Annex 51-1

UHC measured by FFID
evo e

intake valve

' I
1 Residual Concetration _ - _/ -
' i

.
00+
' H I
' | |
3000 : i
h I
. I
nnnnn ! Boundary Layer |
PR AL
h
: |
H i
I |

50 300 0
CAD ATDC

A Report from the Advanced Motor Fuels Technology Collaboration Programme

8

ch emmisions [pmm]

piston f 20ne e e

74

Methane
Emission Control

ADVANCED MOTOR FUELS

Jesper Schramm 3
ﬁ Technology Collaboration Programme on

Q

“ep-> Advanced Motor Fuels

Technology Collaboration Programme
by €A




Annex 51-1

UHC measured by FFID
eve

X2
3

8

éHC emmisions [pmm]

111111

intake valve

0
CAD ATDC

Methane
Emission Control

Jesper Schramm

:@ s Technology Collaboration Programme on
“4ep-Y Advanced Motor Fuels

Technology Collaboration Programme

by leQ

A Report from the Advnced Motor Fuels Technology Collaboratlon Programme

February 2020




Preface

This is the final report of IEA Advanced Motor Fuels (AMF) Technology Collaboration Program (TCP),
vv /A Mathane Emission ControlX dZ vv /E A « Jv]3] 8§ % E30C p 3} 8Z E op
earlier Annex 39. Jesper Schramm, DTU Mechanical Engineering has been the operating agent on behalf
of Denmark, and the participating countries were: Denmark, Finland, Japan, Korea, Sweden and
Switzerland.

The main text of the report has been written by the Danish OA with valuable input from Japan and
Sweden. Case studies 1, 2 and 4 were also prepared by Denmark. Case Study 3 was prepared by
Switzerland, Case Study 5 by Korea, Case Study 6 by Finland and Case Study 7 by Sweden.

Aknowledgement

The editor would like to thank The Innovation Fund Denmark and The Danish MaritiohéolFtimeir

funding of the project through the BlueINNOship project in Denmark. Case Study 3 was supported b

Swiss Federal Office of Energy (SFoE) Gasmobil AG c/o and Association of the Swiss Gas Industry (VSG).
Case Study 6 was supported by CENGE, NewGas, Hercules-2 and INTENS, funded by Business Finland,
European Union and several Finnish companies.

The editor of the report would like to thank the dedicated contributors from thwlved countries.
These were:

Denmark: Michael V. Jensen, Mads C. Jespersen

Finland: Kati Lehtoranta, Hannu Vesala, Timo Murtonen, Paivi Koponen, Rasmus Pettiri@iof Nils-
Nylund

Japan: Masayuki Kobayashi, Yutaka Takada
Korea: Chun-Beom Ledj-Young Kim
Sweden: Magnus Lindgreen

Switzerland: Christian Bach, Stephan Renz



Summary

The mechanisms behind formation of unburned methane from natural gas engines were studied in this
project. Furthermore, measures to address reduction of methane emissions were enlightened
gualitatively and quantitatively in order to estimate the influence of different technidatisms on the

effect of the emissions. These solutions includes developments during the main stonbn the
combustion chamber, and catalytic after treatment of the exhaust.

The project has resulted in a detailed understanding of methane formation mechanisms. It is concluded,
that there are a number of items of special importance. These include: misfire/bulk quenching, wall
guenching, crevice volumes, post oxidation and valve timing/overlap. It is concludegiatttigularly
low-pressure dual fuel engines are associated with high values of methane emissions. Thes@methan
emissions most likely off-sets the advantage of applying natural gas instead of, particularly, diesel fueled
engines with respect to greenhouse gas emissions. Since the unburned methane emissios$rongin

areas near the combustion chamber walls the sensible way to go now is towards direct injection of
natural gas/bio-methane in order to reduce emissions.

The project included 7 different case studies. In case study 1 the knowledge about the formation
mechanisms was implemented in a phenomenological mathematical model, TECatt@dipnamic
Engine Cycle Modeling of Unburned Hydrocarbons), which was used to analyze the infiLrece

different mechanisms. The model was used to simulate emissions from a 2014 model repdiach4

stroke dual fuel engine. The model results were in good agreement with experimental results, and
demonstrated that all of the above mentioned mechanisms were important in relation to the resulting
emissions of unburned methane. The model showed, among other things, that a straight forward way to
reduce the emission could be achieved by changing the valve timing. This woute rathurned

emissions byl 2-62 %, depending on the engine load, a result that was in good agreement with practical
measurements on a new engine generation, where the valve timing was changed accordingly.

Further evaluation of the mechanism understanding, was carried out in case study 2 by applying a
special exhaust measurement technique in a single cylinder research engine. In these experiments a so-
called FFID (Fast Flame lonization Detection) was applied to distinguish between the contribation fr

the different mechanisms to the unburned hydrocarbon emissions. The study focussed on investigation
of the influence of different operating parameters on the unburned methane emissions from an engine
operating at moderately lean air fuel mixtures. The influence of compression ratio, intake pressure and
excess air ratio was studied. It was concluded that both the crevice mechanism and the qyench la
mechanism was important for in the investigated operating ranges. Post oxidation seems jalksp am
important role in contradiction to the medium speed engine investigated in Case Study 1, vaisére p
oxidation was negligible. This most likely is due to the fact that the two engines o diféerent

excess air ratios - the medium speed engine operating at much leaner conditions than the engi

applied in Case Study 2.

In case study 3, the influence of mixing hydrogen to the fuel was investigated. Methane pliasl @is
fuel with and without hydrogen admixture in a Euro-4 vehicle with stoichiometric operatedsaiigtu
aspirated, manifold injected 4 cylinder engine with an engine capacity of 2.8 \ieflicle was equipped
with an external fuel supply, an access to the electronic engine control (ECU), a modified catalytic
converter as well as an internal cylinder pressure measurement in the combustion chamber of th



engine. The vehicle was driven with two different driving cycles (NEDC and WLTC) on a chassis
dynamometer. Emissions were measured before and after the catalytic converter.

The blending of hydrogeinto the CNG is not readily feasible in terms of materials, as both the gas
network and the gas-carrying components in the vehicle must be designed for this. However, operation

in conventional CNG vehicles would lead to significantly lower pollutant emissionshtbemadlready

present in CNG operation. NOx emissions could be practically eliminated in the entire mpeaate,

and T.HC emissions, which mainly consist of methane, which is primarily agteanépouse gas, could

also be reduced by an average of one third. However, the volumetric energy density, which decreases by
almost 30% with an Hontent of 25 ma %, would be operationally disadvantageous. It could be
compensated by increasing the pressure to 350 bar. For future combustion processes with diluted
mixture formation (lean or EGR operation),litending could be an interesting option due to the

difficult ignition of (diluted) methane gases.

In case study 4, a series of Rh/zeolite catalysts design for oxidation of egtqugtre tested. 1 wt.%
Rh/zeolite catalyst had higher activity compared with the commercial catalyst under same operation
condition. The activity of the Rh/zeolite catalyst can be significantly enhanced by elethatiogeration
temperature to 475( and limiting the S©concentration to a low level. It seems promising to be used
in the real engine exhausted gas condition where the @&@centration is 1-2 ppm. Regeneration by
removing SO2 from the reaction gas can partly restore the catalyst activity, but a more efficien
regeneration method is still being sought.

Case study 5 investigated the Pd based catalyst performance. Pd is believed to be the best converting
precious metal for methane catalysts. In this study, some key factors were found, which |dthttcen

the activity and durability of current Pd-based CNG catalyst. Two critical contributions were from
optimal support material and optimal characteristics of Pd. Pd dispersion were achiegetébting

support with optimal surface property. Pd-Pt alloying and the use of electronic modifiehsas OSC

and promoters were effective to make CNG catalyst more durable.

SO02 and water are known to inhibit oxidation of methane in a catalytic converter. In case study 6
regeneration method by hydrogen was studied. With a catalyst aged to a conversion efficiency of 37%, i
was possible to maintain this level, and even increase the efficiency after regeneration and ageing again
applying regeneration gases containing 2,5% hydrogen.

In case study 7, a number of vehicles were tested for tailpipe methane emissions as wladras o
methane emissions. The amount of tested vehicles was 60. Twelve of the tested vditigt@gl{d not
have any leakage. Thirty buses (50 %) did have leakage at fuel filling fittings correspordéhgg/ day
on average. There were no leakage from the gas tanks and roof fittings and only 3 % of the dahicles
have a diffuse, not quantified, increased level in the engine room. The major source of mathane
inside the tailpipe corresponding to 0.88 mg /day and bus. The result indicates the mafjdbation of
methane originates from slip during driving.
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1. Background

The use of methane (natural gas, biogas) for transport will increase. Although diesel dual fuel (DDF)
technology could bring the efficiency of gas engines close to the efficiency of dieses gt Annex

16 Enhanced Emission Performance and Fuel Efficiency for HD Methane Eclgarbsdemonstrated

that methane slip remains a serious problem for current DDF engines. Alternatively, advanced spark
ignition (SI) technologies (e.g., variable valve trains, cylinder deactivation, ankbhglexhaust gas
recirculation) could be applied to increase engine efficiency. However, there would still be foneed
methane catalysts, due to the unsatisfactory performance and durability of current methane catalysts.
Annex 51 is based on the experience of Annex 39, with the goal of improvimge emgimethane

emissions, methane catalyst efficiency, and methane emissions from other parts of the vehicle.
Combustion engines for vehicles can be replaced by or converted to liquefied natural gas (LNG)
operation. This conversion has benefits in terms of emissions of carbon dioxide (CO2), nitrogen oxid
(NOx), and particulates. Reductions in CO2 occur partly because the ratio between carbon and hydrogen
is less for natural gas than for liquid hydrocarbons (e.g., diesel, gasoline), and partly because the LN
engines can be more efficient than the traditional ones, depending on the combustion pricicgsen.

With regard to greenhouse gas (GHG) effects, it is a disadvantage that LNG engines emit significantly
larger quantities of unburned methane than do traditional engines. Because methane is a 20+ times
more powerful GHG than CO2, the overall result could easily be an increase in GHG emissions from
vehicles if their engines were converted to run on LNG. Researchers have considerable experien
studying unburned hydrocarbons in automobile engines. This experience has motivated them tipdevel
engines that emit very low levels of hydrocarbons. Methane, however, is a particularly stable
hydrocarbon and is not converted as efficiently as are the other hydrocarbons in combustion engines. At
the higher temperatures that occur during the main combustion, the methane is burned aseteiynpl

as the other hydrocarbons. In colder areas near walls and in crevices, however, some unburned
hydrocarbons escape the main combustion. These hydrocarbons are normally post-oxidizekdh the
combustion gas, but methane molecules are probably too stable to be converted at tivese |
temperatures. This stability also causes problems with regard to converting methane in after-treatment
systems like three-way catalytic converters. The onboard storage system for methane (eithe
compressed or liquefied) can also be a source of vehicle methane emissions.

The scope of Annex 51 has been to give an overview/status of the NG combustion&sdtandnt

engine technology, primarily concerned with dual-fuel technology, and the statusiftarstanding how
unburned methane is formed in a combustion engine. This latter part is given in theofa general
introduction to methane combustion in chapter 3. The status for engine techgdtogiven in chapter 4,
and the overview of AMF member countries activities is given in chapter 5.

Methane emissions and regulations

Methane is the most common hydrocarbon in the exhaust of a natural gas engine, but notifolange
concentrations in gasoline engine exhaust, and the concentration is close to zero in diesel .extaust
many years methane has not been considered as a public health concern. Therefore, emission
regulations for hydrocarbons in many cases have been regulated as NMHC (Non Methane
HydroCarbons) or similan recentyears$Z §5 vS§]}v §} uighZGNG[potential has changed
this situation.



Methane is a strog greenhouse gas, 836 times stronger than carbon dioxide according to IPCC [1], if
one consider the effect on the Global Warming Potential over a period of 20 yearsd)GWirr time
methane is converted to carbon dioxide and water in the atmosphere, and the effect avgedrs is
reduced. However, considering a period of 100 years, (g methane is still 28-34 times the value
for carbon dioxide, according to IPCC.

Authorities all over the world have started the preparing process towards more stringent methane
emission regulations. Euro VI regulations, for instance, includes an extra limit of 0,5 g/kWefaog:
duty gas engines on top of the traditional THC emission standakds [2

Natural gas is particularly a potential fuel for marine applications [3]. Therefore, it is releviaoktat

the status of gas engine technology for this sector. Substitution of diesel with natural gas has often been
seen as an advantage in relation to the GHG emissions, since the ratio between hydrogen and carbon
content in natural gas favours lower carbon dioxide emissions. However, this conclusignvalizhin

some cases, if one includes the GHG effect of methane emissions.

In Figure 1 the GHG benefit of converting from diesel engine technology to natural gas engine
technology is shown as a red lif8. In the black dashed line, the result are corrected for the difference

in fuel consumption to a hypothetic situation where all engines have the same Brake Thermal Efficincy
(BTE = 44%). In the figure, the GHG effect of methane emissions has been taken into accourst.alhere
benefit from operating HP DF (High Pressure Dual Fuel) engines on natural gas. These engines are the
large two-str}l u GE]v  vP]v « ~-DBl)BEyhickemits very low amounts of methane. Also

SI/TWC (Spark Ignited HD natural gas engines with Three Way Catalysts) for heavy duty truck purposes
still have some advantages against their diesel counterparts. The engines shown here represent post
2010 technology. However, for other engine types, the GHG emission benefit from rgdaraperation

is negative due to the methane emissions. LP (Low Pressure) HD pre 2010 emitksap@itkWh,

while post 2010 LP HD emits about 8,5 g/K3ih [2].

The emission of unburned fuel in percentage of the total fuel consumption is also illustratecheith t
addition of the lower horizontal axis. This axis has been constructed from the assumption tipeaif t
engines have a BTE~44%. It is therefore connected with some uncertainty. However, it illubrates t
there is quite a potential for improving the engine efficiencies in many cases.

Annex 39 of the Advanced Motor Fuels TCP

The results of an earlier project in the AMF TCP (Annex 39 [4]) was an important part of the background
for initiating the present project. In annex 39, the emission of CO2 and CO2#8WW2 were
measured/estimated for 5 different HD vehicles. The technology for the different vehicles are presented
in Table 1. The table present an overview of the vehicles included in the Swedish test primgram

addition, one extra vehicle is included in the figure (DDF3) as a typical representatisle gebjected

to retrofit program. Such buses have been in normal operation for several years and theointisnti

either to improve the emission performance or simply reduce operating cost for theleehi

The two dedicated gas buses represent statahe-art technology and are offered on the market as
new buses (OEM) by manufacturers in Europe. As input from task sharing members of Annex 39 there
a wish for adding more test results and experience for vehicles using dedicated gas engines.
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Figure 1. Net GHG emissions from different type of natural gas engines.
Sl-lean/mix-
DDF1 DDF2 DDF3 Sl-lean burn burn
Model year 2011 2010 2003 2010 2010
CD Test weight “20 - 18.8 14.1 13.8
(tons)
PEMS Test ~20 and~40 9.1 - 14.1 13.8
weight (tons)
Retrofit/OEM Retrofit/OEM Retrofit Retrofit OEM OEM
Clean Air
Gas system Power (CAP) Hardstaff NGV Motari Dedicated Sl Dedicated Sl
C"rlinder volume 12 7 17 g 12
{dm’)
Max power (kW) 345 181 250 199 228
After-treatment DOC, 5CR SCR CRT DOC, 5CR TWC
Fuel Diesel/LBG | Diesel/CNG Diesel/LNG CNG CNG
Emission class Euro V Euro V Euro 11l EEV EEV
Chassis Tractor Truck Intercity Bus City bus City bus
Odometer (km) --- 22 500 n.a. 15 500 85793
Test on-road | Test only Test only on Test on- Test on-road
Note at +5°C on-road chassis dyno road at-2°C at +10°C

Table 1 Vehicle technology investigated in Annex 39.



The two trucks named DDF1 and DDF2 is offered as new vehicles (OEM) by a manufacturer in Europe.
The working principal for those two engines are dual fuel technology and at the timesforg such
technology could not be approved in Europe. The vehicles are therefore accepted on tHeassmbon

a national waiver. This system is commonly used in Europe for field testing of legiimot mature

enough for the commercial market. As input from task sharing members of Annex 39 there isfarwish
adding test results and experience for DDF concepts not yet available on the European marketas wel
tests results from DDF vehicles that have been in normal operation for longer time.

Vehicles tested in the special program promoted by Swedish Gas Technology Centre (SGC) as well as the
measurements of unregulated compounds were the following three vehicles:

1. Dedicated CNG bus with Sl-lean/mix combustion, a technology alternating between
stoichiometric and lean combustion. During the test program the CNG was supplied from the
tank on the vehicle and was filled with gas from a commercial filling station.

2. A long haul truck using dual fuel technology. Modification of the engine and fuelliegnsyst
was carried out in close cooperation with the manufacturer of the vehicle. The vehicle/engine
was also modified to use liquefied biogas (LBG) as fuel. Both the bio gas and the diesel were
supplied by the manufacturer of the vehicle.

3. Dedicated CNG bus with lean-burn combustion, a technology with air excess. During the tes
program the CNG was supplied from the tank on the vehicle and was filled with gas from a
commercial filling station.

The GHG emission results are shown in Figure 2.

The results in the figure present measurement of different combustion strategies on a chassis
dynamometer using the WHVC driving cycle. All tests have been carried out with a warmed up engine.
The blue bars represents tail-pipe emissions of CO2 and the red bars represents the CO2 equivalent
emissions comprising the tail-pipe CO2 plus the emissions of CH4 multipliedfhyttrg34) for global
warming potential. From the figure, it is easy to see that in all cases the lowest C&2omsiare found
when a dual fuel engine is operating in diesel mode. Further, tail-pipe CO2 emissions are hititesr fo
two dedicated Sl-engine methane fueled buses than for the dual fuel engines operating in diesel mode.
This is mainly because the energy efficiency for engines using diesel technology is higli@r than
engines operating according to spark ignited technology.

When adding the emissions of CH4 to the CO2 emissions for a total picture of GHG, it is easy to see tha
the equivalent CO2 emissions for dual fuel engines operating in dual fuel mode will increase.

The overall experience from the test program is that emissions of CH4 will increase when the diesel
replacement is increased. In reality, higher rate of diesel replacement with gas will result in higher total
greenhouse gas emissions. This is in fact a serious dilemma for technology of today.
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2. Unburned methane emission formation

Unburned methane formation mechanismsvegbeen studied at The Technical University of Denmark in
various projects. The knowledge obtained in this way is described in this section. The madel dsC
been developed, based on this knowledge. ApplyingiiEfor simulation of real engine operationiliv

give important information about how to design future engines, in order to reduce future methane
emissions. This exercise is carried out in one of the Danish case studies (case study 11l chepe
different identified mechanisms for methane formation are studied further in an experimental
investigation with a single cylinder natural gas engine, where an FFID (Fast FleakoloDetector)
instrument is applied for evaluation of the importance of the individual mechanjsase study 2 in
chapter 5.

Overview of formation mechanisms

Unburned hydrocarbonshas v v Jeep (}E }u pesS]}v VvP]v e ¢]Jv §Z i6di[] X dZ
at that time was (and is still) the environment and the fuel consumption of the engines. Gasoline

engines were thought to be the main problem, and the quench layer near the walls of the combustion
chamber were thought to be the main reason for unburned fuel to escape the combustion processes

and leave the engine unburned with the exha[i§t However, in the latei 8 6 1 ] experimental studies

as well as mathematical models of the combustion processes showed that the quench layer would mix

rapidly with the main cylinder content and undergo post oxidation after flame extinatientimescale

short enough to maintain a temperature, high enough to allow for continued r@as{i6-§.

Researchers started to look at other possible mechanism that could then be responsible. Creviees in th
combustion chamber showed to be a major fad®11], and until today, this mechanism is thought to

be of high importance. The flame will not be able to penetrate the crevices, and the unburneadrfuel-
mixture will be retained in the crevices for a time period long enough to prevent patdtaxi of the
hydrocarbons due to the temperature drop in the bulk gas. The oil layer on the cylindeanalall

deposits on the combustion chamber walls were also thought to be able to absorb amd retai
hydrocarbons in the same manner.

As the lean burn concept gained more interest, bulk quenching and misfire became important.as well
Cyclic variations needed to be avoided, by improving mixture formation, i.e. turbulence decam
important to improve by obtaining a better design of the enging][12

Methane emissions have until now not been considered as a serious pollutant. The introchfdtien
term NMVOC (Non Methane Volatile Organic Compounds) in air pollution regulatiany sleows this.
Now it is evident that methane is important since it is a very strong greenhouse gas eaefbth, is
thought to be of serious concern for the global warming. Since application ofat@as has become
more widespread, it is now important to look at unburned methane emissions.

Methane is a very stable molecule, compared to other hydrocarbons. Therefore, methane is expected t
behave differently with respect to the established mechanisms for unburned hydrocarbon formation.
One of the main tasks of the AMF Annex 51 has been to investigate the fundamental behavior o
methane during the combustion inside a natural gas engine in order to propose timabpesign for f.

ex. a dual-fuel, medium speed, natural gas engine, which has been involved in the Danish part of this
study. However, the findings from this investigation were expected to be of general interesttiqgres

10



of engines. In order to evaluate the applicability of the fundamental studies for diff&redtof engines,
it is important to know about the basic types of engine combustion processes.

Spark Ignition (SI) engines

In an Sl engine the fuel is gaseous, and mixed with air. The charge is ignited with a sparkailag,ar

flame front that protrudes the unburned charge until it reaches the walls of the combudti@mlger,

Figure 3.a. Gasoline, natural gas, methanol and ethanol are typical fuels for this type of engifuzITh

are characteristic by having a high octane number, which assures that the fuel does not ignite by itself.

The combustion is therefore controlled by the timing of the ignition, initidtgdhe spark plug. This

combustion processsi A EC ( *3U Vv S$Z %o ]*3}v ou}ed } ev[3 u}A pE]VP §Z] ¢

Compression Ignition (Cl) Engines.

In a Cl engine the fuel is supposed to ignite by itself. Here there is no distinct flame front, the fuel rather
ignites at several points in the fuel spray injected into the combustion chamber, untiyliheler

content is one ocean of flamgBigure 3b. This combustion process is rather slow, compared to S
combustion, since it involves combustion of liquid droplets, a much slower processalTypls for Cl
engines are diesel, Heavy Fuel Oil (HFO) and DiMethylEther (DME). These fuels are characterized by a
high cetane number.

Dual Fuel (DF) engines

In a DF engine we typically operate a high octane number fuel in a Cl engine. This is pesaiide the
fuel-air charge is ignited by a pilot amount of fuel with high cetane number. This typegjioken

relevant in this context because natural gas is often applied in a DF engine, together Witho& p

diesel, particularly in larger engines, like truck engines or ship engines. The reason forgaghidytype

of engine is the larger efficiency and that the engine manufacturer often chose to convert a diesel
engine to DF operation. This is because of the relatively simple technical solution, grubsitglity to
convert to diesel operation when needed. The pilot diesel acts as a kind of spark plug that ignites the
main fuel in the cylinder. Therefore the combustion process is almost as fast as in the 81 €hgin
process is illustrated in Figure 3.c.

The mechanisms for formations of unburned methane in a natural gas engine are very dependent on the
basic engine combustion principle, as discussed in the following sections.

The knowledge about formation of unburned hydrocarbons in combustion engines is rdflacte

computer models, often developed in order to have a design tool for improving thieendVhereas
several models for gasoline engines have been developed, only a few investigationsebave

concerned with formation of unburned methane in natural gas engines. This is because methane
reduction is much more difficult to achieve and because methane has not been considered as a severe
pollution until recently. However, concern about the potential as a greenhouse gas has chasged thi
situation dramatically in the past two decades.

The computer model, TBAL, involved in this study identifies four different mechanisms, that are
known to cause methane slip from the engines. Three of these mechanisms are indicateddr Figu
which illustrates the combustion chamber of an engine without a spark pheignition mechanism
could be either by compression ignition of a pilot fuel or by application of a spark plugédmanisms
are enlightened in the following sections, and the MEGnodel is applied in a practical study described
0SS E]Jv™r o eSpCi_Jv Z %S & AX

11



Spark plug

intake valve ‘ exhaust valve

ANNANNY ‘ 'i 4 Ll

Flame front

ANN LXANNNANNNNNNNAY ANNNANY

intake valve exhaust valve
Fuel injector
AW ) Bl : UL,

G

AL,

b)
intake valve exhaust valve
Pilot fuel injector’
A : g/jjl Y7777
__________ e
=

Flame front

AN INANNNNANNANANNY ANNANY

Figure 3a-c. Schematic combustion of fuel in an Sl engine (a), a Cl engine (b) and a DF engine (c).

12



Quench layer

ANNAANN

intake valve exhaust valve

HH

LTI

_—_—— - — — — — — — — _—_——

| —
| short-circuiting |
|
|

|
quenching quenchin%
|

cylinder gas

crevice

piston

NN /////‘ N\nv7

AJHHHHHEEEHHHENERNANANNANMNY

wall

Figure 4. Methane slip sources in a combustion chamber

The first mechanism for the formation of unburned methane is the flame quenching neahmeber

walls.

In a natural gas fueled combustion engine, the combustion process start with a spark from a spark plug
or by compression ignition in a pilot fuel spray. Both processes usually are activated frayp thenter
of the cylinder. From there, the combustion penetrates the combustion chamber as a flamgwitch
in the end is quenched when the flame reaches the walls of the cylinder. Here the temperatures are too

low to keep the flame alive, and some unburned charge is left neathe o v $Z

*}

(ON¢]

Aep v Z

0 C IEtheXTEMU model, an energy balance for the flame front decides when the flame is quenched.

The flame is considered to be quenched, when the heat flow from the flame to the surrourslings i
larger than the heat produced from the combustion. This is illustrated in Figure 5.
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Figure 5. The flame front penetrating the combustion chamber (left) and the heat balance for an element
in the flame front (right).

The heat loss from the flame to the burned gas zone in Figure 5 is assumed to bibleegligl heat

loss to the unburned gas zone is assumed to happen as heat conduction through the unburned gas zone
to the cylinder wall. Based on the energy balance for the flame a quench distarscealculated. The

flame is discretized into a number of flame elements, and at every integration timalatapy the

combustion phase, the quench distantigis calculated and compared to the actual distance between

each flame element and cylinder wall. If the actual distance is smaller than the calculated quench
distance, the flame element is assumed to be quenched. The quench disigiscealculated as:

5
QL B . @fy 7 @

~— 7 N
Vio | H0 V5 @

FolN {1}

I'hg IS the radius of the burned gas zoikg, is the heat conductivity of the unburned gas, aglandT,,
are the temperatures of the burned gas and cylinder wall, respectigjig. the heat production rate in
the flame divided by the total flame surface area.

Considerable amounts of unburned hydrocarbons, methane or gasoline, depending on the fuel applied,

is found in this layer. However, the temperature in the combustion chamber is still higrs dinie in

the engine cycle, and a significant amount of the unburned 4¢bo pv EP} "%o}*3 }/E] S]}v_
high temperatures. However, this phenomenon has mainly been studied for gasoline, andsthere i

chance that methane will not follow this pattern since methane is a very stable molecule, compared t
gasoline components. The activation energy for the combustion of methane ntay tgh for the

progress of post oxidation.
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This was investigated in the Danish case study described in case study 1. Here it was found for
simulation of a dual fuel natural gas engine, that less than 2 % of the methane was post oxidized,
whereas more than 90 % of fuel was post oxidized in the case with gasoline at medium awddhigh |
Unburned methane could, therefore, for a large part be caused by this mechanism, since engine design
so far has been adapted to the traditional gasoline.

The quench layer is very much related to the premixed charge phenomena, since the premixed charge is
located near the cold walls of the combustion chamber. In a case where the fuel is injected through
nozzle directly into the cylinder, the situation is completely different. Here the fuel injeptirents

too much contact with the walls. This could explain why high pressure DF engines haviewarch

unburned methane emissions than low pressure DF engines, as shown in Figure 1.

Crevices

The second mechanism for the formation of unburned methane is the crevice mechanism. It is
anticipated that unburned charge is trapped in crevices, primarily between the piston top and the
cylinder walls, during the compression of the engine cycle. The flame cannot pene&ateetlice

volume since it is surrounded by cold walls. The flow of unburned charge into theecv®hiimes is in

the TEMU model assumed to be controlled by the ideal gas law, where the volume, temperature and
pressure in the crevices decides the mass of unburned fuel in the crevices. The mass flow is thus
assumed to follow the expression:

V.. —dp
Rer 1o db

Mer =

{2}

The crevices are thus filled up until the maximum cylinder pressure is reached. Then the flowtésireve
and the unburned fuel enters the main combustion chamber again. Like the quench layer eGase, thi
means that the hydrocarbons undergo post oxidation, but the temperatures are too low for a complete
post oxidation. This is particularly the case for methane.

This mechanism was also investigated in the TECMUmodel of the Danish case study. Hemiitdvas f
for simulation of a dual fuel natural gas engine, that less than 2,2 % of the crevicamaetas post
oxidized, whereag0-75 % of fuel was post oxidized in the case with gasoline, except at low load (25 %
load) where 15,4% was post oxidized. Unburned methane is therefore, for a large part be caused by t
crevice mechanism. The results show, that a significant part of unburned gasoline emissionsldiso ¢
be caused by this mechanism in gasoline engines, since the crevice hydrocarbons are released to the
main combustion chamber very late in the exhaust stroke, preventing total post oxidatio

Misfiring/bulk quenching

The third mechanism, which is not illustrated in Figure 3, is due to so called misfire, where the

thermodynamic conditions during compression prevent ignition of the fuel inesofthe engine cycles,

typically pE]JvP o v pEV }v ]S]}veX dZ]e ]* 0} 0C E 0 S S} %Z v}iu v}iv
where the ignition do occur but the combustion conditions result in a very early quenching fbdutie
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The phenomena usually happens gradually when the engine operation becomes leaner. This can be
described as a statistical phenon@nU ~ P]vv]vP A]8Z u]s(]E]vPI_ pol <p v Z]vP_ v
many, and then with increasing frequency as the equivalence ratio decreases. The frequency of misfiring
is often characterized as the COV (coefficient of variation) of the indicated mean effective pressure
(imep). COV is defined as:

% LBaod — 5 {3)

where <, is the standard deviation angh, is the mean value of imep over a large number of cycles.

An example of COV values and the variation with the equivalence ratio is seen for a natural gas engine in
Figure 6 [1B The COV value in Figure 6 may be interpreted as something proportional to thef rate

bulk quenching/percentage of misfiring cycles during operation. This pattern vayiasine engine to

another, but seems quite consistent for a number of investigationslg3The trend line in Figure 6 is
therefore taken as a good first approach. However, the coefficients of the mathematical approach will
vary somewhat with the engine in question. Finding these coefficients is an essential job in model
calibration against experimental results.

In the TECMU model, calibrated against results from a medium speed dual fuel natural gas eegine, th
mathematical description of the misfire frequency is described as:

cov = 0,011129%4 {4}

COV,axourn VS €quivalence ratio
0,06

0,05
0,04
0,03
cov = 0,01171-2.944
0,02

0,01

0
0,6 0,65 0,7 0,75 0,8 0,85 0,9 0,95 1 1,08

Figure 6. Example of COV values of the indicated mean pressure in a natural gas engine
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Post oxidation

The unburned hydrocarbons related to the previously described mechanisms are strongly related to the
combustion process inside the engine. This again determines the temperature and pressure during the
engine cycle. The progress of the combustion can be divided into two phlsesain combustion

related to the flame propagation arttie post oxidatiorrelated to the reactions that occur due to the

high temperatures after the flame quenching.

The combustion can be implemented in two different ways:

1) If the rate of heat release is known from a particular engine, then this information can be used to
describe the progress of flame/combustion. For the mathematical description of the fratat
release, so called Wiebe functions are applied. The heat release rate function can be written:

__ a(m+1) [0—0,\" ’ 0 — 6\
Qc - Qc Hd ( Hd ) exXpP (—a. ( 9d )

{5}

Qcle $Z 8}8 o Z Ssanddd denoté the crank angle for start of combustion and the
combustion duration. a and m are parameters, ttecalled efficiency parameter and shape factor,
which may be adjusted tfit a certain heat release rate piite.

The Q can then be applied in an energy balance for each of the zones (burned and unburned) of the
engine cylinder, in order to estimate temperatures and pressures during the engine cycle. Egj@atio
and 7 show the general form of the applied energy and mass balance, respectively.

dT : : AV , " dm; 1
= (QCQ&de+Zm hZ(uf_ 20 ))

n cy

=t {6}

dm; , _
(!91 = Z m y; +.5;

{7}

T, h and gare mass averaged temperature, specific enthalpy and specific heat capacity at constant
volume, respectively. m is mass, p and V are pressure and volume. Index i represents gas species i out of
n species. Q is heat transfer rate and m is nfess rate, both with respect to crank angle Indices ¢

and w are short for combustion and wall, respectively. u is specific internal energy, y is mass fraction,

and S represents a source term due to chemical reactions.

The temperature and pressure estimates can thus be used to calculate the progress of the chemical
reactions for hydrocarbon/methane conversion according to a quite well establishedicdlem
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combustion reaction scheme. The rate expression for the applied single step global reactioreotifuel
oxidizer in the post oxidation process is:

NL#tELoXQAMLTE@PVAN {8}

The used values for activation enefgy(in cal/mol), pre-exponential fact@, and concentration
exponentsa andb are from Westbrook and Dryer [16] and given in the table below.

A E a b
Methane 1.0u0" 48400 0.7 0.8
Octane 4.6u0" 30000 0.25 1.5

2) Alternatively the combustion progress and rate of heat release is derived from the flames speed . The
flame speed can be estimated from empirical knowledge, according to the following destripti

The flame spee& (also called the turbulent flame speed) is determined as a function of thedami
flame speeds:

L BS5; {9}
The laminar flame spe€f is estimated using a correlation presented48]|
55 L 5&4@% @A {10}

Tung IS the temperature of the unburned gas apds the cylinder pressur&,is the laminar flame speed
at reference temperaturd, (298K) and reference pressysg(1l atm). Exponentsdand Eare
parameters which are functions of the equivalence ratiof the unburned gas§,is calculated
according to:

BisL 9 6 f&FV:6 F &S; {11}
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W, {, xand Vare constants based on experimental data. Based on the laminar flame speed, the flame
speeds is calculated according to the equation below which is based on the turbulers 8aesed
model by Keck and co-workers and presentedbB. [

The flame (and thereby the combustion) is assumed to progress, at the flame speed, through the
combustion chamber as a hemispherical shape from the top center of the combustion ehami
guenches according to the energy balance for the flame front (equation 1). This naesitfe rate of
heat release, and the temperature and pressure during combustion can then be estimated from
equation 6.

This latter method can be used as a predictive tool when the rate of heat release is not known for a
specific engine. More information about T#Q is found in [1F.

Valve overlap

A fourth mechanism is associated with the intake and exhaust valve timing. Particularly in sguatio
where a 4-stroke diesel engine is converted to dual-fuel natural gas application, there wilblertap
between the time of intake valve opening and exhaust valve closing. This is convenient for diesel
operation, but not for DF operation. Therefore, the valve timing is often seen sodreblem for
turbocharged DF engines, because unburned charge flows directly from the intake port to the exhaust
port prior to combustion. As seen in the case study 1, the correction of valvegtihniing DF operation,
results in a significant reduction of unburned methane emissions.

The valve flow is therefore an important phenomenon in methane formation understandirige In t
TE®IU model, the masfiow rates through the intake and exhaust ports during the gas exchange
process are calculated according to equation 12 assuming a one-dimensional qadgieimpressible
flow of an ideal gas with constant heat capacity ratio [17]. Ifftbe is choked equation 13 is applied.
Choked condition occurs if the pressure ratio over the ports exceeds the critical pressureg ratio r
determined by equation 14

1

- 3
. - 70 m\ | 2v [ p1\ 7
1= Cp A, — 1—{—
tPTT VR, (po) ll( (po) )]

41

2 20v=1)
5+ 1) 71
Te = 5

In theflow rate equations indices 0 and 1 refer to upstream and port conditions, respectively. R is the
specfic gas constant of the gas. i8 the minimum geometriiow area (reference area) which is,
depending on the actual valve lift, either the port area (equation 15) or the valtaicw@area (equation
16). D, and Qs are valve and valve stem diameter, respectively. | is the actual valve lift.

o

JE Ty |

b=

m=Cp A,
{13}

{14}
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1 ¢ {15}

{16}

The discharge cdfecient G in theflow equations is dined as the ratio between thefiectiveflow area
A and the geometri¢low area A(equation 17. The dfectiveflow area is smaller than the geometric
flow area due to separation of thfeow from the valve surfaces [17].

{17}

3. Outside engine emissions

Very little is known about methane emissions sources from natural gas vehicles other than the engin
exhaust. AVL MTC AB has on the commission of The Swedish Transport Administration (STéltcarried

measurements of methane leakage from methane fueled city busses. The Swedish study is described in

more details in case study 7 in chapter 5. The amount of tested vehicles

was 60. Twelve of the tested vehicles (15%) did not have any leakage. Thirty busedi(bheig
leakage at fuel filling fittings corresponding to 2.9 ug/ day on average. There wéeakage from the
gas tanks and roof fittings and only 3 % of the vehicles did have a diffuse, not quantifiedséttltevel
in the engine room. The major source of methane was inside the tailpipe correspandii®8 mg /day
and bus. The result indicates the major contribution of methane originates from slip duringgdrivin

4. Emission reduction technology

As mentioned previously, the major emission concern regarding unburned methane emissions is

associated with premixed charge dual fuel engines. In practice this means heavy duty vehicles/busses for

road vehicles application and medium speed 4-stroke engines for marine applications.
Reduction of unburned methane in general can be achieved in three different ways:

x By the introduction of a better suited (advanced) combustion principle
x By introduction of a more suited natural gas formulation. Addition of hydrogendd#sic
natural gas fuel seems to be a way forward
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X By exhaust gas after treatment in an oxidation catalyst

Combustion principle

A recent investigation from Hokkaido Univergity#] has systematically shown how basic engine
parameters influences the emissions and fuel consumption of a dual fuel natural gas engine.ife eng
system as well as the engine specifications are shown in Figure 7. In these experiments,ahedrdfu

the equivalence ratio of natural gas changed with intake throttling or supercharging, and the intake
oxygen concentrations with cooled EGR were systematically examined to establish the oerfditio
clean, silent, and efficient combustion. The influence of the compression ratio was investigatelil as w

Engine specifications Schematic of Engine system
Four-stroke, Single cylinder Suree Orifice
Engine type (Modified from four cylinder) ] tangk :1]4_ air (® Pressure gage
Water-cooled, Direct-injection Thermometer
Bore x stroke 98 x 110 mm 1\
Displacement 830 cm? EGR
- - cooler
Compression ratio 14.5,16.5, 18.5 -
Fuel injection system Common rail system H DPF
Fuel injection nozzle ®»018 mm x 9 - 152°
Natural gas
Intake valve open 15°CA BTDC
Exhaust gas
Intake valve close 53°CA ABDC -
Exhaust valve open 50°CA BBDC
Exhaust valve close 12°CA ATDC

Figure 7 Engine setup and specifications fron. [14

Results of varying the compression ratio and the equivalence ratio at low engine loads (imepap,3 MP
are shown in Figure 8. Increasing the equivalence ratio of natural gas by intake throttling is ameeffecti
technique to decreasing the THC, CO and NOx emissions as well as to improvements in both the

tu pesSJtv ((1 Lev €@ 8 ]Jv] 8§ §8Z Eu pIngrepsinythe egdivalence ratio (or
lowering the excess air ratio) would mean higher amounts of unburned hydrocarbons in thédvgun
layer and in crevices, according to the discussion in chapter 3. Therefore, the beneficial dffects o
increasing the equivalence ratio must lie in a more complete combustion proces$) iwlailso reflected
by the combustion efficiency results. The combustion efficiency could be a resuilsfafng (cycle to
cycle variations) being more important as the equivalence ratio is lowered. This is often seenlatw
equivalence ratios.
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Figure 9The EGR (characterized by the exhausi€an effective technique to reduce NOx without
increasing THC and CO emissions [14

The EGR is an effective technigue to reduce NOx without increasing THC and CO emissions as shown in
Figure 9.

Results of varying the compression ratio and the equivalence ratio at high engine loads (imepap,8 MP
are shown in Figure 10. Reducing the equivalence ratio of natural gas by increasing the boost pressure
moderates the combustion and reduces the NOx, but increases the THC and CO emissions with
deteriorations in the thermal efficiency. The tendencies are the same as for low loads. However, the
combustion efficiencies are higher, meaning lower level of misfiring and unburned hydrocarbons.
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Figure 10. Results from varying the compression ratio and the equivalence ratib ahgige loads
(imep=0,8 MPa) [14

From the results shown here, it seems as running with higher equivalence ratio is a beneficial technique
for lowering unburned hydrocarbon emissions. However, the NOx emissions are seen to increase at the
same time, which is not desired. Furthermore, the authors observed that at lower equivalence ratios

than 0.7, misfiring occurred due to a too low inlet pressure, causing trouble for éiseldilot spray

ignition.

The indicated efficiencies of a dual fuel natural gas engine can be increased, as shown by researchers at
Waseda University, Japan [18], by applying a special injection strategy. In this investigation, a
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combustion strategy is proposed based on engine tests to utffigh dispersed pilot diesel injection

to promote flame propagation of premixed natural gas in a heavy-duty Dual Fuel natural gaes. difg
results indicate that the combustion strategy proposed in the present study can achieve higher thermal
efficiency than that of conventional diesel combustion at low load. The results shaiththindicated
efficiency can be increased from about 35% to over 40% at medium load and an EGR ratio of 38%. This
shown in Figure 11. However, since NOx and THC levels are high, after treatment of the exhaust will be

required.
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Hydrogen

] « o Jvi

The use of hydrogen enriched fuels, in particular in the form of hydrogen enriched methane, has already
been studied in various fuel process studies 22D-These studies show that in particular the
flammability behavior is accelerated by the hydrogen admixture. This is a basically welcomeasffect

methane has a slower inflammation behavior than gasoline due to its short-chain molecuthnie

without C-C double bonds.
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The motor investigations on hydrogen-enriched, methane-based fuels in this project have also shown
that the high knock resistance of methane does not decrease due to the hydrogen admixteastat |
until admixture rates of up to 25% by volume). This is explained in such a way that the dffeet$io
admixture are practically completely limited to the ignition phase (0 - 5% fuel convgrsiauhich the
knocking behavior is generally uncritical due to low internal cylinder pressures. The following
combustion phase (5 - 100% fuel conversion), on the other hand, is hardly influencedduyrtixture

in stoichiometric operation.

There are only a few studies on the use of hydrogen-enriched methane in vehicles3. In the case of
vehicles with stoichiometrically operated gas engines and three-way catalytic converters, these sho
significantly lower values, especially for NOx emissions.

The following questions are investigated in this project:

f Can the effects on fuel consumption and engine-out emissions determined in combustion process
studies on the engine test bench be confirmed in a vehicle in transient operation?

f To what extent is the correction of the fuel-induced shift in the center of gravity of the cstiobu
needed in order to use the full potential of the hydrogen enrichment?

f How can the strong increase in the NOx conversion rate in the catalytic converter in HCNi®opera
shown in literature, be explained?

Without countermeasures, the increasing expansion of PV and wind farms leads to the proddiction
electricity, which cannot be used in the electricity market or cannot be sold econondca!lio

oversupply (hereinafter referred to as "excess electricity"). This excess electricity must be stored and
used at other times (e.g. pumped storage power plants or batteries), transferred to mobility by power-
to-gas/liquid plants or have to be curtailed. Although this curtailment is cost-effedtisieould be
prevented as it could limit the expansion of renewable electricity production.

The production of hydrogen from excess electricity in poteegas plants with feeding into the gas grid
would be a technically relatively simple, under certain conditions even economitaloamewhat
energy-efficient way of harnessing excess electricity. This could mean that in the future natural gas will
contain not only biogas but also hydrogen.

Oxidation catalysts

Methane emission from the engine exhausted gas can be mitigated by installing an oxidattyst in

the after treatment system to fully oxidize ¢td CQ and HO. The engine exhausted gas can be
characterized by low GKoncentration, high concentration of water vapor, large excess of oxygen and
presence of SCand NQ[25-30]. The temperature is lower than 500-550, at which the high water
content and presence of $Gpecies are two main problems for the lifetime and efficiency of the
catalysts. Water caused deactivation to the catalyst which leads to lowecdbiersion at the same
temperature compared with the dry condition. While it is possible to get stable conversite

presence of kD. The addition of S@aused more detrimental deactivation to the catalyst which
significantly decreased the lifetime. A catalyst with good performance at low temperature, goodaherm
stability, and high poisoning resistance is still urgently needed €zitalysts for methane oxidation can
be classified into two groups (see E®), noble metal supported catalysts (Pd, Pt, Rh and Au supported
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catalyst) and transition metal oxides catalysts (including single metal oxides and mixadriges)

[32:33.
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Fig.12. Catalysts for methane catalytic oxidation [32].

Noble metal catalysts, especially palladium based catalysts, show high catalytic activity towards CH
oxidation while the deactivation caused by sintering at operation temperature and poisbyingter

and SQ limited its application in the real process. The active phase of Pd supported catalyst was und
debated for a long time and recently proved to be the PdO nanopatrticles using the time resolved in situ
DXAFS (dispersed X-ray absorption fine structure) methddTBé&y found that the oxidation of GH
occurred by reduction of PdO and the activation energy for nucleation of metallit2R&{/mol) is

similar to the C-H dissociation energy of,©H PdO (100) (131 kJ/mol). They also found that the
presence of metallic Pd can accelerate the reaction which is consistent with other researchers. The
performance of Pd catalyst was influenced by the support materials it dispersed on, the addition
promoters, as well as the operation conditions. Compared with the traditional supportrialstéke

ALG; and Si@ using an oxide with high oxygen storage and release ability like ZeQ, and Ti@due

to the changeable valance of the Zr, Ce, and Ti could provide oxygen for Pd in the reacticamniab tiox
supports can then be reoxidized by the gas phase oxyg@e.and Zr oxides supported Pd catalysts
were found to be less initially active but more stable in the long term activityctaspared with

Pd/ALG; catalyst [3536]. Pd/TIQ catalyst was less active compared with others and also less studied in
the literature [37. Besides being used as a support material,Z200Q, and TiQwere more usually

used as a promoter for Pd/A&); catalyst to improve the stability, water resistance, &1 tolerance.

While the promotion of Ce{cannot be used in the water existing condition due to the water caused
aggregation of Ce(anopatrticles [3B Based on the atomic layer deposition technique, Pd@&iO

ALG; catalyst with a core-shell structure was found to be promising to be used in ther&sent

condition, while the performance of the catalyst in both water and @®sent condition is still

unknown. The promotional effect of Ti@as reported to be a higher activity in the subsequent run

after removing of SQwhich was actually not realistic in the real engine condition. [B€dition of Pt to

the formula of Pd/AIO; catalyst as a bimetallic catalyst was also studied to improve the performance of
the Pd catalyst under real condition. Andreas et al [40] found that it is possigkt ©©H converted

using a Pd-Pt/ AD; catalyst in the presence of both® and S@ The conversion of Gias influenced

by the S@Qconcentration in the reaction gas and the operation temperatures (see Fig.13) At Abe
conversion of CHdecreased from 100 % to 20 % and 12 % with addition of 2.5 ppm and 5 gpm SO
respectively. As a lower operation temperature, 400the conversion of CHn the absence of SWas

55 % and the conversion dropped to 0 % within 25 h with addition ef B@y verified that the activity
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of the Pd-Pt/AIG; catalyst was dependent on the operation temperature and the &@ount that

passed through the catalyst bed. Higher operation temperature can lead to higheefbival activity
while it caused more irreversible deactivation shown by lower activity after removalafd®@pared

with the catalyst had been run under same condition but lower temperature. More test need toriee do
to find the optimized operation condition and an efficient regeneration method for the peido

catalyst.
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Fig. 13. CHconversion as function of time on stream over Pd-Rydt two different temperatures
(400 and 450( ) and two S@concentrations (2.5 and 5 ppm). 3200 ppm,dd % @ 12 HO, 2.5 0r 5
ppmSQ, in N. GHSV=30,000'1{40).

Except for the existed catalysts, designing a new catalyst with highdolg@nce is also of great
importance to solve the GHmission problem. Zeolites, mainly consisting of Si, Al, O and the cations
elements (H, N&, and NH"), were also found as a promising support for noble metal supported
catalysts due to its microporous structure and acid-base properties. Yand4di &und that Pd

supported on H-ZSM-5 with a loading of 1 wt.% could reach 100 % conversion gteaatme as low

as 320( . Comparing with mostly studied Pd catalyst, Rh was reported to be more sulfur resistant and
can be promising to be used under real engine conditiof [42

28



5. Case studies

Case study 1. Modeling of unburned methane formation (Danish study)

A computer model, TB@J, has been developed. THO in this case study is used to simulate the
engine process of a four-stroke dual-fuel medium speed engine. Engine desmmgbers, such as
engine geometry and operation conditiorage given as input, and the model then calculates results for
the expected engine performance and unburned methane emission level under the givetiarendi

The computer program includes modeling of four different mechanisms that avevrkrio cause
methane slip from the engines. Three of these mechanisms are illustrated in Figuchapter 2 which
is an idealized picture of the combustion chamber of an engine. One mechanism is theighoting
where methane flows directly from the intake port to the exhaust port. This occurs because aspoverl
period exists where both valves are open at the same time and during this pepiessure difference
across the combustion chamber is present due to the turbocharging of the engines.

Another mechanism is the crevice mechanism whereby methane is forced into crevithe in

combustion chamber during the pressure rise caused by the compression and stnbof the gas in

the chamber. The propagating flame in the chamber is not able to penetrate interthaces, and
therefore methane in the crevices escapes combustion. During the pressure decrease in the chamber
after the combustion has ended, crevice gas, and thereby unburned methane, re-enters the chamber.
The unburned methane may be partly post-oxidized in the main combustion chaelftleedeaving the
crevices but, unlike gasoline, most of it is expected to exit the combustionbdramburned when the
exhaust valve opens.

Athird mechanism is the flame quenching near the chamber walls. When the flame propagateshthroug
the combustion chamber it will at some point be quenched near the walls becaudeetidoss to the
walls will exceed the heat released in the flame. Therefore, some of the methane located near the wall
will not be reached by the flame and will be left unburned. The near-wall metih@ay subsequently be
partly post-oxidized, like the rentering crevice gas, but some of it is expected to exit the combustion
chamber unburned during the gas exchange process.

A fourth mechanism, which is not illustrated in Figure 4, is due to so calledenistiere the
thermodynamic conditions during compression prevent ignition of the ifusbme of the engine cycles,
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where the ignition do occur but the combustion conditions result in a very early quenohihe flame.

The developed model can be used as an assisting tool for analyzing existing éegjgres and
operating conditions in order to gain a better understanding of the medmasj which lead to slip of
unburned methane through the engines. The model can be used as well in the worketdmliag new
and improved engine designs with respect to lower methane slip.

A calibration of the model against measured data from a 4-stroke medium speed Rlargine,
2014 version, has been carried out. The methane slip from the engine from differentésad was
afterwards analyzed to obtain a better understanding of the reason for the sligaaadggest possible
improvements. Results for the methane slip are shown in Table CS1.1.
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Table CS1.1. Calculated and measured (in red) methane emissions from a 4-stroke medium
speed Dual Fuel engine

Load 100% 75% 50% 25%

Methane as fuel

Specific emission Calculated [g/k\Wh] 263 163 76 718
Measured [g/KWh] 26.3 16.5 38,0 70,5
Relative emission lke/ke] 0.164 0.093 0.178 0.295

Relative contributions

Short-circuiting 34.7% 614% 212% 12 14%
Crevices 23.9% 30.8% 17.1% 1253%
Quenching 41 4% 7.8% 61.7% 75.33%
Post oxidation

Fraction of fuel in crevice at EOC 0.55% 2.22% 0.30% 0.015%
Fraction of fuel in cylinder at EOC 0.23% 1.38% 0.22% 0.008%
Fraction of fuel in cylinder and crevice at EOC 0.28% 183% 0.23% 0.009%
Octane as fuel

Specific emission [e/kWh] 9.25 10.85 B.17 64.89
Relative emission lke/ke] 0.061 0.061 0.042 0.271

Relative contributions

Short-circuiting 93.6% 93.3% 89.59% 13.2%
Crevices 6.4% 6.7% 10.1% 12.7%
CQuenching 0% 0% 0% T41%
Post oxidation

Fraction of fuel in crevice at EOC 70.2% 75.6% 67.5% 15.4%
Fraction of fuel in cylinder at EOC 100% 90 5% 100% B.1%
Fraction of fuel in cylinder and crevice at EOC 95.7% B6.6% 96.4% B5%

Data in the tableFehler! Verweisquelle konnte nicht gefunden werdeimdicate a good agreement
between methane emission level obtained with the developed model and the measwet TEhis
follows from comparison of the two upper rows, which deviate for all loade by less than 2%. The
relative contributions to the methane slip from the different sources, indicated by thdeam suggested
that short-circuiting in the engine is important to address, particularly at 75% load.

Changes in the valve timings could lower the valve overlap period and theeeloger the short-
circuiting contribution. New valve lift profiles for the intake and exhaust vahee® been adopted to
the engine, and these are shown in Figure CS1.1 together with the old valve lift profilegalVée
overlap period is substantially reduced for the new valve lift profiles, and it was texptwat this wil

accordingly reduce the short-circuiting of methane through the engine significantly.rd3uff was
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certainly obtained, as seen in Table CS1.2, where TECMU is used to calculate emissitims frew
valve profile engine. The results indicate furthermore that although the total methane slip taul
reduced to some extent by addressing the short-circuiting, it is also i@potb counteract the
contributions from crevices and quenching.
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Figure CS1.1 Valve lift profiles for a MAN L28/32 Dual-Fuel engine.

The TECMU model clearly illustrates that crevices do play an important role in unburned methane
formation after almost eliminating the valve overlap mechanism. However, wall quenahihbulk
guenching/ misfire are the dominating contributers. This fact becomes more outsaskére load
decreases, which is seen in Table CS1.1 and CS1.2.

In these simulation cases, it is not possible to distinguish between quench layer mechanisntkand bu
guenching/misfire, since the rate of heat release curves from engine measurements have been used as
input to the TECMU model. This in one hand eliminates the possibility ofagstg all the individual

emission contributers. On the other hand, it gives a result which complies more exabtihaviengine

in question.

After modification of the valve timing it is clear, that crevices , and particularly quenchingagant to
address in order to achieve lower emissions. Crevices is the most important mechanismlead5%
whereas quenching is the most significant contributer at all other operating conditions.

According to the theory for methane formation, given in chapter 2, the quench layer thickioesases
at leaner operation, which gives an increasing contribution to the total emissions at loags. The
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bulk quenching/misfire mechanism follows the trend seen in Figure 6., where cyclic var@tmmswith
an increasing tendency at leaner operation. This also indicates higher emissions at lower loads.

Table CS1.2. Calculated and measured (in red) methane emissions from a 4-stroke medium speed Dual
Fuel engine with reduced valve overlap.

Load 100% 75% 50% 25%

Methane as fuel

Specific emission Calculated [2/kWh] 173 6.22 303 652
Measured [e/KWh] 17.0 6.0 305 64.0

Relative emission [ka/kg] 0.117 0.036 0.147 0.275

Relative contributions

Short-circuiting 0% 0% 0% 0%
CrE‘.'il:Eq 36.4% 831% 215% 14.2%
Quenching 63.6% 16.9% 78.1% B5.8%
Post oxidation

Fraction of fuel in crevice at EOC 1.64% 4. 66% 0.71% 0.037%
Fraction of fuel in cylinder at EQC 0.77% 2.36% 051% 0.022%
Fraction of fugl in cylinder and crevice at EOC 0.90% 3.50% 0.53% 0.023%

The influence of post oxidation was investigated, since it was expected, that this mechanisnbeould
clearly different for methane, compared to other high octane fuels. The model was therefore used to
recalculate the post oxidation as if the fuel was octane (gasoline like fuel). The reaction corstants f
octane, used in equation 8, were thus applied. Results in these cases are seen in the lower part of Table
CS1.1. This had the effect that post oxidation changed dramatically. When methane is the fuel, almost
no post oxidation occurs for the quenching mechanisms. This changes to close to 100%¢taheris

the fuel. Only part of the crevice hydrocarbons is emittesbout 30% of the crevice hydrocarbons are
emitted after post oxidation. Only at low load the post oxidation is very limiték adtane, 15.4%.

The post oxidation effect changes the engine emissions completely. The unburned hydrocarbon
emissions seems to be reduced with a factor of about 2. However, this is very dependent on the load.
The post oxidation would be very improved with addition of hydrogen to methane, sincederro
enhances the reactions at lower temperatures. This is an effect that has been investigated in case study
3. The fractions of unburned methane that are post oxidized in the two cases are compared in Figure
CS1.2. The results are further discussed in Case Study 2.
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Figure CS1.2 The post oxidized fuel fractions for methane reactions (a) compared to octane
reactions (b).
Summary:

Amathematical model, TECMU, which calculates the contribution of unburned methane friene aif
mechanisms, has been developed and tested against measurements on a 4-stroke medium speed Dual
Fuel engine. The comparison revealed that all described mechanisms: valve overlapscogenching

and post oxidation are important for the engine out emissions

Reduction of valve overlap reduced the methane emissions with about from 12 to 62%, dependin
engine load. Post oxidation was shown to be very limited with methane as fuel, comparedbe 0

This indicates the importance of hydrogen, which could enhance post oxidation of unburned methan
In order to address methane emissions from the engine, after modifying the valvetiinis necessary
to look at both crevices and quenching mechanisms.
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Case study?. Quantification of methane emissions from different mechanisms
(Danish study)

In order to further evaluate the methane formation model, TECMU, an experimental research facility
was established. This facility enabled us to operate an engine according to a typicab@tiostion

cycle on various natural gas fuels. This research engine is spark ignited. However, the therncmgynam
of the combustion processes is similar to the MAN dual-fuel combustion engitiepperating

according to the Otto-cycle process.

The experimental engine was a traditional CFR engine with the specifications as found in Table CS2.1

FFID
L FTIR

Dyno |

=t
I
O

H,
Air

N

Figure CS2.1. CFR test setup schematic drawing. MFC: Mass Flow Control, FFID: Fads&tame |
Detector, FTIR: Fourier Transform Infrared spectroscopy.

Table CS2.1 Experimental engine data.

CFR engine
Bore 82.775 mm
Stroke 114.3 mm
Compression ratio 45 -15
Ignition NGK 2910 AB-6 (gab 1mm)
Max intake pressure 2 bar
Valves Shrouded vales

The purpose with the experiments was to be able to vary essential engine/fuel parameters and estimate
the influence on the different unburned methane formation mechanisms. The basic parameters that
were varied were the compression ratio (CR), the excess air ratld () and the intake pressure (p

The distinction between the different hydrocarbon formation mechanisms was done by the use of the
Fast Flame lonization Detection (FFID) equipment [51]. In this method a samobéeis installed just
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downstream of the exhaust valve, and the fast principle enables us to follow the varitimorned
methane emissions as a function of time, with a few crank angle (CA) degrees solutiefiorEneve

are able to relate the emissions to the different mechanism, since they ocgurlg( ( & v S pictpreX

of the engine with the essential installati®is shown in Figure CS2.1, and a schematic figure showing a
typical picture of the FFID measurement [51], is shown in Figure CS2.2.

6,000 -
Trapped exhaust valve crevice HCs
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5,000 Other crevice or surface HCs
" are enfrained inlo exhaust flow N A

4,000 : VASN ,
Blow-down and expulsion Seroll-up HCs from
of burned gas conlents cylinder wall &
from cylinder piston crown are
/ H last to exit cylinder
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P,

[HC] (ppm C,)

2,000

Exhaust valve opens Exhaust valve closes

2.35 2.355 2.36 2.365 2.37 2375 238 2.385 2.39 2395 24

Time since engine start (s)

Figure CS2.2. Example of a measured output signal from the FFID sensor.

From the figure we follow the concentration (by volume) from the openindgnefexhaust valve until the
closing of the valve. Right after opening a small peak is seen. This is interpreteduadtinned fuel
trapped in the crevice around the exhaust valve. Thereafter, the concentration drops dramatically,
reflecting the content of the bulk gas, which is very low due to the effective combustiancdrmies out
as the first part of the exhaust. Then hydrocarbons from boundary layers and other creviaggamate
enters the exhaust port. At the end of the period, the so called roll-up vortex material enters the
exhaust port. This vortex scrapes of the cylinder liner boundary layer quenohitegial and also a part
of the unburned material trapped in the crevice between the liner and the pistowrtro

A typical example of the measurements from the present investigation is shown in Figure CS2.3.

Her we clearly see the initial increase after EVO, reflecting material coming from the valve.dksvic
the bulk gas enters the exhaust valve, the concentration drops to a very low level due to tleeffici
combustion of the main cylinder gases. Thereafter, the unburned methane, diffusing out of the
boundary layer is emitted. Finally, the roll up vortex enters the exhaust reflected by andeszage in
the rate of concentration.
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UHC measured by FFID
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Figure CS2.3. FFID signal output example from the CFR engine.

The total emissions of unburned methane was measured in the exhaust by using an FTIR (Fourier
Transform InfraRed) instrumentation. The measurements of unburned methane are shown in Figure
CS2.4 for varying compression ratio, excess air ratio and intake pressure. The Figure shows that the
methane slip increases with increasing compression ratio and excess air ratio, whereas the slip
decreases with increasing intake pressure (load). The variation with the excess air ratio is opposite to
what is seen in gasoline engine$. [bhe reason for this could be that in gasoline engines the crevice
mechanism is dominating whereas in natural gas engines the quench layer mechanism is the most
important, at least at leaner operation. Post oxidation also plays a quite different role wiblirgas
compared to natural gaghese tendencies were also shown in case study 1 (Table CS1.2, Figujye CS1.2

Methane slip
2.5 A
--1.0

= — 14
2.0
o CR
) 7
2 b1l
0 1.0 ¢ 13
= 15

0.5

0.6 0.8 1.0 12 1.4 1.6
Intake pressure [bar]

Figure CS2.4. Unburned methane emissions measured in the exhaust of the CFR engine.
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In order to investigate further the influence of crevice material, we calculate the expected amfount o
engine out emissions from the crevices alonggNy integrating equation {2} from chapter 2 until the
maximum pressure during compression. This is then a measure of the crevice matdtialimave

would find if there were no post oxidation of methane in the cylinder (in case studyasitound that
there was almost no post oxidation in the 4-stroke medium speed dual fuel engine, which gpatate
leaner mixtures). The results from these calculations are shown in Figure CS2.5. We notice, that the
calculated emission level is much higher than measured. Therefore, there must be signif&tant po
oxidation in the CFR engine. Furthermore, the calculated emissions increases with intake pressure,
which is opposite to the measured tendency.

Max Piston crevice

0
9

; A
] 8 --1.0
x — 1.4
EU - Ao w- ¢ -+

2 7 | - :
2= b7
U6 ¥
g

: 11
8 “5 +
g b 13
; 15
B
n
o

0.6 0.8 1.0 1.2 1.4 1.6
Intake pressure [bar]

Figure CS2.5. Variation of unburned methane in crevices at maximum cylinder pressure.

In order to investigate the influence of post oxidation, a model for the crevice mhbfleainto the
cylinder was established §]. It was furthermore assumed that all crevice material that flows out of the
crevices according to this model was post oxidized completely if the temperature béitkgas was
above a certain temperature. Otherwise, it was assumed that there was no post oxidation. Using this
method the results in Figure CS2.6 were achieved. With the assumption of 1700 K asdaleporsti
oxidation temperature the emission levels are in good agreement with the measured values. The
TECMU model indicates that this is a thresheldperature for the post oxidation. Below 1700 K the
post oxidation becomes ineffective. Now the influence of excess air ratio alsgsthe correct

tendency. However, the influence of intake pressure is still wrong, indicating other important
mechanisms.
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Piston crevice Simple model
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Figure CS2.6. Variation of unburned methane in crevices after postoxidation at 1700K.

This calls for further investigation of the UHC near the walls, including the quench layeegicds: As

the UHC from crevices , for most of the expansion, is exiting the crevice with low speed, the UHC from
the crevice is dragged on the liner as a thirelags seen in Figure CS2Therefore, the posbxidation

for both crevices and quench layer can be treated the same.

Figure CS2.7 Crevice material is dragged on the liner as a thin layer.

In order to confirm the importance of the UHC near the walls, the variation of the rdsidethane
concentrations in Figure CS2.3 were investigated. This concentration is closely related touttreednb
methane emitted from the quench layer and the crevice material from the pistontwetices (the bulk
gas concentrations in the lower left corner of the figure is then assumed to be ~ 0). The varfidhisn o
concentration is seen in Figure CS2.8.
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Figure CS2.8 Unburned methane in the residual fraction, measured with the FFID.

This clearly gives the right variation with intake pressure and also with the excess air ratio, whereas the
variation with the compression ratio is more unclear.

A conclusion from the experimental work in Case Study 2 is then that both the crevice anctioh qu
layer mechanisms are important for the engine methane slip, and the post oxidataantainly
important, at least in relation to the crevice material. In case study 1 it was fowtdit quench layer
mechanism is very important at lean operation, and the post oxidation was almost elimiaiaadid
conditions. The explanation for this is that the engine in case study 1 operated ateaarednditions
than the engine in case study 2.
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Case study 3. Application of methane with hydrogen (Swiss study)

Test setup

In the context of this project, methane was measured as fuel with and without hydrogen admixture in a
Euro-4 vehicle with stoichiometric operated, naturally aspirated, manifold injected 4 cylindeeengin
with an engine capacity of 2.0 I. The vehicle was equipped with an external fuel supply, artatoess
electronic engine control (ECU), a modified catalytic converter as well as an interndgicgliessure
measurement in the combustion chamber of the engine. The vehicle was driven with two different
driving cycles (NEDC and WLTC) on a chassis dynamometer with road load simulation astia@ombu
parameters, consumption and gaseous emissions were measured before and after the catalytic
converter.

Fig. CS3.1Project vehicle on chassis dynamometer

Modifications on the catalytic converter

At the beginning of this project, a new original catalytic converter was installed in theezeFics new
catalytic converter was run in on the test bench with 400 km of motorway driving subjectesbto a

called "degreening". In order to ensure that the emission values measured after the catalyst were not
too close to the detection limit of the respective analysis systems, the effectiveness of the catalyst was
artificially impaired by shortening it by approx. 1/3 of its length (Fig. 2).
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Fig. CS3.2 Shortened catalytic converter - only the left part (2/3 of the length) was used.

Fig. 3 shows the sampling points before and after the catalytic converter in the underbthayroject
vehicle.

Fig. CS3.3 Catalytic converter in vehicle underbody with for exhaust gas, probe and exhaust gas
sampling
points

Driving cycles

For the emission measurements, the vehicle was tested in the currently valid and in the future
legislative driving cycle.

f NEDC> Official driving cycle until Automn 2017 (Fig. 4, red curve)
f WLTC -> Official driving cycle from Automn 2017 on (Fig. 4, blue curve)
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Fig. CS3.4 Driving patterns NEDC and WLTP

In contrast to official measurement, the engine was warmed up before the measurements and the test
was started with the engine at operating temperature.

Used fuels

Designation CH-share  H,share Energy% H  Density NHV CWF
[Mol%] [Mol%] [Mol%] [kg/m?] [MJ/kg] (mass%]

CNG 100 0 0 0.6785 50.01 74.9

HCNGs 85 15 51 0.5895 51.58 73.2

HCNG 75 25 9.3 0.5302 52.92 71.9

Table CS3.1 Fuel specifications (density at 15°C and 1'013 mbar) /
NHV = Net heating value, CWF = Carbon Weight Fraction

Measurement technology and exhaust gas sampling

A 2-line exhaust gas analysis system (Horiba Mexa-7400H) and a dilution syttemiticél venturi
(Horiba CVS-9400T) were used to determine the legally limited pollutants.

The non-limited pollutants (NONH) were measured using an FTIR infrared spectrometer (Gasmet CR-
2000S) and a hydrogen mass spectrometer (V&F H-Sense). In addition, the hydrocarbonsomeee rec
with a fast 2-line flame ionization detector (Cambustion Fast-Response-FID HFR500)dod grest-
catalyst measurements.

To ensure that the measured emissions can be assigned correctly to the underlying events of engine
operation, a Bosch LSU-4 broadband lambda sensor was installed at each of the two samptng poi
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before and after the catalyst. These fast measuring oxygen sensors thus served as a time reference at
the respective sampling connection.

A so-called "open" engine control unit - ECU with emulator probe (ETK) - enabled the adaptation and
adjustment of the ignition timing and supplied the data acquisition with further measured variables
which served to control and characterize the engine operating status and combustion.

A cylinder pressure indexing system (Kistler KiBox) with a piezoelectric pressure sensor integrated in a
spark plug was used to measure the cylinder pressure, which is indispensable for assessing the
combustion and its center of gravity.
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Fig.CS3®% Experimental setup and measurement technology

Ignition timing and position of the center of gravity

Ignition timing

The addition of KHto the CNG fuel accelerates the combustion phase, resulting in an early shift of the
combustion center of gravity, defined as 50% energy conversion. In order to correct this eartyahift,
ignition point (IgnP) in HCNG operation must be shifted by the corresponding amacligie”. The test
vehicle is equipped with an applicable engine control, which makes such an adjustment possible.

In order to determine the parameters for adapting the IgnP map, the center of gravity was first
determined in CNG operation with the original ignition map at various constantispesing a cylinder
pressure indexing system. After switching to the hydrogen enriched fuels (Ha&NEHCNGEg), the
combustion center of gravity was corrected by shifting the ignition time to "Lateig¢atiginal center

of gravity position previously determined with the standard fuel. For the sake of clarifyttenl
measurements with admixtures of 25 mol% hydrogen are listed below. The effects of the measurements
with 15 mol% hydrogen admixture are practically everywhere approximately in the middle éretwe

CNG and HCN§&peration.
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The ignition timing corrections, measured in degrees crank angle (°KW), were converted into a
corresponding time delay and then extrapolated to the relevant speed range of the ZZP mijg(fee

left). Since the influence of the load on the shift of the center of gravity position is, ama#d-

dependent adjustment of the ignition timing was dispensed with. This resulted in the offset curve shown
in Fig. 6 on the right, which was applied to the original map over the entire load rangethi§ith

correction of the ZZP map, it was possible to keep the center of gravity in the opgsibn in HCN&
operation.
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Fig. CS3.6 left: Determined time delay in the NEDC constant speeds igs d@@t&ion

Fig. CS3.6 right: Extrapolated ignition timing shift for the H&N@eration in degrees crank angle (°CA)

In order to determine the sensitivity of the ignition timing variation, addiébmeasurements were

carried out with other IgnP map adjustments in which the correction according to Fig. 6 (hereinafter
referred to as "mod2") was only corrected by 50% (referred to as "mod1") and with a IgnP map in which
the ignition timing was overcorrected by 50% ("mod3").
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Fig. CS3.7 left: Original ignition map for CNG operation. The lines and watespand to the

ignition timing (ZZP) in degrees crank angle (°KW) before top dead ce@@j.(v
Fig. CS3.7 right:  Adapted ignition map for HCNG25 operation with optimum ZZP adfy(stoe2)
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Centre of gravity position over various driving cycles

In addition to the emission values, some control unit sizes and the combustion parardetermined

with the cylinder pressure indexing system were also recorded during the measurements. The analysis
of the data in the positive load range of the engine (positive wheel power and accelerator pedal >1%)
shows that the ignition timing correction achieved the desired effect (Figs. 8 - 11). With thebrig
characteristic map in CNG operation, over 45% of the centres of gravity are in the ideal rénge of

10°KW according to OT. In HCNGZ25 operation, over 45% of the combustion centres are also inghis rang
(see graphs). There are several reasons why not all the focal points are in this area

f In dynamic operation, a constant center of gravity position seldom occurs, since load and speed can
change continuously. This also influences the position of the center of gravity.

f The later the IgnP is set, the more unstable the center of gravity position becomes (expressed as an
increase in standard deviation), probably due to ignition at higher pressures [43].

f

Combustion center of gravity in CNG operation

Fig.8 shows the frequency distributions of the combustion center of gravity in CNG operatiotine

crank angle to TDC in the NEDC (left) and in the WLTP (right). The mean combustion center of gravity
position with original ignition map (org) is 8-9°KW n.OT (mean value@nor@asurements) both in the
NEDC and in the WLTC and shifts with the IgnP map corrections (mod1, mod2, mod3) as ¢xpected
"late".

CONEDCO% GNEDCS0% DNEDC100% ENEDC150% OWLTCO0% BWLTCS50% OWLTC100% BWLTC150%
15% 15%
10% 10%

5% 5%

0% 0%

Fig. CS8: Distribution of the combustion center of gravity in CNG operation in the NI
(left) and in the WLTC (right) with original ZZP map (light blue) and the Ignkowariabdl,
mod2 and mod3.

Fig. 9 shows the distributions without IgnP correction (0%) and with the variations modl (b0&2)
(100%) and mod3 (150%) individually. It can be seen that the IgnP corrections lead to fatlshift o
center of gravity as well as a slight widening of the distribution in both the NEDC and Tt WL
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Fig. CS9: Verteilung der Verbrennungsschwerpunktlage im CNG-Betrieb im NEFZ (I

und im WLTC (rechts) mit originalem ZZP-Kennfeld (hellblau) und den ZZP-Variat
mod1, mod2 und mod3.

Centre of gravity of combustion in HGhGperation

Fig. 10 shows the frequency distributions of the combustion center of gravity in HCIg&2%ian over
the crank angle to TDC in the NEDC (left) and in the WLTP (right). Without IgnP correstiis, im
early shift in the position of the combustion center of gravity. On average, this®’kW-a.TDC (mean
value from 6 measurements). The IgnP corrections modl1, mod2 and mod3 shift the tstistuack to
"late”, whereby the correction "'mod2" comes closest to the original values in CNG mode.

CONEDCO0% EINEDCS0% CNEDC100% [INEDC150% OWLTCO0% BWLTC50% OWLTC100% @WLTC150%

-5 0 5 10 15 20 25 30 -5 0 5 10 15 20 25 30

Fig. CS3.10: Distribution of the combustion center of gravity in CNG operationNEDe
(left) and in the WLTC (right) with original ZZP map (light blue) and the IgnP varratod,
mod2 and mod3.

Fig. 11 shows the distributions in HGA@eration without IgnP correction (org) and with the variations
mod1, mod2 and mod3 individually. It can be seen that the IgnP corrections also leadytd a sl
widening of the distribution in HCN&operation, as in CNG operation (see Fig. 9).
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Fig. CS3.11: Distribution of the combustion centre of gravity in CNG operationNEDE

(left) and in the WLTC (right) with original ZZP map (light blue) and the IgnP variat
mod1, mod2 and mod3.
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Results

Influence of Hblending on energy consumption

a) Basic fuel consumption measurements in CNG operation

To ensure that not the IgnP variation but really thebiénding is responsible for the effects on exhaust
emissions and fuel consumption, a first series of measurements was carried out to investigate how the
corrections to the IgnP map in CNG operation affect the NEDC and WLTC driving cycles.

Fig. 12 shows the energetic fuel consumption in MJ/km in CNG operation in the NEDC and WLTC in the
individual partial cycles (green markings) as well as the percentage deviation from thaldggP map
(yellow markings). This showed that all IgnP variations in CNG operation led to an increase in
consumption. It can therefore be assumed that the original data for the IgnP map were determined for
optimal fuel consumption and that the following measurement results can be attributed goléhe H
admixture.

NEDC + WLTC (CNG, IgnP: org) NEDC + WLTC (CNG, IgnP: mod1)
g40 - +2.0% A0 T - +2.0%
95 A ACNG_org ..-:__ A ACNG_modl %
E E L - +10% 3§ E 35 | e - +10% 3
S S S S
230 - +0.0% 3 g3o4+—=-——>gJF == - +0.0% g
g A : 3 A 5
7]
b4 N W A L > > o A | >
> 2.5 A i 1.0% 2 > 25 A M A 10% 2
E A E A
w20 . . -2.0% woo ‘ . 2.0%
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0
P_Pos_Rad in kW P_Pos_Rad in kW
NEDC + WLTC (CNG, IgnP: mod2) NEDC + WLTC (CNG, IgnP: mod3)
£ A0 - +2.0% £ 40 T - +2.0%
_-:-:__; A ACNG_mod2 % _-:-:__; A ACNG_mod3 %
E 35 1 g - +1.0% f'; E 35 1A - +1.0% :?;
S S S S
230 S - +0.0% 3 230 - +0.0% 3
£ A £ = A £
g A o 3 8 A =
22.5 B A - -10% 2 f P A 2 7 S - 10% 2
E A & A
w20 . . -2.0% 220 ‘ . 2.0%
0.0 5.0 100 15.0 “ 0.0 5.0 10.0 15.0
P_Pos_Rad in kW P_Pos_Rad in kW

Fig. CS32 Energetic fuel consumption in the NEDC and in the WLTC (green markings)aasscea8umption changes
compared to the original IgnP map (yellow markings) for the IgnP variationsl (mmodi2, mod3) in CNG
operation with engine at operating temperature (oil temperature at engine start = 80°C).

The effects of the IgnP correction in the individual partial cycles differ due to their different load
profiles. However, the changes due to the IgnP variation are similar proportionallyr@ventire
operating range. If the ignition map is shifted slightly to late (mod1), the changessuaroption are in
the range of -0.5 to +1%, if the IgnP map is optimal for BEd@Eeration (mod?2) they are in the range of
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0 to 1% and if the IgnP map is shifted even further to late (mod3), changes in consuangtion
measured in the range of 0.5 to 2%. By trend, low-load partial cycles showed a slightly higher
percentage deterioration than the higher-load partial cycles.

b) Comparative consumption measurements in Hgbi@&ration

The comparison measurements in HGN@peration are listed below. Fig. 13 shows the energy
consumption values determined in the NEDC and WLTC with original ignition n@d&ioperation
(orange markings), with modified ignition maps in HCNG25 operation (blue marking$ean
percentage changes (yellow markings).
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Abb. CS33 Energy consumption in NEDC and WLTC in CNG mode (green markings) and in
HCNG mode (blue markings) as well as changes in consumption (yellow markings)
compared to the original IgnP map for the IgnP variations (mod1, mod2, mod3) i
HCNG; mode with warm engine (oil temperature at engine start = 80°C).

The H blending with original IgnP map leads to energy consumption savings of ugoh.ow load
journeys (average positive wheel power <7 kW); on higher load journeys, howevecreasie of up to
1%. The average deviation over all partial cycles is -0.24%. The half corrected shift oftthetmnm
center of gravity (IgnP map mod1l) reduces the energy consumption slightly comparedddgdimal
IgnP map. For driving cycles with higher average positive wheel power, however, there sigtil a
increase in consumption of up to 0.5%. The average deviation over all partial cycles¥s -0.44
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The optimum correction of the IgnP map (IgnP map mod2; framed in red in Fig. 13),retoirns the
center of gravity of the combustion to the original values, reduces energy cagumthe most. Even
in driving cycles with higher average positive wheel power, this does not lead to a signifeczaase in
fuel consumption. The average deviation over all partial cycles is -0.64%.

Excessive late adjustment of the IgnP map (mod3) leads to a slight increase in energy camsumpti
compared to complete correction of the IgnP map. This results in an additional consumiptipriaol%
for driving cycles with higher average positive wheel performances. The average deviation over all
partial cycles is -0.1%.

1.1. Influence of Hblending on CO2 emissions

CQ emissions depend on energy consumption and the carbon content of the fuel. According to Fig. 13,
the H, blending with 25 mol% leads to a consumption reduction of 0 - 2%. Accaodirable 2, this H
admixture corresponds to an energy content or a corresponding reduction in carbon conht@3%o.

Thus a Ceoreduction in the range of 9.3 - 11.3% can be expected.
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Fig. CS24 CQ emissions in NEDC and WLTC in CNG mode (green markings) andn HCNG

mode (blue markings) as well as changes (yellow markings) compared to the original
IgnP map for the IgnP variations (mod1, mod2, mod3) in HONG&le with warm
engine (oil temperature at engine start = 80°C).
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As Fig. 14 shows, the €émissions of the vehicle in HCNG25 operation are, as expected, 9.3 - 11.3%
lower than in CNG operation with correct IgnP correction (mod2, framed in red).

Influence of Hblending on T.HC emissions

a) Tailpipe T.HC emissions in CNG operation

Fig. 15 shows the T.HC emissions in CNG operation with original IgnP map (orange markimigls) and
variation of the IgnP map (green markings). The changes compared to the originaldgaiPem
represented by the yellow markings.
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Fig. CS35 T.HC emissions in NEDC and WLTC in CNG operation with original ZZP map (light

green markings) and in CNG operation with modified IgnP maps (dark green markings) as
well as changes (yellow markings) compared to the original IgnP map for the IgnP
variations (mod1, mod2, mod3) in CNG operation with warm engine (oil temperat

engine start = 80°C).

Fig. 15 shows that the late shift of the IgnP map already leads to a reduction of T.HC emissi@hs in CN
operation. However, this alone causes a deviation from the optimum combustion centeopcasitil
therefore a deterioration in efficiency (see Fig. 12).
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b) Tailpipe T.HC emissions in HgM@eration

In HCNG operation, 10 - 50% lower T.HC emissions were measured, depending on the map caorrection
With the optimum ZZP map correction (mod2, framed in red), these values were on averagen@s% |
than with CNG operation with the original ZZP map.
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Fig. CS36 T.HC emissions in NEDC and WLTC in CNG mode (green markings) angsin HCNG

mode (blue markings) as well as changes (yellow markings) compared to the original
IgnP map for the IgnP variations (mod1, mod2, mod3) in HONGle with warm
engine (oil temperature at engine start = 80°C).

In HCNG operation, a reduction in T.HC emissions was observed in the entire operating area. With an
optimum IgnP map (framed in red) for the combustion center of gravity, a reduction inemi4€ions of
almost 60% (see yellow markings) could be measured, depending on the partial cycle.
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¢) Engine-out T.HC emissions in CNG and HCNG operation

In order to understand the reduction of T.HC tailpipe emissions as shown in Fig. 16, ertgine-ou
measurements were carried out in CNG operation with original IgnP map and indtipRation with
fully corrected advance adjustment (IgnP map mod2) with engine at operating temperature.

NEDC

WLTC

Fig. CS37 T.HC engine-out emissions in CNG operation (green) and in HCNG operation
with 25 mol%

H, blending (blue) in NEDC (top) and WLTC (bottom)

The T.HC engine-out emissions are generally 20 - 40% lower in both driving profiles g ¢@hidEon
than in CNG operation. An important source of T.HC emissions are the flame extinguishing ztwes on
combustion chamber walls. Ma et al give a flame extinguishing distance 3 - 4 timesr $bopure
hydrogen than for methane. Against this background, the T.HC reduction shown in Fig. 17 in HCNG

operation can very probably be attributed mainly to the shorter flame extingugstiistance of the
HCNG; mixture.
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d) T.HC tailpipe measurements in CNG and HCigération

Tailpipe T.HC measurements were carried out in CNG mode with original and ipsld@@t&ion with

fully corrected advance adjustment (ZZP map mod2) and engine at operating temperature. A®describ
in chapter 2, the catalytic converter was shortened by 1/3 for these tests. This explains the sharp
increases in emissions after the catalyst at high exhaust mass flows..

NEDC

WLTC

Fig. CS38 T.HC emissions after catalyst in CNG operation (green) and in HCNG operation
with 25 mol%
H, blending (blue) in NEDC (top) and WLTC (bottom)

The T.HC tailpipe emissions are at a very low level. At speeds <100 km/h, ordpaldiiHC peaks can

be detected when starting up or after load changes. These are probably related to thdtdifiiicure
formation process at accelerations after a fuel cut-off. This is derived from the fact that these T.HC
peaks occur both in CNG and HGNsperation at the same location and therefore have to be assigned

to a control event rather than to the catalyst behavior. Fig. 18 also shows that the T.HC peaks in HCNG
operation - analogous to the engine-out emissions - are significantly lthaa in CNG operation.

At speeds >100 km/h, a significant reduction in the conversion rate or an increase in T.HOhero@sio
be seen. This can be attributed to the 1/3 reduction in the catalytic converter.
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A comparison of the cumulated T.HC engine-out and tailpipe emissions in tt& &tteRhe WLTC (Fig.

19) shows that the kblending leads to a significant T.HC reduction in both the NEDC and the WLTC as
well as for engine-out (left Y-axis) and tailpipe emissions (right Y-axis).

The increase in tailpipe T.HC emissions at speeds >100 km is due to the reduction of teelpatdly

(see chapter 2).

NEDC WLTP

Fig. CS39 Cumulated T.HC engine-out and tailpipe emissions (2 measurements each) in
NEDC (left diagram) and WLTP (right diagram)
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Influence of Hblending on NOx emissions
a) Tailpipe NOx emissions in CNG operation

Fig. 20 shows the NOX tailpipe emissions in CNG operation with original IgnRgimagréen markings)
and with variation of the IgnP map (dark green markings). The changes compared to ithe ¢gitP
map are represented by the yellow markings.

NEDC + WLTC (CNG, IgnP: org) NEDC + WLTC (CNG, IgnP: mod1)
NEDC + WLTC (CNG, IgnP: mod2) NEDC + WLTC (CNG, IgnP: mod3)
Fig. CS20 NOXx emissions in NEDC and WLTC in CNG operation with original IgnP map (light

green markings) and in CNG operation with modified IgnP maps (dark green markings) as
well as changes (yellow markings) compared to the original IgnP map for the IgnP
variations (mod1, mod2, mod3) in CNG operation with warm engine (oil temperat

engine start = 80°C).

Fig. 20 shows that the late shift of the IgnP map already leads to a reduction of NOx emissions in CNG
operation. However, this causes a deviation from the optimum combustion centre poaitid
therefore a deterioration in efficiency (see Fig. 11). However, in contrast to T.HC emidsotsctease

is somewhat more constant over the entire wheel power range.
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b) Tailpipe NOx emissions in HG\N®peration

In HCNG operation, up to 60% lower NOx emissions were measured depending on the catalyst and the
map correction. With the optimum IgnP map correction (mod2, framed in red), these wagreson
average 42% lower than with CNG operation with the original IgnP map.

NEDC + WLTC (HCNG, IgnP: org)

NEDC + WLTC (HCNG, IgnP: mod2)

NEDC + WLTC (HCNG, IgnP: mod1)

NEDC + WLTC (HCNG, IgnP: mod3)

Fig. CS21 T.HC emissions in NEDC and WLTC in CNG mode (green markings) angsin HCNG
mode (blue markings) as well as changes (yellow markings) compared to the original
IgnP map for the IgnP variations (mod1, mod2, mod3) in HONGle with warm
engine (oil temperature at engine start = 80°C)

In contrast to T.HC emissions, the high reduction in NOx tailpipe emissions barshertived from
combustion, as the following explanations show. The NOx emissions before catalyst ineCai®rop
with original IgnP map and in HCMN@peration with optimized IgnP map (mod2) are practically

identical.
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¢) Engine-out NOx measurements in CNG and HCNG operation

The measurements were carried out in CNG mode with original and in JGpéEation with fully
corrected advance adjustment (IgnP map mod2) and engine at operating temperature.

NEDC

WLTC

Fig. CS22 Engine-out NOx emissions in CNG operation (green) and inklqi¢@ation
(blue) in NEDC (top) and WLTC (bottom)

The engine-out NOx emissions are at the same level for both driving profiles in CNG ang HCNG
operation. The NOx emissions in the combustion engine are mainly formed thermally. The
measurements show that the correction of the IgnP map in HCNG operation to the samestiombu
center as in CNG operation leads to constant raw NOx emissions upstream of the catalytic converter.

Thus the NOx emissions in CNG and HEdj$eration are - in contrast to the T.HC emissions - at almost
the same level before the catalytic converter.

d) Tailpipe NOx measurements in CNG and HCNG operation

The measurements were carried out in CNG operation with original and in &lGpéEation with fully
corrected advance adjustment (IgnP map mod2) and warm engine. As explained in Chapter 2, the
catalyst for these tests was shortened by 1/3.
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NEDC

WLTC

Fig. CS23 Tailpipe NOx emissions in CNG operation (green) and in &l GpéEation (blue)
in NEDC (top) and WLTC (bottom)

Tailpipe NOx emissions are at a very low level in both CNG and.fHgpeation. As with T.HC
emissions, individual NOx peaks can only be detected during start-up or after loacdshang
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Looking at the cumulated engine-out and tailpipe NOx emissions (Fig. 24) bi¢ s@en that the engine-
out emissions (Fig. 24, extended lines) in CNG and HON&ation are very similar in both cycles.
However, the tailpipe emissions (Fig. 24, dotted lines) in HOdW@ration are significantly (up to 60%)
lower than in CNG operation.

NEDC WLTP

Fig. CS24 Cumulated engine-out and tailpipe NOx emissions (2 measurements each) in
NEDC (left diagram) and WLTP (right diagram)

In contrast to T.HC emissions, tailpipe NOx emissions in JGpk3ation do not simply reflect the
lower engine-out values, but an additional increase in conversion resulting in thestatatybe
observed.

To explain this effect, various analyses of kinetically based hypotheses (higher temperature, higher
proportions of more reactive exhaust components) were carried out in a first attempt. Correisggond
parameters such as temperatures before the catalyst, proportions of non-limited pollutant cardpou
such as Ng NH or H, were measured and rapid NOx analysis was used. However, the differences in all
these aspects were rather small and could not explain the significant reduction in NOx tailpipe
emissions.

The only difference was that slightly higherdéncentrations were measured at low exhaust mass flows
(i.e. at low loads) (Fig. 25). If the potentials of this temporarily slightly incregseohként are

converted to a chemical reduction of NOx emissions (SCR reaction), the NOx reduction can only be
explained to a small extent. We can therefore exclude a kinetic or chemical reason for thséacrea
NOXx reduction in HCNgperation.
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Fig. 25 shows that theidoncentrations in CNG and HGN@peration in the NEDC as well as in the

t>d €& ]Jv $Z & VHII0[%iWtus %o E 8] 00C ]Jv % v vS }(SZ HYEE VS

a

except after fuel shut} (( %Z * U AZ & $Z }v VSE §]}v]v E' }% & §]}v E]e »

and in HCNG } % E &]}v 8} 16[111 8o %o uX

NEDC

WLTC

Fig. CS25 Engine-out Kiconcentrations in CNG operation (green) and in Hgbj@&ration
(blue) in NEDC (top) and WLTC (bottom)

After deceleration phases with a fuel shut cut-off and a corresponding filling of the catalytic converter
with oxygen, the engine control system is providing a rich air/fuel mixture with correspgigdin
increased engine out CO emission to reduce the oxygen level in the catalytic convert&ngalsoas
oxygen removal in the catalytic converter). In the catalytic converter, the CO reacts em@@us at

least partially breaks down the chemically bound oxygen on the porous catalyst surface, the so-called
"washcoat". Without this "oxygen removal", the catalytic conversion efficiency would be massively
reduced for NOx conversion after fuel shut-off phases, since the oxygen required for the oxidation
reactions for the conversion of HCs and CO would be removed from the washcoat and not from the
nitrogen oxides.

In a second attempt, therefore, a hypothesis based on control technology was put forward, which
includes the above-mentioned observation of the increasgddthcentration during idling phases and
after thrust shutdown.

61



The question is, whether the increaseg ddncentration compared to CNG operation could accelerate

the oxygen removal and thus positively influence the NOx conversion in the catalytic convertéuelfter
shut-off phases.

The oxygen storage takes place during vehicle deceleration through the oxidatiosOafn@ O,. This

reaction takes place very quickly. At 300°C, thgOgis completely saturated in the washcoat in less
than 1 second.

Regeneration or "oxygen removal" takes place in rich operation by chemical reduction ofvite GO
or H in Ce0; (+CQrespectively D).

Fig. 26 shows that the engine-out CO emissions in the NEDC and in the WLTC are very similrdn CNG
HCNG; operation.

NEDC

WLTC

Fig CS326 CO emissions in exhaust gas upstream of catalytic converter in CNG operation
(green) and in HCNgoperation (blue) in NEDC (top) and WLTC (bottom)

It can therefore be assumed that CO emissions do not play a role in this context, which focuses$ion t
content of exhaust emissions.
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It is known that K has a positive influence on conversion behaviour in the catalyst. For example, the
water gas shift reaction (1) and steam reforming (2) but also the oxygen storage from st€g@a(3)
increase the hydrogen content in the catalyst, which is known to increase the catalytic conversion
efficiency:

WBIE *s1 " %E *% (1)
%EE t*sl " %EE v )
%N, E "1l "tUAE % 3)

Fig. 27 shows by how much NOx emissions could be reduced ingipeation by adding HThe
emission profiles of the two measurements in CNG and H&hW@ration were averaged and the
difference (NOx in HCNgperation - NOx in CNG operation) was calculated.

CNG operation in WLTP (IgnP-map: org)

HCNGs operation im WLTP (IgnP-map: mod2)

Fig. CS27 Average NOx emissions in exhaust gas after catalyst in CNG operation (upper
diagram) and in HCNgoperation (lower diagram) in WLTC

Fig. 27 shows that tailpipe NOx emissions consist almost exclusively of NOx peaks after fufél shut-
phases and that the dispersion is very low in both CNG and HCNG25 operation.

If we now form the difference between the two NOx curves (without any temporal correctiong)) it
be seen that the Hadmixture in HCNgGoperation significantly reduces all NOx peaks after deceleration
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phases compared with CNG operation. This reduction can be identified by the exclusion procedure as a
contribution of the H admixture.

WLTC

Fig CS328 Engine-out CO concentrations in CNG operation (green) and inoblCNG
operation (blue) in NEDC (top) and WLTC (bottom)

The hypothesis that the slightly increaseglddntent of the exhaust gas upstream of the catalyst after
thrust phases could be responsible for the increased NOx conversion in the catalyst in HCNGroperatio
has thus at least been empirically confirmed. This is due to the reactivityfof Hhe reaction with @

Due to the complex oxygen storage with material, temperature and ageing dependencies in the
washcoat of the catalytic converter and the strong dependencies on control engineering hsatid

the data of the engine control during cat removal and thde®el control of the catalytic converter, as

well as finally the occurrence of otheg-Fbrming reactions in the catalytic converter, scientific proof of
this hypothesis can only be provided by detailed modelling. This was not the subject of this project. It is
currently being examined whether such work could be undertaken, for example, as part of adpllow-
project.

Summary of the results

The blending of hydrogen to the CNG is not readily feasible in terms of materials, as both the gas
network and the gas-carrying components in the vehicle must be designed for this.

However, operation in conventional CNG vehicles would lead to significantly lower pollutanoasissi
than those already present in CNG operation. NOx emissions could be practically eliminated inr¢he enti
operating range, and T.HC emissions, which mainly consist of methane, which is primarilga stron
greenhouse gas, could also be reduced by an average of one third.

However, the volumetric energy density, which decreases by almost 30% withcamtdnt of
25 mol%, would be operationally disadvantageous. It could be compensated by increagingstere
to 350 bar.

For future combustion processes with diluted mixture formation (lean or EGR operatidsigriding
could be an interesting option due to the difficult ignition of (diluted) methaagseg.
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Case study 4. Danish catalyst study

Summary

Catalysts study in this work aimed at a solution for the t8@rance of Cldoxidation catalyst. This work
designed a series of Rh/zeolite catalysts for oxidation gf Ci¥t.% Rh/zeolite catalyst had higher

activity compared with the commercial catalyst under same operation condition. The aofivitg

Rh/zeolite catalyst can be significantly enhance by elevating the operation temperature t6 478

limiting the S@concentration to a low level. It can be promising to be used in the real engine exhausted
gas condition where the $S@oncentration is 1-2 ppm.

Experimental and method.

A series of noble metal supported catalysts were synthesized and studied for oxidation ain@eth

under simulated exhausted gas condition in this work. The catalysts were prepared by Incipient Wetness
Impregnation (IWI) method followed by calcination in air at 00A fixed-bed plug-flow quartz reactor
was used to test the activity of the synthesized and commercial catalysts under different atmospgheres.
three-zone heated furnace was used to heat the catalytic bed to the reaction temperatures (250-600
()- The gas atmospheres studied in this work arg&Sent atmosphere (2500 ppm £HO0 vol.% @ 5
vol.% HO, balanced with M total flow: 300 Nml/min) and SMresent atmosphere (2500 ppm & HO

vol.% Q, 5 vol.% kD, 1-20 ppm SObalanced with Y total flow: 300 Nml/min). Each time, 0.12 g (or
0.24 g) catalyst was diluted with 1.08 g (0.96 g) inert sand to give a gas hourly space &ttsWy Of
150,000 (or 75,000) ml/k.... Before sending to analysis, the effluent gas was firstly condensed in a
condenser and passing a filter to removgoHrom the stream. The dry exit gas was further analyzed

with an online IR gas analyzer to monitor,0CO, @ and S@concentrations, and a Micro GC for,CH
concentration. The CHtoncentration measured by the micro GC was used to calculate the CH
conversion.

The active noble metals studied in this work include Palladium (Pd), PlatinuRtiBdium (Rh), and
bimetallic Palladium-Platinum (Pd-Pt), and the supports include alufgiAlL0Os), silica (Si®), titanium
oxide (TiQ), alumina-manganese spinel (AIMg@nd zeolites. Tungsten oxide (Yy@erium oxide
(CeQ), and cobalt oxide (GO,) were also studied as promoters to improve the, 83istance of
alumina supported catalysts. The comparison between the catalysts stated above indicates that
Rh/zeolite catalyst can be the most promising catalyst system for methane oxidation undengie e
exhausted gas condition with the presences gblnd S© A commercial RIGAI catalyst supplied by
Haldor Topsge was also tested in the presence,6f &hd S@as a reference for the new designed
catalysts. The concentration of Si@ the simulated exhausted gas was chosen to be 20 ppm to
accelerate the S{raused deactivation and shorten the experimental time.

Results and discussions

Comparison between the commercial catalyst and the home made catalyst

The performance of the commercial Rh-Cr-Al catalysts is shown in Fig.1.
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Fig.CS4.1 Deactivation of commercial ®FAl catalyst in the presence of 20 ppm, 8450 ( and the
conversion recovery after removal of,SEZ500 ppm CE110 vol.% € 5 vol.% kD, 20 ppm SQOvhen
present balanced with NGHSV= 75,000 mlfp,.

As shown in Fig.1, at an operation temperature of 450he conversion of CHbver the commercial
RhCrAI catalyst decreases as addition of 20 pprp, 8Aile it reaches a stable level of around 22 %
after running in the presence of 20 ppm S@r 10 days. After removal of §@he conversion of GHtan
be restored to around 45 % without extra heating. It indicates this catalyst is able to remguadi
realistic exhaust gas conditions, but it is limited by the content of toxic Cr in the formulanéniade 1
wt.% Rh/zeolite catalyst was compared with this commercial catalyst under same condition in the
absence of SQand the result is shown in Fig.2.

Fig.CS4.2 Comparison between commerciaCRA} catalyst and homemade 1 wt.% Rh/zeolite catalyst.
2500 ppm CE 10 vol.% ¢ 5 vol.% kD, 20 ppm SOwvhen present balanced with, NGHSV= 150,000
mi/h geat
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As shown in Fig.2, in the absence 0$,3 home made 1 wt.% Rh/zeolite catalyst is more active
than the commercial RE+Al catalyst, with a temperature for 50 % conversion(54bwer and 90 %
conversion 135 lower. There is one uncertainty that the commercial catalyst here was crushed from a
monolithic form and the homemade catalyst was in the synthesized powder form. It can be a
composition difference after formulating a powder form catalyst to a real monolithic catalysthand
activity of the monolithic is always lower than that in powder form.

Influence of Rh loading and operation condition

The homemade Rh/zeolite catalyst was further studied in terms of influence of Rh loading, and
deactivation caused by the presences of 5 vol@ &hd 20 ppm SOThe results are shown in Fig. 3.

Fig.CS4.3 Activity of Rh/zeolite catalyst with Rh loading of 1 wt.% (blank), 2 wt.% (red) and 4 wt.%

(blue) under dry and S@ree condition, 5 vol.%,B present condition, and 5 vol.%H20 ppm SO

present condition. 2500 ppm ¢HO0 vol.% ¢ 5 vol.% kD when present, 20 ppm $®hen present,
balanced with B GHSV=150,000 ml#.,..

As shown in Fig.3, the presence of 5 vol @ Ehuses significant deactivation to the catalysts compared
with the activity in the absence of,8. A further addition of 20 ppm $@ the reaction stream causes
more deactivation and results in even lower conversion. For the influence of Rh loading, titg ectiv
enhanced as increasing the Rh loading from 1 wt.% to 2 wt.%, while the performance of 4 wt.%
Rh/zeolite is similar to that of 2 wt.% Rh/zeolite catalyst. When taking both theeGibval efficiency

and the cost of the catalyst into consideration, 2 wt.% Rh/zeolite catalyst was selected assthe mo
promising catalyst for removing of ¢ffom the engine exhausted gas. Therefore, the influence of
operation temperature and S@oncentration was further studied over 2 wt.% Rh/zeolite catalyst and
the results are shown in Fig.4.

As shown in Fig.4, the 2 wt.% Rh/zeolite was tested at 450, 475, an¢l S8parately with addition of
SQ and increasing the $@oncentration from 1 ppm to 20 ppm at each temperature. As increasing the
operation temperature from 45Q to 500 ( , the finalized conversion of G the presence of 1 ppm
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SQ after 48 h increases from 27 % to 79 %. At each operation temperature, incréa@e in
concentration causes decreaseGi conversion, the conversion of Céecreased from 58 % to 28 % as
increasing the S{roncentration from 1 ppm to 20 ppm at 4745. As indicated by Fig.4, it is possible to
obtain a high CiHemoval efficiency by elevating the operation temperature and decreasing the SO
concentration in the exhausted gas. The, 8@centration in the real natural gas fuelled engine can be
limited to around 1 ppm, allowing for a high idmoval efficiency on this homemade 2 wt.% Rh/zeolite
catalyst.

Fig.CS4.4. Conversion of @ier 2 wt.% Rh/zeolite catalyst at 450, 475, and %0 the presence of 1
ppm (blank), 2 ppm (red), 5 ppm (blue), 10 ppm (pink), and 20 ppm (oliv&58@ ppm CH110 vol.%
O, 5 vol.% KD, 1-20 ppm SQvhen present, balanced with, NGHSV=150,000 mifp...

Regeneration of the poisoned catalyst

After SQ poisoning at 475 , the conversion of CHlecreased from 95 % to 28 %, further on, the
poisoned catalyst was regenerate by removing @n the reaction gas to regenerate at the operation
temperature (475( ) and then regenerate at higher temperatures (500, 550, and ERAfter
regeneration at each temperature, the catalytic bed was cooled to @416 measure the activity of the
regenerated catalyst. The temperature of the catalytic bed and the conversion,afutiHg and after
regeneration were shown in Fig.5. The conversion Qfd@hl be restored from 28 % to 71 % by just
removing S@from the reaction stream for 12 h at 475. Which indicates that the deactivation caused
by 20 ppm S©was partially reversible. The conversion can be further restored to 74 %, 80 %, and 84 %
after regeneration at 500, 550, and 6@Q respectively. The activity cannot be regenerated to the
activity of the fresh catalyst (95 %), which indicates the irreversible deactivation caused bygrimnin
the presence of SO
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Fig.CS4.5. Influence of regeneration temperature on the activity of regenerated catalyst. 2500 /ppm CH
10 vol.% @ 5 vol.% kD, 1-20 ppm SQvhen present, balanced with, NGHSV=150,000 mlff,. (the
experimental data during 107-118 h was lost due to the computer issue)

Conclusions

As a conclusion, the Rh/zeolite catalyst is the most promising catalyst to be used in the real natural gas
fueled engine exhausted gas condition to remove.@HRh loading of 2 wt.% was selected among 1

wt.%, 2 wt.%, and 4 wt.% when taking both the, @tnoval efficiency and the cost of the catalyst into
consideration. In the presence of both®land Sg) it is possible to obtain a high £ebnversion by
increasing the operation temperature to 475-5@0and limiting the S©concentration to a low level.

The S@in the real exhausted gas comes from lube oil and odour stuff which end up with a SO
concentration in the range 1-2 ppm. It makes the 2 wt.% Rh/zeolite promising to be usedéalthe

engine exhausted gas to mitigate {Hnission. Thermal regeneration by removing 8&Gm the

reaction gas can partly restore the activity but there are irreversible deactivation cannot be easily
regenerated. A more efficient regeneration method is still being sought.

69



Case study 5. Korean catalyst study.

Pt/Pd bimetallic catalyst with improved activity and durability for lean-burn CNfihes
Abstract

Compressed natural gas (CNG) has been regarded as an alternative fuel for current fossil fuels such as
gasoline and diesel. Recently the increasing interest in shale gas is drawing more attention to CNG
vehicles of which number is expected to increase. Exhaust gas from CNG engines with lean combustion
contains relatively low nitrogen oxides and particulate matters compared to conventionalftegsil

based engines. However, high amount of unburned methane, which has much higher greenhouse
warming potential than CO2, limits the wide use of CNG.

Pdbased catalysts have been studied for a long time for the combustion of methane thatdsm
constituent of CNG. Pd is reported to be more active for combustion of methane as a maimredng
other precious metals. However the durability of Pd-based catalysts has been a concern so far. However,
in the present study, we developed an improved Pd-based catalyst for CNG engines by introducing P
and promoters to enhance methane oxidation activity at low temperature and long term diyaPBii

was more active to oxidize paraffinic hydrocrbons that comprise ~10% of total hydrosarberhaust

gas from lean burn CNG engines. Exotherm resulting from the paraffinic hydrocarbon oxidation by Pt
could promote the remaining methane oxidation by Pd. Furthermore, potential causes for the
deactivation of Pd-based catalyst were investigated from the various points of Pdrgintg hgh
temperature exposure, PdO decomposition, sulfation and coking, and the formation ofthew P
containing compound.

Further, the root causes for the deactivation was investigated from the points of thermal and non-
thermal routes. Based on the investigation some key factors were concluded and using these results
new generation catalysts were designed. Majorly, two factors attributed for the improved performance,
i) optimal support material and ii) optimal characteristics of Pd. Better Pd dispersion wereeaathiev
selecting support with optimal surface property. Along with Pd-Pt alloying, eléctnondifiers such as
OSC and promoters were effective to make CNG catalyst more durable. In conclusion, optimal use of
support material for Pd/Pt and promoters to keep Pd stable were identified as key factorefdesign

of more active and durable catalyst.

Experimental
Catalysts preparation and aging

Reference Pd-based and newly developed CNG catalysts were prepared by applying wash-coat onto
cordierite honeycomb substrates (400cpsi/6.5mil). 1Pt/5Pd ratio was adopteddaammple

preparation for activity test and characterization. Hydrothermal aging before activity testing was
performed at 750( for 10hrs with 10% water.
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Table CS5.1. Summary of prepared catalysts.

Catalyst Key concept

Ref. CNG Reference

CNG-A Optimal Pt/Pd location
CNG-B CNG-A + new support
CNG-C CNG-B + Optimal OSC
CNG-D CNG-C + additive

Catalytic activity test

Catalytic activity tests were performed in a fixed-bed reactor equipped with an electrically heated

(LEV X }E § 0Ce8e A13Zi_ Jus8 E v 7_ 0o VvP3Z A E o} 8§ A ES3
were monitored using a K-type thermocouple placed in the inlet and outlet posifitreaored

catalyst. Main feed condition of CH4 oxidation was 5000ppm CH4, 10% 02, 5% HZXQP, GAder N2

balance and GHSV=60,000 1/h. Feed condition were also adjusted when needed. Catalyst inlet

temperature was heated from room temperature to 500for CH4 light-off test and maintained at

450 ( for durability test. Total HC was detected using FID equipped analyzer (Thermo, 51C-HT, USA).

NDIR equipped analyzer (Simens Oxymat6) was used for CO and NOx measurement.

Catalyst Characterization

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra of the samples were recorded using a
Nicolet 6700 spectrometer equipped with a MCT detector and a diffuse reflectance cell (Harrick CHC-
CHA-3). The spectra of 64 scans were collected with a resolution of 2 cm-1. Abayb2the catalyst
powder was placed in the cell and pretreated at 406or 30 min in a flow of N2 (40 ml/min) in order to
remove water in the catalyst. The system was cooled down to room temperature and the badakgroun
spectrum was recorded. The catalyst was then subjected to feed stream for methane oxidation reaction,
CH4 5000 ppm, 10 vol.% 02, N2 balance.

COchemisorption was performed using BELCAT instrument in order to measure the PGM dispersion
About 50 mg of catalyst powder was used for the experiment.

Two kinds of TG/DSC experiments were performed. First one was a consecutive heating-udiagd coo
down test for PAO decomposition study. Secondly soot oxidation test usingredt 0.2g catalyst
powder and 0.04g soot was placed into a crucible. Soot burning temperature was deterrgined b
increasing temperature to 900.
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RESULT AND DISCUSSION
Durability of Pd-based CNG catalyst

The durability of Pd- E' 3§ 0Ce3 A]JSZ iiXO0PI>U W'D E 5]} iWSIAW U iiXA_Z0o
evaluated at 6L CNG engine using Seoul-10 as shown in Figure 1. Used evaluation modedess 3 ph

with difference engine speed and load rate. Maximum temperature during on cycle test of Seoul-10

mode was about 600. THC conversion was monitored with Seoul-10 aging time. The THC conversion

dropped significantly as the aging time increased from 100% at fresh state to 40%Qafies aging

(Figure 2).

@)

(b)

Figure CS5.1. (a) Seoul-10 mode for evaluation and (b) temperature profiles bfl8enade foraging
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FigureCS®. THC conversion of reference catalyst with aging time of Seoul-10 mode.Engine: 6L (360 hp)
E' VPJv U 3§ 0Ce+8 ]l ~ W'D W iiXA_ Z0o_> ~d8iiloXAsU T E] I+U iiX0PI:>

Catalyst deactivation mechanism

Others have investigated the deactivation mechanism of CH4 oxidation catalysts. &8latanties are
suggested such as PdO decomposition to Pd at high temperature and its hysteresis in Pd to PdO
formation at low temperature, sulfation, coking and water inhibition.

To determine the thermal deactivation, the reference catalyst was aged af #0@ 750( for 10 hrs.
Both aged catalysts out performed engine bench aged sample for 50hrs using Seoul-10 mode

(Figure 3).

Figure CS5.3. THC oxidation activities of furnace and engineZz P § 0CeSeU § 0Ce3 ]I ~ W'D W i_
(400cpsi/6.5mil) core, 1.6g/L, Feed : 5000ppm CH4, 5% 02, 5% H20, N2 balance, GHSV=50,000 1/h

Figure 4 shows the thermal gravity analysis (TGA) pattern of the engine-bench aged catalyst. No
remarkable weight loss was not observed at 400 to 6Q@eaction temperature). And PdO
decomposition took place around 8%0
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Figure CS5.4. Thermo-gravimetric pattern of engine bench aged reference cattlysbagecutive heating and
cooling

Considering the temperature profile of CNG catalyst during aging with maximum tempeddtaine ut
600( (Figure 1), the contribution of thermal routes to CNG catalyst deactivation seems tmioeain
through either Pd sintering or PdO decomposition.

Figure 5 shows the elemental mapping images of engine-bench aged catalyst. The S concevdgation
not so high that sulfation might not be a main cause for the deactivation af egealyst.

0O AN

FigureCSs. EDS elemental mapping images of engine bench aged reference catalyst

(@)
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(b)

FigureCS%. CH4 oxidation activity of reference catalyst at 450C (a) CH4 conversion withrime-
stream, (b) light-off temperatures of fresh and after 8 hrs operated catalyst.

To investigate further, catalysts were deactivated under simulated condition of CH4, O2 andasteam
450( using hydrothermally aged reference catalyst at {5@r 10hrs. THC conversion began with 98%
and started to decline after 1.5hrs and dropped to 70% after 8 hrs (figure 6-a). Also, THC LOT50
significantly increase about 1@0higher compared to fresh catalyst (figure 6-b). This strongly indicates
the deactivation is not directly aggiated with sulfation, because the simulated feed did not contain any
sulfur species.

In-situ DRIFTs works have been carried out to investigate the change in Pd. Powder sacgdieqmio

drift cell, were heated to 45Q under N2 flow and kept at the temperature for 10 hours under 80

ml/min feed comprising of 5000 ppm CH4, 10% O2 and N2 balance. DRIFTs spefdaramdfe catalyst

were recorded before and after the CH4 oxidation reaction. After the CH4 oxidation reactiom@ stro
hydroxyl group peak presumably bonded to Pd was observed in the corrected spectrum esomgth
obtained before CH4 reaction (Figure 7). As Lisa and Charles reported, this strongly suggests Pd(OH)x
formation might be a root cause for the deactivation of reference CNG catalyst under lean eremtonm

in the mid-temperature range.

FigureCss/. DRIFTs spectrum of after CH4 oxidation
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Factors effectigthe catalysts deactivation:

To know the effect of H20 and intermediate species like HCHO, an experimental study was carried and
found that both of these compounds (H20 and HCHO) effected the durability of catalysts. With increase
of steam from 5 to 10%, a substantial deactivation noticed even from first hour. Figure 8 illusteates t
delta T, represents the exothermic temperature occurred due to reaction, after five hours of reaction
with 10%H20 there was no much exother@l{ means the catalyst deactivated. Figure 9 represents the
role HCHO in the feed, addition of HCHO strongly effected the durability of catalysts. Coggluesa

two major factors effective the catalysts deterioration design and process of metal oxide are carried.

FigureCSs3: H20 effect on durability of catalysts aged at {325h.
Feed: 5,000ppm CH4, 15% 02, 5 or 10% H20, SV : 60,000 1/hr

FigureCS®: HCHO effect on durability of catalysts aged at {BZbh
Feed: 5,000ppm CH4, 0 or 1400ppm HCHO, 10% 02, 10% H20, N2 batance °
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Development of new CH4 oxidation catalyst with improved durability

To improve CH4 oxidation under lean environment, Pd stabilization has been tried liygaldth Pt,
and using optimal support material for better Pd dispersion and gas diffusion.

Effective Pt-Pd alloying

Typical exhaust gas from CNG engines contains NMHC (Non Methaoeatyaln) that covers about
10% of total hydocarbon. In general, the complete oxidation of CH4 requires temperature higher than
450( while NMHCs can be oxidized at relatively at lower temperature. Pt is also known to be more
active for paraffinic NMHC oxidation. The reference catalyst contains Pt as well as Pd to etilize th
exotherm generated by Pt catalyzed NMHC oxidation for Pd catalyzed CH4 oxidation.

An optimal ppcess has been developed to make Pt-Pd alloy better for Pd stabilization against water
induced deactivation, resulting into catalyst CNG-A. FigjQrghows the THC conversions of reference
and CNG-A catalysts before and after hydrothermal aging. CNG-A was much better than reference
catalyst at 45( .

FigureCcsSs10. THC conversions of reference and CNG-3 0C+3U 8 0C+3 ]I ~ W'D W i_ Zi_>
(400cpsi/6.5mil) core, 2.5g/L(1Pt/5Pd), Feed : 1000ppm THC(82% CH4, 3%523E2H6), 400ppm
CO, 300ppm NO, 8% 02, 5% C0O2, 10% H20, N2 balance, GHSV=48,000 1/h

PGM support material

Pd dispersion is one of key factors for the intrinsic activity of CH4 oxidation and regleiyds on the
characteristics of the support material. Through screening the various kinds of alumina based supp
materials, a new support material was found for Pd support. As shown in Ritjuitee new support

material increased Pd dispersion (blue bar and left Y axis), measured by CO-chemisorption, significantly
after aging at 1,05Q for 12hrs.
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FigureCssl1. Pd dispersion by CO-chemisorption after aged at 10%@hrs

Figure 12 show the TEM images of smaller Pd particles in new support material after aging &t fbj05
12hrs (Figure 12). Pd particles were in size of 200~250 nm in case of reference support V20iterso~
in case of new support.

FigureCsSs12. TEM images of Pd on reference and CNG-B supports

The effect of improved Pd dispersion could be confirmed in Figure 13 showing theffighrformance
of CNG-A and CNG-B prepared by nevegss described earlier. CNG-B with the new support material
was 41( better in T50 (THC) than CNG-A due to the improved Pd dispersion.
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FigureCSs13. Light-off performance of CNG-A and CNG-B catalysts

Effect of OSC material

The OSC (Oxygen Storage Component) has been well known as a key component of modern three-way
catalysts. And its active oxygen species can oxidize soot at low temperature. The soot aatirihgof

OSC could be used as an indicator for its interaction with Pd and Pt. Soot burning temperatures with
different OSC materials are shown in Figure 14. The temperature determined by TG/DSC measurement
using the mixture of 0.2g catalyst and 0.02g soot under 90 ml/min, air flo@S&lsamples were aged

at 900 for 10hrs with 10% water.

FigureCssl4. Soot burning temperature with different OSC materials

OSC-F was used for reference and CNG-A and B catalysts. CNG-C sample was made by using OSC-A.
More active OSC-A lowered light-off temperature of CH4 bfy {Rigure 1%
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FigureCssl5. Effect of OSC type to CH4 oxidation activity

New promoter for Pd

Various promoters were tested to modify the electronic property of Pd for imprardrhe catalytic
performance and durability, especially under water feeding condition. When promoter A was added to
CNG-C, the catalytic activity was significantly improved (Figurel16).

Finally, CNG-D as a new CNG catalyst operating under lean environment was developed by applying new
process and materials to reference CNG catalyst. The catalyst showed big improvement in CH4 oxidation
and durability. Figure 17 shows THC conversion with imetream at 450 . Compared to the

reference, CNG-D was much more durable. The activity of CNG-D was maintained until 38hisewhi
reference catalyst survived for 4 hrs.

FigureCssl6. Effect of promoter A (CNG-D) on CH4 oxidation activity
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FigureCS5L7. CH4 oxidation activity with timen-stream at 45Q

Summary/Conclusions

CNG is an attractive alternative for conventional liquid fuel. The beain engines based on
CNG are able to be easily adapted to heavy duty vehicles, whersasgdntial to remove
unburned CH4 by use of the aftertreatment technologies. Low temperature activity agd lo
term durability of Pd-based catalysts have been challenges in thdratitment system. In this
study, we found some key factors which led to enhance the activity and dityaidicurrent
Pdbased CNG catalyst. Two critical contributions were from optimal suppdériakand
optimal characteristics of Pd. Pd dispersion were achieved by selectingrsupith optimal
surface property. Pd-Pt alloying and the use of electronic modifiets &a81©SC and promoters
were effective to make CNG catalyst more durable.

81



Case study 6. Finnish catalyst study.

D SZv § 0Ce*S ¢Sy C o % }EIEHoB]VEP' u]ee]}ve }( E SHE 0 ' ¢ VP]Vv o !

In order to oxidize methane, a highly efficient catalyst is needed. One significant chafieghge i
development of methane oxidation catalysts for lean NG applications is the catalyst deactivation, since
e.g. both sulphur and water have been found to inhibit the oxidation of methane [44-45].

Experimental

The research facility included a passenger car gasoline engine that was modified to run with natural gas.
The selection of driving conditions was based on the emission levels. The target was tohmimic t
emission levels of a relevant power plant engine. Acceptable carbon monoxide aneénitrige levels

were achieved with engine adjustments. However, in order to achieve acceptable hydrocarbon levels,
HC additions into the exhaust gas were also made. The engine with the test facility was presented in
detail in [46] and a simplified schematic in Figure 1. The engine was operated with a |ezfuzil-

mixture.

Figure CS6.1 A schematic of the research facility.

Natural gas from the Nord Stream pipeline has high methane content. In the present study, the gas
analysis results were: 97.2 % methane, 1.37 % ethane, 0.17 % propane, 0.07% aibearbypas, 0.9

% nitrogen and 0.2 % carbon dioxide. The sulphur content of the gas was below 1.5 ppm. The lybricatin
oil sulphur content was 1760 mg/kg, density was 852.3kg/m3 and viscosity at 10092 Wasm?2/s.

The methane oxidation catalyst (MOC) utilized platinum-palladium (1:4) as activesroetaltailored
coating developed for lean NG applications and supported on a metallic substrate. The volume of MOC
was 1.69 dma3.
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In order to study the performance of catalysts, the exhaust gas temperature and the space velocity are
essential parameters. In the test facility of the present study, the exhaust gas temperature and the
exhaust gas flow were adjustable [46]. Studies were conducted in an exhaust gas temperatui@f range
350 to 500°C and with two exhaust gas flows (80kg/h and 40kg/h). The higher tempemrireeded

for methane oxidation, and would also mean that the catalyst placement in any real application would
be first in line downstream of the engine, even pre-turbocharger. Before conducting aral tedts,

the catalyst vaspreconditioned by ageing for 48 hours in mode 1 (with an exhaust gas temperature of
400 °C and exhaust flow of 80kg/h).

The emission measurement setup consisted of a chemiluminescence detector (CLD), mseduce

the NOx (NO, NO2) and a non-dispersive infrared (NDIR) analyser to measure CO and CO2. An FTIR
(Fourier transform infrared spectroscopy) analyser was used to measure water, methane, NH3 and
HNCO concentrations. The FTIR as well as the sampling line and the filter prior to the FTIR spectromete
were heated to 180 °C. In addition, methane, ethane, propane and ethylene components were
measured from a diluted exhaust gas sample with a gas chromatograph (GC). The sample for GC
measurement was taken from the FTIR output, utilizing a T-branch diluter and a tracer (Sulphur
hexafluoride, SF6) to define the exact dilution ratio. This was observed to be 9-13. All these
measurements of gaseous emissions were made upstream and downstream of the catalyst setups.

Results

The measured methane concentrations (in mode 1) are shown in Figure 2 as a function of the exhaust
temperature measured upstream of the catalyst. The MOC had a minor decreasing effect on the
methane at ~400°C, but at ~500°C approximately 50% methane decrease was observed. Fuethermor
the lower exhaust flow studied at 450°C increased the methane conversion from 38% (measured with
80kg/h exhaust flow) to 65% (with 40kg/h). These results have been presented.in [47]

Figure CS6.2 Methane concentration measured upstream (engine out)wanstidam of the MOC at three
different exhaust temperatures and two exhaust flows (normal flow 80kg/h, loh0#Rgitn).
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The effect of sulphur on the methane oxidation catalyst performance can be crucial, since aslittle as
ppm SO2 present in the exhaust has already been found to inhibit the oxidation of methgngl{e

45]). In this study we did not observe any significant change in the catalyst performanog thei

tests. The possible SO2 originates from the sulphur in natural gas and the lubricating oil. Assatming
all this sulphur (from gas and oil) ends up as SO2, the SO2 present in the exhaust gas would still be
below 0.2 ppm in the driving modes of the present study. Furthermore, the test times in the present
study were rather short, only tens of hours (after the 48h preconditioning), which mightdoshtort to
observe any significant catalyst deactivation by the sulphur amount in the present study.

Methane catalyst(E P v (E S]}v *Su C +  %opk@ect}( Z, & po ¢

The SO2 and water present in the exhaust gas has found to inhibit the oxidation of metltane an
therefore a regeneration procedure needs to be developed in order to maintain the catalyst efficienc
In this work the regeneration of a methane oxidation catalyst (MOC) by H2 was studied.

Experimental

Prior to experiments the catalyst was preconditioned by ageing for 48 h in the selected drivieg mod
with an exhaust gas temperature of 400 °C and exhaust flow of 80 kg/h. The actual experiments were
performed at 500°C with an additional experiment at 550°C. The catalyst set-up is presdFiteddn

CS6.3 Satp. and the engine out exhaust gas composition at the selected driving mode is presented in
Table 2.

Figure CS6.3 Satp.

Table CS6.1 Engine out emissions at the selected driving mode in the begfrtheng>gperiments

Torque Speed  Power NG, CH CO (ofe) O,
70Nm 2700 rpm 20kwW 230 ppm 740 ppm 420ppm 69% 56 %
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The experiments included a 190 h at the same driving mode (see Table 3). During the ex{serim
additional S@was fed into the catalyst in 20 h periods until 80 h was reach following with a longer
period of 70 h and again continued with 20 h periods until 190 h was reached. THedSgether
with the sulphur from the natural gas and lubricating oil) lead to anl&@l of 1.5 ppm in the exhaust
gas. After each 20 h,ivas fed into the catalyst at concentrations of 2-2.5% in order to study how the
S 0C*S E PV ES *X "% ](] ooCU (5 €& $Z (]E&wasted @ 15nin,Z P JvP]|
while the following regenerations were done with 2.5% After the 190 h ageing one additional 20 h
ageing was done at higher exhaust temperature of §60ollowing by regeneration with 2%.H

Table CS6.2 Description of the experiment.

Exhaust temperature 500 &€
20 h ageing periods SQ level in exhaust 1,5 ppm
Regeneration in 20h periods: H, addition:
20h 2 % Hfor 15 min
40h 2 % Hfor 15 min
60 h 2% Hfor 15 min
80 h 2.5% Hfor 15 min
150 h 2.5 % Hfor 30 min
170 h 2.5 % Hfor 30 min
190h 2.5 % Hfor 30 min

Total ageing time 190 h

Additional + 20 h ageing at 55@& followed
by regeneration with 2% H

In general, emission measurements we done in the beginning of the experiment, after the 20 h ageing,
after the regeneration phase, again after the next 20 h ageing and so on. Every time after the
regeneration, the emissions were monitored for 4 hours before the next 20 h ageing period.

Emission measurements included a Horiba PG-250 analyser used to measure NOx, CO, CO2, and O2. CO
and CO2 were measured by non-dispersive infrared, NOx by chemiluminescence and O2 by a
paramagnetic measurement cell. Exhaust gas was dried with gas-cooler before it was measured by

Horiba.

Online SO2 emissions were determined by a Rowaco 2030 1 Hz FTIR Spectrometer equipped with an
Automated MEGA-1 (miniMEGA) sampling system. The detection limit for SO2 wpm2 Anpagilent
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490 MicroGC was used to measure the hydrocarbons and hydrogen. The detection limits for ethane,
ethene, and propane were approximately 2 ppm, for methane 10 ppm, and 100 ppm for hydhagen.
addition, multiple gaseous components were measured by two GaB¥dD00 FTIR spectrometers,

one placed upstream and the other downstream of the catalyst.

Results

During the ageing experiment the exhaust temperatures before and after the catalyst wereedllo

During the regeneration periods the added H2 was found to react (oxidize) in the catalyst leading to
remarkable temperature increase. The temperature downstream the catalyst was increased by 140 °C
and 165 °C, at H2 injection of 2% and 2.5%, respectively (Figure 4). The temperatures before gte cataly
stayed constant regardless of hydrogen injection, as was targeted.

Figure CS6.4 Exhaust temperature and SO2 measured downstream of the dataigsthe regenerations A) with
2% H2 and B) with 2.5% H2.

At each regeneration phase (i.e. H2 addition) SO2 was found to release from the catalyst since a sharp
peak of SO2 was measured downstream of the catalyst by FTIR. The SO2 release seemed to depend also
on the amount of added H2 since at the higher H2 amount also a higher SO2 peak was obggmed (Fi

4).

An earlier study, done with the same engine facility, showed that the temperature increase(idone
without any H2 addition) did not release any SO2 from the catalyst (Heikkila 2017). Also etntar, a
reduced sulphur thermal converted was utilized to convert any H2S release to SO2, but since no
hydrogen sulfide (H2S) was observed in the earlier study, the converted was not utilpredent
study.

As targeted by the regeneration procedure, the H2 addition and the following SO2 release, was found to
have an effect also on the methane efficiency of the catalyst. The methane conversiothaftiest 20

h ageing was found to be 37% (see Figure 5). After the following regeneration (2% H2) theioanver

was found to be 44%. However, after the next 20 h ageing the conversion was decreased to level of
33%. Again, the methane conversion was recovered by the regeneration but resulted to logbér.éev

41%) than after the first regeneration (i.e. 44%). During the third ageing and regeneration process the
same conversion decrease continued. However, after the fourth 20 h ageing the conversion seemed to
maintain the same level that was observed after the third ageing. Following with a regeneratien don

by increased H2 addition (2.5%) the conversion ended up to higher level than after the earlier
regeneration.
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The fifth ageing was a longer ageing of 70 h after which the methane conversion wasdaleutease
near to 21% while the following regeneration recovered the conversion to the 1€341%. The
(Joo}A]vP 3A} zZii Z P ]JvP -eycl€B rd3ultedFo 8d3ny[same methane conversion levels.
This indicates that the catalyst is stabilized or saturated with the SO2 meaning that no more 382 can
stored in the catalyst.

§8Z Vv ~ (8 E i6i Z*U 8Z 3 u% E SPE A+ ]Jv E + (E}u fii 6 38} A
was also found in the methane conversion which increased from 29% to 53%. One more ageing (20 h)

was performed at this higher temperature resulting to methane conversion of 42% but the following
regeneration recovered the conversion to nearly same level than before the ageing.

Figure CS6.50HWKDQH FRQYHUVLRQ GXULQJ WKH ZKROWHU Wd@pdial®ll @ W H&
EHIRUH WKH UHJHQHUDWLRQ DQG DIWHU WICHWHREREUDW DRG®LEB IRWH Q
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Case study 7. Outside engine emissions (Swedish study)

Summary

AVL MTC AB has on the commission of The Swedish Transport Administration (STA) carried out

measurements of methane leakage from methane fueled city busses. The amount of tested vehicles

was 60. Twelve of the tested vehicles (15%) did not have any leakage. Thirty busesibiig d

leakage at fuel filling fittings corresponding to 2.9 ug/ day on average. There wésakage from the

gas tanks and roof fittings and only 3 % of the vehicles did have a diffuse, not quantifiedsatttevel

in the engine room. The major source of methane was inside the tailpipe correspaiodin88 mg /day

and bus. The result indicates the major contribution of methane originates from slip duringgdrivin

Introduction

There has been much discussions about the climate impact of increased natural gas usage. It is true

that methane burns cleaner than other fossil fuels but methane leaking during the production, geliver
Vv He }(8Z P e Z ¢« 8Z %}S5 v38] 0 8§} pv } up Z }( 82 PE vVvZipe P o v

when methane gas is substituted for other fuels.

According to EDF (Environmental Defense Fund) methane is more than 100 times mateapote

trapping energy than carbon dioxide (CO2), the principal contributor to man-made climate

change. When considering its conversion to carbon dioxide over time its impact ntegrated weight

basis is 84 times more potent after 20 years and 28 times more potent after 100 years.

Leaks and releases occur throughout the gas supply chain. If not minimized, methane leaks could

undermine the greenhouse gas advantage methane gas offers and causes major trouble fondtes cli

However leaks can be detected, measured and reduced. In present study leakage from city busses in

Stockholm were investigated. The fuel in Stockholm area consist of B50, i.e. 50 % bio meth&@e and

% natural ga.

Gas leak detector for leak detection.

A Snooper mini was used for checking accessible gas lines for leakage. Leaks was determined based

on detection at connection points, e.g. fittings, flanges, connections and gas regulator fittingasrhe

concentration was displayed in the ppm ranget@000) and then calculated to g/day using the

volume and estimated leakage rate.

Filling fittings

Each bus has two gas filling fittings. One at the front of the vehicle and one beside the of the entrance
door. Each filling fitting consist of ten splices. Out of the 62 tested buses leakage was dete8@d on
vehicles (48 %). The relatively high rate are due to wear since the buses are filled on daily bases. The
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average amount emitted from these buses, four high emittefu]$s U & o uo § S8} iXoT ...P
day.
A A EU (JUE }( 8Z e« A E JA §Z § 3]}v olu]d }(.5Z %V@E&E E pu

day. No correlation between driving distance and methane emissions could be seen, Figure 1.

(@}

Figure CS7.Eilling fitting leakage.

Gas tank and roof fittings.

The CNG gas tanks were located at the roof of the vehicles and consist of more than 100 fittings. N
leakage were detected on all of the tested busses. However, one vehicle did have a diffuse increased
level of 20 ppm under the cover of the gas bottles. The place for the leakage were not identified. The
result indicates that fittings on the roof and gas bottles are not a major issue.

Engine room

The engine room consist of aproximately 20 visible fitinings. Two busses, 3 % otelevidscles, did
have a diffuse increased level of 120 ppm. The lecage was not found and thus not quanified. The
result indicates that fittings in the engine room are not a major issue.

89



90



Exhaust pipe

Methane levels were measured directly outside the tail pipe on parked vehicles. Nonesef the
measurements revels any leakage outside the pipe. However, 24 % of the busses did have methane
inside the tail pipe, suggesting that the leakage occurs during the start phase of the engine. This
emission corresponds to 0.88 mg/ day in average. No correlation between driving distance thiadéene
emissions could be seen, Figure @S7.

Figure CS7.2. Exhaust pipe leakage
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6. Conclusions

The mechanisms behind the formation of unburned methane in natural gas engines have been
described, based on state of the art from the literatubemodel. TECMU, for the formation mechanisms
has been developed in order to verify the understanding of these mechanisms (Case Studyribddlhe
has been evaluated and calibrated experimentally against measurements of unburned methane
emissions from a 4-stroke medium speed dual fuel engine (Case Study 1) and a single cylikder spa
ignited research engine operating on natural gas (Case Study 2). The work has resulted in a detailed
understanding of methane formation mechanisms. It is concluded, that there are a number obitems
special importance. These include: misfire/bulk quenching, wall quenching, crevice vohoses,
oxidation and valve timing/overlap. It is also concluded that particularly low-pressiaiefuel engines

are associated with high values of methane emissions. An easy and effective methane emisgiimig redu
measure on the involved 4-stroke medium speed engine was to adjust the valve timing. The
investigations have, furthermore, shown that both the crevice and the quench layer mechanisms are
important for the engine methane slip at moderately lean operation, and the post oxidatioertainly
important, at least in relation to the crevice material. It was also found that the queryen |

mechanism is very important at leanoperation, and the post oxidation was almost eliminated at
leaner operation. Since the unburned methane emissions origins from areas near the combustion
chamber walls the sensible way to go now is towards direct injection of natural gas/bio-methane in
order to reduce emissions.

Methane was applied as fuel with and without hydrogen admixture in a Euro-4 vehicle with
stoichiometric operated, naturally aspirated, manifold injected 4 cylinder engine with danesngpacity
of 2.0 |. Blending of hydrogen into natural gas was investigated on this vehicle. The blenolydgogen
into the CNG is not readily feasible in terms of materials, as both the gas network and the gamycarryi
components in the vehicle must be designed for this. However, operation in conventioBaéliicles
would lead to significantly lower pollutant emissions than those already present in CNG opeRdiinn
emissions could be practically eliminated in the entire operating range, and T.HC emissions, which
mainly consist of methane could also be reduced by an average of one third. Howeveruimetvic
energy density, which decreases by almost 30% with,azohtent of 25 ma %, would be operationally
disadvantageous. It could be compensated by increasing the pressure to 350 bar. For future cambustio
processes with diluted mixture formation (lean or EGR operationpjdéhding could be an interesting
option due to the difficult ignition of (diluted) methane gases.

Catalytic after treatment of methane was investigated in two different cases:

1) A series of Rh/zeolite catalysts design for oxidation of exhaustvEi¢ tested. 1 wt.%
Rh/zeolite catalyst had higher activity compared with the commercial catalyst under same
operation condition. The activity of the Rh/zeolite catalyst can be significantly eetdry
elevating the operation temperature to 476 and limiting the S@concentration to a low level.
It seems promising to be used in the real engine exhausted gas condition where,the SO
concentration is 1-2 ppm. Regeneration by removing SO2 from the reaction gas can partly
restore the catalyst activity, but a more efficient regeneration method is still being sought.

2) Another case investigated the Pd based catalyst performance. Pd is believed to be the best
converting precious metal for methane catalysts. In this study, some key factors were found,
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which led to enhance the activity and durability of current Pd-based CNG catalyst. Two critical
contributions were from optimal support material and optimal characteristics of Pd. Pd
dispersion were achieved by selecting support with optimal surface property. Pd-Ru@léod

the use of electronic modifiers such as OSC and promoters were effective to make CNG catalyst
more durable.

Regeneration of the catalysts used is an important issue, and a regeneration method by hydrogen was
studied. With a catalyst aged to a conversion efficiency of 37%, it was possible to maintain this level, and
even increase the efficiency after regeneration and ageing again applying regeneration gases containing
2,5% hydrogen.

Finally, a number of vehicles were tested for tailpipe methane emissions as well as othanmet
emissions. The results of this investigation indicates that the major contribution thiame originates
from slip during driving, i.e. tailpipe emissions.
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