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INVESTIGATION OF GREENHOUSE
EMISSION INVENTORY FROM

TRANSPORT SYSTEM FUNCTIONING
IN LARGE AND MEDIUM CITIES

The object of the research of the article is transport system of a city. The paper reviews the necessity to assess

the greenhouse emissions in the city and proposes the methods for greenhouse emissions inventory of the urban
transport system. The proposed approach is aligned with guidelines for the development of Sustainable Energy
and Climate Action Plan (SECAP) of Mayor Covenants of European Union (EU). The methodologies outlined in
the paper allow to estimate annual greenhouse emissions from transport sector.

The SECAP defines transport sectors based on ownership and functioning as following: municipal transport
[leet, public transport, and private and commercial transport. The paper proposes the methodology to estimate
direct and indirect emissions in each of the described sector based on the information that is typicaly available
to municipalities in Ukraine. The assessment is conducted on disaggregated level for different fuel types (diesel,
petroleum, natural gas, biofuel, electricity, etc.) and separately for each fleet type (buses, trucks, passenger ve-
hicles, specialized machinery). Total CO, emissions are then estimated by multiplying the amount of fuel consumed
by the emission factor for each fuel type and vehicle type. Information of fuel consumption is estimated based
on annual milage and estimated based on available data and number of assumptions proposed in the paper. The
proposed methodology for greenhouse emissions inventory for the transport sector allows to analyze available data,
recommendations for data collection and a methodology for determining CO, emissions from the operation of the
transport system with sufficient accuracy of calculations.

Based on these results, it is possible to forecast changes in energy consumption and emissions in the transport
sector as a result of various interventions. For example, in Zhytomyr city the results of inventory were used to
develop a set of measures, which include updating the rolling stock of electric transport; increasing the energy

efficiency of the power grids of the transport system, developing cycling infrastructure.
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1. Introduction

High rates of motorization in recent decades in Ukraine
lead to a redistribution of the load between different types
of transport within regional transport systems. Such a situ-
ation leads to a decrease in the efficiency of the transport
systems of cities and regions, a sharp complication of the
road situation, a deterioration of traffic conditions, an increase
in fuel consumption and, as a result, a deterioration of the
ecological situation. On a national scale, emissions from road
transport significantly exceed emissions from other types
of transport, and account for about 90 % of all transport
emissions [1]. The main source of atmospheric air pollution
in the central part of cities in Ukraine is road transport.

At the same time, in the last 60 years, the leading coun-
tries of the world have seen a significant reduction in emis-
sions of particulate matter (PM), nitrogen oxides (NOy),
carbon monoxide (CO), hydrocarbons (HCs), sulfur di-

oxide (SO») and lead (Pb) [2]. Advanced emissions treatment
technologies have been developed for petrol and diesel ve-
hicles [3] to meet increasingly stringent regulations, resulting
in absolute reductions in fleet emissions despite increased
vehicle mileage. As a result of reducing emissions from
vehicles and other sources, the air quality in the cities
of the USA and Europe has significantly improved [4, 5].
Technical improvement of fuel injection systems allows for
more precise control of fuel-air mixtures, necessary for control
of unburned hydrocarbons during combustion and efficient
operation of catalytic converters. Fuel injection (PFI) was
used in more than 90 % of spark ignition (SI) engines sold
between 1995 and 2010, and PFI is now being replaced by
direct injection (DI), which has increased from 8 % in 2010
to 57 % of new gasoline cars. sold in the USA in 2020 [6].
After the implementation of the control system, which began
in the 1970s, evaporative emissions from passenger cars
have now decreased by about 100 times [7, 8]. Thanks to
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increasingly stringent emissions regulations, the combined
effect of improvements in engine design, fuel systems,
catalytic emission control systems, sensor technology and
electronic engine management systems, as well as changes
in fuel formulations has resulted in impressive reductions
in vehicle emissions.

The University of Denver has conducted optical remote
measurement of on-road vehicle emissions for 30 years in Los
Angeles [9] and over 20 years in Chicago [10]. The remote
sensing technique measures the ratio of CO, HC, NO, SO,,
NHj and NO, to CO; in the exhaust gases of individual
vehicles as they pass the monitoring equipment. The video
camera captures information about the car’s license plate,
which can be used to determine the car’s model year. Re-
search data shows significant progress has been made in
reducing emissions over the past 60 years. Remote sensing
can be used to identify high-emission vehicles in a fleet for
inspection and maintenance.

Fleet turnover, increasingly stringent emission stan-
dards (such as Tier 3 in the US, LEV III in California,
Euro 6 in Europe and future regulations in the same re-
gions), and widespread adoption of electric vehicles will
lead to even lower vehicle emissions and further improve-
ment of air quality.

The methods of collecting, obtaining and analyzing infor-
mation on the state of atmospheric pollution of Ukrainian
cities by motor vehicle emissions are imperfect, high-cost, and
do not reflect the modern realities of the development of the
motor vehicle complex (in particular, a significant number
of cars with diesel engines and outdated rolling stock). The
lack of a systematic approach at the stage of accumulation
and generalization of information about the share contribu-
tion of road transport to the atmospheric air pollution of
large cities does not allow forecasting the development of
the situation, which causes the low efficiency of the work
being carried out [11]. To solve a similar class of tasks in
related fields of science and technology, the creation of in-
formation systems, which include elements responsible for
the behavior of each component of the system, is used. The
creation of a monitoring system, which includes the stages of
information collection, processing, analysis and visualization,
for a comprehensive assessment of the parameters of the
Driver — Car — Road system is relevant for the develop-
ment and adoption of informed decisions in the field of road
construction and traffic management, aimed at optimizing the
street-road network and minimization of atmospheric pollution.

There are many options for calculating the amount of
emissions of harmful substances. The assessment of the state
of the air pool in populated areas is carried out by com-
paring real concentrations with the maximum permissible
concentration (MPC). One of the approaches to the control
of emissions from transport is defined in the «Sustainable
Energy Development and Climate Action Plan» (SEDCAP),
which is adopted as part of the «Agreement of Mayors» [12].
The Covenant of Mayors is a worldwide movement bringing
together thousands of local authorities who have voluntarily
made climate and energy commitments. They are also de-
veloping a joint approach to climate change mitigation and
adaptation. The signatory cities of the Agreement submit
their SEDCAPs, which outline the actions and obligations
of the locality to reduce CO, emissions by at least 30 % by
2030 compared to the emission levels from the base year.
Once every 2 years, a report on the implementation of the
Plan is submitted for its evaluation. Cities are also investigat-

ing their own vulnerability to climate change and creating
their own adaptation projects [13, 14].

SEDCAP combines a complex of strategic projects
for the improvement of all spheres and industries of the
city (UTC, district, region), taking into account possible
sources and mechanisms of their financing, as well as their
impact on reducing CO, emissions. SEDCAP covers ob-
jects in the spheres of both public and private ownership.

SEDCAP foresees qualitative strategic changes of the
city (UTC, district, region), its effective energy consump-
tion and reduction of greenhouse gas (GHG) emissions
by all involved business entities of the city.

So, the object of research is the city’s transport system.
The aim of research is to identify the impact of the func-
tioning of the city’s transport system on the amount of
greenhouse gas emissions into the environment and to de-
velop a method of estimating emissions for practical use by
local authorities to assess activities in the transport sector.

2. Materials and Methods

According to SEDCAP, it is recommended to use the
«geographic-territorial> method. In specific circumstances,
other methods may be used, for example, «fuel sales», «ac-
tivities of residents» and <«urban methods». Indirect or
direct emissions of greenhouse gases are calculated for each
energy carrier by multiplying the final energy consump-
tion by the corresponding emission factor. All GHG emis-
sions (direct emissions from fuel combustion and indirect
emissions related to the consumption of energy supplied
to the grid) arising from transport (both freight and pas-
senger) within the territory of the local authority shall
be included in the analysis.

3. Results and Discussion

The agreement of mayors defines the sectors of transport
activity, according to the criteria of ownership and opera-
tion, as follows: municipal transport fleet; public transport
and private and commercial transport.

Total annual emissions in the transport sector [13]:

GH Gemissions =
= Zmudeszfuzlg [emiSSiOnfaCtOr ' VKT ’ EnergyintenSity]’ ( 1 )

where modes — the method (vehicle) of movement/cargo
transportation; fuels — the type of fuel used by the vehicle;
emission 2 factor — CO, emission factor, which quantita-
tively measures emissions per unit of activity; VKT — an-
nual volume of transport work, which depends on fuel
consumption; Energyintensity — fuel consumption per unit
of transport work (specific consumption of motor fuel).

According to the recommendations [13], the transport
fleet should at least be divided into the following categories:

— passenger cars and taxis;

— large-tonnage cars and low-tonnage vehicles;

— buses and other means of transport used to provide

public transport services;

— two-wheeled vehicles.

Estimates of greenhouse gas emissions from road trans-
port can be based on two independent data sets: fuel sales
and vehicle mileage. If both data sets are available, it is
important to check their comparability [14].

;38
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Emissions are calculated based on mileage data for
each type of fuel for different types of transport.

In accordance with the requirements of the form of the
report on the implementation of the Sustainable Energy
and Climate Development Plan and the emission inventory,
the transport sector is classified according to the type of
rolling stock and types of energy consumed.

Rolling stock is divided into:

— municipal park;

— public transport;

— private and commercial transport.

Calculations of emissions from vehicles are based on data
on total fuel consumption. The specific heat of combustion and
emission factors for each type of fuel are calculated taking into
account the specifics of the fuel used by vehicles. The analy-
sis takes into account non-renewable and renewable energy
sources. The following types of fuel are taken into account to
estimate emissions from the transport sector: gasoline; diesel
fuel; liquefied petroleum gas; compressed natural gas; elec-
tricity; biofuel (biodiesel, biogasoline, other liquid biofuels).

It is recommended to calculate carbon dioxide emissions
from fuel combustion in internal combustion engines based
on fuel types and engine types. Carbon dioxide emissions
according to this method are estimated as follows. First, the
consumption of each type of fuel is estimated by type of
transport (cars, trucks, buses, special vehicles). Total CO,
emissions are then estimated by multiplying the amount of
fuel consumed by the emission factor for each fuel type and
vehicle type. Annual emissions of CO; from fuel combus-
tion of the i-th type:

QCOZi=BEr'LC‘/i'CEi'COi) (2)
where BF/ — data on the activity of the burning volume
of the i-th type of fuel per year, t/year; LCV; — lower
calorific value of i-th type fuel, MWh/t; CE; — coefficient
of COy emissions, tCOy/MWh [14]; CO; — carbon oxida-
tion coefficient in i-th type fuel (shows the proportion
of burned carbon).

The amount of i-th type of fuel burned per year is
determined separately for each category of vehicles accord-
ing to the formula:

BF" =Ly 'BE()Okmv (3)
where L, — annual mileage, km; BF ., — specific consumption
of motor fuel, 1/100 km.

The calculation of the annual mileage of vehicles de-
pends on the availability of data and occurs separately
for each group of the type of rolling stock. Below is the
methodology for determining the annual mileage for dif-
ferent categories.

The most accurate data available to local self-government
bodies is information on the fleet of municipal transport.
This information can be collected with a level of detail
down to the vehicle. Information on the work of the mu-
nicipal park is provided by the relevant organizations (the
information manager) for each vehicle that is on the balance
sheet, containing information on:

— type of car/mechanism;

— brand;

— average annual mileage, km;

— specific motor fuel consumption, 1/100 km (gasoline,

diesel fuel), m®/100 km (liquefied gas);

— type of fuel (gasoline, diesel fuel, liquefied gas);

— year of state registration;

— engine volume, cm?;

— machine-hours of operation (for the mechanism):

note, current status of the vehicle (for example, write-

off from the balance sheet).

According to the basic data collection form, the follow-
ing types of cars and machinery are distinguished among
municipal transport:

— gasoline cars;

— cars on diesel fuel;

— cars on gas;

— gasoline trucks;

— trucks on diesel fuel;

— trucks on gas;

— garbage collection machines;

— garbage disposal machines;

— ambulances;

— police cars;

— road construction machines;

— mobile cranes;

— other machine mechanisms.

Accordingly, COy emissions from the municipal fleet
of vehicles are determined depending on such indicators
of transport work as the total mileage of vehicles and
the total time of operation of mechanisms.

For mechanisms (excavators, mobile cranes, etc.), the
main fuel consumption is for the performance of work (ma-
chine-hours of operation are fixed), the mileage may be
when the special equipment moves independently to the
objects of work, or may not be present when transported
by motor vehicle:

BF"=L,-BEw+MH,-BF,, (4)
where MH, — machine-hours of work per year, hours;
BFy, — specific consumption of motor fuel, 1/h.

Fuel consumption is calculated for each type of vehicle:

BFr =% BF, (5)
where n — the number of vehicles running on i-th type
of fuel.

Formula (2) is used to calculate CO, emissions from
the municipal fleet of vehicles by fuel type.

When determining the volume of emissions from public
transport, it is necessary to consider the transport system
as a single one independent of the form of ownership of
the rolling stock (private or municipal). Public transport
can be divided depending on the type of transport into:

— rail (train, tram), subway;

— road transport: trolleybus, bus;

— aviation.

And by type of connection: city, suburban, long-dis-
tance (regional and international connection).

According to the guidelines [13], when choosing a fleet
of rolling stock to be analyzed, it is necessary to take
into account only that part of the movement that takes
place in the territory of the city. Moreover, if the trip
starts or ends outside the territorial community, it can
be ignored. It is advisable to include suburban and inter-
city transport in the calculation, if measures are planned
that affect the indicators of emissions by these types of
transport. If rail transport is taken into account, then for
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suburban rail transport, calculations of CO, emissions by
diesel locomotives and car heating devices are performed
separately. Formula (2) is used to calculate CO, emissions
by diesel locomotives. If the heating device runs on diesel
fuel, CO, emissions are calculated based on the amount
of fuel burned (as for a diesel locomotive).

Data on energy consumption by the respective types
of transport are used to calculate CO, emissions by urban
electric transport. CO, emissions by bus transport are
calculated based on data on the annual mileage of buses
on each route. If the same type of rolling stock using the
same type of fuel is operating on the bus route:

Loy =[ (N34 L) by +1 | Doa +

+[(dek'lmk)'kp/+10:|'Dz«', (6)

where N?¢,, N4, — daily scheduled number of turnovers on
the k-th route, respectively, on working days and weekends,
units; Z,;, — length of the k-th route, km; [, — daily zero mileage
on the k-th route, km; D,,, D, — working days per year on
the k-th route, respectively, on working days and weekends,
units; k,, — turnover performance factor on the k-th route:

_ N
by = N (7
where N%, N’ — respectively, the actual and planned num-

ber of flights per year on the k-th route, units.
If rolling stock of different models using different types
of fuel type is operating on the bus route:

Ly = 27:1[(N;zﬁdkl L) Ry +1y ] Dy +

+[(Nyu L) ko +1y |- Dy, (8)
where [ — the counter of bus models operating on the &-th
route; 7 — the number of bus models operating on the -th route,
units; k,, — the performance factor of buses of the Ith model
on the k-th route:

by =5 )

pkl

where N¢,, N%, — respectively, the actually completed and
planned number of buses of the /-th model operating on
the k-th route per year, units.

In the absence of detailed information on the operation of
the rolling stock of different models using different types of

fuel, with a certain assumption, it is possible to use the formula:

Ned, [ )+ |- Doy +
LPkl_[[( e k) 0] ’ J'krf'dt,

- (10)
+ [(N;f"dk 'lmk)+10]'Dwd

where d; — the share of mileage of buses of the /-th model
operating on the k-th route in the total mileage on the route:

Now ADy Ay

U=NI =AD" A,

(11

where AD,, ADy, — respectively, the total car-days of operation
and car-days of operation of buses of the /-th model operat-
ing on the k-th route for a year, days; A4, Ay — respectively,

the total number of buses and the number of buses of the
[-th model, which are assigned to the k-th route, units.

Heating (cooling) systems are used in buses to maintain
comfortable conditions for passengers and drivers. Addi-
tional fuel consumption is taken into account using the
correction factor:

>'8:-D,

ko =1+ T00-p,

(12)
where 8§, — the value of the allowance for the i-th air tem-
perature interval, % [15]; D, — the number of days in the
year when the i-th air temperature interval took place, which
requires heating (cooling) of the bus cabin, units; D, — the
number of days in a year, units.

Then formula (3) takes the form:

BFrzLy'BEOOkm'kABF- (13)

Fuel consumption is calculated for each route and fuel
type according to formula (13), after which let’s find the
annual fuel consumption for each fuel type:

BE =" B, (1)
where m — the number of routes on which vehicles run
on fuel of the i-th type.

Formula (2) is used to calculate CO, emissions by
public transport by fuel type.

Private and commercial transport is the most difficult
to determine, because there is no reliable data on the
mileage of such transport for the entire city. The annual
mileage is determined on the basis of vehicle registra-
tion data, fuel sales volumes, and a study of traffic flows
and population mobility. Given that passenger and freight
transport are very different from each other, they should
be calculated separately.

The annual mileage of private passenger cars is cal-
culated by cars running on different types of fuel based
on population mobility data:

[re NPUP : kmr)b ) Au . i,, . di 15
L 100 : (15)
where N,,, — the population, persons. Accepted according

to [16]; k., — mobility coefficient (average number of move-
ments per day); A, — percentage of road transport trips
as a driver, %; [, — the average distance of a road trip, km;
d; — the share of private cars depending on the type of fuel.

The share of private passenger cars by type of fuel is
determined on the basis of vehicle registration data. Provided
that these data are not available, it is possible to accept the
share of vehicles based on fuel sales data:

cs
dl — Ql

T 0O6S’
b

(16)

where QF — volume of fuel of the i-th type sold through
the gas station, thousand tons; Q¢ — total volume of fuel
of all types sold through gas stations, thousand tons.

It is important to note that with an increase in the
share of passenger electric vehicles, such an approach will
incorrectly reflect the composition of the flow and it is
advisable to use data on the registration of vehicles. How-

4
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ever, electric vehicles currently make up less than 1 % of
Ukraine’s transport fleet.

The annual mileage of two-wheeled vehicles (motorcycles,
scooters, etc.) is determined similarly by formula (15).

The annual mileage of commercial freight transport is
determined by the method of analogy with certain assump-
tions in the categories: low-tonnage cars, large-tonnage cars.

The total mileage of trucks is calculated for the fol-
lowing categories: light-duty vehicles, heavy-duty vehicles:

dldr

e = pre . 1

fe g (17)
dl

nt=rr. d"” : (18)

pe

where d,, di, dia — respectively, the share of private cars,
light-duty trucks, and heavy-duty trucks.

Formula (2) is used to calculate COj, emissions by
private and commercial transport by fuel type.

Fig. 1 provides the results of calculating annual CO,
emissions by the main subsystems of the Zhytomyr trans-
port system in 2019.

Interpretation of results. It should be noted that the
proposed methodology is based on reliable primary and
secondary information and is to some extent unique to
the realities of Ukraine.

Practical meaning. The results obtained in the course
of the study can be applied in the analysis of the state
of atmospheric pollution of cities by transport and used
to control emissions from the transport sector, reporting
on the implementation of the PDSERK for its assessment.

Limitations of the study. In order to use the results
of the research, it is necessary to collaborate with local
authorities for the possibility of obtaining secondary and
primary information.

The influence of martial law conditions. However, in
the conditions of martial law in Ukraine, local authorities
have urgent challenges for the survival of cities and lim-
ited resources for conducting research on the functioning
of transport systems.

Prospects for further research. Since the greatest dif-
ficulty is the determination of greenhouse gas emissions
from private and commercial transport and it is in this

sector that there is a constant significant impact of the
external environment, it is necessary to conduct a study
of the demand for freight transportation, transport flows
and population mobility.

4. Conclusions

A mechanism for recording emissions for the transport
sector has been defined, which allows for the analysis of
available data, recommendations for data collection and
a methodology for determining CO, emissions from the
operation of the transport system with sufficient accuracy
of calculations have been developed. It was determined
that the main share of environmental pollution comes from
vehicles running on diesel fuel (68.64 thousand tons of CO»),
from private and commercial transport (68 %).

Based on these results, it is possible to forecast changes
in energy consumption and emissions in the transport sector
as a result of various measures. So, for example, in the city
of Zhytomyr, such a set of measures was proposed, including
the renewal of electric transport rolling stock; increasing
the energy efficiency of the power grids of the transport
system, creating bicycle infrastructure (equipment of bicycle
parking lots, construction of bicycle paths).

Conflict of interest

The authors declare that they have no conflict of inte-
rest in relation to this research, whether financial, personal,
authorship or otherwise, that could affect the research
and its results presented in this paper.

Financing

The research was performed without financial support.

Data availahility

The manuscript has no associated data.

Use of artificial intelligence

The authors confirm that they did not use artificial
intelligence technologies when creating the current work.

2
5
= 32.829 E
<
Z 29.794
=]
S
E 23.391
2
g
-
<)
|}
=
=
=
=
< — 1 .
0 0 0834 0.505 0 0 074 3.607
— =——1 E
ELECTRICITY DIESEL FUEL GASOLINE LIQUEFIED GAS
® municipal # public = private =~ commercial
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