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ABSTRACT

An experimental programme was carried out to determine the long-term impact of
the level of sulphur present in LPG on the performance of three-way catalytic
converters (TWCs) in terms of their elimination (conversion) of gaseous pollutants.
Two TWCs were subjected to an engine dyno ageing procedure, with fuel of high
(29 ppm m/m) or low (8 ppm m/m) sulphur content used for ageing. The
performance of the TWCs was assessed before, during and after this ageing via
emissions testing. Emissions testing was conducted on a passenger car (the type for
which the two TWCs were designed), running on LPG fuel and tested on a chassis
dynamometer over three different driving cycles. Emissions testing was performed
in accordance with the European legislative method, supplemented by additional
measurements and procedures, including continuous emissions measurements of
undiluted gaseous pollutants.

With a single exception, the test vehicle met the applicable Euro 6 emissions limits
when tested using its type approval procedure (NEDC), for both TWCs, at all ageing
stages. The exception to this came in the form of a single NMHC emissions result,
which in one test was found to be above the applicable legislative limit following
250 ageing cycles; the two other repetitions of this test under the same conditions
showed NMHC emissions below with the Euro 6 limits, and the mean of these 3 tests
was also below the Euro 6 limits. While emissions results obtained using the WLTP
test procedure were not legally applicable to the test vehicle, results obtained using
that procedure were also below the Euro 6 limits, in all cases, with no exceptions.
The relatively low emissions results occurring even after extended ageing indicate
high TWC conversion efficiency and durability under the specific ageing conditions
tested.

The results showed that the ageing cycle caused a tendency for slightly lower TWC
conversion efficiency (and thus slightly higher emissions results). It was found that
differences in conversion of regulated pollutants were greatest at low operating
temperatures (i.e. during and following cold start) and that differences were very
limited under thermally stabilised conditions.

As regards the impact of fuel sulphur level on TWC conversion efficiency, overall
there appeared to be no significant difference between the two test objects. In
certain cases differences in performance were apparent, but sometimes the High-
sulphur TWC outperformed its Low-sulphur counterpart. Even focusing on the
results obtained from the cold start phases, no consistent, significant difference
between the two test objects could be observed. It was concluded that the fuel’s
sulphur content had not exerted a clear, significant impact on TWC performance.

A possible explanation for this is that the high speed, high load driving simulated in
the engine dyno ageing cycle (but which can also be met under real driving
conditions, e.g. during highway driving) led to continuous desulphatation of the
TWCs tested, hence leading to a potential non-harmful effect of sulphur content on
the TWC conversion efficiency. A complementary study was performed to evaluate
the relevance of this explanation (details in the appendix). It consisted in chemical
analyses of the aged TWCs, using advanced laboratory methods. Unfortunately, this
study remained inconclusive, as it were unable to directly link the sulphur level
measured in the TWCs to their conversion efficiency loss. Consequently, lacking a
clear and systematic explanation about the effect of sulphur on the TWC conversion
efficiency, this study cannot be 100% conclusive regarding the harmful/non-harmful
effect of sulphur content in LPG on the TWC conversion efficiency, even if the
engine/vehicle tests tend to show that a higher sulphur content is not harmful.
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DESCRIPTION AND IDENTIFICATION OF THE OBJECTS TESTED

The objects of the tests were two original aftertreatment systems (three-way
catalysts, TWCs) dedicated to the Fiat Tipo 1.4 T-Jet LPG application. Denoted as
‘Low S’, and ‘High S’, the two test objects are identified in Table 1. The TWCs
were purchased by BOSMAL and were delivered on the 7t of March 2018.

Table 1 Data of the test objects

Parameter TWC Low S TWC High S

Exhaust aftertreatment system Close-coupled three-way catalytic converter

type
Approx. monolith volume [dm?] 1.4
Total PGM content [g/ft3]; [g/dm?] 150; 5.30
PGM content (Pt:Pd:Rh) 0:145:5

Aftertreatment system for Fiat Tipo 1.4 T-Jet LPG

Intended application (see Table 2)

The platinum group metal (PGM) content of the test objects identified in Table 1
was typical in terms of the fact that no platinum (Pt) was used [1-4]. The ratio of
palladium (Pd) to rhodium (Rh) of 145:5 (or 29:1) appeared to be higher than the
average figure for that parameter (in comparison to the limited available
information on other systems [1-2], [4-5]). The total PGM content appeared to be
high compared to other Euro 6 TWC aftertreatment systems [1], [4-5]. A further
consideration is the intended application of the test objects (bi-fuel LPG exhaust
aftertreatment), for which typical specifications may differ slightly from that of
mono-fuel petrol TWCs, especially in view of durability requirements and the
elevated exhaust gas temperature that can result from combustion of LPG
(compared to petrol). Notwithstanding the information presented in [1-5], as a
general point, it should be noted that information on specification of typical
market-available Euro 5/6 TWCs (for mono-fuel or bi-fuel applications) is rather
limited. The specification of aftertreatment systems used in markets other than
the EU (e.g. the USA) are of limited utility for comparisons with the test objects
used in this study, due to several factors, namely: the existence of different
emissions limits and test procedures in those markets; the tendency to use dual
(close-coupled and underfloor) TWC systems; the very limited use of LPG for
passenger cars in that market.

The two TWCs were tested on the specific vehicle type for which they were
intended. Key technical data of the test vehicle are shown in Table 2. The test
vehicle was supplied by BOSMAL and was not modified in any way, with the
exception of mounting the two test objects identified in Table 1 for testing
purposes.
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Table 2 Data of the test vehicle

Vehicle type Passenger car, category M, segment C
Commercial name Fiat Tipo 1.4 T-Jet LPG
Vehicle identification number ZFA35600006K20252

Turbocharged 4-cylinder spark ignition, bi-fuel

Engine type (LPG/petrol - indirect injection of both fuel types)
Engine displacement [dm?3] 1.368
Rated engine power [kW] 88
Unladen mass [kg] 1320
Emissions standard Euro 6
Aftertreatment system 1 x close-coupled TWC
Year of manufacture 2017
Date of registration 19.12.2017
Mileage at start of testing 4020
[km]
Tyres Continental ContiEcoContact 5 225/45 R17 V XL

Type approved as a bi-fuel vehicle (LPG/petrol). Engine
cold start always occurs on petrol and switches over to LPG
early in the test cycle (when LPG mode is selected).

Details of vehicle fuelling
system
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OBJECTIVE OF THE TESTS

Periodic chassis dynamometer testing in order to determine exhaust emissions and
fuel consumption with the two test objects (‘TWC Low S’ and ‘TWC High S’) fitted
to the test vehicle (in turn). Specifically, calculation of the test units’
effectiveness in the elimination of regulated pollutants (i.e. conversion efficiency)
before, during and following execution of an engine dyno TWC ageing procedure
using two different LPG fuels, varying only in terms of sulphur content. Evaluations
of the long-term impact were conducted, as fuel of varying sulphur content were
used for ageing, while essentially sulphur-free fuel was used for testing. The
inherent details of the test programme do not allow identification of the short-
term emissions impacts of exposure to LPG fuel of varying sulphur content; this
study examines long-term effects.
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SCOPE AND METHODS OF THE TESTS

Exhaust emissions testing carried out in accordance with Regulation (EC) 715/2007
and Regulation (EC) 692/2008 - UNECE Regulation No. 83 and Regulation (EU)
2017/1151 in the range of exhaust emissions, carbon dioxide emissions and carbon
balance fuel consumption measurements. Furthermore, a constant speed driving
cycle was also used for emissions testing. The legislative test methods were used
as the base procedure; additional measurements of emissions of undiluted
pollutants from sampling points upstream and downstream of the TWC were also
carried out. The sampling and measurement setup used for all emissions testing is
shown in Figure 1

THC, NMHC, NO,, CO,
co,

@diluted bag system
(BAG)

BAG SAMPLE
' COLLECTION SYSTEM

THC, NMHC, NO,, CO,
CO,, PM, PN
@dilution system (DIL;
PM, PN)

THC, NMHC, NO,, CO,
CO,, 0,
@engine-out (pre-TWC)

THC, NMHC, NO,, CO,
CO;
@tailpipe {post-TWC)

Figure 1 Schematic of the emissions sampling layout

For clarity, the test vehicle and chassis dynamometer are not shown in Figure 1.
The test object (‘CC TWC’) is shown mounted to the engine in its close-coupled
configuration. The vehicle’s tailpipe is connected to the emission system as shown
in the figure. The legislative measurement for exhaust emissions from vehicles of
this type (i.e. bag measurement) was supplemented with continuous
measurements at three points: pre-TWC, post-TWC and diluted, the latter
including measurement of particulates (PM, PN).
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Measurements relating to the above-mentioned points were carried out on the test
vehicle with either the Low S or High S TWC installed, tested under closely-
controlled laboratory conditions over predefined driving cycles. All emissions
testing was conducted while the vehicle was fuelled with reference LPG (LPG A,
as defined in Regulation (EU) 2017/1151). The activity matrix for each TWC is
shown in Table 3. The emissions testing procedure was identical in every aspect
for both TWCs; the ageing procedure used was also identical in both cases, with
the only variable being the sulphur level of the LPG used for engine dyno ageing.

Table 3 Activity matrix
Sth{o Activity Details
12 consecutive repetitions of the
- e EUDC cycle as preconditioning,
! Initial TWC preconditioning performed using reference LPG; no
emissions measurement
1 preconditioning cycle (WLTC)
2 Initial emissions tests (0 3 WLTC emissions tests
cycle stage) 3 NEDC emissions tests
2 canstant sneed tests
3 Ageing - 50 cycles Execution of engine dyno ageing
4 Interim emissions tests (50 1 preconditioning cycle (WLTC)
cycle stage) 3 WLTC emissions tests
5 Ageing - 50 cycles Execution of engine dyno ageing
6 Interim emissions tests (100 1 preconditioning cycle (WLTC)
cycle stage) 3 WLTC emissions tests
7 Ageing - 75 cycles Execution of engine dyno ageing
8 Interim emissions tests (175 1 preconditioning cycle (WLTC)
cycle stage) 3 WLTC emissions tests
9 Ageing - 75 cycles Execution of engine dyno ageing
1 preconditioning cycle (WLTC)
10 Final emissions tests (250 3 WLTC emissions tests
cycle stage) 3 NEDC emissions tests
2 constant speed tests

Step No. 1 represents the industry standard approach for preparing a completely
fresh aftertreatment system for emissions testing, i.e. execution of 12 EUDC
cycles, thereby covering a distance of 84 km at a mean speed of 62.6 km/h, with
speeds reaching up to 120 km/h, but with a deceleration to standstill and a short
period of idling occurring every 7 km. This preconditioning was performed using
reference LPG as fuel (although the cold start event occurred on petrol). Note
that the first item of each block of emissions testing (steps Nos. 2, 4, 6, 8, 10)
consisted of running one WLTC test cycle with no emissions measurement, as
preconditioning. This procedure was chosen to provide a balance between the
need to prepare the test vehicle and stabilise the TWC for emissions testing and
the desire to perform emissions testing on the aged TWC in its “as received”
condition. The exact same test conditions and fuel were used for the
preconditioning as for the subsequent emissions tests; preconditioning cycles
always commenced from cold start.



L(Concawe report no. 7/23

Engine dyno ageing of the TWCs was carried out on an engine of identical type to
the engine fitted to the vehicle used for emissions testing (see Table 2). The
engine was run on a computer-controlled engine dyno, running a repeating cycle
designed to simulate accelerated TWC ageing at high-speed, high-load vehicle
operation. Figure 2 shows the essential characteristics of the cycle. Each cycle
lasted just over 75 minutes and thus the full 250 cycles lasted approximately 314
hours.

During the cycles the engine dyno simulates the road load resistance which would
be experienced by the vehicle. The distance covered by each cycle is 177 km and
thus 250 cycles equates to 44,400 km. However, the highly demanding conditions
recreated by the ageing cycle mean that an equivalence factor of 1.6 is applicable

in order to convert to less demanding driving conditions. Thus, the total number
of kilometres of typical driving may be estimated as being 44,400x1.6=71,040 km
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Figure 2  Essential characteristics (rotational speed, torque) of the engine dyno
TWC ageing cycle used in this study

Figure 3 shows the temperatures of the exhaust gas during the ageing cycle. For
the majority of each ageing cycle, the temperature of the exhaust gas entering
the TWC oscillated between approximately 630°C and 750°C and the temperature
of the exhaust gas downstream of the TWC oscillated between approximately
650°C and 730°C. The mean value of the temperature of the exhaust gas upstream
of the TWC during each cycle was 709°C and the 75" percentile temperature value
was 745°C, meaning that temperatures exceeded that level for 25% of the total
ageing time. The 99™ percentile temperature value was 755°C, meaning that
temperatures exceeded that level for only 1% of the total ageing time.

The temperature of the exhaust gas (and indeed of the monolith itself) is of
paramount importance for thermal ageing as well as for deactivation (poisoning)

Engine torque [Nm]
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processes. Temperature and exhaust gas chemistry (i.e. A, sulphur content) can
affect the accumulation of inhibiting species such as S atoms and sulphur-based
compounds, as well as their removal. A review of industry opinion and available
literature [6-9] on Pd-Rh TWCs revealed that under conditions of alternating
rich/lean conditions, the test objects used in this study would likely have begun
to desulphate (i.e undergo physicochemical reactions leading to the removal of
sulphur atoms and sulphur-bearing compounds from the catalytically active layer
of the monolith) at a temperature within the range 650-700°C. As shown in Figure
3 and discussed below, such temperatures are achieved (and in fact exceeded)
during the ageing cycle employed in this study and also during certain real-world
driving scenarios.

—Upstream of TWC  ——Downstream of TWC
800

750

HHHiHIHHH4HlHHHH;Hmmuml””,"4

700

650

Temperature [°C]

600 ‘

550

500
0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800

Time [s]

Figure 3 Temperature profile (upstream - i.e. TWC inlet and downstream - i.e.
WC outlet) of the engine dyno TWC ageing cycle used in this study

The same engine was used for all ageing of the test objects, with engine oil and
filter replacement carried out at regular intervals (approximately every 120 hours
of engine operation). Ageing on the fuel with the lower sulphur content was
carried out, in full, before exposing the engine to the fuel of higher sulphur
content. A completely fresh set of spark plugs was used for ageing on each fuel.
Each TWC was equipped with its own oxygen (A) sensors, which were used during
all ageing activities; the test vehicle was equipped with oxygen (A) sensors, which
were used for all emissions testing. Thus, the oxygen (A) sensors used during
emissions testing were not exposed to exhaust gas resulting from the ageing
process (and vice-versa).

While A was not monitored continuously during the ageing, certain key facts are
known. During all portions of high load - i.e. the acceleration events - A was always
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<1, taking values in the range 0.75-0.8. During the relatively brief yet frequent
periods of negative torque demand (fuel cut-off), A obviously took values >>1.
Thus, the ageing cycle’s A profile can be described as variable, but while the
engine was being fuelled, A generally took values <1, due to the cycle’s inherent
high power demand. Such a situation is typical for spark-ignition engines operating
on LPG or petrol, while CNG-fuelled engines normally use much less enrichment,
since such engines typically develop full power at A>1.

In line with the project strategy, exhaust emissions were not measured during
engine ageing. Stability of engine operation was monitored via continuous
observations of temperatures, pressures, the fuel flow rate, etc.

Industry experts with considerable experience in the field of automotive
aftertreatment systems for light duty vehicles were asked to comment on the
ageing procedure. The consensus was that the engine speed and load profiles were
typical for ageing procedures used on TWCs. However, the engine used in this
study was in its production configuration, with no modifications to induce higher
exhaust gas temperatures (i.e. injection of additional air, modification of valve
timing) and thus the temperatures experienced by the test objects during ageing
are somewhat lower than during ageing procedures conducted in other studies and
reported elsewhere.

While lower temperatures reduce the severity of TWC ageing (ceteris paribus),
the temperatures encountered in the ageing cycle employed in this study have the
advantage of not being artificially elevated, i.e. they could be experienced by a
passenger car in normal real-world usage scenarios (i.e. high speed motorway
driving, especially when driving uphill and/or with significant payload).
Furthermore, it has been shown that the temperature experienced by the TWC
monolith is, for the most part, appreciably higher than the temperature of the
exhaust gas itself [10]. Thus, for the majority of the ageing cycle, the exhaust gas
temperature can be considered a minimum temperature value for the thermal
conditions experienced by the TWC monolith.

The ECU of the test vehicle reported two thermal parameters (both of which are
modelled rather than directly measured). The temperature traces of these
parameters over the cold start WLTC followed immediately by one EUDC (the
second phase of the NEDC) are shown in Figure 4. (Note that the speed trace shown
in Figure 4 is merely a demonstration of temperature trends and was not used for
any emissions testing.)
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Figure 4 Profile of the temperature of the exhaust gas and the TWC monolith
reported by the test vehicle’s ECU over the WLTC and the EUDC phase
of the NEDC.

As is evident from Figure 4, the temperature of the TWC very quickly comes to
exceed that of the exhaust gas itself following cold start. The temperatures
experienced by the TWC monolith during the 4t phase of the WLTC (10,000 to
12,200 time units on the x-axis) reached values up to 750°C and were >2650°C for
approximately 2.5 uninterrupted minutes. Over the EUDC (10,000 to 12,200 time
units on the x-axis) the maximum TWC monolith temperature reached was just
over 710°C (following the acceleration to 120 km/h); the previous acceleration
(from 70 to 100 km/h) caused temperatures which reached approximately 640°C.
The veracity and accuracy of the temperature modelling approach is discussed in
[10] - while there may be overestimations of the temperature under non-
stoichiometric conditions, generally speaking, the modelled temperature is
considered accurate and valid.

The two test objects (the ‘Low S’ and ‘High S’ TWCs) were subjected to the ageing
procedures mentioned above, using two fuels which differed only in terms of
sulphur content. A third fuel was used for emissions testing. All three fuels are
identified in Table 4.
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Parameter / Fuel name

LPG Low S

LPG High S

Reference LPG A

Fuel type

Commercially
available LPG

Commercially
available LPG

Certified reference fuel

Engine dyno Engine dyno Chassis dyno emissions
Use in this study ageing of TWC ageing of TWC | testing of TWC Low S and
Low S High S TWC High S
Total fuel sulphur
content according to 8.2 29.0 <1.0

fuel certificate [mg/kg]

Odour Imperceptible Perceptible Not assessed
Odorant added? Unknown Yes No
Assumed main source(s) Crude oil
of sulphur-bearing Crude ail odorant, Trace impurities
compounds
Appendix 3,
A ix 1 A ix 4 A ix 7
Fuel certificates ppendl.x ’ ppendl'x ’ ppend1?< ’
Appendix 2 Appendix 5, Appendix 8
Appendix 6

Reference LPG A refers to the fuel specification given in Regulation (EU)
2017/1151, Annex IX, section A., point 1., Type: LPG, column ‘Fuel A’. The same
fuel specification is also shown in UNECE Regulation No. 83, Annex 10a, point 1.1,
Type: LPG, column ‘Fuel A’. Appendix 7 shows the standard certificate provided
by the reference fuel supplier; Appendix 8 shows the results of detailed analyses
of fuel parameters, including sulphur content. Reference LPG fuel was chosen to
ensure that LPG of known, closely-controlled specification was used for all
emissions tests, thereby reducing uncertainty and potential test-to-test
variability. (Regular refuelling of the test vehicle with commercially available LPG
would have introduced a significant source of uncertainty to the emissions
measurements.) While type approval requirements stipulate that LPG-fuelled
vehicles must be tested on both gaseous reference fuels (LPG A and LPG B), this
study did not employ the full type approval procedure and thus it was deemed
neither necessary nor technically appropriate to perform testing on both
reference LPG fuels.
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4. DESCRIPTION AND RESULTS OF THE TESTS

4.1. MEASURING EQUIPMENT

The specifications of the measuring equipment are shown in Table 5; the test
vehicle undergoing emissions testing is shown in Fig. 5. (See also Figure 1).

11
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Table 5 Data of measuring devices

. Identifying Measurement Accuracy of
Device Name Type N measuremen
o. range t
Chassis Y
Dynamometer AVL Zeltner | x/1141/BHT | 0 (Z00Km/N 005 %
2WD - +0.1%
Exhaust Emission | vy AmA 160 | X/2624/BHT
Analysis System:
CO Dilute AVLIRDI60.CO 1 /2625/BHT | 0 -5 000 ppm
+ 2% of the
; measuring
CO, Dilute AVL 'RDH'60 €021 | /2626/BHT 0 - 20% point
or
. AVL CLD i60 + 1% of the
NO, Dilute LHD L/2628/BHT 0 - 1000 ppm full scale
THC Dilute AVL FID i60 LHD | L/2629/BHT 0 - 1000 ppm
CH; Dilute AVLFIDHIDT60 1) 9630/BHT | 0~ 1000 ppm
CO High Pre AVL IRIID_I160 o L/2775/BHT 0-10%
CO Low Pre AVL IRDL]60 o L/2781/BHT 0 - 1000 ppm
CO, Pre AVL IRD i60 CO2 | L/2776/BHT 0-20%
NO, Pre AVL CLD i60 L/2778/BHT 0 - 6000 ppm
THC Pre AVL FID i60 L/2779/BHT |0 - 37000 ppm C1
AVL Cutter FID
CH, Pre 0 L/2780/BHT |0 - 20000 ppm C1| 4 2% of the
- measuring
CO High Post AVL IRIID_|16O co L/2785/BHT 0-10% point
CO Low Post AVL IR?_]()O co L/2784/BHT 0 - 1000 ppm
CO, Post AVL IRD i60 CO2 | L/2786/BHT 0-20%
NO, Post AVL CLD i60 L/2788/BHT 0 - 6000 ppm
THC Post AVL FID i60 L/2789/BHT 0 - 10000 ppm
AVL Cutter FID
CH, Post 0 L/2790/BHT | O - 3000 ppm

12
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CVS Sampling

5 CVSi60 LD LE 2 - 20 m3/min + 2%
System ESU with
dilution tunnel and X/2631/BHT
PM sampling PSS i60 SD 50 - 100 l/min + 5%
system DLS

. Sartorius
Microbalance M5P000VO01 B/1915/BHT 0-2.7¢g 0.0001 mg
Particle Number 0 - 50 000 .
Counter APC 489 E(ZG3G/EHT particles/cm? 10%
-40 - +80 °C +0.2 °C

Tempgrature and VAISALA HMT
humidity 333 L/2637/BHT 0 - 100%
transducer relative humidity + 1%
Electronic VAISALAPTB | £/ 1543/BHT | 500 - 1100 hPa | +0.15 hPa
Barometer 330

Figure 5

Fiat Tipo 1.4 bi-fuel vehicle during emission measurements in

climate-controlled laboratory with an AVL Zoellner chassis
dynamometer (2WD)

13
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4.2.

4.2.1.

14

TEST RESULTS

Results of measurements of regulated exhaust emissions, carbon
dioxide emissions and fuel consumption

All emission tests were carried out using the chassis dyno loading obtained from
matching road load data provided by the vehicle manufacturer using the coast
down method. The target road load data (FO,F1,F2) were the same for WLTP and
NEDC testing, but in the case of WLTP testing a different inertia setting was used
(taking into consideration the actual mass of the vehicle, mass representative of
vehicle payload and the inertia of rotating powertrain components), in line with
the requirements of Regulation (EU) 2017/1151. The inertia settings and final
chassis dyno loading coefficients are presented in Table 6. Tyre pressure was
checked - and, if necessary, adjusted - before the precondition cycle that
commenced each batch of emissions testing. Thus, a constant level of tyre
pressure was maintained through the test programme. Vehicle running resistance
was checked following the preconditioning cycle that commenced each batch of
emissions tests. Small differences in the running resistance were detected, but in
view of their limited magnitude, it was decided not to change the chassis dyno
loading and thus the same settings were used throughout the test programme (on
both test objects).

Table 6 Data of load coefficients

Inertia Chassis dyno Power absorption by the chassis
loading coefficients dynamometer at 80 km/h
WLTP and constant speed testing
FO F1 F2
[ke] oy | IN/km/h) | DN/ (/)2 (kW]
] ]
1509 45.1 -0.87 0.0390 5.0
NEDC testing
FO F1 F2
[ke] oy | N/ Gmrh) | DN/ km/h)? [kW]
] ]
1360 21.0 -1.13 0.0404 4.2
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As outlined in Table 3, a single WLTC cycle was executed as preconditioning before
each batch of testing commenced. All emissions tests commenced from cold start
at an ambient temperature of 23°C and 40% relative humidity. To ensure complete
cooling of the entire powertrain (including TWC), the standing time between
periods of engine operation for cold start tests (WLTC, NEDC) was always =11
hours. All cabin accessories were turned off, including the ventilation system and
the vehicle’s lights were in ‘Auto’ mode. The cold start test cycles (NEDC, WLTC)
were commenced with the test vehicle’s battery fully charged; the battery was
not charged immediately before the constant speed tests, which commenced from
a hot start. The vehicle was always tested in LPG mode; all cold start events
occurred with the engine running on petrol and the fuel supply was switched over
to LPG automatically by the vehicle’s ECU (i.e. with no driver intervention). It
should be noted that such a fuelling strategy is typical for European petrol-LPG bi-
fuel vehicles. Fuel switchover (petrol—LPG) occurred approximately 56 seconds
after engine cranking when running over the WLTC and NEDC driving cycles, with
very limited differences in the timing of fuel switchover between tests (regardless
of the test cycle). During the constant speed tests there was no cold start and thus
no fuelling with petrol while emissions measurements were being carried out. The
vehicle’s two original oxygen (A) sensors were used for all emissions testing on
both test objects - i.e., the sensors used during engine dyno ageing were not used
for any emissions testing activity.

Measurements of exhaust emissions were carried out over the well-known,
industry standard WLTC and NEDC driving cycles (Fig. 6 and Fig. 7) and also using
a customised constant speed test procedure. The constant speed test procedure
was conducted with the vehicle already fully warmed up (by running the NEDC test
cycle, followed by a smooth, gradual acceleration to 80 km/h, application of 5t
gear and approximately 9 minutes’ driving at 80 km/h in 5% gear). Thereafter,
emissions measurements were performed over two periods, while continuing to
drive at a constant speed of 80 km/h in 5% gear. The distance covered during each
measurement period was approximately 10 km, during which time the driver
attempted to keep vehicle speed as constant as possible, with minimum throttle
fluctuations.
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Figure 6 Worldwide harmonized Light vehicles Test Cycle (WLTC), part
of the Worldwide harmonized Light vehicles Test Procedure
(WLTP)
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Figure 7 New European Driving Cycle (NEDC)

Tables 7 to 20, which can be found in the appendix, present exhaust emissions
results for the test fuels obtained from the test vehicle, for the test cycles
employed and their component phases. The aforementioned tables include the
results of legislative measurements obtained via the CVS-bag method, diluted
exhaust emissions measurements and results from measurements of undiluted
exhaust emissions upstream and downstream of the TWC. Particulate matter
emissions, while not regulated in the EU for this vehicle type, are also shown in
terms of mass (PM) and number (PN); PM results are available for the entire test
cycles, while PN results are available for the entire test cycles and their
component phases. Carbon dioxide emissions and fuel consumption results
calculated according to the legislative carbon balance method are also shown. The
tables show the calculated mean and standard deviation from the obtained
emissions results, as well as values of standard type A uncertainty obtained by
means of statistical analysis, calculated using the following formula:

\/n i 1 Z}Ll(xi - 5)2
Vn

uz (M) =
where:
u%a(M) = type A evaluation of standard uncertainty (for measured quantity M,
where M represents regulated emissions, CO, or fuel consumption),
n = number of tests,

X; = result from test j,

X = arithmetic mean of all tests.

Figures 8 to 31 show emissions results for the based on the legislative bag
measurements of regulated compounds THC, NMHC, CO and NO,; results are shown



L(Concawe report no. 7/23

for the entire NEDC and the initial, cold start phase of that cycle (UDC), as well
as the entire WLTC and the initial, cold start phase of that cycle (WLTC Low). The
graphic representations’ error bars are defined as the standard type A uncertainty
values shown in Tables 7 to 20.

Figures 8 to 19 show results obtained from the Low S test object.

TWC Low S emissions results (NEDC)
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Figure 8 THC and NMHC emissions results for TWC Low S, tested over
the entire NEDC. The Euro 6 limits are shown for comparison.

TWC Low S emissionsresults (NEDC)
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Figure 9 CO emissions results for TWC Low S, tested over the entire
NEDC. The Euro 6 limit is shown for comparison.
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TWC Low S emissions results (NEDC)
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Figure 10 NO, emissions results for TWC Low S, tested over the entire
NEDC. The Euro 6 limit is shown for comparison

As shown above, execution of 250 ageing cycles using low sulphur fuel caused
measurable increases in emissions of THC, NMHC, CO and NO, when tested over
the NEDC. Emissions remained below the applicable Euro 6 limits following 250
ageing cycles - by a considerably margin the case of THC, CO and NO, and by a
smaller margin the case of NMHC. Taking into account the number of repeat tests
(n=3) and the derived uncertainty of the results, differences between the THC,
NMHC and CO results at 0 cycles and at 250 cycles were limited. The difference
was more apparent for NO,, with the difference being significantly larger than the
uncertainty in the mean results. Similar trends were observed during the first,
cold start phase of the NEDC - the UDC, as shown in Figures 11-13. While measured
emissions of THC, NMHC and CO were all higher at the 250 cycle stage than at the
0 cycle stage, the magnitude of the difference was small in comparison to the
uncertainty of the results, while NO, showed a clear difference, with emissions
more than doubling following 250 ageing cycles.



( Concawe report no. 7/23

TWC Low S emissions results (NEDC-UDC)
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Figure 11 THC and NMHC emissions results for TWC Low S, tested over
the UDC phase of the NEDC.

TWC Low S emissions results (NEDC-UDC)
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Figure 12 CO emissions results for TWC Low S, tested over the UDC phase
of the NEDC.

19



L(Concawe report no. 7/23

20

TWC Low S emissions results (NEDC-UDC)
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Figure 13 NO, emissions results for TWC Low S, tested over the UDC phase
of the NEDC.

WLTC results as a function of the number of ageing cycles are available at higher
resolution (as interim testing was conducted over the WLTC only). As shown in
Figures 14-15, THC, NMHC, and CO increased monotonically from 0 to 100 cycles,
while the result at 175 cycles was essentially indistinguishable from the result at
100 cycles. The results for THC and NMHC in fact decreased at the 250 cycle stage,
being at a level close to that of the 50 cycle stage. For CO, the trend was slightly
different, as emissions reached a plateau starting at 100 cycles and there was no
significant variation for the next two measurement points (175, 250 cycles). As
shown in Figure 16, for NO,, a noticeable increase occurred between 0 and 50
cycles, but thereafter emissions fell somewhat at 100 cycles, while emission sat
175 cycles were slightly higher and indistinguishable from each other. While the
Euro 6 emissions limits are not directly applicable to this test vehicle when tested
over the WLTC, it is noteworthy that those limits were not exceeded at any ageing
stage.
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TWC Low S emissions results (WLTC)
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Figure 14 THC and NMHC emissions results for TWC Low S, tested over
the entire WLTC. The Euro 6 limits are shown for information
only.

TWC Low S emissions results (WLTC)
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Figure 15 CO emissions results for TWC Low S, tested over the entire WLTC. The
Euro 6 limit is shown for information only.
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TWC Low S emissions results (WLTC)
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Figure 16 NO, emissions results for TWC Low S, tested over the entire WLTC.
The Euro 6 limit is shown for information only.

Partially contrasting trends were observed the first, cold start phase of the WLTC
(i.e. Low phase), as shown in Figures 17-19. THC and NMHC showed the same trend
as over the entire WLTC (i.e. a monotonic increase up to 100 cycles, a very small
increase at 175 cycles and a marked decrease in emissions at 250 cycles, meaning
that results at 250 cycles were essentially the same as at 50 cycles. CO and NOx
showed interrupted monotonic increases in the range 0-250 cycles, although the
rate of increase slowed significantly after the first 50 cycles. Differences in CO
and NOx emissions between the 175 and 250 cycle stages appeared to be
insignificant.
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TWC Low S emissions results (WLTC-Low)
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Figure 17 THC and NMHC emissions results for TWC Low S, tested over the Low
phase of the WLTC.

TWC Low S emissions results (WLTC-Low)
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Figure 18 CO emissions results for TWC Low S, tested over the Low phase of the
WLTC
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TWC Low S emissions results (WLTC-Low)
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Figure 19 NO, emissions results for TWC Low S, tested over the Low phase of
the WLTC.

Results for the test object aged using fuel of high sulphur content (TWC High S)
are presented in Figures 20-31. When tested over the NEDC, there was a clear
increase in emissions of THC, NMHC, CO and NOx following 250 ageing cycles. In
the case of NMHC, mean emissions at the 250 cycle stage were very close to the
Euro 6 limit (and in fact exceeded that limit during one test). Specifically, the
NMHC emissions result during test L1-0004 (NEDC test number 3 at the 250 cycle
stage on TWC High S); that result is shown in red in Table 14. The NMHC results
for NEDC test numbers 1 & 2 at the 250 cycle stage were significantly below the
Euro 6 limit, such that the mean NMHC result of all three NEDC tests was 59
mg/km, i.e. 87% of the limit. Given the generally high variability of the emissions
results at the 250 cycle stage, reflected in the standard deviation and type A
uncertainty values, this result should be treated with caution. Further testing
would be required to fully determine NMHC emissions compliance with the Euro 6
limit for TWC High S at the 250 cycle stage. It should also be noted that the NMHC
emissions during test L1-0004 were elevated for the UDC (cold start, urban) phase
of the NEDC; emissions results for the EUDC (extra-urban) phase were very low
and essentially identical for all three NEDC tests at the 250 cycle stage for the
High S test object. The measured engine-out (pre TWC) NMHC emissions for test
L1-0004 were comparable to those from NEDC test numbers 1 & 2 at the same
stage; the temperature traces for the three NEDC tests in question also revealed
no significant differences.
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TWC High S emissions results (NEDC)

m0cycles ®250 cycles
100

920

80

70

60

50

40

Emissions [mg/km]

30

20

10

THC NMHC

Figure 20 THC and NMHC emissions results for TWC High S, tested over the
entire NEDC. The Euro 6 limits are shown for comparison

TWC High S emissions results (NEDC)
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Figure 21 CO emissions results for TWC High S, tested over the entire
NEDC. The Euro 6 limit is shown for comparison
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TWC High S emissions results (NEDC)
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Figure 22 NO, emissions results for TWC High S, tested over the entire
NEDC. The Euro 6 limit is shown for comparison.

Trends observed over the UDC phase of the NEDC were essentially identical, with
clear increases at 250 cycles, with particularly large relative increases observed
in the case of NO,.

TWC High S emissions results (NEDC-UDC)
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Figure 23 THC and NMHC emissions results for TWC High S, tested over
the UDC phase of the NEDC.



(( Concawe report no. 7/23

TWC High S emissions results (NEDC-UDC)
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Figure 24 CO emissions results for TWC High S, tested over the UDC phase
of the NEDC.

TWC High S emissions results (NEDC-UDC)
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Figure 25 NO, emissions results for TWC High S, tested over the UDC
phase of the NEDC.
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When tested over the WLTC, the following emissions trends were observed, as
shown in Figures 26-31. For THC and NMHC, emissions increased for 0 to 50 cycles,
but the result for 100 cycles was essentially identical to that at 50 cycles.
Thereafter, at 175 cycles emissions fell to a level between that of 0 and 5-0 cycles,
but a substantial increase occurred between 175 and 250 cycles. CO emissions
increased noticeably from 0 to 50 cycles, fell at 100 cycles and then increased at
175 and 250 cycles (for which differences in the emissions level were of limited
significance). For NO, emissions there was little variation between the ageing
stages, with the exception of 100 cycles, which showed the highest emissions
results. NOx results from the final two stages (175, 250) were essentially identical.

TWC High S emissions results (WLTC)
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Figure 26 THC and NMHC emissions results for TWC High S, tested over
the entire WLTC. The Euro 6 limits are shown for information
only.
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TWC High S emissions results (WLTC)
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Figure 27 CO emissions results for TWC High S, tested over the entire
WLTC. The Euro 6 limit is shown for information only.

TWC High S emissions results (WLTC)
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Figure 28 NO, emissions results for TWC High S, tested over the entire
WLTC. The Euro 6 limits are shown for information only.
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TWC High S emissions results (WLTC-Low)
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THC and NMHC emissions results for TWC High S, tested over
the Low phase of the WLTC.

TWC High S emissions results (WLTC-Low)
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CO emissions results for TWC High S, tested over the Low phase
of the WLTC.
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TWC High S emissions results (WLTC-Low)
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Figure 31 NO, emissions results for TWC High S, tested over the Low phase
of the WLTC.

Emissions other than regulated gaseous emissions are discussed below, together
with fuel consumption.

Emissions other than regulated gaseous emissions are discussed below, together
with fuel consumption.

Emissions of particulate matter (by mass and number; PM and PN) were both stable
and consistently relatively low throughout the entire test programme, with no
apparent correlation to the number of ageing cycles. It should be noted that
vehicles of the type used for testing are not subject to PM or PN limits in the EU.
The test vehicle’s mean PM and PN results met the EU limits for M-category
vehicles, over both test the NEDC and WLTC, with both test units mounted. PM
and PN emissions were lower still for constant speed testing, due to the lack of
cold start in that test procedure. Due to the above considerations, PM and PN
emissions are not shown graphically, but numerical results are presented in Tables
7-20.

Carbon dioxide emissions (Figures 32 and 33) and fuel consumption (Figures 34 and
35) were relatively stable during the test programme. There was a slight tendency
for those parameters to fall as ageing progressed, but the magnitude of the
differences was small (approximately 3% when comparing 0 cycles to 250 cycles).
As the test programme was conducted, vehicle mileage increased by some 45%
compared to the mileage at start of testing, which would generally be expected
to cause running resistance to reduce somewhat. Nevertheless, the periodic coast
down verifications showed very limited differences in running resistance and, as
mentioned previously, no changes were made to the chassis dyno loading during
testing. A further tendency of note relates to the fact that as emissions of THC
and CO increase, CO, emissions fall slightly, since less CO, is formed in the TWC
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via the oxidation of THC and CO. The observed decreases in CO, emissions can be
attributed to the combined impact of the two aforementioned effects.
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Figure 32

Emissions results (NEDC)
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CO, emissions results for TWC Low S and TWC High S, tested
over the NEDC and its component phases.
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Emissions results (WLTC)
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Figure 33 CO, emissions results for TWC Low S and TWC High S, tested over
the WLTC and its component phases.

Fuel consumption calculated according to the legislative carbon balance method
takes emissions of THC and CO (as well as CO,) into consideration. Thus, the slight
fall in fuel consumption as ageing progressed can be attributed to the slight
reduction in friction that occurred as vehicle mileage increased, together with the
effects resulting from test-to-test variations which are unavoidable when using a
human driver. As a final point, the number of repeat tests NEDC and WLTC testing
(n=3 in both cases) should be borne in mind.
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Fuel consumption results (NEDC)
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Figure 34 Fuel consumption results for TWC Low S and TWC High S, tested
over the NEDC and its component phases.

Fuel consumption results (WLTC)
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Figure 35 Fuel consumption results for TWC Low S and TWC High S, tested
over the WLTC and its component phases.
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4.2.2. Results of calculated TWC conversion efficiency

Tables 7 to 20 show the test objects’ conversion efficiency, calculated in two
ways:

o by comparing the measurements of undiluted exhaust emissions upstream
with the CVS-bag measurements of diluted exhaust emissions of the TWC
(labelled ‘pre-bag’),

o by comparing the measurements of undiluted exhaust emissions upstream
and downstream of the TWC (labelled ‘pre-post’).

Figures 36 to 55 show TWC conversion efficiency (‘pre-post’, as defined above);
the graphic representations show the mean results, with error bars defined as the
minimum and maximum measured values (not type A uncertainty).

WLTC results are available at higher resolution, as shown in Figures 36-43. For
THC, NMHC and CO, the raw results showed no overall trend as to which test
object performed better (i.e. Low S<High S and High S<Low S both occurred), but
there was an observable overall trend for a gradual and quasi-monotonic decrease
in conversion efficiency as ageing progressed from 0 to 250 cycles, visible in the
figures below.
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Figure 36 TWC conversion efficiency calculated from THC emissions
results for both test objects, tested over the entire WLTC.
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NMHC TWC effectiveness (WLTC)
mlow S mHighS
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TWC conversion efficiency calculated from NMHC emissions results
for both test objects, tested over the entire WLTC.

CO TWC effectiveness (WLTC)
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0 50 100 175 250

TWC conversion efficiency calculated from CO emissions results
for both test objects, tested over the entire WLTC.
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For NO,, the picture was somewhat more complicated, as the High S TWC appeared
to outperform its counterpart at three ageing stages (50, 175 and 250 cycles). The
trend was non-monotonic and the difference between 0 and 250 cycles was
limited, especially in the case of TWC High S.

NOx TWC effectiveness (WLTC)
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Figure 39 TWC conversion efficiency calculated from NO, emissions results
for both test objects, tested over the entire WLTC.

As shown in Figures 40-43, trends were broadly similar over the WLTC’s Low phase,
but differences were numerically much greater and generally more evident, due
to the much lower conversion efficiency during the Low phase, which contains the
cold start event (meaning the TWC’s temperature is equal to ambient temperature
at the very beginning of the test).
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Figure 40 TWC conversion efficiency calculated from THC emissions results
for both test objects, tested over the Low phase of the WLTC.
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Figure 41 TWC conversion efficiency calculated from NMHC emissions results
for both test objects, tested over the Low phase of the WLTC.



( Concawe report no. 7/23

CO TWC effectiveness (WLTC Low)
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Figure 42 TWC conversion efficiency calculated from CO emissions results
for both test objects, tested over the Low phase of the WLTC.
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Figure 43 TWC conversion efficiency calculated from NO, emissions
results for both test objects, tested over the Low phase of the
WLTC.
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As regards conversion efficiency over the NEDC, only two sets of results are
available (0 and 250 cycle stages), as shown in Figures 44-47. At the 0 cycle stage
the agreement between the two test objects was excellent, as expected. At the
250 cycle stage, conversion efficiency for THC, NMHC and CO was noticeably lower
than at 0 cycles, with very limited differences between the two test objects. For
NO, the situation was similar, with the exception that conversion efficiency was
noticeably higher for the High S TWC.

THC TWC effectiveness (NEDC)
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Figure 44 TWC conversion efficiency calculated from THC emissions results
for both test objects, tested over the entire NEDC.
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NMHC TWC effectiveness (NEDC)
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Figure 45 TWC conversion efficiency calculated from NMHC emissions results
for both test objects, tested over the entire NEDC.
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CO TWC effectiveness (NEDC)
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Figure 46 TWC conversion efficiency calculated from CO emissions results for
both test objects, tested over the entire NEDC.
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NOx TWC effectiveness (NEDC)
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Figure 47 TWC conversion efficiency calculated from NO, emissions results for
both test objects, tested over the entire NEDC.

Essentially the same trends were observed over the UDC phase of the NEDC, as
shown in Figures 48-51. Conversion efficiency fell at 250 cycles, but with very good
agreement for the two test objects in the case of THC, NMHC and CO, although
the decrease for CO was small. In the case of NO,, conversion efficiency also fell,
but at 250 cycles the High S TWC outperformed its counterpart by a margin which
may have been significant.
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THC TWC effectiveness (NEDC-UDC)
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Figure 48 TWC conversion efficiency calculated from THC emissions results
for both test objects, tested over the UDC phase of the NEDC.
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NMHC TWC effectiveness (NEDC-UDC)
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Figure 49 TWC conversion efficiency calculated from NMHC emissions results
for both test objects, tested over the UDC phase of the NEDC.
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CO TWC effectiveness (NEDC-UDC)
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Figure 50 TWC conversion efficiency calculated from CO emissions results for
both test objects, tested over the UDC phase of the NEDC.

NOx TWC effectiveness (NEDC-UDC)
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Figure 51 TWC conversion efficiency calculated from NO, emissions results for
both test objects, tested over the UDC phase of the NEDC.

As shown in Figures 52-55, TWC conversion efficiency over the constant speed
cycle was very high in all cases, since the cycle was performed with a fully warmed
up powertrain and at constant speed - i.e. under vehicle operating conditions
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which facilitate very stable engine operation (as well as low distance-specific fuel
consumption). When driving at a constant speed of 80 km/h, there is no inertia to
overcome and the power absorbed by the chassis dyno for the test vehicle was 5
kW, i.e. 5.7% of the rated power of the engine. Under such conditions, TWC
performance was consistently very high, even after 250 ageing cycles. For both
TWCs, at the 0 and 250 cycle stages, calculated TWC conversion efficiency did not
fall below 98.4% for any of the measured gaseous compounds.

In the case of THC and NMHC, conversion efficiency was very close to 100% for
both test objects at both stages. Slightly lower CO conversion efficiency of the
High S TWC was observed, but this effect was also present at 0 cycles, i.e. before

any ageing had been carried out. Nevertheless, the CO conversion efficiency for
High S at 250 cycles was noticeably lower than at 0 cycles.

THC TWC effectiveness (Constant speed - 80 km/h in 5th gear)
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Figure 52 TWC conversion efficiency calculated from THC emissions
results for TWC Low S, tested over the constant speed cycle.
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NMHC TWC effectiveness (Constant speed - 80 km/h in 5th gear)
mlow S mHighS
100%

99%
98%
97%
96%
95%
0 250

Figure 53 TWC conversion efficiency calculated from NMHC emissions
results for TWC Low S, tested over the constant speed cycle.

CO TWC effectiveness (Constant speed - 80 km/h in 5th gear)
mlow S mHighS
100%

99%
98%
97%
96%
95%
0 250

Figure 54 TWC conversion efficiency calculated from CO emissions results
for TWC Low S, tested over the constant speed cycle.
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4.2.3.

As regards NO,, the conversion efficiency was at a very high level for both test
objects at both ageing stages and there only negligible differences following
ageing. The very low magnitude of the differences and the fact that two repeat
tests were performed (n=2) means no statistically significant differences were
observed at regards NO, elimination over the constant speed cycle.

NOx TWC effectiveness (Constant speed - 80 km/h in 5th gear)
mlow S mHigh S
100%

99%

98%

97%

96%

95%
0 250

Figure 55 TWC conversion efficiency calculated from NO, emissions
results for TWC Low S, tested over the constant speed cycle.

Results of ECU parameter recordings

ECU parameters were logged for all emissions tests. Parameters such as engine
speed, engine coolant temperature, etc showed high stability, with very limited
test-to-test variations.

The temperature of the exhaust gas reported by the vehicle’s ECU was recorded
during emissions tests. As mentioned previously, the test vehicle did not feature
a thermocouple and the reported temperature of the exhaust gas was a modelled
parameter, designed to reflect the temperature of the exhaust gas upstream of
the aftertreatment (TWC). This parameter is of critical importance for the
functioning of the TWC for a cold start driving cycle. While the temperature traces
were subject to slight variations from test to test, generally the temperature
traces showed very low variability. Figures 56 and 57 show the temperature traces
over the WLTC for four selected WLTC tests (two on each test object), while
Figures 58 and 59 show the temperature traces over the NEDC for four selected
NEDC tests (two on each test object). Lines of different thickness have been used
in the plots to allow both curves to be seen, as differences are generally very
limited.
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Low S, 50 cycles, Test 1 —— Low S, 175 cycles, Test 1 Speed trace
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Two sample temperature traces (measured ECU parameter
‘Exhaust gas temperature’) for TWC Low S during WLTC
emissions tests.

——High S, 50 cycles, Test 1 —— High S, 175 cycles, Test 1 —— Speed trace
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Two sample temperature traces (measured ECU parameter

‘Exhaust gas temperature’) for TWC High S during WLTC
emissions tests.
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——Low S, Ocycles, Test 1
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Fig. 58 Two sample temperature traces (measured ECU parameter ‘Exhaust
gas temperature’) for TWC Low S during NEDC emissions tests.
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Figure 59 Two sample temperature traces (measured ECU parameter ‘Exhaust
gas temperature’) for TWC High S during NEDC emissions tests.

In all cases, the initial increase in temperature from ambient to a value of
approximately 350° C showed very little variation from test to test, and was in fact
similar for both test cycles employed (WLTC, NEDC). As shown in Figures 56 and
57, for the majority of the WLTC the temperature oscillated between
approximately 300°C and 550°C, rising to higher values during the final 300
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seconds of the cycle (essentially corresponding to the Extra High phase of the
WLTC). For the NEDC (Figures 58 and 59), for the majority of the cycle the
temperature oscillated between approximately 300°C and 500°C, rising to higher
values above 500° C only during the final portion of the cycle (where vehicle speed
is > 100 km/h). For constant speed testing, the temperature of the exhaust gas
quickly stabilised at a value of approximately 470°C to 475°C during the early
phases of the warmup period before emissions sampling commenced. During the
emissions measurement phases themselves, there were very limited fluctuations
outside the range 470-475°C.

As mentioned previously (shown in Figure 4 and discussed in [10]), under most
engine operating conditions the temperature of the TWC monolith was likely to
be noticeably higher than the reported temperature of the exhaust gas. Thus, the
temperatures shown in Figures 56-59 can be treated as minimum likely TWC
monolith temperatures, with the exception of the first 30 seconds or so
immediately following cold start, during which the temperature of the monolith
is lower than that of the exhaust gas.
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CONCLUSIONS

Ageing equivalent to 71 thousand km of vehicle usage was carried out on two
TWCs, each being aged on its own LPG fuel type, with the only significant
difference between the two fuel types being the sulphur level. The fuels’ sulphur
levels were 8.2 ppm (‘Low S’) and 29.0 ppm (‘High S’).

The variability in the results of periodic emissions testing was deemed acceptable
and typical for measurements of this type performed on such a test vehicle over
cold start driving cycles. Variability was, generally speaking, greater at higher
ageing stages (though not in all cases), which would be consistent with the theory
that the TWC’s conversion efficiency became increasingly sensitive to A control as
ageing progressed and oxygen storage capacity became compromised (lost,
temporarily reduced or inhibited in terms of chemical kinetics).

With a single exception, the test vehicle met the applicable Euro 6 emissions limits
when tested using its type approval procedure (NEDC), for both TWCs, at all ageing
stages. The exception to this came in the form of a single NMHC emissions result,
which in one test was found to be above the applicable legislative limit following
250 ageing cycles; the two other repetitions of this test under the same conditions
showed NMHC emissions below with the Euro 6 limits, and the mean of these 3
tests was also below the Euro 6 limits. While emissions results obtained using the
WLTP test procedure were not legally applicable to the test vehicle, results
obtained using that procedure were also below the Euro 6 limits, in all cases, with
no exceptions.

Despite being type approved at the Euro 6b level (for which the NEDC test is legally
applicable), the test vehicle showed low emissions over the WLTC, with none of
the results for either of the test objects (TWCs) obtained from that test type
exceeding the Euro 6 limits at any ageing stage. As is well known, the relatively
long distance covered by the WLTC (over 23 km - i.e. more than twice the 11 km
distance covered by the NEDC) leads to a reduction in the impact of the cold start
effect, which causes emissions associated with cold start to be subject to a low
distance-specific weighting.

The test vehicle proved itself to be stable. No vehicle malfunctions or ECU errors
were present before, during or after any emissions test and the vehicle MIL lamp
did not illuminate at any point. Carbon dioxide emissions and fuel consumption
results were generally stable throughout the test programme.

The relatively low emissions results occurring even after extended ageing indicate
high TWC conversion efficiency and durability under the specific ageing conditions
employed here. There was an overall tendency for emissions to slightly increase
as the number of ageing cycles increased, but trends were not monotonic in all
cases. As regards the impact of fuel sulphur level on TWC conversion efficiency,
overall there appeared to be no significant difference between the two test
objects. In certain cases, differences in performance were apparent but
sometimes the High S TWC outperformed its Low S counterpart. This suggests that
the thermal degradation induced by the ageing procedure was more relevant to
the performance of the TWCs tested in this study than the fuel sulphur level. A
possible explanation offered for this is that the temperatures achieved during the
ageing procedure permitted periodic desulphation of the test objects [6-9],
meaning that the long-term impact of the sulphur present in the LPG fuel on TWC
performance was low. When evaluating the impact of the ageing performed on
the test objects, it is important to underline that a real engine, running under
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demanding real world operating conditions was used. The ageing cycle featured
multiple periods of elevated temperature and generally high mean temperatures
(as presented in Section 3 and specifically Figure 3), but, as shown in Figure 4,
such temperatures can also be reached during normal, real-world driving at speeds
>100 km/h, even without additional load (i.e. uphill gradient and/or high vehicle
payload). As a single WLTC preconditioning cycle was carried out prior to every
batch of emissions tests, there was some further exposure to elevated
temperatures prior to the emissions tests, as well as during the emissions tests
themselves (as shown in Figures 56 and 57). Results in this study showed no overall
trend of TWC conversion efficiency increasing from test to test within a given test
batch (as might be expected if the TWC were being gradually purged of sulphur
and thereby progressively recovering its conversion efficiency).

Notwithstanding the small differences observed over the test cycles employed,
there was a more visible tendency for ageing to increase emissions over the cold
start phases of the two tests (WLTC Low, NEDC UDC). This period is characterised
by generally high engine out emissions and low TWC conversion efficiency (mainly
due to the thermal state of the monolith following cold start). Differences in
emissions and TWC conversion efficiency were of somewhat greater magnitude for
WLTC Low and NEDC UDC. Nevertheless, focusing on the results obtained from the
aforementioned cold start phases, no consistent, significant difference between
the two test objects could be observed. This supports the observation that the
ageing procedure indeed reduced TWC performance, but that fuel sulphur level
had no measurable overall impact. Under high load conditions, the TWC’s
temperature is well in excess of its light-off point. The conversion efficiency of
both test objects for the WLTC High and Extra High phases decreased only very
slightly (or not at all) as the two test objects were aged from 0 to 250 cycles.
Comparing results at 0 and 250 cycles for the EUDC phase of the NEDC, reductions
in conversion efficiency were of similar magnitude. Thus, when operating under
conditions which were predominantly high load and which featured high exhaust
gas temperatures, the ability of the test objects to perform their intended
function showed very low sensitivity to ageing and exposure to sulphur.

As should be expected, there was excellent agreement between the results
obtained from both TWCs at the 0 cycle stage. For both TWCs, the WLTC and NEDC
results at the 250 cycle stage showed a deterioration compared to the 0 cycle
stage - i.e. TWC conversion efficiency was lower and exhaust emissions were
higher. For interim stages (50, 100, 175 cycles), trends were not always monotonic
- some results showed higher TWC conversion performance at 175 cycles than at
100 cycles, although the magnitude of the uncertainty associated with the mean
of the emissions results (n=3) should be kept in mind. A further point to mention
is that the conversion of the High S TWC performed better than the Low S TWC at
certain ageing stages and for certain compounds. Taking into account the spread
of the results, quantified as the difference between the lowest and highest
measured results, as well as the type A uncertainty, such differences are again
unlikely to be statistically significant. Nevertheless, the fact remains that in some
cases ageing on higher sulphur content LPG was associated with lower measured
tailpipe emissions of regulated compounds, as well as higher TWC conversion
efficiency.

Over the transient cold start driving cycles (NEDC, WLTC), TWC conversion
efficiency was observed to fall somewhat as the test objects were subjected to
ageing. However, during the constant speed tests, the TWC conversion efficiency
at the 250 cycle stage was very close to that at the 0 cycle stage. Thus, there was
no significant deterioration for either test object under these conditions. At
temperatures well above the test units’ light-off temperature and at stable A, the
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performance (i.e. elimination of THC, NMHC, CO and NO,) remained very high,
even following extensive ageing on high sulphur fuel. This finding would appear to
support the hypothesis that ageing primarily affected the performance
temperature of the test objects at low temperatures. As a result of this, the
dynamic cold start test procedures (NEDC, WLTC) revealed some deterioration in
TWC performance, while the steady-state, thermally stabilised testing did not
reveal such effects.

As it was assumed that the low sensitivity of the TWC conversion efficiency was
related to a desulphatation process occurring at higher equivalence ratio and high
temperature, a complementary study was performed to challenge this assumption
(details in the appendix). It consisted in chemical analyses of the aged TWCs, using
advanced laboratory methods. Unfortunately, this study remained inconclusive,
as it were unable to directly link the sulphur level measured in the TWCs to their
conversion efficiency loss. Consequently, lacking a clear and systematic
explanation about the effect of sulphur on the TWC conversion efficiency, this
study cannot be 100% conclusive regarding the harmful/non-harmful effect of
sulphur content in LPG on the TWC conversion efficiency, even if the
engine/vehicle tests tend to show that a higher sulphur content is not harmful.
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APPENDIX - DETAILED EXHAUST EMISSIONS RESULTS

Table 7 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the NEDC cycle for TWC Low S
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Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the WLTC

cycle for TWC Low S at 0 cycles

BAOSMAL

'BOSMAL Automotive Research and Development Institute Ltd

Exhaust Emissions Testing Laboratory.

WLTP test (Reg 2017/1151) - WLTC driving cycle
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TWC effectiveness (pre-post)| __ 90.9% __ 91.2% __ 93.9% _ 98.9%| - - 706% _ 717% _ 83.8%  97.0% - 100.0%  99.9%  97.7%  99.8% - 1000% _ 100.0%  97.4% _ 99.8%| - 99.9% _ 99.9% _ 97.5% _ 98.4%[ - TWC off
45.1 a7 3 515 10 102 | 601EH1 353 323 2315 40| 4nEsi2 1 0 3 |azrEri0| o0 0 428 6 | 840E+09 1 1 2 8 | t22Eet1| 1501 2188 | 1469 | 1291 1444 929 1375 9,07 7.98 888 Bags
17 | 20181008 [067 Lrosst 50 4 510 10 - - 367 336 2303 36 - 1 1 3 - 1 1 420 6 - 1 1 2 7 - 1508 | 2192 | 1469 1293 146.0 933 1377 9.06 7.99 898 Modal Dl
0.0390 700 669 7609 2436 - - 1573 1499 15241 1314 - 759 726 1836 - 584 560 6597 2152 - 442 421 4531 3444 - 1397 | 2014 1306 1182|1404 9.46 1415 910 802 9.16 | Modal PRE cat
56 51 515 11 - - a7 379 2240 3 - 1 1 - 0 0 a1 5 - 0 1 35 9 - 1538 | 2236 | 1497 | 1319 1489 952 14.04 9.2 815 916 Modal TP
TWC effectiveness (pre-bag) 93.2% - - 77.5%  78.5%  84.8%  97.0% - 99.9%  99.9%  93.5%  99.7% - 99.9%  99.8%  99.4%  99.8% - TWC eff
i (pre-post) 93.2% - - 735%  78.7% _ 85.3%  96.7% - 100.0%  99.9%  933%  99.8% 99.9%  99.8% _ 99.2%  99.7% - TWC off
451 3 39 392 i 068 | 532E+11 317 289 2264 49 | 366E+12 [ 10 | sarEri0 | 0 [} 109 4| 151E+10 1 1 % 3 |eesErt0| 1517 | 2226 | 1473 | 1305 | 1463 938 1397 907 804 900 Bags
-0.87 2] 7 393 0 - - 330 300 2287 % - 1 1 0 - 1 0 111 4 - 1 0 % 3 - 1525 | 2241 1472|1309 1476 943 14.07 907 806 908 Modal Dl
41| 2018108 g 300 L8 o 563 6830 2534 - - 1318 1249 13600 | 1457 - 613 585 1911 - 468 446 5676 2317 - a7 396 4848 3483 - 1442 | 2111 1350 | 1227 | 1430 96 1454 o15 818 934 | Modal PRE cat
49 45 400 11 - - 371 336 2285 52 - 0 0 10 - 0 0 112 4 0 0 57 4 - 1655 | 285 | 1500 | 1334 1506 967 14.34 924 822 927 Modal TP
TWC effectiveness (pre-bag)| _ 92.8% __ 93.1% __ 94.3% __ 99.6%) - 75.9% _ 76.9% _ 83.2% _ 96.6% - 99.9% _ 99.9% 99.5%] - 99.9% _ 99.9%  98.1% _ 99.8%) 99.9% _ 99.9% _ 99.1% _ 99.9% - TWC off
TWC effectiveness (pre-post)| __ 91.7% __ 92.0% __ 94.1% __ 99.5%| - - 719%  73.1%  83.2%  96.4%| - 99.9% _ 99.9% 99.5% - 1000%  99.9%  98.0%  99.8%| - 1000%  99.9%  98.8%  99.9% - TWC off
49 45 437 16 097 | 583E+11 366 335 2276 42| 399E+12 1 0 6 |78Er0| 0 0 222 5 1726410 1 1 54 22 | 92¢E+10 | 1504 2190 | 1464 | 1204 | 1444 928 1376 903 7.98 889 Bags
Miean values 51 a7 434 15 - - 380 348 2263 39 - 1 1 6 - 1 0 220 5 - 1 1 54 21 - 1508 | 2199 | 1463 | 1296 1459 932 13.81 902 7.99 898 Modal Dil
670 640 7144 2481 - - 1519 447 | 14222 | 1387 - 717 686 1853 - 540 517 5993 2247 - 439 418 4716 3453 - 1409 | 2041 1817|1201 140.7 948 14.21 905 806 919 | Modal PRE cat
57 52 446 16 - - 426 389 2253 % - 0 0 6 - 0 0 235 4 - 0 1 70 2 - 1538 | 2243 | 1492 | 1322 1488 951 14.09 920 815 916 Modal TP
59 58 553 74 022 | 368E+10 449 37 354 54| 240E+11 | 02 01 53 | 421E+10 | o4 o1 1459 07 | 821E:09 | 00 00 270 230 | 2826410 | 130 280 094 078 148 008 017 006 004 009 Bags
- 61 61 538 74 - - 465 454 64 50 - 02 o1 a1 - o1 02 1415 o7 - 00 o1 264 227 - 140 320 100 093 145 008 019 006 006 009 Modal Dil
Standard deviation 555 546 3356 05 - - 1468 1458 | 7265 566 - 739 722 21 - 513 506 4272 693 - 169 164 1349 220 - 229 49 240 193 172 012 025 010 009 0.11__| Modal PRE cat
65 63 494 74 - - 491 472 229 43 - 02 ot 30 - o1 o1 1468 06 - o1 o1 360 223 - 1.39 322 .00 092 145 008 019 006 005 009 Modal TP
34 34 319 43 013 | 213E+10 259 253 205 31| tasErt | o4 00 19 24310 | o1 Xl 843 04| 474E+09 | 00 00 156 183 | 134E+10 | 075 162 055 045 085 005 010 004 003 005 Bags
35 35 311 43 - - 268 262 268 29 - o1 00 - - o081 1.85 058 054 083 005 (X 004 003 005 Modal DIl
Type A uncertainty
320 315 1938 234 - - 818 426 417 - 1.32 286 1.38 112 099 007 014 006 005 006 | Modal PRE cat
- - 284 080 1.86 058 053 083 005 o011 004 003 005 Modal TP
Mean TWC effectiveness (pre-bag) - - 76.0%
Max. TWC effectiveness (pre-bag) - - 77.5%
Min. TWC effecti (pre-bag) - - 74.4%
Mean TWC effectiveness (pre-post) - - 72.0%
Max. TWC effectiveness (pre-post) - - 73.5%
Min. TWC effectiveness (pre-post) - - 70.6% 96.4%|
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Table 9

report no. 7/23

Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the WLTC

cycle for TWC Low S at 50 cycles

BOSMAL

BOSMAL Automotive Research and Development Institute Ltd

Exhaust Emissions Testing Laboratory

WLTP test (Reg 2017/1151) - WLTC driving cycle

VIN: ZFA35600006K20252 Vehicle model: Fiat Tipo 1.4 LPG Emission standard: Euro 6
Tyres: Continental ContiEcoContact 5 225/45 R17 V XL
Inertia [kg]: 1509 Emission WLTC Emission LOW Emission MIDDLE Emission HIGH Emission Ex-HIGH €O, emission Fuel
I - Chassis ol 1 [mg/km] [mg/km] [mg/km] [mg/km] [mg/km] [g/km] 111100 km) @ Note 1
FOF1IF2 THC NVHC co ‘ NOx ‘ PM PN THC ‘ NVHC ‘ co ‘ NOx ‘ PN THC ‘ NVHC ‘ co NOX ‘ PN THC NVHC ‘ co NOx ‘ PN THC ‘ NVHC ‘ co ‘ NOX ‘ PN wLTe ‘ Low ‘ MDDLE ‘ HIGH ‘ ExHGH | WLTC ‘ Low ‘ MDDLE ‘ HGH ‘ Ex-HGH
|Ageing stage: 50 cycles BAG - MODAL DIL - PRE - POST
45.1 51 47 545 32 057 | 480E+11 379 348 3202 89 [ 326E+12 1 1 350 R ] 128 19 | 228E+10 1 1 9 39 [860E+10[ 1506 | 2204 1483 | 1292 1435 932 14,06 915 7.9 883 Bags
wes | ota120s 087 Lrosse | 49 545 32 - - 395 362 3230 % - 2 1 351 3 - 1 1 130 19 - 1 1 9 39 - 1515 | 2230 1486 | 1296 1454 938 14.10 917 799 894 Modal Dil
0.0390 609 579 7907 2349 1399 1323 | 17089 | 1320 - 644 613 10848 | 1599 474 453 6104 2107 - 410 391 4336 3378 1386 | 2052 1328 | 1159 1366 940 1453 934 7.81 890 | Modal PRE cat
70 65 608 43 526 485 3700 108 - 1 1 343 2 0 0 129 17 - 1 1 17 63 1546 | 2277 | 1515 | 1322 1484 958 1446 935 814 913 Modal TP
TWC effectiveness (pre-bag) | 91.6%  91.9%  93.1%  98.6% 729%  737%  810%  93.2%| - 99.9%  99.9%  96.8%  99.8% 99.9%  99.9%  97.9%  99.0%| - 99.8%  99.8%  99.8%  98.8% TWC eff
TWC effectiveness (pre-post)|  83.4%  88.8%  92.3%  98.2% - 624%  633%  78.3%  918%| - 99.9%  99.9%  96.8%  99.9% - 99.9%  99.9%  97.9%  99.2%| - 99.9%  99.8%  99.6%  98.1%| - TWC eff
451 57 53 520 21 052 | 572E+11 429 395 3320 91 | 400E+12 1 1 178 7 |418E+0| 0 0 105 9 [17eE+0| 0 0 30 13 | 738E+10 | 1502 | 2212 1467 | 1289 | 1440 9.30 1401 904 794 886 Bags
werr | w1120 [087 Lrosss |2 53 520 2 433 397 3314 %0 - 2 1 180 7 1 0 107 ] - 1 1 0 3 1510 | 2218 | 1470 | 1291 1459 935 1404 9.06 795 897 Model Di
0.0390 597 568 7066 2686 1533 1464 | 14519 | 1615 59 568 8309 2136 439 418 5910 2450 383 363 4564 3612 1440 | 2027 | 1385 | 1239 | 1426 965 1415 9.43 827 928 | Modal PRE cat
62 57 507 2 465 426 3133 9 1 1 194 7 0 0 120 ] - 0 1 E3 2 1555 | 2201 1534 1344 | 1508 962 1392 945 828 9.28 Modal TP
TWC effectiveness (pre-bag)|  90.4%  90.7%  92.6%  99.2% 720%  731%  77.1%  94.4% 99.8%  99.9%  97.9%  99.7%) 100.0%  100.0%  98.2%  99.6%| - 90.9%  99.9%  99.4%  99.6% TWC eff
TWC effecti post)|  89.6%  90.0%  92.8%  992%| - - 60.7%  70.9%  78.4%  93.9%| - 99.8%  99.8%  97.7%  99.7% - 100.0%  99.9%  98.0%  99.6% - 99.9%  99.8%  99.1%  99.7%| - TWC eff
45.1 60 55 583 2 059 | 630E+11 448 409 3669 81 | 4526412 1 1 195 10 [ 379E+10 1 1 157 7 [ 156E+10 1 1 20 17 [428E+10 | 1496 | 2196 1465 | 1286 1432 926 13.95 903 793 881 Bags
wes0 | 2oter207 [0 Loses |8 58 583 2 - - 465 425 3661 [ - 3 2 196 10 - 2 1 158 7 - 1 1 2 17 - 1504 | 2204 | 1469 | 1289 1449 932 13.99 9.05 794 891 Modal Dil
0.0390 589 561 7101 2670 1509 1433 15411 1676 - 578 551 8127 2137 456 436 5887 2468 - 366 347 4445 3526 1444 206.1 139.1 124.2 141.8 9.68 14.44 9.45 829 9.22 Modal PRE cat
67 61 579 22 501 456 3535 86 - 1 1 217 10 0 0 174 7 - 1 1 28 18 155.8 223.8 153.7 134.7 149.8 9.65 14.20 9.47 8.30 9.22 Modal TP
TWC effectiveness (pre-bag) | 89.7%  90.2%  91.8%  99.2% 703%  714%  762%  95.2%| - 99.7%  99.8%  97.6%  99.5% 99.9%  99.9%  97.3%  99.7%| - 99.7%  99.7%  99.6%  99.5% TWCeff
TWC effectiveness (pre-post)| _ 88.6%  89.1%  91.9%  99.2% - 66.8%  68.2%  77.1%  94.9%| - 99.8%  99.8%  97.3%  99.5% - 99.9%  99.9%  97.0%  99.7%| - 99.8%  99.8%  99.4%  99.5%| - TWC eff
56 52 550 2 056 | 561E+1 419 384 3410 87 | 393E+12 1 1 241 6 | 416E+10| 0 0 130 12| 1.88E+10 1 1 19 23 | 675E410 | 1504 2211 1472 | 189 | 1436 929 14.00 9.08 794 883 Bags
Mean values 59 53 549 P 431 395 402 8 - 2 1 242 6 1 1 132 12 - 1 1 2 2 - 1510 | 2218 | 1475 | 1292 | 1454 935 1405 9.10 7.96 894 Modal Dil
598 569 7358 2569 1480 1407 | 15673 | 1537 - 606 577 9095 1957 457 436 5967 2341 - 386 367 4448 3505 1423 | 2047 | 1368 | 1213 | 1404 9.57 1438 940 812 9.13 | Modal PRE cat
67 61 564 2 - - 497 455 3456 97 - 1 1 251 7 - 0 0 141 11 - 1 1 2 31 - 1553 | 2239 | 1529 | 1338 | 1497 962 1419 943 824 921 Modal TP
39 36 260 54 003 | 6.14E+10 290 263 1855 44 | 518E+11 | 03 02 73 30 | 296E+09 | 02 02 211 53 | 298E+09 | 03 02 85 116 | 1826410 | 042 113 079 025 035 002 005 0.06 001 002 Bags
Standard deviation 40 37 27 55 - - 27 2.1 1864 60 - 04 03 7.2 30 02 02 209 53 - 03 03 86 115 045 109 079 030 040 003 004 0.06 002 003 Modal Dil
82 77 3883 155.1 - - 585 608 | 10653 | 1553 - 278 261 12420 | 2534 143 144 97.7 166.0 - 181 183 930 9.2 264 144 284 381 266 012 0.16 005 022 017 | Modal PRE cat
34 33 426 97 - - 253 244 2380 92 - 02 o1 654 34 - o1 00 237 43 - o1 o1 89 228 - 052 313 097 113 1.02 003 022 005 007 0.06 Modal TP
23 21 150 31 002 | 355E+10 167 152 107.4 25 [29E+1] 02 [X] “1 17 [171Es09 | o4 01 122 31 [ 172609 | 04 0.1 49 67 | 105E+10 | 024 065 046 014 020 001 003 003 001 001 Bags
Typea inty 23 21 148 32 - - 166 150 107.6 35 - 02 02 446 7 - o1 01 121 31 - 02 02 50 66 - 026 063 046 017 023 001 003 003 001 001 Modal Dil
47 45 2242 896 - - 338 351 6150 897 - 16.1 151 7170 | 1463 83 83 564 99 - 105 106 537 556 - 1.52 083 1.64 220 1.53 007 009 003 013 010 | Modal PRE cat
20 19 26 56 - - 146 141 1374 53 - o1 o1 378 20 00 00 137 25 - 01 00 52 132 - 030 1.81 056 065 059 002 013 003 004 004 Modal TP
Mean TWC effecti (pre-bag) 90.6%|  90.9%  92.5%|  99.0% TLT%|  727%|  781%| 94.3%| - 99.8%| 99.9%|  97.4%|  99.7%) 99.9%  99.9%| 97.8%| 99.5%| - 99.8%|  99.8%|  99.6% 99.3%
Max. TWC effectiveness (pre-bag) 91.6%|  91.9%  93.1%| 99.2% 72.9%  73.7%| 810%| 95.2%| - 99.9%|  99.9%|  97.9%|  99.8%) 100.0%| 100.0%|  98.2%)  99.7% - 99.9% 99.9%|  99.8%  99.6%
Min. TWC effectiveness (pre-bag) 89.7%|  90.2%  91.8%  98.6% 703%  714%|  76.2%  93.2% 99.7%|  99.8%  96.8%|  99.5% 99.9%  99.9%| 97.3%| 99.1%| - 99.7%  99.7%|  99.4%  98.8%
Mean TWC effectiveness (pre-post) 88.9%)  89.3%  92.3%  98.9% 66.3%  67.5%| 77.9%|  93.6%| - 99.8%|  99.8%|  97.3%|  99.7%) 99.9%  99.9%|  97.6%| 99.5%| - 99.8% 99.8%|  99.4%  99.1%
Max. TWC effectiveness (pre-post) 89.6%  90.0%  92.8%  99.2% 69.7%  709%|  78.4%  94.9% 99.9%|  99.9%  97.7%|  99.9% 100.0%  99.9%|  98.0%  99.7% - 99.9%  99.8%|  99.6%  99.7%
Min. TWC effecti (pre-post) 88.4%  88.8%  91.9%  98.2% 624%  633%| 77.1%  91.8% 99.8%|  99.8%  96.8% 99.5% 99.9%  99.9%  97.0% 99.2% - 90.8%  99.8%|  99.1%  98.1%
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Table 10 Emissions and fuel consumption
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results from the

Fiat Tipo 1.4 vehicle over the

report no. 7/23

WLTC cycle for TWC Low S at 100 cycles

BO®SMAL

BOSMAL Automotive Research and Development Institute Ltd

Exhaust Emissions Testing Laboratory

WLTP test (Reg 2017/1151) - WLTC driving cycle

VIN: ZFA35600006K20252

Vehicle model:

Fiat Tipo 1.4 LPG

Emission standard: Euro 6

Tyres: ‘Continental ContiEcoContact 5 225145 R17 V X
Inertia [kg]: 1509 | Emission WLTC Emission LOW | Emission MIDDLE | Emission HIGH Emission Ex-HIGH CO, emission | Fuel |
T I mgf] gl I o] I Tmatken] o] ko] I 100 k)™ oo 1
e | oo | Rt e [ T e [ o0 | v [ v [ v | o [wam [ o [ v [ | e [wwo [ oo [ wor [ | we [wmo [ oo [ wex [ | mo [wee [ oo | wox | v | wio [ tow [ wooe | mon [ emon | wiro | tow | wooie | won | e |
x x | mox | x x x x
[Ageing stage: 100 cycles BAG - MODAL DIL - PRE - POST
451 66 61 682 18 058 | 626E+11 487 451 3508 08 [ 44dE+12 T T 200 6 [ seaErto 1 T 440 5 | 1eeErt0 1 T 8 3 [ase10| 1524 | 2230 1488 | 1302 | 147t 045 1416 o7 805 905 Bags
-0.87 70 64 679 18 - - 511 474 3563 107 - 3 2 210 6 - 2 1 2 5 - 1 1 69 3 - 1552 | 2236 | 1492 | 1305 148.7 950 1419 920 507 515 Modal Dl
4697 20190108 1 6390 B 640 8232 2351 - - 1541 1467 | 16475 | 1409 - 743 714 0027|1668 - 539 517 7404 2022 - 411 392 4604 3367 - 1403 | 2073 | 1319 | 1170 | 1403 955 1463 9.22 801 917 | Modal PRE cat
a7 81 772 20 - - 650 603 4150 123 - 2 1 241 5 - 1 El 458 4 - 1 1 7 2 - 1563 | 2284 | 1521 1831 151.7 970 1457 9.3 823 954 Modal TP
TWC effectiveness (pre-bag)| _ 90.2% __ 90.5% _ 91.7% __ 99.2% - - 68.4% _ 693% _ 78.2% _ 92.3%| - 99.8% _ 99.9% _ 97.9% _ 99.6%| - 99.8% _ 99.8% _ 9a.1% _ 99.8%| - 99.8% _ 99.7% _ 98.6% _ 99.9% - TWC o
TW offecti 86.9%  87.3%  90.6% _ 99.2%| - - 57.9% _ 58.9% _ 74.8% _ 91.3%) 90.8% _ 99.8% _ 97.6% _ 99.7%| - 99.9% _ 99.9% _ 93.8% _ 99.8% - 99.8% _ 99.8% __ 98.4% _ 99.9% - TWC eff
5.1 70 64 746 21 063 | 6arErtt 514 469 454 o7 |aasEeiz| 2 T 372 25 [ 491E+10 1 T 157 5 1620 1 1 66 4 [100E+1 | 1508 | 2182 Tas8 | 1208 | a4z 536 1401 o9 800 B87 Bags
w1 | sor00m0s |87 oo |72 67 745 20 - - 536 490 4434 92 - 3 2 373 23 - 1 1 159 5 - 1 1 68 2] - 515 | 2195 | 1490 | 1302 | 1456 940 1402 920 803 896 Modal DIl
0.0390 663 631 8707 2336 N - 1558 1466 | 19510 | 1224 - 716 654 10879 1657 - 519 497 6908 2134 - 418 399 4897 3326 - 1364|2008 | 1321 1179 1362 948 1452 931 502 895 | Modal PRE cat
% 85 827 22 - - 711 654 5060 105 - 1 1 340 2 - o 1 165 6 - T 1 76 4 - 1546 | 2205 | 1519 | 1328 | 1486 967 1441 .38 819 014 Model TP
)| 89.5% _ 89.9% _ 91.a% _ 99.a%| - - 67.0% __68.0% _ 77.2% __ 92.1%) 99.8% __ 99.8% __ 96.6% __ 98.5%) 99.9% __99.9% __97.7% __99.8% - 99.8% __ 99.8% __ 98.6% _ 99.9% - TWC eff
™we 85.5% _ 86.0% _ 90.5% _ 99.0% - - 543% _ 55.4% _ 74.1% _ 9L4%| - 99.8% _ 99.8% _ 96.9% __ 98.4%) 99.9% _ 99.9% __ 97.6% _ 99.7% - 99.9% _ 99.8% _ 98.5% _ 99.9% - TWC off
[a5.1 2 53 550 21 078 | 531E11 24 390 3480 14| 3826412 1 1 91 14| 466E+10 1 1 8 5 | 807Ev09 1 1 118 3 | 338Er10 | 1as6 | 2141 a7 | 25 | 14a7 920 1358 891 785 891 Bags
wraa | 20100108 |OB7 Lrooos o1 55 548 20 N - 444 408 3458 110 N 3 2 92 7] - 2 El &7 5 - 2 1 119 3 - 1494|2146 | 1450 | 1279 146.3 925 1362 593 787 907 Modl DIl
0.0390 658 629 7679 2343 - - 1521 1445 | 16764 1317 - 730 703 8900 1657 - 533 513 6111 2125 - 401 362 4926 5313 - 157.4 1978 | 1201 1165 | 1379 952 14.07 893 784 903 | Modal PRE cat
76 71 601 2 - - 570 526 3847 128 T 7 % 2 - 0 0 81 4 - 7 T 123 2 - 524 | 2191 7478 | 1304 1492 045 15,95 910 5.0 519 Wodal TP
TWC offecti bag)| _ 913% _ OL6% _ 92.8% _ 99.1%| - - 721% _ 73.0% _ 79.2% _ 9La%| - 99.8% _ 99.9%  99.0% _ 99.1%| - 99.9% _ 99.9% _ 98.6% _ 99.8% - 99.8% _ 99.8% _ 97.6% _ 99.9% - TWC eff
™We 88.4%  88.8%  922%  99.1%| - - 625%  63.6%  77.0% _ 90.3 - 99.8%  99.9%  98.9%  99.1%| - 99.9%  99.9%  98.6%  99.8% - 99.8%  99.8%  97.5%  99.9% - TWC eff
) 59 659 20 066 | 602E+11 75 437 3844 106 |azEt2| 2 1 224 15| 514E+10 1 1 228 5 | 136E+10 1 1 84 4 |6A0Er10| 1506 | 2188 | 1a7a | 1292 | 1453 934 1891 909 797 894 Bags
) 62 657 19 - - 497 457 3819 103 - 3 2 225 15 - 2 1 229 5 - 7 T 85 4 - 514 | 2192 | 1478 | 1205 1469 959 13,94 011 799 9.04 Model DIl
Mean values 663 633 5206 2343 - - 7540 459 | 17593 7316 B 730 700 9935 7661 - 530 509 6808 2001 - 410 501 4876 S84z - 1567 | 2020 | 130 | 1171 1381 045 1441 15 7.96 9,04 | Modal PRE cat
&7 80 733 21 - - 644 594 4352 119 - 7 1 225 5 3 0 1 235 5 3 7 7 92 3 3 1544 | 2239 | 1506 | 1321 1498 959 1451 929 815 922 WModal TP
53 a7 818 13 009 | 504E+10 376 337 4342 71| 29aEni1| o1 0z 15,1 75 | 508E+09 | 04 X] 1526 02 | 394E+09 | o1 o1 237 07 | 286E+10 | 154 368 194 119 126 010 024 013 009 008 Bags
Standard deviation 53 49 518 09 - - 389 355 4375 79 - o1 o1 1151 69 - 02 o1 153.0 02 - X] 00 238 06 - 1.54 369 1.94 1.20 133 010 024 013 0.08 0.08 Model DIl
a7 a7 4204 60 - - 149 104 13815 | 755 - 113 124 8107 49 - 83 86 5326 510 - 70 70 522 523 - 1.21 394 1.38 068 1.67 010 024 016 0.08 010 | Modal PRE cat
50 73 %62 3 - - 57.7 523 5153 07 - o1 ot 100.7 [ - o7 o7 7604 05 B o1 o7 217 07 - 756 578 7.99 122 735 o011 026 013 0.0 0.08 Wodal TP
30 27 i) 07 005 | 291E+10 217 195 2507 41 | 170Es11 | o4 o1 665 43| 293409 | o1 01 881 01| 227E+09 | 00 00 137 04 | 1656+10 | 089 213 112 069 073 006 [X) 007 005 0.04 Bags
Type A uncertainty EX] 29 73 05 - - 225 205 2526 46 - o1 o1 665 40 - X] 00 883 o1 - o1 00 157 04 - 089 213 112 069 077 006 014 007 005 005 Modl DIl
27 27 2427 35 - - 86 60 7976 436 - 66 72 4660 28 - a8 50 5075 294 - at 40 501 186 - 070 227 080 039 096 006 014 009 005 006 | Modal PRE cat
45 a2 555 07 - - 533 502 2075 56 - 00 ot 561 49 - 00 00 526 03 - o7 00 125 04 - 057 218 715 070 078 006 015 008 005 0.05 Model TP
Mean TWC effectiveness (pre-bag) 90.3%| 90.7%) 92.0%] 99.1%| - - 69.2%] 70.1%] 78.2%|  91.9%) - 99.8%! 99.8%] 97.8%! 99.1%] 99.9%| _ 99.9% 96.8%) 99.8%) - 99.8%| _ 99.8%) 98.3% 99.9%) -
Max. TWC effectiveness (pre-bag) 9L3%|  916%|  92.8%|  99.2%| - - 72.1%|  73.0%  79.2%|  92.3%| - 99.8%|  99.9%|  99.0%|  99.6%| - 99.9%|  99.9%|  98.6%|  99.8% - 99.8%|  99.8%  98.6%|  99.9%| -
in. TWC effecti (pre-bag) 89.5%|  89.9%| o14%| 99.1% - - 67.0%|  68.0%  77.2%| oLa%| - 99.8%|  99.8%|  96.6%  98.5%| - 99.8%| 99.8%  9a.1%|  99.8%| - 99.8%|  99.7%| 97.6%  99.9% -
Mean TWC effectiveness (pre-post) 86.9%| _ 87.4%| _9o11%| _ 99.1%| - - 582%| _ 59.3% _ 75.3%| _ 9L0%| - 90.8%| _ 99.8%| _ 97.8% _ 99.1%| - 99.9%| _ 99.9% _ 96.7%| _ 99.8% - 99.8%| _ 99.8%| _ 98.1% _ 99.9%| -
Max. TWC (pre-post) 88.4%|  88.8%|  92.2%|  99.2%| - - 62.5%| __63.6% __77.0% _ 91.4%| 99.8%| _ 99.9%| _ 98.9% _ 99.7%| - 99.9%| _99.9%| __98.6% w.ﬁ‘ - 99.9%| _ 99.8%| _ 98.5% _ 99.9% -
Min. TWC effectiveness (pre-post) 85.5%|  86.0%|  90.5%| 99.0% - - 54.3%|  55.4%|  74.1%|  90.3%) - 99.8%|  99.8%|  96.9%|  98.4%) - 99.9%|  99.9%|  93.8%|  99.7%| - 99.8%|  99.8%|  97.5%  99.9% -
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Table 11 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the WLTC

cycle for TWC Low S at 175 cycles

B G s MA L WLTP test (Reg 2017/1151) - WLTC driving cycle
BOSMAL Automotive Research and Development Insitute Lid
Exhaust Emissions Testing Laboratory
VIN: ZFA35600006K20252 Fiat Tipo 1.4 LPG n standard: Euro 6 Tyres: Continental ContiEcoContact 5 225/45 R17 V X
Inertia [kg]: 1509 Emission WLTC Emission LOW Emission MIDDLE Emission HIGH Emission Ex-HIGH CO; emission | Fuel |
ioagetkn] | Date | CPESSS ol 1o g/ imgrkm] (g g imgrm) T I 100 | e
FOIF1F2 THC | NwHC co Nox | em PN e | mwe [ co | wox PN e | we [ co Nox | en e | wwc [ co | wox Pn [ e [ mwe [ co | wox [ ew wire | tow [ wmoote | Hon | Extion | wire | tow [ mooie | weH [ exHin |
[Ageing stage: 175 cycles BAG - MODAL DIL - PRE - POST
5.1 & 27 = 064 | s0iEeti a7z 439 3365 Tie [asrErz] 1 7 T T JsoeErio [ 7 0 705 T [aeesi0] 7 7 5 5 [4soevi0| tare | 227 | 1as4 | 2re | iaez o5 1350 84 788 [ Bags
wore | 20100122 087 Lroots |58 63 527 2 - - 497 462 3360 110 - 5 2 142 " B 7 7 107 70 B 2 7 a7 5 - 1466 | 2138 | 1436 | 1263 | 1446 920 1557 564 7.90 590 Model DIl
0390 666 637 7831 2541 g g 7609 1534 | 7044|1308 g 738 710 9427 7614 g 515 95 5396 2108 B 01 583 G574 3353 - 1365 | 1964 | 1263 | 1170 | 1368 927 74.05 81 7.91 893 | Modal PRE cat
&7 &1 593 % - - 644 500 5795 735 - 2 7 740 s - 7 7 723 74 B 7 7 56 4 - ist6 | 2184 | 1463 | 1309 | 1476 9.40 75,02 901 506 9.08 Wodal TP
(pre-bag) 90.4% 90.7% 93.3% 99.0%| - - 70.7% 71.4% 80.6% 91.1%) - 99.8% 99.9% 98.5% 99.3% - 99.9% 99.9% 98.4% 99.5% 99.7% 99.7% 99.0% 99.8%| - TWC eff
4 (pre-post) 87.0% 87.3% 92.4% 98.9% - - 60.0% 60.9% 78.1% 89.7% - 99.8% 99.8% 98.5% 99.5¢ - 99.8% 99.8% 98.1% 99.3% - 99.7% 99.7% 98.8% 99.9%| - TWC eff
o7 62 610 2 075 | eseErit % 59 3938 20 | aeiEriz| 2 1 166 15 [easEr0| 1 0 5 7 [ases0| 1 1 02 4 |seero| tare | zas | iwee | 1266 | 1439 o7 1367 585 779 586 Bags
71 65 08 2 - - 520 480 3916 720 - 3 2 760 & - 7 7 5 7 - 7 7 701 4 - 486 | 2154 | 1440 | 1220 | 1451 921 75.70 s67 762 893 Wodal Dil
o7 2019-01-23 L1-0022 609 581 7231 2601 - - 1431 1365 14399 1555 - 667 639 8431 2040 - 485 464 5991 2404 374 355 4928 3488 - 140.4 193.4 132.3 121.1 142.1 9.45 13.55 9.08 811 9.29 Modal PRE cat
75 0 589 21 B B 546 503 5703 751 B 2 7 178 2] B 7 7 65 5 B 7 7 115 Z] B 7521 | 2002 | 1460 | 1320 | 1506 043 75,33 912 512 927 Model TP
we (rebag)| _ 89.0% _ 89.4% _ o16% _ 99.0%| - - 65.2% _ 664% _ 72.7% _ 92.3%| - 99.7% _ 99.8% _ 98.0% _ 99.3%| - 99.9% _ 99.9% _ 99.1% _ 99.7%| - 99.7% _ 99.8% _ 97.9% _ 99.9%| - TWC ot
i posy| _87.9%  ss.a% _ o19% _ o9.a%| - - 619%  63.2%  74.3% _ oLe%| - 99.7% _ 99.8%  97.9% _ 99.3; - 99.9%  99.9%  98.9% _ 99.7% - 99.7% _ 99.7% _ 97.7% __ 99.9%| - TWG off
5.1 o7 61 07 2 083 | sererti 95 56 808 21 |azEr2| 2 1 152 s [seoErio | 1 T £ 7 [dasesio | 1 1 % 6 [6seEvi0| taes | 2125 | 14z | 1254 | 1426 50 7362 76 778 78 Bags
wosr | 20100108 |08 ooy |71 o5 501 2 B - 519 478 4780 722 B 5 2 752 7 B 7 7 335 7 B 2 7 o7 5 B 7475 | 2130 | 1424 | 1269 | i4at 915 75,66 677 778 567 Wodel DIl
0.0390 a1 603 7720 2556 - - 1517 7447 | 15567 | 1498 - 67 660 aa01 2009 B 500 79 7010 2240 - 575 557 4761 3545 - 1991 | 1955 | 1306 | 1174 | 1419 9.2 1387 901 799 925 | Modal PRE cat
7 o7 789 25 - - E 496 4562 731 - 2 7 64 T4 B 7 7 552 7 B 7 7 710 7 - 514 | 2123 | 1470 | 1204 | 1503 940 73,60 9.06 7.99 925 Wodal TP
TWe (probag)| _ 8o.a% _ 89.8% _ 89.6% _ 99.0%| - - 673% _ 68.5% _ 69.2% _ 91.9%| - 99.7% _ 99.8% _ 98.3% _ 99.3%| - 995% _ ©99.9% _ 95.2% _ 99.7%) 95.7% _ 99.7% _ 98.0% _ 99.8%| - WG off
TWC effectiveness (pre-post) 88.4% 88.9% 89.8% 99.0% - - 64.3% 65.7% 70.6% 91.2% - 99.7% 99.8% 98.1% 99.3% - 99.9% 99.9% 95.0% 99.7% - 99.7% 99.7% 97.7% 99.8% - TWC eff
6 61 645 2 074 sssE+T ) a5t 037 19 [atserz| 2 1 153 2 [aaEesio| 1 1 T4 8 | tesEst0] 1 1 81 5 | 674E+10 | tara | 2132 | 131 | 1266 | 14s2 o4 1360 81 780 562 Bags
70 64 646 E - - 512 473 4019 719 - 3 2 54 iz - 7 7 765 s - 2 7 52 5 - 462 | 2140 | 1433 | 121 | 1446 9.19 75,64 83 783 890 Wodal Dil
Mean values 635 607 7594 2499 - - 1519 1449 15776 1454 - 701 672 8886 1888 - 500 479 6466 2251 - 384 365 4754 3462 - 138.7 195.1 129.7 1185 140.2 9.38 13.80 897 8.00 9.16 Modal PRE cat
75 72 657 % B B 577 533 w027 752 B 2 7 761 A B 7 7 760 70 B 7 7 % 5 B T517 | 2133 | 1a7d_ | 1307 | 495 941 7561 906 .00 920 Model TP
5 1 174 03 005 | 626E+10 17 55 5930 20 | aasEeri1 | o4 02 106 11| 145Ee10 | 00 o1 1218 16| isaEr0s | od ] 250 08 | 560E%09 | 065 002 066 103 053 003 007 004 006 003 Bags
i 3 0 7162 03 - - 109 81 5845 25 - 02 o1 10 T2 B 00 01 1219 6 - 01 o7 246 08 B 062 083 068 098 042 003 006 004 005 003 Wodal Dil
Standard deviation 236 232 260.9 113.6 - - 72.8 68.9 1209.7 105.8 - 29.2 295 4109 193.8 - 11.7. 11.7. 419.0 121.0 - 12.7 128 144.7 80.5 - 1.65 1.27 255 1.84 247 0.08 0.21 011 0.09 0.16 Modal PRE cat
65 5 937 06 B - 473 474 39456 27 B 02 o7 756 26 B o 07 1237 52 B 07 o7 262 Xl B 030 562 067 703 7.35 001 024 004 005 0,09 Model TP
09 06 678 02 005 | s62eri0 6 51 3424 12 |2seEst| 02 o1 61 07 | 839Er09 | 00 00 703 09 | 772Ev08 | o1 ot 144 05 | 323E+09 | o0ar 053 036 060 031 002 004 002 003 002 Bags
N ] 06 7.1 0z - - 63 a7 w75 4 - o1 o7 63 o7 B 00 00 704 09 B 01 o7 4.2 05 s 036 048 039 057 024 002 003 002 003 001 Wodal Dil
TypeA 13.6 134 150.6 65.6 - - 420 39.8 698.4 61.1 - 16.9 17.0 237.3 111.9 - 6.7 67 241.9 69.9 - 7.3 7.4 835 465 - 0.96 074 1.47. 1.06 1.43 0.04 012 0.06 0.05 0.09 Modal PRE cat
57 57 51 03 - - 273 274 2275 72 B o7 00 %0 5 B o7 00 714 5 B 07 00 751 07 - 017 220 039 060 078 001 014 002 003 005 fodal TP
Mean TWC effects (pre-bag) 89.6%|  00.0%  o15%  99.1% - - 67.7%|  e8.8%|  74.1%|  9Le% - 99.7%|  99.8%| 98.3%|  99.3%| - 99.0%| 00.9%  97.6% 99.6% - 99.7%|  99.7%|  98.3%| 99.0%| -
Max. TWC (pre-bag) 90.4% 90.7% 93.3%) 99.1% - - 70.7% 71.4%| 80.6%|  92.3%| - 99.8% 99.9%|  98.5%) 99.3% - 99.9%|  99.9%|  99.1%|  99.7% - 99.7%|  99.8%) 99.0%|  99.9%) -
Min. TWC (pre-bag) 89.0% _ 89.4%| _ 89.6%| _ 99.0% 65.2% _ 66.4%|  69.2%|  91.1% 99.7%| _ 99.8%  98.0% _ 99.3%) 99.9%| _ ©99.9% _ 95.2%|  99.5%) 99.7%| _ 99.7%| _ 97.9%|  99.8%
Mean TWC i (pre-post) 87.8% 88.2% 91.4%)| 99.0% - - 62.1% 63.3% 74.3% 90.8% - 99.7% 99.8% 98.2% 99.4% - 99.9%)| 99.9% 97.3%)| 99.6% - 99.7% 99.7% 98.1% 99.9% -
Max. TWC (pre-post) 88.4%| 88.9% 92.4%)| 99.1%| - - 64.3% 65.7%| 78.1% | 91.6%| - 99.8%| 99.8%| 98.5% | 99.5%| - 99.9%| 99.9%| 98.9%| 99.7%| - 99.7%!| 99.7%| 98.8%| 99.9%| -
Min. TWC effectiveness (pre-post) 87.0%| 87.3% 89.8%)| 98.9%| - - 60.0% | 60.9%)| 70.6%| 89.7%) - 99.7%) 99.8%| 97.9%| 99.3%| - 99.8%| 99.8% 95.0%| 99.3% - 99.7% 99.7% 97.7% 99.8% -
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Table 12 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the WLTC
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cycle for TWC Low S at 250 cycles

B&®SMAL

BOSMAL Automotive Research and Development Instituto Ltd

Exhaust Emissions Tosting Laboratory

WLTP test (Reg 2017/1151) - WLTC driving cycle

[VIN: ZFA35600006K20252

Vehicle mode

Fiat Tipo 1.4 LPG

Emission standard: Euro 6

nerta fkal 7508 T Emission WLTC Emission LOW T Emission MIDDLE T Emission FIGH T Emission ExHIGH C5, emission T Fuel consumpton T
Mileage{km] Date Chassis dyno | g o, ‘ el ot} | {meln] | tmgtkm | tmgkm] tofkom) | 1100 km) | Note 1
[ e [wwo | o | vor [ | o | mo [ wme | co | wox | en | o [ wmc | co | wox | v | mo [ wmc | co | wox | v | mo | wec | co | wor | o | wiro | tow | wome | won | e | wiro | ow | wooie | mon | eeien |
0% L% sin oo S5% ik 757 soow EoS Y R T X EY T T T F P 55a% " 55% 9oz vuwi Fc e
TWC effectiveness (pre-post) 88.0% 88.6% 90.8% 98.9% - - 61.2% 62.7% 72.6% 88.4% - 99.7% 99.8% 97.7% 99.6% - 99.9% 99.8% 97.1% 99.8% - 99.4% 99.5% 99.4% 99.9% - TWC eff
e i S5%o5R oio%osih 5 oT% " esrn sewn suwil | ossk ek orsn wean | ok owex ook wesn | o3 oemk owwn oo T o
o oo | 5% seax soex ontn - sr% sesk orn sianl | esmc onmx orsx seen| | onsx ossx ossx sorx| | ons onex ossn ovsn| i
5326 2019:03-29 0.0390 Lr-o1e 594 565 7755 2283 - - 1417 1341 17166 1261 - 615 587 9788 1625 - 463 443 6128 2034 - 387 370 4486 3262 - 151.7 2234 1484 1288 146.9 9.43 14.38 9.15 7.93 9.04 Modal PRE cat
TWC effectiveness (pre-bag) 90.2% 90.7% 90.7% 98.9% - - 69.7% 70.9% 72.8% 88.9% - 99.6% 99.8% 97.3% 99.6% - 99.8% 99.9% 98.2% 99.7% - 99.6% 99.6% 99.1% 99.7%| - TWC eff
e oreposs| s72% s7e% s9a% onon| 5 cox errk oron amanl | onmc ovmx orax sorx| | onox oasw omax esx| | onex onex osmn oorn| oo
Mean TWC (pre-bag) 90.0% | 90.5%| 91.2% 99.0%| - - 69.1%| 70.3%| 74.4% | 90.2%| - 99.6%| 99.7%| 97.7%| 99.5%| - 99.7%| 99.8%| 98.1% | 99.6%| - 99.4%| 99.5%| 99.3%| 99.8%| -
Max. TWC effectiveness (pre-bag) 90.6% 91.1% 91.8% 99.1% - - 69.9% 71.1%| 75.7% 91.8% - 99.7% 99.8% 97.8% 99.6% - 99.8% 99.9% 98.9% 99.7% - 99.6% 99.6% 99.5%| 99.8% -
Min. TWC effectiveness (pre-bag) 89.1% 89.6% 90.7% 98.9% - 67.7% 68.7%| 72.8% 88.9% - 99.5% 99.7% 97.3%) 99.4%| - 99.6%| 99.6%| 97.2%| 99.5%| - 99.3%| 99.3% 99.1%)| 99.7% -
Mean TWC effectiveness (pre-post) 87.0% 87.6% 89.9% 99.0% - - 59.5% 61.0%)| 70.3% 89.2% - 99.7% 99.8% 97.6% 99.6% - 99.9% 99.8% 98.1% 99.7% - 99.5% 99.6% 99.2%)| 99.8% -
Max. TWC effectiveness (pre-post) 88.0% 88.6% 90.8% 99.1% - - 61.2% 62.7%| 72.6% 91.1% - 99.7% 99.8% 97.8% 99.7% - 99.9% 99.9% 98.8% 99.8% - 99.6% 99.6% 99.4%, 99.9% -
Min. TWC (pre-post) 85.8% 86.4%| 89.2%) 98.9%| 57.2%) 58.5%| 67.7%| 88.1% 99.7%| 99.8% | 97.2%) 99.6%| 99.8%) 99.8% 97.1% 99.7% 99.4% 99.5% 99.0%| 99.7%
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Table 13 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the

report no. 7/23

constant speed cycle for TWC Low S

BOSMAL

BOSMAL

and D

Exhaust Emissions Testing Laboratory

Institute Ltd

Project custom test cycle - Constant speed (VConst)

thermally stabilised driving - 80 km/h in 5th gear

VIN: ZFA35600006K20252

Vehicle model:

Fiat Tipo 1.4 LPG

Tyres: Continental ContiEcoContact 5 225/45 R17 V XL
Inertia [kg]: 1509 Phase 1 - 80 km/h in 5th gear (hot stabilised) Phase 2 - 80 km/h in 5th gear (hot stabilised) CO, emission Fuel consumption
Mileage Date Cg:::is TestNo. [mg/km] [mg{km] [g/km] [1/100 km] @ Note 1
[km] FO/F1/F2 THC NMHC co NOx PM PN THC NMHC co NOx PM PN P1 P2 P1 P2
Ageing stage: 0 cycles BAG - MODAL DIL - PRE - POST
45.1 0 0 21 0 0.06 3.88E+08 0 0 27 0 0.14 3.63E+08 103.7 100.5 6.38 6.18 Bags
-0.87 4 0 21 0 - - 0 0 27 4 - - 103.9 100.6 6.39 6.19 Modal Dil
4264 23.10.2018 L1-0471
0.0390 304 289 3002 2240 - - 293 278 2963 2142 - - 100.3 97.1 6.52 6.31 Modal PRE cat
4 4 21 0 - - 4 [ 27 4 - - 105.9 102.6 6.52 6.31 Modal TP
TWC effectiveness per phase 99.84% 99.88% 99.31% 99.99% - - 99.86% 99.91% 99.08% 100.00% - -
Mean TWC effectiveness (mean of both phases) 99.85%| 99.89% 99.19%| 99.99% - - - - - - - -
Max. TWC effectiveness (max. of both phases) 99.86%| 99.91%| 99.31%| 100.00% - - - - - - - -
Min. TWC effectiveness (min. of both phases) 99.84% 99.88% 99.08% 99.99% - - - - - - - -
Ageing stage: 250 cycles BAG - MODAL DIL - PRE - POST
45.1 0 0 23 0 0.00 1.68E+08 0 0 21 0 0.02 2.51E+08 102.4 101.7 6.30 6.26 Bags
-0.87 1 [ 23 0 - - 1 [ 21 [ - - 98.7 98.2 6.31 6.27 Modal Dil
5131 19.03.2019 L1-0156
0.0390 272 259 3006 2167 - - 275 261 3001 2150 - - 104.6 103.9 6.41 6.38 Modal PRE cat
4 4 26 0 - - 0 0 24 4 - - 102.6 101.9 6.44 6.39 Modal TP
TWC effectiveness per phase| 100.00% 99.96% 99.13%, 100.00% - - 100.00% 99.98% 99.19% 100.00% - -
Mean TWC effectiveness (mean of both phases)| 100.00% 99.97% 99.16%| 100.00% - - - - - - - -
Max. TWC effectiveness (max. of both phases)| 100.00%| 99.98%| 99.19%| 100.00% - - - - - - - -
Min. TWC effectiveness (min. of both phases) 100.00% 99.96% 99.13%| 100.00% - - - - - - - -
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Table 14 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the NEDC cycle for TWC High S

agu%&M.‘m}mL NEDC test (UNECE R83) - NEDC driving cycle
EXHAUST EMISSIONS LABORAOTRY
VIN: ZFA35600006K20252 ode! Vehicle model: Fiat Tipo 1.4 LPG Emission standard: Euro 6 Tyres Continental ContiEcoGontact § 225/45 R17 \/ XL
Inertia [kg] 1360 in the NEDC test | Emissions in the UDC phase | Emissions in the EUDC phase I issions I Fuel |
p— Erissions iogs wih 07 (1 T Emssions messred I Emissions messured I Emasions messured I ot I W00k ¢ I
Mieage | oo dyno. | TestNo. [ THG | NWHC | GO Nox | THe | mwic | co Nox o PN | THe | mwic | co Nox PN | THc | nwic | co | Wox | e
vl FoFiF2 e I g I T [ [T | Meee | wee | Eupe | nepc | uee | Ewe
[Ageing stage: 0 cycies BAG - MODAL DIL - PRE - POST
310 75| o6 | s | 15 I R 7S ) 051 [ameErin] st | TaaEeiz Ts7Eei0] 614 | 2231 | 253 | owe | i3se | 7 Bags
wosr | sroesors 113 Lroass I T T 7 | s | s | o - 5 (| - - 7619 | 2230 | 1261 | 100z | 1388 | 776 Niodal i
0.0401 T I I 707 | 667 | 7054 | 7376 - B a9 | - - 7554 | 2104 | 1207 | 1025 | 1427 | 790 | Modal PRE cal
T I I 70 | e | e | 11 . 5 88| 5 5 t651 | zora | 1287 | 1022 | iair | 792 WModal TP
TWC effectiveness (pre-bag)| 92.1% 92.4% 92.0% 99.6%| - - 86.9% - - TWC eff.
TWe posy| 90.1% __90.6% __91.5% _ 99.5%| - - 83.6% - - TWG off
310 & [ s 634 14 48[ _aa 2 [ o 067 |amiErit| a1 | [REE] 2aiEri0| te1e | 221e | izes | 001 | a7z | 7m0 Bags
soss | 0102018 113 Lrossr T w0 | e | 4 | & - - 3| - - 7624 | 2225 | 1274 | 1004 | 1380 | 784 Wodal i
0.0401 I 675 | ear | 7as0 | asa - 5 7065 | 5 5 7552 | 2084 | 1205 | 1025 | 1418 | 796 | Moda PRE cal
I 55| T ) . 5 756 | 5 5 5 7656 | 2266 | 1200 | 1024 | 1407 | 800 Wodal TP
Twe (probag)| 92.8% _ 93.1% _ 94.2% __99.6%| - - 87.7% - X X TWG o
Twe posy| 91.a% _ 91.8% _ 93.9% _ 99.6%| - - 85.3% - X 6% TWC orr
210 o | s 522 15 @ [ s | ss [ 10 0z |zssErii| iz | T 7erEi] o :‘4 Toser10| Te0s | 220 | zs | 9et T35z | 765 Bags
az0 | 16102018 |11 Lroaso T w8 | e | s | 10 [ - B 20| I - 5 P - 7610 | 2235 | 1250 | 995 | 1384 | 770 Wodal i
0.0401 I a5 | 617 | roua | a9 | - 5 7058 | 005 | 1622 | 7767 5 5 7519 | 2088 | 1190 | 1014 | 1416 | 782 | Moda PRE cal
[ 52 | a4 | asa | - - 43| [esa 23 - - 1641 | 2e75 | 1275 | 1014 | iat0 | 785 Wodal TP
TWC offectivensss (pre-bag)| 92.7% _ 93.0% __ 95.1% _ 99.6%| - - 87.9% _ 88.4% _ 926% _ 98.9%| - - TWC o
Twe posy| 91.9%  92.3% _ 95.0% _ 99.5% 86.5%  87.1%  92.7% _ 98.7% TWE orr
50 6 445 o 050 _|serEnt| 1% 24 122 20 | ioeEniz TorEvio| o1 | 2za7 | 125 | 9e7 e | 77z Bags
iean values 52 a7 443 9 - B 759 727 7174 - - 7616 | 2220 | 1262 | 1000 | 1364 776 Nodal DI
675 60z 7143|2346 - - 7007 1034 | 11747 - - 1528 | 2002 | 1200 | 1022 | 1420 | 789 | Modal PRE cal
60 54 468 ] - - 62 a7 G164 B - 1640 | zer2 | 1287 | 1020 | sa11 7.92 Wodal TP
39 34 507 05 016 | eseErio| 102 [ 2452 T7eEeTT 5a3E709 | 058 055 101 oo 0.05 0.06 Bags
9z 56 7.8 05 - - 1.2 o7 2400 - - 057 039 095 004 003 0,06 Wodal i
Standard deviation
222 | 202 7526 | 278 B B 913 575 | 2417 B B 066 086 076 005 005 0.06 | Wodal PRE car
72 63 1022 05 - - 192 167 | 2779 - - 062 057 099 004 004 006 Modal TP
22 20 518 03 005 [3mOEri0| 59 5.1 7416 ToiEsT To8E700 | 034 032 058 002 003 0.04 Bags
TypeA 25 21 507 03 - B o5 56 136.5 - B 033 023 055 002 0.02 003 Wiodal i
28 | 117 765 60 - B 259 217 | 1395 B B 038 049 0.4 003 003 0,05 | Modal PRE cat
9z 56 590 03 B B 1.1 %6 7605 B - 036 022 057 003 002 005 WModal TP
Mean TWC effecti (pre-bag) 92.6% _ 929% _ 93.8% _ 99.6%| - B 875% _ 88.0% _ 90.4% B X B
Max. TWC it (pre-bag) 92.8% 93.1% 95.1% 99.6% - - 87.9% 88.4% 92.6% 1% - X .0% 99.9%
Min. W effectveness(pre-bag) | 2.1 o205 o2.0% 9@‘ - e —srax 57.444‘% § .:.:999%
Mean TWC i (pre-post] | o1.1% _ 916% _ 3.4% ss.s%‘ 85.1%  85.8%  90.1% Y 99.9%)
Max. TWC effectiveness (pre-post) 91.9% 92.3% 95.0% 99.6% - - 86.5% 87.1% 92.7% - -
Min. TWC effectiveness (pre-post) 90.1% _ 90.6% _ 91.5% _ 99.5% - - 83.6%  84.4%  86.8% - -
[Ageing stage: 250 cycies [BAG - MODAL DIL - PRE - POST.
31 T T T a7 [ a5 | _an [ 1 027 [zwErn| x| w5 | e | s [sreesm 200E700 | 1506 | 2203 | 24z | eme | ser | 7ea Bags
sses | 03012000 | 113 L1002 T T I w9 | e | s | s - - 90 | 17 | 022 | 4 - - 7605 | 2216 | 1247 | 991 7375 | 767 Wodal i
0.0401 I I I 520 | sor | ears | 2360 - B 519 | 775 | tore0 | 1002 - - 7551 | 2067 | 1215 | 1017 | 1391 | 800 | Moda PRE cal
I I I w9 | 4 | s | 1o : 5 35 | 119 | sar | a6 5 5 7636 | 2212 | 1301 | 1010 | 1371 | 800 Wodal TP
TWC effectivensss (prebag)| 91.1% __915% __94.1% __ 99.3%| - B Ba5% _ 852% _ 005% _ 97.7%| - B TWG ol
Twe posy| 90.7% _ 91.2% _ 95.1% _ 99.2%| - B 83.7% - B TWC orr
210 T 62 [ s | ez | 16 013 |smeEnit| tes | aETT ZasEv00 | 1555 | ziae | izia | ees | isms | 7ar Bags
ssr7 | osor2000 | 113 10008 T 63 | s | e | 16 | - 5 69| - - 7562 | 2145 | 1215 | o6s | 1339 | 750 Wodal i
0.0401 I 566 | o0 | 720 | 225z | - 5 %06 | 5 5 7480 | 1976 | 1190 | 91 7347 | 762 | Modal PRE cal
I 66 | 50 | 0o | j . 5 77| 5 5 1567 | 2125 | 1272 | o83 | 1325 | 783 WModal TP
we (orobag)| 89.1% _ 903% _ 91.2% _ 99.3%| - - sL8% - B TWE o
Twe posy| 88.4% _ 89.7% _ 91.6% _ 99.2%| - - 80.5% - - TWE orr
210 T & [ o | e [ 16 055 |sseErii| 23 | TosEriz Zzoevos | e | zien | dza | 977 | iaer 761 Bags
113 I s | e | e | 15 - - 210 | - - 7565 | 2194 | 1228 | o83 | 1370 | 765 Wodal i
9880 | 07012020 |G a0y | H1000% I 620 | 500 | 7520 | 2144 - - 1038 | B 1472 | 2027 | 1146 | 090 | 1290 | 755 | Moda PRE cal
I 73 | 6 | e | 12 - - 98| - 617 | 2eas | 1253 | 1001 | 1295 771 Modal TP
TWC offectivensss (pre-bag) | 86.0% __ 86.4% _ 91.6% _ 99.3%| - - 77.6% - TWE o
TWC effectiveness (pre-post)| 88.2% 88.8% 92.2% 99.4% 81.0% TWC eff
5 5 557 7o 05z | ssErii| 175 BaiETT 301Ev00 | 1575 | 2175 | 1226 | e76 354|754 Bags
Miean values o7 o1 61 76 - - 79 - - 7565 | 2185 | 1231 960 73,61 758 Modal DI
572 553 7201 2245 - - 021 B B 1495 | 2023 | 1185 | 099 13,76 7.79 | Modal PRE cal
=] 56 509 6 B - 769 - B 614 | 2192 | 1275 | o908 13,64 7.5 WModal TP
162 | 156 ETIE] 08 07| 7asErio| 437 ToeETT1 S0E708 | 166 279 T8 0.0 015 007 Bags
Standard deviation 69 | 162 T15.4 05 - - 955 - - 771 295 715 010 016 007 Wodal DI
574 | 981 2026 | 664 B B 900 B B 267 573 299 013 020 0.19 | Modal PRE cat
700 o1 124.7 27 - - 268 - - 201 485 7.98 011 029 012 Modal TP
o4 90 EX] 05 010 | azeErio| 252 TasEen 525E708 | 096 61 068 005 0.00 0.0 Bags
95 o4 6.0 05 - - 263 - - 0.99 7.70 0.66 006 0.09 004 Wodal DI
TypeA 21.6 220 169.0 51.1 - - 52.0 - - 1.51 2.15 1.73 0.07 0.12 011 Modal PRE cat
58 55 720 6 B B 755 B - 716 280 714 007 017 007 Modal TP
Miean TWC effecti (pre-bag) 88.7% _ 89.4% _ 92.3% _ 99.3%| - B sL3% B B
Niow, TWC effeciveness (pre-bag) | o115 o1.5% oe1n ss.g‘ - [ easx - 5
Min. TWC i (pre-bag) 86.0%  86.4%  91.2% _ 99.3% - - 77.6% - -
Mean TWC effectiveness (pre-post) 89.1%  89.9%  93.0% _ 99.3%| - - 81.7% - -
Max. TWC effectiveness (pre-post) 90.7%  91.2%  95.1%  99.4%| - - 83.7% - -
Min. TWC i (pre-post) 88.2%  88.8%  91.6% _ 99.2% - - 80.5% - -
c [ mwic | _co Nox
[ Euro 6 51 limits [mg/km] | 100] 68] 1000[ 60|

(%) - as defined in Regulation (EC) 2007/595, applied only at the 0 cycle ageing stage (for informational purposes)
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Table 15 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the

report no. 7/23

WLTC cycle for TWC High S at 0 cycles

BOSMAL

BOSMAL Automotive Research and Development Institute Ltd

Exhaust Emissions Testing Laboratory

WLTP test (Reg 2017/1151) - WLTC driving cycle

VIN: ZFA35600006K20252

Vehicle model:

Fiat Tipo 1.4 LPG

Emission standard: Euro 6

Tyres:

Continental ContiEcoContact 5 225/45 R17 V XL

1509

Inertia [kg]: Emission WLTC Emission LOW Emission MIDDLE | Emission HIGH Emission Ex-HIGH CO, emission | Fuel |
R e [orassis amo] 1orine [ tmgrkml g/l mghkm] | (mghkm] [mgrkm] fokm | 10100 ke @ | Note 1
| o [wwo [ co | mor [ ow [ o | wo [wwo [ co | wox [ en | me [ e | o | wor | e | mo [ wwo | oo | wox | e | o [ mec [ oo | wor | v | wire | tow | wooie | men | x| wire | tow | wooie | o [ exrion |
[Ageing stage: 0 cycles BAG - MODAL DIL - PRE - POST
45.1 57 404 26 121 [ e7Et 26 394 2229 36 | 419En2 0 o 181 4 137E411 0 o 128 5 [2826+10 1 1 % 54 | 654E+10 | 1486 | 2157 | 1451 1287 1427 519 1356 894 7.93 878 Bags
wose | 20181000 |07 Crosss |52 55 400 2 - - 42 409 2198 35 - 1 o 181 4 - o o 128 5 - 1 El 89 53 - 1491 2163 1449 1286 441 922 13.60 5893 7.92 867 Modal Dl
0.0390 717 657 6992 2473 - B 1665 1594 13626 1390 B 778 748 8354 1812 - 568 545 5706 2272 B 458 436 4769 5432 B 1390 199.9 12904 1193 1368 936 13.94 897 7.99 9.08 | Modal PRE cat
65 50 924 27 - - 490 451 2234 a2 - 0 o 190 5 - 0 o 151 4 - o 1 120 54 - 152.1 2207 147.8 131.2 147.0 941 13.88 011 5.08 .05 ‘Modal TP
we (pre- 92.1% _ 923% __ 94.2% __ 98.9% 70.4% _ 753% __ 83.9% __ 97.4%) 100.0% _ 100.0% _ 97.8% __ 99.8% 100.0% _ 100.0% _ 97.8% __ 99.8% 99.9% _ 99.9% _ 98.1% __ 98.0%) TWC eff
™ (proposy| __90.9% __ 91.2% __ 93.9% __ 98.9%| - - 70.6% _ 71.7% _ 83.8% _ 97.0%| - 100.0% _ 99.9% _ 97.7% _ 99.8%| - 100.0% _ 100.0% _ 97.4% _ 99.8%| - 99.9% _ 99.9% _ 97.5% __ 98.4%| - TWC o
45.1 a7 a3 515 10 102_| 601E+11 353 323 2315 40 |anEnz 1 o 327 3 [az7Eri0 0 o 428 6 | 8a0E+0n 1 1 25 8 1226411 | 1501 2188 | 1469 1291 ) 929 1375 907 7.98 888 Bags
| 2081000 067 st 50 5 510 10 - - 367 336 2303 36 - 1 1 325 3 - 1 El 420 6 - 1 El 2 7 - 1508|2192 1469 1293 1460 933 1377 .06 7.99 895 Modal DI
0.0390 700 669 7609 2436 - - 1573 1499 15241 1314 - 759 726 9532 1836 - 564 560 6597 2152 - 442 421 4531 5444 - 1397 | 2014 1306 1182 140.4 9.46 14.15 910 802 .16 | Modal PRE cat
56 57 515 i - - 417 579 2220 45 - 7 7 350 5 - 0 0 4t 5 - 0 7 35 5 - 1538 | 2236 497 731.9 469 952 14.04 924 515 016 Modal TP
we (pro-bag)| 93.2% _ 93.5%  93.2%  99.6% - - 77.5% _ 78.5% _ 84.8% _ 97.0% - 99.9% _ 99.9% _ 96.6% _ 99.9%| - 99.9% _ 99.9% _ 93.5% _ 99.7%| - 99.9% _ 99.8% _ 99.4% _ 99.8%| - TWG off
T (preposy|  92.0%  92.4%  93.2%  99.6% - - 735%  74.7%  853%  967%| - 99.9%  99.9%  96.4% 99 - 1000%  99.9%  93.3%  99.8%| - 99.9%  99.8%  99.2%  99.7%| - TWG off
451 43 39 392 X 068 | 5azErii 317 289 2284 49| 3esEv1Z 1 o 189 10| 5a7Er10 0 o 109 4 151E+10 1 1 6 3 [sesEri0| 1517 | 2226 | 1473 1305 1463 938 1397 907 804 900 Bags
wror | aor81048 [087 Lroass |4 %0 303 10 - - 330 300 2287 46 - 1 1 191 10 - 1 o 111 4 - 1 o 46 3 - 1625 | 2241 1472 1309 147.6 9.43 14.07 .07 8.06 9.08 ‘Modal DIl
0.0390 592 563 6830 2534 - - 1318 1249 13600 1457 - 613 585 7620 1911 - 468 446 5676 2317 - 417 39 4848 5483 - a2 | 2111 7350 1227 | 1430 964 14.54 o5 518 934 | Modal PRE cat
49 %5 400 i - - 571 336 2285 52 - 0 0 206 10 - 0 0 112 4 - 0 0 57 4 - 555 | 2285 1500 1334 1506 961 14.34 924 522 027 Modal TP
™we (prebag)|  92.8%  93.1%  943%  99.6% - - 75.9%  76.9%  83.2%  96.6%| - 99.9%  99.9%  97.5% _ 99.5%| - 99.9%  99.9%  98.1%  99.8%| - 99.9%  99.9%  99.1%  99.9%| - TWG eff
TWC effectiveness (pre-pos)| __ 91.7% __ 92.0% _ 94.1% _ 99.5%| - - 71.9%  73.1%  83.2%  96.4%| - 99.9%  99.9%  97.3%  99.5%| - 100.0%  99.9%  98.0%  99.8%| - 100.0%  99.9%  98.8%  99.9%| - TWG eff
49 45 437 16 007 | 58311 366 335 2276 42| 300Ev12 1 o 232 6 [ 782Er10 0 o 222 5 1726410 1 1 54 22 | 924E+10 | 1501 2190 | 1464 1204 1aa4 928 1376 903 7.08 889 Bags
51 a7 454 75 - - 380 348 2263 ) - 7 7 252 O - 7 0 220 5 - 7 7 54 21 - 1508 | 2199 1463 1296 1459 932 15,61 .02 7.99 898 ‘Modal Dil
Mean values 670 640 7144 2481 - - 1519 47| 14222 7367 - 717 686 8502 7653 - 540 517 5993 2247 - 439 418 716 5453 - 1409 | 2041 7317 120.1 407 548 14.21 .05 5.06 .19 | Modal PRE cat
57 52 446 16 - B 426 389 2253 a5 - o o 245 6 - o o 235 4 s o 1 70 22 - 1538|2243 1492 1322 1488 957 1409 9.20 815 916 Modal TP
59 58 553 74 022 | 368E+10 449 437 354 54| 240E+11| 02 [X] 672 33 |aztEr10| 01 o1 1459 07 | 821E+09 | 00 00 27.0 230 | 232E+10 | 130 280 004 078 148 0.08 017 0.06 004 000 Bags
61 61 538 7.4 - - 465 454 464 50 - 02 01 658 51 - 01 02 1415 07 - 00 01 264 227 - 1.40 320 1.00 093 145 008 019 0.06 0.06 0.0 ‘Modal DIl
standard de 555 546 3356 405 - - 1468 1458 7265 566 - 739 722 787.7 a1 - 513 506 4272 693 - 169 164 1349 220 - 229 495 240 .93 72 012 025 010 0.09 017 | Modal PRE cat
65 63 5.4 7.4 - - 9.1 72 229 43 - 02 071 67.0 50 - o1 01 1468 05 - o1 071 360 223 - 7.39 522 7.00 092 745 0.08 019 0.06 0.05 0.09 Modal TP
34 34 319 43 013 | 213E+10 259 253 205 31| 138Ee11 | o0 00 388 19 | 243410 o1 LX) 843 04 |a7aEr09 | 00 00 156 133 | 134E+10 | 075 162 055 045 085 005 010 004 003 005 Bags
Typea 35 35 311 43 - - 268 262 268 29 - X] 00 3.0 18 - o1 01 817 04 - 00 o1 152 31 - 081 185 058 051 083 005 o011 004 003 005 Modal DIl
520 315 1938 234 - - 848 842 4194 338 - 426 917 4518 243 - 206 202 2466 400 - o7 95 77.9 127 - 1.32 286 1.38 112 099 007 014 0.06 0.05 006 | Modal PRE cat
58 36 265 43 - - 264 273 132 25 - o1 00 387 8 - o1 07 818 04 - o1 o7 208 29 - 080 786 058 053 083 0.05 o011 004 003 005 Modal TP
Mean TWC effectiveness (pre-bag) 92.7%) 93.0%) 93.9%)| 99.4%) - - 76.0%] 76.9% 84.0%) 97.0%] - 99.9%] 99.9% 97.3%) 99.7%] - 99.9%] 99.9% 96.5%) 99.8%] - 99.9%] 99.9% 98.9% 99.4%| -
Max. TWC effectiveness (pre-bag) 93.2%|  93.5%|  04.3%|  99.6%| - - 77.5%|  78.5%|  84.8%|  97.4%| - 100.0%| 100.0%  97.8%|  99.9%| - 100.0%| 100.0%|  98.1%|  99.8%| - 99.9%|  99.9%|  99.4%| _ 99.9%| -
Min. TWC i (pre-bag) 92.1%|  92.3%| 93.2%| 98.9% - - 78.8%|  75.3%|  83.2%|  96.6%| - 99.9%|  99.9%|  96.6%|  99.5%| - 99.9%|  99.9%| 93.5%| 99.7%| - 99.9%|  99.8%|  98.1%| 98.4%| -
Mean TWC effecti (pre-post) 915%|  91.9%  03.8%|  99.3% - - 72.0%] _ 73.2%|  84.1%|  96.7%| - 99.9%]  99.9%] 97.2%|  99.7%| - 100.0%|  99.9%  96.2%] 99.8%| - 99.9%]  99.9%|  98.5%|  99.4%| -
Max. TWC (pre-post) 92.0% _ 92.4%| _ 94.1%| _ 99.6%| - - 73.5%| _ 74.7%| _ 853%| _ 97.0%| - 100.0%| _ 99.9% _ 97.7%| _ 99.9%| - 100.0%| _100.0% _ 98.0%|  99.8%| - 100.0%| _ 99.9% _ 99.2%| _ 99.9%| -
Min. TWC (pre-post) 90.9%|  912%| o03.2%[ 98.0% - - 70.6%] _ 71.7%| _ 83.2%|  96.4%| - 99.9%] _ 99.9%| _ 96.4%| _ 99.5%| - 100.0%| _ 99.9%[ 93.3%| oo.8%| - 99.9%| _ 99.8%| _ 97.5%| _ 98.4%| -
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Table 16 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the WLTC

report no. 7/23

cycle for TWC High S at 50 cycles

B ! s AL WLTP test (Reg 2017/1151) - WLTC driving cycle
BOSMAL Automotive Research and Dovelopment Institute Ltd
Exhaust Emissions Testing Laboratory
VIN: ZFA35600006K20252 Vehicle model: Fiat Tipo 1.4 LPG Emission standard: Euro 6
Tyres Gontinental ContiEcoContact 5 225145 R17 V X0
Inertia [kg) 1509 [ Emission WLTC Emission LOW Emission MIDDLE [ Emission HIGH [ Emission Ex-HIGH CO; emission | Fuel [
" | Crassis o I gty imofent imgfent | imofent | imgm km | W00 km @ | e
leagefkan] Date TestNo.
[ o [wwo [ o0 | wr [ ow | ov | o [wwo [ co [ wor [ v | mo [wao [ co [ wox | v | o [wmc [ co [ wor [ e | me [ | oo | wox | wn | wirc | tow [ wome [ o [ emon | wiro | ow | wooie | mon | exon |
|Ageing stage: 50 cycles BAG - MODAL DIL - PRE - POST
45.1 62 57 692 14 050 | 5.30Ex11 463 425 3677 84| 376Ev12 1 1 223 6 349E+10 0 0 438 3 0776409 1 1 o7 3 617610 | 1470 2159 424 1248 1431 o2 1372 878 772 881 Bags
sars | 11062010 | 087 10001 65 60 695 3 - - 483 445 3680 78 - 2 1 226 6 - 1 1 441 3 - 1 1 69 3 - 1475 2164 1425 1250 144.0 9.15 1376 879 773 857 Modal Dif
0.0390 648 619 8118 2252 - - 1548 1470 17843 1171 - 675 647 9512 1569 - 520 499 7026 1895 - 407 3689 4627 3360 - 1345 197.0 1262 111.5 1360 918 1412 8.1 763 888 | Modal PRE cat
77 71 769 4 - - 575 526 4090 59 - 7 7 257 5 - 0 7 ar7 2 - 7 7 76 2 - 1505 | 2210 1453 1275 147.0 954 7409 5.96 7.89 .05 Modal TP
(prebag)|  90.4% _ 90.8% _ 915% _ 99.4%| - - 701% _ 711% _ 79.4% _ 92.8% - 99.8%  99.9%  97.7% _ 99.6%| - 99.9%  99.9%  93.8%  99.9% - 99.8% _ 99.8%  98.5%  99.9% - TWG off
TWC offectiveness (pre-post)| __ 88.1% __ 88.6% __ 90.5% __ 99.4%| - - 62.9% _ 64.1% _ 77.1% __ 92.4%| - 99.8% _ 99.8% _ 97.3% _ 99.7%| - 99.9% _ 99.9% _ 93.2% _ 99.9%| - 99.8% _ 09.8% _ 98.4% _ 99.9% - TWC eff
45.1 57 52 506 14 056 | 520E+11 425 389 3267 82 | 351E412 1 1 109 6 454E+10 0 o 109 2 2.04E+10 1 1 51 3 1426411 | 1473 2148 1444 1266 1418 912 1361 889 7.80 872 Bags
-0.87 59 54 509 3 - - 443 406 3275 80 - 2 1 111 6 - 1 0 110 2 - 1 1 53 3 - 182 | 2158 1452 127.3 1429 o.18 13.67 894 781 880 Modal DI
9397 | 12062019 16 G390 120294 28 600 7573 2333 - - 1425 7350 16771 7315 - 678 651 8546 7664 - 511 491 6353 2046 405 365 4469 3546 - 1358 196.0 1296 1148 134.5 9.20 7407 5.95 7.77 578 | Modal PRE cat
73 67 565 15 - - 550 505 3716 9 - v 1 112 5 - o o % 2 - 1 1 57 2 - 151.2 2203 1480 1298 1459 9.57 1401 911 7.99 898 Modal TP
(prebag)|  91.0% _ 913% __ 93.3% _ 99.4%| - - 702% _ 71.2% __ 80.5% __ 93.7%| - 99.9% _ 99.9% _ 98.8% __ 99.7%| - 99.9% _ 99.9% _ 98.3% _ 99.9%| - 99.8% _ 09.8% __ 98.8% _ 99.9% - TWC eff
TWC offectiy 88.3%  88.8% _ 02.5% __ 99.4%| - - 61.4% _ 62.6% _ 77.8% _ 93.0% - 99.9% _ 99.9% _ 98.7% _ 99.7 - 99.9% _ 99.9% _ 98.4% _ 99.9%| - 99.8% _ 09.8% _ 98.7% _ 99.9%| - TWE off
45.1 52 48 404 14 050 | 563Exi1 392 358 2055 86 | 308Ev12 1 1 249 3 4276410 0 o 127 3 222610 1 1 32 3 547E+10 | 1479 2180 1453 1266 1416 915 1877 896 7.80 871 Bags
-0.87 55 50 493 4 - - 408 73 2042 5 - 2 7 250 3 - 7 7 130 3 - 1 7 53 s - 166 | 2188 1459 1268 1428 9.20 1362 9.00 781 575 ‘Modal DI
M3 | 13062019 14 0390 e 572 7695 2315 - - 1384 1311 16529 1278 - 644 615 9650 1603 - 469 448 6388 2086 - 39 379 4397 3311 - 1366 2014 1299 1153 1346 925 1424 9.04 7.79 878 | Modal PRE cat
71 65 561 14 - - 533 489 5362 o1 - 7 1 274 3 - o 0 138 2 - o 7 57 s - 1516 | 2233 1487 129.4 1457 939 14.16 017 7.97 896 Modal TP
we (pre- 913% _ 916% _ 93.6% _ 99.4%| - - 717% _ 72.7% _ 821% _ 93.3% - 99.9%  99.9% _ 97.4% _ 99.8%| - 99.9% _ 99.9% _ 98.0% _ 99.9%| - 99.9% _ 99.8% _ 99.3% _ 99.9% - TWC ot
TWC effectiveness (pre-post)| __88.1% __ 88.6% __ 92.7% __ 99.4%| - - 615% _ 62.7% _ 79.5% _ 92.9%| - 99.9% _ 99.9% _ 97.2% _ 99.8%| - 99.9% _ 99.9% _ 97.8% _ 99.9% - 99.9% _ 99.8% _ 99.2% _ 99.9% - TWG eff
57 52 564 14 052 | basErtl 426 301 3300 84| 375Ev12 1 1 193 5 410E+10 0 0 225 3 1756410 T 1 50 3 762E+10 | 1474 2163 1440 1260 1421 [XE) 1370 &88 777 875 Bags
Mean values 60 55 566 3 - - 445 408 3299 81 - 2 1 195 5 - 1 1 227 3 - 1 1 52 3 - 1481 2170 1445 1264 1432 917 1375 891 7.79 862 Modal DIl
625 507 7795 2300 - - 1452 1377 17048 1255 - 666 638 9336 1612 - 500 479 6589 2009 - 402 364 4498 3339 - 1356 1968 1286 1139 1350 921 1414 893 773 881 | Modal PRE cat
7 68 632 2 - - 553 507 3729 o1 - 7 7 214 Z - o 7 238 2 3 1 7 57 3 5 1511 2215 1473 1289 1462 937 1409 908 7.95 9.00 Modal TP
39 37 %07 02 003 | 184E+10 291 275 2959 14 [ 192En1 | o1 00 609 13| 4a6E09 | o1 ] 1510 02 | 548E+09 | 01 o1 a4 02 | 257E+10 | o039 134 123 086 065 002 007 0.08 004 004 Bags
a1 59 91.5 02 - - 309 205 5020 22 - 02 0z 608 12 - 02 02 151.4 02 - o1 00 14.6 03 - 0.46 128 1.45 0.99 0.56 002 0.06 0.09 0.05 0.04 Modal DI
195 192 2337 316 - - 69.9 66.0 5708 608 - 52 160 3511 393 B 224 222 309.0 826 B a1 a1 92 205 - 054 189 1.6 1.68 065 003 007 010 007 005 | Modal PRE cat
24 22 o7.2 0z - - 7.3 161 269.1 6 - 02 o1 728 10 - 00 o1 169.7 01 - 01 01 161 04 - 046 1.28 1.46 1.00 059 002 0.06 009 0.0 004 Modal TP
23 21 524 01 002 | 1.06E+10 168 159 1708 08 | A1Ee11 | __od 00 351 07 | 257Ew08 | 00 00 872 01 | 3166409 | 00 00 83 01 | 148E+10 [ 022 077 071 050 038 001 004 004 002 002 Bags
Typea 23 22 528 o1 - - 178 170 1744 13 - X] o1 351 o7 - 01 X] 7.4 o1 - 00 00 84 02 - 027 074 084 057 033 001 003 005 003 002 Modal DI
1.3 1.1 134.9 200 - B 403 592 5295 5.1 - 58 93 2027 227 - 129 128 1784 477 - 25 23 556 118 - 049 1.09 0.96 0.97 038 002 0.04 0.06 004 005 | Modal PRE cat
4 3 56.1 o1 - - 100 93 1669 09 - o1 o1 420 06 - 00 00 9.0 Xl - o1 [X] 93 0z - 026 o074 084 057 034 001 004 005 003 0.0z Modal TP
Mean TWC i (pre-bag) 90.9%| _ 91.2%| _ 92.8%|  99.4%| - - 70.7%| __ 71.6%| _ 80.7%| _ 93.3% - 99.9%| _ 99.9% _ 97.9%| _ 99.7%| - 99.9%| _ 99.9%| _ 96.7% _ 99.9%| - 99.8%| _ 09.8%| _ 98.9%|  99.9% -
Max. TWC (pre-bag) 91.3% 91.6% 93.6%] 99.4%] - - 71.7%) 72.7% 82.1%| 93.7%) 99.9%| 99.9%) 98.8% 99.8%] - 99.9%| 99.9%| 98.3% 99.9%| - 99.9% 99.8%] 99.3%) 99.9% -
TWC i (pre-bag) 90.4%|  90.8%| 915%| 99.4% - - 70.1%|  71.1%|  79.4%| 92.8% - 99.8%|  99.9%  97.4%|  99.6%| - 99.9%|  99.9%| 93.8% 99.9% - 99.8%|  09.8%| 98.5%  99.9% -
Mean TWC i (pre-post) 88.2%| _ 88.6%|  91.0%|  99.4%| - - 61.9%| _ 63.1% _ 78.2%| _ 928%| - 99.8%| _ 99.9% _ 97.7%| _ 99.7%| - 99.9%| _ 99.9%| _ 96.5%| _ 99.9%| - 99.8%| _ 09.8%| _ 98.7% _ 99.9% -
Max. TWC i (pre-post) 88.3% 88.8% 92.7%|  99.4%| - - 62.9%|  64.1%|  79.5%|  93.0% - 99.9%|  99.9%| 98.7%|  99.8% - 99.9%|  99.9%|  98.4%|  99.9%| - 99.9%|  99.8%|  99.2%|  99.9%| -
Min. TWC effectiveness (pre-post) 88.1%|  88.6%  90.5%|  99.4%| - - 61.a%|  62.6%  77.1%| 924%| - 99.8%|  99.8%  97.2%|  99.7%| - 99.9%|  99.9%| 93.2%| 99.9% - 99.8%|  99.8%| 98.4%|  99.9% -
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Table 17 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the WLTC  cycle for TWC High S at 100 cycles

B s AL WLTP test (Reg 2017/1151) - WLTC driving cycle
BOSMAL Automotive Research and Dovelopmont nsttute Ltd
Exhaust Emissions Testing Laboratory
VIN: ZFA35600006K20252 Vehicle model: Emission standard: Euro 6 Tyres: Continental ContiEcoGontact § 226145 R17 V X
nerta fkal: 7509 T Emission WLTC T Emission LOW T Ermission MIDDLE T Emission HIGH T Emission ExHIGH O, emission T Fuel T
s | ome Jorsr ] vons | gy I rone \ o] \ o] \ ingn) o \ oo™ | e
FOFIF2 [ me [ we | co vox [ v [ e | e [ e | co nox | e | e [ mwc [ co | wox [ pn | e [ nwc | co [ mox | en | T | mwic | co | Nox | PN | witc | ow | MODLE | HGH | ExhGH | witc | Low | MDDLE | HGH | ExHiH |
[Ageing stage: 100 cycles BAG - MODAL DIL - PRE - POST
= £l 50 an 27 041 [ aaren 01 Ea) 3176 70 Jeooerz| 1 1 iz T [reme0] 7 v ) 5 [oreesoo [ 1 v 1o 4 [a7ies0] 166 | 265 | 1423 | im0 | iaie | eor 360 | 876 760 871 Bags
ssis | saces0ms 087 Lrosss |0 52 a7t 2 B - 415 63 3167 107 - 2 7 13 w0 B 7 7 5 5 - 7 7 79 2] - 471 | 2170 | 1425 | 125 | 1426 | 910 1573 | 678 771 877 Modal DI
0.0390 BTl 555 7215 | 2203 - - 1366 7300 | tese7 | 1222 - 616 Tl 20 | 1604 - 450 a1 633 | 7022 - 2 364 w3 | 3296 - 1953 | 1998 | 1274 | 1141 | 1344 | o1 414 | 875 764 876 | Wodal PRE oat
8 & 503 28 500 a7 3385 723 7 1 1 w0 0 7 74 6 T 7 2 3 ve01 | 2216 | 1453 | 1227 | 146 | o029 1405 | 895 786 895 Modal TP
TWC effectiveness (pre-bag) 90.7% 91.0% 93.5% 98.8% - - 70.6% 71.5% 80.8% 91.0%) - 99.8% 99.8% 98.7% 97.5% - 99.9% 99.9% 98.8% 99.6% - 99.7% 99.7% 99.6% 99.9%| - TWC eff.
™we 88.3%  8B6%  93.0%  98.8%| - - 62.7%  63.8%  79.5%  89.9%| - 99.8%  00.8%  98.7%  97.5%| - 99.9%  99.9%  98.7%  99.7%| - 90.8%  09.7%  99.5%  99.9%| - WG err
25.1 6 61 524 1o 062 | s63E+11 w0 54 a1 0 |aozeriz| 2 1 165 4 [szaEe0| 1 1 &1 5 [esEw9| 1 1 7 11 [4sseei0 | taes | 260 | tazz | 12aa | ez | eos | 1t 576 766 575 Bags
ssor | 2502009 |08 P 2 524 79 - - 511 75 3430 100 g 2 1 167 7] g 7 7 &3 3 B 1 1 15 70 g 473 | 2164 | 1428 | 1247 | 144 | o2 574 | 880 7.68 ez odal OF
0.0390 028 500 7399 2302 g g 7523 7ai | 16036 | 1275 g 690 664 989 7616 g 979 5 624 | 2066 g 364 366 9260 | 3400 g 62 | 1970 | 1267 | 113z | 1356 | o5 1409 | 879 761 662 | Nodal PRE cat
3 50 ER 21 B g 637 591 3836 3 g 7 7 181 2] g 0 7 51 2 B 7 7 2 2] B v504 | 2212 | 1457 | 1272 | 464 | o2 1409 | 89 785 901 Modal TP
(probag)| _ 89.4% _ 89.8% _ o2.9% _ 99.2% - g 678% _ 6B.6% _ 79.7% _ 92.0%| - 99.7% _ 99.8% _ 98.2% _ 99.7%| - 99.8% _ 99.9% _ 98.6% _ 99.9%| - 99.7% _ 97% _ 99.6% _ 99.7%| - TWC err
we 86.3% 86.7% 92.1% 99.1%| - - 58.2% 59.2% 77.3% 91.1¢ - 99.8% 99.8% 98.0% 99.8¢ - 99.9% 99.9% 98.6% 99.9: - 99.8% 99.7% 99.5% 99.6% | - TWC eff
5.1 55 50 65 21 061 | saaEet 07 374 3140 02 [araErz| 1 1 107 2 [2eEr0| 0 0 £} 5 [tasEe0] 1 T 17 4 [feres0| 1se | 2153 | date | 1244 | 1406 | o3 | taee | s74 766 565 Bags
sse0 | 26062010 087 Lross |8 53 464 9 - - 25 390 3120 92 - 2 7 709 21 - 7 7 61 2] - 7 7 17 2] - 1465 | 2160 | 1420 | 1246 | 4418 | o07 | ta6r | ar4 768 a7z Modal DI
0.0390 ER 560 7139 2276 - - 1406 133z | 13z | 1240 - 606 EX 25 | 1627 g w0z w4 5601 | 7002 - 75 356 w03 | 0 g 345 | 1984 | 1269 | 1128 | 1336 | oor | 1405 | ez 757 .70 | Wodal PRE oat
o9 3 516 21 - - 510 469 3508 T07 - 7 7 105 22 g 0 7 59 + - 7 7 22 3 g 1495 | 2206 | 1448 | 1225 | 1447 | oz6 1400 | 891 764 590 Modal TP
TWC effectiveness (pre-bag) 90.6% 91.0% 93.5% 99.1% - - 71.1% 71.9% 80.8% 91.8%) - 99.8% 99.9% 98.7% 98.6% - 99.9% 99.9% 99.0% 99.8% - 99.8% 99.8% 99.6% 99.9%| - TWC eff.
Twe 88.3%  88.a% _ 92.8% _ 99.0% - g 63.7%  64.8%  78.6% _ 9L.a%| - 99.8%  09.8%  98.7% _ 98.6%| - 99.9%  99.9%  98.9% _ 99.8%| - 99.8%  09.7% _ 99.5% _ 99.9%| - WG err
B 5 87 2 055 | 4geEet ) 400 5252 104 [3seEriz | 4 1 128 2 [zaserio| 1 1 60 5 [foeEsi0| 1 ¥ 16 6 [ssiEsio| 14es | 2ise | 421 | iz | w14 | o6 | taer | e75 767 570 Bags
Mean values 61 E3 486 21 g E 450 16 3239 100 g B 1 730 22 g 7 7 7 5 g 7 7 75 6 - 7470 | 2165 | 1424 | 1240 | 1426 | 10 1571 877 7.69 77 hodal OF
599 572 7257 2301 B B 1432 7360 | 16622 | 1249 g 63 615 a611 7616 B ] 23 5687|2050 B 360 365 w305 | a2 B 350 | 1987 | 1269 | 1134 | 135 | o1 1409 | 876 761 576 | Wodal PRE cat
74 £ 2 2 B B 552 510 3577 T4 g 7 1 133 22 B 0 7 71 2] - 7 7 2 7 B 1500 | 2211 | 1453 | 1224 | 455 | 920 1405|895 764 595 Modal TP
56 53 25 32 010 | eorerio | 408 37 | 1343 39 [4zeEerii| 03 0z 264 145 [ eeiEr0s | 02 X 94 21 |2s0Ev08 | 02 X 09 33 [121Ev10| o033 047 017 030 067 002 004 001 00z 004 Bags
Standard deviation 59 57 268 54 g E @z 415 1362 2] g o1 01 266 146 g 00 01 0.1 21 g o1 01 09 3z - 033 04z 034 024 o067 002 003 002 001 004 hodal O
207 201 1093 200 - B 56 641 219 | 215 - %65 %63 | 2766 o2 B 115 T4 077 276 B 59 36 32 530 B 037 081 014 052 079 003 001 003 003 005 | Wodel PRE cat
51 77 547 50 B B 500 570 1903 67 g 01 00 541 145 B 00 00 93 75 B o1 00 03 I B 036 041 036 022 o7z 003 00t 003 001 004 Modal TP
33 34 153 T8 006 | ssoerio | 236 224 775 23 |zarerii| oz X 152 86 [aezEr00 | 04 X 54 12| 1aaEs0e | oa X 05 19 [701Es00 | 019 027 010 017 038 001 00z 001 oot 002 Bags
Type A inty 54 33 755 7o B B 249 240 787 57 g 00 00 753 54 B 00 01 52 72 B 00 00 05 76 - 0.19 024 020 014 030 001 002 001 001 00z odal O
119 716 63,1 765 , , Y] 370 1339 124 B 215 210 7609 53 B 68 66 564 760 B 22 21 220 306 B 021 047 008 030 045 002 002 00z 002 005 | Wodal PRE cat
a7 a5 200 7 B B 346 329 1099 59 g 00 00 797 56 B 00 00 54 [ B o1 00 01 25 B 021 023 022 012 041 001 002 002 001 005 Modal TP
Mean TWC (pre-bag) 90.3%| _ o0.6%| _ 93.3% _ 99.0% - g 6o.8%| _ 707%| _ 80.4%| _ 9Lew%| - 99.8%| _o9.8%|  98.5%| _ 98.6%| - 99.9%| o9.9%| o8.8%|  99.7%| - 99.8%| o0.8%|  99.6%| _ 99.8%| -
Max. TWC effectiveness (pre-bag) 90.7% 91.0% 93.5% 99.2% - - 71.1% 71.9% 80.8% 92.1%) - 99.8% 99.9%| 98.7% 99.7% - 99.9%)| 99.9% 99.0% 99.9%| - 99.8%)| 99.8% 99.6% 99.9%| -
Min. TWC i (pre-bag) 89.4% 89.8%| 92.9% | 98.8% - - 67.8%| 68.6% | 79.7% 91.0%) - 99.7%! 99.8%| 98.2%| 97.5% - 99.8%| 99.9% | 98.6%| 99.6%| - 99.7%)| 99.7% 99.6% 99.7% -
Mean TWC effectiveness (pre-post) 87.6%| _ 88.0%| _ 92.6%| _ 99.0%| - g 6L5%|  62.6%| _ 78.5%|  90.8%| - 99.8%|  09.8%|  98.5%| _ 98.6%| - 99.9%| 09.9%| 98.7%|  99.8%| - 90.8%|  09.7%| _ 99.5%| _ 99.8%| -
Max. TWC (pre-post) 88.3%) 88.7%| 93.0%| 99.1%)| - - 63.7%)| 64.8% | 79.5% 91.4%) - 99.8%)| 99.8%| 98.7%| 99.8%| - 99.9%| 99.9% 98.9% 99.9%| - 99.8%| 99.7%| 99.5%| 99.9%| -
Min. TWC (pre-post) 86.3%)| 86.7%| 92.1%| 98.8%| - - 58.2%| 59.2%| 77.3% 89.9%) - 99.8% 99.8%| 98.0%| 97.5% - 99.9%| 99.9% 98.6% 99.7%] - 99.8%)| 99.7% 99.5% 99.6%| -
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Table 18 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the WLTC cycle for TWC High S at 175 cycles

66

Ba®SMAL

BOSMAL Automotive Research and Development Institute Ltd

Exhaust Emissions Testing Laboratory

WLTP test (Reg 2017/1151) - WLTC driving cycle

VIN: ZFA35600006K20252

Vehicle model:

Fiat Tipo 1.4 LPG

Emission standard: Euro 6

Tyres: Continental ContiEcoContact 5 228/45 RLT V 3.
nerialial [ T Emisson WiTe Emission (oW T Emission MIDBLE T Emission Hion T Ermission ExHiGH 0 emission T Foel T
\Woageli] oae | Chassis aymo] 1o [ g/ ‘ mg/km) | Tmg/km] | ok | imgrken] Tokm I 100 K] & | oot
F | e | mac co | nox [ pu PN THo O co nox | v | e [ wwc | oo nox [ v | e [ wwc [ co NOX PR co | wox [ ew wire [ tow [ mooie [ non | exon | wic | tow | MoDLE | HGH | ExioH |
[Ageing stage: 175 cycles BAG - MODAL DIL - PRE - POST
451 5 645 [ 060 | 505E+11 Wz 369 4260 T2 JsetErz] 1 T 206 4 JsasEs0] 0 0 04 5 [ieees0] 0 o 5 3 [4oEe10] w54 | 2165 | 1422 | 1239 | 1400 502 1374 577 763 s61 Bags
sost | oroszore |08 Lroses | 51 649 7 - - 429 385 4285 105 - 2 7 209 ] - 7 o 106 s - T o 2 3 - 7464 | 2164 | 1420 | 1246 | 1414 908 7581 567 767 570 Wodal DI
0.0300 578 550 7696 2253 - - 7336 1254 | 17046 | 1211 - 09 562 9149 7610 - 462 43 5054 2005 - 360 363 4484 5226 - 1345 | 1995 | 1283 | 1129 | 1328 912 14.25 859 762 8,67 | Modal PRE cat
74 o7 734 79 555 501 4927 124 7 7 216 3 0 7 00 3 7 7 26 s 494 | zerz | das7 | 1eri | 1443 927 7418 595 763 586 Modal TP
TWC effectiveness (pre-bag)| _ 90.5%  911% _ 91.6%  99.%| - - 69.2%  70.6% _ 763%  90.7%| - 998%  99.9%  07.7%  99.8%| - 100.0% 100.0%  98.3%  99.9%| - 99.9% _ 99.9% _ ©99.4% _ 99.9% TWC eff
(proposy| __87.2% __ 87.9% __ 90.5% _ 99.2%| - - S8.5%  60.1% _ 72.5% _ 89.7%| - 99.8% _ 99.8% _ 97.6% _ 99.8% - 99.9% _ 99.9% _ 98.3% _ 99.9% 99.8%  99.8%  99.4% _ 99.9%| - TWG off
451 56 51 531 14 031 | aazEett a5 360 3308 o1 [amEr2| 2 1 212 R P 0 24 2 [dssesi0| 1 ] 34 3 [seoe+i0| 1465 | 2to6 | 1434 | 1244 | 1403 907 7390 884 766 863 Bags
-0.87 59 53 532 2 - - 454 39 3303 a9 - 2 7 213 3 - 7 0 126 2 - 7 7 34 3 - 1473 | 2204 | 1438 | 1250 | 1416 912 1396 856 7.70 571 Modal DIl
67T | 08082019 15 390 el -] 565 7565 2268 - 7390 7319 | 16602 | 1280 - 617 590 9543 7567 - a5 55 6047 7997 562 365 4377 5236 B 7547 | 2004 | 1274 | 11z | 1323 013 1457 567 762 .63 | Modal PRE cat
3 ] 592 76 B B 516 474 722 101 - 2 7 226 3 B ) 7 129 2 B 7 1 57 5 B 1505 | 2251 1465 | 1274 | 1445 931 74.30 903 785 569 Modal TP
we 90.6% _ 91.0% _ 93.0% __99.4%) 702% _ 71.2% _ 801% _ 92.9% 99.8% _ 99.9% _ 97.8% __ 99.8%) 99.9% _ 99.9% _ 97.9% _ 99.9% 99.8% _ 99.9% _ 992% _ 99.9% TWG off
(reposy|  883%  88.8%  92.2%  99.3%| - - 62.9%  64.1%  77.6%  92.0%| - 99.7%  99.8%  07.6%  99.8% - 90.9%  99.9%  07.0%  99.9% - 90.8%  99.8%  00.1%  99.9% - TWC eff
45.1 a7 a2 512 15 045 | a3aEett 351 316 3429 00 [smEsiz| 1 T 142 2 [ereEes0] o 0 81 2 [asEs09 | 1 o T 2 [4oreri0| wsz | 2wz | iaie | izs | 1wea 899 75 574 759 857 Bags
5701 | oscszore |08 Lroso |49 2] 513 15 - - 365 529 3430 o7 - 2 7 144 2 - 7 o ) 2 - 7 7 3 3 - 7460 | 2180 | 1425 | 1236 | 1406 904 7580 677 762 565 Wodal DI
0.0300 564 536 7307 2238 - - 1311 1235 | 16414 | 1265 - 601 577 o752 7590 - 457 18 5627 2001 - 372 354 4353 3172 - 1345 | 2008 | 1278 | 1134 | 1328 910 7418 852 762 865 | Modal PRE cat
61 55 564 7 B 456 414 5793 713 - 7 7 753 2 - 0 7 a2 2 - 7 7 7 E B 7469 | 2225 | 1450 | 1262 | i4ad 022 7413 593 777 582 Modal TP
Twe o17%  921%  93.0%  99.3%| - - 732%  745%  79a%  92.0%| - 998%  99.9%  98.4%  99.9% - 99.9%  100.0%  98.6%  99.9% - 908%  99.9%  00.7%  99.9%| - TWC off
(proposy| _ 89.1% __ 89.7% _ 92.3% _ 99.2%| - - 65.1% _ 66.6% _ 76.9% _ 9L2%| - 99.8% _ 99.8% _ 98.3% _ 99.9%| - 99.9%  99.9% _ oB.6% _ 99.9% 99.7% _ 99.8% _ 99.6% _ 99.9% - TWC off
52 a7 563 16 045 | 460E+11 393 355 T01_ | smoErr2 | 1 1 187 3 [eeswr0] 0 0 03 2 [dzeesi0| 1 0 2 3 [4oeesio | w57 | 274 | 1425 | 126 | 1 905 7380 878 763 861 Bags
55 %9 565 is B B 409 71 3673 o7 - 2 7 789 3 - 7 0 105 3 B 7 0 24 3 - 466 | 2183 | 1430 | 1245 | 1412 9.08 73,86 81 767 569 Modal DI
Mean values 578 550 7523 2250 - , 1346 1270 | 16987 | 1261 - 610 563 9158 7594 - 455 238 5976 2007 B 578 67 a0 211 B 7547 | 2012 | dzze | 1131 | 1326 EXE] 1427 566 762 .65 | Wodel PRE cat
% o2 630 7 - - 510 463 4147 113 - 2 7 98 3 - 0 7 704 2 - 7 7 27 3 - 495 | 2229 | 1457 | 1269 | 1440 927 7420 898 781 5.6 WModal TP
39 37 84 13 032 | saeErt0 295 281 4233 85 |2seeti | of 01 317 07 | 4dsEv09 | ot ) 75 03 [ 6s0Es09 | o1 o1 [ 02 [ 1206009 | o088 T8 065 044 041 004 007 004 003 003 Bags
Standard deviation a2 40 02 0 - B 314 300 4359 [ - 02 o7 515 07 B o7 o7 176 04 B o7 07 56 02 - 057 764 067 047 045 004 007 004 003 003 Model DI
16 16 614 [ 5 - 332 349 e24 557 - 55 52 3104 122 - 55 756 7055 35 , ] 45 569 263 B 010 .67 037 021 024 001 008 003 000 002 | Modal PRE cat
52 47 744 E) B B 400 %62 5520 %6 - o7 o7 523 05 B 00 00 192 03 B o7 00 65 02 B 059 767 063 050 047 004 007 004 003 003 Modal TP
22 2.1 57 [ 007 | 183E+10 170 62 2144 45 [ s0Eet1| o1 o1 183 04| 259E%00 | 01 00 101 02 | s6aEs00 | 01 o1 49 01 | 69508 | o034 007 038 026 023 002 004 002 002 001 Bags
Type A ity 24 23 547 05 - - 82 173 2517 58 - o1 o1 182 04 - o1 00 102 0z - o7 o7 50 o1 - 033 095 035 027 020 002 004 002 002 002 Wodal Di
67 67 932 50 - - 9.1 201 3940 206 - 52 50 1792 71 - 59 %0 509 20 - 26 26 329 164 - 006 093 021 01z 014 001 005 002 000 0.07__|_Model PRE cat
50 27 430 08 - - 231 209 Si8.7 55 - o7 00 786 03 - 00 00 ] 0z - 00 00 49 o1 B 034 093 036 029 027 002 004 002 002 002 odal TP
Mean TWC (pre-bag) 90.9%| o14%|  92.5%|  99.3%| - - 708%  72.1%|  78.5%  92.0% - 99.8%  99.9%|  98.0%| 99.8%| - 90.9% 100.0%|  083%  99.9% - 99.8%|  99.9%  09.5%|  99.9% -
Max. TWC effectiveness (pre-bag) 91.7% 92.1%| 93.0% 99.4% - - 73.2%)| 74.5% | 80.1% 92.9% - 99.8% 99.9% 98.4% 99.9%| - 100.0%|  100.0%| 98.6%| 99.9%) - 99.9% 99.9%| 99.7%) 99.9% -
Min. TWC effecti (pre-bag) 90.5%|  o1.0% 916%|  99.2%| - - 69.2%|  70.6%|  76.3%  90.7%| - 99.8%  99.9%| o7.7%| 99.8% - 99.9%|  99.9%| o7.0%| 99.9% - 99.8%|  99.9%| 99.2%|  99.9% -
Mean TWC effectiveness (pre-post) 88.2%| _ 88.8%|  916%|  99.2%| - 62.1%| _ 63.6% _ 75.7%| _ 910%| - 99.8%| _ 99.8%|  o7.8%| 99.8% 99.9% _ 99.9%| _o8.3%| _99.9% - 90.8%  99.8%| _ 99.4% _ 99.9%| -
Max. TWC pre-post) 89.1%|  so.7%| 92.3%  99.3%| - 65.1%|  66.6%|  77.6%  92.0%| - 99.8%  99.8%|  983%| 99.0% - 99.9%|  99.9%| o8.6%|  99.9% - 99.8%|  99.8%|  99.6%|  99.9% -
Min. TWC (pre-post) 87.2%| _ 87.9%|  90.5%| 99.2%| - - s8.5%|  60.1%|  72.5%|  89.7%] - 99.7%| _99.8%| o7.6%| o9.8% 99.9%| _99.9%| o7.0%| 99.0% 99.7%| _ 99.8%[ _ 09.1%| 99.9%]
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Table 19 Emissions and fuel consumption
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results from the Fiat Tipo 1.4 vehicle over the WLTC cycle for TWC High S at 250 cycles

B s AL WLTP test (Reg 2017/1151) - WLTC driving cycle
BOSMAL Automotive Research and Development nstitute Lt
Exhaust Emissions Testing Laboratory
VIN: ZFA35600006K20252 Vehicle model: Fiat Tipo 1.4 LPG Emission standard: Euro 6
Tyres: ‘Continental ConliEcoContact 5 225045 R17 V X0
Tneria [kal 7508 T Emission WLTC Emission LOW Emission MIDDLE Emission HIGH T Emission ExHIGH <O, omission T Fuel T
I ‘ o Tommese dm‘ —— gt gt mgicn) mght I Tmghm ot I e | ot
FOF1IF2 [ e [ wwe [ co [ wox [ em PN e [ mwe [ co [ nox | en e | mwe [ co | nox PN e | wee [ co nox [ v | e [ mwe [ co [ nox PN wire | cow [ mooie | won [ exnion | wire [ ow | woote [ mon | exhio |
[Ageing stage: 250 cyclos BAG - MODAL DIL - PRE - POST
251 5 60 61 [ 074 | az7Eett 79 w5 w15 T [sasErz]| 2 7 e 5 [zasEr0 1 1 £ 2 [esoer00 1 T 31 5 [aorerto | taez | 2127 | a1z | teas | tast 505 347 560 767 550 Bags
s | 10122010 087 [P 63 466 15 - - 504 470 3156 112 - 2 7 115 5 - 7 7 ar 7 - 2 T 52 3 - 475 | 2144 1421 1255 | 1448 013 1358 575 772 897 Modal i
0.0390 554 528 6444 2599 - - 1362 1303 72406 | 1621 - 559 594 7347 2037 - 452 412 5465 2426 - 354 336 4512 3439 - 1419 199.4 1343 | 1230 | 1412 945 1372 907 817 919 | Modal PRE cat
71 66 446 21 - - 526 458 2063 129 - 2 7 123 g - 7 1 46 4 - 1 7 56 3 - 1523 | 2135 | 1475 | 1327 | 1493 942 13.50 9.08 16 019 Modal TP
Twe (probag)| __88.3% __ 88.7% __ 92.8% __99.3%) 64.8% _ 658% _ 74.8% _ 92.7%) 99.7% _ 99.8% __ 98.4% __ 99.8%) 99.8% _ 99.8% _ 99.3% __ 99.8%) 95.6% _ 99.7% _ 99.3% _ 99.9% TWC off
TWC effectiveness (pre-post) 87.2% 87.6% 93.1% 99.2% - - 61.4% 62.6% 76.1% 92.1%)| - 99.7% 99.8% 98.3% 99.7% - 99.9% 99.8% 99.2% 99.8% - 99.6% 99.6% 99.2% 99.9% - TWC eff
70 5 613 16 069 | 503E+11 520 480 3868 9% |setErz| 2 1 238 4 [3m9Es10 1 1 121 3 [ s75E%00 1 1 0 3 |ames10] tae2 | 2127 | 120 | 1248 | 1423 506 1355 576 769 876 Bags
sz | 20122010 |87 ora |7 65 617 16 - - 547 507 3891 % - 2 7 238 ] - 7 1 122 < - 1 7 %0 s - 74| 2138 | 1428 | 1259 | 1438 014 13.63 851 7.76 555 Modal Di
0.0390 543 516 6862 2567 - - 7347 1285 15188 _| 1578 - 545 517 452 2019 - 424 405 5672 2373 - 544 526 4599 5478 - 7408 197.4 7351 1224|1400 942 73,66 910 15 .12 | Modal PRE cat
77 71 17 - - 575 531 3765 110 - 1 1 249 4 - 0 1 129 3 - 1 v 2] 3 - 512 | 2107 | 1e68 | 1321 1480 957 1543 905 o14 011 Model TP
we 87.1% _ 87.5% _ 911% __ 99.4%| - - 614% _ 62.6% _ 70.7% _ 93.8%| - 99.7% _ 99.8% _ 97.2% _ 99.8%| - 99.8%  99.8% _ 97.9% _ 99.9% - 99.6%  99.7% _ 99.1% _ 99.9%| - TWC e
TWC effectiveness (pre-post) 85.8% 86.2% 91.2% 99.3% - - 57.3% 58.7% 71.4% 93.0%)| - 99.7% 99.8% 97.1% 99.8% - 99.9% 99.9% 97.7% 99.9% - 99.6% 99.7% 99.0% 99.9% - TWC eff
451 65 59 778 12 101 | 507Ew1T 78 44 811 T07 | sezEriz | 2 1 320 2 [23E10 1 1 78 3 [6s0E700 1 1 8 4 | 500Ev10 | taza | 2140 | 1423 | 1271 1430 515 372 878 783 880 Bags
-0.87 o o2 764 7 - - 506 61 4819 106 - 2 7 318 2 - 7 1 80 3 - 2 7 %8 ] - 1466 | 2157 | 1433 | 1275 | 1447 923 13,83 5.5 7.86 891 Modal DI
579 30122019 0.0390 Lr-o7ie 571 541 7595 2223 - - 1291 1213 17144 1112 - 571 539 8536 1496 - 458 437 6292 1997 - 399 381 4597 3253 - 1358 198.3 130.1 114.3 134.3 9.19 14.09 893 7.73 878 Modal PRE cat
7 71 516 2 - - 586 526 5675 ) - 2 7 408 7 - 0 7 186 2 - 7 7 54 s , 516 | 2205 1461 7300 1475 943 1422 9.03 807 9.08 Modal TP
TWC effectiveness (pre-bag) 88.7% 89.2% 89.8% 99.2% - - 62.9% 64.2% 71.9% 90.4% - 99.7% 99.8% 96.3% 99.9% - 99.9% 99.9% 97.2% 99.8%| - 99.7% 99.8% 99.0% 99.9%| - TWC eff.
we (proposy| _ 86.1% __ 86.9% _ 87.9% _ 99.4%| - - 54.6% _ 56.6% _ 66.9% _ 91.6%| - 99.6% _ 99.8% _ 95.2% _ 99.9%| - 99.9% _ 99.9% _ 97.0% _ 99.9% - 99.6%  99.7% _ 98.8% _ 99.0%| - TWC off
66 61 615 7 081 | ageEri 202 453 5935 f0s | assEriz | 2 1 224 3 [zeoEri0 1 T T3 2 | earEvme T 1 %0 3 [adoErt0 | ta66 | 21at ais | 1255 1428 508 1356 874 773 879 Bags
Mean values 70 65 622 77 - - 519 480 3965 105 - 2 7 224 3 - 7 7 715 4 - 2 7 %0 3 - 1478 | 2146 1427 | 1263 | 1444 017 73,68 580 7.78 859 Modal DI
556 529 6967 2470 - - 1334 7267 | 14247 | 1437 - 558 530 5121 7851 - 438 w18 5810 2266 - 366 548 4579 3390 - 1395 | 1984 525 | 1199 | 1385 936 7383 901 502 903 | Modal PRE cat
76 69 656 15 - - 562 515 4134 111 - 2 7 260 4 - 0 7 120 5 - 1 0 45 s - 517 | 2145 | 1468 | 13te | 1483 041 1372 9.05 10 o2 ‘Modal TP
25 26 1203 14 014 | 132Ev10 794 197 6898 85 | eares10| oA X} 845 14| 7o7Er09 | ot 00 570 04| 380E708 | 00 00 67 02 [ 472Ev08 | 056 063 047 11 033 005 010 004 007 002 Bags
Standard deviation 25 25 1296 0 - - 197 198 925 65 - 02 o7 36 3 - o7 00 572 04 - 07 00 o7 0z - 053 078 048 084 045 004 o1 004 006 003 Model DIl
116 02 4755 1748 - - 305 65 | 20736 | 2303 - 05 95 51| 2507 - 144 138 3514|1908 - 239 240 263 9.0 - 264 054 1.76 394 5,00 012 019 007 021 0.18 | Modal PRE cat
55 25 1952 26 - - 260 9.1 11575 | 146 - 03 o1 1168 21 - o1 00 575 o7 - o7 o1 72 00 - 047 414 054 714 077 005 036 0.0z 007 005 Modal TP
5 5 746 08 005 | 750E00 112 114 3982 49 [ 4soEr10| o1 [X] w88 08 [ 408E09 | 00 00 329 02 | 2256%08 | 00 00 39 01 | 27eEs00 | os2 036 027 064 019 003 006 002 004 001 Bags
Typea 1.4 7.5 748 06 - - 114 14 4000 57 - o7 00 w54 05 - 00 00 330 02 - 07 00 59 o7 - 030 045 028 048 026 002 006 002 003 002 Modl DI
67 59 2746 7009 - - 176 224 11972 | 1329 - 61 55 5164 1448 - 53 50 2026 | 1102 - 138 155 152 566 - 1.52 048 102 225 .73 007 o1 0,04 o012 0.10 | Modal PRE cat
20 5 1127 5 - - 750 7.0 6566 54 - 0z o1 67.4 2 , 00 00 552 04 , 00 00 a1 00 , 027 239 031 066 044 007 021 007 007 003 Modal TP
Mean TWC (pre-bag) 88.0%| 88.4%| 91.2%| 99.3%| - - 63.1%| 64.2% | 72.5% 92.3%)] - 99.7%| 99.8%| 97.3%| 99.8%| - 99.8%| 99.8%| 98.1% | 99.8%| - 99.6%| 99.7%| 99.1%| 99.9%| -
Max. TWC (pre-bag) 88.7% 89.2% 92.8% 99.4% - - 64.8%|  65.8%|  74.8%|  93.8%| - 99.7%|  99.8%| 98.4%|  99.9%) - 99.9% 99.9%|  99.3%|  99.9% - 99.7%|  99.8%|  99.3% 99.9% -
Min. TWC (pre-bag) 87.1%|  87.5%|  89.8%|  99.2% - - 61.4%|  62.6%|  70.7%| _ 90.4%| - 99.7%| _ 99.8%|  96.3%|  09.8%| - 99.8%|  90.8%|  97.2%  99.8% - 99.6%|  99.7%|  99.0% _99.0%| -
Mean TWC (pre-post) 86.4% 86.9% 90.7% 99.3% - - 57.8% 59.3% 71.5% 92.2% - 99.7% 99.8% 96.9% 99.8% - 99.9% 99.9% 98.0% 99.9% - 99.6% 99.7% 99.0% 99.9% -
Max. TWC effectiveness (pre-post) 87.2%| 87.6%| 93.1%| 99.4%| - - 61.4%| 62.6% | 76.1%| 93.0%)] - 99.7%| 99.8%| 98.3%| 99.9%| - 99.9%| 99.9% 99.2% 99.9% - 99.6% 99.7% 99.2% 99.9% -
Min. TWC effectiveness (pre-post) 85.8% 86.2%| 87.9%| 99.2% | 54.6%| 56.6%| 66.9% | 91.6%| 99.6%| 99.8%) 95.2%| 99.7%| 99.9%) 99.8% 97.0% 99.8% 99.6% 99.6% 98.8% 99.9%
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Table 20 Emissions and fuel consumption results from the Fiat Tipo 1.4 vehicle over the constant speed cycle for TWC High S

BOSMAL

Exhaust Emissions Testing Laboratory

BOSMAL and D Institute Ltd

Project custom test cycle - Constant speed (VConst)

thermally stabilised driving - 80 km/h in 5th gear

VIN: ZFA35600006K20252

Vehicle model:

Fiat Tipo 1.4 LPG

Tyres: Continental ContiEcoContact 5 225/45 R17 V XL
Inertia [kg]: 1509 Phase 1 - 80 knvh in 5th gear (hot stabilised) Phase 2 - 80 knvh in 5th gear (hot stabilised) CO, emission Fuel consumption
Mileage b Chassis [mg/km] [mg/km] [g/km] [1/100 km] @ Note 1
ate dyno Test No.
[km] FO/F1/F2 THC NMHC co NOXx PM PN THC NMHC co NOx PM PN P1 | P2 P1 P2
Ageing stage: 0 cycles BAG - MODAL DIL - PRE - POST
45.1 0 0 26 0 0 1.81E+08 0 0 25 0 0.01 1.90E+08 103.7 100.5 6.29 6.24 Bags
-0.87 0 0 26 0 - - 0 0 24 0 - - 103.9 100.6 6.30 6.25 Modal Dil
4523 08.11.2018 L1-0496
0.0390 305 291 2984 2221 - - 300 286 2970 2219 - - 100.3 97.1 6.43 6.38 Modal PRE cat
0 4 34 0 - - 0 0 32 0 - - 105.9 102.6 6.42 6.37 Modal TP
TWC effectiveness per phase| 100.00% 99.96% 98.87% 99.99% - - 100.00%  99.96% 98.92% 99.99% - -
Mean TWC effectiveness (mean of both phases)| 100.00%  99.96%: 98.90% 99.99% - - - - - - - -
Max. TWC effectiveness (max. of both phases)| 100.00%: 99.96% 98.92%: 99.99% - - - - - - - -
Min. TWC effectiveness (min. of both phases)| 100.00%: 99.96%: 98.87%! 99.99% - - - - - - - -
Ageing stage: 250 cycles BAG - MODAL DIL - PRE - POST
45.1 0 0 46 0 0.09 1.67E+09 0 0 38 0 0.17 1.84E+09 104.4 102.9 6.43 6.33 Bags
-0.87 1 [ 46 0 - - 1 0 38 0 - - 104.7 103.1 6.44 6.34 Modal Dil
5899 07.01.2020 L1-0005
0.0390 282 268 3152 2218 - - 272 258 3024 2159 - - 101.1 99.7 6.58 6.47 Modal PRE cat
0 [ 51 0 - = 0 0 42 0 - - 106.8 105.1 6.57 6.47 Modal TP
TWC effectiveness per phase| 100.00%: 99.95% 98.39%| 99.99% - - 100.00%  99.94%  98.61%  99.99% - -
Mean TWC effectiveness (mean of both phases)| 100.00% 99.94% 98.50% 99.99% - - - - - - - -
Max. TWC effectiveness (max. of both phases)| 100.00%: 99.95% 98.61% 99.99% - - - - - - - -
Min. TWC effectiveness (min. of both phases)| 100.00%: 99.94%  98.39%: 99.99% - - - - - - - -
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Appendix 1:
Results of analysis (PP3/2326/2018)
, Requirements for
Mo Parameter Test standard Unit Result 2nmparimn
ASTM D 6667-14
1 | Sulphur content &) me/ke 8.2
PN-EN IS0 3
2 | Density at 15 °C 8973-2000 km/m =43.2
PN-EN 150
Absolute vapor pressure at 89732000 kPa 514 )
temperature 20 °C PMN-EN 589 +
3 Al:2012 app.C
Hydrocarbon composition -
-\:
methane . gi -
ethane gg -
<01
ethene <01 -
propang 44.6 -
38.1
<01
propeng <01 -
. 99
isobutane 111 -
cyclopropane <01 -
<01
n-butane g'gg -
. <01
propadiens <01 -
PN-EM 0.2
1-but ¥ | -
4 Hene 27941:2015-12 = mo 0.2
(A) % (m,/m) T
isobutene . D-l -
<01
2-transbutens <01 -
isopentane 01 -
) 0.1
2-cisbutene : gi -
<01
propeng <01 -
n-pentane <01 -
<01
3-methylbutene-1 z gi -
) <01
1, 3-butadiens <01 -
- ) <01 )
1,2-butadiene <01
<01
above Cs <01 -

Continued on next page
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PN-EN 589+ Dimensionless

5 | Cdour Al:2012 p. 6.3 . imperceptible
app. A (A) quantity

& | water content test PN-C-96008:1998 | Dimensionless not detectad
p. 445 (A) gquantity
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Appendix 2:
Results of analysis (PP3/61/2019)
Mo Parameter Test standard Unit Result HE‘:E:::;:;T:D'
ASTM D 6667-14
1 | Sulphur content [A) me/ke 8.2
PN-EM 150 3
2 | Density at 15 °C 8973:2000 km/m 41T
PN-EN 150
Absolute vapor pressure at 89732000 kPa sa3 )
temperature 20 °C PM-EN 589 +
3 A1-2012 app. C
Hydrocarbon composition -
o
methane - Ei -
ethane ;: -
<01
ethene <01 -
propane 339 -
473
<0.1
propens <01 -
. 54
isobutane 6.7 -
cycdopropane <01 -
<0.1
n-butane igi -
. <0.1
propadiene <01 -
PN-EM 0.2
a Qe -
g | Lbutene 27941:2015-12 . mol 0.3
(&) % (m/m) <01
isobutene - D.l -
<0.1
2-transbutene <01 -
isopentane <01 -
2 0.1
<
2-cisbutene - gi -
<01
propens <01 -
n-pentane <01 -
=01
3-methylbutene-1 :Ei -
<01
1, 3-butadiene <01 -
1 2-butadiene :Ei -
o
above Cs - Ei -

Continued on next page
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PM-EN 589 + - soniless

Odour A1:2012 p. 6.3 '";i’;ﬂ:’lnwe imperceptible
2pp. A [A)
PM-C-26008:1998 | Dimensionless

Water content test 0. 445 (A) quanity not detected
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Appendix 3:

Results of chemical analysis

Parameter Test method Unit Result Requirements
1. amount C1 below 0.1
2. amount C2 2.2
3. amount C3 PN-EN 27941:2015-12 | % m/m 45.7 ctan ;;Ei e
4. amount C4 51.3
5. amount C5 0.7
1. Methane below 0.1
2. Ethane 2.2
3. Ethene below 0.1
4. Propane 44.4
5. Propens 1.3
6. I-butens 18.2
7. propadiene below 0.1
8. n-butene 32.6 not
-EN 2 : - L "
9. 2-trars-butene PN-EN 27941:2015-12 o mjm o1 standardized
10. 1-butene 0.2
11. i-butene 0.2
12, cis-2-butene below 0.1
13. 2,2-dimethylpropane 0.1
14 i-pentane 0.4
15. n-pentane 0.2
16. 1,3-butadiene below 0.1
Maotor octane number, MON PM-EN 583+A1:2012 app. B - 93.6 min. 89.0
Total dienes (including 1,3-butadiene) PM-EN 27941:2015-12 %o mol below 0.1 | max 0.5% mol
Hydrogen sulphide PN-EM 150 BB15:2000 - absent absent
Total sulphur content ASTM D 6667-14 me/kg 29 max 50 mg/ kg
Copper strip corrosion (1h at 40 °C) PM EN 150 6251:2001 - class 1 class 1
Soluble residue PMN-EN 15471:2017-08 mg/kg below 30 max 60 mg/kg
) PMN-EN IS0 8973:2000 +
c o
Relative vapor pressure at 40 °C PN-EN 585+A1:2012 3pp.C kPa 1005 max 1550 kPa
Odour PM-EN 589+A1:2012 app. A - noticeable noticeable
Temperature at which the relative vapor PN-EN 150 8373:2000 + - ; o
pressure is not less than 150 kPa PH-EM 58%+A1:2012 app.C ¢ -13.5 max 10°°C
not not to be
Water content test PM-EM 15469:2009 - detected detected
Density at 15 °C PMN-EM 150 B973:2000 kgifm? 537.8 not

standardized
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Appendix 4:
Results of chemical analysis
Parameter Test method Unit Result Requirements
1. amount C1 below 0.1
2. amount C2 1.5
3. amount C3 PN-EN 27941:2015-12 | % m/m 519 Stan;;tdize i
4 amount C4 46.1
5. amount C5 0.5
1. Methane below 0.1
2. Ethane 1.5
3. Ethene below 0.1
4. Fropane 50.9
5. Propene 1.0
6. i-butene 18.1
7. propadiene below 0.1
&. n-butene 27.0 not
-EMN 2 : - ¥ "
3. 2-trare-butene PM-EN 27941:2015-121 o my,m 04 standardized
10. 1-butene 0.2
11. i-butene 0.2
12, ds-2-butene 0.2
13. 2,2-dimethylpropane below 0.1
14 i-pentane 0.3
15. n-pentane 0.2
16. 1,3-butadiene below 0.1
Maotor octane number, MON PM-EN 589+A1:2012 app. B - 94.0 min. 89.0
Total dienes (including 1,3-butadiene) PN-EN 27941:2015-12 e mol below 0.1 | max 0.5% mol
Hydrogen sulphide PN-EN 150 88152000 - absent absent
Total sulphur content ASTM D 6667-14 mg/kg 29 max 50 mg/kg
Study of corroding activity on the plate — ) ) .
copper (1h at 40 °C) PN EN 150 6251:2001 class 1 class 1
A soluble residue PN-EN 15471:2017-08 mg/kg below 30 | max 60 mg/kg
) . o PN-EN IS0 8973:2000 +
Relative vapor pressure at 40 °C PN_EN 583+A1-2012 app.C kPa 1003 max 1550 kPa
Odour PM-EN 529+21:2012 app. A - noticeable noticeable
Temperature at which the relative vapor
pressure PN-EN IS0 85732000 + °C -13.1 miax 10°C
is not less than 150 kPa PN-EN 583+A1:2012 app.C
not not to be
Water content PM-EN 15469-2009 - detected detected
Density at 15 °C PN-EN 150 8973:2000 kg/m? 534.5 not

standardized
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Appendix 5:
Results of chemical analysis
Parameter Result Test method Requirements
composition of hydrocarbons Cyi-Cs
1. amount C1 below 0.1
— = PN-EN 27941:2015-12 | not standardized
4 amount C4 29.6
5. amount C5 0.5
1. Methane below 0.1
2. Ethane 1.4
3. Ethene below 0.1
4. Propane 67.2
5. Propylene 1.1
6. i-butane 11.9
7. propadiene below 0.1
5. nbutane 17.0 PN-EN 27941:2015-12 | not standardized
9. 2-trans-butene 0.1
10. 1-butene 0.3
11. i-butene 0.3
12, ds-2-butene below 0.1
13. 2.2-dimethylpropane below 0.1
14 i-pentane 0.3
15. n-pentane 0.2
16. 1.3-butadiene below 0.1
Motor octane number. MON 94.3 PN-EM 585+41:2012 app. B min. 89.0
Total dienes (including 1.3-butadiene) below 0.1 PM-EN 27941:2015-12 max 0.5% mol
Hydrogen sulphide absent PHN-EN 150 88192000 lack
Total sulphur content 29 ASTM D 6667-14 max 50 mg/kg
i;‘;‘lﬂl‘ﬁ:t”fé”fc?m“'w on the plate Class 1 PN EN IS0 6251:2001 class 1
A soluble residue below 30 PN-EN 15471:2017-08 max 60 mg/ke
3 PM-EN 150 8973:2000 +
Relative vapor pressure at 40 °C 1132 PN-EN 583+41:2012 app.C max 1550 kPa
Odour noticeable PM-EM 585+A1:2012 app. A noticeable
Temperature at which the relative vapor
pressure -10 [Type A) PN-EN IS0 8573:2000 + miax -5 °C
is not less than 150 kPa PN-EN 589+A1:2012 app.C
Water content test not detected PN-EN 15469:2009 not found
Density at 15 °C . kg/m? 523.6 PN-EN 150 8973-2000 not standardized
Calorific value kl/kg 4060 PN-C-96008:1958 min 45220
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Appendix 6:
Results of chemical analysis
Parameter Test method Unit Result Requirements
Total sulphur content ASTM D 6667-14 mg/ kg 29 max 50 mg/kg
PM EN 150 62512001 - class 1 class 1

Copper strip corrosion (1h at 40 °C)

Appendix 7:
Making our world more produclive
LINDE GAZ POLSKA SP.20.0. Order number:
Cylinder number:
ul. prof. Michala Zyczkowskleg Cylinder owner:
P-31-864 KRAKOW Cylindor volume [1):
CERTIFICATE Class 1
DIN EN ISO 6141

A
Components Nominal value | Actual value | ™ ':'“';""V——
propane 30,0 % 30,5 % 2

butane Balance

Indications in percent and ppm are to be interpreted as ideal parts per volume. All indications of
volume are related to STP (1013 mbar; 273,15K )
The results are certified on the basis of analytics

'lwunduuewandedmmuumw(mbmrktz)

Pressure [15* C}:

Contents: 21,002 kg

Stability: 12 months

Valve outlet: 01 DV-TR

Order: 315790914 / 000020
Your Order: PL1-12460

Min. storage temperature:
Min. pressure of utilization:
Rec. usage temperature:

Net weight [Kg]

Not appicable

10°C-30°C

21,002

Cylinder with ¢ip tube and double valve.
Helium headpressure 15 bar
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Appendix 8:
Translation of: REPORT NO. 33/TCH/2018-1
Mo Parameter Result Test standard Unit Requirement
1 | SumC3 0.7
PM-EM
2 | SumcCad 693 P %mal/maol
3 [ =<c3,>ca 01 25741:2015-12
Hydrocarbon com position
methane <0.1
ethane <0.1
ethens <0.1
propane 30.7
propeng <0.1
iscbutane <0.1
ropadiens <0.1
ﬁ-bstane 0.1 PN-EN
4 = — 27941:2015-12 % mol
isobutens <0.1 (A)
2-transbutene <0.1
1-butene <0.1
i-butene <0.1
2-cis-butene <0.1
2 2-dumethylpropane <0.1
i-pentane <0.1
n-pentans <0.1
1,3-butadiene <0.1
5 Motor octane number (MOM) 91 FN-EN [ Min. 89.0
589+A1:2012 T
PM-EM
53 Total alkene content <0.1 37941-9015-12 % mol Max. 0.5
. PM-EN 150 Mot to be
7 Hydrogen sulphide Mot detected 8819-7000 [-1 detected
50 (10 for
ASTM D 6667-
2 Total sulphur content <0.1 mg,/kg reference
14
LPG)
PM-EN 150
i i m o - (4
9 Copper strip corrosion (1hat40°C) | Class 1 £751-7001 [-1 Class 1
10 Soluble residue <30 PN-EN mgke Max. 60

15471:2017-08
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APPENDIX - COMPLEMENTARY STUDY: CHEMICAL ANALYSES OF THE AGED TWCS

ABSTRACT

Aged three-way catalytic converters (TWCs) were subjected to chemical analyses using advanced
laboratory methods. The aim was to quantify quantitative and qualitative differences in the
samples, which had been exposed to exhaust gas generated by light duty engines running on two
fuel types (CNG, LPG) and with two different sulphur levels (Low, High). Vehicle tests showed that
the CNG TWC conversion efficiency was sensitive to sulphur content, while this was not the case
for the LPG TWC. At the end of the vehicle tests, it was assumed that this was due to a better
desulphation process in the LPG TWC, due to differences in equivalence ratio at high load between
the two powertrain types (lean burn with CNG and rich mixture with LPG). The purpose of this
study was to check and provide evidence for this assumption. Significant differences between the
TWCs’ inlet and outlet faces were quantified, as well as differences between the edges of the
monolith channels and the channels themselves. The TWCs dedicated to the CNG engine had
significantly higher sulphur content than their LPG counterparts; however, no positive correlation
between fuel sulphur level and TWC sulphur abundance was evidenced by the results. The
different measured sulphur levels between the CNG and LPG TWCs are likely to support the fact
that the desulphation process occurs more in LPG operating conditions than in CNG operating
conditions. However, the fact that the high-sulphur CNG and the low-sulphur CNG TWCs show the
same level of sulphur, whereas the high-sulphur CNG TWC lost much more conversion efficiency
shows a non-systematic relationship between the sulphur content of the analysed TWCs and their
conversion efficiency. Because of the fact that empirical findings did not directly link the TWCs’
sulphur content with their conversion efficiency, the analysis remains inconclusive regarding its
initial assumption of a better desulphation process occurring in the LPG TWC.

DESCRIPTION AND IDENTIFICATION OF THE OBJECTS TESTED

The objects of the tests were four original aftertreatment systems (three-way catalysts, TWCs)
two of which were dedicated to the Lancia Y 0.9 Twin Air CNG application and two of which were
dedicated to the Fiat Tipo 1.4 T-Jet LPG application. Within each sub-group, one TWC was denoted
as ‘Low S’, and ‘High S’. The four test objects are identified in Table 1.

Table 1

Data of the test objects

Parameter

CNG Low S CNG High S

TWC Low S TWC High S

Exhaust aftertreatment
system type

Close-coupled three-way
catalytic converter

Close-coupled three-way
catalytic converter

Approx. monolith
volume [dm?3]

1.0

1.4

Total PGM content
[¢/ft’]; [¢/dm’]

200; 7.063

150; 5.30

PGM content
(Pt:Pd:Rh)

0/192/8 (0:24:1)

0:145:5 (0:29:1)

Intended application

Aftertreatment system for
Lancia Ypsilon (Y) 0.9
Twin Air CNG

Aftertreatment system for
Fiat Tipo 1.4 T-Jet LPG
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Prior to their use in this study, the four test objects had previously been the subject of two
experimental programmes had been carried out to assess the impact of fuel sulphur level on TWC
emissions performance (conversion efficiency) [1], [2].

INTRODUCTION; OBJECTIVE OF THE TESTS

Physicochemical characterisations of aged aftertreatment for spark ignition engines (three-way
catalysts - TWCs) were carried out in order to assess the impact of variable ageing conditions on
the TWCs themselves. Results were obtained in order to provide further insight into the conversion
efficiency of the TWCs, which had been previously assessed in separate studies. Two samples were
taken from each test object (TWC), one representing the TWC inlet (upstream face) and the other
representing the TWC outlet (downstream face). Each sample was analysed using the following
combinations of techniques:

e  SEM/EDS (Scanning Electron Microscopy with Energy Dispersive Spectroscopy)

e  WD-XRF (Wavelength Dispersive X-ray Fluorescence) and ICP-OES (Inductively coupled plasma
- optical emission spectrometry).

As mentioned previously, two experimental programmes had been carried out to assess the impact
of fuel sulphur level on the performance of the TWCs identified in Table 1 in eliminating regulated
emissions. Overall, the results showed variable impacts of fuel sulphur on the test objects [1],
[2]. The first study (on CNG fuel - [1]) focused on TWCs for a light-duty nominally stoichiometric
CNG engine and showed a relatively clear, noteworthy deterioration in TWC conversion efficiency
(i.e. an increase in regulated exhaust emissions) following ageing on CNG fuel of higher sulphur
content. In the case of CNG, it was concluded that significant sulphur-driven deactivation
(chemical poisoning) took place. Despite the relatively high temperatures and non-static exhaust
gas conditions encountered during the highly intensive ageing procedure conducted on the CNG
engine, it was adjudged that the TWC was not effectively purged of sulphur, or at least at a rate
well below the rate at which sulphur accumulated. Differences in emissions performance
(comparing low sulphur fuel to high sulphur fuel) increased over time. The second study (on LPG
fuel - [2]) was conceptually very similar to the first, but performed on TWCs for a light-duty,
nominally stoichiometric LPG application. That study showed a markedly different trend, namely
that TWC performance showed essentially no significant response to LPG fuel sulphur level, even
following extensive ageing. In the case of LPG, it was adjudged that the combination of high
temperature and exhaust gas of highly variable composition originating from the engine used for
ageing - from well below stoichiometry (i.e. A<1) at full load to fuel cut-off (i.e. A>>1) - enabled
passive regeneration of the TWC in the form of sulphur purging.

In order to test these hypotheses and further examine the implications, chemical characterisations
were undertaken to investigate differences between the four test objects: CNG-dedicated TWC
aged on low-sulphur fuel, CNG-dedicated TWC aged on high-sulphur fuel, LPG-dedicated TWC aged
on low-sulphur fuel and LPG-dedicated TWC aged on high-sulphur fuel. Differences were examined
according to three distinct (but related) comparison criteria, as shown in Table 2.

Table 2 Comparison matrix for the four test objects

Impact of fuel sulphur level CNG low S vs CNG high S LPG low S vs LPG high S
. . . . LPG high S:

Intra-TWC differences . CNG low 5: . CNG high S: . LPG low S: inlet vs

inlet vs outlet | inlet vs outlet | inlet vs outlet outlet

Impact of TWC specification and
application/fuel-specific ageing

CNG (both TWCs) vs LPG (both TWCs)
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3.1

3.2

4.1

SCOPE AND METHODS OF THE TESTS
Preliminary sample preparation

All test objects (TWCs) had been stored, in their “as found” state (following ageing) at room
temperature for at least 12 months. During that time, the TWCs’ inlets and outlets were
unobstructed, meaning that the monoliths were exposed to indoor ambient air, but with no direct
exposure to exhaust gas.

The monoliths were removed from the aftertreatment system canning by carefully cutting open
the metal casing. The monoliths were handled with care and stored in a clean environment.

Next, a section of each of the test objects was taken, corresponding to the upstream and
downstream faces (inlet and outlet). A precision saw was used to cut perpendicular to the edge
of the monolith, thus creating a narrow disk of approximate thickness 10 mm. This sample was
cut in half: half was ground into a fine powder for use in the analyses focusing on the overall
chemical composition (WD-XRF and ICP-OES), while the other half was further divided in order to
expose the channels running through the sample (i.e. parallel to the direction of flow of the
exhaust gas), thus enabling examination of those areas via scanning electron microscopy (SEM).

Sample preparation for WD-XRF and ICP-OES analysis
The samples mentioned in point 3.1 were thoroughly ground in a ceramic mortar then pressed in

a manual press in order to convert them to a form suitable for use in the analytical equipment
employed (and in accordance with BOSMAL/I-7-43/06).

DESCRIPTION AND RESULTS OF THE TESTS

Measuring equipment
The specifications of the measuring equipment are shown in Table 3.

Table 3 Data of measuring devices

Device Name Type Identifying Appllc§ble BO§MAL test
No. instruction
Analytical balance Radwag B/5341/BMC
ICP-OES spectrometer Optima 8300 X/5407/BMC BOSMAL/I1-7-43/06
WD-XRF spectrometer Rigaku ZSX Primus I X/5403/BMC BOSMAL/1-7-90/02

Note: see [1] and [2] for detailed descriptions of all equipment and measuring devices used in the
ageing and emissions testing of the test objects carried out prior to this study.
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Test results

WD-XRF and ICP-OES results for CNG TWCs

Results are shown in tabulated form below. The platinum group metals (PGM; Pt Pd and Rh) are
shown in pure elemental form, while results base metals and other elements are shown on the

basis of the element existing in the oxide form dominant at room temperature - i.e. Mg is shown
as MgO; Al is shown as Al,0;, etc.

Table 4 Quantitative results from WD-XRF and ICP-OES for CNG TWCs

TWC 1 TWC 1 TWC 2 TWC 2 CNG
Element CNG LOW S IN CNG LOW S OUT CNG HIGH S IN HIGH S OUT
Test results [%] )
Pt 0.013 0.010 0.017 0.012
Pd 1.2 1.0 0.89 0.79
Rh 0.027 0.025 0.028 0.026
Compound Test results [%] ?
Na,0 <0.02 ® <0.02 ® 0.14 0.10
MgO 7.5 6.1 5.4 7.7
AL O3 38.0 43.8 40.3 43.1
Si0, 23.5 19.2 17.6 23.6
P,0s 1.3 0.16 1.7 0.43
SO;3 0.37 0.26 0.38 0.17
K,0 0.028 0.025 0.024 0.029
Ca0 0.48 0.13 0.63 0.38
TiO, 0.55 0.57 0.51 0.51
Mn,04 <0.02 © < 0.02 @ <0.020 <0.02 ¥
Fe,0; 0.64 0.52 0.59 0.56
NiO 0.092 0.028 0.080 0.042
CuO < 0.02 @ <0.02 0¥ 0.042 <0.02 ®
Zn0 <0.02 @ <0.02 @ 1.6 0.22
SrO <0.02 G < 0.02 @ <0.020 <0.02 ¥
Y,03 <0.02 G <0.02 @ <0.02 ©® <0.02 @
7Zr0O, 11.6 13.3 13.7 10.3
BaO 2.3 2.0 2.4 2.1
Ce0, 7.9 9.5 10.0 7.0
Pr¢Oy4 0.95 1.1 0.94 0.66
Eu,05 < 0.02 @ <0.02 0 <0.02 © <0.02 @
HfO, 0.47 0.54 0.57 0.35
Nd,0; <0.02 G <0.02 @ <0.02 0 <0.02 ¥

™ mean result from WD-XRF and ICP-OES method
@ results from WD-XRF method
3 result under method limit of quantification

As the results relate to measurements made from directly comparable samples, comparisons
within and between the test of object for a given fuel type can be made. The results of a numerical
comparison of this type are shown in Tables 5 and 6.
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Table 5 Comparison of quantitative PGM results from WD-XRF and ICP-OES for CNG TWCs.
Relative comparison of PGM abundances measured from CNG test
Element objects (0%=numerically identical)
Inlet vs Inlet Outlet vs Outlet Low In vs Out High In vs Out
Pt 27% 18% 26% 29%
Pd 30% 23% 18% 11%
Rh 4% 4% 8% 7%

Table 6 Comparison of quantitative elemental results from WD-XRF for CNG TWCs

Relative comparison of PGM abundances measured from CNG test

objects (0%=numerically identical)

Compound Low: Inlet vs High: Inlet vs
Inlet vs Inlet Outlet vs Outlet Outlet Outlet
Na,0 N/D N/D N/D 29%
MgO 33% 23% 21% 43%
ALOs 6% 2% 14% 7%
Sio, 29% 21% 20% 34%
P,05 27% 92% 156% 75%
SO, 3% 42% 35% 55%
K,O 15% 15% 11% 21%
Ca0 27% 98% 115% 40%
Tio, 8% 11% 4% 0%
Mn,0; N/D N/D N/D N/D
Fe,0, 8% 7% 21% 5%
NiO 14% 40% 107% 48%
Cuo N/D N/D N/D N/D
7n0O N/D N/D N/D 86%
SrO N/D N/D N/D N/D
Y,0, N/D N/D N/D N/D
Zr0, 17% 25% 14% 25%
BaO 4% 5% 14% 13%
La,0; 14% 17% 0% 27%
CeO, 23% 30% 18% 30%
PreO:4 1% 50% 15% 30%
Eu,0, N/D N/D N/D N/D
HfO, 19% 43% 14% 39%
Nd,0; N/D N/D N/D N/D
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Generally speaking, the CNG test objects showed relatively high differences between the inlet
and outlet PGM levels. However, the absolute levels for Pt are very low, meaning very small
absolute differences equate to large relative differences. Comparisons for other compounds
showed variable trends, with large relative differences observed in some cases (notably for
phosphorous). The main assumed source of phosphorous is lubricating oil (and possibly fuel
contaminants), yet the same oil type meeting the ACEA A3 standard was used for ageing (and
indeed testing) of the test objects. However, the low absolutely abundances of many of the
compounds quantified should be borne in mind when considering results of this type. Certain
compounds with higher abundances showed relatively modest differences for both intra- and inter-
sample comparisons, including the most abundant compound, Al,0;. Lacking a control (i.e. an
unaged TWC of identical type), it was not possible to determine to what extent the observed
differences resulted from inherent differences between the TWCs (and indeed their inlet and
outlet faces), as opposed to fuel-specific ageing effects. In this context, and in light of the CNG
emissions trends presented in [1], the lack of an overall positive correlation between CNG sulphur
level and the measured abundance of sulphur in the samples would appear to be a potentially
significant finding warranting further investigation.

WD-XRF and ICP-OES results for LPG TWCs

Results are shown in tabulated form below. As mentioned in the previous section, PGM are shown
in pure elemental form, while results base metals and other elements are shown as oxides.
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Table 7 Quantitative results from WD-XRF and ICP-OES for LPG TWCs

TWC 3 LPG TWC 3 LPG TWC 4 LPG TWC 4 LPG
Element LOW S IN LOW S OUT HIGH S IN HIGH S OUT
Test results [%]
Pt 0.017 0.017 0.017 0.016
Pd 0.67 0.56 0.67 0.61
Rh 0.021 0.015 0.016 0.015
Compound Test results [%] )
Na,0 0.22 0.080 <0.02 ® <0.02 ®
MgO 2.8 4.4 3.7 3.9
AL, 04 51.5 52.8 52.1 54.7
Si0, 9.3 14.5 11.5 12.3
P,05 2.5 0.20 2.0 0.070
SO;3 0.14 0.063 <0.02 ® 0.058
K,0 2.2 0.16 0.088 0.045
Ca0 0.35 0.075 0.15 0.050
TiO, 0.27 0.36 0.27 0.34
Mn,0; < 0.02 @ <0.02 @ <0.02 ® <0.02 ®
Fe,03 0.82 0.72 0.80 0.70
NiO 0.031 0.030 0.036 0.033
CuO 0.10 < 0.02 @ 0.082 <0.02 ¥
Zn0 1.4 0.27 <0.02 ¥ 0.091
SrO 0.066 0.075 0.10 0.080
Y,0; <0.02 @ <0.02 @ 0.017 0.016
7r0, 10.6 10.2 11.0 10.7
BaO 3.1 3.2 3.4 2.9
La,03 0.65 0.60 0.69 0.56
CeO, 10.7 9.5 10.7 10.3
Pr¢Oy44 <0.02 @ <0.02 @ <0.02 ® <0.02 ®
Eu,03 < 0.02 @ <0.02 @ <0.02 ¥ <0.02 ¥
HfO, 0.48 0.48 0.50 0.48
Nd,05 1.2 1.1 1.2 1.1

™ mean result from WD-XRF and ICP-OES method
@ results from WD-XRF method
3 result under method limit of quantification

Numerical comparisons of the results are shown in Tables 8 and 9.
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Table 8 Comparison of quantitative PGM results from WD-XRF and ICP-OES for LPG TWCs.

Relative comparison of PGM abundances measured from LPG test

Element objects (0%=numerically identical)
Inlet vs Inlet Outlet vs Outlet Low In vs Out High In vs Out
Pt 0% 6% 0% 6%
Pd 0% 9% 18% 9%
Rh 27% 0% 33% 6%

Table 9 Comparison of quantitative elemental results from WD-XRF for LPG TWCs.

Compound

Relative comparison of PGM abundances measured from LPG test

objects (0%=numerically identical)

Inlet vs Inlet

Outlet vs Outlet

Low: Inlet vs
Outlet

High: Inlet vs
Outlet

NazO

N/D

N/D

93%

N/D

MgO

28%

12%

44%

5%

AL,O;

1%

4%

2%

5%

Si0,

21%

16%

44%

P20s

22%

96%

170%

S0;

N/D

8%

76%

K:0

185%

112%

173%

Ca0o

80%

40%

129%

TiO,

29%

Mn203

N/D

FEZO3

13%

NiO

3%

CuO

N/D

Zn0O

135%

SrO

13%

Y,0;

N/D

ZrOZ

4%

BaO

9%

3%

La203

8%

CeOZ

12%

PrgO1;

N/D

EU203

HfO,

Nd,05
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Overall, the LPG test objects showed somewhat better agreement in terms of PGM levels
compared to the CNG test objects, as regards both intra- and inter-TWC comparisons. As with the
CNG test objects, comparisons for other compounds showed variable trends, with large relative
differences observed in some cases (phosphorous, potassium, calcium and zinc). As in the case of
the CNG test objects, the same oil type, which met the ACEA A3 standard, was used for ageing
(and indeed testing) of the test objects. However, the low absolute abundances of many of the
compounds quantified should be borne in mind when considering results of this type. As expected,
compounds with higher abundances showed smaller differences in intra- and inter-sample
comparisons. Due to the lack of control measurements, no concrete conclusions can be drawn on
the causes and origins of the observed differences in abundance. However, the lack of an overall

positive correlation between fuel sulphur level and observed sample sulphur abundance is a finding
of potential significance.

4.2.3 SEM results for CNG TWCs

SEM analyses were carried out on samples from the inlet and outlet faces, with sample preparation
as described in section 3.1, with the obvious exclusion of the grinding and homogenisation step,
since the samples were analysed from the structural point of view, with a clear distinction made
between the monolith channels themselves and the intersection where the channel was bounded
by the channel walls. The aforementioned location types are hereafter referred to as ‘Channel’
and ‘Edge’, respectively.

SEM images of the CNG test objects are shown in Annex 1. To serve as a guide, a sample result set
is shown in Figure 1.

a) b) c) d)

Montaged Map Data

o titaged Map Data Montaged Map Data
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Figure 1 Sample SEM result set for a single location. a) map showing the location of indicated
areas 1 and 2 (s1, s2); b) spectrograms for areas s1, s2; c) intensity-based map; d)
map showing four chosen elements (Pd, Rh, S, Fe).
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Each sample (inlet or outlet) was mapped 5 times; each map (panel a) in the figure above)
contained a minimum of 2 indicated areas (s1, s2), in some cases supplemented by examination
of a further area (s3) at the SEM operator’s discretion. Thus, each sample was subject to a
minimum of 10 measurements. The sites at the 5 locations (s1, s2) represented the edges and
channels, with those two sites differentiated by eye, making use of the characteristic form of the
wall and the elements associated with its core and boundaries to identify edges (refer to the
intensity-based map - Figure 1, panel c)); the channel was simply the area between two edges,
i.e. within the walls.

Panel b) presents the quantitative spectrograms for s1, s2. In panel c), the intensity-based map
shows the distribution of elements with the highest abundances, which are dominated by base
metals and oxygen. For that reason, panel d) shows the same map showing the four selected
elements of primary interest in the context of this study: Pd and Rh, being the PGM species present
in the test objects according to the manufacturer’s specification; S, as the focus on the
investigations and the independent variable in the ageing studies; and Fe as a tracer species for
potential contamination introduced by material originating from engine wear and/or steel saw
blades used in sample preparation. Regarding the final point, it can be stated that no direct
evidence of any ferrous contamination was observed in any of the samples; however, exhaustive
investigation of this aspect would require a control in the form of a sample which had not been
exposed to neither engine ageing, nor to ferrous saw-blades.

SEM results for LPG TWCs

SEM analyses were carried out in an identical fashion to those performed on the CNG samples, as
described in the previous section.

SEM images of the LPG test objects are shown in Annex 2. As with the CNG samples, it can be
stated that no direct evidence of any ferrous contamination was observed.

GRAPHICAL COMPARISONS OF WD-XRF RESULTS; FURTHER DISCUSSION

The following figures present comparisons of the results presented in Tables 4 and 7, together
with brief discussions of key observations. Results for compounds for which the measured value
was below the limit of quantification are not shown in the figures.

As the desired functionality of a TWC is provided - above all - by PGM, the measured abundances
of PGM from the test objects can be considered among their most fundamental characteristics.
Results of that type are shown graphically in Figures 2 and 3 for the CNG test objects.
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Figure 2 Pd abundance in the CNG test objects, measured by WD-XRF.
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Figure 3 Rh abundance in the CNG test objects, measured by WD-XRF.

89



L(Concawe report no. 7/23

90

Figures 4 and 5 show equivalent results for the LPG test objects.
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Figure 4  Pd abundance in the LPG test objects, measured by WD-XRF.
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Figure 5  Rh abundance in the LPG test objects, measured by WD-XRF.

As the figures above show, a general trend could be observed for higher Pd and Rh abundances at
the inlet than out the outlet of a given test object. However, the results suggest that in some
cases differences in abundance were present between test objects of the same type. For example,
the Pd abundances in the CNG test objects were measured as being lower in the case of the High
unit (Figure 2). The same can be said for the case of Rh for the inlet sample of the LPG units
(Figure 5). These measured differences, while rather large in relative terms, are relatively modest
in absolute terms and may not necessarily be fully representative of the composition of the test
objects.
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Base metals including Al, Ce, La, Ba and Zr also play important roles in co-catalysis, oxygen
storage, general promotion, structural support and overall stabilisation [3]; results for those five
elements, plus Si and Mg are shown in the figures below; Al is shown separately due to its high
abundance. Results of that type are shown graphically in Figures 6 and 7 for the CNG test objects.
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Figure 6  Abundances of selected compounds in the CNG test objects, measured by WD-XRF.
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Figure 7  Abundance of Al,O; in the CNG test objects, measured by WD-XRF.
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Figures 8 and 9 show the same results for the LPG test objects.
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Figure 8  Abundances of selected compounds in the LPG test objects, measured by WD-XRF.
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Figure 9  Abundance of AlL,O; in the LPG test objects, measured by WD-XRF.

As the independent variable in the TWC ageing studies ([1], [2]) was fuel sulphur content, and as
both PGM and base metals present in TWCs are well-known to suffer adverse impacts to their
functionality caused by sulfation [3], the measured abundance of sulphur in the test objects was
a key point of interest in this study. Results of that type are shown graphically in Figure 10. As
with the distribution of PGM, it should be recalled that the measured abundances from the inlet
and outlet face samples are not necessarily representative of the holistic value applicable to the

entire monolith.
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Figure 10 Sulphur abundance in all samples from all test objects, measured by WD-XRF.

As Figure 10 clearly shows, the CNG test objects’ sulphur abundance was much higher than that
of the LPG test objects, with differences being 264-412% for direct comparisons of all samples
except for CNG/LPG High S Inlet, for which the measured difference was an extreme outlier (38-
fold). With the exception of the aforementioned outlying result, a finding of this type was broadly
expected, due to the test objects’ emissions performance following ageing (see [2] for a discussion
of this aspect). As regards the source of sulphur as an input to the system, the fuels used in [1]
and [2] featured sulphur levels of a comparable order of magnitude; the total quantity of fuel
consumed is not identical for the CNG engine and LPG engine employed in the ageing studies, but
again the total mass of fuel consumed can be considered to be of the same order of magnitude,
since the energy demand of the ageing procedures used on the engines showed limited differences;
furthermore, the number of cycle repetitions was identical for both studies/engines.

In order to allow visual comparison, the two sets of results are plotted separately below in Figures
11 and 12.
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Figure 11  Sulphur abundance in samples from CNG test objects, measured by WD-XRF.

For the CNG test objects, there was a clear tendency for the inlet sample to have a higher sulphur
abundance than the outlet. The impact of fuel sulphur level was variable: the inlet abundances
were essentially identical (difference <3%), thus giving no correlation between that parameter
and the fuel sulphur level. The outlet abundances revealed an in verted correlation, since the
sample aged on high sulphur fuel showed a lower abundance of that element (difference 35%).
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Figure 12 Sulphur abundance in all samples from LPG test objects, measured by WD-XRF.
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For the LPG test objects, there was a large difference between the inlet abundances (55%), again
showing an inverse correlation with the fuel sulphur level, as was the case with the CNG units.
While the outlet abundances were similar for both LPG test objects (difference <8%), the inlet
abundance of the LPG High S unit was at a very low level, showing different behaviour than the
other three test objects, for which Siyet>Soutier in all cases.

While WD-XRF results are obtained from homogenised samples which present a holistic
representation of the overall chemical composition of the cross section, the inlet and outlet
samples are not necessarily representative of the entire volume of the monolith from which they
were taken. Especially for TWCs which have been subject to extended high-temperature ageing
(as was the case with all four test objects examined in this study), the formation of cracks and
other small-scale mechanical defects may lead to uneven flow through the monolith, since the
exhaust gas stream will have a tendency to follow the path of least resistance. In light of the
possibility the aforementioned effects contributing (at least somewhat) and their evident
implications for emissions performance, it can be stated that further analysis of additional samples
taken from the inlet and outlet zones, as well as intermediate points, would significantly reduce
the uncertainty associated with the measured abundances. (Note however, that quantitative
assessments of sulphur abundance obtained via the SEM method are also available from this study
and are indeed presented in the following section of this report.)

When reviewing the results for abundance of sulphur, an important consideration is the baseline
level of that element which was present in the test objects before any ageing was carried out -
and to what degree this might differ between the inlet and the outlet and between test objects.
The abundance of sulphur atoms in pristine (unaged) TWCs was not assessed in this study, since
all test objects had been aged, as described previously. Despite conducting exhaustive enquiries,
it was not possible to obtain quantitative S abundances for the test objects, nor for other TWCs
of similar type. It was, however, confirmed that while industry-standard ceramics (cordierite) do
not include S atoms in their idealised structures [4], [5], the raw mineral sources that are used to
produce monoliths and other elements of the TWC typically include low but measurable quantities
of sulphur. Various additives used prior to the extrusion process [4] may also contain at least some
sulphur; a certain proportion of the sulphur from the aforementioned sources is inevitably carried
over into the final product. High-temperature kiln firing - the final stage of the monolith
manufacturing process [4] - removes a range of impurities and can be assumed to result in all
remaining S atoms present in the fired monolith being in a form which will not have a detrimental
impact on TWC performance. That is to say, a certain abundance of S atoms will remain in the
monolith, not present in the elemental form, but within compounds which have survived the kiln
firing process and are therefore by definition stable at very high temperatures. The quantitative
abundance and qualitative distribution of S atoms may vary somewhat between TWCs, although
TWCs of the same type, from the same manufacturer and originating from identical or closely-
spaced production batches are likely to have at least similar levels and distributions of S atoms.
However, the same assertion cannot be made with the same degree of confidence when comparing
monoliths of different type, especially where they were produced some time apart and possibly
by different manufacturers. As the experimental work performed in this study (and in the ageing
studies themselves [1], [2]) did not include analysis of pristine (unaged) TWCs, it is not possible
to comment any further on the observed tendencies for sulphur abundances in the test objects.
Specifically, the question as to what proportion of the measured sulphur abundance present in
the test objects prior to any ageing being carried out cannot be answered without further
measurements carried out on equivalent test objects or supply of such data from a third party.
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GRAPHICAL COMPARISONS OF SEM RESULTS; FURTHER DISCUSSION

While SEM results may be understood as being primarily qualitative in nature, the mapping process
generates quantitative data, which may be used to examine elemental abundances in the areas
examined. As each sample was mapped 5 times, and as each map area contained at least 2
indicated areas, quantitative data obtained from those areas could be collated and processed to
produce a mean measured abundance, together with associated uncertainty. The division of sites
into edge and channel categories was maintained. Based on this approach, quantitative plots were
produced based on data obtained via SEM analysis. In analysing these results, it is important to
recall certain points:

e the relatively limited number of measurements and the relatively high uncertainty
associated with each measurement - reflected in the magnitude of the error bars in the
plots below,

e the non-holistic nature of the SEM technique and the arbitrary choice of the indicated areas,

e the potential for strong shielding effects owing to limited electron penetration through the
washcoat,

e the fact that SEM response is proportional to atomic mass (and is therefore significantly
weaker for light elements such as sulphur than for PGM).

Figures 13 and 14 show results for the CNG test objects, separated according to the nature of the
indicated sites (edge/channel), as well as by sample type (inlet/outlet).
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Figure 13 Abundances S, Pd and Rh in the inlet samples of the CNG test objects, measured by
SEM and divided by nature of site.
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Figure 14 Abundances S, Pd and Rh in the outlet samples of the CNG test objects, measured by
SEM and divided by nature of site.

Due to the large disparity in abundance between Pd and Rh (and S, in certain cases), the same
plots are shown below without palladium.
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Figure 15 Abundances S and Rh in the inlet samples of the CNG test objects, measured by SEM
and divided by nature of site.
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Figure 16 Abundances S and Rh in the outlet samples of the CNG test objects, measured by SEM
and divided by nature of site.

A fundamental observation relates to the fact that calculated uncertainty values are for the most
part very high - often significantly higher than the mean value of the measurements. For
comparisons of abundances of PGM and S between test objects (i.e. Low vs High), the WD-XRF
results are considered a much more reliable source, although the holistic abundance values
generated by that technique are unable to distinguish between edges and channels. Differences
in abundance were observed between edges and channels; some such differences appeared to be
significant, despite the significant uncertainty associated with each measurement (and each
calculated mean value). Abundances of Pd were much higher at edge sites than channel sites; for
S this effect was in evidence at the inlet, but for Rh at the inlet and Rh and S at the outlet the
low abundances of those elements and the very high uncertainty mean that no real trend is
discernible.

As the co-occurrence of sulphur on PGM was a principle point of interest, and since quantitative
SEM data were available for S, Pd and Rh, those data were co-plotted, again divided by
edge/channel and inlet/outlet. For reasons of clarity, the datapoints are shown without error
bars.
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Figure 17 Co-plot of S and Pd abundances for the edge sites of samples from the CNG test
objects, measured by SEM.
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Figure 18 Co-plot of S and Pd abundances for the channel sites of samples from the CNG test
objects, measured by SEM.
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Figure 19 Co-plot of S and Rh abundances for the edge sites of samples from the CNG test
objects, measured by SEM.
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Figure 20 Co-plot of S and Rh abundances for the channel sites of samples from the CNG test
objects, measured by SEM.
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As the figures above show, the main difference between edge and channel sites was in terms of
the abundances of both Pd/Rh and S, which were much higher at edge sites. In all cases, no clear
correlational trend between the abundance of S and Pd or Rh was apparent at edge or channel
sites, especially when considering the uncertainty associated with the measurements (not shown
in the plots).

Equivalent plots for the SEM measurements performed on the LPG test objects are shown in Figures

21-28.
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Figure 21 Abundances S, Pd and Rh in the inlet samples of the LPG test objects, measured by
SEM and divided by nature of site.
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Figure 22 Abundances S and Rh in the inlet samples of the LPG test objects, measured by SEM
and divided by nature of site.
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Figure 24 Abundances S and Rh in the inlet samples of the LPG test objects, measured by SEM
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Figure 25 Co-plot of S and Pd abundances for the edge sites of samples from the LPG test
objects, measured by SEM.
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Figure 26 Co-plot of S and Pd abundances for the channel sites of samples from the LPG test
objects, measured by SEM.
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Figure 27 Co-plot of S and Rh abundances for the edge sites of samples from the LPG test
objects, measured by SEM.
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Figure 28 Co-plot of S and Rh abundances for the channel sites of samples from the LPG test
objects, measured by SEM.

The observed tendencies for the LPG test objects were, generally speaking, similar to those
observed for the CNG test objects, as described above. Only Pd showed edge/channel
differentiation considered likely to be significant. The lack of any significant correlation regarding
co-location of S and Pd/Rh was apparent from the co-plots of results for those elements.

7  FINAL CONCLUSIONS

Aged three-way catalytic converters (TWCs) were subjected to chemical analyses using advanced
laboratory methods. The aim was to quantify quantitative and qualitative differences in the
samples, which had been exposed to exhaust gas generated by light duty engines running on two
fuel types (CNG, LPG) and with two different sulphur levels (Low, High). Vehicle tests showed that
the CNG TWC conversion efficiency was sensitive to sulphur content, while this was not the case
for the LPG TWC. At the end of the vehicle tests, it was assumed that this was due to a better
desulphation process in the LPG TWC, due to differences in equivalence ratio at high load between
the two powertrain types (lean burn with CNG and rich mixture with LPG). The purpose of this
study was to check and provide evidence for this assumption. Investigations using WD-XRF, ICP-
OES and SEM techniques permitted quantification of certain observable differences between the
test objects and between the two samples taken from each test object. However, trends were not
consistent in all cases. While the CNG test objects showed much higher abundances of sulphur
than their LPG counterparts, the key parameter of interest, namely TWC sulphur content, was not
observed to correlate with the sulphur level of the fuel used for ageing (i.e. high vs low). This
finding is unexpected, especially given the fact that for the CNG TWCs, a significant accumulation
of sulphur was expected, as attested to by the emissions results [1]. The possibility of removal of
sulphur atoms from the test object during the ageing process (and even during emissions testing)
is mentioned in [1] and discussed in detail in [2]. A lack of quantitative information on the
distribution of sulphur atoms throughout the test objects’ entire volume - as well as on the sulphur
content of the test objects in their pristine state - currently precludes further analysis of this
point. The limited number of sites chosen for the SEM analyses affects the statistical significance
of the quantitative SEM results and imposes certain limitations on the qualitative conclusions
which can be drawn from the SEM images and accompanying data. Quantitative SEM results where
the measured weight concentration was zero (or very close to zero) mean that the uncertainty of
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the mean value taken from the limited number of observations is high and observed differences
are, in many cases, very unlikely to be statistically significant. Thus, considering the overall
statistical significance of the quantitative SEM results, as well as the inherent limitations of the
SEM technique concerning sensitivity to elements of lower atomic mass (such as sulphur), no
definitive conclusions could be drawn regarding the potential existence of a significant correlation
concerning the co-occurrence of S and Pd (or Rh). Further factors contributing to this are: shielding
effects, the limited depth of electron penetration and the lack of a control (i.e. analysis of an
unaged TWC of each type).

Certain changes which may have occurred in the test objects during the ageing process, which can
have an impact on emissions conversion efficiency, would not necessarily have been revealed by
the methods employed in this study. This category includes very small-scale changes such as
reductions in available surface area suffered by metal oxides, and certain forms of atomic
migration and rearrangement, not limited to processes such as sintering and clustering (see [5]
for a recent review; see also [6]), as well as modifications to the electrical properties of the TWC’s
active layer [3]. Such phenomena (or lack thereof) may have had appreciable impacts on the
performance of the test objects during their respective emissions testing programmes ([1], [2])
and may result from the complex interactions between fuel type, specific ageing conditions and
indeed fuel sulphur level. Data relating to changes of the aforementioned type in the test objects
could not be obtained in this study for reasons relating to the methods used, the number of
observations and the lack of control measurements.

The different measured sulphur levels between the CNG and LPG TWCs are likely to support the
fact that the desulphation process occurs more in LPG operating conditions than in CNG operating
conditions. However, the fact that the high-sulphur CNG and the low-sulphur CNG TWCs show the
same level of sulphur, whereas the high-sulphur CNG TWC lost much more conversion efficiency
shows a non-systematic relationship between the sulphur content of the analysed TWCs and their
conversion efficiency. Because of the fact that empirical findings did not directly link the TWCs’
sulphur content with their conversion efficiency, the analysis remains inconclusive regarding its
initial assumption of a better desulphation process occurring in the LPG TWC.
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Annex 1
SEM result sets for CNG test objects (TWCs 1 and 2)
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Annex 2
SEM result sets for LPG test objects (TWCs 3 and 4)
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