and costs during the operation of the hydropower plant in Torur for
various variants, taking into account data on electricity production from 2018 and 2023.

. Income. fFom The Lev.el}zed Cost Opel:atlons and Land Use Fee-Water  BALANCE
Variant Electricity of Electricity-LCOE Maintenance Law (PLN) (PLN)
Production (PLN) (PLN) Costs (PLN)
1 32,919.62 32,157.20 —10,722.06
2 85,645.22 32,157.20 42,003.54
3 19,367.52 18,918.97 8280.48 —11,035.93
4 50,387.46 18,918.97 19,984.01
3204.00
5 128,644.03 38,985.09 70,881.84
6 132,830.57 38,985.09 75,068.38
15,573.10 P —
7 75,684.86 22,936.01 33,971.75
8 78,147 .91 22,936.01 36,434.8

According to Lewandowski’s study from 2014 [56], who conducted a cost analysis
for 89 run-of-river hydropower plants in Poland (which also includes the plant in the
wastewater treatment plant in Torun producing energy from flowing water), in the context
of the incurred indirect costs of electricity production, in most cases, they result from
taxes on hydrotechnical structures (98.88%), statutory fees for the use of land covered
with flowing water (76.40%), fees related to perpetual usufruct of land (67.42%), and the
provision of free services and participation in the costs of operation and maintenance of
hydrotechnical facilities (57.30%). The first position is no longer valid in light of the law in
force in Poland, while the remaining ones were included in the analysis of current costs.

Comparing the costs of electricity production for other renewable energy sources,
currently hydropower and geothermal power have recorded the largest increases (change
from 2023 to 2010: 33% and 31%, respectively) [8]. In the remaining RES, there were
decreases, the highest in solar and wind power (from 63% to 90%). In the context of
absolute values, the average costs in 2023 were the highest for concentrated solar power,
offshore wind power, bioenergy, and geothermal power (respectively, 0.117, 0.075, 0.072,
and 0.071 USD/kWh). The lowest costs were for onshore wind power, photovoltaic panels,
and hydropower (respectively, 0.033, 0.044, and 0.057 USD/kWh).

3.3. Payback Period and Profitability of Investment

The analysis of the balance of revenues and costs (Figure 8) shows that the invest-
ment will pay off, depending on the variant, from 10.75 years after launch (variant 6) to
23.74 years (variant 7), ignoring price changes. The shortest payback period, therefore,
concerns electricity production from 2018 at the average selling price of electricity for
households in Poland in 2023; the longest was electricity production from 2023 at the
average selling price of electricity on the competitive market in Poland in 2023. A signifi-
cantly shorter payback period was achieved for 2018 production (10.75-11.38) compared to
2023 (22.13-23.74), so the settlement itself according to rates for different types of entities
(competitive market: odd variants, households: even variants) and price increases (2018:
variants 1-4, 2023: variants 5-6) are of lesser importance.

Assuming electricity production for the maximum achieved turbine power in 2018
and 2023 (36.75 kW), i.e., 321,930 kWh, this time could be shortened. The cost comparison
for this theoretical example is presented in Table 2 (variant 9: electricity sales rate from
2018 on the competitive market in Poland, variant 10: electricity sales rate from 2018 for
households, variant 11: sales rate from 2023 on the competitive market, variant 12: sales
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rate from 2023 for households). As can be seen, variant 9 is unprofitable, while for 10, 11,
and 12, the payback period will be checked.

900,000
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300,000
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-300,000

Amount (PLN)

-600,000

-900,000

01 23 456 728 91011121314151617 18 19 20 21 22 23 24
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Figure 8. Temporal balance of profits and losses during the operation of the hydropower plant at the
Torun wastewater treatment plant according to different variants for data from 2018 and 2023.

Table 2. The balance of revenues and costs during the operation of the hydropower plant in Toruri
for various theoretical variants assuming annual electricity production at the level of 321,930 kWh
(constant turbine power of 36.75 kW throughout the year).

. Income' fFom The Lev?lfzed Cost Opeliatlons and Land Use Fee-Water BALANCE
Variant Electricity of Electricity-LCOE Maintenance Law (PLN) (PLN)
Production (PLN) (PLN) Costs (PLN)

9 62,551.00 61,102.31 —10,035.79

8280.48 e e—
10 162,735.62 61,102.31 90,148.83

3204.00 e —

11 244,438.23 74,076.09 151,585.04
15,573.10 e —

12 252,393.12 74,076.09 159,539.93

With the new assumption, the investment payback period would be between 5.06
(variant 12) and 5.32 years (variant 11; Figure 9). With a higher wastewater inflow, it would
be possible to operate with such power. Since the active power of the turbine is 55 kW,
and the assumed value is 66.81% of this value, the potential electricity production and
the investment payback period could be even more favorable. For Francis turbines, the
efficiency is usually assumed to be between 80% and 95% [59], so the example given may
occur in real conditions. Taking into account the remaining elements of the turbine set
(gears, generators, and block transformers), this efficiency may vary between 73.7% and
92.6% [46]. On a global scale, for small hydropower plants (<10 MW), however, the average
net capacity factor is lower, i.e., 52% [60], and varies between 30% and 75% [8], so the
value adopted above is consistent with current knowledge. For 49 hydropower systems in
WWTPs assessed for facilities in Switzerland, Japan, Spain, and Germany, among others,
the capacity factor in the context of energy generation ranged from 15.5% to 52.7% [38].
Taking into account all analyzed variants, after 25 years of operation, the net revenue
(balance) will amount to PLN 1.07 million for actual variants and PLN 3.18 million for
theoretical variants (average PLN 0.468 million and PLN 2.65 million, respectively).
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Figure 9. Temporal balance of profits and losses during the operation of the hydropower plant at the
Torun wastewater treatment plant according to different variants for the theoretical assumption of a
constant turbine power of 36.75 kW.

According to the study by Capua et al., 2014 [61], in the context of research on turbines
in hydropower plants in WWTPs, their profitability can be assessed by taking into account
the average daily wastewater flow and the hydraulic drop corresponding to this flow.
Using previously published data related to the analysis of the relationship between turbine
power and hydraulic drop [26], the missing data for 2018 were determined, assuming
the literature efficiency of the turbine equal to 80% and a flow occurring throughout the
year (Q = 0.387 m3/s); a hydraulic drop of 7.84 m was obtained, which corresponds to the
average turbine power of 19.34 kW. In addition, the quoted average wastewater outflow per
day for 2018, i.e., 42.742 m3/d, was taken into account. According to Figure 10, developed
based on the above study, the estimated payback period for the data, flow = 11.29 MGD
(42,742 m3/d) and head = 25.72 feet (7.84 m), is between 2 and 3 years, so according to
the classification adopted therein, it is a profitable investment (payback less than 5 years).
A payback period > 8 years was assumed as unprofitable and 6-7 as potentially prof-
itable; so, in the context of the payback periods calculated above, the profitable variants
are 10, 11, and 12. Of course, the assumed payback period for the investment defined
as profitable may be different. For example, Power et al. (2014) [36] specify a time of
10 years, and for the studied 25 hydropower plants in WWTPs in Ireland and Great Britain,
the estimated payback period ranged from 5.1 to 19.7 years and from 3.1 to 23.6 years,
respectively. In other studies, the payback period depended on the above-mentioned
parameters (hydraulic head and flow) but also on the generated power and investment
costs, and was, e.g., 7.4 years (head = 4.6 m, flow = 0.35 m3/s, generated power = 15 kW,
investment cost = 208,000 USD) [62] and 40 years (respectively, 10 m, 0.55 m3/s, 13.5 kW,
60,000 USD) [63].

Looking at the current trends in the energy sector, the profitability of investments can
be increased by using highly efficient, environmentally friendly solutions (e.g., Archimedes
turbines) adapted to local conditions [64]. Unconventional solutions will also become in-
creasingly important, e.g., hydrokinetic hydropower plants [65], combining different types
of renewable energy sources (e.g., hybrid systems of hydropower plants with photovoltaic
panels, wind-solar-hydro coupling) [66,67], storing surpluses of produced energy [68],
solar-hydro cable pooling [69]. The advantage of using different types of energy sources
within one installation may be their complementarity, i.e., mutual supplementation of the
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produced energy in different periods (e.g., in low flow conditions, but in sunny weather,
hydropower plants will produce little electricity, and photovoltaic panels will be able to
compensate for these deficiencies at the same time) [70]. Hydropower systems themselves
(alone or in combination with other solutions) are considered a good way to recover energy
in WWTPs, which is the subject of many studies, e.g., [71-73].

Flow (MGD = Hydraulic Head (feet = 1.83 m)
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Figure 10. Profitability matrix of a hydropower plant depending on the average daily hydraulic drop
and the average daily flow per turbine according to [59]; data for the hydropower plant in Central
Wastewater Treatment Plant in Torun: flow = 11.29 MGD, head = 25.72 feet.

4. Conclusions

The analyses carried out have shown that hydropower plants in wastewater treatment
plants (WWTPs) can be a potential alternative solution in the context of increasing the share
of renewable energy sources (RES) in electricity production, in line with the assumptions of
the circular economy by using the locally available resource, which is treated wastewater
flowing out of the WWTP, as exemplified by the WWTP in Torun (Poland).

Twelve variants were examined, assuming different settlement of energy sales rates
(households, competitive market), different sales prices (levels from 2018 and 2023), and
different levels of electricity production (calculated for the Francis turbine power from
2018 and 2023, as well as for a theoretical example of the maximum recorded power for
both analyzed years). The profit was assumed to be the sale of electricity and the costs of
preparation of documentation, land lease, installation costs (pre-launch costs), electricity
production costs, land use fee, operation, and modernization (current costs).

A total of 25% of the variants proved unprofitable due to costs exceeding revenues.
For the remaining variants, the payback periods for the actual variants ranged from 10.75 to
23.74 years, while for the theoretical variants, it was between 5.06 and 5.32 years. The most
significant factor in reducing the payback period was the level of electricity production
between years. Taking into account all the profitable variants, after 25 years of operation,
the net revenue will amount to PLN 1.07 million for the actual variants and PLN 3.18 million
for the theoretical variants.

The profitability of the investment was also checked in terms of the average daily flow
through the turbine and the corresponding hydraulic gradient, according to the literature.
It was shown that in this approach, the payback period is about 2.5 years, and the operation
of the hydropower plant in accordance with the proposed approach is profitable (<5 years).
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This variant corresponds to 35.16% of the installed capacity, so the payback period could
potentially be shorter.

As indicated, the profitability of the investment could be increased by using, for
example, other types of technological solutions (e.g., other types of turbines: Kaplan,
Archimedes, Pelton, propeller, etc.), connecting the existing hydropower plant with an-
other RES (such as solar and wind energy), storing energy in generators and batteries or
optimizing hydropower management. This will be the subject of future research.

The presented studies have their limitations because the actual conditions in the
research facility could be different in the context of the electricity produced, the applied
rates for billing and selling electricity, or the amount of costs incurred. For example, the
cost of electricity production depends on many factors and may vary in real conditions.
Similarly, it is difficult to predict price changes or variability in the amount of wastewater,
which is why the potential economic balance may differ from the one presented over the
years. Another limitation may be the fact that, in this case, Polish legislation was taken
into account, so potential taxes or fees may differ for other countries. From a sustainable
development perspective, in addition to economic issues, it would be worth considering
environmental and social issues as well so that the conclusions are more cross-sectional.

In summary, the presented analysis can be one of the case studies in the context of the
profitability of alternative solutions in hydropower, such as hydropower systems in WWTPs.
It can also be the basis for developing recommendations and guidelines for the management
of these facilities. The work is also important from the perspective of implemented energy
and water policies related to sustainable development goals, adaptation to climate change,
and the circular economy.

Future studies may focus on a more detailed analysis of profits and losses in other
such water and wastewater management facilities in Poland, which operate in Krakéw and
Szczecin and have greater power. In the case of Krakéw, a different type of turbine (Kaplan
instead of Francis), and in Szczecin, a different arrangement of two turbines instead of
one, which uses water from the water treatment plant. It would also be worth considering
other analytical methods, using mathematical and statistical models or indexes used in
economics or SWOT analyses. In addition, it would be possible to assume greater variability
in the context of prediction, using different forecasting scenarios based on the literature on
the subject.
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Abbreviations

Cv Coefficient of Variation

EUR Euro

IHA International Hydropower Association

IRENA International Renewable Energy Agency

PLN Polish Zloty

RES Renewable Energy Source

SDG Sustainable Development Goal

URE Energy Regulatory Office in Poland (Urzad Regulacji Energetyki)
UsDh The United States Dollar

WWTP  Wastewater treatment plant
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