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Non-technical summary. To decrease the negative impacts of the coronavirus outbreak on
human health, governments have implemented wide-ranging control measures. Moreover,
they were urged to tackle a new challenge in energy policies to supply a new form of demand
derived from new lifestyles of citizens and different energy consumption patterns. This article

investigates the impacts of these changes on climate change and human health (due to air pol-
lution) as a challenge for both citizens and governments in four countries: Colombia, France,
the Netherlands, and Portugal.

Technical summary. The emergence of coronavirus disease 2019 (COVID-19) pandemic has
been associated with global challenges in both energy supply and demand. Numerous articles
have discussed the potential benefits of COVID-19 for our planet to mitigate greenhouse gas
(GHG) emissions and air pollutants. By bringing the emissions from the energy production
together with the air quality indicators, this article studies the impact on climate change and
human health due to the COVID-19 pandemic, and the consequent changes in energy policies
of governments as well as lifestyles in different societies. This study shows that in spite of hav-
ing a reduction, the GHG emissions might go back to previous or higher levels if governments
do not see this pandemic as an opportunity to promote the use of renewable energies, which
are becoming cheaper than non-renewables. Additionally, lower energy demand and less
anthropogenic activities do not necessarily result in lower GHG emissions from energy pro-
duction. Our results highlight the need for revising the policies and decisions of both govern-
ments and citizens, as temporary reductions in the levels of energy demand and air pollutants
can easily be counterbalanced by adverse effects, known as the ‘rebound effect.’

Social media summary. How did the changes in energy consumption and production due to
COVID-19 affect climate change and human health in different countries?
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1. Introduction

On 11 March 2020, coronavirus disease 2019 (COVID-19) was declared a pandemic by the
World Health Organization (WHO) (WHO, 2020). Following this declaration, lockdowns
and quarantine measures began around the world, leading to unprecedented worldwide
impacts. The cost and disruption of human lives caused by the pandemic are undeniable;
as of 14 October, over 38 million cases and 1 million deaths have been confirmed (WHO,
2020) and these numbers are still rising. Additionally to human health disruptions caused
by the pandemic, environmental and economic impacts are also severe (Chakraborty &
Maity, 2020).

The COVID-19 pandemic pointed out the vitality of the energy system and the necessity of
reliable access for individuals and industries, not to mention hospitals and other essential ser-
vices (European Commission, 2020). It also highlighted the importance of the dynamics of
energy systems and the challenges associated with both energy supply and energy demand.
The changes in our lifestyles (e.g. working from home, less commuting) led to changes in
our energy demand, which temporarily dampened global CO, emissions (Le Quéré et al.,
2020). According to the International Energy Agency (IEA), the shock to energy demand
due to this pandemic is set to be the largest in the last 70 years, illustrated in Figure 1, and
a 6% reduction in the global energy demand for 2020 is estimated, seven times the decline
after the 2008 global financial crisis (International Energy Agency (IEA), 2020). Global crises
are known to lead to overall reductions in greenhouse gas (GHG) emissions, however, these are
often temporary, suggesting that COVID-19 might not have significant positive impacts on
climate change in the long run, but rather detrimental impacts on the environment due to
negative secondary effects (Zambrano-Monserrate et al, 2020). Both climate change and
COVID-19 are global issues having impacts of unprecedented and largely uncertain magnitude
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2020 (International Energy Agency (IEA), 2020).

(Rosenbloom & Markard, 2020). Misinformation due to political
purposes in several countries increases this uncertainty (Hensher
et al., 2020).

The discussed decline in energy demand was accompanied by
patterns of energy use on weekdays similar to pre-crisis Sundays.
Moreover, the security of energy supply has turned to be an even
more serious concern for the policymakers and governments dur-
ing the pandemic period (Tahir & Batool, 2020), which has been
identified as an opportunity to reconsider the high dependency
on non-renewable alternatives. As highlighted in newspapers
from Australia (Morgan, 2020) and India (PTI, 2020);
COVID-19 may act as a push for a more sustainable future
(Muhammad et al,, 2020; Wang & Su, 2020). Previous literature
has shown that the transition from a fossil fuel-based economy
to one that is sustainable and reliable in times of economic and
social crises is necessary (Le Quéré et al., 2020; Rosenbloom &
Markard, 2020; Smith, 2020). As mentioned by Smith (2020),
an electrical crisis and social instability in times of pandemics
can be catastrophic for the restriction of further amplification of
the crisis. The dependency of various countries on fossil-based
energy is increasingly perilous (Palmer, 2019); this is largely
due to the decreasing availability of easy-to-access, and conse-
quently cheap, fossil fuels, whilst the price of competing for
renewable energy plummets (Kaberger, 2018). The instability
that fossil fuels bring is crucial to combat in times of a social cri-
sis. This is especially true as pandemics, such as COVID-19, are
known to have a significant influence on electric and petroleum
demand (Norouzi et al.,, 2020). By understanding the potential
energy impacts of quarantine measures in different countries, it
might provide insights into the direction that governments may
need to take if humankind is to achieve a sustainable future,
one that is not threatened by energy failures that may arise
from a dependency on fossil fuels (Smith, 2020).

On the same hand, air quality is essential for human health
and air pollution is an important environmental risk factor. Air
pollutants have proven to have a wide range of adverse impacts
on human health, ranging from subtle subclinical effects to pre-
mature death (WHO, 2016, 2019). Particulate matter (PM) is con-
sidered one of the most dangerous airborne pollutants emitted
from biogenic and anthropogenic sources or formed from atmos-
pheric reactions (Khaniabadi et al., 2019). PM pollution is char-
acterized in terms of the mass concentration of particle matters
with an aerodynamic diameter smaller than 2.5 pm (known as
PM, ;) or 10 um (known as PM;g) as well as their number and
chemical composition (Amoatey et al., 2020; WHO, 2016). Due
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to its nano-scale, PM, 5 can penetrate and get inhaled into the
lungs easily and cause chronic obstructive pulmonary disease
(COPD) and mortality, particularly in the elderly (Amoatey
et al,, 2020). PM,, is also associated with an increased risk of mor-
tality and can lead to cardiovascular diseases, mostly in infants
and children (Al-Hemoud et al., 2018; Khaniabadi et al., 2019).
Nitrogen dioxide (NO,) is another harmful pollutant that is
proved to have adverse impacts on human health and can lead
to diseases such as lung cancer (Khaniabadi et al, 2017).
Additionally, ozone (O3), carbon dioxide (CO,), and sulfur diox-
ide (SO,) are also considered classic air pollutants that can affect
human health and even cause death (Luo et al., 2020).

China was the first of many countries to announce a complete
lockdown and (as expected) the NO, emissions plummeted
(NASA, 2020). However, the concentration of air pollutants
started to increase due to the restart of human activities (e.g. com-
muting to work), as the lockdown measures were relaxed in differ-
ent countries.

Different studies have assessed the influence of air pollutants
in the death rate of COVID-19, concluding that there is a positive
relationship between these pollutants and the death rate due to
COVID-19 (Cole et al,, 2020; Ogen, 2020; Zoran et al., 2020).
The studies have also shown that the geographic and climatic fac-
tors are influential in the transmission of COVID-19 (Abdollahi
& Rahbaralam, 2020). There are air quality guidelines and thresh-
old limits for these pollutants provided by the WHO and other
authorities in both developed and emerging countries (Oliveri
Conti et al., 2017). Yet, there is a gap in the literature on studying
the health impact of exposure to other air pollutants in urban
areas in different geographic, demographic and climate character-
istics (Khaniabadi et al., 2019). A geographical comparison is a
common approach in ecological studies (Coggon et al., 2009).
(Araujo et al, 2020) highlighted the importance of ecological
studies for investigating COVID-19.

This paper aims to add to the current discussion on how cli-
mate change and human health might be impacted by drastic
changes in energy consumption/production behaviors as well as
lifestyles in different countries. As an ecological approach, this
paper integrates two areas of air quality and energy policy and
links them with human health to highlight the importance of geo-
graphical, climatic, behavioral, and political diversity. In this
sense, this study compares the electricity production of different
countries, namely Colombia, France, the Netherlands, and
Portugal, to evaluate the GHG mitigation impact of COVID-19
lockdown measures on climate change. Moreover, this study
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assesses the influence of the COVID-19 outbreak on the air qual-
ity of the selected countries (using the main cities as references) to
evaluate the influence of air pollution reduction on human health.

2. Methodology

Four countries were selected as case studies: Colombia, France,
the Netherlands, and Portugal to evaluate the influence of the
COVID-19 pandemic on electricity production and air quality.
This selection allows for a comparison of countries with different
COVID-19 lockdown measures, energy mix, policy measures,
spatial characteristics, and population behavior. The study was
conducted on a comparative basis for the years 2019 and 2020
for January, February, March, April, and May to assess the impact
of the COVID-19 outbreak.

This section is structured as follows: first, the four case studies
are introduced with their respective information regarding the
lockdown measures, electricity consumption, and total installed
capacity (electricity mix). Second, the methodology for determin-
ing GHG emissions from the electricity production of the studied
cases during the selected period is presented. Finally, the method-
ology for evaluating the impacts of COVID-19 on human health
due to air quality in four main cities of the selected case studies is
described.

2.1 Case studies

2.1.1 Colombia
The lockdown in Colombia started on March 25 and it was
announced that it would last 19 days. However, it was prolonged
through different phases. Despite the attempts of the local author-
ities to prevent people from going out of their residences, the
socio-economic conditions in Colombia do not allow people to
stay at home. Therefore, citizens prefer to risk their health to pro-
vide food for their households (Reuters, 2020). An overview of
electricity consumption during the selected period in Colombia
is presented in Figure 2. Electricity consumption increased in
the first two months of 2020 with an increment of 5% and 8%
in comparison to 2019, respectively. The lockdown in Colombia
started at the end of March 2020, while the effect of COVID-19
was evidenced in the electricity consumption of this month.
April and May were the months with the highest reduction in
electricity consumption accounting for a decrease of 12% and
8%, respectively. Nevertheless, the consumption of electricity
increased from April to May because of the lack of control
from the Colombian government during the quarantine period.
The total installed capacity of electricity in Colombia is ruled
by the use of hydropower, natural gas, and coal, as shown in
Figure 3. Hydropower accounts for 67% of the total electricity
capacity, while natural gas and coal account for 14% and 9%,
respectively. The remaining 10% is distributed among diesel
(5%), kerosene (2%), oil-based fuels (2%), and bagasse (1%).

2.1.2 France

France experienced an intense, highly restrictive period of con-
finement from March 17 until May 11 of 2020. According to
the IEA, the electricity demand was reduced by up to 20% after
17 days of lockdown (International Energy Agency (IEA),
2020). This decrease was caused by the closure of all public places
and businesses including restaurants, museums, sports locations,
and other non-essential businesses, with the industry sector
being particularly affected. Overall, the decrease was found to
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Fig. 2. Electricity consumption in Colombia in the first five months of 2019 and 2020
(XM S.A. E.S.P, 2020).

Oil Kerosene Bagasse

Diesel 30, 2% 1%
5%

Natural gas
14%

Hydropower
67%

Fig. 3. Total installed capacity for electricity generation in Colombia (XM S.A. E.S.P,
2020).

be up to 20% compared to previous years when compared to
the equivalent period of the year, as presented in Figure 4
(Commission de Régulation de I'Energie (CRE), 2020).
Following the confinement, electricity consumption progressively
increased, likely as a result of the partial recovery of economic
activity (LeLynx.fr, 2020).

Nuclear and renewable sources (hydropower, wind, solar)
account for 86% of the total installed energy capacity in France,
as shown in Figure 5. Nuclear is the main energy source (48%)
followed by hydropower (17%), wind (13%), natural gas (9%),
and solar (7%). The remaining capacity is distributed between
coal, oil, and biomass.

2.1.3 The Netherlands

In the Netherlands, measures for the tackling of COVID-19 were
gradually put in place from beginning to mid-March. In a
so-called intelligent lock-down, gatherings were banned, schools
were closed, and social distancing was implemented throughout
the country. A result of the measures was a decrease of about
50% in the use of public transport and/or commuting, as well
as recreation and retail activity. The media predicted a large over-
all electricity consumption decrease, a likely result of decreased
activity in the industrial and commercial sectors (Klaassen,
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Fig. 4. Electricity consumption in France in the first five months of 2019 and 2020
(Commission de Régulation de 'Energie (CRE), 2020).
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Fig. 5. Total installed capacity for electricity generation in France (European Network
of Transmission System Operators for Electricity (ENTSOE), 2020b).

2020). On the other hand, residential electricity consumption was
not expected to decrease, as individuals were encouraged to stay
home and avoid public places. As with many countries around
the world, the overall economic impact of COVID-19 was largely
experienced through a slowing down and regression in economic
growth (CBS, 2020a). The CBS (Statistics Netherlands) identified
that the COVID-19 impact on energy was largely felt on petrol-
eum demand (CBS, 2020b). A decline of up to 20% of petrol
and kerosene sales was identified between January and March.
An overview of the electricity consumption of the Netherlands
is presented in Figure 6.

The total installed capacity of the Netherlands in 2020 is sum-
marized in Figure 7. The main energy source in the Netherlands is
natural gas, followed by solar, wind, and coal. In 2020, installed
capacity to produce electricity from natural gas accounts for
47%, while solar, wind, and coal account for 17%, 17%, and
14%, respectively.

2.1.4 Portugal

To prevent homes from being cut-off from electricity during
COVID-19, the Portuguese government passed exceptional mea-
sures under which the providing of electricity to homes was not to
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Fig. 7. Total installed capacity for electricity generation in the Netherlands (European
Network of Transmission System Operators for Electricity (ENTSOE), 2020b).

be interrupted under any circumstances (ERSE, 2020). The state
of emergency was announced on March 18, and it lasted until
May 2. After the third death caused by COVID-19 reported on
March 20, all events and non-essential events were banned and
the borders, schools, and non-essential shops were closed.
According to the Redes Energéticas Nacionais (REN), electricity
consumption was reduced by 12% and 13.2% in April and May,
respectively. However, this reduction was altered to 7.4% in
June. Overall, the electricity consumption in the first half of
2020 faced a 5.1% reduction and reached the lowest level since
2004 (REN, 2020). Figure 8 presents the comparison of the elec-
tricity consumption in Portugal during the COVID-19 lockdown
and the same months in 2019.

The contribution of renewables to the total installed capacity
in Portugal is 68%, as shown in Figure 9. Among renewables,
hydropower has the highest contribution (36%) followed by
wind (26%). On the other hand, non-renewables account for
32% of the total installed capacity. Natural gas is the main non-
renewable source with a contribution of 23%, while coal contri-
butes to 9%.
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2.2 GHG emissions from electricity production

The calculation of the GHG emissions was divided into two pro-
cedures: first, the data for the total installed capacity and electri-
city generation were collected, and second, the GHG emissions
from the generation of electricity during the lockdown period
were calculated.

For the European countries, the data were obtained from the
European Network of Transmission System Operators for
Electricity (ENTSOE) (European Network of Transmission
System Operators for Electricity (ENTSOE), 2020a). The Actual
Generation per Production Type category was chosen which
also provides data points on the total production of electricity.
For Colombia, the data were collected from the XM Company
Expertos en Mercados S.A. E.S.P that operates Colombia’s
national SIN grid and administers the local wholesale energy mar-
ket (XM S.A. E.S.P, 2020). Although both platforms provide
up-to-date data on electricity production and consumption as
well as many other sectors of the energy information of Europe
and Colombia, it is entirely reliant on individual companies and
countries that send forth their data.
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The GHG emissions from the electricity production in each
country were calculated using the data for the selected months
in 2019 and 2020, and the software SimaPro (PRé Consultants,
the Netherlands). The functional unit was set to production of
1 MJ electricity and IMPACT World + was selected as the impact
assessment method to utilize characterization factors at a global
scale resolution, which is important when comparing EU coun-
tries and Colombia (Bulle et al., 2019). The global warming
potential (GWP) was chosen as the impact category to calculate
the GHG emissions of different energy systems.

2.3 Air quality indicators

2.3.1 Concentration of air quality indicators

Four cities of Bogota (Colombia), Lille (France), Lisbon (Portugal),
and Utrecht (the Netherlands) were selected to assess the influence
of the COVID-19 pandemic on the air quality. The average
monthly concentrations of PM, 5, PM;, and NO, were obtained
based on the traffic stations for the studied period, i.e. the months
of January, February, March, April, and May of the years 2019 and
2020. For the European cities (Lille, Lisbon, and Utrecht), these
data were obtained from the European Environmental Agency
(European Environment Agency, 2020) and for Bogotd, the data
were collected from the Bogotd Air Quality Monitoring Network
(Secretaria Distrital de Ambiente, 2020).

2.3.2 Impact assessment

After evaluating the influence of the COVID-19 pandemic on the
aforementioned air quality indicators (AQIs), their impacts on
human health were analyzed. Toward that, the long-term effects
of the changes in the PM, 5 and NO, concentrations were evalu-
ated. The health effects from long-term exposure to air pollutants
are calculated based on the seasonal or more commonly annual
average concentrations. The impact assessment was performed
for January, February, March, April, and May of the years 2019
and 2020 by utilizing the AirQ + 2.0 software. AirQ + is a software
developed by the WHO for quantifying the health burden asso-
ciated with exposure to air pollutants. This software has been
widely used and suggested as a reliable tool for this purpose
(Al-Hemoud et al., 2018). In addition to health impacts associated
with the long-term and short-term exposure to ambient air pollu-
tion, it can be used for household air pollution as well as risk ana-
lysis (Amoatey et al., 2020; WHO, 2019). Table 1 lists the details
of the studied cities for the impact assessment of the AQIs in this
article.

Relative risk (RR) is an influential factor in evaluating the
health effects of air pollutants and principally represents the prob-
ability of experiencing negative health impacts that occur due to a
higher level of air pollution (Amoatey et al., 2020; WHO, 2016).
In other words, RR is the ratio of the probability of the event
when exposed to air pollution to the probability of the event
when not exposed to air pollution (Kermani et al., 2018). The
AirQ + suggests RR values based on defined formulas or ranges
of values available from studies and meta-analysis for concentra-
tions below 40 ug/m3 (WHO, 2019). In this study and for the
PM, 5, RR was set to 1.062 (with the lower level of 1.04 and
upper level of 1.083) and for NO, to 1.041 (with the lower level
of 1.019 and upper level of 1.064) based on the recommended
value by the software and meta-analyses of relevant studies.

The cut-off value is another influential factor in the impact
assessment of AQIs that represents the value below which the
health impacts are not quantified. For the long-term impact
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City Bogotéa (Colombia) Lille (France) Lisbon (Portugal) Utrecht
(The Netherlands)
Population 7019847 (Bogota 232787 509515 357719 (Utrecht
Como Vamos, 2020) (Insee, 2020) (PORDATA, 2020) Monitor, 2020)
Area size [km?] 365 (Bogotad Coémo 34.8 100 99.21 (AlleCijfers.nl, 2020)
Vamos, 2020) (Insee, 2020) (PORDATA, 2020)
Population at risk for adults 50.25 (WHO, 2020) 63.69 68.83 (WHO, 2020) 65.14 (WHO, 2020)
age 30+ years [%] (WHO, 2020)
Mortality per 100,000 people 455.1 849.2 1011.6 874.9
Mortality for adults age 30+ years 401.1 836.5 1001.4 864.6

per 100,000 people

assessment, the WHO recommends a cut-off value of 10 pg/m’
for PM, 5 and 20 ug/m3 for NO,, these values were therefore
selected in this study (WHO, 2019). A sensitivity analysis using
alternative counterfactual values was carried out to assess the
impact of cut-off values on the health endpoints. This was per-
formed by considering lower values (7.5 ug/m3 for PM, 5 and
15 ug/m3 for NO,) and higher values (12.5 ug/m3 for PM, 5 and
25ug/m> for NO,). Additionally, the reduced number of
attributable cases in 2020 compared with 2019 for PM, s and
NO, exposures in all of the studied cities were assessed.

Attributable proportion (AP) is the fraction of the health
consequences in a public exposed to a specific air pollutant and
is calculated using Eq. (1).

> {[RR(c) — 1] x p(c)}
> [RR(c) x p(c)]

AP = (1)

(WHO, 2019)

where RR (¢) is the relative risk of the health outcome in category
¢ of exposure and p(c) is the proportion of the population in that
category. By calculating the AP and knowing the baseline fre-
quency of the health endpoint, the number of attributable cases
can be estimated as well (WHO, 2019).

In this study and for the health endpoint, the mortality due to
all-natural causes affecting the whole population is considered for
the NO, exposure, and the mortality due to all-natural causes
affecting the adults aged 30 years and above is considered for
the PM, s exposure. These values were calculated based on the
available national data for the population and death of different
age groups provided by the WHO (WHO, 2020). These health
endpoints were measured by the estimated AP attributable cases
as well as attributable cases per 100,000 population at risk.
While the AP reflects the percentage of total all-cause deaths
that are attributed to the AQI exposure (for PM, s or NO,), the
number of attributable cases (total or per 100,000 population)
depends on the studied city.

3. Results and discussion
3.1 Electricity production

3.1.1 Colombia

The electricity production in Colombia during the first two
months (January and February) of 2020 increased in comparison
to 2019; however, the electricity generation reduced, as the lock-
down measures were implemented (end of March). The
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generation of electricity in Colombia between January and May
of 2019 and 2020 is summarized in Table 2. Despite the high con-
tribution of renewables in the total installed capacity of Colombia,
fossil fuels had a strong influence in May, where the use of
hard coal and natural gas almost doubled, whereas hydropower
generation reduced up to 30% (see Table 2). Similarly, the contri-
bution of renewables (especially wind) reduced; although, the
generation of electricity from solar panels increased compared
to the previous year (2019).

There is no evidence that the COVID-19 lockdown measure
implemented by Colombia has reduced GHG emissions in com-
parison to 2019. In contrast, the increasing use of coal and natural
gas (instead of hydropower) to produce electricity has increased
the GHG emissions up to 40%, as shown in the comparison
between April and May of 2019 and 2020 in Figure 10.

3.1.2 France

The electricity generation during the lockdown period decreased
in comparison to the same period in 2019, as summarized in
Table 3. The main sources of electricity were nuclear and hydro-
power accounting for 85% (on average) of the total generation
during the lockdown period.

France experienced a big reduction in GHG emissions from
electricity production during the COVID-19 lockdown due to
the decrease in electricity generation and the high contribution
of nuclear power to the total installed capacity, as shown in
Figure 11. Even though natural gas only accounts for 9% of the
total installed capacity, it contributes on average 70% of the
total GHG emissions, except April and May 2020 that account
for 42% and 60%, respectively. Overall, there is a strong trend
in the decrease of GHG emissions due to lower electricity gener-
ation during the lockdown months (April and May), with the lar-
gest decrease in electricity generation from natural gas and
hydropower. Although France started the lockdown in
mid-March, the GHG emissions during this month were higher
than the same period in 2019. This is explained by the higher
use of natural gas and the reduction of nuclear power during
March 2020 in comparison to 2019.

3.1.3 The Netherlands

The generation of electricity in the Netherlands relies on fossil-
based sources (e.g. natural gas, coal, and other non-renewables),
despite the high share of renewables (e.g. solar and wind) in the
energy matrix, as summarized in Table 4. Overall, the generation
of electricity decreased during the strict lockdown measures
(March—April) compared with the previous months (January
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Table 2. Comparison of the electricity generation (GWh) in Colombia in the first five months of 2019 and 2020 (XM S.A. E.S.P, 2020).

January February March April May
Source 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
Diesel 0.13 0.59 0.06 0.01 1.07 0.88 0.07 6.24 1.67 1.48
Hydropower 4,007 4,028 3,697 3,556 4,264 3,790 4,577 3,464 4916 3,392
Biomass 67.67 73.18 59.90 72.11 61.87 65.29 50.03 48.77 38.35 41.19
Biogas 0.24 0.04 0.04 0.05 0.17 0.05 0.14 0.02 0.11 0.06
Hard Coal 950.9 929.0 822.3 1,019.8 834.4 984.2 476.2 846.1 479.7 973.8
oil 4.60 1.03 9.94 4.82 1.59 - 0.23 - 7.33 2.77
Natural gas 617.3 868.7 621.0 860.4 582.8 788.1 461.1 535.4 463.9 765.8
Solar 4.06 15.58 6.13 15.33 11.80 15.96 12.49 14.73 10.26 15.05
Wind 6.50 0.53 6.83 S 6.47 - 6.98 S 6.31 =
TOTAL 5,658 5,917 5,223 5,529 5,764 5,644 5,585 4,915 5,924 5,192

Agouipisng pqgojo
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Fig. 10. GHG emissions of the electricity gener-
ation in Colombia in the first five months of
2019 and 2020. Black dots refer to the electricity
generation in 2019 and black crosses refer to the
electricity generation in 2020.
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Table 3. Comparison of the electricity generation (GWh) in France in the first five months of 2019 and 2020 (European Network of Transmission System Operators for

Electricity (ENTSOE), 2020a).

January February March April May
Source 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
Biomass 260.1 244.1 260.7 236.8 253.8 241.9 238.7 238.8 231.8 244.7
Natural Gas 5,459.4 5,127.1 4,300.4 3,593.1 3,091.8 3,433.7 2,046.0 520.9 1,892.3 1,142.7
Hard coal 432.8 163.9 238.1 76.1 12.8 28.5 24.9 8.8 4.2 51.0
oil 188.9 160.2 179.7 176.8 141.0 135.9 108.0 98.1 108.7 102.2
Hydropower 4,985.7 6,220.9 4,889.6 6,214.2 5,127.6 7,299.1 4,573.1 5,129.1 5,474.7 6,572.3
Nuclear 40,010.2 37,181.7 35,942.7 33,060.7 35,310.3 30,509.8 31,558.6 26,739.6 31,560.7 24,634.2
Solar 411.1 455.8 731.1 685.4 1,044.0 1,052.4 1,076.0 1,294.3 1,276.0 1,548.3
Waste 191.5 161.9 134.0 133.5 162.0 154.0 119.4 122.4 127.0 127.9
Wind 2,831.0 3,914.3 2,460.9 5,559.8 4,152.4 4,291.4 2,267.8 2,246.0 2,213.9 2,595.3
TOTAL 54,770.7 53,629.9 49,137.1 49,736.4 49,295.7 47,146.7 42,012.5 36,397.7 42,889.3 37,018.6
Natural Gas ®Hard Coal = Qil = Hydropower ®Nuclear mWind =Biomass = Cogeneration = Solar
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Fig. 11. GHG emissions of the electricity gener- 0 0

ation in France in the first five months of 2019
and 2020. Black dots refer to the electricity gen-
eration in 2019 and black crosses refer to the
electricity generation in 2020.
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Table 4. Comparison of the electricity generation (GWh) in the Netherlands in the first five months of 2019 and 2020 (European Network of Transmission System

Operators for Electricity (ENTSOE), 2020a).

January February March

Source 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020

Biomass 7.1 7.0 4.8 6.7 6.2 3.8 7.4 7.0 7.8 34
Natural Gas 4,130.5 6,371.1 3,914.1 3,969.2 3,752.2 3,576.1 2,950.3 2,922.3 3,694.2 3,661.7
Hard Coal 2,679.8 927.5 2,305.1 951.8 1,926.5 1,160.7 1,531.0 586.6 1,218.7 705.7
Nuclear 360.8 360.7 247.6 330.1 359.4 359.6 347.1 347.0 323.0 311.2
Other non-renewable 1,898.0 2,600.1 1,642.8 2,242.2 1,951.7 2,146.5 1,835.9 2,137.7 1,942.1 2,583.7
Solar - 1.3 - 2.9 - 9.7 - 15.2 - 159
Waste 87.7 113.8 90.4 99.3 117.3 74.9 92.0 102.7 101.7 113.6
Wind 804.6 877.3 612.3 1,051.5 870.3 821.6 520.1 455.6 4373 328.0
TOTAL 9,968.6 11,258.8 8,817.1 8,653.7 8,983.5 8,152.9 7,283.9 6,574.2 7,724.8 7,723.1
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and February), with the largest decrease in the electricity gener-

ation from hard coal.

The GHG emissions slightly decreased in the selected months
of 2020 due to the reduction in electricity generation during the

lockdown, as shown in Figure 12. Although, the GHG

and the generation of electricity increased in January 2020 due to
the use of hard coal and cogeneration to produce extra energy.

Hydropower mMNuclear mWind = Biomass m Cogeneration = Solar
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Fig. 12. GHG emissions of the electricity gener-

0 ation in the Netherlands during the first five
months of 2019 and 2020. Black dots refer to
the electricity generation in 2019 and black
crosses refer to the electricity generation in
2020.

2019 2020
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2019
May

2020

The GHG emissions from the electricity generation in Portugal
decreased in April and May, as presented in Figure 13. On the
one hand, there is a clear effort from Portugal to phase-out coal
in 2020 and this is reflected in the lower GHG emissions per MJ
of production in 2020 in comparison with the previous year. On
the other hand, the generation of electricity reduced considerably
in 2020 when compared with the previous year for the same months.

emissions

Since there was no significant reduction in the electricity gener-

ation and the contribution of renewables (wind and solar) also

decreased, the GHG emissions during the COVID-19

in the Netherlands did not have a big change in comparison to
2019 due to the high dependency on fossil fuels (e.g. natural

gas and hard coal).

3.1.4 Portugal

In line with other European countries, electricity production dur-
ing the lockdown decreased in Portugal, as summarized in Table
5. The use of biomass increased in 2020 for all of the five studied
months, while coal as an energy source reached zero as part of the
EU commitment to phase out coal from the energy matrix of its

members.

https://doi.org/10.1017/sus.2021.4 Published online by Cambridge University Press

lockdown 3.2 Air quality indicators

The results of the assessment of the concentrations of different
AQIs in the cities Bogotd (Colombia), Lille (France), Lisbon
(Portugal), and Utrecht (the Netherlands) are illustrated in
Figures 14-17, respectively.

The results highlight a reduction in the average concentrations
of all measured AQIs during the first 5 months of 2020, compared
with the year 2019 for all of the studied cities. However, in the
monthly comparison, i.e. comparing the same month in different
years, the case studies showed different behaviors. In the case of
Lille, all AQIs showed a reduction in all of the studied months in
comparison with 2019. There is also a reduction in Utrecht and
Lisbon in the first four months for all AQIs, but PM concentrations
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Table 5. Comparison of the electricity generation (GWh) in Portugal in the first five months of 2019 and 2020 (European Network of Transmission System

Operators for Electricity (ENTSOE), 2020a).

January February March April May
Source 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
Biomass 229.1 272.8 140.1 265.2 183.4 285.2 186.7 267.5 2111 250.0
Natural gas 1,164.8 1,654.8 834.2 1,255.3 659.7 1,069.1 991.2 573.0 1,371.1 929.7
Hard coal 1,020.8 118.1 632.6 19.9 591.5 7.2 498.0 - 343.1 17.0
Hydropower 916.1 2,136.8 911.3 1,680.6 866.9 1,366.4 881.0 1,360.9 615.9 1,087.2
Other non-renewable 24.6 223 63.3 18.5 65.3 23.8 483 19.3 19.7 22.5
Solar 57.2 62.1 68.4 84.3 92.8 99.9 91.3 94.9 114.5 1275
Waste 1,414.7 1,305.1 910.0 806.9 1,078.6 1,281.1 1,179.4 897.7 1,150.2 681.6
TOTAL 4,827.4 5,571.9 3,559.9 4,130.7 3,538.1 4,132.7 3,875.9 3,213.3 3,825.6 3,115.5
Matural Gas w»Hard Coal »Qil = Hydropower mNuclear mWind =Biomass ®Cogeneration ®Solar
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Fig. 13. GHG emissions of the electricity gener- 0 . e — —_ — 0
ation in Portugal during the first five months 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
of 2019 and‘ 202-0. Black dots refer to the electri- Jan Feb Mar Apr May
city generation in 2019 and black crosses refer to T

the electricity generation in 2020.

are slightly increased in May 2020, which can be linked with the ter-
mination of lockdown and the relaxation of measures. It should be
noted that while there is an increase from April 2020 to May 2020
in PM concentrations of Lisbon, the PM concentrations are still
lower than when the lockdown started (March 2020). Similarly,
there is an increase in PM concentrations of Utrecht in May
2020 insofar as it exceeds the value in May 2019. Bogotd showed
the most drastic reduction in the PM concentrations as the values
are halved in April 2020 in comparison with March 2020.

Table 6 shows the results of the impact assessment and the cal-
culated health endpoints for the PM, 5 and NO, exposures in the
studied cities.

In line with the results of the concentrations of AQIs, there is a
reduction in all of the calculated measures in all the studied cities
in the year 2020, compared with the year 2019. While the number
of attributable cases and the resulting number of attributable cases
per 100,000 population at risk depend on the baseline incidence
(mortality values), the AP reflects the percentage of total all-cause
deaths due to PM,s or NO, exposures and can be assessed
between cities. Observing the AP values, the highest reduction
is for the city of Lille for both PM, 5 and NO, exposures.

The results highlight the significance of cut-off values as the mea-
sured health endpoints are based on the concentration above 10 ug/
m’ for PM, 5 and 20 ug/m’ for NO,. Consequently, the calculated

https://doi.org/10.1017/sus.2021.4 Published online by Cambridge University Press

health endpoints are close to zero for some cases, such as the
NO, exposure in Bogotd or PM, 5 exposure in the European cities
in the year 2020. It can also be observed that PM, 5 exposure has
higher health impacts than NO, exposure in Bogotd while NO,
exposure is more substantial in the studied European cities.

Figure 18 illustrates the results of the sensitivity analysis assessing
the impact of different cut-off values on the reduced number of
attributable cases in 2020, compared with 2019 for PM,s and
NO, exposures in all of the studied cities. This sensitivity analysis
points out that even though alterations in cut-off values affect the
health endpoints, the reduced numbers of the calculated health end-
point (the number of attributable cases in this study) are quite com-
patible unless the cut-off values exceed the concentrations of AQIs.
It should be noted that in addition to the cut-off value, the impact
assessment of air pollutants is associated with uncertainties due to
assumptions and simplifications, dependency on epidemiological
studies in developed countries, and exclusion of multiple exposure
cases or multipollutant scenarios.

3.3 Comparison and discussion

3.3.1 Energy production and GHG emissions
In the Netherlands, lockdown measures were alleviated in May
2020 and GHG emissions of the electricity production had a
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reduction in March and April 2020 (in comparison to 2019) but
then they increased in May 2020. In this sense, it could be argued
that the GHG emission reduction might go back to previous or
higher levels if governments do not see this pandemic as an
opportunity to promote the use of renewable energies, which
are becoming cheaper than non-renewables (Eckhouse, 2020).
This offset is addressed as a ‘rebound effect’ in energy economics
and refers to the situation where a saving in energy is (over-)com-
pensated by behavioral or systemic responses. Although the ori-
ginal use of this term was for energy efficiency, its application
has been extended to other disciplines such as psychology, soci-
ology, and industrial ecology (Ruzzenenti et al., 2019).
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2020.

It was hypothesized that the reduction of electricity production
should not be neglected since fewer resources would be used,
especially non-renewable resources such as coal, natural gas,
and oil. From our results, it can be concluded that this behavior
is evidenced in some countries (France and Portugal) but it is
not clear in the case of Colombia and the Netherlands. Portugal
is a great example of how sustainable energy policies and
COVID-19 could influence GHG emissions from electricity pro-
duction. Portugal’s plan to phase-out coal from its energy produc-
tion mix (Simon, 2020) and the strict lockdown measures due to
COVID-19 (Deutsche Welle (DW), 2020a) resulted in relatively
low GHG emissions per MJ. On the other hand, it can be
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observed that COVID-19 had no positive effect on the reduction
of GHG emissions from electricity production in Colombia. This
shows how the production of electricity of the country is more
reliant on non-renewable sources such as coal and natural gas,
while hydropower (with a big share of the total installed capacity)
is not prioritized (Lépez-Suarez, 2020).

3.3.2 Air quality indicators

The evaluation of the AQIs pointed out a positive impact of the
COVID-19 pandemic on reducing the air pollutants in all of
the case studies while considering the 5-month study period.
The monthly comparison pointed out notable reductions of all
AQIs in all studied months of 2020 in Lille (France) while
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Lisbon (Portugal) and Utrecht (the Netherlands) experienced a
‘rebound effect’ in May. In the case of Bogota (Colombia), the
drop in AQIs occurred later (April instead of March), but with
a more drastic reduction. The results also showed that the changes
in the concentrations of PM, 5 and PM,, between the studied two
years are mostly compatible. Following the compatibility of the
concentrations of PM,s and PM,, there are regional and
country-specific conversion factors for converting these concen-
trations to each other recommended by WHO and provided by
AirQ +. On the other hand, the results of this study did not
show a correlation between the concentrations of PMs and
NO,. This can be explained by the short period of study and hav-
ing different case studies in different countries.
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Table 6. Human health endpoints for the PM, s and NO, exposures in the studied cities

PM, 5 NO,

Number of Number of

Number of attributable Number of attributable
attributable cases per 100,000 attributable cases per 100,000
AP cases population at risk AP cases population at risk
2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020

Bogota 7.20% 6.06% 1042 878 28.87 24.32 0% 0% 0 0 0 0
Lille 4.58% 0.94% 57 12 38.30 7.90 5.50% 0.46% 109 9 46.73 391
Lisbon 1.40% 0.55% 49 19 14.02 5.47 8.67% 3.99% 447 206 87.74 40.36
Utrecht 2.07% 0.39% 42 8 17.88 3.34 2.63% 0.01% 82 0 23.05 0.07

= Lisbon = Utrecht

=Bogota mLille

L [T
Lower Suggested Upper Lower Suggested Upper
value value value value value value
PM2.5 NO2

Fig. 18. The impact of cut-off values on the reduced number of attributable cases in
2020, compared with 2019.

The health impact assessment of the results also showed the
highest reduction in the number of deaths per 100,000 population
in Lille (France) with 30.40, followed by Utrecht (the
Netherlands) with 14.54, Lisbon (Portugal) with 8.55 and
Bogota (Colombia) with 4.55. It should be noted that the magni-
tude of the influence does not necessarily represent the effective-
ness of the relevant country during the pandemic as the value also
depends on the density of the affected population in the studied
area. The AQIs are principally measured in several monitoring
stations representing a limited area with a certain affected popu-
lation and cannot be generalized to the whole country as normally
evaluated for energy systems. Nevertheless, influential factors such
as policy measures and population behavior affect the results as
well. The results of the health impact assessment also pointed
out the significance of cut-off values especially in cases where
the air quality indicators are within the recommended range by
WHO such as Bogotd (Colombia). Nevertheless, the sensitivity
analysis showed that in a comparative study with the same cut-off
values for both years, the value for the reduced number of health
endpoints (the number of attributable cases) are less influential
while it is within a reasonable range.

3.3.3 Comparison of results

Since the emergence of the COVID-19 pandemic, there have been
numerous articles discussing its potential benefits for our planet.
While instant reductions in the levels of energy demand, energy
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production, and air pollutants around the world are beneficial
for a sustainable future, understanding the potential long-term
effects of this pandemic requires a proper assessment of the influ-
ential decisions taken by both governments and citizens. The
assessment of the emissions from the energy production together
with the air pollutants in this study showed that lower energy
demand and less anthropogenic activities by the citizens do not
necessarily result in having lower GHG emissions from the energy
production of that country. Furthermore, they highlighted a need
for revisiting the policies and decisions by both governments and
citizens as the temporary reductions in the levels of energy
demand and air pollutants can easily be compensated with
adverse effects, known as ‘rebound effect.’” The results of a recent
study (Wu et al, 2020) at Harvard University showed that an
increase of only 1 pg/m3 in PM, s is associated with an 8%
increase in the COVID-19 death rate. This highlights the import-
ance of evaluating the AQIs and the consequent health impacts,
as performed in this study, in implementing policies and mea-
sures for controlling such pandemics.

3.3.4 Limitations of this study

Regarding the GHG emissions calculation, one of the limitations
was the use of global scale characterization factors included in the
IMPACT World + assessment method. Regarding the air quality
indicators, the selection of the cities in each country was influ-
enced by the availability of data. Moreover, the health impact
assessment in AirQ + software was associated with uncertainties
due to assumptions and simplifications, dependency on epi-
demiological studies in developed countries, and the exclusion
of multiple exposure cases or multipollutant scenarios.

4. Conclusions

COVID-19 has been a transitional and geographical pandemic
that started in China and then spread across the world. At the
beginning of the COVID-19 pandemic, the extreme lockdown
announced by China was a catapult of lots of articles in newspa-
pers and scientific journals about the impact of the quarantine in
China in the environment, specifically in topics such as climate
change (Le Quéré et al,, 2020) and air quality (He et al.,, 2020).
As the time passed and more countries started implementing
strong lockdown measures, the focus shifted to (potential)
adverse effects of COVID-19 on the environment due to the
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‘rebound effect’ when countries started to alleviate the restrictions
and industries opened their doors (Deutsche Welle (DW), 2020b;
Wright, 2020). This behavior is present in the results from the
production of electricity where a GHG emission reduction
‘rebound effect’ is observed during the lockdown period. This
study adds to the discussion on the influence of COVID-19 on cli-
mate change and human health; however, it is too soon to con-
clude about the real impact of this pandemic on the GHG
emissions of the electricity production. Further data collection
and calculation of GHG emissions should be conducted for evalu-
ating the impact of second or third waves in future studies. It
might be also interesting to include other sectors, such as trans-
portation in these studies.

In our study, the production of electricity in four different
countries was analyzed during the first five months of 2020 and
compared with values from 2019. The assessment of AQIs and
the consequent health impacts also highlighted the highest reduc-
tion of 30.4 deaths per 100,000 population in Lille (France) due to
the improvements in the air quality. Such assessments can be
decisively helpful for governments in implementing policies and
measures for controlling the COVID-19 pandemic.
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