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ABSTRACT

In this study, the emission changes for the city
of Brno in the Czech Republic following the
implementation of four policy measures focused on
transport and energy were assessed simultaneously
for nine air pollutants and three greenhouse gases
(GHGs). The policy measure related to the reduction
of the motorised vehicles in the city and subsequent
increase in use of soft transport was the one with the
highest emission reduction potential for most of the
compounds investigated (e.g. up to 13% decrease for
PM: s and NOy). Such type of measures, which have
a higher positive effect on human health and climate
change than those on low-carbon vehicles, are
difficult to implement as they require a behavioral
change. Therefore, they should be implemented
along additional measures which can be easily
implemented such as those on the replacement of old
coal-fired boilers. This study highlighted the need
for an integrated impact assessment of policy
measures, considering both air pollutants and GHGs.
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INTRODUCTION

Air pollution and climate change are two major
environmental concerns worldwide. With regard to
human health, air pollution is responsible of the
premature death of 2.4-8.9 million people per year at
the global level [1], [2] and about 790,000 for Eu-
rope [1]. Cities, which are responsible for almost
70% of CO; emissions at the European scale [3], are
also regularly exceeding the legal limits of several
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air pollutants. Given that more than half of the global
population live in cities [3], it is crucial to decrease
the exposure of urban citizens and their footprint in
order to improve human health and to reduce the im-
pacts of climate change. For this, efficient policy
measures significantly reducing the primary emis-
sions of air pollutants and greenhouse gases (GHGs)
at the urban scale are needed. However, GHGs and
air pollutants are regulated by different policies,
globally in the case of GHGs, while air pollutants are
regulated on city, national and/or regional levels.
There is a urge to evaluate simultaneously GHGs and
air pollutants and their impacts on air quality and cli-
mate change in order to minimise the environmental
footprint and poor decision making [5,6].

This study is part of the H2020 European pro-
ject “Integrated Climate forcing and Air pollution
Reduction in Urban Systems” (ICARUS,
http://www.icarus.eu), which aims to develop an in-
tegrated approach to identify the appropriate policies
as well as the optimal combination of technical and
non-technical measures with co-benefits in air qual-
ity and climate change mitigation. The ICARUS ap-
proach has been applied in different European cities
of variable size starting from relatively small (Basel,
Brno, Ljubljana) to mid-size (Stuttgart, Thessalo-
niki) to large cities (Athens, Milan and Madrid).
They have been selected carefully to represent the
mix of urban settings around Europe and cover the
whole spectrum of “green urban management”.

Here, we present the work done within the IC-
ARUS project for the second largest city in the
Czech Republic, Brno, with about 380,000 habitants.
Our aim was to estimate the emission reduction po-
tentials for nine air pollutants and three GHGs in
2020-2030 following the theoretical implementation
in 2015 in Brno of four policy measures focusing on
transport and energy.
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MATERIALS AND METHODS

The Brno emission inventory was estimated
based on the bottom-up approach for nine air pollu-
tants (i.e. PMjo, PM2 s, black carbon (BC), organic
carbon (OC), NOy, SO,, CO, NH3 and non-methane
volatile organic compounds (NMVOC)) and three
GHGs (CHg4, CO; and N,O) for the years 2015, 2020
and 2030, following a business as usual scenario.
The details on the emission factors (EFs) and the ac-
tivity data used are provided elsewhere [7]. Based on
the different existing plans developed at the local, re-
gional and national levels (i.e. plan for improving air
quality, action plan for improving air quality, sus-
tainable energy and climate action plan and sustain-
able urban mobility plan), four policy measures with
a high potential towards the compliance of both air
quality limit values and the reduction of GHGs emis-
sions were identified (based on their effectiveness,
efficiency and acceptability) and their emission re-
duction potentials, with different scenarios, were es-
timated [8]. These were: M 1: Promoting low-carbon
(i.e. electric) vehicles, M2: Reduction of the motor-
ised vehicles and increase of the usage of non-mo-
torised vehicles and public transportation, M3: Re-
placement of old coal-fired boilers in residential sec-
tor and M4: Implementation of energy saving
measures.

Within M1, an optimistic (OPTI) and a realistic
(REAL) scenarios were used. The traffic activities of
low-carbon vehicles increased from < 1% in 2015 to
1% in 2020 and 8% in 2030 under the REAL sce-
nario and to 7% in 2020 and 12.5% in 2030 for the
OPTI scenario. Within M2, three scenarios (ZERO,
PLAN and OPTI) were used. Within ZERO, PLAN
and OPTI, the share of personal cars would decrease
from 52.7% in 2015 to 38.5%, 31.8% and 25%, re-
spectively, in 2030 while the shares of pedestrians
and cyclists would increase in the same period from
4.7% to 14.8%, 17.6% and 35.2%, respectively.
Within M3, it is assumed that 100% of the old coal-
fired boilers would be replaced by 2030, with a
SLOW and a FAST scenarios assuming that 20%
and 60% of the old coal-fired boilers would be re-
placed by 2020, respectively. Within M4, an ECO-
NOMIC and a TECHNICAL scenarios were used in
which the extent of the implementation of measures
improving the insulation and renovation depended
on an economic or technical perspective, respec-
tively.

RESULTS

The emission changes of all compounds result-
ing from the implementation of the four policy
measures are shown in Figure 1. For M1, the promo-
tion of low-carbon vehicles in Brno would decrease
the emissions of individual compounds investigated
by most 7%. The most affected compounds were CO
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and NHs. Moreover, an increase of the emissions of
OC and BC in 2030 was observed, due to higher
emissions from non-exhaust processes (resuspen-
sion), which are influenced by the vehicle weight
which is 24% heavier for electric cars compared to
conventional cars [9-10]. On average, for all pollu-
tants, the OPTI scenario led to 7.2 and 1.6 times
stronger decreases in emissions compared to the
REAL scenario in 2020 and 2030, respectively. For
M2, this measure resulted in 8-14% emissions reduc-
tion for PMa.s, PMjo, NOx or CO;, depending on the
scenario and the year considered. Higher reduction
potential (up to 21%) was observed for CO and NHs.
On average, the OPTI and the PLAN scenarios re-
sulted in decreases 1.7-2.0 and 1.2-1.5 times higher,
respectively, than those from the ZERO scenario.
For M3, large decreases were observed for SO, (4-
18%), PMio (2-8%), CO (1-8%) and PMy5 (1-5%).
This measure led to slight increase of NH; and OC
emissions (up to 2%) explained by the higher EFs of
replacement fuels compared to coal. About three
times higher emission reductions were found for the
FAST scenario compared to the SLOW scenario by
2020. For M4, the largest reduction potential (up to
12%) was seen for BC, CH4, NMVOC, OC and SO,.
On the other hand, for CO, CO,, CH4, NH3, NOx,
PM;o and PM s, the decreases observed were in the
order of 1-9%. The TECHNICAL scenario resulted
in about 1.5 times higher reductions than those from
the ECONOMIC scenario both in 2020 and 2030.

DISCUSSION

Implementation of the first measure (M1 - Pro-
moting low-carbon vehicles) would lead to a de-
crease of up to 7% for all pollutants, although it is
negligible for particulate matter. An interesting re-
view was recently published by Requia et al. [9] ad-
dressing the effects of electric mobility on air pollu-
tants and GHGs emissions and human health. The
authors showed that the emission changes related to
the increasing numbers of electric vehicles in urban
areas are significantly influenced by the compound
considered, the source of energy generation, the type
of electric vehicle and the driving conditions besides
other city-specific parameters (e.g. amount and den-
sity of recharging stations, climate) [9]. Compared to
other compounds, CO; emissions seem to be less
sensitive to the variation in sources of energy gener-
ation [9] and significant reduction in CO; emissions
up to 86% could be achieved with the introduction
of electric vehicles [9,11-14]. Similarly, large de-
creases of CO emissions were found also in other
studies [9,15]. For NOy, PM and SO, the changes in
emissions are strongly dependent on the energy mix
[9], [11-12]. For example, in regions where electric-
ity is generated primarily from coal, electric vehicles
could significantly increase emissions of SO;
[11,13-14,16], NOy [12-13,16] or PM [9,11-13,17]

FEB



© by PSP

Volume 31— No. 08A/2022 pages 8291-8296

Fresenius Environmental Bulletin

ey M1: Low carbon vehicles
@ 0 o
8 |1k ‘”!U‘”lﬂ
B -5 I (.11 -OPTI 2020
E 10 I 111-0PTI 2030
< - [ M1-REAL 2020
= .15 [ IM1-REAL 2030
g
£ 20
S
[ o TP PR N I N 3 ST R
¥ PPFELFTS IS0 S
%&
ey M2: Decreased of motorised traffic
w0
5 I \12-CP T 2020
@ 5 I 12-CF TI 2030
E 10 [ 1v2-PLAN 2020
o - [ M2-PLAN 2030
= .15 [ M2-ZERO 2020
) [ IM2-ZERO 2030
£ 20
Z
o SR IR R SR o Y + 2 6 oa
& PIFPLEFS FSS
ey M3: Replacement of old coal-fired boilers
2 0
[=]
w5 I 13-SLOW 2020
[12]
E 10 [ 113-SLOW 2030
o - [ M3-FAST 2020
= .15 [ IM3-FAST 2030
g
§ 20
Q GO Ak O 4 K,
O R \gi“&oo\p &)Q@Q‘x@' e
<
= M4: Implementation of energy saving measures
w0
[=]
w5 I 114-TECHNICAL 2020
[12]
E I 4-TECHNICAL 2030
-10
@ [ M4-ECONDMIC 2020
E 15 [ IM4-ECONOMIC 2030
g
c 20
=
O

[ o PG PR o T 2
FPFFEL T ODQ\?«\NQ

é@

Q@ A

FIGURE 1
Change in emissions of all compounds investigated in 2020 and 2030 associated with measure
M1 (a), M2 (b), M3 (c) and M4 (d) under all scenarios considered.

compared to conventional vehicles. This highlights
the need to consider both GHGs and air pollutants
when assessing such policy measures, as contradic-
tory impacts on emissions could be found [13]. The
energy mix in electricity production needed for elec-
tric vehicles was not considered here as it represents
out-of-town emissions, which were not the scope of
this study. Therefore, implementation of policy
measures promoting electric vehicles in Brno would
have a significant effect only if it were to be imple-
mented alongside measures increasing the use of re-
newable energies in the Czech electricity mix. In
case of an extreme scenario with more than 80% of
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electricity generated by renewable sources, large de-
creases (up to 85%) of GHGs and air pollutants
could be observed, while for PM, the decreases were
more moderate [11].

The second measure (M2 - Reduction of the
motorised vehicles in the city and increase of the us-
age of non-motorised vehicles and public transporta-
tion) is the one with the highest emission reduction
potential for most of the compounds investigated.
The differences observed between the selected sce-
narios highlighted the large potential impact of such
measure, if a small but significant fraction of the ur-
ban population switches to cleaner transportation on
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a daily basis. Woodcock et al. [18] estimated the
emissions change for London and Delhi due to alter-
native scenarios linking transport patterns with phys-
ical activity and reported a larger health benefit of
active travel and lower use of motor vehicles com-
pared to the increased use of lower-emission motor
vehicles, which is in line with our observations.
Therefore policies aiming at increasing the accepta-
bility, appeal, and safety of active urban travel such
as public transport or bicycle as well as those dis-
couraging travel in private motor vehicles should be
implemented rather than measures focusing only on
low-carbon vehicles [18] as they would have a
stronger positive effect on human health [19]. The
public transportation usually transfers large amounts
of daily passengers while its contribution to the
emissions of air pollutants and GHGs is low [12].
Therefore, the implementation of policy measures
promoting the usage of public transportation would
not only have a positive impact for the environment,
but also from a social perspective as it has been
shown that it can enhance the social cohesion [20].
The third measure (M3 - Replacement of old
coal-fired boilers in residential sector) resulted in
significant decreases in 2030 for SO (18%), CO
(8%), PM1o (8%) and PM 5 (5%). Krimal et al [21]
compared the chemical composition of emissions
from the old-type and modern-type boilers, which
are the most frequently used in the Czech Republic
for household heating, using different type of fuels.
The emissions of CO, NOx, PM,s5, PMjp and SO,
were highest for coal, particularly for the old type
boilers [21]. Therefore, policy measures promoting
the replacement of old coal-fired boilers with more
recent ones (particularly the automatic ones) should
lead to a significant decreases in the emissions of
both GHGs and air pollutants. This type of measure
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with a high mitigation potential can be easily imple-
mented at the city level via subsidiaries compared to
other measures (such as M2) requiring a behavioral
change.

The last measure (M4 -: Implementation of en-
ergy saving measures) resulted in significant
(i.e>5%) emission changes of BC, CHs, NMVOC,
OC and SO,. It is worth to note that the differences
between the two investigated scenarios were small
while the implementation costs related to the TECH-
NICAL scenario would be significantly higher than
those of the ECONOMIC scenario.

Based on these results, we selected for each
measure just one scenario. These were M1-OPTI,
M2-ZERO, M3-SLOW and M4-ECONOMIC. For
M1, the OPTI scenario was selected, because the
emission changes were significantly higher when
compared to the REAL scenario, while it could be
easily implemented using various incentives at the
national or local level. For M2, the ZERO scenario
was selected, as it was considered to be the most re-
alistic scenario. As no differences were observed be-
tween the two scenarios in 2030, the SLOW scenario
was selected for M3, which seems to be more likely
achieved by 2020. Finally, the ECONOMIC sce-
nario was selected for M4, as it is the one most likely
to be adopted, because the investments needed for
the TECHNICAL scenario are too extensive for that
measure to take place.

Figure 2 presents a summary of the emission
reduction potential expected in selected scenarios of
the four investigated measures. M2, reducing the ac-
tivities of PCs, is the one showing for 2020 the high-
est reduction potential for all compounds investi-
gated except for CH4, OC and SO,. For 2030, how-
ever, the contributions of each measure to the ex-
pected emission reduction are compound-specific.
Reduction potential for SO», for instance, is largely
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FIGURE 2

Changes in Brno emissions (compared to BAU) related to selected measures in 2020 (a) and 2030 (b)
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driven by M3 focused on the replacement of old
coal-fired boilers. For BC, CH4 and OC, M4 on en-
ergy savings is dominating the reduction potential.
For CO, PMjy and PM s, their emission reductions
are largely affected by M2 decreasing the activities
of PCs and by M3 on old coal-fired boilers. It is
worth noting that for the remaining compounds, the
decrease potential from M3 is negligible compared
to the other measures, and for BC, CH4, NH3 and
OC, the implementation of M1 and M3 would even
lead to an increase of their emissions. This highlights
the need for an integrated impact assessment of pol-
icy measures, considering both air pollutants and
GHGs as some measures may result in a positive im-
pact on one group but a negative one on another [5].
To summarise, the implementation of all four policy
measures under the selected scenarios would result
at most in 4.5% (OC) — 26.1% (CO) emission reduc-
tions in 2030. However, we should note that sum-
ming up all the reduction potentials on several indi-
vidual measures may overestimate the overall posi-
tive effect as their interdependencies is not consid-
ered. For example, people switching to public
transport (M2) will not drive an electric vehicle
M1).

CONCLUSION

In this study, we have found that the policy
measure related to the reduction of the motorised ve-
hicles in the city and subsequent increase in use of
soft transport (M2) was the one with the highest
emission reduction potential for most of the com-
pounds investigated (e.g. up to 13% decrease for
PM; s and NOy). Therefore, in Brno as well as in
other cities, policies aiming at increasing the use of
public transport or bicycle as well as those discour-
aging travel in private motor vehicles should be im-
plemented as they would have a higher positive ef-
fect on human health than those focusing only on
low-carbon vehicles. However, these types of
measures require a behavioral change, which is dif-
ficult to implement. Therefore, they should be com-
bined with additional policy measures which can be
easily implemented and have a significant impact
such as the replacement of old coal-fired boilers
(M3) which resulted in an emission reduction poten-
tial for Brno of 5% and 18% for PM; s and SO, re-
spectively.

This study highlights the need for an integrated
impact assessment of policy measures, considering
both air pollutants and GHGs as some measures may
result in reduction of one of these two groups of
stressors but enhancement of the other. Such an inte-
grative assessment of policy measures required the
close collaboration between various city authorities,
administration services, policy makers and scien-
tists. This collaboration established within the ICA-
RUS project will support the city also in the future
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throughout process of development and implemen-
tation of the policy measures focused on protecting
the environment and human health, improving the
urban air quality, increasing resilience and combat-
ing impacts of climate change.

ACKNOWLEDGEMENTS

This work has received funding from the Euro-
pean Union’s Horizon 2020 Programme for Re-
search, Technological Development and Demonstra-
tion (grant agreement No 690105, Integrated Cli-
mate forcing and Air pollution Reduction in Urban
Systems (ICARUS)) and Research and Innovation
Programme (grant agreement No 857340, URBAN-
X) as well as from the RECETOX Research Infra-
structure (LM2018121) supported by the Czech
Ministry of Education, Youth and Sports. This work
reflects only the authors’ views and the European
Commission is not responsible for any use that may
be made of the information it contains.

REFERENCES

[1] Lelieveld, J., Klingmu, K., Pozzer, A., Po, U.,
Fnais, M., Daiber, A., Mu, T., Klingmiiller, K.,
Pozzer, A., Poschl, U., Fnais, M., Daiber, A.,
Miinzel, T. (2019) Cardiovascular disease bur-
den from ambient air pollution in Europe reas-
sessed using novel hazard ratio functions. Eur.
Heart J. 40, 1590-1596. Burnett, R., Chen, H.,
Szyszkowicz, M., Fann, N., Hubbell, B., Pope,
C.A., Apte, J.S., Brauer, M., Cohen, A.,
Weichenthal, S., Coggins, J., Di, Q., Brunekreef,
B., Frostad, J., Lim, S.S., Kan, H., Walker, K.D.,
Thurston, G.D., Hayes, R.B., Lim, C.C., Turner,
M.C., Jerrett, M., Krewski, D., Gapstur, S.M.,
Diver, W.R., Ostro, B., Goldberg, D., Crouse,
D.L., Martin, R. V., Peters, P., Pinault, L., Tjep-
kema, M., Van Donkelaar, A., Villeneuve, P.J.,
Miller, A.B., Yin, P., Zhou, M., Wang, L.,
Janssen, N.A.H., Marra, M., Atkinson, R.W.,
Tsang, H., Thach, T.Q., Cannon, J.B., Allen,
R.T.,, Hart, J.E., Laden, F., Cesaroni, G., Foras-
tiere, F., Weinmayr, G., Jaensch, A., Nagel, G.,
Concin, H., Spadaro, J. V. (2018) Global esti-
mates of mortality associated with longterm ex-
posure to outdoor fine particulate matter. Proc.
Natl. Acad. Sci. U. S. A. 115, 9592-9597.
OECD (2010). Executive Summary - Cities and
Climate Change. 17-28.

Kim, K., Kabir, E., Kabir, S. (2015) A review on
the human health impact of airborne particulate
matter. Environ. Int. 74, 136—143.

Fan, Y. Van, Perry, S., Klemes, J.J., Lee, C.T.
(2018) A review on air emissions assessment :
Transportation. J. Clean. Prod. 194. 673-684.

(3]

(4]

FEB




Fresenius Environmental Bulletin

© by PSP

[5] Schmale, J., Shindell, D., von Schneidernesser,
E., Chabay, 1., Lawrence, M., 2014. Clean up
our skies. Nature. 515, 5-7.

[6] Neuhiuser, J (2017) D2.2 Report and data on

emission inventory at city level for the consid-

ered pollutants and GHGs for the years 2015,

2020 and 2030. https://icarus2020.eu/delivera-

bles/

Kontic, D. (2019). D.5.4 Final report on inte-

grated assessment of policies. https://ica-

rus2020.eu/deliverables/

Requia, W.J., Mohamed, M., Higgins, C.D.,

Arain, A., Ferguson, M. (2018) How clean are

electric vehicles ? Evidence-based review of the

e ff ects of electric mobility on air pollutants ,

greenhouse gas emissions and human health.

Atmos. Environ. 185, 64-77.

Timmers, V.R.J.H., Achten, P.A.J. (2016) Non-

exhaust PM emissions from electric vehicles.

Atmos. Environ. 134, 10-17.

[10]Huo, H., Cai, H., Zhang, Q., Liu, F., He, K.
(2015) Life-cycle assessment of greenhouse gas
and air emissions of electric vehicles : A com-
parison between China and the U.S . Atmos. En-
viron. 108, 107-116.

[11]Wang, A., Stogios, C., Gai, Y., Vaughan, J.,,
Ozonder, G., Lee, S., Posen, .D., Miller, E.J.,
Hatzopoulou, M. (2018) Automated , electric ,
or both ? Investigating the e ff ects of transpor-
tation and technology scenarios on metropolitan
greenhouse gas emissions. Sustain. Cities Soc.
40, 524-533.

[12]Huo, H., Zhang, Q., Wang, M.Q., Streets, D.G.,
He, K. (2010). Environmental Implication of
Electric Vehicles in China. Env. Sci. Technol.
44, 4856-4861.

[13]Nichols, B.G., Kockelman, K.M., Reiter, M.
(2015) Air quality impacts of electric vehicle
adoption in Texas. Transp. Res. PART D. 34,
208-218.

[14]Colella, W.G., Jacobson, M.Z., Golden, D.M.
(2005) Switching to a U. S . hydrogen fuel cell
vehicle fleet : The resultant change in emissions,
energy use , and greenhouse gases. J. Power
Sources. 150, 150-181.

[15]Huo, H., Zhang, Q., Liu, F., He, K. (2013) Cli-
mate and Environmental Effects of Electric Ve-
hicles versus Compressed Natural Gas Vehicles
in China: A Life-Cycle Analysis at Provincial
Level. Env. Sci. Technol. 47, 1711-1718.

[16]Kantor, 1., Fowler, M.W., Hajimiragha, A.,
Elkamel, A., (2010). Air quality and environ-
mental impacts of alternative vehicle technolo-
gies in Ontario , Canada. Int. J. Hydrogen En-
ergy. 35, 5145-5153.

(7]

(8]

(9]

Volume 31— No. 08A/2022 pages 8291-8296

8296

[17]Woodcock, J., Edwards, P., Tonne, C., Arm-
strong, B.G., Ashiru, O., Banister, D., Beevers,
S., Chalabi, Z., Chowdhury, Z., Cohen, A.,
Franco, O.H., Haines, A., Hickman, R., Lindsay,
G., Mittal, I., Mohan, D., Tiwari, G., Woodward,
A., Roberts, I. (2009) Health and Climate
Change 2 Public health benefi ts of strategies to
reduce greenhouse-gas emissions : urban land
transport. Lancet. 374, 1930-1943.

[18]1zquierdo, R., Dos Santos, S.G., Borge, R., de la
Paz, D., Sarigiannis, D., Gotti, A., Boldo, E.
(2020) Health impact assessment by the imple-
mentation of Madrid City air-quality plan in
2020. Environ. Res. 183, 109021.

[19] Gerike, R., de Nazelle, A., Nieuwenhuijsen, M.,
Panis, L.I., Anaya, E., Avila-Palencia, I.,
Boschetti, F., Brand, C., Cole-hunter, T., Dons,
E., Eriksson, U., Gaupp-Berghausen, M., Kahl-
meier, S., Laeremans, M., Mueller, N., Orjuela,
J.P., Racioppi, F., Raser, E., Rojas-rueda, D.,
Schweizer, C., Standaert, A., Uhlmann, T., We-
gener, S. (2016). Physical Activity through Sus-
tainable Transport Approaches (PASTA): a
study protocol for a multicentre project. BMJ
Open. 6. 1-11.

[20]Kidamal, K., Mikuska, P., Horak, J., Hopan, F.,
Krpec, K. (2019). Comparison of emissions of
gaseous and particulate pollutants from the
combustion of biomass and coal in modern and
old-type boilers used for residential heating in
the Czech Republic , Central Europe. Chemo-
sphere. 229, 51-59.

Received: 25.03.2022
Accepted: 17.04.2022
CORRESPONDING AUTHOR

Celine Degrendele
Masaryk University,
Faculty of Sciences,
RECETOX Centre,
Brno — Czech Republic

e-mail: celine.degrendele@recetox.muni.cz

FEB




