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Abstract

This article examines the comprehensive assessment of the environmental and economic
performance and social significance of wastewater treatment plants (WWTPs), using a
company in Western Kazakhstan as an example. During the analysis of the treatment plant’s
performance, the potential for using activated sludge as an alternative energy source was
explored. Initially, it was found that activated sludge could be used as boiler fuel at the
treatment plant. In the future, after drying the sludge, it could be used to replace coal at
combined heat and power plants (CHPs) when production is set up. The article analyzes
international research and modern approaches to sustainable water use and municipal and
industrial wastewater treatment. The paper examines the role of wastewater treatment
facilities in minimizing anthropogenic impacts on ecosystems and reducing production
costs. It also assesses the prospects for greening protected areas and the social impact
of modernizing the region’s infrastructure. The research aims to optimize wastewater
treatment facilities through the conservation of resources, water reuse and the use of
energy-saving technologies. Practical recommendations have been developed to improve
the efficiency and sustainability of wastewater treatment plants, taking into account the
climatic conditions of Western Kazakhstan. Water conservation is a goal of sustainable
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1. Introduction

In the context of global climate change, urban population growth, and increasing
water resource pressures, wastewater treatment plants (WWTPs) are becoming increasingly
important as a means of sustainable environmental and social infrastructure. An effective
wastewater treatment system not only reduces the anthropogenic impact on the environ-
ment but also provides the foundation for maintaining public health, developing the urban
environment, and improving quality of life [1,2].

Current research suggests the need to transform existing wastewater disposal systems
toward resource- and energy-saving solutions, including the reuse of treated wastewater,
the recovery of heat, energy, and organic matter from sewage sludge, and carbon footprint
reduction [3,4]. The “from wastewater treatment to water resource recovery” approach is
becoming a key focus for industry development [5,6].

When planning the construction, reconstruction and modernization of treatment
facilities, not only the technical and environmental aspects of the issue are most often
considered, but also the social importance of their work, including issues of employment
of the local population and how the population will exist next to such enterprises [7].

Despite the existence of a large number of studies devoted to wastewater treatment
technologies [8-15], in the actual practice of many countries, including the Republic of
Kazakhstan, there are still difficulties with the introduction of an integrated approach
that combines environmental, economic and social problems of wastewater treatment
plants [6,7,16].

This problem is especially relevant for regions where the technological structure of
water treatment and wastewater disposal enterprises is morally and physically outdated,
and the introduction of energy-efficient and resource-saving technologies and solutions is
difficult due to limited funding and insufficient personnel qualifications [3,17-19].

Therefore, this problem is very serious, and research into modern approaches to
improving wastewater treatment facilities and applying best international practices to
Kazakhstan’s regional conditions is particularly important and relevant. This paper exam-
ines the reconstruction experience of one of the region’s municipal enterprises, which treats
the city’s domestic and industrial wastewater.

The purpose of this work is to analyze the current state and prospects for the de-
velopment of wastewater disposal systems in Western Kazakhstan, as well as to develop
recommendations that make it possible to consider wastewater treatment plants as resource-
saving technologies and to reduce environmental risks in the region under consideration.
The potential for using activated sludge as a fuel was explored for the first time.

Sludge from wastewater treatment plants can be used as raw material for fuel produc-
tion. For example, it is possible to produce biodiesel from sludge and sewage. This fuel is
considered to be quite environmentally friendly.

After dehydration, the sludge can be processed into briquetted solid fuel. It can be
used for municipal and domestic purposes, as well as in industrial solid fuel boilers. One
option is to add wastewater treatment plant sludge to the fuel. This will help the fuel
ignite faster. Within the national framework, a study of the wastewater treatment system
in western Kazakhstan is being conducted for the first time. Currently, the problem of
wastewater treatment facilities in Western Kazakhstan is quite acute. Most of the treatment
facilities are outdated and require major repairs or complete replacement. The worn-out
networks and equipment cannot cope with the volume of wastewater from cities and
industrial facilities and do not provide the required level of treatment.

Insufficient wastewater treatment creates many problems and inconveniences for the
population, such as the presence of unpleasant odors; public health problems (spread of in-
fectious diseases); deterioration of drinking water quality; destruction of ecosystems [20,21].
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Stormwater discharges can generate unpleasant odors, posing no direct health hazard but
creating psychological discomfort. The problem of unpleasant odors from wastewater
treatment plants is primarily due to several factors, including illegal wastewater discharges,
inefficient wastewater treatment plant operation, and unpleasant odors associated with
sewage sludge processing. The main sources of odors include hydrogen sulfide, ammonia,
and volatile organic compounds (VOCs).

Furthermore, exposure to pollutants emitted by wastewater treatment plants can have
direct and indirect impacts on public health [22]. Global research shows that inadequate
wastewater treatment and ineffective aeration systems can release compounds capable
of causing allergic reactions, respiratory diseases, and dermatological disorders into the
atmosphere and water bodies when wastewater is discharged [2,23]. Elevated concentra-
tions of ammonia, hydrogen sulfide, and volatile organic compounds (VOCs) negatively
impact the respiratory system and can also lead to chronic intoxication with prolonged
exposure. In addition to physiological factors, psychophysiological effects on humans play
a significant role. Persistent unpleasant odors emanating from wastewater treatment plants
(WWTPs) create feelings of discomfort, anxiety, and irritability in the population, which is
supported by data on the effects of odorous pollutants on the human nervous system [24].
Unpleasant odors from WWTPs can spread over long distances, especially in calm, warm
weather. Prolonged exposure to even low concentrations of hydrogen sulfide can cause
headaches, sleep disturbances, decreased concentration, and a deterioration in overall
psycho-emotional state. Thus, the problem of unpleasant odors from wastewater treatment
plants extends beyond sanitary and hygienic factors, exerting a complex impact on the
physical, mental, and social well-being of the population [2,23,24]. This underscores the
need for a comprehensive approach to the modernization and reconstruction of wastewater
treatment plants, where environmental and engineering solutions must be accompanied
by measures to reduce psychosocial risks for the population. It is important to compare
regional practices in Western Kazakhstan with global trends in this industry, including the
transition to the concept of zero carbon emissions [25-27], the use of biogas [26-30] and
the digitalization of management processes [13,31-33]. A number of studies have been
conducted by national scientists on the issue of cleaning, but it is relevant at the present
time [34-37].

The scientific novelty of this study lies in its comprehensive assessment of the per-
formance of regional wastewater treatment plants in Western Kazakhstan in terms of
environmental efficiency, social significance, and resource potential.

This provides a number of important benefits, such as water conservation, which
is particularly beneficial for the arid and windy regions of Western Kazakhstan, where
traditional irrigation methods are often ineffective.

An additional novelty is the comparison of regional practices in Western Kazakhstan
with global trends in this sector, as well as the exploration of the possibility of using
wastewater treatment plant sludge as fuel.

2. Materials and Methods

The subject of this article is a municipal wastewater treatment facility located in
Western Kazakhstan. The facility receives, treats, and disinfects domestic and industrial
wastewater from municipal and industrial facilities. Therefore, the facility is strategically
important for servicing the region’s public utilities.

The plant’s process flow includes mechanical, biological, post-treatment, and wastew-
ater disinfection, as well as the processing and disposal of the resulting sludge. Mechanical
treatment is accomplished using screens, sand traps, and primary settling tanks. The bio-
logical stage consists of aeration tanks and secondary settling tanks, which remove organic
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matter, nitrogen, and phosphorus. After the biological treatment unit, the wastewater
undergoes post-treatment and is fed to an ultraviolet disinfection unit (UV), after which
it is discharged into a regulated water body. A distinctive feature of the facility under
study is its extensive wastewater sludge treatment complex, including gravity thickeners,
thickened and digested sludge tanks, first- and second-stage digesters, a sulfur removal
unit, a gas tank, a system for burning excess biogas, and a cogeneration unit for electricity
and heat production. The facility also includes a sludge drying building and a temporary
storage area for processed material. The design solutions are aimed at the efficient use
of sludge—producing biogas and generating energy savings—which aligns with global
trends toward zero-waste and energy-efficient wastewater treatment systems [3,17,38,39].
In the event of an emergency shutdown of the mechanical dewatering plant, a mixture of
raw sludge and excess activated sludge is discharged to emergency sludge pads, which
ensures the stability of the technological process.

The wastewater treatment process at the plant occurs as follows:

The capacity of the wastewater treatment facilities is 130,000 m®/day. Actual inflow
(actual average volume of domestic and industrial wastewater intake) is 61,111.506 m>/day.

Wastewater from the city sewer network is directed into the receiving chamber of
the screen building, where the mechanical treatment process begins. First, the wastewater
passes through large screens with openings of approximately 70 mm, which retain large
debris and solids. Next, the flow is directed through smaller stepped screens with openings
of approximately 7 mm, providing finer filtration.

After this, the wastewater enters longitudinal aerated sand traps, where mineral
particles—sand and other heavy impurities—are precipitated, and light floating substances
are removed. The wastewater, freed from coarse contaminants, is sent through a distribution
chamber to primary settling tanks, where suspended solids are removed and the flow is
clarified. After the mechanical stage, the clarified wastewater is fed to the biological
treatment unit.

Bioreactors, consisting of nitrification and denitrification zones, decompose organic
matter and nitrogen compounds and biologically and chemically remove phosphorus. The
sludge mixture is then sent to secondary settling tanks, where activated sludge is separated
from the purified water.

Biologically treated wastewater enters the post-treatment and disinfection unit, where
it undergoes microfiltration and ultraviolet treatment. The treated water is then collected in
a pumping station reservoir, from where it is pumped to a stabilization pond or discharged
into a water body.

Excess activated sludge generated during biological treatment is returned to the
system—some of it is recycled, and the remainder is sent to primary settling tanks. To
improve sedimentation efficiency, a coagulant is added to the sludge, which facilitates more
complete removal of suspended solids.

From the primary settling tanks, the mixed sludge is pumped through a pumping
station into gravity thickeners, where it is thickened and its volume is reduced by removing
excess moisture. The sludge is then sent to a hydrodynamic disintegration unit, where
the cellular structures of the microorganisms are destroyed, increasing the efficiency of
subsequent fermentation.

At the same time, substrates imported from industrial facilities are received at a
separate station and subjected to thermal disintegration. The resulting compacted and
disintegrated materials are collected in a tank, from where they are pumped to the technical
building of the sludge processing unit.

The sludge is then heated and sent to the first-stage digesters, where pre-fermentation
occurs. The resulting hydrolyzed sludge is returned to the technical building for cooling to
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approximately 37 °C, after which it is fed to the second-stage digesters, where mesophilic
fermentation occurs.

After the fermentation process is complete, the digested sludge is sent to a storage
tank, where it accumulates before further processing. From the tank, the sludge is returned
to the technical building and dewatered in centrifuges, significantly reducing its moisture
content and preparing it for further use or disposal. During anaerobic digestion, biogas
is produced in the digesters, which collects at the top of the chambers. It then undergoes
dehydration and sulfur removal in the sulfur removal unit, after which it is accumulated
in a membrane gas holder. The accumulated biogas is used in cogeneration units, which
simultaneously generate heat and electrical energy.

A portion of the generated electricity is used to power the wastewater treatment
plant’s process equipment, increasing its energy independence. The generated heat is used
to maintain optimal temperatures in the digesters, and excess heat is used to heat the plant’s
buildings during cold periods or to dry the treated sludge during warmer months. Excess
biogas not used in the cogeneration units is fed to a safe incineration system.

Thus, the implementation of wastewater sludge digestion technologies followed by
biogas utilization represents an effective way to conserve resources and green wastewater
treatment facilities. The resulting biogas serves as a valuable energy resource, allowing for
partial or complete coverage of the facility’s energy needs, reducing electricity and heat
costs, and reducing the carbon footprint by reducing greenhouse gas emissions.

Furthermore, dehydrated and stabilized sludge after fermentation possesses agro-
chemical value [40] and, after receiving a certificate of conformity, can be used as an organic
fertilizer for landscaping sanitary protection zones and reclaiming disturbed lands. This
application not only allows for the efficient disposal of wastewater treatment waste but
also returns beneficial nutrients to the biosphere, promoting the restoration of soil fertility
and improving the ecological state of the environment.

Alternative methods of using sludge were investigated:

- as a fertilizer;
- as fuel.

Both options are feasible. However, given the significant fuel demand, the use of
sludge as fuel must be considered.
Research methods. The study was conducted on the basis of:

- analysis of the environment in the area where the enterprise is located;

- studying global experience in wastewater treatment;

- analysis of enterprise process flow charts;

- operational control data;

- results of laboratory tests of wastewater before and after treatment;

- regulatory documents (Sanitary Rules and Regulations, State standard (SS), Building
codes and regulations).

The environmental situation in the western region of the Republic of Kazakhstan is
generally challenging due to the large number of oil and gas industry facilities, which
pollute the soil with heavy and even toxic metals, oil spills, and other pollutants. In the
area where the facilities are located, the main sources of air pollution are industrial plants,
such as metallurgical plants and mineral extraction and processing facilities, as well as
motor vehicles. Wastewater pollution is caused not only by industrial emissions but also
by municipal discharges, including sewage containing elevated levels of hydrogen sulfide.

World experience in wastewater treatment consists of membrane technologies such
as ultrafiltration, nanofiltration, reverse osmosis [41,42], dynamic membranes for organic
extraction and increased purification efficiency [43].
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Biological treatment is the use of activated sludge, biofilters, membrane bioreactors,
and anaerobic systems [44—47]. In global wastewater treatment plant operations, tech-
nologies based on the use of activated sludge occupy a leading position. This method
has been used for quite some time and has proven itself to be a highly effective means of
biodegrading toxins and removing nutrients. A key advantage of this technology is its
ability to retain biomass and prevent its penetration into soils [48].

Creation of artificial wetlands and stabilization ponds [48-51], which are used in rural
areas, small towns, resorts and in the countries of Asia and Africa [52,53].

Chemical methods such as coagulation, flocculation, adsorption on activated carbon,
ozonation, hydrogen peroxide, and ion exchange are used. Wastewater treatment mecha-
nisms are based on a combination of sorption processes, electrostatic forces, and bridging.
These factors ensure the effective removal of pollutants and a reduction in the overall
chemical load on the environment. Dye coagulation is achieved through the interaction of
high-molecular polymers and protonated amino groups, which facilitates the binding and
precipitation of substances [28].

Wastewater treatment with microalgae. This method is used to remove nitrogen,
phosphorus, and CO,, as well as to produce biomass from sewage sludge. Microalgae
technologies are based on the principle of spatial cell localization. This approach assumes
that living microorganisms, under the influence of natural or artificial factors, are deprived
of their ability to move freely and are retained in a specific zone of the system’s aquatic
environment [29].

To assess the treatment efficiency, a comparative analysis of the quality indicators of
wastewater at the inlet and outlet of the treatment plant was carried out.

The control parameters for the composition of wastewater at this plant are suspended
solids, biochemical oxygen demand (BODs), chemical oxygen demand (COD), ammonium
nitrogen, phosphates, surfactants (SAS), petroleum products, sulfates, chlorides and iron.

Sampling was carried out at the inlet and outlet of the wastewater treatment plant in
accordance with the requirements of SS 31861-2012 [30], and analysis was carried out in
accordance with SS 31940-2012 [54] and SS 33045-2014 [55].

Wastewater analysis was carried out using an analyzer. The analyzer used for chemical
monitoring of wastewater is an automated device designed to quickly determine the
composition of water and the concentrations of pollutants.

Wastewater samples were collected at two control points of the treatment process: at
the inlet, after treatment, and before the discharge of treated water. A total of 18 samples
were analyzed. Sampling was conducted quarterly, allowing for seasonal variability in
wastewater composition. Each analysis was performed in three independent replicates,
after which average values were calculated. Results are presented as mean + standard
deviation (MSD). The relative standard deviation of the results did not exceed 5%. The
number and frequency of samples ensured representativeness of the results and allowed
for changes in wastewater composition due to seasonal and operational factors.

The “Endress + Hauser Liquiline System” (Germany) orthophosphate analyzer was
used for continuous wastewater quality monitoring. The instrument operates based on a
colorimetric (photometric) method utilizing the molybdenum blue reaction. The analyzer
measures orthophosphate (PO4-P) concentrations in the 0.05-10 mg/L range with a maxi-
mum intrinsic error of £2%. The automated analysis cycle comprises sample collection,
reagent dosing, photometric measurement, data processing, and data transmission to the
process control system.

The analyzer’s operation includes several sequential stages:

1.  The device takes a sample. This can occur either continuously, with the wastewater
flow passing through the instrument’s measuring chamber, or in batches, using an

https://doi.org/10.3390/en19143395


https://doi.org/10.3390/en19143395

Energies 2026, 19, 3395

7 of 19

automatic sampler. At this stage, the analyzer’s task is to obtain a representative
sample reflecting the actual composition of the wastewater.

2. The sample is prepared for measurement. It is typically filtered to remove large
suspended particles, brought to the required temperature, and mixed with reagents
required for specific types of analysis. This preparation ensures stable measurements
and improves the accuracy of chemical determinations.

3. A chemical reaction is initiated in the sample. Added reagents interact with certain
contaminants—for example, metal ions, nitrogen compounds, or organic substances.
This reaction can change the solution’s color, transparency, acidity, or electrical con-
ductivity. These changes serve as indicators by which the device determines the
concentration of certain substances.

The next step is to measure the parameters. Analyzers use various methods: photomet-
ric, electrochemical, spectral, or a combination of these. They record changes in the optical,
electrical, or physical properties of a solution and convert them into quantitative data.

The device then processes the data. A built-in microprocessor compares measured
values with calibration curves and converts recorded changes into pollutant concentrations.
The results are displayed on the screen, stored in the device’s memory, or transmitted
to an automated environmental monitoring system. If exceeded limits are detected, the
device can generate warning signals. Modern analyzers are equipped with automatic
maintenance functions. They can flush measuring chambers, clean sensors, monitor reagent
consumption, and perform self-diagnostics. This reduces the risk of errors and ensures
stable long-term operation of the equipment.

Thus, the wastewater chemical analyzer is an intelligent system that automates the
entire analysis cycle: from sample collection to obtaining accurate quantitative data. Its
use enables the timely detection of contaminants, ensures wastewater quality control, and
maintains environmental safety at facilities.

The plant discharges treated wastewater into a river. The state service measures the
chemical composition of the water in this body of water. The results are presented in
Table 1.

Table 1. Total capacity of treatment facilities.

Parameter Indicator
Average daily flow rate, m3/day 90,000
Average hourly flow rate, m3/h 3750
Average flow rate per second, m®/s 1.04
Maximum daily flow rate, m3/ day 100,000
Maximum hourly flow rate, m3/h 4165
Maximum flow rate per second, m3/s 1.15

Assessment of atmospheric air quality. European odor unit (ouE/m?): the amount of
odorous substance(s) which, when diluted with 1 m3 of neutral gas under normal condi-
tions, produces a physiological response equivalent to that produced by one European Odor
Reference Mass (EROM) diluted with 1 m? of neutral gas under normal conditions [56].

To assess the effectiveness of treatment facilities based on their impact on atmospheric
air, extensive research on the correlation of odors and pollutant concentrations allowed us
to identify hydrogen sulfide as a marker substance for odor impact. Hydrogen sulfide was
used as an odor marker.

A GANK-4 device was used to measure hydrogen sulfide parameters. This device is
designed to automatically measure gas concentrations in atmospheric air (Figure 1). The
device operates on the following principle:
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- Sample collection. The device draws a small amount of air or gas through a tube.

- Analysis. There are sensors inside that react to different gases.

- Concentration measurement. Each sensor produces an electrical signal that depends
on the amount of a given gas in the mixture.

- Data processing. The device’s electronic system converts these signals into human-
readable numbers—for example, “CO, content = 0.04%.”

- Results display. Everything is shown on the screen or recorded in the device’s memory.
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Figure 1. Technological scheme of the sewage treatment plant (drawing by the author).

To assess the effectiveness of the treatment facilities, a comprehensive approach was
used, including a comparative analysis of operational, environmental, and economic
indicators. Based on laboratory monitoring data, actual pollutant concentrations were
compared with maximum permissible values established by sanitary norms and standards
of the Republic of Kazakhstan and international recommendations [30,54-57].

To use activated sludge as fuel, it is necessary to dry the sludge.

Characteristics of the composition of sewage sludge

Sewage sludge is a complex system consisting of numerous components, including
organic, mineral, and biological constituents. Its composition is determined by the nature
of the incoming wastewater, the treatment technology, and the sludge processing regimes.

Chemical composition of sewage sludge

The bulk of the sludge’s dry matter (up to 60-80%) consists of organic compounds,
which include proteins, fats, carbohydrates, and products of the biochemical decomposition
of organic contaminants. The mineral component (20-40%) includes calcium, magnesium,
and iron compounds, as well as phosphates, carbonates, and silicate impurities.

The sediment also contains biogenic elements:

- nitrogen (in organic and ammonium forms),
- phosphorus (in the form of phosphates).

This determines its value as a fertilizer for agricultural and landscaping needs.
Depending on the composition of the incoming wastewater, pollutants such as:

- heavy metals (zinc, copper, lead, cadmium),
- petroleum products,
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- surfactants,
- difficult to oxidize organic compounds.

Biological composition of sewage sludge

The sediment contains a high concentration of microorganisms that form activated
sludge. These are primarily bacteria, which mediate biological oxidation processes. Addi-
tionally, protozoa (ciliates, amoebae), fungi, and other microorganisms are present, which
help stabilize organic matter.

Based on the technological scheme of the enterprise and the analysis of the composition
of the incoming wastewater, given in Table 2 of the article, the composition of the resulting
wastewater sludge was determined.

Table 2. Evaluation of the composition of wastewater sludge from the enterprise under study.

Indicator Units of Measurement Values
Humidity Y% 95-97 (raw), 75-80 (after dehydration)
Dry matter (DM) % 3-5 (raw), 20-25 (dehydrated)
Organic matter % of dry matter 65-75
Minerals % of dry matter 25-35
Total nitrogen % of dry matter 3-5
Total phosphorus % of dry matter 24
pH pH units 6.8-7.5
BODs kg/m3 1.5-3.0
COD kg/m?> 4.0-8.0
Heavy metals mg/kg DM Low-moderate
SPAV mg/kg 10-50
Helminth eggs specimens/kg 50-200
Pathogens availability Are being discovered

Helminth content is not allowed in sludge from treatment plants for fertilizers, but is
allowed for fuel.

Drying of sediment.

Sludge treatment plant.

The installation is designed for drying dewatered sludge entering the wastewater
treatment plant.

The sludge entering the drying process has the following characteristics:

- The daily amount of dewatered sludge from the treatment plant is 100 tons/day.
- Humidity-70%
The installation consists of the following lines:
- drying: two ES1900 drying lines operating in parallel and processing dewatered sludge.

The drying process is carried out in a closed loop to ensure high efficiency. Diathermic
oil is used as a heat transfer fluid. A heat recovery system, utilizing excess enthalpy from
the process gas to produce hot water, will also be supplied as part of this section.

Auxiliary section: The drying system is supplemented by an auxiliary section, consist-
ing of equipment that ensures the proper operation of the unit. Specifically, this section
includes a gas cleaning unit, a compressor, and boilers with burners.

To ensure the required guaranteed evaporation capacity, the unit has the following
characteristics, shown in Table 3.

An option for using methane gas. Biogas Production and Utilization System: Sludge
treatment using closed fermentation chambers enables biogas production, while recycling
more than half of the sludge’s biological content. The sludge can also be used as a mineral
byproduct for agricultural purposes, for soil rehabilitation, and for urban landscaping,
while generating electricity in cogeneration units. Recovered heat is used to maintain
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the temperature in the fermentation chambers, and excess heat can be used for sludge
treatment and for heating wastewater treatment facilities.

Table 3. Installation characteristics.

Name Indicators
Daily amount of dewatered sludge ~100 t/day x 365 days/8000 h
Hourly amount of dewatered sludge ~8195 kg/h
Incoming sludge moisture content ~70%
Dried sludge capacity ~2540 kg/h
Moisture content of dried sediment ~20%
The amount of water evaporated per hour ~25585 kg/h
Heat required to evaporate 1 kg of water ~730 kcal/kg
Required heat energy for drying (net) ~4,077,000 kcal/h

The objects of biogas synthesis and use include:

- Sulfur removal unit

- Gas holder;

- Excess biogas combustion system;
- Biofilter

- Cogeneration plant.

Sulfur has a detrimental effect on biogas-consuming equipment, such as boilers and
cogeneration unit engines. Biogas produced in separate closed fermentation chambers
contains a small amount of sulfur, which must be removed. The desulfurization system
will combine elemental sulfur with iron. The used turf will be replaced periodically. The
purified biogas will be sent to a biogas storage tank, or gas holder.

Gas holder.

The purpose of the tank is to store (retain) the produced biogas and maintain the
appropriate pressure in the biogas network (similar to a hydrophore in a water supply
network). The proposed design utilizes a gas holder with two membranes, operated by
an elastic membrane, and pumps that inject air between the two membranes. This design
maintains constant pressure within the biogas production system. The tank is installed on
its own foundation and is equipped with safety valves and individual lightning protection.
Excess Biogas Incineration System (No. 30). The gas flare is a component of the biogas
equipment and will be used to incinerate any potential excess biogas. The facility is a
single tower-shaped unit, ready for installation, equipped with all necessary installation
equipment and automation.

The energy unit will be a single-story building located near the fermentation chambers
within the complex of facilities for the economic use of sludge and biogas.

To cover the thermal loads of the plant’s consumers (sludge heating heat exchangers
and the sludge processing unit), the project includes the installation of three containerized
cogeneration units powered by biogas. These units will serve as the primary source of heat
and electricity. Electric generators at the plant will use the produced biogas to generate
electricity. It should be noted that only a portion of the energy contained in the biogas will
be converted into electricity.

The obtained data indicate significant variability in the chemical composition depend-
ing on the origin of the sediment and the technology of its processing.

The sediment contains sodium oxides (NayO) and sulfur compounds, with con-
centrations ranging from 0.5-4.7% and 1.5-7.5%, respectively. The presence of these
components impacts thermal processing, as they can promote the formation of low-
melting compounds and increase the risk of slagging and ash deposits on the surfaces of
heat-exchange equipment.
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Zinc oxide (ZnO) content ranges from 0.1% to 0.3%, while copper oxide (CuO) does
not exceed 0.3%, indicating the presence of anthropogenic heavy metals in the sediment.
Higher concentrations are typical of nickel and chromium compounds: NiO content reaches
3.4%, and Cry03 3.1%, depending on the sediment type. These elements may limit the
potential for further use of the ash, as they require monitoring of their migration and
potential environmental impact.

The highest nickel concentrations are found in activated sludge, while chromium
content is highest in primary sedimentation sludge. After anaerobic digestion of the primary
sludge and activated sludge mixture, the concentrations of the individual components
tend to equalize due to the mixing of various sludge fractions and changes in their mineral
composition during stabilization.

Sludge from wastewater treatment plants has sufficient energy potential to be used
as an alternative fuel after preliminary dewatering and drying. Co-firing sludge with
traditional fuels or biomass, as well as its use in high-temperature industrial processes such
as cement production, is considered the most efficient.

3. Results

The environmental and economic efficiency of the enterprise was assessed taking into
account the following indicators:

- environmental (degree of removal of pollutants, purification coefficient for BODs
and COD);

- social (number of populations served, staff employment, contribution to improving
the quality of life and sanitary condition of the territory).

One of the significant factors in the operation of wastewater treatment plants (WWTPs)
is maintaining the sanitary protection zone (SPZ), which is necessary to prevent the negative
impact of odors and chemical pollutants on populated areas. In accordance with the
sanitary standards of the Republic of Kazakhstan, for treatment plants with a capacity of
over 50,000 m3/ day, the standard SPZ is 500 m.

The area of the sanitary protection zone is determined by the formula:

S=7r><r2,

where S is the area of the sanitary protection zone, m2; r is the radius of the zone, m.
Sepz = 3.14 x 5007 = 785,000 m? = 78.5 hectares.

Thus, the area of the sanitary protection zone of the wastewater treatment plant is
78.5 hectares.

Landscaping of sanitary protection zones is a key measure to reduce the negative
impact of industrial enterprises on the environment and populated areas. In Western
Kazakhstan, landscaping not only serves sanitary and hygienic purposes but also has
a protective function, preventing wind erosion and dust emissions and improving the
microclimate of adjacent areas.

The main goal of landscaping the sanitary protection zone is to create an effective
green barrier capable of trapping dust, gaseous emissions, aerosols, and odors, as well as
reducing noise levels. Additionally, green spaces contribute to:

- stabilization of soil cover;
- regulation of air temperature and humidity near the industrial site;
- creating favorable conditions for the employees of the enterprise and nearby settlements.
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The climatic and soil conditions of Western Kazakhstan require a special approach to
selecting plant species and managing green spaces [58]. Given the region’s arid climate,
landscaping in this region must be based on principles of adaptability, drought tolerance,
and longevity.

Features to consider when designing landscaping:

- limited precipitation and high evaporation;

- frequent winds, including dust storms;

- increased soil salinity in certain areas;

- continental climate with large temperature differences.

The results of wastewater treatment efficiency are shown in Table 4.

Table 4. Wastewater treatment efficiency.

Name of the Suspended Ammonium Petroleum
Substance Solids BOD; CoD Nitrogen Phosphates Products
Efficiency, % 98.1 99.5 96.45 98.1 98.8 98

Thus, the purified water meets the quality standards for water bodies used for cultural
and domestic purposes and can be used for irrigation and re-water supply.

The calculated characteristics of wastewater before and after treatment at the WWTP
are given in Table 5.

Table 5. Wastewater parameters before and after treatment.

. Before After Cleanin,
Indicator Cleaning MAC, mg/L Cleaning Efﬁciency,g%

Suspended solids, mg/L 515 <20 10 98,058
BODs5, mg/L 620 <3 3 99,516
COD, mg/L 845 <30 30 96,450
Ammonium nitrogen, mg/L 52.9 <1 1 98,110
Phosphorus phosphate, mg/L 8.5 <0.1 0.1 98,824
Surfactants, mg/L 4.0 <0.1 0.1 97,500
Sulfates, mg/L 170 <500 105 38,235

Chlorides, mg/L 288 <300 278 3472

Total iron, mg/L 0.17 <0.3 0.2 -

Petroleum products, mg/L 2.5 <0.05 0.05 98,000

As can be seen from Table 5, the efficiency of the WWTP is quite high, and the degree of
wastewater treatment corresponds to the quality of water bodies for cultural and domestic
purposes, enabling the organization operating the wastewater treatment plant to use this
water for irrigating green spaces, as well as to offer this water to enterprises in the region
for secondary use for technological needs.

The analysis showed that the water in the river is within normal limits for most
components. Table 6 shows that the indicators in the water body correspond to the quality
standards for water for cultural and domestic purposes; however, chromium (VI) exceeds
the maximum permissible concentration. Ammonium-nitrogen levels are slightly exceeded
(by ~15%), organic pollution is low (BODs5, COD are within normal limits), petroleum
products and surfactants are in safe quantities, salt composition (chlorides, sulfates) is
within natural limits, and nutrients (nitrates, nitrites, phosphorus) are minimal. This means
that water discharged after treatment to the wastewater treatment plant will not degrade
the water quality in the reservoir.

Concentrations at the sanitary protection zone boundary in summer and winter ranged
from 0.0009 to 0.0012 mg/m?, which were below the regulatory limits but slightly above the
human odor perception threshold (0.0007 mg/m?). Consequently, odor impact is minimal.
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Table 6. Chemical composition of water in a water body.

Name of the Substance Data, mg/m?
Suspended solids 12.342
Chlorides 86.032
Sulfates 88.210
COD 19.320
BOD5 1.725
Ammonium nitrogen 1.146
Nitrogen nitrites 0.007
Nitrate nitrogen 0.007
Chrome 6+ 0.078
Total iron 0.005
Total phosphorus 0.019
BOR 0.214
SPAV 0.010
Petroleum products 0.005
Oil 0.0029
Zinc 0.002

During the study, one-time atmospheric air measurements were taken at the 500 m
boundary of the plant’s sanitary protection zone (SPZ) and at the boundary of the resi-
dential area to measure hydrogen sulfide content. The results of the summer and winter
atmospheric air measurements at the SPZ boundary and within the WWTP’s territory are
presented in Table 7.

Table 7. Results of atmospheric air measurements.

Concentration, mg/m?

MPCmr RfC, Human Odor Perception
Pollutants Place of Measurement Daylight Winter mg/m? mg/m? Threshold, mg/m?
Saving Time Time
. Enterprise territory 0.0015 0.0012
Hydrogen sulfide " gp7 1, ;ndary (windward side) 0.0012 0.0009 0.008 0.002 0.0007

Based on the results of measurements at the boundary of the sanitary protection
zone of the treatment plant, it is clear that the concentrations of hydrogen sulfide in the
atmospheric air correspond to the standard values.

Sludge from treatment plants, after drying, can be used as an additive to fuel or as
fuel itself.

In particular, the following applications as fuel are possible:

- Fuel briquettes or pellets made from dewatered sludge. Can be combined with other
organic waste;
- Methane gas release during sludge fermentation;

Sludge waste from sewage treatment typically contains household fats and compo-
nents, which also contribute to the combustion process (Table 8).

Table 8. Composition of sludge for fuel.

Indicator Units of Measurement Values
Dry matter (DM) % 3-5 (raw), 20-25 (dehydrated)
Organic matter % 65-75

Fuel quality requires a minimum amount of minerals (low ash content). In sewage
sludge, organic matter accounts for 65-75% of the total fuel composition. This organic
component ensures combustion and calorific value. A disadvantage is that the sludge
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generated during wastewater treatment also contains approximately 25-35% minerals,
which do not burn. However, this can be reduced through treatment or balanced by
reducing the organic content.

4. Discussion

The results obtained during the study confirm the high environmental efficiency
of the modern wastewater treatment complex, including advanced biological treatment
and disinfection. The use of anaerobic sludge digestion ensures the plant’s energy self-
sufficiency and aligns with global trends in sustainable water use.

The results of the analysis of treated wastewater show that after mechanical and
biological treatment, the water quality improves significantly, and the content of the main
pollutants decreases to values that allow it to be considered as an additional source of water
for irrigation. The suspended solids concentration is reduced from 515 to 10 mg/L, corre-
sponding to a purification efficiency of 98.1%. The residual concentration does not exceed
the established standard and significantly reduces the load on the water body or water
reuse system. Biochemical oxygen demand (BODs) decreased from 620 to 3 mg/L, with a
treatment efficiency of 99.5%, indicating virtually complete removal of easily oxidizable
organic matter. A similar trend is observed for chemical oxygen demand (COD), whose con-
centration decreased from 845 to 30 mg/L, with a treatment efficiency of 96.5%. The results
confirm the high efficiency of biological treatment and reduce the oxygen load on the water
body. The ammonium nitrogen content is reduced from 52.9 to 1.0 mg/L, with a removal
efficiency of 98.1%. This indicates effective nitrification processes in the aeration tanks and
prevents the release of ammonium nitrogen compounds into the environment, which can
contribute to the intensive growth of algae and deteriorate water quality. High efficiency
was also achieved in phosphate removal. Phosphate concentrations were reduced from
8.5 to 0.1 mg/L, corresponding to a 98.8% removal efficiency. Simultaneously, synthetic
surfactant concentrations were reduced from 4.0 to 0.1 mg/L, resulting in a 97.5% removal
efficiency. The purification process virtually completely removes petroleum products. Their
content is reduced from 2.5 to 0.05 mg/L, corresponding to a purification efficiency of
98.0% and minimizing the negative impact on the water body. Sulfate concentrations are
reduced from 170 to 105 mg/L, with an efficiency of 38.2%, and chloride levels are reduced
from 288 to 278 mg/L, with an efficiency of only 3.5%. Residual sulfate and chloride levels
comply with established standards. The concentration of total iron after purification is
0.2 mg/L, which also does not exceed the maximum permissible concentration (0.3 mg/L),
despite the absence of a pronounced effect on reducing this indicator.

After treatment, the content of most pollutants meets established regulatory require-
ments, significantly reducing the impact on the water body. Furthermore, the achieved
quality indicators of the treated water allow for its reuse for industrial purposes and ir-
rigation of green spaces, provided sanitary and hygienic requirements are met, regular
production monitoring is conducted, and microbiological parameters are assessed.

Odor impact, one of the key social problems of wastewater treatment plants, is minimal
at the studied facility and significantly below maximum permissible levels. This confirms
the correctness of the process flow diagram and the adequate operation of the aeration and
sludge treatment units.

Landscaping the sanitary protection zone, especially with the use of an adaptive sub-
surface irrigation system, is an important socio-ecological component. The proposed system
allows for water conservation, which is particularly important for arid Western Kazakhstan.

Social impact: The construction of new wastewater treatment facilities will contribute
to improving the environmental and sanitary-epidemiological situation in the region, will
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have a positive impact on improving public health, and will create new jobs, which, in turn,
will improve the economic situation in the region.

A major problem associated with wastewater sludge in wastewater treatment plants
can be solved by using dewatered sludge as fuel.

5. Conclusions

The studied wastewater treatment plant demonstrates a high degree of wastewater
purification (96-99%), ensuring compliance with the standards for water bodies for cultural
and domestic purposes.

Concentrations of pollutants in the atmospheric air at the boundary of the sanitary
protection zone are below the standard values and odor perception thresholds.

The detected excess of chromium (VI) in the receiving water body is not related to the
activities of the enterprise and requires additional monitoring by industrial sources.

The sludge treatment complex, including two-stage digestion and biogas utilization,
reduces energy costs and minimizes the carbon footprint.

This article proposes and substantiates a subsurface capillary irrigation system that
reduces water consumption by more than 40% and improves the survival rate of greenery. A
multi-tiered landscaping scheme for the sanitary protection zone (SPZ) has been developed
that reduces dust concentrations and noise levels and improves the microclimate.

One of the environmental problems associated with wastewater treatment plant sludge
is being addressed. The sludge can be used as fuel.

Sewage sludge generated at wastewater treatment plants has considerable energy
potential and can be regarded as an alternative fuel after appropriate dewatering and dry-
ing. The higher heating value of dry sewage sludge typically ranges from 10 to 20 MJ /kg,
which is comparable to that of low-grade coal and certain types of biomass. Its energy
content is primarily determined by the organic matter content but decreases significantly
with increasing moisture content. One of the main characteristics of sewage sludge is
its high ash content, which generally ranges from 25 to 55 wt.% on a dry basis. The
sulfur content of dry sewage sludge typically ranges from 0.5 to 3.0 wt.%, while the chlo-
rine content varies between 0.02 and 0.11 wt.%. Although the chlorine concentration is
relatively low, the combined presence of sulfur, sodium, and potassium compounds pro-
motes the formation of low-melting salts, thereby increasing the risks of slagging, fouling,
and high-temperature corrosion of combustion equipment. Another important limitation
associated with the use of sewage sludge as a fuel is the presence of heavy metals. Typ-
ical concentrations include zinc (440-1300 mg/kg), copper (140-630 mg/kg), chromium
(19-110 mg/kg), nickel (16-49 mg/kg), lead (21-130 mg/kg), cadmium (0.6-3.3 mg/kg),
mercury (0.3-2.5 mg/kg), and arsenic (5-9 mg/kg). During thermal conversion, most
heavy metals are retained in the bottom ash or fly ash, whereas more volatile elements, par-
ticularly mercury and cadmium, may partially volatilize and enter the flue gas. Therefore,
efficient air pollution control systems are essential to minimize environmental emissions.
The combustion of sewage sludge may produce emissions of CO,, CO, nitrogen oxides
(NOy), sulfur dioxide (SO;), hydrogen chloride (HCl), particulate matter (PM), and trace
amounts of heavy metals. Under unfavorable combustion conditions, chlorinated organic
compounds may also promote the formation of dioxins and furans. Consequently, en-
ergy recovery from sewage sludge should be accompanied by advanced flue gas cleaning
technologies capable of removing acidic gases, particulate matter, and toxic trace elements.

Overall, sewage sludge possesses sufficient calorific value to be utilized as an alterna-
tive fuel. The most promising applications include co-combustion with coal or biomass,
which improves energy recovery while reducing the environmental impacts associated
with sludge disposal.
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There is immense interest in advancements in by-product utilization technologies that
support renewable energy sources and circular industrial processes [59]. It is possible to
implement such an approach on the object under study in the article.

The practical recommendations proposed in the article can be used in the moderniza-
tion of wastewater treatment plants in Western Kazakhstan.
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