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Abstract:

A qualitative and quantitative analysis of changes in the outdoor temperature in St.
Petersburg (Russian Federation) for the period from 1743 to 2018 was performed (276 years old).
Used data from open sources. It is shown how the annual average outdoor temperature in St.
Petersburg, the average monthly air temperatures, as well as the air temperature during the warm
and cold periods of the year, changed. Climate change is divided into stages lasting 50, 25, 10
and 5 years. The main sources of thermal pollution of the urban environment, including man-
made. A quantitative assessment of the contribution of anthropogenic sources to the thermal
pollution of the urban environment, which amounted to about 586 PJ per year. The main
contribution to thermal pollution is provided by consumers of thermal energy (220 PJ per year),
transport (220 PJ per year), consumers of electric energy (120 PJ per year), population (26 PJ
per year).

1 Introduction

The excess of air temperature over urbanized areas compared with suburban areas (the
so-called heat islands or urban heat islands) was recorded in more than 400 major cities in the
world [1]-[6]. The results of comparative studies show that the average increase in air
temperature over urbanized areas can exceed 4-5 °C. At the peak, it can reach 10 °C. Elevated
ambient temperatures lead to an increase in energy consumption for indoor cooling, peak
electricity demand, and have a serious impact on mortality and morbidity, the quality of the urban
environment and comfortable living conditions.

A significant number of studies are devoted to assessing climate change in energy systems
in various countries and regions. [7]—-[15], [16]. Climate change has a negative impact on the
efficiency of the Russian power industry [17]. It has been shown that an increase in outdoor
temperature worsens the operation of thermal and nuclear power plants throughout Russia. For
thermal and nuclear power plants, the power drop of steam turbines is about 0.2-0.3 and 0.4—
0.6% by 1 °C, respectively. This means an additional consumption of 3-4 million tons of standard
fuel per year by 2030-2050. Nevertheless, the complex impact of climate change on Russian
energy systems remains clearly positive due to annual fuel savings of about 100 million tons of
standard fuel as a result of reduced heat demand for heating buildings.

Climate has a significant impact on energy consumption in buildings [18]. In the cold season,
to maintain comfortable microclimate parameters in heated rooms, a predetermined amount of
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heat energy must be supplied to the heating systems of buildings. The greater the difference
between the temperature of the inside and the temperature of the outside air, the higher the
building's need for thermal energy. But recently, more and more attention has been paid to the
thermal pollution of the urban environment. Cities, ensuring the viability of their environment, emit
a huge amount of thermal energy into the atmosphere and thus turn into large islands of heat.

This circumstance should be taken into account in assessing the energy-saving potential
and the payback period of energy-saving investments [19]-[22]. However, adjustments to such
estimates for climate change have not yet been carried out.

The study of climate change, the impact of climate change on humans, various ecosystems,
building structures is carried out by various research methods and measuring instruments.

The results of the study of urban heat islands using the results of thermal space surveys
are described in publications [2], [23]-[27].

The article [28] is aimed at predicting the surface temperatures of the urban environment of
the cities of Kiev (Ukraine) and St. Petersburg, which should be expected in 2024 if the trends of
observed climate warming continue. Based on these data, time series of the surface temperature
of the urban environment was constructed, trends were calculated, and the forecast of the
expected average and maximum surface temperatures of the urban environment was calculated.
According to the results of the study, it is shown that, with the current tendency of climate warming
in St. Petersburg, we should expect an increase in the average long-term average daily surface
temperature of the urban environment to + 28 ° C (an increase of + 3.0 ° C), and on the hottest
days - up to plus 37.0 ° C with additional heating of the surface of individual sections of the urban
environment to plus 45.1 ° C.

Similar studies of changes in surface temperatures of the urban environment using
materials from thermal space imagery are considered in articles [24], [25]-[29]. The experience
of using satellite images in environmental studies of Moscow is described in [24], [25]. The
research of the urban heat island in polar night conditions using experimental measurements and
remote sensing using the example of the city of Norilsk is considered in the study [26]. According
to the data from the LandSat series satellites and standard urgent observations at weather
stations in [30], a map of the risk of overheating the surface of the urban environment was
obtained. It is shown that industrial areas are characterized by high risks of overheating, and
recreation zones and territories built up in the second half of the last century by five-story buildings
are characterized by minimal risks.

Russian regional features of the impact of climate on various geo-ecological systems are
considered in [31]-[34].

In [31] the characteristics of climate, geomorphology, and soils of the Stavropol Territory
(Russian Federation) are presented, as well as their changes over the past 30-50 years, based
on which the main environmental problems of the soils of the region are identified. Similar studies
for the conditions of the city of Moscow (Russian Federation) were performed in [32]. Climate
change in the European north of Russia and its impact on water bodies are described in [33]. The
biological foundations of the formation of sustainable ecosystems and the rational use of soil and
plant resources of megacities on the example of St. Petersburg (Russian Federation) are
presented in a dissertation [34].

The influence of climate on the building structures of buildings and structures, the durability
of their facing layers and finish coatings, the processes of moisture accumulation in wall
envelopes, as well as the assessment of the effects of climate on the temperature and humidity
conditions of unheated rooms are considered in [35], [18].

In [36], [37] the influence of climatic characteristics of several settlements on the rate of
moisture accumulation in multilayer walling during the heating period is considered. The influence
of environmental parameters on the durability of external walls and cladding layers in their
composition was studied in [38], [39]-[42]. In [43] it is shown that an increase in the outdoor
temperature during the heating period and an increase in the number of temperature transitions
through 0 °C increase the risk of ice formation on the roofs of buildings with a pitched roof. For
unheated attic rooms, the heat balance equation has been compiled and a list of effective
engineering and technical measures has been developed that can significantly reduce the risk of
ice accumulation on the roofs of buildings. Besides, active methods to prevent the formation of
ice on the roofs are considered [43]. An increase in the number of temperature transitions through
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0 °C leads to the accumulation of damage in structures, for example, in the form of defrosting of
facing layers made of porous materials.

The impact of climate change on human health is considered in [44], [45], [2], [1].

Special attention should be paid to studies aimed at conducting a retrospective analysis of
climate change over long time intervals. Among these studies [46] should be mentioned specially..

A comprehensive reconstruction of the history of climate change on the territory of the
Russian Plain (Russian Federation) over the past 2000 years has been completed [46]. The
authors of the study note that over the past millennium, against the background of quasi-cyclic
fluctuations, a gradual decrease in the average annual and average seasonal (winter and
summer) temperatures was observed, however, in the 20th century, the trend in annual and winter
temperatures changed sharply to the opposite. It is noted [46] that the average annual
temperatures in Central Russia are currently at a level approximately corresponding to the
maximum of the medieval optimum (late X century), and modern winter temperatures are at a
record high for the past one and a half millennia, summer temperatures are within the natural
variability of the climate of the last millennium. The research [46] is based on earlier works among
which the research [47] should be mentioned.

However, a comprehensive assessment of the dynamics of climate change in St.
Petersburg and taking into account the influence of anthropological factors of influence on the
climate has not yet been performed. In this paper, we performed a comprehensive analysis of the
dynamics of climate change and assessed the impact on the climate of the most significant
sources of the urban environment thermal pollution.

2 Methods

The research methods were the analysis and comparison of data on the population and
climate of St. Petersburg (Russian Federation), as well as the dynamics of its changes over the
past 275 years. For this, data obtained from an open-source were used [23].

3 Results and Discussion

3.1 Average annual air temperature changes
St. Petersburg is the northernmost settlement with a population of more than one million
people.
The dynamics of the average annual outdoor temperature in St. Petersburg according to
observations from 1743 to 2018, as well as a linear approximation of the resulting data array, are
presented in Figure 1.
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Figure 1 - Dynamics of changes in the average annual outdoor air temperature in St. Petersburg

From the data presented in Figure 1, an increasing trend in the average annual outdoor
temperature is observed. The maximum average annual outdoor temperature was recorded in
2015 and amounted to 7.7 ° C. The minimum value of the average annual outdoor temperature
was recorded in 1809 (1.2 ° C).

The gaps in Figure 1 are due to the complete or partial absence of baseline data (values of
average monthly outdoor temperatures) for several years. In particular, for the periods from 1746
to 1750, as well as from 1801 to 1804. data are not available for all months; in 1745, 1751, 1763,
1764 data are not available for several months. Regardless of the number of missed months in a
year, these periods are excluded from the analysis.

It should also be borne in mind that until 1918 the Julian calendar operated in Russia.
Therefore, data arrays before 1918 and after 1918 may turn out to be biased relative to each
other by two weeks.

Figures 2—-13 show similar arrays of data collected for the considered period (from 1743 to
2018) for different months (respectively, from January to December), as well as some peak
temperatures.
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Figure 2 - Dynamics of changes in the average monthly outdoor air temperature in January
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Figure 3 - Dynamics of changes in the average monthly outdoor air temperature in February

Gorshkov, A.S.; Vatin, N.I.; Rymkevich, P.P.
Climate change and the thermal island effect in the million-plus city;
2020; Construction of Unique Buildings and Structures; Volume 89 Article No 8902. doi:10.18720/CUBS.89.2




Construction of Unique Buildings and Structures; 2020; Volume 89 Article No 8902

March
M AN o OO~V INSOMOAN IO NLOVOUINOMOAN IO N~NLOV NS M
T ND ONNMNOOODO A AN MSTE N OONDDO T AN NMSTWLWL OMN O O
N ININNMNMNMNOGDOGDOOWOW O OO OWOWOoOOoO oo oo OO0y O O
L B B B B B B B B I e O B R T B O o O B B O B B B I B e B I B s o I o)
6.0
4.0 3.6
&
g 20 -
2
§ 00 71 o
2 Wil
£
3 0 - 2 |
S (4
: il
N~H 1
g -4.0 i i ] . .|
o
()
p 0 T | L
S
o -80
>
£
c -
g -10.0 0.7
b=
-12.0 115
y = 0.0001x2 - 0.0316x - 3.0925
-14.0 R?=0.1313
Figure 4 - Dynamics of changes in the average monthly outdoor air temperature in March
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Figure 5 - Dynamics of changes in the average monthly outdoor air temperature in April
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Figure 6 - Dynamics of changes in the average monthly outdoor air temperature in May
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Figure 7 - Dynamics of changes in the average monthly outdoor air temperature in June
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Figure 8 - Dynamics of changes in the average monthly outdoor air temperature in July
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Figure 9 - Dynamics of changes in the average monthly outdoor air temperature in August
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Figure 10 - Dynamics of changes in the average monthly outdoor air temperature in September
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Figure 11 - Dynamics of changes in the average monthly outdoor air temperature in October
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Figure 13 - Dynamics of changes in the average monthly outdoor air temperature in December

The data presented in Figures 1-13 show the general trend of outdoor temperature
changes. From the data presented in Figures 2—13, it follows that the coefficient of determination
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(R?) of the closest trend lines, which characterizes the measure of the spread of a random variable
relative to its mathematical expectation, is extremely small (less than 0.25). In this regard, an
analysis of various time intervals (5, 10, 25, and 50 years) seems more indicative.
3.2 Time intervals
Figure 14 shows a diagram of changes in the average annual outdoor temperature
averaged over 50-year intervals. Differentiation of the full data array into shorter time intervals
(25, 10, and 5 years) is presented in Figures 15-17, respectively.
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Figure 16 - Change in the average annual outdoor air temperature with differentiation of the data set for 10-
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From a comparison of the data presented in Figures 14-17, it follows that the obtained
arrays most fully correspond to a polynomial approximation of degree 2 with a changing
monotonicity of the trend line.

The average annual outdoor temperatures for the period under consideration first decrease,
in the period from 1779 to 1813 they reach some minimum values, after which they increase
monotonously. At the same time, local minima are noted on the increasing part of the trend, the
most noticeable of which are observed in five-year periods from 1874 to 1878 and from 1939 to
1943. It is interesting to note that the time intervals obtained approximately coincide with two
major wars, the Russo-Turkish war of 1877-1878. and the Great Patriotic War of 1941-1945,
respectively.

A large settlement from the position of heat balance is a significant source of thermal
energy. Heated buildings, utilities, transportation, and residents themselves are sources of heat
in the city. In this regard, it is interesting to divide the year into two periods - warm and cold. The
duration of the cold period can be approximately equal to the length of the heating period in the
city, the normative value of which is 213 (for all residential and most public buildings) or 232 days
(for general education, children's preschool and medical institutions) [48]. More accurate data on
the beginning and end of heating periods from 2011 to 2019. presented in Table 1.

Table 1. Duration of heating periods in St. Petersburg

Heating season Start End Duration, days
2009/2010 05.10.2009 11.05.2010 218
2010/2011 07.10.2010 12.05.2012 217
2011/2012 15.10.2011 12.05.2012 210
2012/2013 15.10.2012 10.05.2013 199
2013-/2014 30.09.2013 12.05.2014 216
2014/2015 04.10.2014 12.05.2015 212
2015/2016 07.10.2015 06.05.2015 205
2016/2017 05.10.2016 19.05.2017 227
2017/2018 04.10.2017 10.05.2018 218
2018/2019 28.09.2018 13.05.2019 228

From the data presented in table 1, it follows that the beginning of the heating period
approximately corresponds to the end of September - the beginning of October, the end to the
first half of May. The conditionally cold period of the year can be taken from October to April (7
months), warm - from May to September (5 months). Until 1917, in St. Petersburg and Petrograd,
the beginning of the heating period was adopted on October 1, the end - April 15 [49], pp. 451-
452. Dividing the warm and cold periods of the year into an integer number of months is more
convenient for analysis due to the availability of monthly average temperature data of the outdoor
air.

3.3 Warm and cold season

On this basis, we consider similar time intervals for the warm and cold periods of the year.
Figures 18-21 show graphs of changes in average annual outdoor temperatures, averaged,
respectively, at 50-year, 25-year, 10-year, and 5-year intervals for the warm period of the year
(from May to September). In the warm season, the production of heat and electricity is significantly
reduced. Figures 22-25 show similar data for the cold season.
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Figure 21 - Changes in the average annual air temperature during the warm period of the year with data
distribution over 5"-year intervals
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Figure 25 - Changes in the average annual air temperature during the cold period of the year with data
distribution over 5"-year intervals
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From the data presented in Figures 18-25 it follows that the most closely considered data
arrays are described by a polynomial approximation.

In the warm season, the minimum values of the average annual outdoor temperature in St.
Petersburg were observed from 1834 to 1908, in the cold season they were observed from 1779
to 1813. Then there is a steady trend of increasing the average annual outdoor temperature, the
most intense in the last 50 years.

Due to the minimal impact of internal sources of heat in the warm season, the observed
trend can be associated with the global trend of increasing air temperature.

In the cold season, the determination coefficient takes the maximum value for the
polynomial approximation of the data array. The trend line of outdoor temperature changes in the
cold season coincides with the trend line observed in the warm season, when the average annual
outdoor temperature decreases first, reaches its minimum, and then changes its monotony. In
this case, the minimum temperature reaches the outside air in the period from 1769 to 1818.
Apparently, the change in the monotony of the trend in question is due to population growth and
industrial development, as the amount of energy consumed in the village depends on the number
of inhabitants. The graph of population changes in St. Petersburg is shown in Figure 26.

These population dynamics show an exponential population growth with three local failures
corresponding to two wars and the crisis of the 90s of the XX century:

- from 1916 to 1920. (drop from 2,415,700 to 740,000);

- from 1939 to 1945 (drop from 3 191 304 to 546 000);

- from 1989 to 2008 (drop from 5,023,506 to 4,568,047).
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Figure 26 - Dynamics of population change in St. Petersburg for the period from 1764 to 2018

From the data presented in Figures 15-25, it follows that the minimum outdoor
temperatures were observed from the end of the XVII to the middle of the XIX centuries. Before
this period, average outside temperatures were generally higher. A closer look at the 25-year time
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intervals shows that the average outdoor temperature for the period from 1744 to 1768 was 3.96
° C (see Fig. 15). Then, over a long period, the average outside temperature turned out to be
lower and was able to reach this level again only at the beginning of the 20th century. Higher
outdoor temperatures during this period cannot be explained by the influence of the anthropogenic
factor. Most likely, they are due to other factors considered, in particular, in the study [46].
According to this study, during the last millennium, a gradual decrease in the average annual and
average seasonal (winter and summer) outdoor temperatures was observed on the territory of
the Russian Plain (and, most likely, on the adjacent territories). In the 20th century, the trend has
reversed. This assumption is supported by the data presented in Figures 15-17. From the data,
it follows that until about the end of the first third of the XIX century, the trend line of outdoor
temperature in St. Petersburg was decreasing, after which it changed monotony and became
increasing. An unambiguous interpretation of the change in the monotony of the functional
dependence under consideration requires additional research. However, it should be noted that
the period of change in the monotony of the trend line correlates with some lag with the period of
the industrial revolution in Europe and a sharp increase in hydrocarbon consumption.

A comparison of the data presented in Figures 18 and 22 shows that the temperature
increase in the warm and cold periods of the year is not equivalent. For example, over the past
50 years (from 1969 to 2018), in the warm season, the increase in outdoor temperature was 0.72
° C (0.0144 ° C per year), in the cold the increase in outdoor temperature was 1.51 ° C (0.03 ° C
per year), i.e. in the cold season, a 2 times more intense increase in air temperature was
observed. Hence, it can be assumed that in the cold season, internal heat influences have a more
noticeable effect on the climate of the city than in the warm. Some local minima that are identified
when considering the graphs of changes in the average annual outdoor temperature confirm this
assumption. For example, in the five-year interval (see Figures 21 and 25) in the period from 1939
to 1943. in the warm season, the average annual outdoor temperature decreased by 1.4 ° C (from
15.3 ° Cto0 13.9 ° C). In the cold season, the average annual outdoor temperature decreased by
3.22 ° C (from minus 0.77 to minus 3.89 ° C). As it is known, during the indicated war period, the
vast majority of St. Petersburg buildings lacked or significantly reduced the supply of thermal
energy.

3.4 Analysis of monthly data of air temperature changes

Figures 27—-38 show the 50-year intervals, differentiated by the months of the calendar year.

From the data presented it follows that over the past 50 years, the largest increase in
outdoor temperature by 2.5 ° C (from minus 3.9 ° C to minus 1.4 ° C) was recorded in March. In
February, the increase in outdoor temperature was 2.0 ° C (from minus 7.9 ° C to minus 5.9 ° C),
in January, the increase was 1.8 ° C (from minus 7.8 to minus 6.0 ° C), in December, the increase
was 1.5 ° C (from minus 4.9 ° C to minus 3.4 ° C), in April, the increase was 1.4 ° C (from 3.3 ° C
to 4.7 ° C), in May the increase was 1.2 ° C (from 10.1 ° C to 11.3 ° C), in June the increase was
0.8 ° C (from 15.0 ° C to 15.8 ° C), in July the growth was 0.7 ° C (from 18.0 ° C to 18.7 ° C), in
August the growth was 0.4 ° C (from 16.5 ° C to 16.9 ° C), in September growth was also 0.4 ° C
(from 11.3 ° C to 11.7 ° C). Thus, in the cold months of the year, a significantly more intense
increase in the average outside temperature was observed compared to the warm months of the
year.
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Figure 32 - Change in average air temperature in June with data differentiation for 50"-year
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Figure 33 - Change in average air temperature in July with data differentiation for 50t"-year
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Figure 34 - Change in average air temperature in August with data differentiation for 50"-year
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Figure 35 - Change in average air temperature in September with data differentiation for 50"-year
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Figure 36 - Change in average air temperature in October with data differentiation for 50"-year
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Figure 37 - Change in average air temperature in November with data differentiation for 50"-year
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Figure 38 - Change in average air temperature in December with data differentiation for 50"-year
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From the data presented in Figures 27-38, it follows that for the warmest months of the year,
the trend line most closely corresponds to the polynomial approximation. As the outside
temperature decreases, the trend line becomes more and more gentle, approaching a linear one.

Summarized data of outdoor temperatures averaged over 50-year intervals and
differentiated by months, indicating the absolute values of the increase in outdoor temperature
are presented in Table 2.

Table 2. Summarized data averaged over 50 years by month

January February March
Period Absolute Absolute Absolute
value Growth value Growth value Growth
1769-1818 -9.8 - -8.9 - -5.3 -
1819-1868 -9.0 +1.8 -8.3 +0.6 -4.5 +0.8
1869-1918 -8.0 +1.0 -8.0 +0.3 -4.3 +0.2
1919-1968 -7.8 +0.2 -7.9 +0.1 -3.9 +0.4
1969-2018 -6.0 +1.8 -5.9 +2.0 -1.4 +2.5
April May June
Period Absolute Growth Absolute Growth Absolute Growth
value value value
1769-1818 1.9 - 8.8 - 14.9 -
1819-1868 1.9 0 8.6 -0.2 14.6 -0.3
1869-1918 2.5 +0.6 8.9 +0.3 14.7 +0.1
1919-1968 3.3 +0.8 10.1 +1.2 15.0 +0.3
1969-2018 4.7 +1.4 11.3 +1.2 15.8 +0.8
July August September
Period Absolute Growth Absolute Growth Absolute Growth
value value value
1769-1818 17.9 - 16.4 - 10.7 -
1819-1868 17.2 -0.7 15.9 -0.5 10.8 -0.1
1869-1918 17.4 +0.2 15.5 -0.4 10.5 -0.3
1919-1968 18.0 +0.6 16.5 +1.0 11.3 +0.8
1969-2018 18.7 +0.7 16.9 +0.4 11.7 +0.4
October November December
Period Absolute Growth Absolute Growth Absolute Growth
value value value
1769-1818 4.3 - -2.0 - -6.8 -
1819-1868 5.0 +0.7 -1.7 +0.3 -6.0 +0.8
1869-1918 4.7 +0.3 -0.8 +0.9 -5.9 +0.1
1919-1968 5.1 +0.4 -0.2 +0.6 -4.9 +1.0
1969-2018 5.8 +0.7 0.5 +0.7 -3.4 +1.5

From Table 2 it follows that the largest increase in air temperature in St. Petersburg was
observed:
e in the period from 1969 to 2018, i.e. in the last 50 years;
e within the heating season (from October to April with a maximum increase in
average monthly air temperature in March by 2.5 °C compared with the period 1919-
1968).
The minimum increase in air temperature in St. Petersburg over the past 50 years compared
with the previous 50-year time period is recorded in August and September at 0.4 °C.
Both global and local factors can influence the establishment of the temperature regime in
a settlement.
Global factors affecting climate change can be divided into:
¢ man-made (growth of the planet’s population and energy consumption),
e non-anthropogenic (increase in solar activity, volcanic eruption, etc.).
It is known that for the period from 1743 to the present in the world the following largest
volcanic eruptions (in chronological order) have occurred:
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- October 1766 - Mayon Volcano (Luzon Island, Philippines);

- July 1783 - Laki volcano (Iceland);

- May 1792 - Unzen Volcano (Kyushu Island, Japan);

- April 1815 - Tambora volcano (Sumbawa Island, Indonesia);

- August 1883 - Krakatau volcano (Sunda Strait between the islands of Java and Sumatra);

- May 1902 - Montagne-Pelee volcano (Martinique island);

- June 1912 - Kathmay volcano (Alaska, USA);

- December 1931 - Merapi volcano (island of Java, Indonesia);

- November 1985 - the volcano Nevado del Ruiz (Colombia);

- June 1991 - Pinatubo Volcano (Luzon Island, Philippines).

A comparison of the climatic data analyzed in the work with periods of volcanic activity,
including taking into account the delay in their impact on more remote territories, did not reveal a
noticeable effect of volcanic eruptions on the climate of St. Petersburg, most likely due to the
significant remoteness of St. Petersburg from places eruptions.

Local factors influencing climate change in the settlement in question are discussed in more
detail in the next section.

3.5 The city thermal balance

3.5.1 Sources of heat gain and heat loss

The air temperature in the village is set based on the balance of heat influx and heat loss
and is determined by the following main reasons:

- characteristics of wind pressure;

- the intensity of solar radiation;

- area of water sources (natural heat accumulators);

- the intensity of the economic activity of residents.

The main sources of heat in the city are:

- heated buildings;

- heat distribution networks;

- power-consuming installations, equipment and instruments;

- electrical networks and communications;

- transport;

- people and animals;

- solar radiation;

- open water sources.

The main reasons for lowering the air temperature in the village are:

- streams of cold air;

- open water sources.

For such large metropolitan areas as St. Petersburg, an uneven distribution of air
temperature over its territory should be expected. The temperature in different parts of the city
depends on the direction and speed of the wind, proximity to water sources, as well as the density
of the heat and electric load of buildings and structures.

The wind flow, depending on the ratio of the flow temperature to the current air temperature
in the village, can contribute to both reducing and increasing the weighted average air
temperature in the city. It also applies to water bodies.

If the surface temperature of water sources is lower than the ambient temperature using a
dry-bulb thermometer, then the heat flow is directed from the environment to the surface of the
water. Conversely, if the surface temperature of water sources is higher than the ambient
temperature using a dry thermometer, the heat flow is directed from the surface of the water to
the environment.

Sources of the urban environment thermal pollution are: buildings, heat distribution
networks, electrical networks, power-consuming installations, equipment and devices, transport,
people. They can be called artificial sources of thermal pollution. In contrast, wind, open water
sources, and solar radiation should be attributed to natural heat sources, the magnitude of which
only indirectly depends on human activity.

Gorshkov, A.S.; Vatin, N.I.; Rymkevich, P.P.
Climate change and the thermal island effect in the million-plus city;
2020; Construction of Unique Buildings and Structures; Volume 89 Article No 8902. doi:10.18720/CUBS.89.2



Construction of Unique Buildings and Structures; 2020; Volume 89 Article No 8902

A more detailed analysis of various sources of heat supply concerning the conditions of St.
Petersburg is discussed below. In the framework of this study, a numerical assessment of the
thermal pollution of the urban environment only from artificial sources of thermal pollution was
made.

3.5.2 The influence of water sources

Figure 39 shows that, within the boundaries of St. Petersburg, the water surface occupies
a significant area and, moreover, is unevenly concentrated on the territory of the city
agglomeration. The presence of such a powerful natural heat accumulator affects the climate of
St. Petersburg. However, its influence would have taken place even if the territory of the city had
not been populated. In this regard, a numerical assessment of its impact on climate is not
considered in this study. It should be noted that the anthropogenic factor, albeit indirectly, is
present here since the temperature of the water discharge (after wastewater treatment) is usually
higher than the temperature of the drawdown. But this influence is not so significant in comparison
with other factors considered in this paper.

Figure 39 - Schematic map of St. Petersburg [50]

The heat transfer process between the surface of the water source and the environment
occurs both due to convection and due to radiation, and in the general case can be described by
the following equation:

q =0£'(t amb_tw.s.)1 1)

where & is the heat transfer coefficient.
The heat transfer coefficient is equal to the sum of the convective and radiant components
of heat transfer:

ag=« conv+a rad ?
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where o is convection heat transfer coefficient; o .4 is the coefficient of radiant heat

conv

transfer by convection; t amb IS ambient temperature; t ws. IS the surface temperature of a water

source.
Equation (1) corresponds to the direction of flow from the environment to the surface of the
water source. In the opposite direction of the flow, the heat transfer equation takes the form:

=« (t w.s._t amb )’ (2)

where all the notation is the same as in equation (1).

Figure 40 shows an example of actual weather in St. Petersburg and its environs as of 9:00
on December 27, 2019. From the presented data it follows that the air temperature in the city is
about 1 ° C higher than in its environs. St. Petersburg City Meteorological Station is located in
one of the central areas of the city (Petrogradskiy) on the street. Professor Popov, 48. It should
be noted that the station was previously located in a different place (on Vasilievsky Island). The
geographical coordinates of the weather station in St. Petersburg are: latitude 59.97 ° longitude
30.30 ° [23]. Geographical coordinates of the city center are 59 ° 57 ’north latitude and 30 ° 19’
east longitude [51]. It follows that the coordinates of the location of the meteorological station and
the geographical center of St. Petersburg practically coincide. Figure 40 also shows that the closer
the temperature measurement point to the boundaries of the water source, the higher the air

temperature.
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Figure 40 - Actual weather in and around St. Petersburg at 9 a.m (Moscow time) on 27.12.2019 [52]
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3.5.3 The effect of solar radiation

The annual amplitude of direct solar radiation on a horizontal surface with a clear sky ranges
from 25 MJ/m?in December to 686 MJ/m?in June. Over the year, cloud cover on average reduces
the total solar radiation by 21%, direct solar radiation reduces by 60%. The average annual total
radiation is 3156 MJ/m? [53], pp. 371-372.

Table 3. Average value of total solar radiation on horizontal and vertical surfaces under actual cloud
conditions, MJ/m? (kWh/m?), for the heating period [48]

. Vertical surfaces oriented to:
Name of Horizontal north | northeast /
locality surfaces northwest east/west | southeast/southwest | south
St. 808 391 415 583 831 938
Petersburg (224) (109) (115) (162) (231) (261)

It should be noted that this factor indirectly depends on the factor of anthropogenic
influence. Cutting down trees and shrubs contributes to a more intense absorption of solar
radiation in the city, because Plants use part of the absorbed solar energy in the process of
photosynthesis. Road surfaces, facades and roofs of houses absorb a significant part of solar
radiation, heat up and reflect it into the surrounding space.

3.5.4 Effect of heat energy production and consumption

Data on the consumption of thermal energy in the city can be extracted from the analysis of
the data presented in the heat supply schemes of district heating systems.

The updated version of the heat supply scheme of St. Petersburg is available on the website
of the Committee on Energy and Engineering [54]. By the data presented in the updated version
of the heat supply scheme, the total annual heat production by sources located in St. Petersburg
amounted to 169 PJ in 2018. Of these, 155.3 PJ of thermal energy was produced during the
heating period.

The total heat production by sources for the previous several years is presented in Table 4.

Table 4. Total annual heat production in St. Petersburg

log Total annual heat energy production per year, PJ
2015 144.0
2016 178.1
2017 173.8
2018 169.0
The data presented in Table 4 are graphically shown in figure 41.
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Figure 41 - Total annual heat production in St. Petersburg from 2015 to 2018
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In the general case, we can assume that all the thermal energy generated at the sources is
spent on maintaining the specified microclimate parameters in heated buildings, on providing
residents with hot water, and also on supporting technological processes in industry (taking into
account heat energy losses in heating networks). In the conditions of a settlement, heat energy
is released into the atmosphere through the external enclosing structures of heated buildings,
through the insulation surface of the pipelines of heating networks, usually laid underground, with
the emission of flue gases from thermal power plants and boiler houses and by cooling process
water in cooling towers. Not all the heat of the burned fuel goes to the production of thermal
energy, and therefore, for a more accurate assessment of heat input, the data presented in Table
3 should be increased by 20-30%. Thus, the total contribution of thermal energy sources to the
thermal pollution of the urban environment during the year can be estimated at 210 million MJ per
year.

A significant part of the heat energy in the annual cycle is spent on heating buildings and
the lower the temperature of the outside air, the more significant amount of heat energy is required
to compensate for heat losses through the outer shell of buildings and maintain standard
microclimate parameters in heated buildings.

When designing buildings, the average outside temperature is taken according to the
Russian Building Code of Rules SP 131.13330 [55]. For the conditions of St. Petersburg, the
calculated characteristics of the heating period are presented in Tables 5, 6 [48].

Table 5. Calculated values of the outdoor temperature [48]

Design ambient air temperature, °C

The temperature | Average temperature for the heating period t
Name of settlement | of the coldest five

for the period with average daily air temperature
days, ey <8°C <10°C

St. Petersburg minus 24 minus 1.3 minus 0.4

Table 6. Calculated indicators of the duration and intensity of the heating period in St. Petersburg [48]

Heating degree-days, °C-days/days:
. . Pubilic,
Residential .

Name of buildings Educational Polyclinics Preschool except as
settlement gs, T and medical AR indicated in
hotels and institutions o institutions

institutions columns 3, 4,
hostels 5
1 2 3 4 5 6
St. Petersburg 4537/213 4733/232 4965/232 5197/232 4111/213

The actual values of the average outdoor temperature for the heating period may differ
significantly from the calculated value (Figure 42). This circumstance introduces uncertainty in
predicting the estimated consumption of thermal energy.
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Figure 42 - The average outdoor temperature in St. Petersburg during the heating period

The duration of the heating period is also not constant. The actual values of the duration of
the heating period in St. Petersburg are presented in Table 1 and shown graphically in Figure 43.

235

5950

N
w
o

N
N
[8)]

220 717

227
218
216
210 - 210
i I 199 l

2010-2011 2011-2012 2012-2013 2013-2014 2014-2015 2015-2016 2016-2017 2017-2018 2018-2019
Heating period

N

o

ol
|

N
o
o

=

[{e}

ol
|

The duration of the heating period, days
©
o

=

[e0)

(8]
|

=
[e}
o

Figure 43 - Duration of the heating period in St. Petersburg from 2010 to 2019

Standard microclimate parameters at the cold period for residential and public buildings are
set in Russian State Standard GOST 30494-2011 “Residential and Public Buildings. Microclimate
Parameters for Indoor Enclosures” [56].

Standard microclimate parameters at the cold period for industrial buildings are set in
Russsian State Standard GOST 12.1.005-88 “Occupational Safety Standards System. General
Sanitary Requirements for Working Zone Air”
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For residential buildings, the range of permissible internal air temperatures in the cold
season is 18 + 24 ° C, the optimal temperature range is 20 + 22 ° C. As a rule, the calculated
internal air temperature for residential buildings is assumed to be plus 20 ° C, air temperature for
public buildings is assumed to be plus 18 ° C, but in the vast majority of cases, the internal air
temperature is higher than the calculated values. This is facilitated, inter alia, by the predominance
in St. Petersburg of open schemes for connecting the hot water supply system of buildings to
heating networks and the presence of so-called temperature profile cut-off. Within the cut-off of
the temperature graph, the temperature of the coolant supplied to the heating system of buildings
is usually higher than the required (at a given outdoor temperature) because of which, buildings
may experience an excessive consumption of thermal energy for heating compared to the
estimated flow.

The area of St. Petersburg is 1439 km?, of which the territory of high-density development
is 650 km? [51]. In the zone of high-density development, one should expect a maximum influx of
thermal energy from buildings and heating networks.

As of 01/01/2019, more than 58,000 buildings are in operation in St. Petersburg, while the
total area of apartment buildings is 134.3 million m?, the total area of the public and business fund
is 73.3 million m?, and the total area of industrial and warehouse buildings is 25.8 m? [54]. The
total area of buildings is more than 220 million m?2. It follows that, per year, per square meter of
the total area of buildings operated in St. Petersburg, an average of 0.77 GJ of thermal energy is
consumed. As new buildings are commissioned, the demand for thermal energy increases, which
contributes to an increase in the consumption of thermal energy.

The population in St. Petersburg as of 01.01.2019 is 5,381,736 inhabitants. Thus, on
average, about 33.5 GJ of heat energy per year is generated per inhabitant.

The production and consumption of thermal energy in the city is uneven throughout the
year, higher in the cold period and lower in the warm season. The highest heat production is
observed at the lowest outdoor temperatures, because a significant part of the heat is spent on
heating buildings. The Heat Supply Scheme indicates that the maximum calculated heat load in
St. Petersburg in 2019 amounted to 17 GW [54]. The summer load turns out to be much less than
the winter one, therefore the main contribution of heat sources to the thermal pollution of the
urban environment falls on the cold season. This circumstance may be one of the reasons for a
noticeable climate warming in St. Petersburg in the cold season and not so significant in the warm
season.

3.5.,5 The impact of electricity generation

With a sufficient degree of accuracy, it can be argued that all the electrical energy consumed
in the city is converted into thermal energy.

The dynamics of electricity consumption and the maximum electricity consumption in St.
Petersburg in the period 2013-2017 presented in Table 7 [57], [58].

Table 7. Dynamics of electric energy consumption and changes in maximum capacity in St. Petersburg [57],

[58].
Name of indicator 2013 2014 2015 2016 2017
Electricity consumption, billion MJ 87.2 88.1 87.3 90.4 90.6
Maximum electricity load, MW 4,017 4,283 4,183 4,374 4,011
The_ number qf. hours of use of the 6,030 5715 5.815 5,740 6.270
maximum electricity load, %

Annual electricity consumption in St. Petersburg by years is graphically shown in Figure 44,

load maxima - in Figure 45.
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Figure 45 - The maxima of the electric load in St. Petersburg, MW

Typically, the maximum electrical load in St. Petersburg falls during the winter months, when
the duration of daylight hours sharply decreases, and the duration of use of artificial lighting in
buildings and streets increases. Also, in the winter months, the maximum use of electric heaters
occurs. This fact also contributes to more dramatic climate changes in the cold season.
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3.5.6 Thermal pollution of the urban environment by motor vehicles

According to the agency AUTOSTAT [59], more than 1.7 million passenger cars were
registered In St. Petersburg. The total fleet of vehicles, including commercial vehicles, is 2.5
million vehicles. An objective assessment of the thermal pollution of the urban environment by
vehicles is difficult since:

- vehicles are operated unevenly during the year;

- a certain number of vehicles are constantly or temporarily operated during the year outside
the city territory;

- there are cars from other regions in addition to registered cars in the city.

Despite these objective difficulties, the thermal pollution of the urban environment as a
result of the operation of vehicles was evaluated.

The following assumptions have been made. The number of cars in use assumed to be as:

- 1.8 million units of passenger cars;

- 0.7 million units of commercial vehicles.

The value of the average vehicle mileage per year during urban operation assumed to be
as:

- 15,000 km for passenger cars;

- 30,000 km for commercial vehicles.

Average travel fuel consumption, in liters per km, assumed to be as:

- 10 liters for passenger cars;

- 20 liters for commercial vehicles.

Then the total annual fuel consumption, Q , liter/year, will be:

Q f = N p.tr. I y.p. q f.p.+ N c.tr. I y.C. q fe = 7’350’ OOO’OOO ! (3)

where
N, is the number of passenger cars;

I y.p. Isthe average mileage of passenger cars during the calendar year, km/year;

q., Isaverage travel fuel consumption by passenger car, I/km;

N is the number of commercial vehicles, pcs;

c.tr.

| ve. 1s the average mileage of commercial vehicles during a calendar year, km/year;

q,. isaverage travel fuel consumption by commercial vehicles, I/km.
The combustion value of fuel assumed to be as 4.36-107 J/kg, the density assumed to be
as 0.76 kg/dm?, the completeness of fuel combustion in the internal combustion engine in the

conditions of vehicles moving around the city is 75%.
The emission of thermal energy during the operation of cars in urban environments for one

year Q,,, , PJlyear, is

Quu=Q¢ - p-q;k,;=1827, (4)

where
Q , isthe same as in formula (3),

p ¢ is fuel density;
q ; is specific by mass heat of fuel combustion;

k ; is coefficient characterizing incompleteness of fuel combustion.

In addition to automobile transport, the sources of thermal pollution in the city are also air,
water, underground and rail transport. Thus, the amount of thermal energy released by transport
in the city is greater than the numerical estimate obtained above. However, road transport among
other modes of transport is the most significant and has a more even distribution over the entire
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area of the city. Air transport has been moved outside the city, which has a minor effect on the
thermal pollution of the urban environment. The duration and intensity of the operation of water
transport during the year and in St. Petersburg urban environments are noticeably less than
automobile one.

Underground transport is one of the largest consumers of electric energy. The heat
generated during the operation of underground transport is carried into the urban environment
during ventilation of the underground space.

Rail transport (freight and passenger long-distance and commuter trains) has a more
noticeable effect on the thermal pollution of the urban environment compared to air and water
transport, but is inferior in intensity to road transport. The assessment of thermal pollution from
rail transport is difficult due to the lack of the necessary input data. If we consider trains equipped
with electric motors, then they, like underground transport, belong to electric consumers, i.e. are
accounted for.

The contribution of other modes of transport to the thermal pollution of the urban
environment can be estimated at 20%. If this assumption is accepted, then the total amount of
thermal pollution of the urban environment from all types of vehicles can reach 220 PJ/year. It
follows that the thermal pollution by vehicles in the annual cycle is comparable to heat
consumption.

3.5.7 Heat release from people

People are also sources of heat. The dynamics of the population of St. Petersburg,
excluding unregistered citizens, are shown in Figure 26. As of 01.01.2019, the population of St.
Petersburg was 5,381,736 people. Also, the number of residents living in the city, including
unregistered ones, is much higher and, according to various estimates, can reach 7 million
people. On the other hand, not all registered residents of St. Petersburg permanently reside in it.

Heat emissions from people depend on many factors: gender, age, type of human activity,
other individual characteristics of his body, the climatic parameters of the environment
(temperature, humidity, wind pressure) and the heat-shielding characteristics of his clothes (in the
cold season when a person is outdoors).

It is recommended that household heat receipts from one person be estimated from 90 to
160 W, depending on the type of activity [55].

The lower the ambient temperature, the more intense the heat transfer of a person. In this
regard, we should expect that the heat generation of people on the street is increasing. To
compensate for additional heat loss, a person uses warmer clothes. When on the street, the
intensity of heat transfer from a person’s surface depends on the ambient temperature, humidity,
wind intensity, thermal insulation properties of clothing, and the intensity of its movement along
the street. The heat release of a person when he is outside the heated buildings in the cold season
can be taken equal to the heat release of a person under difficult working conditions.

Let us estimate the total annual heat energy input from people in the city. Taking into
account the factors discussed above, on average, per year, heat from one person will be taken
equal to 150 W. The total number of residents, taking into account unregistered citizens and the
temporary absence of registered citizens, we take equal to six million people. Then the total heat
dissipation of people during the year will be 26 PJ.

When people are in the building, the heat release from people is added to the heat from the
heating systems. The amount of heat release from people does not depend on the generation of
thermal energy from heat sources. Therefore, when compiling the heat balance of a city, heat
release from people should be considered as an addition to heat from other sources of thermal
energy. Thus, heat release from people during the year makes up about one-sixth of the other
heat generated.

3.5.8 Total thermal pollution of the St. Petersburg urban environment

The estimation of the St. Petersburg urban environment total thermal pollution is shown in
Table 8.

Table 8. Total thermal pollution of the St. Petersburg urban environment

| Source | Input in total thermal pollution, PJ |
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Heat consumption from non-electric district heating 220

systems and non-electric local heating systems

Electric power consumption 120

Non-electric transport 220

Population (equal to six million people) 26
Total 586

Table 8 does not reflect all, but the most common sources of heat exposure associated with
human activities. In the end, an important part of the warm water produced in the city. However,
under the conditions of the existence of heat emissions, heat fluxes also propagate into the
atmosphere. All these sources are sources of anthropogenic thermal pollution of the planet.

4 Conclusions

The objects of this research were St. Petersburg urban heat island and climate change in
St. Petersburg from 1743 to 2018.

The research was aimed to identify the main sources of thermal pollution of the urban
environment and to search for a possible connection between thermal pollution and climate
change in the city.

Changes in the average annual outdoor temperature, as well as the temperature of the
warm and cold periods of the year at different periods, are analyzed. The dynamics of climate
change in St. Petersburg, as well as the main factors affecting the heat and heat releases in urban
environments, are considered.

The results obtained allow us to draw the following conclusions:

1. For the period from 1743 to 2018 the climate of St. Petersburg has undergone significant

changes.

2. In the period from 1743 to 1838, there was a downward trend in the temperature of the

outside air, which by the middle of XIX had changed its monotony to increasing. Thus, an

upward trend has persisted over the past 180 years. Moreover, in the past 25 years, the
increase in outdoor temperature is the most intense.

3. The temperature increase is uneven over the periods of the year is the most intense

temperature increase is observed in the cold period of the year (from October to April) and

much less pronounced in the warm period of the year (from May to September).

4. The dynamics of changes in the outside temperature in St. Petersburg are affected by

both global trends in climate change and local sources of thermal pollution of the urban

environment, among which thermal and electric stations that generate heat and electricity,
as well as transport.

5. Climate change on the planet has an impact on climate change in St. Petersburg. But the

city itself is a major source of thermal pollution.

6. The contribution of St. Petersburg to the thermal pollution of the urban environment and

the artificial sources of thermal pollution located on its territory can reach 586 PJ per year.
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