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Abstract: Diesel engines are widely used in heavy vehicles, including public
buses, due to their many advantages. Diesel engine exhaust is a ubiquitous
environmental pollutant and carcinogenic. The article presents the results of
measuring the emissions of city buses running on high sulfur fuel with and without a
diesel particulate filter (DPF). The study was conducted by the HORIBA PEMS
(Portable Emission Measurement System) in real traffic conditions on a regular route
of Ulaanbaatar. The data obtained was used to determine the real-world emissions of
conventional diesel engines of city public buses and to evaluate the effectiveness of
the selected particulate filters. Retrofitting a conventional diesel engine with a silicon
carbide (SiC) particulate filter can significantly reduce exhaust black smoke.
Innovation: PM and NOx mathematical model equations have been estimated as a
function of the bus technical speed and engine revolution with and without DPF.
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UCCJEJOBAHUE BO3MOXHOCTH COKPALLIEHUS BBIBPOCOB
T'OPOJICKUX ABTOBYCOB, PABOTAIOIINX HA TOILINBE
C BBICOKHUM COJAEP XKAHUEM CEPBI 1 HCHOJIB3YIOINX
CAKEBBI ®NIBTP
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AHHOTanusi:  Jlu3enpHple  ABUraTeNyd  IIUPOKO  HUCHOJB3YKOTCS B
OOJIBIIETPY3HBIX TPAHCHOPTHBIX CPEACTBAX, B TOM 4YHCIE€ B OOIIECTBEHHBIX
aBTOOyCax, OjJarogapss X MHOTOYUCIEHHBIM MPEUMYIECTBaM. BBIXJI0M AU3EIBHOTO
JBUTATENSI SIBJIIETCA TIOBCEMECTHBIM 3arpsi3HUTENIEM OKpYXKAloUIe cpeabl U
KaHLEPOreHHbIM JJIs 4eJloBeKa. B cTaThe NpEeCTaBIEHbl pe3ylbTaThl MU3MEPEHUs
BBIOPOCOB TOPOJCKUX aBTOOYCOB, padOTaIOIUX Ha BBICOKOCEPHHUCTOM TOIUIUBE C
caxeBbIM (punbTpoM (C®D) m 6e3 Hero. MccnenoBaHue MpoBOAMIOCH C MOMOULIBIO
HORIBA PEMS (IlopratuBHasi cuctemMa HW3MEpEHHUS BBIOPOCOB) B pealbHBIX
YCIIOBUSIX JIBUJKEHUS Ha PEryJsipHOM MapuipyTe YiaH-baropa. [loydyeHHble 1aHHBIE
MCIIOJIb30BAJIMCH JJIs OTpeiefeHus (PaKTUYECKUX BBIOPOCOB TOPOICKHX aBTOOYCOB U
OLIEHKH 3(Q(EKTUBHOCTH BBIOPAHHBIX CAKEBbIX (PMIBTPOB. JloOCHaleHHe au3ens
TPAIUIIMOHHON KOHCTPYKIIMH CaXeBbIM (QHIBTpOoM U3 KapOuma kpemuws (SiC)
MOKET 3HaYUTEINBHO CHU3UTH ABIMHOCTD BBIXJIOIIHBIX ra3oB. IHHOBanus: YpaBHEeHUs
MaTeMaTHueckor mojenu TBepasix dactull (PM) m okcumoB asora (NOX) ObLam
OLICHEHbl KaK (YHKIUS TEXHMUYECKOHM CKOPOCTHM aBTOOyCa M YacTOThl BpallleHUs
nBurarens ¢ CD u 6e3 Hero.

KuaroueBble cjioBa: TBEpHbIE YaCTHILIBI, CaXEBBIM (UIBTP, KapOUJ KpEeMHUS,
MOPTAaTUBHAs CHCTEMa HW3MEPEHHS BBIOPOCOB, OOPTOBBIE H3MEPEHHUS B PEXHUME

pCaJibHOI'0O BpEMCHH, CCPA B TOILIIUBC.

Introduction. The results of a study of annual emissions of air pollutants’
sources in Ulaanbaatar indicates that the vehicle accounts for more than 10% of the
total pollution, of which city buses emit 70% of PM, 20% of nitrogen oxides and 31%
of sulfur compounds [1]. The vehicle driven 10% of pollution may seem to be small
proportion of the total pollution, however, the volume of total pollution is
considerably high, thus it requires every possible solution to reduce vehicle
emissions. Almost all buses run on diesel engines with outdated design - 75% of them
have been in operation for more than 10 years. When testing the effect of fuel sulfur
concentration on emissions from heavy diesel engines using one fuel at two sulfur
levels (0.01% and 0.29%), with low sulfur fuels, smaller nuclear particles virtually
disappeared [2]. Soot in PM emitted from obsolete mobile sources is 75%, so
reducing soot will benefit the climate [3] and reduce air pollution. Only DPF can
effectively remove ultrafine particles. The cost of retrofitting is less than a tenth of
health care costs [4]. Emission retrofits to a diesel engine typically include the
addition of an emission control device to clean the waste exhaust gas (EG). However,
almost all emission control devices are very sensitive to the sulfur content of the fuel.

Sulfur reacts with water vapor from the exhaust to form corrosive acids and leads to
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multiple carbon deposits. The diesel particulate filter clogs much more slowly when
low-sulfur fuel is burned [5]. The need to limit sulfur in fuel has been written in many
research papers on this issue, and the permissible limits are indicated in regulatory
documents. According to the analysis results, the sulfur content in diesel fuel used in
the country ranges from 1200 ppm to 3000 ppm, which limits the possibility of direct
localization of technologies currently used in developed countries. In search of
opportunities and methods to reduce emissions from buses running on high sulfur
fuels, experimental studies were carried out in two stages: pilot and in-depth. At the
pilot stage, to assess the feasibility of hypothesis put forward about the need for at
least one additional cleaning technology that would effectively reduce the emission of
black smoke from an outdated diesel running on high sulfur fuel. We alternatively
installed a diesel oxidation catalyst, DPF with catalyst and two types of filters
without catalyst and measured the distance traveled until a certain backpressure limit
was reached. Of these devices, DPF from SiC without catalyst, with a porosity of 200
pores/in2 worked at the largest distance, was selected and used for further
experiments. The selected method of filter cleaning is periodic replacement of the
used filter with a cleaned one, e.g., "Active regeneration™. This technology is used for
both new engines and older engines retrofitting [5]. A distinctive feature of the study
Is continuous measurements of toxic emissions in real conditions while running the
buses using the HORIBA PEMS on-board measuring system. The significance of the
study is that the real-world emissions of city buses are determined, which can be used
in the subsequent studies to reduce emissions and demonstrate the possibility of real
reduction of black smoke by retrofitting conventional diesel engines DAEWOO
BS106 buses with DPF, which make up 98% of the total bus fleet.

Materials and methods. One city bus was retrofitted with a DPF system
(Figure 1), consisting of three working and three replaceable filters, a distribution
pipe, a pressure sensor, a display with an audible signal, a bypass valve, connectors
and wires. DAEWOO BS106 bus was used in the experiment, as shown below:

Table 1
Technical specifications of the tested bus [6]

Engine Model DE12
Engine Displacement (cc) 11051
Number of Cylinders 6
Compression Ratio 171
Aspiration Atmospheric, naturally
Exhaust Gas Treatment System No
Max Power (KkW@RPM) 165kW@2200 mint
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Continuation of the table 1

Max Torque (Nm@RPM) 800 Nm@1400 min't
Manufacture Year 2009
Bus Curb Weight (kg) 9015 kg

Figure 1. DAEWOO BS106 bus
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Figure 2. Cassette type DPF system structure
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Figure 3. DPF system installed on DAEWOO BS106 bus

To simulate the conditions of daily operation of buses on urban routes, the bus
was loaded to a nominal capacity of 70 people weighing 70 kg each. In real-world
driving tests, the HORIBA PEMS measuring system measured and recorded the
following parameters at a frequency of 0.5 seconds:

PM concentration (MEXA-130S opacimeter)
NOXx concentration (MEXA-720 NOx analyzer);
O, concentration (oxygen sensor);

Engine revolutions per minute (RPM);
Atmospheric pressure, temperature and humidity;
Position and speed of the bus - GPS system.

Figure 4. The bus load was equal to 70 people
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In the experiment, a cassette-type DPF system was used, consisting of three
SiC filters, ®165mm x 150.5mm, with a wall-flow and ““active” regeneration outside
the vehicle. Emission measurements were carried out on urban and suburban routes.
The choice of the route for the study was dictated by the real conditions of bus use for
a typical urban area, varied mileage on major highways, roads in residential areas
(Figure 5) with high variability of acceleration and traffic congestion, which allows
the analysis of emissions in a wide range of conditions. The second route is suburban,
the number of stops is less, its length on one side is 23 km (Figure 6).

Emeelt Eo ®

Figure 5. City routes for road tests Figure 6. Suburban route for road tests

Also measured the backpressure in the filter system and the length of the path
before the need for filter replacement. Every 10 km of run, over a total of 1284 km,
the backpressure was measured at engine speed of 500, 1000, 1500 and 2000 rpm.

Results. As a result of static processing of the data obtained from the on-board
measuring system of the EG, the equations of the regression model of PM emission
were obtained depending on the technical speed of the bus and the engine RPM with
and without DPF.

\
PM = 0.008V?% — 0.5729V + 9.849
; R*=0.8077
2
£ /
Qp eed (V), km/h

Figure 7. PM and technical speed relation for the bus without DPF
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Figure 8. PM and technical speed relation for the bus with DPF
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Figure 9. PM and engine RPM relation for the bus without DPF
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Figure 10. PM and engine RPM relation for the bus with DPF
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Figure 11. NOx and technical speed relation for the bus without DPF
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Figure 12. NOx and technical speed relation for the bus with DPF

Backpressure is the exhaust pressure at the outlet of the exhaust manifold,
which is numerically equal to the pressure drop of the exhaust gases throughout the
entire exhaust system. Boosted backpressure could lead to more fuel consumption
and could adversely affect engine performance, therefore it is severely limited. The
experimental bus operated in December, at an ambient temperature of minus 21°C,
along the urban route of 302 km, and at the same time a backpressure of 22.5 kPa was
formed (Figure 13), and on the suburban route at 294 km 17.5 kPa (Figure 14), which
Is approximately equal to 75% and 58% of the recommended limit backpressure for
this diesel model, respectively. The average bus speed in the city was 22.48 km/h.
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Figure 13. Backpressure rate when travelling in the city
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Figure 14. Backpressure rate when travelling in the suburban area

As a result of measuring the distance traveled without changing the filter, the
bus traveled 300 km with an exhaust system backpressure of 58%-75% of the
recommended limit, which means that the bus does not need to replace the clogged
filter with a clean one during working hours (Figure 13 and Figure 14). Furthermore,
the study result indicates that the EG opacity was 1.1 m™ with an average speed of
the buses of 22.48 km/h without DPF (Figure 7). Conversely, with DPF exhaust gas
opacity was 0.03 m (Figure 8), which ultimately decreased by 97.3%. These results
are indicative of the significance and positive performance of the selected particulate
filters.

DPF reduces NOx concentration at average technical speed of buses compared
to concentration without DPF by 12.6% (Figure 11 and Figure 12).
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Discussion. As a result of our research, we see the possibility of reducing PM
emissions of a city bus with a conventional diesel engine running on high-sulfur
(1000-2000 ppm) fuel by retrofitting them with a wall-flow DPF from SiC. A number
of large projects for the modernization of diesel buses have been implemented around
the world, among them projects in Berlin, Switzerland, also in Santiago de Chile,
Bogota and Tehran [7]. Such modernization was usually preceded entirely by country
[8] or partially for the target user [4] by reducing the sulfur level in the fuel. The use
of low sulfur fuels in combination with emission control devices reduces the number
of selected pollutants in the EG of heavy diesel engines without significantly
increasing other toxicants [9]. Baranescu (1988) and Lange (1991) found a strong
correlation between sulfur content and total PM levels. The less sulfur in the fuel, the
less SO, isgenerated in the engine, and therefore less SO4, which in turn contributes
to the formation of total PM [9]. Test results from the European Particle
Measurement Program have demonstrated that wall-mounted filters are effective in
reducing diesel particles by three orders of magnitude with a filtration efficiency of
99.9% [8]. In this experiment, the filtration efficiency is 97% at an average
speed. The actual road PM emissions from public transport buses in Ulaanbaatar were
also determined. The technical level of diesel engines is assessed in terms of fuel
efficiency and environmental performance [10].

During the experiment, the backpressure in the DPF reached the manufacturer's
specified limit in one and a half two shifts, which dictated the replacement of the
filter after each shift and the use of the regeneration method outside the bus. In older
conventional diesel engines, high emission levels and no change in emission levels
are maintained when using fuels with different sulfur contents [11]. Therefore, even
if the sulfur level in the fuel can be reduced, the buses operating on conventional
diesel engines will not meet the Euro | emission thresholds, continue to make a
significant contribution to the pollution of the Ulaanbaatar air basin. One way out of
this situation may be to equip these buses with cassette type, SiC diesel particulate
filters. While such upgrades are costly, they are not comparable to the health burden
on city dwellers.

Conclusion. As a result of on-board measurements of emissions from
conventional diesel engines of city buses running on high sulfur fuel, it was revealed
that it is possible to reduce particulate emissions by 90% or more by retrofitting them
with a silicon carbide wall flow particulate filter without deteriorating the technical
condition of the diesel engine under the fuel and temperature conditions of the city of
Ulaanbaatar. A 97% reduction in particulate emissions at average technical speed

indicates the effectiveness of the DPF application.
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DPF has little effect on NOx emissions.

At the same time, it was revealed that the technical speed of non-modernized
buses from 22.48 km/h to 48.5 km/h corresponds to the minimum PM emission,
which is less than 1.1 m™. This indicates that an increase in the overall speed of
traffic can significantly reduce air pollution from vehicles.

Practical significance: The developed DPF system can be applied on various
types of vehicles with diesel engines, including trucks, road-building and agricultural
vehicles, forklifts and backup generators in enclosed spaces, underground mines, etc.,
regardless of the sulfur content in the used fuel.

It is necessary to study easy and reliable methods of regeneration.
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