Open Eng. 2021; 11:356-364

DE GRUYTER

Research Article

Maciej Gis, Jacek Pielecha*, and Wojciech Gis

Exhaust emissions of buses LNG and Diesel in RDE

tests

https://doi.org/10.1515/eng-2021-0038
Received Sep 13, 2020; accepted Jan 03, 2021

Abstract: The article compares the exhaust emissions in
road conditions of city buses: LNG and Diesel. Both buses
met the Euro VI exhaust emission norm. The current strong
drive to diversify fuels in Poland and the creation of a large
gas port in Swinoujscie for LNG imports creates an excellent
opportunity to use this fuel, also in road transport. There-
fore, the attempt to identify the emission in operation, in
first place possible applications, i.e. an LNG bus, compar-
atively with the emission of a Diesel bus. The operational
research carried out concerned such a bus and has not yet
been carried out in the country, hence their innovation,
also methodological. The conducted research, in particular,
was aimed at verifying differences in exhaust emissions of
carbon dioxide and nitrogen oxides. The study was carried
out on one urban bus route performing trips on consec-
utive days in similar environmental conditions. The per-
formed tests were not strictly type approval tests but only
used for comparative purposes. Hence, it was necessary to
determine the compliance factor for the relevant exhaust
gas substances, with the use of an evaluation algorithm
based on measurement windows. Based on these results,
the assumption regarding compliance with the emission
requirements for the tested buses was verified in real traffic
conditions. The exhaust emission values (emission indica-
tors) determined in this way did not exceed the permissi-
ble emission limit values for carbon monoxide, while for
nitrogen oxides and non-methane hydrocarbons certain
exceedances were found.
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List of symbols and abbreviations

a acceleration, m/s?

CF conformity factors

CNG compressed natural gas
Cco carbon monoxide

CO, carbon dioxide

e specific exhaust emissions, mg/kWh

EC European Commission

EEA European Environment Agency

EU European Union

FID flame-ionization

GPS global positioning system

L maximum emission limit, mg/kWh
LNG liquid natural gas

m mass, mg

NOx nitrogen oxides

NDIR non-dispersive infrared

NDUV non-dispersive ultraviolet

NMHC non-methane hydrocarbons

PEMS portable emission measurement system
pkm passenger kilometre

SCR selective catalytic reduction

SI spark ignition

t time, s

T temperature

THC total hydrocarbons

W work, kWh

WHTC World Harmonized Transient Cycle
Vv velocity, km/h

1 Introduction

The European Union’s climate policy, aimed at limiting
climate change, has a significant impact on the transport
sector by requiring the reduction of greenhouse gas emis-
sions. According to the estimates of the European Envi-
ronment Agency, the transport sector was responsible for
over 25% of the greenhouse gas emissions in the European
Union in 2015. Of the total carbon dioxide mass emitted
from transport about 25% was generated by urban trans-
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port. The provisions of the European Union (including the
White Paper on Transport) are aimed at reducing pollution
and increasing transport efficiency and promote increas-
ing the importance of public transport as well as reducing
the consumption of petroleum-derived fuels in favour of
alternative fuels. According to the adopted transport policy,
greenhouse gas emissions by 2030 should amount to only
20% of the emissions of these gases in 2008, while carbon
dioxide emissions should amount to 40% of the values in
1990. In order to meet these requirements, reducing the
number of vehicles with diesel engines in urban transport
by 50% by the year 2030 should help, finally leading to
their elimination by the end of 2050. Such a goal should be
supported by the implementation of solutions provided for
in the European Parliament Directives on environmentally
friendly energy-saving road transport vehicles.

The required reduction of exhaust emissions can be
achieved thanks to technical changes made to vehicles —
mainly by changing the propulsion type and fuels, reduc-
tion of energy consumption and correct transport manage-
ment. Currently, the focus is on the use of natural gas and
biomethane as means to reduce greenhouse gas emissions
from transport, in particular in the case of public road trans-
port. However, there exists some uncertainty about the ex-
pected environmental benefits of using these fuels in the
urban transport sector [2-10].

Research on air pollution in Poland was conducted by
the authors of article [11], in which they presented parame-
ters for describing transport pollution, in particular in road
transport modes and factors affecting their size. An analy-
sis was performed regarding areas where concentrations of
harmful substances in the air in Poland were exceeded.

In comparative studies of buses powered by CNG and
diesel, the majority of authors (e.g. Karman in [12]) show
a reduction in carbon dioxide emissions when switching
from diesel to CNG. Some (Ally and Pryor [13]) have differ-
ent experiences and emphasise that the specificity of bus
traffic (Australia) determines that under certain conditions
a CNG-powered bus can emit more pollutants than a diesel
bus. Rose et al. [14] demonstrate that a 24% reduction in
greenhouse gas emissions can be achieved by changing the
way vehicles are powered from diesel to CNG in Canadian
conditions.

The authors in the article [15] analyse the carbon foot-
print of buses powered by different fuels. The carbon foot-
print of the buses measured for the LNG bus was 63 g
CO,./pkm and for a traditional diesel bus 54 g CO,./pkm.
Plug-in hybrid buses had a carbon footprint of about 38 g
CO,./pkm and fuel cell buses — 29 g CO,./pkm.

The analysis of exhaust emissions in real traffic con-
ditions was also the subject of research in the article [16],
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in which the authors showed an underestimation of road
emissions from heavy-duty vehicles. The exhaust emission
indicators were higher in real driving conditions, which
was due to frequent acceleration, deceleration and start-
stop operation. NOx emission levels were obtained in the
range of 2.9-21 g/km, which were much higher than previ-
ous tests on the chassis dynamometer. Studies show that
the fuel consumption rate of the vehicles tested was highly
dependent on NOx emissions. The road hydrocarbon emis-
sion of LNG vehicles ranged between 2 and 10 g/km, and
was significantly higher than for diesel vehicles — 0.03-0.18
g/km.

Analyses of the use of liquefied natural gas as road fuel
for heavy-duty vehicles are undertaken in the article [17].
Researchers analysed various aspects of the LNG chain in
an ecological and economical way. It was concluded that
higher investment in the initial phase of LNG fuel deploy-
ment could be amortised during their lifetime and that LNG-
fuelled trucks are cheaper and more ecological in the long
term than classic diesel vehicles.

For such forecasting, the traffic model of the road net-
work (described in the publication [18] may be used based
on time series which will make it possible to link — among
others — demographic and socio-economic variables. In-
dependent factors, such as the number of passengers and
the load on the lines that buses serve, also have an impact
on exhaust emissions in real traffic conditions. Such fore-
casting of passenger flows, from the point of view of plan-
ning, designing and decision-making on urban transport,
is described in the article [19]. With the use of regression
methods, the daily flow of passengers in different weather
conditions was estimated. It has been indicated that the
daily number of passengers may depend — among others
— on weather conditions: temperature and wind strength.
Another factor influencing the emission of exhaust gases in
real traffic conditions is the driver’s behaviour. This issue is
covered in Article [20], which states that the physical and
mental characteristics of drivers remain unpredictable and
incalculable in models for assessing their behaviour.

While type approval tests of urban buses do not fully
reflect their ecological potential, the newest exhaust emis-
sions tests from motor vehicles done in real driving condi-
tions better reflect the correct ecological condition of such
vehicles. Such tests enable, among others calibrating vehi-
cle engines in such a way as to reduce the exhaust emissions
throughout the entire range of engine operation [1].

In order to further investigate this issue, exhaust emis-
sion tests were carried out in real driving conditions of
buses that met the Euro VI exhaust emission norm: one
with a spark ignition engine powered by natural gas (LNG),
the other with a diesel engine powered by diesel oil.
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The structure of the article is as follows: discussion
of the research methodology, presentation of research ob-
jects, route, research equipment, and then presentation of
research results with a discussion and summary (Figure 1).

Abstract taking into account the objective and
scope of the article
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Figure 1: Structure of research.

2 Methodology

2.1 Testing procedure

In 2011, the European Union implemented the requirement
to test exhaust emissions from heavy-duty vehicles in real
operating conditions with the use of PEMS (Portable Emis-
sion Measurement System) devices. The methodology and
research requirements in this field are described in relevant
regulations [22-34], and at the same time, more work is
underway to further improve these methods.

Two algorithms are used to determine the exhaust emis-
sions of individual exhaust components in real driving con-
ditions for heavy vehicles: one is an algorithm that uses
the work performed by the drive system throughout the test
and the other an algorithm that uses the carbon dioxide
emissions data. Conformity factors calculated from such
algorithms are typically close to each other in value, how-
ever, the decision on the ecological compatibility of the
vehicle (positive/negative) is made using only the results
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of the algorithm based on the drive system work performed.
Therefore, as part of this article, the algorithm relying on
the vehicle drive operation during the emission test was
used.

The European Commission Regulation 582/2011 [21] fur-
ther supplemented by the Commission regulations [22-30]
describes the above-mentioned exhaust emission measure-
ment methods [31-34] while the current state and prospects
for the development of liquid fuels in road transport are
given in [35].

2.1.1 Moving averaging window algorithm

The exhaust emission of individual harmful components is
determined using the moving averaging window algorithm,
based on the reference mass of carbon dioxide or the refer-
ence work performed in the type approval test (for heavy
vehicle engines). The principle of calculating the mass of
harmful compounds is as follows: the emission of a specific
compound is not calculated for the full range of data, but
for its subsets where the work performed (or carbon dioxide
emissions) corresponds with the work (or mass of carbon
dioxide) in the type approval test. The moving averaging
window algorithm uses time increments equal to the data
sampling frequency (Figure 2). The results from the sub-
sets are then used to determine the emission indicators for
individual harmful exhaust components.

m(ty;)

W(t,) = W(ty ;) = Wier

mass of exhaust component m [g]

m(ty ;)
Wty — At) = W(t1) < Wier

W(t;) Wty — At)  W(t) W(t)

Figure 2: An algorithm for determining the emissions using the work
performed in the test [21].

The duration of the j-th averaging window (¢, ; - ¢; ;)
is determined according to the formula:

W(ty,;) - W(ty;) 2 Wyer 4]

where:
W(t; ;) — work done measured between start of the study
and time (¢; ;) [kWh],
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W,r — work done by the engine in the WHTC test [kWh],
t, j is then selected so that:

Wty — At) = W(tj) < Wyep < Wty ;) - Wty ;) (2

where At is the data sampling rate (1s or less).

2.1.2 Specific emissions calculation

The specific exhaust emissions of compounds (mg/kWh) is
calculated for each window as follows:

m

= Wity - WitL))

€)

where:
m - is the emitted mass of a compound [mg],

W(t, ;) - W(ty ;) - is the engine work done in the j-th aver-

aging window [kWh].

2.1.3 Choosing the valid windows

The algorithm uses only valid averaging windows, i.e. those
in which the share of the determined engine power exceeds

20% of its maximum value. The proportion of valid win-

dows must be greater than or equal to 0.5 for the entire
test to be considered valid. If the value is less than 0.5, the
procedure is repeated with lower power thresholds. The
threshold values can be decreased in 1% steps, assuming
that the lowest value of the power share is 15%. Any lower
power threshold value invalidates the test [21-24]. The test
is also void if the proportion of valid windows is less than
0.5 or if there are no valid windows for nitrogen oxides
emission after using the 90 percentile rule.

2.1.4 Conformity factors calculation

The conformity factor is used to determine the compliance

of the vehicle in operation with the exhaust emission limits.

The PEMS equipment is used to determine the emissions
of individual exhaust components expressed in mg as a

function of the engine work expressed in kWh over the en-

tire drive test cycle. This work is broken down into sections
called “windows” in the regulations. The average exhaust
emissions of the individual pollutants and the work done
are determined for each window. On this basis, the specific
exhaust emission in mg/(kWh) is calculated and then the
conformity factor CF according to the formula:

CF = ei/Li (4)
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where:

e; — specific exhaust emission of exhaust compound i
[mg/kWh],

L; — the maximum emission limit value of exhaust compo-
nent i in the WHTC test [mg/kWh].

The vehicle is deemed to meet the requirements if 90%
of the CF values, determined in accordance with the mea-
surement and calculation procedures set out in [1, 21-26],
do not exceed the limit values by a factor of 1.5, for each
individual part of the test-driving cycle.

2.2 Test vehicles

Exhaust emission tests in real driving conditions were car-
ried out on an articulated city bus equipped with a spark
ignition engine powered by LNG fuel. Its engine displace-
ment was 8.9 dm?, and the rated power was 235 kW. The bus
was factory-equipped with an LNG-fueled engine, and the
vehicle was manufactured with an installation to prepare
and convert the fuel to CNG (the bus had liquefied natural
gas tanks, while the power supply took place after heat-
ing and decompression — with gaseous fuel). The fuel was
supplied by gas injection into the intake manifold. The bus
complied with the Euro VI exhaust emission norm. Using
this type of a bus for testing was dictated by the growing
share of such vehicles in the urban bus fleet in many cities
in Poland.

The second test vehicle was an articulated city bus
equipped with a diesel engine powered by diesel fuel. The
engine’s displacement was 10.8 dm>, with a rated power of
271 kW. Like the previous bus (powered by LNG), the diesel
fueled engine also met the Euro VI emission norm. The
buses available for testing had comparable engine power
per unit weight of the vehicle (Table 1).

Table 1: Tested vehicles parameters.

Fuel type LNG (SI) Diesel
Exhaust emission norm Euro VI Euro VI
Maximum torque 1400 Nm 1500 Nm
Maximum engine power 235 kW 271 kw
Engine displacement 8.9 dm’ 10.8 dm3
Specific engine power 26.4 kw/dm?  25.1 kw/dm?

The authors chose the city buses due to their compli-
ance with the exhaust emission norm, but it was assumed
that their mileage would not be taken into account (Table 1).
This was due to the fact that the tested vehicles were man-
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Table 2: Comparison of travel parameters by an LNG-powered bus.

V=0-20km/h 0.499 0.447 0.496 0.447 0.26%
V=20-40km/h 0.339 0.384 0.327 0.359 0.19%
V=40-60km/h 0.162 0.169 0.177 0.194 0.06%
a>0 0.296 0.319 0.307 0.301 0.03%
a<o 0.334 0.350 0.341 0.358 0.03%
V=0 stop 0.369 0.331 0.352 0.341 0.08%
Table 3: Comparison of travel parameters of a bus trip with a diesel engine.

V=0-20 km/h 0.472 0.446 0.497 0.431 0.25%
V=20-40km/h 0.290 0.325 0.280 0.346 0.28%
V=40-60km/h 0.238 0.229 0.223 0.221 0.02%
a>0 0.337 0.336 0.323 0.346 0.03%
a<o 0.351 0.358 0.326 0.359 0.07%
V =0 stop 0.312 0.306 0.350 0.294 0.18%

ufactured in 2019, and their mileage was approximately
150,000 km.

Table 2 and 3 show the comparative parameters of
travel for both buses. They are in good compatibility.
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Figure 3: Speed profile and route diagram for road emission testing:

a) LNG, b) Diesel.

2.3 Test route

Emission tests of the urban buses were carried out in real
driving conditions on an urban route with a length of about
40 km, during regular use of these vehicles in normal traffic
(Figure 3). Road tests were carried out in one of the major
Polish cities (Warsaw). The selected test route was the route
on which the buses typically traveled in their daily trans-
port routine. The buses were tested with normal driving
patterns (stops) under normal road traffic conditions with-
out passenger load.

2.4 Measuring apparatus

Road emission tests were performed, and data recorded
using PEMS devices. The mobile systems for measuring
exhaust emissions of harmful gas compounds (Figure 4)
record the concentration of exhaust gas components such
as: carbon monoxide, carbon dioxide, nitrogen oxides and
hydrocarbons. The exhaust gas sample is taken using a
heated line at 191°C and delivered to the measurement sys-
tem. The exhaust gas is filtered to remove particulate matter
and in the next step the hydrocarbon concentration is mea-
sured using a flame ionization detector (FID). Then, the
sample is cooled down to 4°C, and the concentration of
nitrogen oxide and nitrogen dioxide is measured in a non-
dispersive (ultraviolet) analyzer (NDUV). Next, the exhaust
gas sample is sent to a non-dispersive (infrared) analyzer
(NDIR) where the concentration of carbon monoxide and
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Table 4: Measurement parameters of the mobile exhaust measuring system [21].

Parameter Measurement method Accuracy

NOx NDUV - non-dispersive, +3.0%
range NO: 0-2500 ppm, NO,: 0-500 ppm
THC FID - flame-ionization, +2.5%
range 0-10,000 ppm
Co, CO, NDIR - non-dispersive (infrared), range 0-20% £3.0%
0, electrochemical, range 0-22% +1.0%
Sampling 1-4 Hz -

Exhaust flow mass flow meter +2.5%
Tmax = 700°C +1.0%

Diagnostic system

SAE J1708/SAE J1587, CAN SAE J1939/)2284 -

1. Concertation THC, NO,, CO, CO,: SEMTECH DS
2. Flow rate: FLOWMETEREFM
3. Systemdata: CAN, METEO, GPS

Figure 4: Technical parameters of the PEMS measuring device.

carbon dioxide is measured. The device also allows record-
ing the parameters taken from the vehicle’s diagnostic sys-
tem as well as its geographic location using the GPS module
(Table 4).

The measurement system used for testing also allows
the registration of the exhaust gas flow (the flow meter was
selected on the basis of the engine displacement for the
tested buses). For the proper operation of the system, it is
necessary to connect a GPS receiver and a portable weather
station.

3 Results and discussion

The exhaust emission tests of city buses equipped with en-
gines fueled with either natural gas or diesel fuel, carried
out in real driving conditions, allowed to determine the av-
erage exhaust emission and average fuel consumption val-
ues (among other things, with four trips completed for each
bus). The obtained results made it possible to conclude that
in terms of the specific emission of nitrogen oxides, this
emission was comparable for a bus with an engine fueled
with natural gas through an LNG system and a bus with a
diesel engine (Figure 5).
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Figure 5: Average road exhaust emissions and average fuel con-
sumption of a bus equipped with a spark ignition engine fueled with
natural gas (LNG).

This would indicate that the exhaust aftertreatment
systems used in these vehicles (for LNG vehicle — a three-
way catalyst and for diesel engine — an SCR system) were
highly efficient. At the same time, this indicates the relative
advantage of the tested LNG bus for the reduction of spe-
cific NOx emissions (this reduction is approx. 3.8%), which
is emphasized in relation to CNG buses in the study [10].
The bus with a natural gas engine emitted almost as much
carbon dioxide (by approx. 1.7%) as the bus with a diesel
engine — which also indicates similar fuel consumption
values, as these values are correlated. Hence the legitimacy
of using biomethane to reduce these emissions over the life
cycle of an LNG bus. At the same time, this indicates the
relative advantage of the tested LNG bus for the reduction
of specific CO, emissions, which is emphasized in relation
to CNG buses in the study [10]. In the case of the specific
carbon monoxide emission, the bus with a natural gas en-
gine (LNG) emitted about 20% more than the bus with a
diesel engine, while the specific emission of non-methane
hydrocarbons value was about 90% lower for the bus pow-
ered with LNG compared to the diesel vehicle (Figure 6).

The buses exhaust emission tests in real driving condi-
tions also allowed to determine the vehicle fuel consump-
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Figure 6: Average road exhaust emissions and average fuel con-
sumption of a bus equipped with a diesel engine.
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Figure 7: Measured conformity factor values for the specific emis-
sion of carbon monoxide for the two tested buses.

tion. In order to compare the values, the fuel consumption
was converted from m>?/100 km (LNG) and dm3/100 km
(Diesel) to MJ/100 km. Thanks to this conversion it became
possible to directly compare the results:

¢ for an LNG-powered bus the fuel consumption was
2182 MJ/100 km;

e for a diesel-fueled bus the fuel consumption was 1523
MJ/100 km.

The analysis of the specific exhaust emission values
determined in the measurement windows leads to the con-
clusion that for the tested buses, the value of the 90-
percentile of the conformity factor for the specific emis-
sion of carbon monoxide does not exceed the maximum
allowable conformity factor for this compound (Figure 7).
The tested buses did not exceed this limit- the permissible
exhaust emission value of 1.5 of the limit values was not
reached, it reached only about 20% (the CF value did not
exceed 0.25).

The comparison of the specific emission of nitrogen
oxides was shown in Figure 8. The obtained slight ex-
ceedances of the 1.5 limit for the CF value indicate the cor-
rect operation of the exhaust aftertreatment systems. At
the same time, it should be noted that the test procedure
was not fully consistent with the type approval procedure,
as the tests presented in this article concerned only urban
driving, which was required by the specificity of the tested
vehicles operation. An issue that remains unresolved in the
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Figure 8: Conformity factor for specific nitrogen oxides emissions
for the two tested buses.
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Figure 9: Conformity factor for specific non-methane hydrocarbons
emissions for the two tested buses.
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Figure 10: The conformity factors value corresponding to the 90t
percentile for the measured exhaust components (permitted limit
value of CF=1.5).

context of further studies of buses is the repeated measure-
ment of the specific emission of non-methane hydrocarbons
(Figure 9). A relatively small exceedance of the permissible
conformity factor value in the final measurement windows
for this exhaust component was recorded.

The presented graphs of cumulative conformity factors
values did not reflect their exact values corresponding to
90% of measurement windows. The exact values — deter-
mined in accordance with the test procedure presented in
the European Union Regulation were shown in Figure 10.
The analysis of the figure showed that the emission indica-
tors are similar for the tested buses, and the differences do
not exceed 20% of the values.

Based on the significant similarity of the conformity
factor curves, it was possible to state that a significant ex-
haust emissions measurement repeatability and, at the
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same time, the reliability of road tests performed with the
use of city buses, was achieved. The routes were character-
ized by high repeatability of road traffic conditions during
the tests, thanks to which the number of factors affecting
the repeatability of measurements was minimized.

4 Conclusions

The conducted exhaust emission tests of buses powered by
different fuels did not fully reflect the type approval tests.
The adopted research methodology was largely based on
the assumptions of such tests, but due to the nature of city
buses operation — only their expected real operating con-
ditions were used for the research. The considered issues
were aimed at obtaining information on the preliminary
analysis of exhaust emissions and fuel consumption in ur-
ban transport for buses with various types of combustion
engines in real driving conditions.

The analysis of the obtained results showed that the
exhaust emission of carbon dioxide in real driving condi-
tions was higher for a bus with an LNG engine than for a
bus equipped with a diesel engine. The use of biomethane
instead of LNG as fuel could reduce these emissions to close
to zero when the entire life cycle of the vehicle is consid-
ered. When comparing buses in terms of specific emissions
of carbon monoxide, higher values for the LNG bus than
for the vehicle equipped with a diesel engine were found.
The specific emissions of nitrogen oxides were very close
in value, and further tests should be performed to unam-
biguously state the general relationship between them. The
specific emission of non-methane hydrocarbons in the LNG-
powered bus was several dozen times lower than in the bus
powered by diesel fuel.

The analysis showed that the emission indicators (con-
formity factors) are similar for the tested buses, and the
differences do not exceed 20% of the values. For a detailed
analysis of the issues under consideration, a much larger
program of tests should be carried out with the use of vari-
ous buses with tested drives and fuel types to confirm the
obtained relationships through statistical analysis.
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