IIEPCIIEKTUBAI PA3BUTHA U IIPUMEHEHWA
COBPEMEHHBIX TEXHOJIOT' MU

THE RESULTS OF RETROFITTING DIESEL ENGINES OF CITY BUSES
WITH SIC PARTICULATE FILTERS

Tsetsegmaa Agvaantseren

postgraduate

Battugs Sukhee

Doctorate in Engineering Sciences

Mongolian University of Life Sciences

Scientific Supervisor: Bayarsuren Badarch
Doctorate in Engineering Sciences, Professor
University of Science and Technology Ulaanbaatar

Abstract. Diesel vehicle emissions are a significant source of fine particulate
matter (PM) and gaseous pollutants in urban environments. The article presents the
results of measurements of particulate matter emissions from 25 city public transport
buses by trapping soot in diesel particulate filters (DPF). The studies were carried out
on city buses of category M3 in operation, in real public transportation and driving in
real traffic conditions along the regular route of the city of Ulaanbaatar. For research
and non-regulatory purposes, PM sample masses were determined by gravimetric
method. During six months of warm and cold seasons, 346.651 kg of soot was
filtered out of 25 buses. A city bus emits an average of 0.6866 grams of particulate
matter (PM) into the city's atmosphere for every kilometer traveled under actual
operating conditions. Thus, retrofitting a conventional diesel engine with a silicon
carbide particulate filter significantly reduces particulate emissions.

Key words: particulate matter, diesel particulate filter, diesel retrofit, fuel
sulfur, actual road emissions.

PE3YJILTATBI MOJAEPHU3ALIUU JIBUTATEJEN TOPOJICKHX
ABTOBYCOB CAKEBbIMU ®UJILTPAMM SIC
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IBprmaa ArpaaHuepex

aCIUpPaHT

Barrtyrc Cyx33

JIOKTOpP TEXHUYECKUX HAYK

MOHTOIbCKHAM YHUBEPCUTET CEJIbCKOTO XO35UCTBA
Hayunsii pykoBoautens: basipcypen bagapu
JIOKTOP TEXHUYECKUX HayK, Mpodeccop
YHUBEPCUTET HAYKHU U TEXHOJIOTUM Y 1aH-batop

AHHOTanusi: BrIOpOCHl AM3E/NbHBIX aBTOMOOMIIEH SIBISAIOTCA 3HAYUTEIbHBIM
HMCTOYHUKOM MeNKUX TBepabix yacTull (TY) u ra3000pa3HbIX 3arpsi3HUTENEH B
ropojackoil cpeae. B crarbe mpeacTaBieHbl pe3yJbTaThl HU3MEPEHUI BBIOPOCOB
TBEPABIX YACTHUI OT 25 TOpOACKHX aBTOOYCOB OONIIEro MOJb30BAHUS IMYTEM HX
ynaBnuBaHusi B caxeBblx (uubTpax (DPF). HccnemoBanus mnpoBogunnuch Ha
HaxXOJAIIMXCS B IKCILTyaTallMM TOPOJACKUX aBTOOycax KaTeropuu Mz B peaslbHbIX
YCIIOBUSIX OOCIIYy>)KMBaHHSI M BOXACHMS IO PETYJISIPHOMY MApHIpyTy ropoja YJiaH-
baropa. [Ins uccnenoBaTeNbCKMX M HEHOPMATHBHBIX LEJI€M Macchl OTOOpaHHBIX
npo6 TY ompenenanuch rpaBUMETPUUECKUM aHAIU30M. B TeueHue miectu Mecsies
TEIJIOr0 ¥ XOJOJHOTO CE30HOB U3 25 aBT0OYyCOB OTPmiIbTpoBaHO 346 651 Kr caxu.
I'opoackoii aBToOyc BeiOpackiBaeT B atMocdepy B cpeaneM 0,6866 rpamMmma TBEPIbIX
YacTHUI] Ha KaXKIbld MPOWJEHHBIM KUJIOMETP B PEAbHBIX YCIOBHUSIX IKCILTyaTal|H.
Takum 00pa3oMm, JOOCHAIIEHHWE CTApOro JHU3EIBLHOrO JIBUTATeNsl OOBIYHOM
KOHCTPYKLHMHU CaXEBbIM (PHIBTPOM M3 KapOuja KpEeMHHUs 3HAUUTEIbHO CHIKAET
BBIOPOCHI TBEP/BIX YACTHUL.

KiroueBble cioBa: TBEpAbIe YaCTHIIBI, CaXEBbIM (GUIBTP, TOOCHAICHUE
IU3EIIbHOTO ABUTATels, cepa B TOILIMBE, (DaKTUUECKUI JOPOKHBIN BBIOPOC.

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]. This in-depth study is a continuation of a pilot study on the
possibility of reducing PM emissions from conventional diesel buses running on high
sulfur fuel by retrofitting them with DPF. The PEMS (Portable Emission
Measurement System) test result showed that the use of SF can reduce PM emissions
by up to 97%, but along with this, we needed to investigate how long the filtration
efficiency can be maintained, what are the actual road emissions of buses, in order to
further improve the filter regeneration process.
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Materials and methods. For the experiment, 24 city buses were retrofitted with
a DPF system, consisting of three cassette type filters each, and operated under real
public transport conditions on a variety of routes in the city. At the same time, no
restrictions were placed on the sulfur content in the fuel, and any diesel fuel provided
by the market was used and no additional restrictions were applied, as no subsequent
analysis of the chemical composition of suspended particles was planned. Sampling
before and after passing the exhaust gas through the particulate filter, followed by
laboratory weighing, is the most commonly used method for determining PM
concentrations in diesel engines [2]. We used this method for our purposes as follows:
By the end of the day, when each bus arrived at the fleet, a designated employee
replaced the filter elements with r regenerated ones, while keeping a separate log for
each bus, where he recorded each filters own number and weight of three clean filters,
as well as odometer readings. And then the mass of each uncleaned filter was
determined gravimetrically, the value was entered in the logbook, and the mass of
filtered soot with this filter was determined from the difference in the masses of the
filters before and after regeneration. The sum of the masses of soot from three filters
of one group was determined by the total mass of filtered soot from this bus for day
and recorded on the journal. Thus, the actual emissions of city buses were
experimentally investigated over a period six months.

The Table 1 shows the technical specifications of the DAEWOO BS106 bus,
used in the experiment:

Table 1

Technical specifications of the tested buses [3]
Engine model DE12
Engine Displacement (cc) 11051
Number of Cylinders 6
Compression Ratio 17.1
Aspiration Atmospheric, naturally
Exhaust gas treatment system No
Max Power (KW@RPM) 165kW@2200 min?t
Max Torque (Nm@RPM) 800 Nm@1400 min*
Manufacture year 2009
Bus curb weight (kg) 9015 kg
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Figure 1. DFP assémbly for DAEWOO BS106 bus
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Figure 2. Structure of the SiC wall flow filter
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Results. The 24 buses’ exhaust smoke was measured in the beginning of the
experiment. Then after installation of DPF, the measurements were conducted again.
The compared results of before and after of installing DPF is shown in Figure 7.

PM Emission Rate Comparison
100

80

Wit

l_|

=

Opacity %
o

1-149
1115
077
79
3-080
3-085
3-087
5044
5-045
5-046
5052
5-053
5-055
5058
5071

1-016
1-068
1-088
1-095
1-035
3073
3074
3075

m m

Bus number

= Without DPF . \With DPF = === Max Permissible Level

Figure 7. PM Comparison opacity of exhaust gas - before vs. after
retrofitting the DPF
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Table 2

The result of measuring the exhaust opacity of buses before and after

the installation of the DPF

Opacity of Exhaust Gas, % .
Bus number _ _ PM reduction, %
Without DPF With DPF

1 56.40 1.60 97.16
2 64.90 1.00 98.80
3 68.70 1.00 98.50
4 80.20 1.30 98.37
5 73.80 0.60 99.19
6 60.90 0.90 98.52
7 86.40 0.90 98.96
8 76.10 0.70 99.08
9 85.50 0.80 99.06
10 83.30 2.20 97.36
11 58.40 1.70 97.09
12 69.50 1.40 97.98
13 60.40 1.00 98.34
14 83.20 1.00 98.80
15 83.00 1.90 97.71
16 33.80 2.70 92.01
17 52.90 2.30 95.65
18 93.20 2.50 97.32
19 83.90 0.80 99.05
20 91.60 2.00 97.82
21 53.30 2.20 95.87
22 91.10 13.00 85.75
23 94.10 2.40 97.45
24 82.40 3.20 96.11
Average PM 73.625 2.045 97.22

The Table 3 shows the weight of the filter, filtered DTS from the bus diesel:
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Table 3
The amount mass of soot filtered by DPF from buses
Amount of soot mass filtered by DPF from buses
Bus Grand
number per month, kg Total, kg
Jul. | Aug. | Sep. Oct. Nov. Dec. Jan. ’
1 3312 | 2925 | 2802 1284 1049 - - 11.372
2 3682 | 4821 | 5270 2886 2379 2022 1094 22.154
3 1892 | 4070 | 4482 3874 1241 1424 2617 19.600
4 2026 | 2488 | 3124 3851 2283 1977 1018 16.767
5 2982 | 4842 | 3017 - - - - 10.841
6 1590 | 4983 | 4185 433 - - - 11.191
7 - 3174 | 4105 4875 2712 1994 2277 19.137
8 - 3345 | 4892 4320 3638 2295 2418 20.908
9 - 3022 | 4003 6405 3630 1866 2796 21.722
10 - 2107 | 2026 3292 1599 1014 - 10.038
11 - 1908 | 2771 2134 1016 1062 494 9.385
12 - 1908 | 2827 2271 837 576 276 8.695
13 - 4752 | 5264 3552 1796 1405 - 16.769
14 - 2125 | 4871 2528 1344 1096 517 12.481
15 - 2625 | 4352 2912 1267 2399 694 14.249
16 - 2524 | 4462 2954 1480 1328 372 13.120
17 - 1555 | 3149 3719 3272 3360 3282 18.337
18 - 3065 | 4256 2574 2969 1615 2811 17.290
19 - 1896 | 2623 2303 1649 1575 2931 12.977
20 - 3150 | 3720 4106 845 979 2808 15.608
21 - 1754 | 2274 1695 2186 2157 2914 12.980
22 - 349 2600 - - - 747 3.696
23 - 2963 | 2654 2906 3032 994 831 13.380
24 - 1066 | 4500 2902 3191 2295 - 13.954
Grand | 14| 6742 8823| 6778 | 4342 | 3343 | 30897 | 346.651
Total, kg

In 6 months, 346.651 kg of soot was filtered from 24 buses. The data from
studies were analyzed primarily using analysis of variance (ANOVA) techniques.
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Summary: mass of collected PM, g
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Figure 8. The results of the analysis of the data of masses of collected
soot by DPF
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Figure 9. The results of the analysis of data on the mass of collected soot
by the DPF in the cold season
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Figure 10. The results of the analysis of data on the mass of collected soot
by the DPF in the warm season
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Figure 11. The results of the analysis of data on the distance travelled
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Scatterplot of mass of collected PM, g against Distance traveled, km
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Figure 12. Scatterplot of mass of collected PM against distance traveled

|é Multiple Regression Results: Spreadsheet] 7 >
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Figure 13. Multiple regression results of mass of collected PM

against distance traveled
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Regression Summary for Dependent Variable: mass of collected PM, g (Spreadsheet1)
R= 94348791 R*= 89016943 Adjusted R*= 88923071
F(1.117)=948.28 p=0.0000 Std.Error of estimate: 20062

b* Std.Err. b Std.Err. t(117) p-value
M=119 of b* of b
Intercept | -153.513| 10.08534| -15.2214| 0.000000
Distance traveled, km 0.943485 0.030639 1.287 0.04179 30.7941|  0.000000

Figure 14. Regression summary of mass of collected PM against
distance traveled

Analysis of Variance; DV: mass of collected PM, g (Spreadsheet)
Sums of df Mean F p-value
Effect Squares Sguares
Regress. | 38165241 1 3816524 9452772 0.00
Residual 470889 117 402 5
Total 428741.3

Figure 15. Analysis of variance of mass of collected PM against distance traveled

Discussion. To make the best decision on reducing harmful emissions from
buses, we need to have a clear understanding of their actual road emissions. The
technical level of diesel engines is assessed in terms of fuel efficiency and
environmental performance [4]. In this experiment, actual PM emissions from
conventional diesel engines of public transport buses in Ulaanbaatar were
determined. Evaluation of the mass of soot collected on DPF in real time and in real
operating conditions is necessary to determine the real contribution of city buses with
a conventional diesel engine to the air pollution of the capital and can serve as a basis
for further selection of diesel retrofit technology.

The effect of ambient temperature on PM emissions was also assessed.

Innovation: Actual PM emissions per kilometer from Ulaanbaatar public buses
have been identified for the first time.

Conclusion. Twenty four buses retrofitted with DPF over six months at a fleet
utilization rate of 86.6, an average of 13.615 kg of soot was collected from each bus,
for a total of 340.386 kg. Actual daily PM emissions from bus in Ulaanbaatar are
166.155 g on average, and emissions per kilometer are 0.6866 g/km, which is 14.43%
higher than Euro | standard.

As a result of a comparative analysis of monthly measurements of the warmest

- July and the coldest - December months, it was found that the average daily soot
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emission of one bus is 141.3 g in July and 175.8 g in December, and winter emission
exceeds summer by 24.4% .

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.
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