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ABSTRACT
Introduction. The priority pollutants used to assess the quality of atmospheric air in urbanized areas are particulate matter (PM) with aerodynamic diameters 
of 10 microns (PM10) and 2.5 microns (PM2.5). The anthropogenic emissions of these particulates have a significant adverse impact on both adults’ and 
children’s health. The main sources of these fine particulate emissions include the operation of internal combustion engines, combustion of solid organic fuels, 
industrial activities, and the wear and tear of road surfaces due to vehicular traffic, as well as abrasion from brake pads and tires.
Materials and Methods. The concentration of suspended particulate matter (PM10 and PM2.5) in atmospheric air was assessed on the base of average daily 
measurements obtained from stationary air quality monitoring stations in Arkhangelsk, Krasnodar, Krasnoyarsk, and St. Petersburg.
Results. St. Petersburg and Krasnodar are characterized by spring-summer peaks in concentrations of PM10 and PM2.5 particulate matter due to secondary dust 
formation processes associated with snow melting and stable positive temperatures, as well as the intensity of automobile traffic. Conversely, in Krasnoyarsk and 
Arkhangelsk, maximum levels of atmospheric pollution from suspended particles are observed in winter due to the significant use of solid fuels for heating and 
favorable weather conditions for dispersion. Based on the established relationship between the level of air pollution from particulate matter and regional climatic 
conditions, as well as priority emission sources, a series of preventive measures to reduce the concentrations of these pollutants have been justified. The main 
principle is to implement these measures prior to the onset of seasonal peaks in PM10 and PM2.5 concentrations in the atmosphere.
Limitations. The study has limitations due to its low statistical power, which is a result of an insufficient sample size collected for the autumn season in Krasnodar.
Conclusion. The distribution dynamics of PM10 and PM2.5 particle concentrations in the atmospheric air in the cities of Arkhangelsk, Krasnodar, Krasnoyarsk, 
and St. Petersburg exhibits a pronounced seasonal dependence determined by a combination of factors. Among these factors, climatic conditions in the region, 
operational characteristics of the road and motor vehicle sectors, and specific features of the heating supply system play a key role. To minimize the risk of particulate 
matter affecting public health during warmer months, it is necessary to take measures to reduce car traffic intensity. In areas that use solid fuels for heating, the 
priority must be given to the technical modernization of thermal power plants, the introduction of highly effective gas purification methods, the development and 
implementation of best available technologies, as well as considering the possibility of switching to alternative fuels, especially natural gas.
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Гигиеническая оценка факторов, определяющих содержание 
взвешенных частиц в атмосферном воздухе городов
ФГБОУ ВО «Северо-Западный государственный медицинский университет имени И.И. Мечникова» Минздрава России, 191015, 
Санкт-Петербург, Россия

РЕЗЮМЕ
Введение. К приоритетным загрязнителям, по которым оценивают качество атмосферного воздуха урбанизированных территорий, относятся 
взвешенные частицы PM10 и PM2,5. Техногенная нагрузка PM10 и PM2,5 в атмосферном воздухе оказывает выраженное негативное влияние на взрос-
лое и детское население. Поступление мелкодисперсных взвешенных частиц в атмосферный воздух происходит в основном при работе двигателей 
внутреннего сгорания, сжигании твёрдого органического топлива, в результате деятельности промышленных предприятий, а также из-за эрозии 
дорожного покрытия при движении автотранспорта и истирании тормозных колодок и шин.
Материалы и методы. Оценка содержания взвешенных частиц PM10 и PM2,5 в атмосферном воздухе проведена по среднесуточным концентрациям 
на основании данных стационарных постов контроля загрязнения атмосферного воздуха Архангельска, Краснодара, Красноярска и Санкт-Петербурга.
Результаты. Для Санкт-Петербурга и Краснодара характерен весенне-летний максимум концентраций, связанный с процессами вторичного пылеобра-
зования частиц PM10 и PM2,5 в период снеготаяния и устойчивых положительных температур, а также с интенсивностью автомобильного трафика. 
В Красноярске и Архангельске максимальные уровни загрязнения атмосферного воздуха взвешенными частицами регистрируются в зимний период, что 
обусловлено значительной долей твёрдых видов топлива в системе теплоснабжения и благоприятными для рассеивания метеоусловиями. На основании 
установленной зависимости уровня загрязнения атмосферного воздуха PM-частицами от региональных климатических условий и приоритетных ис-
точников эмиссии обоснован комплекс профилактических мероприятий, направленных на снижение концентраций изучаемых загрязнителей. Ключевым 
принципом является превентивное проведение мероприятий до наступления сезонного максимума концентраций PM10 и PM2,5 в атмосферном воздухе.
Ограничения исследования. Исследование имеет ограничения, связанные с малой статистической мощностью, вследствие недостаточного объёма 
выборки в Краснодаре за осенний период.
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Introduction
Recent studies show that residents of large cities inhale more 

than 10 billion fine particulate matter particles every day. The 
priority pollutants used to assess atmospheric air quality (AAQ) 
in urban areas include particulate matter (PM)10 and PM2.5

1. The 
main sources of PM include the operation of internal combustion 
engines, the combustion of solid organic fuels, industrial 
activities, as well as road surface erosion caused by vehicle traffic 
and the wear of brake pads and tyres [1–4]. The work of many 
domestic [5–8] and international [9–11] researchers is devoted to 
studying the impact of PM2.5 on public health. For instance, the 
publication by Zhu C. et al. (2021) describes in detail the main 
mechanisms of action of PM2.5 and PM10: oxidative stress, lipid 
peroxidation, pulmonary and systemic inflammation, increased 
blood pressure, vasomotor dysfunction and inflammation in the 
central nervous system [10].

Epidemiological and clinical studies have confirmed that 
high levels of PM10 and PM2.5 from anthropogenic sources in 
the city have a significant adverse effect on both the adult and 
pediatric populations, increasing the risk of cardiovascular 
disease, respiratory diseases and the development of allergies 
[9–14]. The literature indicates that short-term exposure to 
high concentrations of PM10 is associated with an increased risk 
of myocardial infarction, arrhythmia, hypertension and sudden 
cardiac death [15, 16]. Currently, the combination of air pollution 
and PM is classified by the IARC as Group 1 in the list of 
carcinogenic factors [17]. According to estimates from the ‘Global 
Burden of Disease’ project by the Institute for Health Metrics and 
Evaluation (IHME), air pollution from fine particulate matter 
causes more than 4 million premature deaths per year worldwide 
[18, 19]. Circulatory system diseases account for 93% of this 
mortality, whilst malignant neoplasms of the trachea, bronchi 
and lungs account for 7%. In this regard, the development and 
justification of measures to reduce PM particle concentrations in 
the atmospheric air of populated areas are particularly relevant.

The aim of the study was to conduct a hygienic assessment of 
the factors influencing the concentration of PM10 and PM2.5 in the 
atmospheric air of cities in the Russian Federation (Arkhangelsk, 

Krasnodar, Krasnoyarsk, St Petersburg) and to justify a set 
of preventive measures aimed at reducing the spread of these 
particles.

Materials and methods
A hygiene assessment of the concentrations of PM10 and 

PM2.5 particles in atmospheric air was carried out in cities 
located in various climatic regions of the Russian Federation 
in accordance with the climate zoning scheme2: in Krasnoyarsk 
(Climatic Zone I) – based on data from 77 automatic stations 
of the atmospheric air monitoring system; in Arkhangelsk 
(climatic zone IIA) – based on data from a fixed air pollution 
monitoring station; in St Petersburg (Climate Zone IIB) – 
based on data from 20 automatic air pollution monitoring 
stations; in Krasnodar (Climate Zone III) – based on data 
from four Sanitary Rules (SPs). Weather and climate conditions 
were assessed using data from the ‘Weather and Climate’ and 
‘Gismeteo’ reference and information portals, obtained from 
meteorological stations in Arkhangelsk, Krasnodar, Krasnoyarsk 
and St Petersburg for the period from 2012 to 2023.

Air quality was assessed based on average daily concentrations 
of PM. To determine the dynamics of PM particle concentrations 
throughout the year, their average monthly and average seasonal 
concentrations were calculated. The data obtained (in mg/m³, μg/m³) 
were compared with the maximum permissible concentrations 
(MPCs) established by SanPiN 1.2.3685–21 ‘Hygienic standards 
and requirements for ensuring the safety and/or harmlessness to 
humans of environmental factors’.

The database (containing over 160,000 data points) was 
created using Microsoft Excel. The results were analyzed using 
parametric statistical methods: calculation of means and measures 
of variability (M ± σ) and confidence intervals, regression 
analysis (linear regression equation, least squares method) using 
Microsoft Excel. The distribution of indicators in the sample 
populations is close to a normal distribution (Kolmogorov–
Smirnov and Shapiro–Wilk tests); comparisons were performed 
using Student’s two-sample t-test. The critical significance level 
(p) was set at 0.05 for all statistical comparisons.

Заключение. Динамика распределения частиц PM10 и PM2,5 в атмосферном воздухе Архангельска, Краснодара, Красноярска и Санкт-Петербурга 
имеет выраженную сезонную зависимость, определяемую комплексом факторов, среди которых ключевыми являются климатические условия реги-
она, особенности эксплуатации дорожно-автомобильного комплекса и специфика системы теплоснабжения. Для минимизации риска воздействия 
PM-частиц на здоровье населения в тёплое время года необходимы меры, направленные на снижение интенсивности автомобильного движения. При 
использовании твёрдых видов топлива для теплоснабжения приоритетны техническая модернизация теплоэнергетических объектов, внедрение 
высокоэффективных методов газоочистки, создание и внедрение наилучших доступных технологий, а также возможность перехода на альтерна-
тивные виды топлива, в том числе природный газ.

Ключевые слова: атмосферный воздух; взвешенные частицы PM10; взвешенные частицы PM2,5; объекты теплоэнергетики; дорожно-автомобильный 
комплекс
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Results

A hygienic assessment of the concentrations of PM10 and 
PM2.5 in the air of Arkhangelsk, Krasnodar and St Petersburg over 
a five-year observation period revealed no exceedances of hygiene 
standards, whereas in Krasnoyarsk systematic exceedances of the 
daily average MPCs for PM2.5 were recorded during the winter 
season throughout the entire observation period (Fig. 1).

Indicators characterizing the weather and climatic conditions 
of the cities under study are presented in Table 1.

An assessment of the distribution of average seasonal PM 
concentrations in the atmospheric air of St Petersburg over a 
7-year period (2017–2023) showed an increase in particle levels 
in spring and summer (Fig. 2). These changes may be due to the 
weather and climatic conditions of the region.

In winter, pollutants entering the atmosphere as a result of 
road transport operations, industrial emissions, and the prolonged 
use of insoluble de-icing materials accumulate in the snow cover. 

During the snowmelt period, which in St Petersburg, according to 
long-term observations, occurs in late March to early April, fine 
particulate matter (PM) settles on the roadside verges. However, 
as temperatures rise above freezing and winds strengthen, it 
becomes resuspended, and subsequently migrates into the surface 
layer of the atmosphere, leading to a seasonal peak in PM10 and 
PM2.5 in the atmospheric boundary layer in spring.

Data from the COVID-19 pandemic period confirm the 
significant contribution of road traffic as one of the primary 
sources of fine particulate matter: in the April and May of 2020, 
a sharp decrease in PM10 (in April – 0.00689 ± 0.000428 mg/m3); 
in May – 0,00714 ± 0.000436 mg/m3; in May – 0.00565 ± 
0.00412 mg/m3 period, the volume of urban) and PM2.5 (in April – 
0.00516 ± 0.00184 mg/m3), attributable to restrictive measures. 
During road traffic decreased significantly. In June, following the 
easing of restrictions, the concentration of particulate matter in 
atmospheric air increased significantly (PM10  – 0.0162 ± 0.00869 
mg/m3; PM2.5 – 0.1094 ± 0.0068 mg/m3) (Fig. 3).

Fig. 1. The content of suspended particles PM2.5 (М ± σ (Ca.s., mg/m3)) and PM10 (Ca.s., mg/m3) in the air of Arkhangelsk, Krasnodar,  
Krasnoyarsk, and St. Petersburg in different seasons over a five-year period. 

Рис. 1. Содержание PM2,5
 (М ± σ (Сс.с., мг/м3)) и PM10 (Сс.с., мг/м3) в АВ Архангельска, Краснодара, Красноярска и Санкт-Петербурга  

по сезонам года за пятилетний период.
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Архангельск / Arkhangelsk Краснодар / Krasnodar Красноярск / Krasnoyarsk Санкт-Петербург / St. Petersburg
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PM2.5 (ПДК 0,035 мг/м3 / MAC 0.035 mg/m3) PM10 (ПДК 0,06 мг/м3 / MAC 0.06 mg/m3)

T a b l e  1  /  Т а б л и ц а  1 
Weather and climatic conditions of the cities of St. Petersburg, Krasnodar, Krasnoyarsk, and Arkhangelsk in 2013–2023 (M ± m)
Погодно-климатические условия Санкт-Петербурга, Краснодара, Красноярска и Архангельска за период с 2013 по 2023 г. (М ± m)

Сезон года 
Season

Показатель 
Index

Санкт-Петербург 
Saint-Petersburg

Краснодар 
Krasnodar

Красноярск 
Krasnoyarsk

Архангельск 
Arkhangelsk

Зима 
Winter

Температура, °С | Temperature, °С –4.10 ± 1.39 1.70 ± 0.82 –13.70 ± 1.71 –10.17 ± 1.76
Осадки, мм | Atmospheric precipitations, mm 133 ± 7.64 187 ± 8.33 63 ± 8.72 111 ± 8.02
Скорость движения воздуха, м/с | Air speed, m/s 2.17 ± 0.12 2.67 ± 0.21 2.57 ± 0.21 2.80 ± 0.05

Весна 
Spring

Температура, °С | Temperature, °С 5.23 ± 0.25 8.93 ± 1.46 2.97 ± 0.12 0.93 ± 0.2
Осадки, мм | Atmospheric precipitations, mm 119 ± 6.43 170 ± 9.24 96 ± 14.73 121 ± 9.54
Скорость движения воздуха, м/с | Air speed, m/s 2.53 ± 0.15 2.73 ± 0.31 2.32 ± 0.12 2.77 ± 0.06

Лето 
Summer

Температура, °С | Temperature, °С 17.53 ± 1.50 20.37 ± 3.94 17.37 ± 1.55 14.40 ± 1.84
Осадки, мм | Atmospheric precipitations, mm 238 ± 9.07 187 ± 19.76 211 ± 5.51 222 ± 8.54
Скорость движения воздуха, м/с | Air speed, m/s 1.83 ± 0.06 2.10 ± 0.1 2.00 ± 0.12 2.43 ± 0.06

Осень 
Autumn

Температура, °С | Temperature, °С 6.50 ± 5.76 12.80 ± 6.45 1.37 ± 8.24 2.37 ± 6.50
Осадки, мм | Atmospheric precipitations, mm 176 ± 3.79 178 ± 7.64 136 ± 8.50 181 ± 8.62
Скорость движения воздуха, м/с | Air speed, m/s 2.30 ± 0.36 2.13 ± 0.15 2.40 ± 0.35 2.70 ± 0.20
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Fig. 2. The content of suspended particles PM10 and PM2.5
 in the air of St. Petersburg by seasons in 2017–2023, М ± σ (Ca.d., mg/m3). 

Рис. 2. Содержание ВЧ PM10 и PM2,5 в АВ Санкт-Петербурга по сезонам года в 2017–2023 гг., М ± σ (Сс.с., мг/м3).
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Fig. 3. The content of suspended particles PM2.5 and PM10 in the air of St. Petersburg in April and June (2017–2022), М ± σ (Ca.d., mg/m3). 

Рис. 3. Содержание ВЧ PM2,5 и PM10 в АВ Санкт-Петербурга в апреле и июне (2017–2022 гг.), М ± σ (Сс.с., мг/м3).
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The regression equation shows a moderate positive correlation 
(y = 624.79x + 14.313; r = 0.47) between the PM concentration 
in the atmospheric air of St Petersburg and the average air 
temperature (Fig. 5).

A similar seasonal pattern (increased PM concentrations 
in spring and summer) has been observed in Krasnodar, where 
spring brings minimal precipitation and high wind speeds, which 
facilitate dust transport, whilst summer brings high average daily 
temperatures. The increase in PM10 and PM2.5 concentrations in 
Krasnodar begins in mid-March, with a peak in exceedances of 
the average daily MPC in April–May and a decline in September; 
the average seasonal differences are statistically significant  
(p < 0.05) (see Table 1; Figs. 6).

In contrast to St Petersburg and Krasnodar, an analysis of 
the trends in fine particulate matter (PM) concentrations in the 

In 2021 and 2022, the average seasonal concentration of 
PM in the atmospheric air was higher in summer than in spring. 
The average monthly concentration of PM10 in June 2021 was 
0.0162 ± 0.0006 mg/m3: the highest for the entire five-year study 
period. An analysis of weather and climate conditions showed 
that the average air temperature in June 2021 (21.4 ±0.78 °C, 
with the climatic normal of 16.5 °C) was the highest for the 
corresponding study periods. In 2022, the highest monthly 
average concentrations of PM10 and PM2.5 were recorded in 
August: 0.014098 ± 0.009 mg/m3 and 0.011189 ± 0.006 mg/m3 

respectively. The results of the study showed that the average air 
temperature in August 2022 significantly exceeded the long-term 
average: 20.6 ± 1.04 °C, as compared to the climatic normal of 
17.5 °C. This explains the differences in the concentration of 
particulate matter in the atmospheric air (Figs. 4).
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Fig. 4. The content of suspended particles PM10 and PM2.5
 in the air of St. Petersburg from May to August (2021–2022), М ± σ (Ca.d., mg/m3). 

Рис. 4. Содержание ВЧ PM10 и PM2,5 в АВ Санкт-Петербурга с мая по август (2021–2022 гг.), М ± σ (Сс.с., мг/м3).
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Fig. 5. Dependence of the content of suspended particles in the atmospheric air 
of St. Petersburg on the temperature of atmospheric air in the spring and summer 
periods (2017–2023). 

Рис. 5. Зависимость содержания взвешенных частиц в атмосферном воз-
духе Санкт-Петербурга от температуры атмосферного воздуха в весенний 
и летний периоды (2017–2023 гг.).
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Krasnoyarsk region (2018–2023 for PM10 and 2019–2023 for 
PM2.5) and Arkhangelsk revealed a trend towards an increase in 
particle concentrations during the winter period, which may be 
due to the similarity of factors influencing the migration of PM10 
and PM2,5 in the air basin, including the characteristics of heating 
systems and climatic conditions. In winter, Krasnoyarsk and 
Arkhangelsk experience maximum wind speeds and minimum 
precipitation, which facilitates the migration of PM10 and PM2.5 
from sources, including facilities in the fuel and energy sector. In 
summer, however, wind speeds are at their lowest and precipitation 
totals are at their highest (see Table 1; Figs. 7, 8).

The most significant anthropogenic factor determining the 
seasonal increase in PM concentrations in the atmospheric air 
is the operation of heat supply facilities. The gasification of our 
country’s regions remains a priority for the development of the 
domestic gas market. Currently, 78 constituent entities of the 
Russian Federation have been connected to the natural gas 
network, including Krasnodar and St Petersburg, where only 
natural gas is used in thermal power plants (TPPs) and boiler 
houses. In Krasnoyarsk, the main fuel for three TPPs and 35 
boiler houses is low-calorific brown coal with a high ash content; 
over 1 million residents are exposed to emissions from these boiler 
houses [20]. In Arkhangelsk, heat supply is provided by a single 
TPP running on natural gas and 42 boiler houses, 31 of which 
use hard coal as their primary fuel. The main components of 
emissions from fuel and energy facilities are particulate matter, 
predominantly consisting of fine respirable fractions.

According to retrospective data, the heating season in 
Krasnoyarsk and Arkhangelsk begins in mid-September, and the 
peak load on the heat supply system, coinciding with the period 
of minimum average daily temperatures, occurs in mid- January. 
This period corresponds to the seasonal peak of PM pollution in 
Krasnoyarsk and Arkhangelsk.

To assess the contribution of heat supply facilities to 
atmospheric air pollution, a retrospective analysis was conducted 
of particulate matter emissions resulting from fuel combustion 
in the four cities under study, which differ in terms of the type 
of fuel used (Table 2). The analysis covers the period 2019–2023 
based on data from Federal Statistical Observation Form No. 
2-TP (Waste) (Rosstat Order No. 614 of 6 November 2025 ‘On 
the Approval of Federal Statistical Observation Form No. 2-TP 
(Waste) ‘Information on the generation, treatment, disposal, 
neutralization and placement of production and consumption 
waste’ and instructions for its completion’).

Krasnoyarsk, with the highest emissions of particulate matter, 
has shown a clear downward trend in the volume of particulate 
matter emissions into the atmosphere from fuel combustion over 
the reviewed five-year period, as well as in the average annual 
concentrations of PM10 and PM2.5. Total particulate matter 
emissions fell from 12,677.6 tons in 2019 to 8,120.5 tons in 2023:  
a relative decrease of 35.9%. In this context, a decrease in the 
average annual concentrations of PM10 was observed from  
0.0322 to 0.0209 mg/m³, i.e. by 35.1%. A decrease in the concentration 
of the PM2.5 fraction was also noted: from 0.0196 mg/m³ in 2019 to 
0.0182 mg/m³ in 2023. The smaller reduction in PM2.5 concentrations 
may indicate specific characteristics of the thermal power plant 
(TPP) emissions, namely the predominance of PM10 (Fig. 9).

Effective measures aimed at reducing the concentration of fine 
particulate matter (PM) in the air of urban areas include the timely 
cleaning of urban roads. An analysis of the periods for cleaning 
operations in Krasnoyarsk and Arkhangelsk shows similarities 
with the regulations adopted in St Petersburg: the summer season 
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Fig. 6. The content of suspended particles PM2.5 and PM10 in the air of Krasnodar and St. Petersburg by seasons over a five-year period (Ca.d., mg/m3). 

Рис. 6. Содержание ВЧ PM2,5 и PM10 в АВ Краснодара и Санкт-Петербурга по сезонам года за пятилетний период (Сс.с., мг/м3).

0.012

0.01

0.008

0.006

0.004

0.002

0

0.02
0.018
0.016
0.014
0.012
0.01

0.008
0.006
0.004
0.002

0
Зима
Winter

Весна
Spring

Лето
Summer

Осень
Autumn

Зима
Winter

Весна
Spring

Лето
Summer

Осень
Autumn

PM2.5 PM10

Краснодар / Krasnodar Санкт-Петербург / St. Petersburg

p = 0.05
p = 0.05 p = 0.05

p = 0.05

p = 0.05

p = 0.05p = 0.05p = 0.05

Fig. 7. Trend in the distribution of average seasonal concentrations of PM2.5 and PM10 in the Krasnoyarsk air (2018–2023), М ± σ (Ca.d., mg/m3). 

Рис. 7. Динамика распределения среднесезонных концентраций ВЧ PM2,5 и PM10 в АВ Красноярска (2018–2023 гг.), М ± σ (Сс.с., мг/м3).
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Рис. 8. Содержание ВЧ PM2,5 и PM10 в АВ Архангельска и Красноярска по сезонам года за пятилетний период (Сс.с., мг/м3).
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runs from 16 of April to 15 of October, and the winter season from 
16 of October to 15 of April. In Arkhangelsk, these periods are 
shifted: 22 of April to 19 of October is the summer season, and 20 
of October to 21 of April is the winter season. At the same time, air 
quality monitoring in these cities has revealed a consistent trend 
of a significant increase in PM concentrations that started from 
October in Arkhangelsk and from November in Krasnoyarsk. This 
trend indicates the need to amend the regulations governing winter 
road maintenance activities in order to reduce PM concentrations 
from various sources.

Fig. 9. Trend in the content of suspended particles PM10 and PM2.5 in the atmospheric 
air of Krasnoyarsk (Ca.a., mg/m3) and emissions of solids from fuel combustion, tons. 

Рис. 9. Динамика среднегодового содержания взвешенных частиц РМ10 и 
РМ2,5 в атмосферном воздухе Красноярска (Сс.г., мг/м3) и выбросы твёрдых 
веществ от сжигания топлива, т.

Discussion

An analysis of the long-term trends in the seasonal 
distribution of PM10 and PM2.5 concentrations in the air of 
urbanized areas revealed that pollution levels depend on regional 
climatic conditions and primary emission sources. Based on 
the established patterns, a set of preventive measures aimed at 
reducing the concentrations of the pollutants under study has 
been justified.

The key aspect of the proposed measures is a differentiated 
approach to regulating the timing of road maintenance works. 
For St Petersburg, where an increase in fine particulate matter 
(PM) levels is recorded from mid-March due to secondary dust 
formation during snowmelt, an adjustment to the technical 
regulations is proposed: bringing forward the start of the summer 
road maintenance period from 16 of April to 16 of March. For 
Krasnodar, where the relevant timeframes are not regulated, the 
period for summer cleaning of roads and adjacent areas has been 
set from 1 of March to 10 of October, which corresponds to the 
identified seasonal fluctuations in PM10 and PM2,5 concentrations.

It should be noted that during the warmer months, there are 
no statistically significant differences in PM concentrations in 
the atmospheric air of St Petersburg, Krasnodar, Krasnoyarsk 
and Arkhangelsk. This indicates the universality of the sources of 
PM10 pollution and confirms the need to implement a unified set 
of preventive measures during the warmer months for all the cities 
studied. Such measures include urban planning and transport 
solutions aimed at reducing traffic intensity (for example, 
in St Petersburg during summer, the expansion of pedestrian-
accessible zones in the historic part of the city), as well as the 
greening of roadside areas to act as a dust barrier (the creation  
of a multi-tiered structure of shrubby undergrowth at a distance 
of 70 cm from the carriageway, with plant heights ranging from 
70 cm to 1.5 m, etc.) [21, 22].

Unlike universal measures for the warm season, the approach 
to reducing winter concentrations requires consideration of the 
regional specifics of emission sources. In cities where gas fuel 
predominates in the heating system (99.7% in St Petersburg and 

T a b l e  2  /  Т а б л и ц а  2 
Characteristics of heat supply facilities and trend in solid emissions in Arkhangelsk, Krasnodar, Krasnoyarsk and St. Petersburg (2019–2023)
Характеристика объектов теплоснабжения и динамика выбросов твёрдых веществ в Архангельске, Краснодаре, Красноярске  
и Санкт-Петербурге (2019–2023 гг.)

Параметр 
Parameter

Архангельск 
Arkhangelsk

Краснодар 
Krasnodar

Красноярск 
Krasnoyarsk

Санкт-Петербург 
St. Petersburg

Общая характеристика 
системы  
теплоснабжения
General characteristics  
of the heat supply system

Число ТЭЦ, всего 
Number of thermal power 
plants, total

1 1 3 15

Число котельных, всего 
Number of boiler houses, total

42 200 35 703

Характеристика 
используемого топлива 
Characteristics of the fuel 
used

Основной вид топлива  
на ТЭЦ
The main type of fuel at 
thermal power plants

Природный газ 
Natural gas

Природный газ 
Natural gas

Бурый уголь высокой 
степени зольности 
Brown coal of high ash 
content

Природный газ 
Natural gas

Основной вид топлива  
в котельных 
The main type of fuel in boiler 
houses

Каменный уголь 
(74% котельных) 
Hard coal (74% of 
boiler houses)

Природный газ 
Natural gas

Бурый уголь высокой 
степени зольности 
Brown coal of high ash 
content

Природный газ 
Natural gas

Выбросы твёрдых 
веществ от сжигания 
топлива, т 
Emissions of solid  
substances from fuel 
combustion, tons

2019 год / year 2242.11 22.92 12 677.58 881.72
2020 год / year 2243.18 41.87 10 996.24 891.25
2021 год / year 2286.21 69.47 11 400.13 1334.05
2022 год / year 1520.90 26.55 8 695.04 1306.36
2023 год / year 1459.75 72.51 8 120.52 1385.37
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Conclusion

The studies conducted have established that the dynamics 
of PM10 and PM2.5 concentrations in the air of Arkhangelsk, 
Krasnodar, Krasnoyarsk and St Petersburg exhibits pronounced 
seasonality, determined by a complex of factors, the key ones being 
the region’s climatic conditions, the operational characteristics of 
the diesel-fired heating plants and the specific features of the heat 
supply system.

It has been established that St Petersburg and Krasnodar are 
characterized by a spring-summer peak in PM concentrations, 
associated with secondary dust formation (salting) during the 
snowmelt period and sustained above-zero temperatures, as well 
as road traffic. In Krasnoyarsk and Arkhangelsk, the maximum 
levels of PM particulate matter pollution are recorded during the 
winter period, which is due to the significant proportion of district 
heating in the heat supply system and meteorological conditions 
favourable for dispersion.

To minimize the risk of PM exposure to the urban population 
during the warmer months, measures are required to reduce traffic 
intensity and to implement appropriate greening of roadside 
areas. In regions relying on TPPs for heat supply, the priorities 
are the technical modernization of heat and power facilities, 
the introduction of highly efficient gas cleaning methods, the 
development and application of the best available technologies, 
and the transition to alternative fuels, including natural gas.

The effectiveness of the set of preventive measures aimed at 
reducing air pollution in the cities under study can be enhanced by 
optimizing and carrying out preventive road-cleaning operations 
before seasonal peaks in particulate matter concentrations occur. 
It is advisable to amend existing road maintenance regulations 
to include provisions for dust suppression measures, including 
the use of dust- suppressing agents, as well as the use of liquid 
de-icing materials to prevent ice formation during periods when 
temperatures fluctuate around 0 °C and at sub-zero temperatures, 
which will help reduce the contribution of salting to overall road 
pollution. 

Krasnodar), the peak in PM10 and PM2.5 pollution occurs during 
the warmer months. At the same time, in cities with a long heating 
season and the use of solid fuel (Krasnoyarsk, Arkhangelsk), winter 
peaks in PM10 and PM2.5 concentrations have been recorded, 
caused by the combined effect of emissions from thermal power 
plants and meteorological conditions unfavourable for dispersion.

To reduce winter peaks in PM10 and PM2.5 concentrations 
in Krasnoyarsk and Arkhangelsk, it is necessary to amend 
the relevant road maintenance regulations (‘Rules for the 
Improvement of the Territory of the City of Krasnoyarsk’, 
‘Technical Regulations for the Maintenance of Local Public 
Roads in the City of Arkhangelsk’). It is advisable to commence 
dust suppression measures using non-friction, liquid de- icing 
materials with binding properties in November for Krasnoyarsk 
and October for Arkhangelsk, which correspond to the onset of 
a sustained increase in the level of PM10 and PM2.5. Particular 
attention should be paid to the use, during the cold season, 
of chloride-based dust-suppressing liquids, which prevent 
the formation of black ice and reduce the salinity of the road 
surface.

The most challenging task is to reduce emissions from 
stationary sources in the thermal power sector. Even the 
modernization of flue gas cleaning equipment in 2021 at 
Krasnoyarsk TPP-1 as part of the federal ‘Clean Air’ project 
(replacement of cyclone dust collectors with electrostatic 
precipitators) did not result in full compliance with health and 
hygiene standards for PM10 and PM2.5 in the air. This indicates the 
need to implement additional measures, such as pre-enrichment 
of coal to reduce ash content, the use of chemical additives for the 
coagulation of fine particles and, in the long term, a transition to 
more environmentally friendly fuels (natural gas) [23, 24].

Thus, the development of preventive measures requires a 
comprehensive approach that takes into account the specific 
nature of pollution sources and the climatic characteristics of 
each region. The key principle is the preventive implementation 
of measures – before the seasonal peak in PM10 and PM2.5 
concentrations in the atmosphere.
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