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Abstract: This article presents the research on the analysis of the impact of social isolation caused
by the COVID-19 pandemic on gaseous air pollutant concentrations. For this purpose, the authors
presented (thermal maps) and analyzed the concentrations of selected gases such as NO2, CO,
SO2, and PM2.5 particles during the strict quarantine period in Poland and other EU countries.
Statistical analysis of the concentration level of these gases was performed. It was noticed that in
Poland, Germany, and France, the concentrations of such gases as CO, NO2, and PM2.5 particles
decreased, while in Italy and Spain, the tendency was the opposite. To verify whether the discovered
dependencies are not a natural continuation of the trends shaping the given phenomenon, the time
series of gas and PM2.5 particle emissions were analyzed. On this basis, the emission forecast up to
2023 was created, using the ARIMA class models. The obtained results allowed to construct five
scenarios for the development of NO2, CO, SO2, and PM2.5 emissions until 2023, considering the
impact of the COVID-19 pandemic. It was stated that in the optimistic scenario, in 2023, a decrease in
CO, NO2, and PM2.5 emissions could be achieved by maximums of 51%, 95%, and 28%, respectively.

Keywords: gaseous and solid air pollutants emissions; concentration; COVID-19; GIS; forecast;
emission scenarios

1. Introduction

The article presents the impact of the COVID-19 pandemic on the level of gaseous
and solid air pollutants concentrations in Poland compared to selected European Union
countries. Gaseous and solid air pollutants emissions lead to hardly reversible global
climate effects. They are influenced by the change in the temperature of the planet, caused
mainly by the combustion of fossil fuels in energy, transport, and industry. Therefore, the
aim of the article was to demonstrate the impact of changes in the lifestyle of European
Union citizens, forced by the restrictions related to the pandemic, on the level of gaseous
and solid air pollutants emissions. Similar studies related to the impact of the effects of
COVID-19 on air pollutant emissions have been conducted by many researchers around
the world [1–8]. However, such studies have not been conducted in the case of Poland
and do not include the creation of scenarios considering a COVID-19 lockdown factor.
Such scenarios will provide an insight into the evolution of air pollutant emissions in the
coming years.

The first confirmed case of COVID-19 in Poland was announced on 4 March 2020,
and the state of epidemic threat was introduced on 14 March 2020. Poland was one of the
few countries that introduced a lockdown at the very beginning of the pandemic when
there were only six cases and no deaths had yet been recorded [9]. On 10–25 March 2020,
universities, secondary and primary schools were closed (6 days after the first case), mass
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events were abandoned, sanitary checks at the borders were introduced, and restrictions
on social contacts were implemented. As a result, during the first wave of the pandemic,
it was possible to avoid a rapid increase in the incidence of the disease and prepare the
country for the need to provide adequate medical care to its inhabitants.

For comparison, in Italy, a country in which the pandemic development pace was one
of the fastest, the first case of COVID-19 was recorded in January, and the first restrictions
on interpersonal contacts were introduced only in mid-March. During this time, about
4000 cases of illnesses and over 300 deaths were registered daily. In the analyzed period,
the number of cases of illness and death in Poland and Italy was also analyzed. It was
noted that deaths in Poland amounted to 4%, and disease cases to 12%.

The implemented safety measures resulted in the limitation of air, road, and rail
traffic [10,11]. The level of production in many enterprises was also reduced, and thus
the pace of economic development [12]. The conducted analysis made it possible to study
the impact of the COVID-19 pandemic, and thus the traffic and industrial activity, on the
natural environment. Before the pandemic, it was assumed that in 2020, the amount of gas
emissions would not be reduced.

This article presents the analysis of the impact of social isolation caused by the
COVID-19 pandemic on selected gaseous air pollutant concentrations (NO2, CO, SO2), and
PM2.5 particles. The paper examines this issue in relation to Poland, but also to selected
European Union countries that were most affected by the COVID-19 action. They are
Germany, France, Spain, and Italy. The research covered the period of strict quarantine in
Poland, i.e., the period from 20 March to 15 April 2020. To verify whether the discovered
dependencies are not a natural continuation of the trends shaping the given phenomenon,
the time series of gas and PM2.5 particles emissions were analyzed. From these time series,
the emission forecast up to 2023 was created, using ARIMA class models. The obtained
results allowed to construct five scenarios for the development of NO2, CO, SO2, and PM2.5
emissions until 2023, considering the impact of the COVID-19 pandemic.

The impact of quarantine on gas and PM2.5 emissions was investigated by the au-
thors. Heat maps showing the concentration levels of the tested substances during the
lockdown and mathematical models to forecast changes in gas emissions until 2023 due
to the outbreak of the pandemic were built by the authors. Such a phenomenon has not
appeared in Europe for over 100 years. Therefore, the authors decided to build emission
scenarios for selected air pollutants. Scenario planning is used precisely in cases when
it is necessary to predict the influence of unexpected and previously unknown factors
on the analyzed phenomenon. Undoubtedly, social isolation associated with COVID-19
is such a factor. When building the scenarios, the authors used mathematical models to
eliminate the drawbacks of the scenarios created with the use of heuristic methods. This
makes the scenarios more plausible because their assumptions are based on the results of
empirical data analyses and mathematical models, and not only the subjective opinions
of experts. The article presents a comprehensive analysis of air pollutants that adversely
affect the health of the society. It is of particular importance in the case of Poland, where
environmental pollution is the main problem of our time.

2. Materials and Methods

The authors focused on two terms related to air quality: concentration and emission.
Such a procedure was used because of the short lockdown duration. Contrary to emissions,
the concentration additionally considers the conditions in the place where the air pollution
test was conducted, i.e., the topography, and buildings. The research was conducted in
large cities—capitals (especially in Warsaw). For example, the walls of buildings form
so-called urban street canyons, which means that the same number of cars causes a greater
concentration of pollution in the city than on the highway, for example. This was what
mattered during the lockdown period when city traffic was severely restricted. On the
other hand, emission makes it possible to analyze the pollutants per unit of time in the case
of the carried-out research per year.



Energies 2021, 14, 3264 3 of 25

In this article, gases such as carbon monoxide, nitrogen dioxide, sulfur dioxide, and
PM2.5 particulate matter were analyzed simultaneously.

The procedure for conducting the presented analysis was as follows:

• The concentrations of selected gases, such as NO2, CO, SO2, and PM2.5 particles,
during the period of strict quarantine in Poland, which took place on 20 March to
15 April 2020, were analyzed. The obtained concentration values of these substances
were compared to the base year, which was 2018. The choice of 2018 was made
deliberately. At the time of the research, the data for 2019 were still incomplete, and
the choice of a more distant year could not be reliable.

• Based on data on the concentration levels of selected substances, heat maps of emis-
sions in the studied period were created. The data presented in this way are much
clearer and it is possible to easily detect trends by visual analysis.

• Changes in the emission levels of selected gaseous and solid air pollutants in 2018–2020
were examined and statistical analysis of the emission level was performed.

• Forecasts of gaseous and solid air pollutants emissions until 2023 were created. To
verify whether the discovered relationships are not a natural continuation of the trends
shaping a given phenomenon, the time series of gas and PM2.5 particles emissions
were analyzed and then a forecast of emissions until 2023 was created on their basis.

• The obtained results made it possible to construct scenarios for NO2, CO, SO2, and
PM2.5 emissions until 2023, considering the impact of the COVID-19 pandemic. Gaseous
and solid air pollutants emissions up to 2023 were simulated in five scenarios.

To carry out the presented analysis, the methods described below were used.

2.1. Database Description

The analyzed data were obtained from the Copernicus Atmosphere Monitoring Service
(CAMS), European Environment Agency, Eurostat, European Centre for Disease Prevention
and Control and the Chief Inspectorate for Environmental Protection. The data for 2020
at five-day intervals were compared with the data for 2018. Additionally, the selected
substances were analyzed and forecasted until 2023. ARIMA models were used for this
purpose [13–15].

Table 1 shows which data and sources were used in a specific analysis. The data units
are also presented in the table. The figures and tables present the results of the analyses
carried out by the authors.

Table 1. Data sources used to conduct the presented analyses.

Data Source Unit

Figures 1, 2 and 16
Table 2

Eurostat, European
Environment Agency (EEA) Thousand tonnes, emission

Figures 3–5 and 7 Chief Inspectorate of
Environmental Protection µg/h, mg/h, emission

Figure 6
Institute of Meteorology and
Water Management National

Research Institute

◦C degrees

Figures 8–20
Tables 3–6

Copernicus Atmosphere
Monitoring Service (CAMS) µg/m3, concentrations

2.2. Forecasting Methods

ARIMA models were used to build mathematical models characterizing NO2, CO,
SO2, and PM2.5 particles emissions. The created models made it possible to determine
the emission forecasts of the above-mentioned substances until 2023. This, in turn, al-
lowed to determine the trend of further development of the analyzed phenomenon. The
obtained forecasts also became the basis for scenario planning, the results of which are
presented in the article. Models were created using the univariate time series analysis
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Gretl 2018a software tool. The software was developed at Wake Forest University in the
United States, NC.

The AR process model is described by the following equation:

yt = ϕ0 + ϕ1yt−1 + ϕ2yt−2 + . . . + ϕpyt−p + εt = ϕ0 +
p

∑
i=1

ϕiyt−i + εt (1)

where:
t, t − 1, . . . , t − p—time periods,
p—lag,
ϕ0, ϕ1, . . . , ϕt−p—parameters of the model,
εt—white noise,
yt—value of the forecasted variable in a moment of time or during a period.
In the case of the MA model, the forecast was based on past observations and the

differences between the past values and the forecast values (for the rest of the model). The
model describes the following relationship:

yt = θ0 + et − θt−1 − θ2et−2 − . . .− θpet−q + εt (2)

where:
et—the residuals of the model in periods t, t − 1, . . . , t − q.
q—time lag.
ARIMA (autoregressive integrated moving average) is a group of models used to

describe stochastic processes. They consist of AR processes, i.e., autoregressive and MA
(moving average) moving average processes. In the case of the AR (autoregression) pro-
cess, the current series value is the sum of the linear combination of the previous series
observations as well as the random disturbance [16,17].

Data on CO, NO2, SO2, and PM2.5 emissions were used during the estimation. The
data concerned the average emission in Poland in the years 2006–2018. A Kalman filter
was also introduced.

The default estimation method for ARIMA models is the exact maximum likelihood
estimation using the Kalman filter. The Kalman filter provides a very efficient and accurate
way to compute the likelihood of ARIMA models. The maximum likelihood estimation
determines values for the following model parameters [18]:

ξt1 = Ftξt + vt (3)

yt = A′txt + H′tξt + wt (4)

where:
ξt—state vector,
yt—vector of observables,
Ft—variance matrix,
A′t. —known square transition matrix of the process,
H′t—rectangular measurement matrix,
xt—vector of exogenous variables,
vt, wt—vector white noise.
The models presented in the article were those that had the best parameters among

the built models. During the selection, factors such as ex-post forecast error, characteristics
of model residuals, their distribution, and autocorrelation [19,20] were considered. The
information criteria were also taken into account [21].

2.3. Scenario Planning

Scenarios are a useful planning tool in an uncertain and complex environment. In
this case, they facilitate making decisions, the consequences of which will be felt for a
long time. It is also a case of forecasting the emission of gaseous and solid air pollutants.
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Scenario planning is a disciplined method for imagining possible futures that companies
have applied to a great range of issues [22]. The scenarios present more than one vision of
the future, indicating what could potentially happen. The scenarios are not intended to
accurately predict the future, but only indicate and inform the recipients of the scenarios
about possible future states of the analyzed phenomenon. The scenarios presented in the
article are based on the created forecasts. The impact of the COVID-19 pandemic on the
projected CO, NO2, and PM2.5 emissions by 2023 was simulated. The simulation was not
performed for sulfur dioxide due to the already decreasing trend characterizing this time
series. Five scenarios for the development of individual gases and PM2.5 emissions were
created. These are the scenarios as follows:

• Forecast (scenario m, l): The most probable scenario, which is the emission forecast;
• Scenario o: The optimistic scenario obtained based on the 95% confidence interval of

the forecast, constituting the lower limit of the range within which the forecast value
may move to 95% probability;

• Scenario p: The pessimistic scenario obtained based on the 95% confidence interval of
the forecast, constituting the upper limit of the range within which the forecast value
may move with 95% probability;

• COVID-19 effect (scenario o): Optimistic scenario considering the impact of quarantine
on the emission level in the analyzed period. From the calculated changes for the
adopted days, the lowest percentage decrease in the emission of harmful substances
was assumed. In the optimistic scenario, it was assumed that the emission decreased
by this designated value in relation to the previous year;

• COVID-19 effect (scenario p): Pessimistic scenario considering the impact of quar-
antine on the level of emissions in the period 20 March to 15 April 2020. From the
calculated changes for the adopted days, the lowest percentage decrease in the emis-
sion of harmful substances was assumed. In turn, in the pessimistic scenario, it was
assumed that the emission decreased by this determined value in relation to the
obtained emission forecast.

The scenarios were created in the following steps:

(a) Entering data into the ARIMA model;
(b) Choosing the optimal model with appropriate parameters;
(c) Creation of a forecast based on the selected ARIMA model until 2023 (scenarios m, l),
(d) Construction of the confidence interval (scenarios o, p);
(e) Analysis of the impact of lockdown on changes in the emission level of tested sub-

stances, determination of the maximum and minimum decrease in emissions;
(f) Recalculation of the forecast from step c, considering the abovementioned decrease in

emissions (COVID-19 effect scenarios).

The confidence interval estimation is based on the construction of a numerical interval
with a predetermined probability, which contains the unknown, true value of the estimated
parameter. The interval sought is called the confidence interval, and the probability is
denoted as (1 − α). In the presented studies, α is 95%. Alpha, i.e., the level of signifi-
cance, means the probability of making an acceptable error. This was assumed to be 5%.
Confidence intervals were estimated using the Barrodale–Roberts method [18].

2.4. Spatial Analysis

To make the research presented in the article possible, the spatial information system
QGIS version 3.10.2 was used. The QGIS project is part of the Open Source Geospatial Foun-
dation (OSGeo). Spatial information systems are a powerful set of tools for the collection,
storage, free recovery, processing, and presentation of real-world spatial data [23–25].

GIS provided tools, such as geocoding and the creation of heat maps. Geocoding is the
process of determining the position of objects, expressed by various types of geographic
identifiers. It is done by comparing the relevant elements of the address information with
the reference material that defines the location of individual addresses [26]. The heat map
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is a graphical illustration of the value of the tested feature, depending on the concentration
level and its size, presented with a selected color palette. In the case of the Quantum
GIS program, the thermal map is created based on the determination of the core density
depending on the number of points in a specific place and the weight considered during
the attribute analysis [27].

3. Results
3.1. Analysis of Gaseous Air Pollutants Emissions and PM2.5 Particles

The analysis considered the main gases and inhalable particles that the smog consists
of. In Poland, the analysis of this hazard is mainly limited to suspended PM2.5 and PM10.
The article also includes such chemical compounds as sulfur dioxide, nitrogen dioxide,
particulate matter, and carbon monoxide. These gaseous and solid air pollutants have a
negative impact on human health and life, but also on the natural environment [28–31].
As previously noted, the decline in gaseous and solid air pollutant emissions because
of the pandemic-related isolation concerned mainly surface and air transport as well as
industrial processes. Therefore, it was checked how the emission developed in these areas
of human activity.

Since 1990, both in Poland and in other EU-27 countries, the total level of emissions has
decreased by 15 and 24%, respectively. However, in the case of emissions from transport
and industrial production, it systematically increased (Figures 1 and 2), and in the years
1990–2018, it increased by the following:

• Fuel combustion in cars—314% (Poland), 22% (EU-27);
• Aviation—343% (Poland), 118% (EU-27);
• Industrial processes and product use—10% (Poland), decrease by 23–22% (EU-27);
• Transport—214% (Poland), 23% (EU-27).

The results of the analysis of the emission level during quarantine for each of the
analyzed gases and PM2.5 particles are presented below.

Figure 1. Gaseous air pollutant emissions in Poland. Based on data from Eurostat, European Environment Agency
(EEA) [32].
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Figure 2. Gaseous air pollutant emissions in EU-27. Based on data from Eurostat, European Environment Agency (EEA) [32].

3.1.1. Analysis of NO2 Emission Data

It is a gas harmful to the health and life of living organisms because it leads to hypoxia
and generates allergic diseases. It leads to the formation of smog, which is a serious threat
mainly in large cities [33,34]. The emission of nitrogen dioxide in Poland is generated
mainly from the combustion of fossil fuels, both in industry and in transport [35]. In
2016–2018, nitrogen dioxide emissions in Poland increased by 16%. This was mainly due
to the increase in the number of vehicles, many of which did not meet the European Union
requirements due to their poor technical condition and age. Nitrogen oxides are also
produced as a result of the use of nitrogen fertilizers in agriculture [36]. The emission
limit is 200 µg/m3 with an averaging time of 1 h [37]. This level was to be achieved in
2010. Figure 3 presents two time series, i.e., empirical data on NO2 emissions in Poland
in 2004–2018 and the forecast values obtained using the ARIMA model (2,2,0). Table 2
presents the parameters characterizing the models used in the article. The MAPE error
indicates that the created models are reliable because it does not exceed 12% in each
analyzed case. The Ljung–Box test confirms the lack of autocorrelation of residuals, while
the Doornik–Hansen test confirms the normality of the residual distribution (where p
is probability).

The model used to forecast NO2 emissions until 2023 is characterized by an ex-post
prediction error of 7%. The model can therefore be considered accurate. It is a model
that will prove successful if the factors influencing the forecasted phenomenon remain
unchanged (Figure 3).

It should be noted that according to the obtained forecast, NO2 emissions will increase
in the coming years. In 2023, compared to the last known observation (2018), this increase
was about 11%. At the same time, the chart presents the confidence interval. It is the range
within which the predicted value can move with a 95 percent probability. The designated
scope may constitute the information used to create scenarios for the development of
the phenomenon.
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Figure 3. Graph of the dependence of the average NO2 emission µg/h on the values predicted using the ARIMA model (2,2,0)
(averaging time 1 h), zone code PL140. Source: own elaboration, based on data from Chief Inspectorate of Environmental
Protection [37].

Table 2. Indicators of the created prognostic models concerning the emissions of NO2, CO, SO2, and PM2.5 in Poland.

Indicator SO2 CO NO2 PM2.5

MAPE, % 14.34 11.89 7.12 11.95

RMSE, % 1.33 0.07 2.24 3.11

Akeike information criterion 44.86 25.97 60.02 45.77

Hannan–Quinn information criterion 44.40 26.31 59.67 44.70

Schwarz information criterion 47.12 24.27 61.72 45.93

Ljung–Box 2.07, p = 0.06 0.46, p = 0.50 1.88, p = 0.17 1.09, p = 0.58

Doornik–Hansen 5.64, p = 0.15 1.44, p = 0.49 4.76, p = 0.10 0.16, p = 0.92
Source: own elaboration, based on data from Eurostat, European Environment Agency (EEA) [32].

Indicators included in the table:

• Akeike information criterion, Hannan–Quinn information criterion, Schwarz informa-
tion criterion: These information criteria are the most widely used. They are used to
compare models of the dependent variable, in order to select the most accurate model.
According to the adopted convention, the best model is the one for which the value of
the information criterion is the lowest;

• MAPE—mean absolute percentage error;
• RMSE—root-mean-square error;
• Ljung–Box—statistical test of autocorrelations of a time series;
• Doornik–Hansen—test for normality.

3.1.2. Analysis of CO Emissions Data

Carbon monoxide is one of the main components of low emissions alongside carbon
dioxide, heavy metals, t, nitrogen oxides, sulfur, and dioxins. Low emissions arise for two
reasons: heat production, and the transport of goods and people [38,39]. Carbon monoxide,
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which is formed during the combustion of fuel in internal combustion engines, is the gas
produced during combustion in an oxygen-poor atmosphere. It is a flammable gas and has
no odor. As its emission occurs at heights below 40 m, high concentrations of pollutants
exceeding safety standards may arise. Carbon monoxide is harmful to the health and life
of living organisms and the environment. The emission limit for CO is 10,000 µg/m3. The
volume of CO emissions in Poland has been subject to an upward trend in recent years.

It should be noted that the comparison of CO emissions in Poland and the EU-28 in
2015–2017 shows that in the case of the EU-28 averages, the emissions have remained stable
over the past few years [32]. The same is true for other countries considered during the
analysis, such as Germany, Italy, Spain, and France. In the case of Poland, CO emissions
increased by approximately 5%.

The time series of CO emissions in Poland in the years 2004–2018 followed an upward
trend (Figure 4). To forecast the amount of emissions in the coming years, the ARIMA
model (2,2,0) was built. The model’s MAPE error is less than 12%. The obtained forecast
in the most probable scenario (blue series of data) indicates an increase in carbon monox-
ide emissions in the forecast period. Therefore, it should be concluded that during the
quarantine related to the COVID-19 pandemic, the emission level was consistent with the
optimistic scenario defined by the 95% confidence interval of the forecast.

Figure 4. Graph of the dependence of the average CO emission in mg/h in individual years on the values forecasted using
the ARIMA model (2,2,0), (averaging time 1-h, average value), zone code PL1401. Source: Own elaboration, based on data
from Chief Inspectorate of Environmental Protection [37].

3.1.3. Analysis of Data on PM2.5 Particles Emissions

Particulate matter consists of fine particles suspended in the air (particulate matter—
PM). PM10 particles consists of particles less than 10 microns in diameter, while PM2.5
consists of particles less than 2.5 microns in diameter. A total of 36 out of the 50 cities in the
European Union with the highest PM2.5 concentrations are located in Poland. The authors
analyzed the emission of PM2.5 due to its extremely negative impact on the health of living
organisms. This particle reaches not only the upper and lower respiratory tract but also
enters the bloodstream. It also often contains harmful substances, such as dioxins or heavy
metals [40–45]. The permissible concentration of PM2.5 is 25 µg/m3, and this level was
to be achieved in 2015. However, by 1 January 2020, it should be reduced to the level of
20 µg/m3.
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A mathematical model was created for the PM2.5 emission time series in 2009–2018
and a forecast for this series until 2023 (Figure 5). From 2016, the time series showed
an upward trend. In 2016–2018, the emission increased by 15%. To create a forecast, the
ARIMA model (1,2,0) was used. No change in the time series factors would lead to a further
increase in emissions by less than 30% in 2023 compared to the last known observation.

Figure 5. Graph of the dependence of the average PM2.5 emission in µg/h in individual years together with the values
forecasted by the ARIMA model (1,2,0), (averaging time 1 h, average value), zone code PL1401. Source: Own elaboration,
based on data from Chief Inspectorate of Environmental Protection [37].

The emission of PM2.5 particles depends on the ambient temperature because its
emission is mainly related to the activities of industrial power, as well as household
furnaces. In the studied period in Poland, the temperature developments are presented in
Figure 6.

Figure 6. Air temperature in the studied period (on 20 March = to 20 April). Based on data from Institute of Meteorology
and Water Management National Research Institute [46].
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It should be noted that the temperature forced the extension of the heating period at
least until the end of April. This confirms the theory of a decrease in PM2.5 (and not only)
emissions, mainly because of the reduced mobility of the Polish population.

3.1.4. Analysis of SO2 Emission Data

SO2 in Poland is generated mainly during combustion processes in coal-fired power
plants. It should be noted that the emission of oxides of this type decreases every year. In
the years 2008–2018, this decline in Warsaw was over 50%. It is also a typical trend for
the European Union average. Despite this, the level of sulfur dioxide in Poland is higher
than in other EU countries. The permissible level of SO2 emission is 350 µg/m3 with an
averaging time of 1 h.

Furthermore, in the case of SO2, a mathematical model of the emission time series
in 2004–2018 was built, and on its basis, the forecast of this series until 2023 (Figure 7).
The ARIMA model (2,2,1) was used. Among the models presented in the article, it is
characterized by the highest error rate, i.e., over 14%. The forecast indicates that until 2022,
a continuation of the downward trend in the time series of sulfur dioxide emissions in
Poland can be expected. Compared to the last known observation, i.e., 2018, the presented
forecast indicates an 86% decrease in emissions in 2023 if the trend is not disturbed.

Figure 7. Graph of the dependence of the average SO2 emission in µg/h in individual years on the values forecasted using
the ARIMA model (2,2,1), (averaging time 1 h, average value), zone code PL1401. Source: Own elaboration, based on data
from Chief Inspectorate of Environmental Protection [37].

3.2. Spatial Analysis of Air Pollution

Using statistical data on the state of the atmosphere obtained from the Copernicus
Atmosphere Monitoring Service (CAMS), thermal maps of the pollution level for the
studied time periods were created by the authors [47]. The WGS 84, EPSG 4326 coordinate
system and linear interpolation were used to generate the thermal maps. The display mode
has been set to a single channel pseudocolor. The data include the following parameters:
CAMS daily air quality analyses, median ensemble model, gridded data type, and surface
level time 6 h.

3.2.1. NO2

An exemplary map for NO2 is shown in Figure 8. The maps show the following layers:

• Raster layer with NO2 concentration data;
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• Polygonal vector layer containing the borders of individual countries;
• Point vector layer with marked capitals of selected EU countries.

Figure 8. NO2 concentration heat maps on (a) 5 April 2018 and (b) 5 April 2020. Source: Own elaboration, based on data
from Copernicus Atmosphere Monitoring Service (CAMS) [47].

Comparing the created heat maps from 5 April 2018, and 2020, it can be stated that
the NO2 concentration has significantly decreased in Poland, Germany, and France. By
contrast, in Italy and Spain, it has increased.

Table 3 presents a comparison of the level of concentration of this gas in 2018 and 2020
in selected capital cities of the European Union. It should be noted that we are dealing with
a change in the upward trend in Warsaw, Berlin, and Paris. However, in Rome and Madrid,
the upward trend continued.

Table 3. Average change in NO2 concentration on 20 March to 15 April in 2018 and 2020 in selected
European capitals.

City
NO2 (µg/m3)

Change
2018 2020

Berlin 25.34 13.72 −46%

Rome 17.56 22.99 31%

Paris 39.77 32.13 −19%

Warsaw 26.06 12.90 −50%

Madrid 14.65 14.92 2%
Source: Own elaboration, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].



Energies 2021, 14, 3264 13 of 25

Additionally, Figure 9 presents a comparison of the NO2 concentration in Warsaw.
It was stated that the concentration decrease was the largest (among the analyzed cities)
during March and April 2020 compared to the base year, which was assumed to be 2018. It
should be noted that on each of the analyzed days the concentration was halved in 2020.
The biggest drop was recorded on 30 March, when the concentration fell by 70%.

Figure 9. NO2 concentration in Warsaw on individual days of 2018 and 2020. Source: Own elaboration, based on data from
Copernicus Atmosphere Monitoring Service (CAMS) [47].

3.2.2. CO

Table 4 presents a comparison of the concentration level in the time selected for the
analysis (from 20 March to 15 April). As a result of the quarantine, the carbon monoxide
concentration decreased in Berlin (the decrease was the greatest), Warsaw, and Paris. Again,
a rising concentration can be seen in Rome and Madrid.

Table 4. The average change in the level of CO concentration on 20 March to 15 April 2018, and 2020
in selected European capitals.

City
CO (µg/m3)

Change
2018 2020

Berlin 307.17 225.33 −27%

Rome 258.65 303.44 17%

Paris 311.83 262.17 −16%

Warsaw 412.33 363.53 −22%

Madrid 205.33 207.67 1%
Source: Own elaboration, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

The heat maps also make it possible to observe with the naked eye the difference in
the level of concentration in the studied years. Remembering the maps from 2018 and
2020, a significant decrease in the CO concentration can be found in Germany, Poland, and
France. However, in other countries, especially in Italy, an increase in CO concentration
was observed.

Figure 10 shows the thermal map of CO concentration for 5 April 2018, and 2020.
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Figure 10. Thermal maps of CO concentration on (a) 5 April 2018, and (b) 5 April 2020. Source: Own
elaboration, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

The concentration level in the analyzed period in Poland decreased, which is shown
in Figure 11. The largest decrease was recorded on 30 March 2020, when the concentration
decreased by about 40%, compared to 2018. The average decrease on 20 March to 15 April
was 12%.

Figure 11. CO concentration in Warsaw on individual days of 2018 and 2020. Source: Own elabora-
tion, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].
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3.2.3. PM2.5

It should be noted that the EU average of PM2.5 concentration in 2015–2017, expressed
in grams per one euro, is almost five times lower than the average concentration in Poland.
In turn, Table 5 contains information on the concentration level PM2.5 in the period from
20 March to 15 April in 2018 and 2020. Again, the concentration decreased in Berlin, Paris,
and Warsaw, with the decrease being the most favorable for Warsaw. The increase in PM2.5
concentration was recorded in Rome and Madrid, where it increased by over 100%.

Table 5. The average change in PM2.5 concentration on 20 March to 15 April 2018, and 2020 in
selected European capitals.

City
PM2.5 (µg/m3)

Change
2018 2020

Berlin 25.38 12.47 −51%

Rome 11.73 22.17 89%

Paris 17.61 16.18 −8%

Warsaw 33.50 13.64 −59%

Madrid 6.10 12.33 102%
Source: Own elaboration, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

In the case of Warsaw, the decrease in each of the analyzed days was very significant
(minimum 33%), the maximum decrease was 84% and occurred again on 30 March 2020, as
in the case of the previously analyzed gases (Figure 12).

Figure 12. PM2.5 concentration in Warsaw on individual days of 2018 and 2020. Source: Own
elaboration, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

Figure 13 shows the heat map for 10 April in 2018 and 2020. Moreover, in this case, the
trends presented in Table 4 can be seen, i.e., significant decreases in PM2.5 concentrations
were recorded in Poland and Germany, a slight decrease in France, while in Italy, and in
particular in Spain, significant increases were noted.
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Figure 13. Thermal maps of PM2.5 on (a) 04/10/2018 and (b) 04/10/2020. Source: Own elaboration,
based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

3.2.4. SO2

Table 6 presents a comparison of SO2 concentrations in selected capitals of the EU
Member Countries on 20 March to 15 April 2018, and 2020. In this case, all analyzed places
showed a downward trend in concentration. However, it should be considered that SO2
concentrations are falling in the EU, irrespective of the coronavirus pandemic.

Table 6. The average change in SO2 concentration on 20 March to 15 April 2018 and 2020 in selected
European capitals.

City
SO2 (µg/m3)

Change
2018 2020

Berlin 4.29 2.95 −31%

Rome 1.55 1.36 −12%

Paris 6.23 5.67 −9%

Warsaw 29.37 14.64 −50%

Madrid 4.57 2.93 −36%
Source: Own elaboration, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

Figure 14 shows the thermal maps of SO2 concentration in Poland on 5 April 2018 and
the same day in 2020. Again, the visual analysis shows a decrease in the intensity of the
analyzed phenomenon, i.e., the sulfur dioxide concentration, especially in Poland, Spain,
and Germany, and then Italy and France.
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Figure 14. Thermal maps of SO2 concentration on (a) 5 April 2018 and (b) 5 April 2020. Source: Own elaboration, based on
data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

Figure 15 shows a comparison of SO2 concentration in Warsaw on selected days from
20 March to 15 April in 2018 and 2020. It was found that the sulfur dioxide concentration
in Warsaw on the days selected for the analysis dropped by as much as 70%, except on
6 April 2020, when it was more than twice as high as in the base year, 2018.

Figure 15. SO2 concentration in Warsaw on individual days of 2018 and 2020. Source: Own elabora-
tion, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

To summarize the above analysis, a comparison of the number of COVID-19 cases in
Poland and the concentration of the analyzed substances was made (Figure 16).
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Figure 16. Comparison of the number of morbidity cases and the concentration of selected substances (µg/m3) in Poland
on 15 March 2020–15 April 2020. Source: Own elaboration, based on data from Eurostat, European Environment Agency
(EEA) and Copernicus Atmosphere Monitoring Service (CAMS) [32,47]. (a) PM2.5; (b) SO2; (c) NO2; (d) CO.

There is a clear correlation between the values presented in Figure 16, especially in
the case of nitrogen dioxide, but also sulfur dioxide. It can therefore be seen in the case
of SO2 that, despite the general downward trend in this time series, the concentrations
decreased during the quarantine period. Around 10 April, the concentrations increased for
all substances. That day was Good Friday (the beginning of Easter), and in Poland, there
was no ban on moving away from home.

Additionally, for Poland, a comparison of the tested substances concentration level
with the average concentration in years 2016–2019 and the lockdown period in 2021 was
made (Figure 17). It should be noted that for NO2 and PM2.5, there was an almost 50% de-
crease in concentration in 2020, compared to the previous years. In 2020, the concentration
of CO decreased also by approximately 25%. The downward trend for SO2 was maintained.
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Figure 17. Concentration of SO2, NO2, PM2.5 (a) and CO (b) in the period 25.03–15.04, the average value of the concentration
in 2016–2019, 2020 and 2021, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

The re-tightening of safety rules in Poland took place on 25 March 2021. The reason
for this decision was Easter and a significant daily increase in COVID-19 cases, with the
simultaneous lower hospital bed and respirator capacity. However, compared to the same
period of the previous year, the restrictions were much less restrictive. They also concerned
individual voivodeships. The analysis of the concentration level in 2021 shows that the
epidemic has become part of everyday life and citizens have ceased to comply with the
imposed restrictions. There has been no decrease in the mobility of the society; on the
contrary, the increase in NO2 and PM2.5 emissions confirms the return to the growing trend
from previous years (Figure 17).

3.3. Scenarios for the Emission of Selected Gases and PM2.5 Particles

The forecasts and designated confidence intervals presented in Section 3.1 were used
to create the scenarios for the emission of selected gases and PM2.5 particles. The sce-
narios are a combination of the created forecasts (the most probable scenario) and the
constructed confidence intervals (optimistic and pessimistic scenarios). Additionally, the
authors simulated the impact of quarantine on the levels of gas and PM2.5 emissions.
The highest determined percentage decrease was used as input data for the simulation
for the COVID-19 effect scenario o, while the lowest emission decrease was used for the
pessimistic COVID-19 effect scenario p.

The assumptions that were made when creating individual scenarios are presented in
Section 2.3.

The results of the simulation are presented in Figures 18–20. The effect of changes
related to the pandemic is circled in red on the graphs to further facilitate their visual
analysis. The level of the projected emission was reduced by the smallest decrease in this
emission that was recorded on 20–25 March 2020, that is, for the following:

• CO by 11%: Therefore, if the insulation condition was maintained, the average emis-
sion in 2023 would be 0.79 instead of 0.98 mg/h. If we consider the optimistic scenario,
it would be 0.41 mg/h.

• In the “optimistic scenario o” in 2023, the emission is 17% higher than in the “COVID-19
effect—scenario o”, while in the “p scenario” the emission is almost twice as high as
in the “COVID-19 effect—scenario p”.

• PM2.5 by 2%: If the quarantine status was maintained in the pessimistic scenario, the
average emission in 2023 would be 26.9 instead of 27.5 mg/h, while in the optimistic
scenario, it would be 19.9 mg/h, which is a decrease of less than 28%.
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• In the scenarios obtained based on the confidence interval, the greatest dispersion of
values was obtained. In the optimistic scenario, in 2023, the emission is lower than the
forecast by about 90%, and in the pessimistic scenario, twice as much.

• The effect of reducing NO2 emissions in the “COVID-19 effect” scenarios is much
more significant than in “scenario o”. In this case, compared to the forecast value, the
emission decreased by 57%, and in the pessimistic scenario, it increased by 42%.

Figure 18. Results of the simulation of the average CO emission level in particular years until 2023. Source: Own elaboration,
based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

Figure 19. Results of the simulation of the average PM2.5 emission level in particular years until 2023. Source: Own
elaboration, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].
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Figure 20. Results of the simulation of the average NO2 emission level in particular years until 2023. Source: Own
elaboration, based on data from Copernicus Atmosphere Monitoring Service (CAMS) [47].

4. Discussion

The article presents the effects of the unprecedented phenomenon of social isolation on
a global scale. In Poland, the period of strict COVID-19 quarantine fell on 20–25 March 2020.
The impact of this phenomenon on the level of gaseous and solid air pollutants in Poland
and selected European Union countries was analyzed. The analyzed period was compared
with the base year, which was assumed to be 2018. It was noticed that in Poland, the
concentration of such gases as CO, NO2, and PM2.5 particles decreased. A similar trend was
also revealed in the case of Germany and France. The isolation decreased the consumption
of crude oil, natural gas, and other petroleum products. This was due to the limitation of
the mobility of the inhabitants of the European Union, as well as limitations in electricity
consumption. The coronavirus pandemic caused a decrease in the demand for hard coal
in Poland. Tauron, one of the largest Polish electricity companies, was forced to reduce
working time in both the mining and generation segments. It was a result of the decline in
electricity demand all over the world [48]. The authors analyzed the temperature course
during the research period. The analysis showed that the heating period was extended due
to the relatively low air temperature. Therefore, the concentration caused by heating had
no influence on the results of the concentration level. However, as already mentioned, in
the analyzed period, a decrease in the demand for electricity was noticed. Activities related
to anti-virus prevention directly contributed to the reduction in electricity consumption.
Production in many industrial plants has been reduced, as well as the activities of service
points, shops, shopping centers, airports, stations, schools, universities, etc.

The increase in gaseous and solid air pollutants concentrations from 20 March to
15 April was recorded in 2020 in relation to 2018 in Rome and Madrid. The reason for this
situation was most likely noncompliance with the quarantine and restrictions aimed at
reducing the number of cases of COVID-19. Spaniards and Italians broke the introduced
bans en masse, as evidenced by the reports on the number of fines issued by the police
during that period. This, of course, had negative repercussions of more infections and the
spread of the epidemic. In contrast, SO2 concentration decreased in all considered countries.
This phenomenon is related to the overall decrease in sulfur dioxide concentration, which
has been going on for many years.

As in the case of CO, the increase in emissions is influenced by using obsolete furnaces.
In addition, it is also caused by the increased transport of people and goods and the
growing number of diesel vehicles, often old, produced more than 10 years ago [49]. Such
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cars, unlike new ones, have an extremely harmful effect on the environment [50,51]. A
particularly high increase in second-hand car imports has been recorded since the abolition
of the recycling levy. The year 2020 was a record year regarding the number of cars
imported from abroad. Compared to January 2019, imports in 2020 were increased by
approximately 9%. After that, the number of imported cars decreased because of the safety
measures due to the pandemic. It was mainly caused by additional procedures at the
borders: the necessity to undergo a two-week quarantine for citizens who would like to
import a car without intermediaries. The financial condition of enterprises and natural
persons also had an impact on the level of used car imports.

To confirm that the decrease in emissions of selected gases and PM2.5 is caused by
a new factor influencing the analyzed phenomenon, mathematical models of time series
of all analyzed substances and forecasts until 2023 were created. The constructed models
showed that the upward trend is characteristic for the time series of carbon monoxide,
nitrogen dioxide, and PM2.5 particles. In the case of sulfur dioxide, it was found that this
time series has a downward trend. Therefore, the detected SO2 emissions reductions from
the base year were not solely driven by the COVID-19 quarantine.

It was assumed that the trend changes in the emission time series achieved by quar-
antine could be sustained. Therefore, their impact on the time series of CO, NO2, and
PM2.5 emissions until 2023 was examined. For this purpose, scenario planning was used.
A set of five scenarios were created. In each of them, a different variant was assumed,
thus the most likely scenario, two optimistic scenarios, and two pessimistic scenarios were
obtained. It was noted that in the optimistic scenario, in 2023, a decrease in CO emissions
can be achieved by a maximum of 51%; in the case of NO2, a decrease by 95%; and in
the case of PM2.5, a 28% decrease. The emission of nitrogen dioxide is one of the key
factors contributing to environmental pollution. In the case of NO2, the greatest impact of
quarantine on its emission was noted, as it is directly dependent on the intensity of traffic
and industrial production. The created simulation showed the highest level of spread of
the created scenarios also in the case of NO2, where in the optimistic scenario the emission
decreased by 95% until the year 2023.

A threat to the continuation of the favorable trend in gas emissions that appeared
during the quarantine is the way in which countries (not only in the European Union)
decide to stimulate the slowed economy. In connection with the new situation, another
ecological problem also arises, namely, additional precautions; so far, exceptional hygiene
care also forced an increase in the amount of plastic consumption. Additional waste is
produced and the need to reduce its quantity has shifted to the background. Therefore, care
must be taken to ensure that the discovered positive effects of the pandemic are not wasted,
and that the recession does not force a return to fossil fuels on a larger scale. A pandemic
could make it necessary to postpone ambitious plans to cut emissions by 45% compared to
2010. It may be more important to bring economic growth back to pre-pandemic levels as
soon as possible. However, the most valuable and positive experience that can be derived
from this difficult situation is the detection of trends in the impact of social isolation on
the natural environment. These trends identified and presented in this article need to be
nurtured and transferred to the future after the end of the COVID-19 pandemic.

The pandemic helped to highlight the fact that the reduction in gaseous and solid air
pollutants emissions could be achieved in a short time, and its reduction in the transport
sector was in many cases sensible and painless. It turned out that many matters can
be dealt with over the internet via videoconference [52]. It is possible, for example, to
participate virtually in business meetings, symposia, and conferences. Many work duties
can be performed remotely, and do not require daily commuting to the workplace. It
is similar in the case of education, but also culture and entertainment. The pandemic
also made us realize that opening factories on the other side of the world and importing
goods may not only become impossible overnight but also generate unnecessary emissions.
The lack of access to domestic production of goods, ranging from medical equipment,
hygiene products to food, has caused problems in many European countries. Therefore,
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actions should be taken to ensure that the downward trend will be maintained and will
not constitute only a temporary trend treated as outliers of the time series.

5. Conclusions

The article deals with the important problem of the impact of the factor related to
the COVID-19 pandemic on the protection of atmospheric air. Modeling, forecasts, and
scenarios of gaseous and solid air pollutants emissions were also carried out, considering
the new factor. The authors analyzed the impact of social isolation caused by the COVID-19
pandemic on the level of gaseous (NO2, CO, SO2) and solid air pollutants (PM2.5) in Poland
and selected European Union countries. It was found that in Poland, Germany, and France,
the concentrations of gases, such as CO, NO2 and PM2.5 particles, decreased (limitation of
inhabitants’ mobility and electricity consumption). In contrast, in Italy and Spain, the trend
was reversed (non-compliance with quarantine and, unfortunately, increased spread of the
epidemic). In contrast, SO2 concentration decreased in all considered countries (not solely
driven by the COVID-19 quarantine). To confirm that the decrease in emissions of selected
gases and particles is caused by a new factor influencing the analyzed phenomenon,
mathematical models of time series of all the analyzed substances and forecasts until 2023
were created. The obtained results allowed for the construction of five scenarios (most
likely, two optimistic and two pessimistic) for the development of NO2, CO, SO2 and PM2.5
emissions by 2023, considering the effects of the COVID-19 pandemic. It was found that
in the optimistic scenario in 2023, the reduction in CO, NO2 and PM2.5 emissions can be
achieved by a maximum of 51%, 95% and 28%, respectively. The pandemic by itself will
not have a lasting impact on air pollutant emissions. However, it has helped to highlight
the fact that reduction in gaseous and solid air pollutants emissions could be achieved in
a short time. This means that if in the future appropriate actions are taken to ensure that
the obtained downward trend is maintained, then the obtained results will not be only a
temporary trend treated as outliers of the time series.
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