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Abstract: The COVID pandemic has caused a major exodus of passengers who chose urban and
suburban transport. In many countries, especially in the European Union, there is a tendency
to choose individual means of transport, causing damage to the environment and contributing
significantly to greenhouse gas emissions. One method to promote urban transport is replacing bus
fleets with newer ones, thus making public transport more attractive and reducing the emission
of harmful exhaust fume components into the atmosphere. The aim of this study was to show a
methodology for calculating COye for bus fleets. When determining CO,e, the principal greenhouse
gases, such as CO,, CHy, and N;O, are usually considered. However, CO emissions also have
indirect effects on climate through enhanced levels of tropospheric O3 and increased lifetime of
CHy; therefore, CO,, CHy, N>O, and CO emissions were determined for CO,e emission calculations.
Two bus fleet variant scenarios were analysed; the first non-investment variant assumed passenger
transport using the old fleet without any P&R parking zones. The second scenario was based on the
current state, which includes the purchase of new low-emission buses and the construction of P&R
infrastructure. The calculations were performed using the COPERT emission model with real data
from 52 buses running on 13 lines. For the analysed case study of the Rzeszow agglomeration and
neighbouring communes, implementing the urban and suburban transport modernisation project
resulted in a reduction in estimated CO,e emissions of about 450 t. The methodology presented,
which also considers the impact of CO emissions on the greenhouse effect, is a new element of the
study that has not been presented in previous works and may serve as a model for other areas in the
field of greenhouse gas emission analyses. The future research scope includes investigation of other
fuels and powertrain supplies, such as hydrogen and hybrid vehicles.

Keywords: CO,e emission; urban buses; vehicle emission; greenhouse gases; park & ride

1. Introduction

The European Green Deal (EGD) is intended to cut greenhouse gases emission by at
least 55% by 2030 compared to emissions in 1990 [1]. Its main goal is to achieve carbon
neutrality by 2050, which can only be achieved if the economy and the development sector
evolve correctly, where transportation is a key element [2]. Although recent economic
developments in Europe have started to orient mobility towards transit, especially with
an increased share of bus travel, most city dwellers still prefer to use passenger cars. This
situation has also been amplified by the COVID-19 pandemic period, with people unwilling
to travel with others due to the risk of infection; in addition, COVID-19 restrictions in some
countries strictly limited the number of people who could travel by buses [3]. Car-based
lifestyles are still dominant and are connected with the growing urbanisation of cities (i.e.,
a lack of suburban buses). This issue influences air quality, as well as noise, climate change,
and environmental concerns in general [4,5].
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One of the countermeasures against this phenomenon is the promotion of clean urban
and suburban bus transportation and the use of clean emission bus systems. Buses are
one of the most widespread public transport modes, carrying approximately half of all
public transport passengers, representing a total of 30 billion passengers per year in the
EU [6]. In small and medium cities where there are no other means of public transport,
bus systems can reach a 100% share of urban transport mobility [7]. Most modern buses
are carefully designed to meet sustainability constraints in terms of emissions, space
occupancy, energy efficiency, and not requiring heavy infrastructure [8]. The EU plays an
important role in promoting and funding the development of sustainable urban mobility,
with numerous projects funded since the 1990s [9,10]. Significant emphasis is placed on
promoting new implementations and solutions to meet more sustainable requirements in
local transport systems.

One of the EU projects is based in Rzeszow, Poland, titled “Development of low-
carbon economy and improvement of inhabitants” mobility through the improvement of
sustainable public transport in ROF area”, focused on replacing the old bus fleet with
new buses that meet standards for low emissions. The project is related to the area of
the Rzeszow Functional Area and the nine municipalities involved. This project involved
the purchase of 54 new low-emission passenger bus units, reconstruction of 233.3 km of
public transport lines (by building new road links and bridges and reconstructing road
infrastructure), construction of bus stops, bus bays, pavements, and bus shelters with
accompanying infrastructure, construction of 11 Park & Ride car parks with 481 parking
spaces, including 31 for the disabled, reconstruction of the bus and train stations and the
transfer centre to provide an interchange function, construction of bicycle paths with a total
length of 12.45 km and 13 “Bike & Ride” car parks, as well as the construction of technical
facilities (workshop buildings, bus washing facilities, and accompanying infrastructure).

The purpose of this study is to show the methodology for calculating the carbon
dioxide equivalent (CO,e) reduction that occurs as a result of the project. The term COse
means the number of metric tons of CO; emissions with the same global warming potential
as one metric ton of another greenhouse gas. CO,e is a standard unit for measuring carbon
footprints, designed to express the impact of different greenhouse gases in terms of the
equivalent amount of CO; that would create the same amount of warming at a specific
point of time in the future. To calculate the change in greenhouse gas emissions, the
work methodology assumed the average speed of buses, average mileages, and ambient
conditions, as well as data for P&R passenger car users in the case of one of the analysed
scenario variants. For the CO;e calculation, the methodology included calculations of CO,
N,O, CO,, and CHy—including CO in greenhouse gas calculations is rare in the existing
literature. Thus, this element represents a novel aspect of the proposed methodology.
Moreover, most existing work concerning CO,e calculations is related to passenger cars, not
buses. This work is one of the first studies that presents a methodology for COe emission
calculation for bus fleets that encompasses CO, N,O, CO,, and CHy4 emissions. For example,
study [11] investigates modelling of the calculation of CO,e emissions for passenger cars
with different powertrains and energy sources, considering a total of 790 different vehicle
variants. Study [12] also shows the results for CO,e emissions for passenger cars, with a
particular focus on direct real-world CO,e emissions of both diesel and petrol cars newly
registered in Europe between 1995 and 2015. One of the main findings of the work was
that diesel cars had much higher CO,e emissions than petrol cars until 2001. An example
of a study related to CO,e for buses is [13], where the authors researched the impact of
introducing LNG buses with EURO VI compared to the old EURO II fleet. The work
compares two different methodological approaches; the first is according to the European
Standard EN 16258:2012, while the second is according to the Handbook of Emission
Factors for Road Transport. Another example of the calculation for buses is work [14],
where the authors analyse CO,e for buses fuelled with diesel, LNG, LPG, hydrogen energy,
and electricity. However, the key limitation of this work is that the authors only analyse
one bus line; in addition, they use a carbon emission model that only takes into account the
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activity data and the carbon emission factor. Their study found that the use of hydrogen
fuel cell buses would make it possible to reduce 1,244,081 t CO,e emissions in Tainan City.

For this work, all the calculations for bus movements are based on real-world data,
with the emission calculations performed in the COPERT software package. The work
presents an original methodology to assess the impact of replacing the old fleet of buses
with a new one, which can also be applied to case studies of other European cities. The
simplified work schema is presented in Figure 1.

Input data Preparation of the COPERT
e.g. average speed and mileage of buses, ambient conditions, buses software methOd(’%OgY for
load, number of vehicles using P+R COse calculation
Calculation of the CO,, Comparison of CO,e with
CH,, N,0O and CO for the S . S the state of bus fleet before
buses and passenger cars Caleulation of CO improving and after the
in one of the variant project realization

Figure 1. General scheme showing the procedure for the proposal of CO,e calculation methodology
for buses.

2. Research Methodology

Several emission models can be used to calculate emissions. Traffic and exhaust
emission models are classified according to the scale of accuracy into macroscopic (regional),
mesoscopic (local), and microscopic (intersections, street sections) models.

Existing emission models fall into two categories:

- models that use traffic parameters, such as acceleration, braking, continuous driving,
and idling (micro and meso scales),
- models that are based on the average speed parameter (macro).

Macroscopic models are mainly based on the average speed parameter of the anal-
ysed road section(s) [15]. These models are used to estimate the fuel consumption and
environmental impacts of road transport. They allow the impact of the total energy con-
sumption by projects and road infrastructure development strategies to be determined, as
well as assessment of the impacts of greenhouse gas emissions on the study area. Some
environmental impacts are local, regional, or global and can be both short and long-term.
Macroscale emission models allow the impact of transport to be determined on a large
scale (e.g., regional or in a transport corridor). A limiting factor in emissions modelling
is the parameters sought from the model; for example, to calculate COye, emissions data
for CO,, CHy, N2O, and CO are required. For emission calculation purposes, for project
assessment, the most common method is to use the COPERT software [16,17]. COPERT is a
model for the calculation of macroscale emissions that is based on European data using
mileage, vehicle structure, driving speed, and air humidity and temperature. Emission
factors are calculated for the following vehicle categories [18]: passenger cars, vans (<3.5 t),
trucks (>3.5 t), mopeds, and motorbikes.

Emissions in the COPERT model are calculated according to Equation (1):

Ei=%; [Z m (FCj,m-EFi,j,m)] 1)

where:
E,—emissions of exhaust component 7 (g),
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FC; ;;—fuel consumption of a given vehicle category j, using fuel m (kg),

EF;; ,—emission factor of component i for vehicle category j and fuel m (g/kg fuel).

Petrol, diesel, LPG, and CNG can be considered as fuels in this model. The current
approach used in macroscale emission models to determine the amounts of harmful exhaust
gas components is based on two calculations. The first consists of the selection of a set of
emission factors, which determines the emissions for given traffic conditions, while the
second stage involves the assessment of vehicle activity in the analysed area. The emissions
are calculated by multiplying these two steps.

Given the above, the COPERT emission calculator was chosen to assess the impact
of replacing the old fleet of buses with a new one. The analysed region was the Rzes-
zow municipality. The project also includes the construction of P&R spaces located in
suburban areas.

The work assumed two analysed variants:

- V0, as a counterfactual scenario, including emissions from the old fleet of buses (no
P&R service, additional travel of passenger cars included),

- V1, as a current situation scenario, including emissions from the new low-emission
fleet of buses (no additional passenger cars included due to the existing P&R service).

For the V0 variant, a no-investment scenario, the pre-replacement bus emissions were
calculated, as well as the emissions estimated for the passenger cars that would be driven
in the absence of the project and its associated P&R parking. The analysis covered the
period from 3 January 2021 to 2 January 2022. The data adopted for the calculations are
actual data obtained from the Rzeszow Communes Association. The emission calculations
were conducted based on the EMEP/EEA methodology [19,20] contained in the COPERT
5 program. A general scheme of the work is presented in Figure 2.

Emission calculation input data:
- buses emission standards (number of
vehicles),
- average load,
- average speed,
- mileage, lenght of bus line,
- metereological conditions (humidity, mean
temperature)

- additionaly for V0 scenario, data for
passenger cars traveling around the city in

case of not using new P&R services

@

Calculation of annual average emissions of
selected vehicle pollutants:
-COz;
-Mz0;
-CHa;
-CO.

s

Calculation of the rate of estimated annual reduction in
emissions:
-greenhouse gas emission COze

Figure 2. Diagram showing author’s logic for CO,e emission calculation methodology for buses.

2.1. Description of the Researched Area

The region analysed was the municipality of Rzeszow, Poland. Rzeszow is the capital
of the Subcarpathian province and the central city of the Rzeszow agglomeration, with a
population of approximately 200,000 citizens [21]. The city contains six higher education
universities, with an international airport situated near to the city in Jasionka. For the
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purposes of the COPERT emission calculations, data related to the weather conditions in
the analysed area are required (i.e., annual temperature and humidity). Data related to the
Rzeszow agglomeration’s weather conditions are presented in Figure 3.

Average temp. °C —4°C M o

Humidity 68% . 550

Figure 3. Annual average temperature and humidity in the region analysed.

The area’s urban transport includes 63 bus lines. In 2015, a system was introduced
to integrate public transport from the city of Rzeszow and its surroundings. The entire
system consists of a traffic light control to prioritise public transport vehicles, including
an online vehicle location system, information system, introduction of electronic ticketing,
and stationary ticket machines. To complete the above improvements, Rzeszow obtained
additional financial resources from EU funds. Many buses have also been purchased,
including modern diesel and CNG vehicles, as well as hybrid and electric models. The city
also benefits from train transport, connecting the suburban areas of Rzeszow with the city
centre, with rural and international train connections. In recent years, P&R spaces have
also been created in suburban areas. Figure 4 shows the research area of Rzeszow city and
its municipality, including the approximate location of the P&R sites.

ey ~Slg——"

P&R /

- Warszia

misat

Figure 4. Overview map of the research area showing the locations of P&R spaces.
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2.2. Description of the Analysed Fleet of Vehicles

The fleet of buses in this study comprised 52 vehicles across 13 lines. As a result of the
project’s realisation, the old bus fleet has been completely replaced with newly purchased
modern vehicles. The old fleet of buses comprised 29 buses with no emission class, and
the remaining 23 buses were in compliance with EURO II. The buses were replaced with
new EURO VI buses, which were mostly manufactured after 2019. The general table
summarising the bus fleet’s vehicle list is presented in Table 1. More detailed information
regarding the bus fleet as an input to COPERT is presented in Appendix A (Table A1).

Table 1. The list of the bus fleet before replacement (left side) with the new replaced buses (right
side), including basic parameters, such as the number and EURO standard, input to COPERT.

Bus Fleet before Replacement Bus Fleet after Replacement
Number of buses EURO standard Number of buses EURO standard
29 -
23 I 52 VI

The input data for the COPERT emission calculator also include the average mileage
per vehicle, which were delivered from the transport operator. These data were separately
adjusted for each bus line. The other necessary parameters were the average speed and
load of each of the researched bus lines. The average speed and load values of the buses
were calculated from real-world data delivered from the transport operator. The above
parameters assumed for later emission calculations are presented in Table 2. Based on these
parameters, the CO,, CHy, N,O, and CO emissions were calculated to later estimate the
CO,e emissions; these values were calculated separately for each line, and the average was
then calculated for each analysed variant.

Table 2. Input real-world data of bus fleet for the emission calculation for the researched bus lines.

Line Annual Mileage (km) Average Speed (km/h) Load (%)
1 94,097 27.8 11
2 39,398 33.4 6
3 116,657 26.5 8
4 85,188 28.1 11
5 82,186 30.2 8
6 64,976 285 5
7 93,263 28.1 13
8 193,972 23.6 11
9 39,197 31.6 14
10 95,098 323 22
11 112,724 27.1 12
12 62,215 27.5 10
13 48,549 26.2 9

The emission analyses also include passenger car emissions. Since the project includes
the replacement of the old fleet of buses with newly manufactured buses, as well as the
construction of new P&R spaces, the analyses also assumed some passenger cars travelling
on roads in the variant where there are no P&R spaces. There are four P&R locations, which
were used by more than 70,000 vehicles during the analysed one-year period. Data on the
number of vehicles using P&R parking zones were obtained from the road managers for
the locations where these parking lots are located. In the VO scenario, where there were
no P&R spaces, this study assumed that the passenger cars travelled approximately the
same mileage as the buses starting from the point of the existing P&R spaces. The average
distances of each driver were multiplied by the overall number of vehicles using the P&R.
The numbers of vehicles in the P&R spaces are presented in Table 3.
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Table 3. The data for passenger cars of the P&R sites.
No. Number of Vehicles  Average Estimated Distance Traveled by Drivers (km)
Parking 1 26,006 10.0
Parking 2 14,235 224
Parking 3 32,205 13.0
Parking 4 2872 14.0

The assumed emission standards and fuel parameters of the vehicles analysed in the
COPERT calculator are presented in Figure 5.

a ONOEURO®EURO 18 EURO 28EURO 38 EURO 48 EURO S8EURO 6 b ®Petrol® Diesel® LPG

Figure 5. Data for passenger cars (%) according to the (a) EURO standard and (b) fuel used.

The passenger car emissions for variant VO were calculated considering the data on
the number of cars in the individual P&R parking lots and the estimated average travel
distances for buses used by the drivers of the cars left at P&R parking lots (Table 3). It was
assumed that the distance travelled by drivers leaving cars at the parking lots is equal to
half the distance travelled by the buses on each line from the stops located near the parking
lots to their final stops. Data on the number of cars with respect to fuel type and emission
class [21] adopted for the calculations are presented in Table 4.

Table 4. Number of passenger cars fuelled with specific fuel types and emission standards used as
inputs to COPERT.

Number of Vehicles
P&R Fuel Type
No Euro Euro 1 Euro 2 Euro 3 Euro 4 Euro 5 Euro 6
Petrol 1144 715 1001 1144 2289 4005 4005
Parking 1 Diesel 666 416 583 666 1332 2330 2330
LPG 270 169 237 270 541 947 947
Sum 26,006
Petrol 626 391 548 626 1253 2192 2192
Parking 2 Diesel 364 228 319 364 729 1275 1275
LPG 148 93 130 148 296 518 518
Sum 14,235
Petrol 1417 886 1240 1417 2834 4960 4960
Parking 3 Diesel 824 515 721 824 1649 2886 2886
LPG 335 209 293 335 670 1172 1172
Sum 32,205
Petrol 115 72 101 115 230 402 402
Parking 4 Diesel 76 47 66 76 152 265 265
LPG 39 24 34 39 78 137 137
Sum 2872
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Data on the number of vehicles parked on the parking lots were obtained from the
municipality management, while statistical data on vehicle emission classes and fuel used
were obtained from the local data bank for the municipality of Rzeszow [21].

To summarise the above issues and the research methodology, Figure 6 presents the
main objectives of the work.

Replacing old
suburban buses Drastically
with no emission reducing
standards to c_oge
modern low emissions

emission buses

Figure 6. Overview of the researched buses with the general objectives of the work.

3. Results

The proposed methodology and its applicability are demonstrated by comparing two
bus fleet variants in terms of CO,e emissions. As noted above, V0 includes the old bus fleet
and additional trips made by the passengers’ cars due to the lack of P&R spaces in this
scenario. Variant V1 was based on the new low-emission bus fleet and the construction of
new P&R spaces in the suburban areas. The data used for the emission calculation were
for the one-year period from the start of 2021 to the start of 2022. The data used for the
emission calculations were real-world data obtained from bus trips and road infrastructure.

The value of the annual decrease in pollutant emissions GHG and CO,e was deter-
mined from Formula (2) [22]:

AE=E,—E 2

where:

AE—annual decrease in pollutant emissions resulting from project implementation,

Eo—pre-project emissions (non-investment scenario variant VO0),

Ej—pollutant emissions after project implementation (scenario variant V1).

The main GHGs emitted by the vehicles’ internal combustion are CO,, CHy4, N,O, and
CO. Therefore, when analysing the impact of greenhouse gases from the transport sector,
the total emissions are expressed in equivalent CO,e, taking into account the greenhouse
potential values of the constituent gases. The CO,e emission value was calculated from
Formula (3):

COse = ECOy + EN,O-GW Py, + ECHy-GWPcy, + ECO-GW Pco. 3)
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where:

COye—carbon dioxide equivalent emission,

ECOy—emission of CO,,

EN,O—emission of N»,O,

ECH4—emission of CHy,

ECO—emission of CO,

GWPy,0—global warming potential (GWP) N,O = 298,

GWPcy,—GWP CHy = 25,

GWP-o—GWP CO =3.0.

Global warming potential (GWP) is generally considered a vital indicator for the
effects of GHG emissions, with the GWP of CO, defined as 1 [23-25]. The GWP values
chosen for CH4 and N,O are values over a 100-year time horizon relative to CO,. These
values were adapted from the IPCC Fourth Assessment Report [26]. For CO, the indirect
GWP value for a 100-year time horizon was adopted according to [27].

The results of GHG emission calculations for the V0 variant (i.e., old fleet of vehicles,
no P&R parking lots) for each of the analysed lines are summarised in Table 5.

Table 5. Greenhouse gas emission calculation results for the old fleet of buses in variant V0.

Emission (t)

Line

C02 Nzo CH4 CcO COze

1 76.531 0.002 0.014 0.343 78.583

2 30.636 0.001 0.006 0.134 31.438

3 96.015 0.003 0.017 0.434 98.627

4 69.086 0.002 0.012 0.310 70.994

5 65.528 0.002 0.012 0.291 67.369

6 52.558 0.002 0.010 0.351 54.347

7 75.641 0.002 0.014 0.340 77.521
8 164.770 0.004 0.029 0.756 169.113

9 26.855 0.001 0.006 0.111 27.578
10 74.925 0.016 0.014 0.330 81.230
11 92.253 0.002 0.016 0.415 94.589
12 50.727 0.001 0.009 0.228 52.095
13 40.076 0.001 0.007 0.181 41.069
Sum 915.601 0.039 0.171 4.224 944.553

The calculated GHG emissions from passenger cars for scenario variant VO are shown
in Table 6.

Table 6. Greenhouse gas emission calculation results from passenger cars in variant V0.

Emission (t)

P&R
C02 Nzo CH4 cO COze
Parking 1 59.5 0.0015 0.006 0.396 61.372
Parking 2 73.0 0.0019 0.0074 0.486 75.295
Parking 3 97.3 0.0025 0.0099 0.645 100.350
Parking 4 9.1 0.0002 0.0009 0.060 9.387
Sum 238.9 0.0610 0.0242 1.587 246.404

The calculated GHG emissions values for new buses under scenario variant V1 per
bus line are shown in Table 7.
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Table 7. Greenhouse gas emission calculation results for new EURO VI buses in variant V1.

Emission (t)

Line
CO, N,O CH,4 cO COje
1 60.83 0.0038 0.0005 0.018 62.040
2 24.42 0.0020 0.0002 0.007 25.043
3 76.16 0.0049 0.0006 0.024 77.738
4 54.91 0.0039 0.0004 0.017 56.121
5 52.16 0.0034 0.0039 0.015 53.320
6 41.75 0.0029 0.0004 0.012 42.655
7 60.11 0.0039 0.0005 0.018 61.327
8 129.99 0.0077 0.0010 0.041 132.436
9 21.99 0.0019 0.0002 0.005 22.590
10 59.70 0.0038 0.0048 0.018 61.021
11 73.23 0.0048 0.0006 0.022 74.748
12 40.29 0.0029 0.0003 0.012 41.190
13 31.78 0.0019 0.0003 0.010 32.399
Sum 727.32 0.0478 0.0137 0.219 742.617

The estimated annual decrease in CO,e emissions associated with project implementa-
tion over the 20212022 period is listed in Table 8.

Table 8. Annual estimated decrease in greenhouse gas emissions CO,e for the analysed period.

Data for the Analysed Scenarios COje (1)

Estimated emissions reduction from buses

201.9
replacement
Estimated reduction in emissions due to
. . 246.4
drivers using P&R car parks
Total estimated emissions reduction 448.3

As shown, due to the project realisation, i.e., replacement of 52 old buses with low
emission standards and construction of new P&R spaces, there is a total reduction of 448.3 t
of COye. Of this value, the bus replacement accounts for a reduction in GHG emissions of
201.9 t. Thus, the GHG emission reduction was more than doubled when the P&R spaces
were included, demonstrating the joint importance of creating P&R zones and using buses
instead of individual cars. Study [28] shows similar results but only in relation to one bus
line. The aim of [28] was to measure the environmental benefits of replacing diesel buses
with four types of alternative energy city buses. The authors analysed the CO,e footprint
of buses powered with diesel, LNG, LPG, plug-in electric, and hydrogen and found that
the use of hydrogen fuel cell buses would eliminate 1244.1 t of CO,e emissions in Tainan
City. The analyses performed were adjusted to the whole fleet of buses and show that,
at a country scale, using hydrogen fuel would result in a reduction of 227,000 t annually
in Taiwan. The authors used the carbon footprint model to calculate CO,e and did not
separately calculate CO,, NoO, CHy, and CO for CO,e assessment. Another similar example
is study [29], where the authors applied a multiscale regional chemistry—transport model
to calculate COze in the city of London. The work particularly analysed the environmental
impact of diesel-fuelled buses, lean-burn compressed natural gas, and hybrid-electric buses.
The authors, as in [28], did not calculate the emissions for the gases constituting CO»e,
which represents a limitation of their study. Similarly, at Columbia University in New
York [30], the authors show how implementing diesel and CNG buses can reduce COze;
however, the calculations are still limited and do not show details of the calculation process
itself. Based on the above, the study presented in this paper is one of the first to show a
full methodology for assessing the impact of implementing a new fleet of buses and new
parking infrastructure on COe.
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4. Conclusions

The purpose of the study was to demonstrate a methodology for calculating COe
for bus fleets. The analysis concerned the real case study for the area of the Rzeszow
municipality. Real data for 52 buses for 13 suburban bus lines were used for the analysis.
Based on the prepared methodology, a comparative analysis was performed for COye
emissions for a scenario before replacing the bus fleet with a new fleet. A new bus fleet
scenario was also modelled, which included the construction of P&R parking places.

In Central and Eastern European countries, old bus fleets are common [31,32]. The
CO,e emissions calculations based on the replacement of the bus fleet with a new one show
a significant reduction in GHG emissions. Thus, implementing projects of this type plays a
crucial role in addressing the ever-increasing problem of GHG emissions and the resulting
greenhouse effect. Based on the methodology presented in this study, the replacement of
the fleet of 52 buses and the construction of P&R zones reduced the COe emissions by more
than 448 t over the one-year study period. This amount of GHG reduction corresponds to
150 t of waste recycled instead of landfilled.

The methodology presented is a new approach for analysing CO,e emissions for
buses—this approach also takes into account emissions of CO, which is also a greenhouse
gas but is often overlooked in calculations. CO is a very weak direct greenhouse gas,
but it has an important indirect effect on global warming. Carbon monoxide reacts with
OH radicals in the atmosphere, reducing their abundance. Since these radicals contribute
to shortening the lifetimes of potent greenhouse gases, such as CHy, carbon monoxide
indirectly increases the global warming potential of other gases. The review presented in
this study also shows that the current state of the literature does not include a demonstration
of this type of methodology on the scale of a bus fleet over a longer-term period of analysis.
A limitation of the current work and an area for future research is the incorporation of other
exhaust gas components in the analysis, e.g., PM10, and an analysis of emissions for other
bus propulsion configurations, e.g., electric or hydrogen buses.
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Abbreviations

CH;  Methane

CNG Compressed natural gas

CcoO Carbon monoxide

CO, Carbon dioxide

COye Carbon dioxide equivalent

AE Annual decrease in pollutant emissions resulting from project implementation
Ep Pre-project emissions
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E; Pollutant emissions after project implementation

E; Emissions of exhaust component i

EF;j,»  Emission factor of component i for vehicle category j and fuel m
EGD  European Green Deal

FCjy  Fuel consumption of a given vehicle category j, using fuel m
GW. Global warming potential

LPG Liquefied petroleum gas

N,O Nitrous oxide

O3 Ozone

P&R  Park & Ride

PM10 Particulate matter with a diameter of 10 wm or less

Appendix A

Table Al. Input to COPERT emission model—the list of the old fleet buses (left side) with the new
replaced buses (right side), including basic parameters, such as EURO standard, production year,
and curb weight.

L Old Bus Production EURO Curb Replaced New  Production EURO Curb
p: Type Year Standard Weight (t) Bus Type Year Standard Weight (t)
1 Bus type 1 1996 - 10.5 Bus type 7 2018 VI 10.6
2 Bus type 1 2000 - 10.5 Bus type 7 2018 VI 10.6
3 Bus type 1 2000 - 10.5 Bus type 7 2018 VI 10.6
4 Bus type 1 2000 - 10.5 Bus type 7 2018 VI 10.6
5 Bus type 1 2000 - 10.5 Bus type 7 2018 VI 10.6
6 Bus type 1 1997 - 10.5 Bus type 7 2018 VI 10.6
7 Bus type 1 1995 - 10.5 Bus type 7 2018 VI 10.6
8 Bus type 1 1995 - 10.5 Bus type 7 2018 VI 10.6
9 Bus type 1 2000 - 10.5 Bus type 7 2018 VI 10.6
10 Bus type 1 2000 - 10.5 Bus type 7 2018 VI 10.6
11 Bus type 1 1997 - 10.5 Bus type 7 2018 VI 10.6
12 Bus type 1 2001 - 10.5 Bus type 7 2018 VI 10.6
13 Bus type 1 2001 - 10.5 Bus type 7 2018 VI 10.6
14 Bus type 1 1997 - 10.5 Bus type 7 2018 VI 10.6
15 Bus type 1 1999 - 10.5 Bus type 7 2018 VI 10.6
16 Bus type 1 1998 - 10.5 Bus type 7 2018 VI 10.6
17 Bus type 1 2001 - 10.5 Bus type 7 2018 VI 10.6
18 Bus type 1 1998 - 10.5 Bus type 7 2018 VI 10.6
19 Bus type 1 2001 - 10.5 Bus type 7 2018 VI 10.6

20 Bus type 1 1995 - 10.5 Bus type 7 2018 VI 10.6

21 Bus type 1 1998 - 10.5 Bus type 7 2018 VI 10.6

22 Bus type 1 1999 - 10.5 Bus type 7 2018 VI 10.6

23 Bus type 1 1998 - 10.5 Bus type 7 2018 VI 10.6

24 Bus type 1 1998 - 10.5 Bus type 7 2018 VI 10.6

25 Bus type 1 2001 - 10.5 Bus type 7 2019 VI 10.6

26 Bus type 1 2002 - 10.5 Bus type 7 2019 VI 10.6

27 Bus type 1 2002 - 10.5 Bus type 7 2019 VI 10.6

28 Bus type 1 2002 - 10.5 Bus type 7 2019 VI 10.6

29 Bus type 1 2002 - 10.5 Bus type 7 2019 VI 10.6

30 Bus type 2 1999 II 7.7 Bus type 7 2019 VI 10.6

31 Bus type 2 1999 I 7.7 Bus type 7 2019 VI 10.6

32 Bus type 2 1999 I 7.7 Bus type 7 2019 VI 10.6

33 Bus type 2 1999 II 77 Bus type 7 2019 VI 10.6

34 Bus type 2 1999 I 7.7 Bus type 7 2019 VI 10.6

35 Bus type 3 1999 I 11.8 Bus type 7 2019 VI 10.6

36 Bus type 3 2000 II 11.8 Bus type 7 2019 VI 10.6

37 Bus type 3 1999 II 11.8 Bus type 7 2019 VI 10.6

38 Bus type 3 1999 I 11.8 Bus type 7 2019 VI 10.6

39 Bus type 3 2000 II 11.8 Bus type 7 2019 VI 10.7

40 Bus type 3 1999 II 11.8 Bus type 7 2019 VI 10.7
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Table Al. Cont.

L Old Bus Production EURO Curb Replaced New Production EURO Curb
P Type Year Standard Weight (t) Bus Type Year Standard Weight (t)
41 Bus type 3 2000 I 11.8 Bus type 7 2019 VI 10.7
42 Bus type 3 2000 I 11.8 Bus type 7 2019 VI 10.7
43 Bus type 3 1999 II 11.8 Bus type 7 2019 VI 10.7
44 Bus type 3 2000 I 11.8 Bus type 7 2019 VI 10.7
45 Bus type 4 2001 I 8.5 Bus type 7 2019 VI 10.7
46 Bus type 4 2001 II 8.5 Bus type 7 2019 VI 10.7
47 Bus type 4 2001 T 8.5 Bus type 7 2019 VI 10.7
48 Bus type 4 2001 I 8.5 Bus type 7 2019 VI 10.7
49 Bus type 4 2001 II 8.5 Bus type 7 2019 VI 10.7
50 Bus type 5 2000 T 10.9 Bus type 7 2019 VI 10.7
51 Bus type 6 2000 I 10.9 Bus type 7 2019 VI 10.7
52 Bus type 6 2000 II 10.9 Bus type 7 2019 VI 10.7
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