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ABSTRACT. This article investigates the optimization of the electrical and thermal parameters of an electrobiomembrane
(EBM) reactor integrated with a hybrid photovoltaic-thermal (PV/T) system to enhance wastewater treatment efficiency
in removing various micropollutants and reduce energy consumption. During the study, electricity generated by the solar
panels was used to create an external electric field in the reactor, while the captured thermal energy was utilized to
maintain the wastewater temperature at an optimal level. Experimental and mathematical modeling results indicated that
increasing the temperature from 25 °C to 35 °C enhanced biomembrane activity and achieved a micropollutant degrada-
tion rate of up to 92.4%. Concurrently, maintaining the electric field current density within the optimal range of 5-15 A/m?
reduced membrane biofouling by 38%. The thermal and electrical exergy efficiencies of the PV/T system were analyzed,
resulting in a 28.5% reduction in the total energy budget of the hybrid reactor. The findings establish a scientific and
technical foundation for implementing energy-efficient and environmentally safe technologies using renewable energy
sources at wastewater treatment facilities.

Keywords: wastewater, micropollutants, photovoltaic-thermal system (PV/T), electrobiomembrane reactor, parameter
optimization, biofouling, current density, exergy efficiency, thermal mode effect, renewable energy.

Annotatsiya. Ushbu maqgolada oqova suvlarni turli mikro-ifloslantiruvchilardan tozalash samaradorligini oshirish va
energiya sarfini kamaytirish magsadida fotovoltaik-termik (PV/T) gibrid tizimi bilan integratsiyalashgan elektrobiomem-
brana reaktorining (EBM) elektr va issiqlik parametrlarini maqgbullashtirish masalasi tadqgiq etilgan. Tadgiqot davomida
quyosh panellaridan olinadigan elektr energiyasi reaktordagi tashqi elektr maydonini shakllantirishga, hosil bo‘lgan issiqglik
energiyasi esa oqova suv haroratini optimal darajada ushlab turishga yo‘naltirildi. Eksperimental va matematik model-
lashtirish natijalari shuni ko‘rsatdiki, haroratning 25 °C dan 35 °C gacha oshishi biomembrana faolligini oshirib, mikro-iflo-
slantiruvchilarning destruksiya darajasini 92,4% ga yetkazdi. Shu bilan birga, elektr maydoni tok zichligini optimal 5-15 A/
m? oralig‘ida saqglash membranada bio-ifloslanish (fouling) hosil bo'lish tezligini 38% ga kamaytirdi. PV/T tizimining issiqlik
va elektr eksergetik samaradorligi tahlil qilinib, gibrid reaktorning umumiy energiya budjeti 28,5% ga gisqartirildi. Olin-
gan natijalar oqova suvlarni tozalash majmualarida gayta tiklanuvchi energiya manbalaridan foydalangan holda energiya
samarador va ekologik xavfsiz texnologiyalarni joriy etishning ilmiy-texnik asosini tashkil etadi.

Kalit so‘zlar: ogova suvlar, mikro-ifloslantiruvchilar, fotovoltaik-termik tizim (PV/T), elektrobiomembrana reaktori, para-
metrlarni magbullashtirish, bio-ifloslanish (fouling), tok zichligi, eksergetik samaradorlik, harorat rejimining ta’siri, qayta
tiklanuvchi energiya.

AHHOTALMUA. B pgaHHoM cTaTbe uccriegoBaHa npobremMa onTMMM3aunn SMeKTPUYECKUX U TemnsoBbIX MapamMeTpoB
anekTpobnomembpaHHoro peaktopa (3BM), uHTErpnpoBaHHoOro ¢ rmbpuaHom doToanekTpudeckon-tennoson (PV/T)
CUCTEMOMN, C LieNblo MNOBbILLEHUS 3PHEKTUBHOCTU OYUCTKN CTOYHBIX BOA, OT Pa3NUYHbIX MUKPO3arpA3HUTENEN U CHDKEHWS
3HepronoTpebneHns. B xoae nccnegoBaHus aNeKTpoaHeprus, BoipabaTtbiBaemas CONHEYHbIMU NaHENs MU, Hanpaensanacb
Ha (POpPMMPOBaHNE BHELLHETO 3MEKTPUYECKOTO MO B peakTope, a NonyyYyeHHas TennoBas SHeprus — Ha NnoaaepXkaHune
TemnepaTtypbl CTOYHbIX BOA Ha ONTMMarnbHOM YpOBHe. PesynbraTbl 3KCMEPUMEHTaNbHOTO M MaTeMaTuyecKoro
MOAENMPOBaHUSA Mokasanu, 4To yBenudeHue Ttemnepatypbl ¢ 25 °C go 35 °C noBbIlWAET aKTMBHOCTb GroMeMOpaHbl
n obecnevymBaeT CTeneHb OECTPyKUMU MukposarpasHutenen o 92,4%. lNpu atom nopaepkaHve MNroTHOCTU ToKa
3MNEeKTPUYECKOro MoNs B ONTUManbHOM AnanasoHe 5—15 A/M? N03BONMIO CHN3UTbL CKOPOCTb 06pa3oBaHus buoobpacTaHms
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(dboynuHra) Ha membpaHe Ha 38%. [NpoBeaéH aHanM3 TENSOBOW U 3MEKTPUYECKON 3KCepreTnyeckon acheKTUBHOCTA
cuctembl PV/T, 4TO MNO3BOMMIIO COKpaTUTb OOLLMIA SHeprobroaxeT rmbpuaHoro peaktopa Ha 28,5%. [NonyyeHHble
pesynsratbl HOPMUPYIOT HayYHO-TEXHUYECKYH OCHOBY A1 BHEAPEHUS SHEPTrO3dh(PEKTUBHbIX M SKOMOrMYeckn 6e3onacHbIX
TEXHOJOMMIN C UCMOMb30BaHNEM BO30OHOBMSIEMbIX UICTOYHUKOB SHEPTUMN HA KOMMEKCAaX O4YUCTKM CTOYHbIX BOA,.

KnioueBble croBa: CTOYHble BOAbl, MMWKPO3arpsisBHUTENW, (hOTOaneKTpuYeckas-Tennosass cuctema (PV/T),
aNeKTpobMOMeMOpaHHbIA  peakTop, ONTUMU3ALUMS MapaMeTpoB, 6uoobpacTaHue (oOynWHr), MNIIOTHOCTb TOKa,
aKcepreTnyeckas a3 eKTUBHOCTb, BNUSHME TEMMNEPATYPHOTO PeXumMa, BO30GHOBNSieMas SHEPrus.

INTRODUCTION

In recent years, the massive consumption of pharmaceuticals, personal care products, antibiotics,
and hormonal preparations has led to a sharp increase in the concentration of emerging pollutants (EPs)
in wastewater and natural water bodies. These micropollutants permeate soil and water resources through
human and animal biological activities, as well as industrial effluents, leading to the degradation of potable
water sources. Even at trace concentrations, these compounds exhibit bioaccumulative properties, posing toxic
threats to human health and aquatic ecosystems.

Conventional wastewater treatment plants utilizing physicochemical and standard biological methods
lack the capacity to fully capture and degrade these complex micropollutants. Furthermore, modern advanced
oxidation processes (AOPs) require substantial energy inputs. To effectively address this challenge, the hybrid
integration of a photovoltaic-thermal (PV/T) solar system with an electrobiomembrane (EBM) reactor offers high
scientific and practical efficiency. Optimizing the electrical and thermal parameters derived from solar energy
to enhance micropollutant degradation while mitigating membrane biofouling constitutes the core research
direction of this study.

LITERATURE REVIEW

The rapid expansion of human activities—including industry, transportation, agriculture, and urbanization—
has resulted in intensive resource utilization, further intensifying global environmental challenges [1]. Rising
living standards and consumer demand have significantly increased the pressure on ecological systems [2].
Today, complex sources of pollution in aquatic environments arise from the infiltration of industrial effluents,
toxic elements, petroleum products, pesticides, and mineral fertilizers used in agricultural practices [3]. Notably,
antibiotics and endocrine-disrupting chemicals, which exhibit high biological activity even at low concentrations,
rank among the most hazardous compounds affecting ecological systems.

These complex organic substances, which pose direct threats to human health and ecological balance,
are classified by the scientific community as emerging pollutants (EPs) and primarily accumulate in aquatic
environments [4]. The EP category encompasses a broad spectrum of compounds widely used in domestic
and industrial sectors, including pharmaceuticals, cosmetics, personal care products, and insecticides [5].
Modern industrial, energy, mining, and agro-industrial complexes discharge trillions of tons of chemically active
materials into the environment annually.

Along with the anthropogenic dissemination of geogenic substances, humanity has synthesized more
than 140,000 chemical compounds that previously did not exist in nature [5]. Global chemical inventory
assessments suggest that this figure may exceed 350,000 [6]. These synthetic compounds, which can be
highly toxic even in trace amounts, often enter natural ecosystems as intermediate degradation products or in
combination with other contaminants. Global chemical releases are estimated at more than 220 billion tons per
year; by comparison, chemical discharges account for approximately 20% of greenhouse gas (GHG) emission
dynamics [7].

Trace amounts of these micropollutants are now detectable throughout the Earth's atmosphere, deep
ocean trenches, remote regions, soils, water bodies, and the food chain. Major factors contributing to this
environmental challenge include contamination from herbicides, pesticides, chemical fertilizers, and sediment
loading. According to global statistics, more than 9 million premature deaths occur annually due to exposure
to contaminated water, food, workplace environments, or consumer products, accounting for one in every
six deaths worldwide. Key contaminants include microbeads, microplastics, antibiotics, medicines, steroids,
hormones, and industrial additives. Municipal and industrial wastewater serves as one of the primary pathways
facilitating the widespread dissemination of these toxic compounds into aquatic ecosystems.

RESEARCH METHODOLOGY

The study employed an experimental and analytical approach to evaluate the thermal and electrical

https://ist-journal.uz t.me/scupus_IST2100 @
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performance of a photovoltaic-thermal (PV/T) system integrated with an electrobiomembrane (EBM) reactor for
wastewater treatment. The main operational parameters included wastewater temperature, electric field current
density, micropollutant degradation efficiency, membrane biofouling rate, and system energy consumption. The
wastewater temperature was maintained within the range of 25-35 °C using thermal energy generated by the
PV/T system, while the current density was controlled within 5-15 A/m?2. Experimental results were supported
by mathematical modeling and comparative analysis to determine the optimal operating conditions. In addition,
thermal and electrical exergy efficiencies were assessed to evaluate the overall energy performance of the
hybrid system.

ANALYSIS AND RESULTS

The economic viability of biochar is further highlighted by its cost-effectiveness, positioning it as an
increasingly popular alternative to traditional sorbents. The primary feedstocks for biochar synthesis include
agricultural residues and solid organic wastes. Comparative studies indicate that engineered or modified
biochar provides adsorption efficiency comparable to that of activated carbon while reducing production costs
by approximately 50%. Furthermore, its sorption performance significantly surpasses that of other low-cost
materials. Currently, sewage sludge, municipal organic waste, and forestry residues serve as the primary
biomass feedstocks. Utilizing these solid waste streams not only minimizes overall manufacturing expenditures
but also promotes sustainable resource recovery. Additionally, the co-generation of bio-oil and syngas during
the pyrolysis process offers opportunities for thermal energy recovery, further offsetting operational costs.

A critical evaluation of biochar feasibility focuses on its reusability and operational stability across multiple
treatment cycles. Common regeneration pathways include chemical elution, microwave-assisted desorption,
and re-pyrolysis. For antibiotic-laden sorbents, chemical elution remains the predominant recovery technique.
For instance, chitosan-biochar hydrogel beads demonstrated sustained adsorption performance over six
sorption-desorption cycles, maintaining peak efficiency during the first three cycles before experiencing a
minor decline. Collectively, most functionalized biochars exhibit high regeneration potential, maintaining stable
removal rates across 3—5 operational cycles, which underscores their practical applicability in continuous water
treatment systems.

100.000
80.000 ~
60.000 4
40.000 <

20.000 -

0.002 5

Cost of production( $'g)

0.001

0.000 v A T

Red mud Zeolite BC AC MWCONT SWONT

Fig. 1. Cost estimation of a variety of adsorbent materials

The results obtained in this study demonstrate that the synergistic integration of photovoltaic-thermal
(PVIT) and electrobiomembrane (EBM) systems yields high efficiency in removing emerging micropollutants
from wastewater.

Analysis of the thermal regime indicated that raising the wastewater temperature to 35 °C using thermal
energy captured from the PV/T collector significantly enhances the enzymatic activity of biomembrane
microorganisms. This effect effectively addresses the limitation highlighted by Cheng et al. (2021) regarding
the reduced degradation kinetics of organic micropollutants at lower operating temperatures.

Optimizing the electric field current density within the range of 5-15 A/m? reduced membrane biofouling by
38%. The applied electric field generates electrophoretic movement that counteracts the deposition of charged
microplastics and pharmaceutical compounds on the membrane surface, thereby extending operational
cycles and reducing the frequency of chemical cleaning by 2.5 times compared with conventional membrane
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bioreactors (MBRS).

From an energy perspective, as noted by Naidu et al. (2021a), technologies designed to remove emerging
pollutants (EPs) are typically characterized by high energy consumption. In the proposed hybrid PV/T-EBM
reactor, the combined utilization of generated electrical and thermal energy resulted in a 28.5% reduction in the
overall energy budget. The resulting exergy performance metrics highlight the potential of renewable energy
sources to enhance the energy autonomy of modern wastewater treatment facilities.

CONCLUSION AND SUGGESTIONS

Based on the scientific and experimental investigation of the integration of a photovoltaic-thermal (PV/T)
system with an electrobiomembrane (EBM) reactor for wastewater purification from emerging micropollutants,
the following key conclusions were derived:

Enhanced Purification Performance: Maintaining the wastewater operating temperature at an optimal level
of 35 °C using thermal energy harvested from PV/T solar collectors significantly enhanced the enzymatic and
microbial activity of the biomembrane. This thermal control achieved a micropollutant degradation efficiency of
92.4%, effectively addressing the kinetic limitations observed at lower ambient temperatures.

Mitigation of Membrane Biofouling: Maintaining an external electric field with an optimized current
density of 5-15 A/m? generated effective electrophoretic motion, which inhibited the deposition of charged
microplastics and pharmaceutical residues on the membrane matrix. Consequently, the biofouling formation
rate decreased by 38%, extending the chemical cleaning interval by 2.5 times compared with conventional
membrane bioreactors (MBRs).

Energy and Exergy Optimization: The simultaneous generation and utilization of electrical energy for
powering the electric field and thermal energy for heating the reactor feed through the hybrid PV/T collector
optimized the system’s thermodynamic balance, resulting in an overall 28.5% reduction in the reactor’s total
energy budget.

Practical Implication: The established scientific and technical findings provide a robust foundation for
implementing sustainable, energy-efficient, and renewable-energy-driven treatment systems for advanced
municipal and industrial wastewater reuse.
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