
















































































Figure 27: Performance of an FT-DPF with Different Fuels
& 27. A AR REIR K FT-DPF #EBEXT EE

5.1.4 Wallflow Diesal Particulate Filters (WF-DPF) B i X 5 i Foi il 45 2

OnBoard measurements of the WF-DPF Equipped Buses using EURO Il engines
exhibited PM reduction of 84.6% and 92.7%.

ZERMERLE LG IR, BRI ZE_F () WE-DPF S84 50k ) HE 5% 84.6% F1 92.7%.

Figure 28: PM Emissions Profile: WF-DPF; Bus No. 2475 —-EURO 11
K] 28. FRiHER Hi£k: WF-DPF, 5 2475- BX 11
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Figure 29: PM Emissions Profile: WF-DPF; Bus No. 2482 - EURO 11
& 29. Bk HES #i4k: WF-DPF, 225 2482 - BX 1|

5.2 OnBoard Measurement Results (Second Round — October 2007)
RS R (55 % — 2007 4 10 )

The second and last round of onboard tests was conducted in October 2007 just
prior to concluding the technical activities in Beijing. The test procedure established
during the first round of onboard testing was implemented again. Some buses were not
available for test due to their condition and vintage coupled with the inability to find
gpare parts to keep them in service. However, the SwRI team was able to test and
evaluate the three technologies responsible for reducing PM emissions on both EURO |
and EURO 11 standard buses. Because fuel available to Beijing buses changed in the
middle of this project, the only fuel available for this last round of testing was the low
sulfur diesal fuel. A sample was taken from the supply tank at the bus depot and
analyzed. The sulfur concentration was found to be at 35 ppm. The test route was
identical to that traveled during the initial onboard test and evaluation route. One change
from the first round of tests is that the last round of tests employed various drivers.
Hence, the driver’s influence on the performance of the retrofit was also included in this
evaluation. One of the buses was tested twice to ensure the validity of the data obtained.
The Dekati analyzers were the same units used during the first round of tests conducted
in March 2007.

2007 £F 10 HIH ZiR 207, BRI — 3 alRe 7, Wl 422t T
TR R R n R RN, LR, AT SRR ORI Z H, RIS G
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The summary of the last round of testing is given in Figure 30 and indicates that
for the wallflow retrofit device a high PM conversion efficiency continued to be
experienced. This conversion efficiency was greater than 98 percent. The conversion
efficiency of the FT-DPFs during the last round of testing ranged from a (minus 10%) to
(+29%), a surprisingly lower efficiency than anticipated. DOC technology had
conversion efficiencies ranging from 5 percent on the EURO Il bus to 46 percent on the
EURO | bus.
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Figure 30: Summary for the Last Round of OnBoard Testing
Bl 30. &5 —REBNRS RILE
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5.2.1 WallFlow DPF (WF-DPF) B i 2 ik i 42 2%

The first bus tested was a EURO Il equipped an active electrically-regenerated
WF-DPF. The result of the test is shown in Figure 31 where the PM conversion
efficiency was over 99 percent.
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Figure 31: OnBoard Resultsfor the EURO Il Equipped with WF-DPF
&l 31. 5% WF-DPF IR || 2 ZERIRRS R

A second EURO |1 bus equipped with an electrically-regenerated WF-DPF was
also tested and gave identical resultsto thefirst bus. Thisis shown in Figure 32.
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Figure 32: OnBoard Resultsfor EURO Il Equipped with WF-DPF
& 32. % 5223 WF-DPF IRK || 28R4 R

33



A third EURO Il bus equipped with an electrically-regenerated WF-DPF was
included in the last round of tests. This bus was tested for a partial trip after it was
determined that the behavior of the WF-DPF was similar to the previous two buses
tested. Therefore, the test duration was reduced to allow for other technologies to be
tested. The abbreviated trip results of the third bus are shown in Figure 33 and exhibit a
similar efficiency to the previous two WF-DPF systems.
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Figure 33: OnBoard Resultsfor EURO Il Equipped with WF-DPF
& 33. =443 WF-DPF fIRK || ZERIEBRINRE R

5.2.2  Flow-Through DPF (FT-DPF) L it =X Uk i 5 4%

The next technology evaluated was the FT-DPF. The first bus tested with this
technology was a EURO Il bus. The results obtained from the onboard testing are shown
in Figure 34 and show a negative PM conversion efficiency of about 10 percent.

BATRER 11 4= B FT-DPF SR T TFAY, 43l g5 R 0P 34, i
L HRLCR N -10%.
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Figure 34: OnBoard Resultsfor EURO |1 Equipped with FT-DPF
B 34. Z2%¢ FT-DPF HIBK || ZERIZEGIRSE R

On this bus, we noted that during acceleration the FT-DPF alowed PM to escape
suggesting that the unit had accumulated substantial PM and the exhaust flow during
accelerating conditions was forcing some of this PM out of the DPF. Further
examination of the tailpipe exhaust outlet showed relatively high carbonaceous deposits
confirming that the FT-DPF was | etting significant concentrations of carbonaceous PM to
go through without trapping (see Figure 35). Figure 36 is also provided for comparative
purposes to show the corresponding view of the tailpipe of a bus equipped with a high
conversion efficiency WF-DPF. This bus was tested again towards the end of the testing
session and found to perform in asimilar fashion.

WX, BATERD], SAWNEN, 2648k FT-DPF H HREi%.
X 2 B R R R IR O 2 A 2 AE FT-DPF o, 50 s it vas (1) o A & A
ARk, B DR AHERE, BRATRIKEMIBUR (K 35 , X545
WF-DPF S AR I HEE 52 A H (B 36) o XFErl WL, FT-DPF % K& 1%
LRI A B DEVE o BATG RAHZZE BT T — IR AIRE RS, R BLIRIFE
(1) 1) 8
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Figure 35: Tailpipe of EURO Il Equipped with FT-DPF
35. 3%F FT-DPF MWK || EHERE

Figure 36: Tailpipe of EURO Il Equipped with WF-DPF
K 36. #45 WF-DPF K || ZHERE

The same FT-DPF technology was tested on a EURO | bus and yielded the results
shown in Figure 37. The PM conversion efficiency was measured at 24 percent.
However, there were indications that the same phenomenon of allowing PM to go
through the DPF during accelerating conditions was evident from the trace taken during
the test.
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Figure 37: OnBoard Resultsfor EURO | Equipped with FT-DPF
&l 37. FT-DPF HIBK | ZEZEHMRL R

5.2.3 Diesel Oxidation Catalyst (DOC) &4 Ak fH AL o

The DOC retrofit technology was tested once again on both EURO | and Il buses
and gave the results shown in Figures 38, 39 and 40, respectively. For the three tested
DOCs the PM conversion efficiency ranged from alow of about 5 percent on one EURO
Il bus to a high of 46 percent on a EURO | bus. This technology is known to be
primarily effective in reducing the soluble organic fraction (SOF) of PM. From the
results, we conclude that the EURO | buses appeared to emit more SOF than EURO 11
buses.

TATTEXTER | FER 1| 25 1) 34 DOC HE4T TR, 45 543 1 L&l 38, 39,
40, X 3 & DOC [FRL xR u I K2 5% (B 11 %) 2] 46% (BK |
) . DOC [F4E FH 3522 Jl /D R () nl s G WL 4> (SOF), DRI M4 SR B AT Tm)
DLHEWT, B ZELUIRR 1 2R s A AL B2
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Figure 39: OnBoard Resultsfor EURO Il Equipped with DOC
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Figure 40: OnBoard Resultsfor EURO |l Equipped with DOC
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5.3 Comparison of Engine-Dynamometer Testing to OnBoard Testing
ZaA 5 5 RS E GGG E

As mentioned in the Introduction, one retrofit system for each technology was
laboratory tested at CATARC in an engine-dynamometer test cell using Perkins Phaser
engines. This testing occurred prior to the instalation of any devices on the buses.The
new retrofit devices were “degreened” and then tested for percent PM reduction. Details
of thistest protocol are located in the webpage below: https.//vault.swri.org/retrofit/.

FERTTH I H MU O3, BPhdus B & L33 A A L2 1 # e
FABARWIF LT T R E 4585, 564 /2 Perkins Phaser & zhHL.
LERSINLE ZE E 0 500 450 I SGE B BEAT “ TIALFE” , AR Jim IS e 1R SORL 4 e e
W TEAN R PRl &k https.//vault.swri.org/retrofit/ .

Testing the DOC system on the EURO | and Il Phaser engine-dynamometers at
CATARC gave an average PM reduction of 36 and 28 percent, respectively. However,
the PM onboard tests resulted in 12 and 18 percent corresponding PM reduction.
Subsequent onboard testing performed towards the end of project (after accumulation of
65,000 km on each EURO | bus DOC, and 150,000 km on each EURO Il bus DOC)
showed that the PM reduction of this system ranged from 5 to 46 percent.

39


https://vault.swri.org/retrofit/
https://vault.swri.org/retrofit/

Phaser & 28L& 28056 B, DOC R4 ] 43 5 V- ¥y > ks 36% (FR | &
L) FT 28% (BK 11 R BIHL)o 1 AH R 1) 43R 00 45 A L gk 2] 12% Fil 18%. 1F
5 H RpBr 4 ki) (B 1 4= BHiE4T 65,000 22 B, KK 11 4= 150,000 23 HL) FRRE T4
XK, DOC MUk i R % 35 Fl h 5% — 46%.

Testing the FT-DPF system on the EURO | and 1l Phaser engine-dynamometer
engines at CATARC gave an average PM reduction of 56 and 66 percent for the two
engines, respectively. However, the PM onboard tests resulted in 33 and 64 percent
corresponding PM reduction. Subsequent onboard testing performed after over 237,000
km of revenue service showed that the PM reduction efficiency of this system was
between (-10%) and (+70%).

FERK | FIRK 11 Phaser &ML 4G 48 R e 45 L1, FT-DPF v] 435112
/DRTRIY) 56% T 66%. T AH N 4RI 25 R 33% F1 64%. iz 237,000
N BUEFIRT 43806, Bk 0K AE -10% AT +70%.2 [

The performance of the WF-DPF systems was initially tested on a EURO |1
engine-dynamometer (Phaser 11 by Perkins) and registered an average PM reduction of 85
percent. When tested onboard two of the EURO Il buses, the results were 85 and 93
percent, respectively. Subsequent onboard testing performed at the end of 6 months of
revenue service (or over 228,000 km) showed that the PM reduction efficiency of this
system was over 98 percent.

WF-DPF R 4P Rl VIZERK 11 KEIHLG 4L (Perkins 22 ] (1) Phaser 1l &
ML BT, BRI RRIER] T 85%. R EZ S, BRI ZERR IR LS R
Wk 85%F1 93%. ffi —Fe4AMIERELEWIZE 6 M (Ritigirint
228,000 2~ H) JEibAT, Bk Dk 98%.

5.4 OnBoard Gaseous Portable Emissions Monitoring System (PEMS)
45 AU B AR BUR I R S8 (PEMS)

The emission measurement data reported throughout this document is PM data
obtained from a pair of Dekati DMM 230 instruments. These instruments measure PM
only and do not measure gaseous emissions. To demonstrate gaseous emissions testing,
CATARC performed onboard gaseous emissions measurements on two buses in October
2007. Retrofit systems relying on catalysis in their PM reduction were chosen for
gaseous PEMS testing. Gaseous emission testing was not performed on buses equipped
with electrically-regenerated filters, because these uncatalysed filters are not expected,
and do not claim, to reduce gaseous emissions. One EURO | bus equipped with a FT-
DPF and one EURO Il bus equipped with a DOC were measured for unburned HC, CO,
and NOx gaseous emissions using PEMS. Gaseous emissions from the EURO |1 bus
equipped with a DOC were sampled from the tail pipe only or downstream from the DOC.
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The EURO | bus was tested from both upstream as well as downstream from the retrofit
device (FT-DPF).

AIHF) 2 &5 Dekati DMM 230 {3 & S Al S SO, ASBEN &k
AR . 2007 4F 10 J, FATIFET BV ABORBEFE O 2 FlEe 4267 T %
WAKRHEBER . 3R 3 FEEXFER | FT-DPF AIRK 1l DOC MR A #EAT 1) H in st
PR JE AR A AR ALY, ANBEME BRI ARG PR B 0 B AT AR
Ko BAVEH PEMS IR R BR HC. CO Fl NOx SARHEGHEAT TR . BR 11 7
H AR AT RHEFRE (DOC YR TR T 4 B UARIRORE ) 355k B FT-
DPF ) L3 A1 R i o

Measured data are not included in this report, but substantia reductions in
unburned HC as well as CO are expected when catalyzed filters and DOCs are used in
diesel exhaust. These devices are not expected to significantly alter NOx emission.
Information about the CATARC test procedures and the reported data are available at the
following website: https://vault.swri.org/retrofit/.

ARSCHA T EARI IR B s, AR L eSS A DOC #ffy SIZIH I FRAR T R84
HC Fl CO &, NOx HEAH T &HB1h. ST EZL CATARC iRH L7 A ik
AR N2, 586 https//vault.swri.org/retrofit/ .

5.5 Discussion of Particle Mass Distribution and Size Concentration

UKL 5 2 A AR /N 93 A1

5.5.1 First Round of Testing — March 2007 #5414 - 2007 4 3 J

Even though the Dekati DMM-230 analyzer was not configured to give particle
size mass distribution, the data was post-processed to extract such information. The
distributions are qualitative in nature and not quantitative because they are derived from
the geometric mean diameter and the geometric standard deviation reported by the
DMM-230, assuming a log-normal distribution. For the first round of PM PEMS testing,
Figure 41 gives the particle mass concentration as a function of particle size. The mass
mean diameter of the particles was on the order of 0.45 mm. Figure 42 also shows the
wide variability observed in engine-out PM emissions. This reflects the wide range of
maintenance conditions of the test buses. Note the very low engine-out PM particle
concentration emitted by bus #B5 which had just received a new injection pump prior to
itsroad test.

Dekati DMM-230 A £ S Gl HRURL A/ INRIFTU o)A, (E I 4 i Ak 2
ATy DA BX LKt o JAT ] DUB BcRURL X B E RS 70 A, A4l DMM-230 it
(K3 JLART V-39 AR MR i 22 4 3 URE ) A G Dl e MASTR BRI, 328 5E 1 23 A i
AR R % PEMSIRE T, FATPREBURL R AT 0 BURL /MR EL -
B 41 nfLAE . BRI AR S PR 0.45 nm; BURLHEBCE AR BEAR O, Sl s
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Figure 41: Particle Mass Distribution for 3 Buses— First Round of Tests
B 41 =R EHR YRR R A - B

Figure 42 shows the particle size number distribution for the same buses. The
peak concentration appeared to be close to 0.04 nm. The number mean diameter was
approximately 0.06 mm for al 3 buses shown in this graph. The bus with the highest
engine-out PM emissions was a poorly-tuned EURO | equipped with a FT-DPF and the
bus with the next worse engine-out PM emissions was also a EURO |, but equipped with
an oxidation catalyst (DOC).

B 42 X e RO R K N A o 3 AR R (R I (R S 450 0.04
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Figure 42: Particle Size Concentration for 3 Buses— First Round of Tests
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5.5.2 Second Round of Testing — October 2007 &5 —#¢ 4 - 2007 & 10 H

The corresponding analysis for the second round of tests yielded the results shown
in Figures 44 and 45. The conclusions are similar to the first round of tests.
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5.6 Summary of OnBoard Particulate Matter Test Results
TERBURLIN 4 2R e &

In spite of the wide variability in the results for the DOC and the FT-DPF
technologies as reported in the summary (Table 8), the overall average appears to be in
line with the reduction levels expected for products of these types verified by the US
EPA and/or CARB.

JUE R 54K 7, DOC A1 FT-DPF 7EFEARBURL A HFBOICR (38 8) JiTii i
ZEFIROR, ARBARTFET R, 53EE EPA FI/E CARB VAIF 13X £k 5 fr iU (1 4

JEFAAR AR e — U

Table 8: OnBoard Test Results Summary
K8 EBMALERES

Retrofit Technology/Per cent PM Reduction

Euro-Standard BUE B AR SR i 2
RS HEBbR
DOC FT-DPF WF-DPF

| 20.0 19.0 .
| 35 47.0 -
| 46.0 24.0 -
I 22,0 70.0 85.0
I 14.0 57.0 93.0
I 45 96 99.7
I 20.3 . 99.7
I i - 985
i TJ??'_ 1393 207.4 475.9
‘ iy ! ° >
i Oq"%a'%%&%e 19.9 34,6 95.2
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6 Conclusions and Recommendations % 1£ 15 X

We have demonstrated during the onboard testing that the DOC technology
installed on EURO | and Il buses of the type used by the BPTH would yield an average
of about 20 percent PM reduction. The FT-DPFs reduction averaged about 35 percent,
and the WF-DPF about 95 percent. This project was a pilot project that helped
demonstrate the capability of various retrofit technologies. Based on the results, BEPB
can decide on amgjor retrofit in the city of Beijing. If high PM reduction efficiency (90
percent or more) is desirable, then SwRI advises the use of the WF-DPF technology. If
BEPB would like a system that would still work without too much maintenance, then the
DOC is good for an average of 20 percent PM reduction. The third technology would
yield about 35 percent PM reduction, but would still require good bus maintenance to
avoid any system malfunction.

T R, A IS A SGE AR IAT T . Bkuick, Z222E7Edl
TUAAS NIRRT RIRR 1 HEROK L8R L DOC Buid 35 AR 14 BE B ks 0 HE i
20%/%: A5, FT-DPF fEis®] 35%/4 47, WF-DPF MIH 95%/4 47 . VEh—AN7nitii
H, RN T EPHEUE A BRH AR N P9 R . 3T 120 H PR R 4R, Jbit
PR SR ] AU 32 36 5000 A bt 30110 2R 400 1) 500 U7 6 G B SR A v 1) s 8 350
(90%LA ), EEPGEFHFFTRT I ] LA &R WF-DPF £iK; WA 3H T RKZ
MZER Y R TR, TR DOC HiAR, e n] LUK HEBUEUR A 11 4 R4 21 3418 3
20%/4 s T FT-DPFHR, ‘& BARRE I D BRI HE 35% /40, (HAISRELR X4
AT LA (e DUk S0 R 48 R

For a regeneration system, SWRI recommends the electric regeneration for the
WF-DPF technology. This recommendation is made on the basis of the experience
gained when dealing with the specific bus fleet used by BPTH in Beljing and particularly
the type of buses used in this project. Based on our experience and our knowledge of the
condition of the EURO | and EURO Il buses in Beijing, we cannot recommend any
passively-regenerated DPF technology for these buses. Passive regeneration, such as
catalyzed soot filters (CSF), continuously-regenerated traps (CRT), or catalyzed
continuously regenerated traps (CCRT) will not work on the EURO | and EURO |1 buses
operated by BPTH. We have catastrophically failed a FT-DPF of the wire-mesh
construction in May 2006. We have experienced at least one partial runaway
regeneration event with the FT-DPF foil type. Both of these systems used the CRT and
the CCRT concepts for self or passive regeneration. The failures were principally due to
excessive smoke, cold exhaust temperature, and lack of engine maintenance.
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Recently, due to overall gaseous and PM emissions concerns, Beijing has barred
the EURO | and EURO |1 buses from operating within the central city. For the EURO I1I
buses still operating in the central city, we believe that passive regeneration DPFs might
perform satisfactorily if engine maintenance condition and elevated exhaust temperatures
(even on cold days) and UL SD fuel could be assured.
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SwWRI’s recommendation for al EURO | and EURO Il buses still operating
outside of the central city is the electrically-assisted WF-DPF (supported by the
simplicity of the regeneration system - just plug it in during the bus off-shift). This
system appeared to have worked well through the conclusion of this project, and gave a
very high level of PM reduction. Because this system does not require catalytic activity
and works independently of exhaust temperature, it is able to provide a very high level of
PM reduction and withstand exhaust conditions that led to problems with other devices.
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For additional details, logged exhaust temperature data, presentations and information
about this project, please refer to the following website: https://vault.swri.org/retrofit/.
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7 Additional Retrofit Projects Supervised by the Beljing Environmental
Protection Bureau -Jb 5t B0 Jaj 45 3 Y HoAth e 7t H

Asaresult of the US EPA supported Beijing Retrofit Pilot Project, and the retrofit
experience and knowledge learned by the Beijing Environmental Protection Bureau
(BEPB) and the China State Environmental Protection Administration (SEPA), the BEPB
IS executing its own, expanded Beijing area retrofit program. Table 9 summarizes the
scope of this effort.
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Table 9: Beijing China Additional Retrofits
& 9. FE B bR T R HAt i i B

Original Engine :
Dep;igent Emission State Displacement (L) Qiﬁuim?%;y &1%;;*
R R HEBK P REPHE, L
National Il
Public transport el 5.2 33 WFDPF
N National 111
LI 5.9 7 WFDPF
Subtotal
N - - 40 -
5.9 15 WFDPF
National | ' 4 PDPF
LA 1 97 3 WFDPF
Sanitation . 6 DOC
2 Eka 2.8 5 WFDPF
National 1 5.9 5 PDPF
A 11 97 5 WFDPF
' 3 PDPF
Subtotal
N - - 46 -
13 WFEDPF
Post 5.9 5 PDPF
59 7 WFDPF
' 8 PDPF
Subtotal
N - -- 36 -
Officia . .
SR National | [E[#7 | 2.8 5 WEDPF
Total
Rt ” ” 127 -
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