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Preface

6ince the introduction of the exhaust gas legislation in the early seventies
much has been attained with recjard to the reduction of exhaust emissions of
passencjer cars. Originally the emphasis lay on the emissions of carbon monox
ide and hvdrccarbons, that had been decreased to about 30-35% of their orig
mal values in the late eighties in the oase of petrol engined cars. Intro
duction of the catalyst has reduced these values further to about 5-6% of the
original values. The ernissions of oxides of nitrogen, with which uritil then
little had been attained, has now been reduced to about 13% of the originel
value. And all of this with a fuel consurnption (important because of carbori
clioxide ernissions) that decreased by 25%.

In the meen time our basis of judgement has shifted as well, however. An
unparalleled increase in the number of vehicles counteracted the reduction of
the total national emission numhers, and smaller absolut,e differences in
emsions have become more important now than 25 years ago. At the same time
the number of exhaust gas components in which we are ircerested has
increased. That means that mutual differences in emission for different
fuels, which have decreased significantly in en absolut.e sense, bot are stili
present in a relative sense, cao still be of importance or become again
important.

So the question which fuel o which mix of relevant fuels should be preferred
trom en er,vironmental point of view is still as relevant today, as it was 25
years ego. In 1992 this guestion bas been viewed with the use of a
studyrnodel, in which the expected emission behaviour for 2010 was calculated
for a number of possible varicots in the fuelmix. Primary irLtezest lay in the
known, regulated components. In the present study the seine questiori has been
viewed on the basis of an extensive measurement programme, in which primary
interest went to a large numher of unregulated oomponente. This progranme too
was set up in a future-oriented way as much as possible.

From both studies it can be concluded that gaseous fuels (in practice that
will meen mainir LPG) can stili contribute to a further reduction of tratfic
emissions, even in this time of low absolute emissions, and that it would be
countereffective when LPG would disappeer from the market, or become less
attractive to the businens driver. That this fact is relevant for future
oolicymaking goes withojt saying.
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Summary

In the project reported here four fuels petrol, LPO, CNO and diesel - arecompared on passenger cars end light vans. The comparisons are made for theusual regulated componente, hut also for a number of unregulated components.The project was firianced by the Dutch government, the association of gassuppliers, a number of LPO/CNG equipment menufacturers, and TNO. The messurements were perforrned by 1W-TNO and 1MW-TNO. See further chapter 1.

For eech fuel four passenger care and one light van ware selecteci, except fortNO where only one passenger car and one light van ware chosen. The vehiclesware selected to represent the moet modern technology; they were all relatively new. The fuel specifications represented those to be expected in theneer future, especially with regard to sulfur content. The componentemeasured were:
* CC, HC and NOV;
* NO and CC;
* aldehydes (16 differeut components)
* polynuclear aromatic hydrocarbons (PAH, 22 differerit componenos)* C1 to C1, hydrocarhon speciation (40 different components)
* to a limited extent: nitro PAH
The measurements ware taken over a number of ditferent driving cycles, comeof theo sterLing from cold (see further chapter 2)

A short sulmrary of the sarnpling and analysis is given in chaptei 3. A moredetailed discussion is given in a separate report.

With regard to the regulated components, petrol scores highest on CC for allcycles, followed by LPO. The HC-emission is highest for the CNG-vehicles;this 1-IC is mainly methane which is not much affecteci by the vehicle’s catalyst. The diesel engine is noteworthv for its relatively high emission of NOand particulates. The amount of NO, as a part of NO varies from 6% for CNCvia 11% for petrol and LPC to 25-30% for diesel engines. Since the NOemission is highest for diesel engines already, the diesel clearly scoreshighest in With regard to CO petrol always scores highest and CNOusually lowest; LPC and diesel usually are of the same order. The otherunregulated components show a great rnass of data that cannot be suminarised ina few words. All these data are sho’.in in the separate daca-report and in asumruarised way in chapter 4.

In order to draw some broad trends through the data, a number of environment—al effects bas been defineci and the contributions of the measured componentsto these effecte have been calculated. The background to this approach isgiven in detail in a separate report.. The effects considered are:
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* Direct toxic and nuisance eftects

CC, NO,, particulates, lower aldehydes
* Long-term toxic etfects

PAH, BTX (benzene, toluene, xylene), lower alciehydes
* Summersmog potential

reactivity defineci as etherie-equivalent: C-C1,, aldehydes, CO and
NO.

* Wintersrnog potential

related to total particulates emission
* Acidifying potential

acid equivalent expressed as mrnolH’: NO.< and 50
* Clobal warming potential (GWP)

expressed as C02-equivalent: CC., CC, CH4, NMHC and NO.
The direct toxic effects are considereci at a local scale. The other effects
have been calculated over a weighted average of all driving conditions. A
qualitative evaluation of all effects is shown in Table 1. See further chap
ter 5.

Since come cycles were measured both in coidstart and in hotstart condition,
It was possible to evaluate the coidstart effect of the various fuels on the
different components. In general the catalyst equipped vehicles had a sig
nificant coldstart effect on most emissions; the diesel vehicles showed much
less coidstart influence. Of the direct toxic cornponents CO showed a large
coldstart contribution ori petrol and (less) on LPG. The emission of the lower
aldehydes showed come coidstart effect cii the diesel vehicles. The other
components (NO2 and particulates) are rctainly a diesel problem and show no
significant coldstart effect en that fuel. Of the long-term toxic effectc PAH
is mainlv a diesel problem and shows no coldstart effect on that fuel, while
BTX is mainly a petrol problern and shows a dear coidstart effect on that
fuel. For the lower aldehydes: see above. Surninersmog, wintersmog and Elcidifi
cation are mainly diesel problems and therefore show no or only a small
coldstart effect. The Global warming potent.ial has a coidstart effect of 7-
11% for all tuels. See further chapter 6.1.

Art estimate was made of the indirect emissions (due to oil production, trans
port, refining and distribution) and the not-measured effects (such as evap
oration or the emission of N20) . When these effects are taken into account
and the resuits are cornpared to the conclusions drawn before, it turns out
that CNG is less goed en PAH and slightly less goed on the lower aldehycles,
whereas diesel is less bad on these two componerits. The effect en BTX is
negligible. With regard to wintersmog and acidificatiori CI\TG shows much better
and diesel scmewhat less bad. The effects en surnrnersmog are negligible. The
relative merits on GWP show small changes, but since the differences are not
big anyway the resulting shifts do have come significance. The main effect
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is, however, that petrol deteriorates relative to the other fuels. See turther chapter 7.

A stacistical evaluation shows that of the direct toxic cornponents CC isdiffering significeotly from the other fuels for petrol (higher) or sometirnesCNC (lower), NO, shows statistical significant relations for most comparisoos, as do aldehydes, while the particulate emissions only show a significant ditference for diesel engines. Of the long-term toxic components PAS isonly significantly different for diesel engines and BTX for petrol engines.The lower aldehydes, as stated above, are significant in almost all cases. Ofthe regional and global environmental etfects wintersmog is related toparticulate emission and therefore only significantly different for dieselengines. Suminersmog and acidification are significant for most options, as isglobal warming. The significance tends to increase when indirect effects aretaken into account as well. See further chapter 8.1.

Two coidstart tests ware measured in duplicate. This allowed therepeatability to be judged. This turne out to be poor at very low levels ofernission, but goed at higher levels of emission. So the identificatiori forthe fuel that ernits highest can be made with good repeatability for allemission components. As for the environmental effects: their repeatability isusuallv better than that of the individuel contributing components. Obviouslysome levelling out takes place. Since the rapeatability of hotstart tests isusually better than that of coidstart tests, the repeatability of the testingmay be regarded as good. The dii ferences founci hetweert the various vehicleson one fuel, which are sometimes substantial, must therefore be regarded asreal. See further chapter 8.2.

CONCLUSIONS

General:

The first impression on regarding the measured values is that the erhaust gascjuality of modern care has improved very much over that of 20 years ago. Thatalso means that the mutual differences between the various fuels are usualtysmall wheri taken in art absolute sense. Yet, these same differences may hecomaimportant again when the total fleet or the national annual kilornetrageincreases. This is especially valid for the global warming potential, wherethe differences are much smaller than for other components (since there is noquick way to reduce the emission of CC,)

Catalvst equipped vehicles:
Catalyst equipped vehicles have in principle the disadvantage that theemission reduction is limited duxing the warm-up periods, when the catalyst
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is not, or not fully, ective. 0fl average this cancels out against the very
low emjssjons once the catalyst is active (i.e. after the first 34 to 1
kilometer) . But it is an aspect in local circumstances, such as an urban
environment, where rnany coldstarts take place, or in situations where only
verv short trips are made.

Petrol:

This fuel does indeed show a marked coidstart effect which influences the
emissions of CC, BTX, the lower aldehydes and PAH (the latter especiallv in
light van operation) . Of these the emission of CD is only of relative import
ance, since with this clase of vehicle the absolute values are so low, that
there is no real CO-problem in the average urban environment anyinore. On the
positive side the emission of particulates is better than average in some
driving cycles. The global warming potential is the worst, however, of the
four fuels.

Diesel:

The results on diesel fuel show a high to very high emission of direct toxic
c:omponents, wïth the exception of CD. The same is true for the long term
toxic effects. The regional and global environmental effects vary from high
(wintersmog and acidification) to very high (surnmersmoq) . The global warming
potential scores average, hetween petrol and LPO.

Oaseous fuels:

The gaseous fuels score better than the liquid fuels on all accounts. The
coidstart effect is mainly limited to a slightly elevated CO-emission with
LPG, bot, as staten) ahove, CD bas no great importance considering the abso
lute levels concerned. When comparing the two fuels CNG often scores better
than LPC, although LPO scores better on patticulates (and therefore also on
wintersrnog potential) . The feasibility of LPG as a fuel for passenger cars is
in practice clearly higher than that of CNG, however.

Local circumstances:

With regaid to local circumstances it may be noticed that the traffic jam
often led to unexpectedly high emissions of most cornponents. In the very
first place this has to do with the extremely high fuel consumption per
kilometer travelled (because of the low speed per unit time the fuel con
sumption is normal) . But it also appears that some fuelmetering systems are
ohviously not optimised for this stop-and-go patterns. This condition is not
part of the official certification procedure.
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Table 1: Evaluation of effects (without indirect emission)

Pe t rol

0

0

- /0

Petrol

0

0

-/0

-10

LPG

+

0

0

01+

LPC

0

o/+

o/+

0

o/ ±

Sumrnary of effects Petrol LPO CNG DieselDit. Toxic o o/+ ÷/÷+ --/-LT Toxic
-/0 o/ ±

-Reg./global
-/0 o/+ 0/+

-

RECOId4ENDATI ON

The resuits of the programme point clearly to a general superiority ofgaseous fuels. Of these gaseous fuels LPG is obviously the rnost feasible, atleast on the short term. When one coinpares LPG with petrol it appears thatalthough LPG scores consistentlv better than petrol, the differences arenonetheless small in an absolute sense, due to the low aboslute level ofemissions. However, in practice one will have to compare LPG with dieselfuel. LPG is mainly used hy people who drive (much) more than average (andusually for business) . For such drivers diesel is the logical alternative.The project has made dear that LPG wins on all accounta from diesel, withthe exception of CC in come cycles. This leads to the conciusion that LPG canplay an important part. in the Dutch car fuelmix, and that it would be a badthing if LPG would disappear from the scene, or if the attractiveness of LPGfor the business driver would shift towards diesel fuel. This conclusion is
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in line with that from the study “Change in fuelmix” [7] that was carried out
for NOVEM in 1992.

So the programrne would lead a.o. to the recommendation that care should be
taken to assure that the share of saseous fuels in the national fuelmix is
traintained, jE not increased. This is all the more of importance since at the
time of writins there is a real danger that LPG will disappear Erom the
niarket, since the cost/benefit ratio is changing to such an extent that the
use of LPG becomes unattractive to the potential user.

In continuation of this project at this moment another project is in progress
with the au to quantity as much as possible the benefits of using LPC as en
autontotive fuel. A LPC drygas multipoint injection system (the latest gener
ation) is installed in a modern duel fuelled petrol vehicle. Instead of the
standard systern (as used in this project), now TNO bas optimizec] the vehicle
en LPG in cooperation with the car manufacturer and the LPG equipinent manu
facturer. The LPG vehicle can stili be used 0e a recrofit basis, so it is
cornmercial attractive. With this vehicle the same range of regulated and
unregulated components ïs measured.
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1 INTPODUCTION

With the advent of the closed-loop 3-wey catalyst for spark ignition engines
and the ‘environment-diesel’ by come manufacturers the guestion of the rela
tive merit of verious fuels with regerd to exhaust ernission quality has
geined & new interest. Such a question can be asked for the global emission
situation, but also for a local environment such as a town centra. The
question need not be limited to the normal regulated exhaust components, but
could be enlarged with other, unregulated components.

In order to provide e weil-founded answer to this question, en experimental
programme was set up to measure actual emissions of various vehicle-fuel
combinat.ions under a renge of conditions, however, with en emphasis on the
urban environment. This programma was furtcied by the Dutch government (Minis
tries of Transport and Environment), the ‘Stichting’ RESAP (Association of
gas suppliers) , a number of LPG/CNG equipment rnanufaeturers (Koltec, Necam,
Vialle) and TNO. The work was carried out by 1W-TNO. 1MW-TNO carried out the
analyses of the non-regulated exhaust components.

A total of 17 vehicle-fuel combinations was measured over 4 different driving
cycles in bot.h coidscart and hotstart situations. The fuels inciuded petrol,
diesel, LPG and CNG (Compressed Naturel Gas) . A range of regulated and non
regulated exhauot components was measured.

The vehicles selected for the programrne represented for the major part mod
ern, or where possible even advanced, technology.

.Since the programma generated nearly 10,000 individual emission date en
attempt has been made to gloup theo together and to classify therc according
to environmental irnpact. Such & classification may, of course, be open to
criticism, and come may regret that sonie detail is lost. Yet it seems the
only possible way to introduce come order into an otherwise insurmountable
mass of data.

1.1 The significance of car emissions

In Fig. 1.1 is shown what the contributiora of traffic is to the total of man-
made ernissions in the Netherlands (source: Central Bureau of Statisticc) . The
graph gives the direct emissicn components as measured. With regard to the
environmental etfects, referred to above (and explained in detail in chapter
5) the following can he said. The proportion of CO and particulates cao be
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read directly from the graph. The proportion of NO. cao be cleducted from theproportion of NO and the proportjon of the lower aldehydes to a c:ertainextent from the proportjon of VOC (Volatjie Organic Compounds, inciudingaldehydes) The proportjon of long-term toxjcs cannot be deducted from thisgraph, although the proportjon of VOC suggest that it could be significant.

The contributjon of traffic to summersmog is related to the proportjons ofthe emissions of VOC, CO and NOS. These proportions are large. Thecontrjbutjon to wintersmog is related to the proportjonal contribution ofparticulates and S02. These proportions are low, especially for light traffic.

The contrjbution of traffjc to acidifjcatjon is related to the contrjhutjonto NO and 50,. The contrjbutjon to SO, is low, especially for light vehicles,but the contrjbutjon to NO is extensive. In the Netherlands NO. contributesfor about 20% to acidification; in many other countrjes this proportion ishigher (a.o. because they have a lower NH3 impact).

Figure 1.1 Proportion of traffic emission in the man-made elnissions in theNetherlands (situatjon 1990)
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2 ASURINO PROGRAI4E

A total of 17 vehicie-fuel combinations was tested, of which 13 are related
to passenger cars and 4 to small vans. To this end 10 actual vehicles were
selected (S cars and 2 vans), of which 5 (4 cars and 1 van) with spark igni
Cion engines and 5 others (also 4 cars and 1 van) with compression igraition
engines. The spark igninion engines were all tested on petrol and LPO, while
2 (1 car and 1 van) ware also tested on CNG. The full selection is shown in
Table 2.1.

In selecting the vehicles care was taken to obtain modern technology includ
ing for the spark ignition engines:
* 4-valve engines
* rnultipoint fuel injection
* closed-loop 3-way catalyst
* exhaust gas recirculation (EGR)
* if possible: variable valve timing
and for the compress±on ignition erigines:
* turbocharging
* direct injection
* electronically controlled injection

EOR
* oxidation catalyst

Three petrol vehicles were equipped with a microprocessor cortrol1ed closed
loop LPC system, the other two with the new LPO drygas inultipoirit injection
system (the latest generation) . The two CNG vehicles ware fitted with the
last-meritioned system for CNG (the latest generation)

Table 2.1 also shows which vehicles ware adapted with which of these
teatures.

The test cycles combined European and Atnerican standard procedures with
actual driving patnerns. The new European testcycle, consisting of urban
ciriving cycle (UDC) plus extraurban driving cvcle (EUDC) was driven both in
coldstart (coidstart European driving cycle) and in hotstart (warm European
driving cycle) condition. The coldstart test was done in duplicate, to
improve reproducihility. The Arnerican test was the US’75 procedure, that
already contains one coidstart and one hotstart. According to the official
procedure three phases have to be rneasured separately and have to be combined
according to certain weighting. For oost reasons it was not possible, how
ever, to take three samples of the unregulated components. So orjy one sample
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was taken, that does, for that reason, not fullv represent the ‘official’US’75 result.. Additionally two actual driving patterns (established in actualtraffic) were driven. One was a typical urbar journey with coidstart (actualurban driving pattern) Again for reproducibility this was driven twice. Theother was a typical traffic jam, with stabilised engine (actual traffic jampattern). Table 2.2 lists all the variants.

The cornponents measureci comprised the regulated cornponents (CO, HO, NO,particulettes) plus 002 and NO. (as NO-NO) and a nuraber of unregulated components. The unregulated components fel]. into the following difterent groups:* aldehydes (15 diferent componenta)
* polynuclear aromatic hydrocarbons (PAH, 22 different cornponents)* C1 C hydrocarbons (13 different components)
* C - C12 hydrocarbons (27 different comporents)
* nitro-PAH

Of nitro-PAH seven different components where analysed, but only one roseahove the detectiori limit. Also this group of coinponents was oniy measured onsix vehicles, and over the total of all driving cycles in order to get sufficient sample for cletection (see Table 2.3) . The actual coruponenta analyseciare shown in the Tables 2.4-2.8. An attempt to also analyse 50? was abandonecibecause no suitable analyser was available.

The fuel used bas been commercie]. fuel. This was obtaïnar] in one batch sothat all vehicles have been run on the mmme fuel. Foi the diesel vehic’les alow sulur fuel has heen used (0,03% S) that, also in its other characteris—tics, may he regarded as a charac’teristic fuel for 1996 end beyoncl.
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Table 2.1: Vehicle-fuel combinations

SPARIK IGNITION ENGINES

1. Honda Civic 1.6 ESi petrol LPG (Landi H.)
2. Lancia Thema 2.0 ± 16V petrol LPG (Necam)
3. Opel Vectra 1.6 i petrol LPG (Vialle) CNG (Roltec)
4. Volvo 850 OLT petrol LPG (Vialle)
5. VW Transporter 2.0 ± petrol LPG (Necam) CNG (Necam)

COMPRESSION IGNITION ENGINES

5. Mercedes 250 D Turbo diesel
7. I’Jissari Sunny 2.0 D diesel
8. Peugeot 405 1.9 D diesel
9. VN Vento 1.9 TO diesel

10. Ford Transit 2.5 DI Turbo diesel

FEATURES

nr. nr. tuel 3-way EGR2’ other
cils valves/cils mi cat

1 4 4 rnpi + - variable valve

t iming
2 4 4 mpi + - variable intake

system
3 4 2 spi + +

4 5 4 mpi +
- autom. transm.

5 4 2 spi + —

nr. fuel turbo EGR23 oxi other
cils inj. charg. cat

6 5 IDI electr. e + + autom. ti-ansm.
7 4 101

— + —

8 4 101
—

9 4 101
— +

10 4 DI + +

n spi = single point injection
mpi = multipoint injection

2) EGR = Exhaust gas recirculation
DI = Direct injection

IDI = Indirect injection
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Table 2.2: Driving patterns used

1 Coidstart European drivirig cycle EDC coidstart 2x
2 Warm European driving cycle EDW hotstart. lx
3 US ‘75 driving cycle US cold/hot lx
4 Actual urban driving pattern City coldstart 2x
S Accual traffic jam pattern Jam hotstart ix

Table 2.3: Exhaust components analysed

Regulated components CC

total-NC

NO

particulates
Additional components CC-

NO (as NON—NO)
Unregulated c’omponents A1dehyds

PAH

C1 - C hydrocarboris
C - C2 hydrocarbons
nitro-PAH (limited)
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Table 2.4: The aldehydes analysed

1 orroa1dehyde

2 acetaldehyde

3 acrolein

4 aceton

5 propionaldehyde

6 crotonaldehyde

7 rnethacrolein

8 n-butyraldehyde

9 benzalciehyde

10 i-valeraldehyde

11 n-valeraldehyde

12 o-tolualdehyde

13 in-tolualdehyde

14 p-tolualdehyde

15 hexanal

Table 2.5: The PAH analysed

1 fenantrene

2 antracene

3 fluorantene

4 pyiene

5 3, 6—climethvltenantrene

6 tritenylene

7 benzo (b) fluorene

8 benzo(ajantracene

9 chrysene

10 benzo(e)pyrene

11 benzo(j) fluorantene

12 perylene

13 benzo (b) fluorantene

14 benzo (k) fluorantene

IS benzo(a)pyrene

16 dibenzo(a,j)antracene

17 dibenzo(a, 1)pyrene

18 benzo(g,h,i)perylerie

19 dibenzo(a,h) antrancerie

20 indeno(1,2,3-cd)pyrene

21 3-methylcholantrene

22 antantrene
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Tb1e 2.6: C1—C5 hydrocarbons analysed

methone

etharje

e t bene

propan e

prop ene

acetylene

i-butnne

n-butane

i - bu t ene

trans -hutene

cis -butene-2

i -pentane

fl-pentane
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Table 2 .7; CbCl hydrocarbons analysed

1 benzene

2 cyclohexane

3 2—methylhexane

4 3—methylhexane

5 22, 4—trimethylpentane
6 heptane

7 reethyl-cyclohexane

8 toluene

9 2-rnethylheptane

10 3-methylheptone

11 n—octane

12 ethylbenzene

13 p,rn-xylene

14 styrene

15 o-xylene

16 n-nonane

17 i-propylbenzene

18 n—propylbenzene

19 p.rn-ethyltoluene

20 1,3,5-trimethylbenzerie
21 o-ethyltoluene

22 1,2,4-trirnethylbenzene

23 n-decane

24 1,2,3-trimethy]benzene

25 undecane

26 dodecane

27 naftalene

Table 2.8: Nitro—PAH analysed

1 2—nitro—f1uorere

2 9-nitro-antrancene

3 3-nitro-fluorantene

4 1-nitro-pyrene

5 6—nitro-chrysene

6 7-nitro--henzo(ajantracerie
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3 SANPLING AND ANALYSIS

Regulated exhaust gas components are rneasurecl according to strict procedures
(for example 91/441/EEC) - Since there is no legislation for unregulated
components, prescribed and validated procedures are not (yet) available for
the unregulated components. Als the interest in these componenta is rel.ative
new. Therefore the laboratories that pertorrn these measurements, make usa of
the methods from other fields of experience, for exarnple stëttionary sources.
These methods for sarnpling and analysis have proven their applicability and
are now more or lesa accepted in Europe. Because the interest in unregulated
componeuts is growing, international working-groups are formed to discuss and
stanciardise the sampling and analysis methods. For exarnple TNO takes part in
en international working-group about the analysis of diesel parciculates
(inciuding the determination of PAH).

3.1 Samplino

In Fig. 3.1 the usual sarnpling system of car exhaust gases is shown. The
exhaust gases are diluted by a factor of 10-15 in aso-called CVS (Constant
Volume Sampler) . This is done to avoid condensation or reactions between
exhaust gas cornporients during sampling. The system maintains a constant
volumetric flow (hence the name) and the ratio hetween exhaust gases and
dilution air depends on the exhaust gas flow. The dilution air is filtered. A
sample of the diluted exhaust gas is drawn into a sarnpling bag, fabricated. of
‘Tedlar’ . Since both the sample flow and the diluted exhaust gas flow are
constant, the sarnp1irg is proportional et every moment. After the test the
concentrations of the regulated pollutants in the sampling bag are analysed.
The flow through the CVS-system is known from the system characteristics (in
part icular the venturi dirnensions) . Multiplication of concentrations and flow
resuits in mass ernissions. The concentrations of the diluted exhaust gas are
corrected for those in the dilution air, which is sampled at the same time.
In the casa of diesel vehicles there is a long tube Ce so—called tunnel)
positioned between thd mixing ehamber and the sampling point, zo es to obtain
a fully developed turbulent flow. Through a second sample probe diluted
exhaust gas is drawn through a pair of filters. These filters are weighed
before and after the sampling and their weight increase is indicative for the
particulate concentration of the diluted exhaust gas. Again by rnultiplication
with the flow through the tunnel the total particulate emission may be
calculated. The second filter serves to detect, and if necessary: correct
for, any breakthrough of the first filter.
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In Fig. 3.2 the additions are shown, necessary for the sampling of unregu
lated components. The tunnel was used for all tests (i.e. including the non-
diesel tests) . The deterrnjnatjon of the compositjon of NO. (in NO and NO) can
Le made from the standard ‘Tediar’ bag for the regulated componerits. The
determinatron of 002 can likewise Le made from this Lag. In fact, although CO
is not as yet a regulated cornponent, it is routinely measured with 00, HO and
N0, since its conceritration plays a role in the determinatiori of the dilu
tion rate of the vehicle’s exhaust gas. The light hydrocarbons (C-C) are
sampled by drawing a sample from the ‘Tedlar’ bag and storing it in a special
aluminium coated Lag. This bag is subsequently moved to the chemical lahora
torv for analysis by GO (gas chromatography) . The heavier hydrocarhons

(C,,-C12) are specia].lv sampled in a metal tube containing ‘Tenax’. ‘Tenax’ is
en acisorbens consistirig of small extremely porous plastic globules. Like the

aluminium coated Lag, the Tenax-tube is subsequeritly moved to the chemical

laboratory for analysis. The aldehydes are sampled drawing a sample over ci

heated sample line and bubblina it Lhrough an impinger filled with an acid

ified acetonitrile solution, containing 2,4-dinitrophenylhydrazine (DNPH)
reagens. This solution absorbs the aldehvdes because the DNPH-reagens reacts
with them. A second impingex is used to detect any breakthrough of the first

one. The impingers are packed in ice to stabilise the componente forrned.

Their contents are analysed in the chemical laboratory. The polynuclear

arornatic hycirocarhoris (PAH) are samoled in a two-stage set-up. The particle

bcund PAH are caught on the filter used to sample the particulate emission.

After weighing, the filters are moved to the chemical laboratory for analy

sis. The gaseous PAH are sampled on en adsorbens, ‘Ajuberlite XAD-2’, packed

in a tube. Since this adsorbens turned out to contain PAH-components itself,

it was carefully “washed” before use, to remove as much of the contamination

as possible. After the test the tube with acisorbens is rnoved to the chemical

laboratory. The sampling and analysis is further detailed in the additional

reports [1] and (2]

3.2 Analysis

The regulated components are analysed by on—line analysers. They operate hy

non-dispersive infrared (NDIR) for CO and 002, flame ionisation detection

(F10) for hydrocarbons and chemiluminescence (CL) tor NO,,. The CL-analyser

has two operating modes, measuring NO or NO + NO2 (NO.) . The concentration of

NO. ren Le obtained by subtracting the readinq for NO from that for NO..

Eecause this means the substra.ction of two near equal numbers, the resulting

figure for N0 is not very accurate. There is, however, no possibility to

rneasure NO, directly.
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The TNO Iristitute of Environrnental Sciences (1MW-TNO) carried out the analy
ses of the non-regulated components.

The light hydrocarbons (C1-C) are analysed by aas chromatographv, with FID in
two steps. First methane is analysed. The other componente have concentra
tions which are often lower to much lower (especially with petrol and CNG for
fuel) . The components are therefore concentrated first and then analysed gas
chromatographical ly.

The heavier hydrocarbons (C—C12) are desorbed from the Teriax adsorbens and
caught in a cold trap. The cold trap is subseguently heated and its contents
is injected into a gas-chromatograph and analysed using FID. The results have
the dimension ng/sample. A relevant concentration is obtained hy referring
the mass to the origirial sample flow, which therefore must be measured.

The aldehydes, tr.apped in an acidified solution of DNPH in acetonitrile, are
analysed by reversed phase high performance liqiiid chromatography (RP-HPLC)
combined with a UV-detector (the fcrmed hydrazones are sensitive to ultravio
let) . The resuits have the dimension ng/sample. A relevant concentratior1 is
obtained by referring the mass to the original sample flow, which therefore
must be measured and, in this case, corrected to standard ambient conditions.

The PAH-contairiinq particulate filters and the sdsorbens XAD-2 are extracted
with toluene for 16 hours in the daik, by means of soxhlet. extraction. The
extract is evaporateci to nearly dry and subsequeritly solved in methanol.
Analysis then takes place by RP-HPLC with fluorescence detection. The results
have the dimension ng/seniule. A relevant coricentration is obtained by refer
ring the mass to the original sample flow, which therefore must be measured
and. corrected to standard ambient conditions. To detect nitro—PAH, a zinc
column is installed before the arialytical column. The nitro-PAH are reduced
to the corresponding N1-t-PAH, which can be detected by fluorescence detec
tion. The sampling and analysis is further detailed in the additional reports
[1] and [2]

3.3 Accuracy

The concentration of the relevant components are in many cases very low. This
is partly because the vehicles selected for the programine are provided with
modern low emission technology and. partly because the raw exhausc is diluted
with ambierit air before they are sampled. In a series of preliminary
experimenta It appeared that rnariy components did not or hardly nee above the
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detection lirnits, or dia not rise sufficiently above the concentration in the

dilution air. To overcome this problem the following steps were taken:
* The samole flows have been increased as much as possible.
* The dilutiori raCe bas been reduced as much as possible.
* Measures were taken to minimise the background concentration in the

dilution air.

These measures minimised the influence of the background concentrations and

thereby lowered the detecticn limit, but also increased the accuracy of the

resulting numbers.

For the components measured from the ‘Tediar’ hag a blank is available,

because the dilution air is sarnpled in a similar waV; this is a standarci

procedure which is performed at every measurement. For the C1-C determination
a sample is transferred from the stanciard ‘Tecilar’ hag to a second aluminium

coated bag. Once a day a similar sample is taken from the bag with dilution

air, providing a blank for the C-C5 sainples of that day. For the other sampi

ing systerns a special blank run is made once a day. The entry for the

vehicle’s exhaust gas is than closed off and the pump—venturi system is
cirawing only dilution air through the tunnel. This air is sampled in the

norrnal way. The samples are analysed as usual, providing the background

(blank) values that are applied to all the testruns of that day.
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Figure 3.1: Conventionel CVS sarapling systern (regulated components)

Date
26 October 1993
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4 RESULTS

Detailed results are shown in [3] . For this present report in the first
approximation the resuits have been averaged per fuel. The resulting
ernissions are shown in Tables 4.1 to 4.7 and Figures 4.1 to 4.7. Table 4.1
and Figure 4.1 show the results for the regulated components. The petrol
vehicles show a relatively high CO-einission in all tests that start wit.h a
cold engine (and that in proportion to the relative weight of the cold part)
and in the traffic jam. The same is true for the LPG, although the CD in the
coldstart tests is less than for petrol. This con be explained by the fact
that the increase in CO-emission in a coldstart test is partiai.iy caused by
coidstart enrichnient, which is lesa with gascous fuels. In the warm European
driving eyc.e t-he- CO—emis-sion- -is more or 1e-s-s- the sir’e for -il± ful-s. The DO-
in the traffic jam is more on LPC than om petrol. The cause of this effect
was traced to an insufficiennly fine calibration of the LPG-control. In the
meantirne this has heen rectified. The CNO-vehicles show a higher HC—emission
than any other fuel. This is caused by a high ernission ot methane by the
engine, which is not easily oxidised in the catalyst. The diesel engine is
noteworthv for its relatïveiy high emission of NO and particulates. Espe
cially in the traffic jam these emissions are high. Particulates are also
high in the coldatart actual urban driving pattern

The emission of NO as part of NO.. (Tahie 4,2 and Fig. 4.2) amounts to about
11% for petrol and LPC and about 6% for tNO. FOr diesel it amounts to 25-30%
of the total NO-.. And since with diesel the total NO is already high (4 to S
times higher than with the other fuels), the amount of NO exceeds that on
other fuels by a factor of 10 (petzol and LPC) to 20 (CNC)

The emission of CD, is direc-tly related to the fuel consumption. This in turn
is very dependent on vehicle mass. Since the maas of the vehicles varies
signiticantly, especially hetween small passenger cars and vans, the emission
of CO has also been calculated per 1000 kg of vehicle rnass. In comparing
these figures one should bear in mmd, however, that an LPG-fuelled vehicle
on average weighs 5% more than the petrol fuelleci equivalent, and. a diesel
fuelled car between 5% and 7.5%. A CNG-fuelled cor will lie sornewhere between
these figures.

The ernission of CO (Tables 4.3) and CO per tonrie (Fig. 4.3) is lowest with
tNO, with the exception of the traffic jam situation. The C07-emissions of
LPG and Diesel are about equal for the European tests (coldstart and warm)

and the actual urban driving pattern. Petrol scores highest om all cycles.
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The traffic jam causes more than double the CO,-emissions of any other cycle
(except for diesel)

The emission of C1-C hydrocarbons is shown in Table 4.4 and Fig. 4.4. With
petrol the main cornponents apart from methane are the unsaturated ethene,
propene and acetylene, plus n-butane, i-pentane and (to a lesser extent)
n-pentane. Of these methane, athene, i-pentane and for some cycles n-hutane
are the most important. With diesel fuel the rnain components are again the
unsaturated ethene, propene and acetylene, with ethene as the most important.
Methane is lees important, but stili noticeable. On LPG the nam component is
propane and then n-butane (the two main constituents of LPG) followed by
methane and, to a much lesser extent, ethene, propene and i-butane. On CNO
inethane is by far the moet important component (note the different scale in
Fig. 4.3), followed at great distance hy ethane. It is r,oteworthy that

role wit±- a-1-l um±-xapt--±:h±hmo -d
with the fact that all spark ignition engines are fitted with catalysts and
Lh conversion rate of methane in a catalyst is mUCh lower than that for
other componente.

The emissions for C-,C0, are shown in Table 4.5 and Fig. 4.5. The only fuel
where concentrations of some significance are found is petrol. The mcm
components of this group are benzene, toluene, xylene and 1,2,4 trimethylben—
zene. With the other fuels the concentrations hardly rica above the deteccion
level, with only in a relative sense some ‘peaks’ at henzene, and/or
toluene, and/or xylene. o in all cases it is mairkly or exclusively the BTX
group (benzene, toluene, xylene) that. is of any importance.

The emissions of alciehycles are showo in Table 4.6 and Fig. 4.6. For all fuels
formaldehyde is the moet important component in this group. It is obvious,
however, that for CNG the coricentrations are an order of magritude lees then
for petrol and LPO, while for diesel they are one to two orders of reagnitude
higher. Apart from formalclehvde the petrol vehicles emit also some
acetaldehyde, acrolein, acetone and benzaldehyde. The LPG—fuelled vehicles
emit, apart from formalciehyde, come acetalc.lehyde and in some oycles also come
acrolein and acetone. The CNG-fuelled vehicles have no significant other
aldehyde-emiss.iori apart from formaldehyde. Diesel vehicles, howevet, show a
whole range of alciehyde-emissions in concentrations that decrease with in
creasing molecular size.

The emission of PAH is shown in Table 4.7 and Fig. 4.7. The mcm components
are fenantrene, flucranthene and pyrene, three- and four-ring structures. The
PAH-emissions of petrol, LPG and tNO are usually of the seine order of
magnitude, with the absolute values increasing in the order tNO, LPG and
petrol. The PAH-emission of diesel engines is en order of magnitude higher
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and there are also a number of other compo.neiits Lhat are ernitLed in
noticeable quantities. The emissions in the traffic jam pattern and in the
actual urban diiving pattern are clearly higher than in the other cycles and
in the last mentioned condition also the petrol-fuelled vehicles emit other
coinponents (with live- and sixring struccures)

The analysis of nitro-PAH at first showed no measureable results. The sarnples
of all cycles driven were then combined for a number of vehicles. (Table 4.8)
This provided measureable, though marginal resuits for two diesel vehicles A
third diesel vehicle showed a LC-peak that could be noticed, but was to weak
to identify. In the samples of three other vehicles on petrol, LPG and CNG no
nitro-PAH were found. This is in accordance with the low PAH—exnissions of
these fuels. Due to the fact that low levels were found in combined samples
the evaluation of nitro-PAH was dropped from the results. The only con

trations of nitro•-PAH than engines on the other three fuels.

expected, since both PAH and NO are higher for diesel engines.

When comparing the different cvcles one can draw the rough conciusion that
the ‘normal’ driving conditions produce comparable results, with a certain
inerease in emissions in proportiori to the weight of the coldstart on the
whole cycle. The traffic jam pattern usually produces higher to much higher
emissions than the ‘normal’ driving conditionu, notwithatanding the fact that
it is çiriven with a hot stabilised engine.

Table 4.1: Emission of regulated componenta (g/krn)

City Petrol LPG CNG Diesel
GO 3.02 1.23 0.71 0.74HC 0.47 0.18 0.61 0.16NO. 0.28 0.36 0.14 0.77Particulates 0.007 0.005 0.012 0.101

EDC

GO
HC
NO
Particulates

1 .97
0 .27
0 . 18
0. 011

1.01

0.15
0.15
0.006

0.36
0 .37
0 .17
0. 011

0 .68
0 .12
0.78
0.085

EDW

GO 0.45 0.53 0.34 0.49HC 0.10 0.09 0.17 0.09NO 0.13 0.10 0.14 0.74Particulates 0.004 0.006 0.003 0.074

£LLLL CL L,.JLLL.C II —

This is to be
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Table 4.5: Emission of heavier hydrocarbons (C-C1) (mg/krn)
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Tab1 4 .: Reu1t,s -froia -rJt-ro-PAH
- ------

-

Peuaeot 405

Mercedes 250 D

.Nissan Sunny

Honda Civic

Honda Civic

Opel Vectra

diesel

diesel

diesel

petrol

LPG

CNG

0.03 Lg/krn 1--nitropyrene

3 ‘ig/kin l-nitropyrene

46 ig/krn 2—nitrofluorene

not quantitiable

not detectable

not detectable

not detectable
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Figure 4.ia: Ernission of regulated componente
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Figure 4.ib: Ernissian of iegu1aed components (conciuded)
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5 ENVIRONNENTAL IMPACT

5.1 General considaratjons

ince the nurnber of data from the programme, even if averaged per fuel, is
1age, an attempt was made to classify them according to environmental
etfects [51 . Such eftects can be local, regional or global. Local could range
from a street intersection to a city; regional could rartge from part of a
country to a continent; global is everything that influences the whole
planet. The local effects relate to toxic aspects or to direct nuisance
caused by the exhaust gases. For practical reasons we have divided the toxic
aspects into the direct toxic effecte and long term toxic effects. Direct
toxic and nuisance etfecta, are cause1 by CO, NO, particulates and aldehydes
these last mainly for local nuisance aspects; foi this purpose only foirnalde
hyde, acetaldehyde and acrolein ate selected. Urider the heading long term
toxic effects the comporients are ranked that could cause cancer in the case
of long term exposure. For this group the total emission of PAN, BTX (hen
zene, toluene, xylene) and the three lower aldehydes and ketones (formalde
hyde, acetaldehyde and acrolein) have been selected. Regional etfects con
sidered are summersrnocj, wintersmog and aciditication. Global effects inciude
0w? (global warmirg potential) and ozone layer clepletion. Since the impacc of
exhaust gases on the ozone layer may be regarded as insignificarit, however,
only 0W? is considered in this study. So, to summarise, the following aspects
are considered:

Direct toxic and nuisance effecto

CO, NO, particulates, tormaldehyde +
* Long term toxic effects

PAH, BTX, formaldehyde +

* Summersmog potential

reactivit.’ defined as ethene-equivalent: C1-C1-,, aldehydes, CO, NO
* Wintersmog potential

related to total particulate emission
* Aciditying potential

acid equivalent erpressed as mmcl H’: NO and SO
* Global warming potential

0W? expressed as CO-equivalent: CO, CO, CH1, NMHC, NW
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and therefore per driving cycle. The long term toxic effecta are dependene on

averane usa of _vhie and h&v ref&e n- çç v-a
weighted average of all cycles. Likewise the regional and olobal effects are
dependent on the total use of a vehicle and have therefore been calculated
over a weighted average of all cycles. When the weighting factors for the
cycles ware determined care was taken to get a mix of urban, extraurban,
motorway and traftic am kiloiretrage, as well as a coidstart/hot relationship
that would approach the real world as closely as possible. This proved not
completely possible: either the share in traffic conditions or the coldatart
percentage would differ trom the real. In the end two weightings were made:
one for passenger car operation and one for light van operation (vens operate
much more in urban areas than passenger cars) . Care was taken to gat the
coldstart percentage right in both cases, as it was feit that this was en
important factor, with the share in traffic conditions as a secondary
requirement. As a consequence the share of urban traffic is overrepresented
in the passenger car operation weighting and underreoresented in the light
van operation weighting. The weighting factors are given below:

pass.car light van
Colcistart European Driving Cycle (EDC) 0.52

Warm European Driving cycle (EDW) 0.30 0.52
US’75 Driving cycle (DS) 0.15 0.128
Actuci Urban driving pattern (City) 0.027 0.35

Actual traffic jam pattern (Jam) 0.003 0.002

In order to characterise passenger oer operation and light van operat jou it
was decided not to limit this calculation to the 4 passenger cais and the 1
van respectively, but to base the calculation on the average resuits of all S
vehicj.es in both cases. This seems to be acceptable since the resuits from
the vans do not differ significantly trom those of the passenger cars. And in
mixing the resuits from the S vehicles a more representative average is
obtained.

5.2 Direct toxic and nuisance eftects

In Table 5.1 and Fig. 5.1 the selected components are shown for the 5
different traffic situations for each of the four fuels. The emission of CO
is generally highest with petrol and lowest with CUC and diesel. Peak values
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petrol and again the treft ic jaar on LPO. The diesel ton shows a inrked
iLLeae Ln ha tratU arn..

-

in mmd that the CO-emission of petrol fuelled non-catalyst cars would have
been around fivefold in the coidstart European driving cycle, and at least
tenfoid in the warm European driving cycle, the actual urban driving pattern
and the traffic jam.

The .amission of NO, is obviously highest for the diesel engine, especially in
the traffic jam; in general it is en order of magnitude higher than for the
other fuels. The NO einissions on petrol and LPG have again a tendency to
increase in the actual urban driving pattern and the traffic jam. The NO,
emission of rion-catalyst petrol c:ars would have heen in the order of the
diesel figures.

The emission of particulates is again highest for the diesel vehicles, as
would he expected. The diesel vehicles also peak again in the traffic jam.
The petrol and CNC vehicies peak in the US’75 driving cycle.

The emission of forrnaldehyde + acetaldehyde ÷ acrolein shows again values for
the diesel engine that are en order of magnitude higher than for the other
fuels, wit.h again a peak in the actual traffic jam patterri. Of the other
fuels the petrol and LPG do not differ very much, while CNG hee somewhat
lower

The rnerits or demente of the vanious aspec’ts cao be qualified as shown in
Table 5.4.a. A sumxnary would show that petrol and LPO score about equal, with
CNO better and diesel clearly worse. Of the non-diesel fuels only CO on
petrol scol-es negetive, but the einission of tO has iffproved already to such
en extent that this may not be ton relevant.

5.3 Longterm toxic effects

Loogterm toxic effecte are t.hose effects that een becorne significant after
long time exposure. In this study under this heading all those suhstances ere
considered that are suspeeted of carcinogenic properties. These are in the
first place certain PAM-species, theo come lower aromats like berzene,
toluene and xylene (ETX) and finelly some lo’ier aldehydes and ketones
(tormaldehyde, acetaldehyda and acrolein) . Ideahly one should be able to give
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proved not possible. The actual c-auses of cancer are stili ili-understood and
e.fai ro dn to

in:iividual compouncis. Even, i srne individual compounds can be ranked as
carcirLocjenic, prohably carcinogenic or pass ibly carc iriogenic for humans, it
is unknown how they would react in a cocktail of compounds. Known carcinogerts
can have their activity retarded by other components, while other compounds
that are classifled as not carcinogenic may act as stimulants for compounds
that are carcinogenic. For this reason it was decided to group the components
mentioned before into three groups, PAH, BTX and formaldehyde+, and to avoid.
the word carcinogenic.

Since the irnpact of langterm effeots is related to overall exposure, the
figures are summarised over the various cycles, according to the procedure
and the weighting factors mentioned under 5.1. Table 5.2 and Fig. 6.2 list
the relevant data. The first conclusion is that, with one exceptiort, there is
no real difference between the passenger car operation and the light van
operation. The emission of PAl-T is clearly highest with the diesel vehicles.
The gaseous fuels score slightly hetter than petrol. Remarkable is the
relatively high score of petrol in the light van operation. This is due to
the fact that in the light van mode the actual urban driving pattern is
weighted relatively high and all five petrol vehicles show a high PAk
emission in this cycle (romp. Table 4.7 and Fig. 4.7) . The emission of BTX is
clearly highest for petrol, with little difference between the other fuels.
In the case of formaldehyde÷ it is again the diesel that scores highest,
while the CNG scores lowest. The LPG scores slightly lower than petrol, bot
not in a significant way. A qualitative summary is made in Table 5.4.b:
petrol and LPG score just below and lust ahove average respectively, while
OtIG is clearly above average and diesel clearly below average. WherL the
individual cycles are considered, there is little difterence hetween urban
and non-urban circurastances, apart from a coldstart effect on catalyst cars.
A cycle that does lead to increased emissions, however, is the traffic jam:

it c:onsistently shows elevated ernissions for almost all components.

5.4 Regional and global effects

Although regional and global effecta ditfer in scale, it seerns best to take
them together because both are concerned with total emissions rather than
momentary (cycle clependent) emissions. It should be noted that on1y tailpice
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reonz ± der cd h . —voor
einissions (emissions due to production, transport, refining and distribution

-

Table 5.3 and Fig. 5.3 list the resuits from these effeots. The first itemconsidered is suromersniog potential. F3uminersmog can be defined as the creationof photo-oxidants from NO end VOC (Volatile Organic Compounds) in theetmosphere. For the calculation the emissions of light and heavier hydrocarbons (C3-C1) and aldehydes have been used, as well as the emissions of NO.,and CO. Eech organic cornpound is attributed a relative reactivity, defined asthe maas of ozone formed per kg of compound, relative to the mass of ozoneforined per kg of ethene. This approach is called the POCP-Concept (POCPPhotoçhernical Ozone Creation Potential). The POCP values of the variouscompounds are hased on a typical European situation (which differs from eg.a typical American situation) . The resulting unit is granimes of etheneequivalent. CO has a low POCP-value, hut has a much greater mass, endtherefore a significant influence. From Table 5.3e it appears that theethene-eguivalent of LPO is everage whereas that of diesel is more than twiceas high, that of petrol is 5O higher and that of CNO is only a half.

Wintersmog is caused by .SO and particulate matter. The contribution of lighttraffic to the total eminsion of SO is negligible, however, so the wintersmog potential is judged on the basis of the particulate emission. This isdone in Table 5.3.b. This table shows that there is littie real differencebetween the fuels, with the exception of diesel. This conciusion is in lineof course with that en the local emission
o

particulates (sea 5.2).

For the acidificatiori NO and SO-, are considered. Two other componeots thatcen cause acidification are NH and HCI, but they play no part in traffic.For these componeuts en aciditying effect may be calculated as mmcl H. Thisallowa summation of the various components (here NO, and 502) . It is true that50 has not heen measured, but the 502—emission cao be easily calculated fromthe fuel consumption and the fuel sulfur content. The resulte are given inTable 5.3.b. It appears that the spark iqnited versions do not differ verymuch (although there is a small advantage for the gaseous fuels), but thatthe diesel exhaust gas emits a factor 3-5 more acidifying products. This isparticularly dus to the higher emission of N0,.

For the global. warming potential CO, CO, CH, NMHC (rion-methane hydrocarbons)and NO, are considered. Some of these components have a direct greenhouse
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City 3.0 1.2 0.7 0.7
EDO 2.0 1.0 0.4 07
EDW 0.5 0.5 0.3 0.5
DS 1.1 0.9 0.5 0.7
Jam 4.5 7.4 0.2 2.0

NO, (mg/km)

City

EDC

EDW

US

Jam

50

20

10

10

30

60

20

10

20

30

10

10

10

‘10

10

220

200

170

210

490

City

EDO

Particu1ate (rog/km)

EDW

DS

Jam

7

11

4

15

8

S

6

6

S

10

12

11

3

25

6

101

86

74

94

157

F0Lmaiclehyde ÷ Acetaldehyde + Acrolein (ing/kin)

City 3.9 2.4 1.2 30
EDC 4.4 3.6 0.9 33
EDW 2.3 0.4 0.1 22
Ds 3.9 2.4 0.4 32
Jam 5.4 6.3 0.2 96
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BTX (rng/km)

b

c

a

b

c

d

Table 5.2: Lonq-Lerrn toxic effects, -- .-
.. - -r

-. ... ---..- .!- -.

TT1çJL_
-

Pass. oer operation 9
Light van operation 19

5.5

6.5

4.0

4.5

62

68

a

Pass. car operation 42 3 2 4
Light van operation 53 3_1 4

Formaldehyde + Acetaldehyde + Acrolein: mg/kjn

Pass. c:ar operation 3.5 2.5 0.5 29
Light van operation 3.0 1.5 0.5 26

Table 5.3: Regional and glohal eftects

Sumrnersmog: ethene Petrol LPG CNO Diesel
equivalent in rng/km

Pass. car operation 195 130 70 305
Light van operation 215 145 75 295

Pass. cat operation

Light van operation

Wintersrnog potential: total particulates in rug/kin

9

6

6

6

11

Q

Pass. oer operation

Light van operat inn

AcicliEication: mooi I-1’/knt

84

86

[——

5.0

5.5

3.0

4.5

3.5

3.0

18

17

GWP: C02-equivalent in g/krn

Pass. car operation 1 240 210 200
Light van operation 1 245 215 205 240 1
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Formaldehyde + Acetaldehyde + Acrolein
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Deat

Date

26 October 1993

Figure 5.Ib: Direct toxic tnd nuisance effects (conclu3ecl)
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Figure 5.3e: Regional and global effecta
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Global Warming Potential

Figure 5.3b: Regional and global effects (conciuded)
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6 OTHER COMPARISONS

6.1 Coldatart effeets

The bulk of measured data allowa other cornparisons to be drawn such es the
impact of a cold sterted erigirie on the ernissions. This impact is obviously
different for spark ignition engines and 000pression igaition (diesel)
enganes. There might be differences between the three fuels for spark igni
tiort operation as well. A large clifference between coldatart emissions and
hotstart emissions means that relatively more is emitted in urban surround
inge, since the proportion of ‘cold’ kilometers in urban surroundings is
higher than in non—urben areas. The only possibility to check this is to
conipare the coidstart European driving cycle (HOC) with the warm European
driving cycle (EDW) since chis is the same cycle in both cases. The OS ‘75
driving cycle and the actual urban driving pattern also start from coid, but
have not been measured with a hotstart. The European driving cycie is assumed
to be fairly represeritative of average European usa, however. On the other
hand the ambient temperature of at least 20°C in the laboratory tends to
underestimate the coldstart emissions.

In Tab!e 6.1 and Figure 6.1 the coldstart and hotstart figures are shown for
the directly toxical effeets. For the petrol ifuelled cars the colcistart
effect is significant, although the absolute figures are low for all compo
nents except CD. Arproximately the same is true for LPC. In the case of CNc
there is only a large coidstart effect for the lower aldehydes and for
particulates. In the case of particulates the accuracy of the absolute values
is such, however, that ro real conclusions cao be drawn. The high value in
the colcistart test is completely dus to a high value scored by the )ight van
in one of the cold cycles, but not in the repeat test (38 nig versus 3 zag) . It
is thought that this is caused by oil consumption on that particular engine.
The highest values for most coinponenta (except CO) are scored by the diesel
engines. But for these engines the coldstart effect is only small, with the
possible exception of forzraldehvcle+.

In Table 6.2 and Figure 6.2 the relevant figures are shown for the long-term
toxic effects. For petrol engines the coldstart emissioris are about twice as
high as the hotstart ones, which is especially important in the case of BTX,
where the petrol engine scores highest anyway. For the LPG engines only the
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emission of the lower aldehydes rnakes a large difference. The same is truc
for CND, hut in that oase the emission of BTX also shows a significant
effect, albeit at a low absolute level. Diesel also shows a difference for
the lower aldehydes, not so bio in a relative sense but quite high in an
absolute sense. The other emissions are low or do not show a real difference
between coidstart and hotstart.

In Table 6.3 and Flgure 6.3 the regional and global eftects are shown,
although these are bv definition not relevant on an urban cccle. Only in
cities es big as London could e.g. summersmog have an urban scale. In this
table petrol and LPG stand Out 1fl relation to summersinog. The other fuels do
not stand out or have a low absolute ernission in urban surroundings. GWP is
usually juciged on a smaller scale as far as differences are concerned. In
that oase all fuels show a 7-12% decrease when de engine is warm. These
differences are of the seine order for all fuels.

50 with regard to toxios the urban environrnent is charged with a more than
average emission of CO with petrol and LPG, most of the emission of lower
aldehydes on LPG and CNG (but at a low absolute level) and a more than over
age emission of BTX on petrol (and on CNG, but at a low absolute level) . On
diesel there is a mildlv elevated level of lower alciehydes in an urban envi
ronment.

Of the regional and global effects the uban traffic makes a more than
average contribution to sununersmog in the oase of petrol or LPC and a
moderately irLcreaaed contribution to acidification in the case of LPC.



Table 6.1: Coidstart effects ori direct toxic components

Date
26 October 1993

CO (g/krn) Petrol LPG GNC Diesel

coldstart 1.97 (100) 1.01 (100) 0.36 (100) 0.68 (100)
hotstart 0.45 ( 23) 0.53 ( 53) 0.34 ( 96) 0.49 ( 72)

8 (100)

10 (133)

Forrnaldehyde+ (ng/kin)

1.01 (100)

0.53 ( 53)

8 (100)

10 (133)

cc lds t.ar t

hot start

1.97 (100)

045 ( 23)

0.36 (100)

0.34 ( 96)

0.68 (100)

0.49 72)

Table 6.2: Colcistart effects en long—term toxic effects

Diesel

57.0 (100)

54.5 ( 96)

Fozmaldehyde+: mg/km

co 1 da t ar t

hotstait

BTX: rng/km

coldstart 49.9 (100) 2.4 (100) 2.2 (100). 4.3 (100)
hotstart 22.4 ( 45) 2.0 ( 83) 0.7 ( 34) 3.4 ( 80)
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ccldstart

hot star t

NO (mg/km)

21 (100)

10 ( 48)

16 (100)

6 ( 38)

199 (100)

174 ( 87)

coldatart

hotstart

Partic:ulates (mg/krn)

21 (100)

10 ( 48)

16 (100)

6 ( 38)

199 (100)

174 ( 87)

PAH: )ig/krr Pet rol

coidstait

hotstart

LPG

8.9 ( 100)

4.2 ( 47)

CNG

5.6 (100)

4.7 ( 83)

3.8 (100)

3.4 ( 89)

4.4 (100)

2.3 ( 52)

3.6 (10Cr)

0.4 ( 12)

0.9 (100)

0.1 ( 12)

32.8 (100)

21.7 ( 66)



TNO-report
93 .QR.VM.029/1/PHE/RR

Page
66/95 26 October 1993

Table 6.3: Coidstart etects on regional end global environmental effects

Wintersmog: Petrol LPG CNG Diesel

mg part./kir

coldstart 11 (100) 6 (100) 11 (100) 85 (100)

hotstart 4 ( 32) 6 (100) 3 ( 27) 74 ( 86)

GWP: g CO,-equivalerit/kin

coldstart 244 (100) 211 (100) 203 (100) 241 (100)

hotstart 218 ( 89) 192 ( 91) 189 ( 93) 222 ( 92)

Date

coldstart

hot start

Summersmoq: ing ethene-equivalent/kin

239 (100)

101 ( 42)

140 (100)

79 ( 56)
T

76 (100)

59 ( 78)

co ids t art

hotsta t.

318 (100)

281 ( 88)

acidiffication: rnrnol H/krn

5.2 (100)

4.1 (79)

3.2 (100)

2.1 t 65)

3.7 (100)

2.9 t 79)

18.0 (100)

17.0 ( 95)
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Figure 6.ia: Coldstart effects on diiect toxic cornponents
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Figure 6.ih: Coidstart eftects on direct toxïc components (conoluded)
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Figure 6.3b: Coldstart effects on regional and global effects
(conc luded)

6.2 Diesel technoloav

Two of the diesel passenger csrs were fitted with conventional engines. The
other two were fitted. with an oxidation catalyst and a mild degree of
turbocharging to ircrease air/fuel ratios. These two groups men be compared
with each other. The fifth vehicle was fittod with a direct injectiorL diesel
engine. But since this vehicle was a light van, cornparison with the indirect
injection diesel (all passenger cars) was not very well possible. Table 6.4
and Figure 6.4 show the compaiison hetweeri the 000verLtional and the catalvst
fitted cats. In the oase of the direct toxic componente the gaseous emissions
of the catalyst equipped care are about half that of the conventional cars.
The particulate emission, however, is about equal. Of the long-term toxic
cornponents, the lower aldehydes are halved, but PAH and BTX remain more or
less the same. Of the regional and global effects the surnrnersmog shows a more
than marginal decrease with the catalyst fitted; the other effecta remain
larcjely unchanged.

These resuits are somewhat remarkable, since the first reports about the
catalysed diesel were that it oxidised the organic compounds, including the
heavy hycirocarbons that condense on the particulate fraction; PAJ-I would be
halved. In this project the HC-emission is indeed cut hy a third hut the PAH
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ernission is not reduced, nor is the measured particulate emission. In thefirst reports it was said that the turbocharging aimed at increasing theair/fuel ratio, therehy preventing an increase of NO. In this project the00<-emission decreases by about 11% (which is negligible, regarding thespread in resuits) but the NO decreases by about 50%. One conciusion fromthis remarkable effect is that the catalyst does not oxidise large cjuantities
of NO into NO. Nor are hydrocarbons oxidised into aldehydes and ketones,
since the overall aldehyde ernission is reduced by 55%.

When the different cycles are regarded it appears that for the catalystequipped diesels the oxidisable cornponents (tO, HC aldehydes and PAN, and to
a smaller extent particulates) are considerably less than those of the conventional diesel, in the US’75 driving cycle and the actual uban drivingpattern. Obviously the catalyst is particularly eftective in the coldetartcycles In the warm European drivirig cycle and the traffic jam condition theparticulate emissiorL of the catalyst equippecl care is considerably higher
(1.4 and 1.7 times respectively) than that of the conventional care. In the

warm European driving cycle the emission of PAN of the catalyst equipped cars
also stands out, where as in the traffic jam the CO-emission of the catalyst
equipped cars increases more than that of the conventional cars. Thecolcistart European driving cycle agrees largely with the weighted average
trip (passenger car operation) . When comparing the warm European driving
cycle with the coldstart European driving cycle, it appears that the
emissions of particulates and PAN, which are equal for both technologies in
the coidstart test, decrease for the conventional cars in the warm test, but
not for the catalyst equipped cars.
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Table 6.4: Dit ferences between conventional and advariced technology for

diesel engines

Direct toxic cornporients conventional with turboch. + cat.

CO g/km 0.71 (100) 0.30 ( 42)
NO- mg/km 198 (100) 111 ( 56)

forrnaldehyde+ rng/krr 33 (100) 16 ( 49)
particulates mg/krn 63 (100) 69 (108)

55 (100)

33 (100)

3.1 (100)

52 ( 94)

16 ( 49)

3.3 (107)

Regiorial + global effects

wintersrnog mg/krn 63 (100) 69 (108)

summersmog mg/km 298 (100) 228 ( 77)
aciclification rug/kin 16 (100) 15 ( 90)

GWP g/kin 232 (100) 235 (101)

Date

26 October 1993

Long-term toxic effecta

PAH

Formaldehyde+ ing/kin

3TX mg,’krn
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7 INDIRECT AND OTHER NOT NEASURED EMISSIONS

The measureci values are all tailpipe emissions. For a complete picture the
emissions from oil well exploitation, transport, refining, storage and dis
tribution shoulci be adcled. Such emissions cari be sumniarised as indirect
ernissions. Together with the tailpipe emissions they can cause regional or
global effects. Yet ariother category of emissions is the evaporation of
petrol from petrol tanks. Although such ernissions take place on the vehicle,
and could therefore be classified as direct emissions, they are not inciuded
in the tailpipe values. In sorne earlier studies [7], [4] indirect ernissions
are estimateci for the various fuels regarded in this studv. The cornponents
consiclered were CO, VOC (Volatile Organic Comoounds) largely equivalerit to
L’TMHC (Non Methane Hydrocarbons) , CH4, NO.,, C02, SO-. and particulates. These
figures were taken as g of component per kg of fuel burned. Since the fuel
burned as known for each test condition, it is possible to calculate en
(estimated) indirect emission for each vehicle/fuel/cycle combination. In
fact the vehicles and cycles have first been averaged into a passenger oer
operation figure and a light van operation figure. Since these two in oost
cases do not differ fundamentally, only the first hee been useci to judge the
indirect effects. These indirect effects have been calculated, as indicated,
on the bas is of average fuel consurnotion peL fuel.

In the case of sumrnersrnog (ethene-eauivalent), PAl), BTX and formaldehyde+,
where a more detailed emission picture is needed, it was assumed that these
effects Cor the VOC-related part of the effect) are proportional to the
indirect NMHC emissions. To this end the indirect NMHC was calculated as a
percentage of the direct NMHC. For the summersmog also en estirnate was made
of the evaporative emission from fuel tanks. This contribution was st at 2
g/day which works out at. approx. 40 og/ko. This coritribution was not taken
into consideration for the calculation of PAH and formaldehyde+, since it is
assumed that oost of the direct. PPH and aldehydes is tormed in the combuction
charnber. The evaporative emlssïons are relevant not only for petrol, hut also
for LPG and CNG, since these fuels are usually applied in a dual-fuel system,
with come petrol in the petrol tank.

In the oase of GWP the contributions of indirect CO,, CD, CH4, NMHC and NO
can be calculated as for the direct emissions. An unknown cont.ribution is
that of tailpipe NO, however. The emissions of NO are low, but sance this
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component has e GWP-factor of 290, the contributiori to 0919 can stili be
significant. In the course of the project some N0-measurements were made. 0fl
the basis of these measurements the following NO-emissions are estimated:

* petrol average N0 = 25 mg/lcrn
* LPG average NO = 15 rng/kin
* CNG average NO = 5 mg/krn
* diesel average N:O = /km

The indirect emissions as used for this studv are shown in Table 7.1. The
upper part of the table gives the indirect emissions in g/kg fuel and the
lower part in g (rng)/km. The resulting overall ernissions are shown in Tables
7.2 and 7.3 and Figures 7.1 and 7.2. From Table 7.2 and Figure 7.1 (long-term
toxic effeots) it appears that, especiallv on PAH and Forrnaldehyde÷, the
relative emission from CNO doubles and that from diesel decreases with about
a quarter (relative to petrol), but this has little influence on the ranking.
Similar effects can be observed for the ETX, but they are of small absolute
magnitude, and of small significance due to the dominance of petrol in this
group. The accuracv of the figuses for Ct4G depends heavily on the accuracy of
the direct and indirect fligures for VOO: since the actual NMHC is extremely
low for CNG the multiplication factor for NMHC (indirect vs direc t) is corre
spondingly high That rneans that a slight variatiori in the determination the
direct emissions bas large conseuences in the estirnate of the indirect
emissjon. Similarly slight departures from the proportionality of PAS, BTX
and Formaldehyde÷ with NMHC will result in large tiuctuations of the indirect
t igures.

From Table 7.3 and Figure 7.2 the influence of the non-measured emissions on
the regional and global effeots cao he judgeci. Table7.3.a. shows that the
indirect contrihution to wintersmog is about as large as the direct contribu—
tion for petrol and LPG. For CNG the indirect contributions is very low
indeed, so that the relative total contribution decreases. Also the relative
total contribution of diesel decreases (from about 9x to about 5x), but it is
still an order of magnitude larger than that of the other fuels. The overall
contribution to summei-srnog is largelv uninfluencecl by the indirect emissioris,
except that of diesei, which decreases from 158% to 112% (relative to pet-
rol) . As to aciclification the relat ive contribution of 0100 and diesel
decreases significantly, when one also considers indirect effecta, but even
so diesel stands out as the most acidifying fuel. In the casa of glohal
warming CNG and diesel change in the same proportion; petrol increases the
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inost and LPO changes in a degree that is about average hetween petrol on the
one hand and cNO or diesel at the other. The result is that petrol is clearly
worse than diesel in an overall consideration and that CNG is clearly better
than LPG.

Tahie 7.1: Indirect emissions

Inii,’&-’c6 (‘00 (‘0 VOO’ 21)4 NO. [J.0jr.

,n;i ‘:i’.iLl IT.118C )

/kq fu 1)

POuol 950 1.135 2.11) 2.1) 1.25 0.13 4.29
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080 200 (3.1)3 0.51) 9,0 0.13 0.0)) 00)7

diee1 40)1 0.75 (3.70 1.) 1.10 0.11 3.11)

1 1 ‘D1 (‘02 IX) VOO oH, NO 0
-nhi 0’ iofl: / kin m1/1,) (1401)0’) n:q/ k1r fl.41 <0 1 k no / Om
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PAH

Petrol

LPG

CNG

Diesel

mir e c t

.ig / kin

7.1

3.8

9.0

24

total

Jig/km (%)

16.1 (100)

9.3 ( 58)

13.1 ( 81)

86 (530)

BTY.

Petro]

t P0

CNG

Diesel

indirect

ing/kin

33

2.0

4.3

1.5

Lower aldehydes direct indirect total
ing/kin (%) mg!km mg/krn (%)

Petcrol 3.4 (100) 2.7 6.1 (100)
LPG 2.4 ( 71) 1.6 4.0 ( 66)
tNO 0.6 ( 18) 1.4 2.0 ( 33)
Diesel 29 (860) 11 41 (670)

Date
26 October 1993

Table 7.2: Long-term toxic effects (indirect emissions estiinated from NI4HC-
contribution)

direct

j.tg/km (%)

8.9 (100)

5.5 ( 62)

4.1 ( 46)

62 (700)

direct

ing/kin (%)

42 (100)

2.9 ( 7)

2.0 ( 5)

3.9 ( 9)

total

mg/krn (%)

75 (100)

4.9 ( 7)

6.3 ( 8)
5.5 ( 7)
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Table 7.3: Regional and global effects

Wintersrnog direct indirect total
(particulates) mg/krn (%) rng/krn mg/kin (%)

Petrol 9.5 (100) 9.2 18.7 (100)
LPO 5.8 ( 61) 7.9 13.7 ( 73)
tNO 10.6 (112) 0.34 11.0 ( 59)
diesel 84 (880) 7 91 (490)

direct

rng/kzn (%)

indirect

(%)

total

mg/krrt (%)

193 (100)

129 ( 67)

70 ( 36)

305 (158)

120

81

36

46

313

210

10

351

Surnme rsmog

(ethene-equival -

ent)

Petrol

LPG

CNG

diesel

(100)

( 67)

( 34)

(112)

c

d

Date
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Acidi ficat inn

(F-{’)

0

direct

mrcol (%)

Pe t rol

LPC

tNO

diesel

indirect

rnrnol/krn

total

mrnol/km (%)

4.9 (100)

32 ( 65)

3.3 ( 67)

17.6 (360)

11.3

9.2

0.4

8.7

GWP direct NO (estirn) indirect total

(CO-equiva1ent) g/krr (%) g/kin g/krn g/krn (%)

Petrol 239 (100) 7.3 47 293 (100)
LPG 209 ( 87) 4.4 33 246 ( 84)
tNO 202 ( 85) 1.5 28 232 ( 79)
diesel 236 ( 99) 15 31 269 ( 92)

16.2 (100)

12.5 ( 77)

3.7 ( 23)

26.3 (162)
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8 STATISTICAL CONSIDERATIONS

8.1 Statistical sigr,ificance of the overall differences

The emission values averaged per fuel have an accuracy that is limited due to
the sometirnes large spread between the five vehicles per fuel. In the oase of
CNG the uncertainty is further enhanced by the fact that only two vehicles
have been measured. One may theri well aak what is the significance of the
differences between the fuels. In order to shed some ligho ons this, a (two
aided) Student-t check has been made on each relevant pair of datasets. As a
rule a 95% confidence level has been chosen. This leads to the following
conclusions:

Direct toxic effecta

In the oase of CD only petrol shows a significant trend on the high side in
sorne cycles (mainly the actual urban driving pattern) and CNG on the low side
(mainly in the coidstart European driving cycle and the traffic jam) . See
Fig. 8.1.

In the oase of NO-, the diesel vehicles show a consisterit sionificant trend on
the high side relative to all other tuels. The CNG fuel shows an additional
significant trend on the 10w side relative to petrol and/or LPG in the cold
start cycles.. See Fig. 8.2.

In the oase of the lower aldehydes the diesel difters signiticantly from all
other fuels in all cycles and the CNC from all other fuels in the coldstart
cycles. That nieans that in the coldstart cycles only the Lelat inn betroi—LPC
shows no significant difference. In the hot cycles (warm European ciriving
cyc1 and actual traffic jam pattern) t.here is no significant ditterence
betweer1 the spark ignition fuels amongst each other at the 95% confidence
level, but sometimes there is eit the 90% dontidence level. See Fig. 8.3.

In the oase of particulates there is a consistent signifrcant trend on the
high side between diesel and all other fuels, buL with some exceptions no
significant trend between the other fuels rnutually. See Fig. 8.4.

Eo to surnmarise: diesel fuel oonsistently scores high in a significarit way
while of the other fueis CNG often scores ic’.-; in a signific.ont way, especial
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ly in the coldsfrart cycles. There is usuallv no significant difference
between petrol and LPG, inairily due to the high spread in the petrol resuits.

Long-term toxic effecte

With regard to PAH the diesel engines scores significantlv high relative to
the other fuels. The other fuels do not show statistically significant dit
ferences amongst eech other, due to the high spread in the petrol resuits and
the low number of CNG-vehicles. With the addition of the indirect emissions
the emissions on LPG are significantly lower than those on petrol and CNG at
the 90% confidenc’e level; chere is then stili no significant difference
between petrol and CNO. See Fig. 8.5.

T,Jith regard. to the lower aldehydes only the relation petrcl-LPC is not sig
nificant, due to a small difference between the mean values. All other rela
tions are statistically significant at the 95% confidence level. This situ
ation does not change when the indirect emissions are taken into account. See
Fig. 8.5.

With regard to the BTX-group the petrol results are signiticantly higher than
those on the other fuels at the 90% corifidence level, but not at the 95%
confidenca level due to the high spread in the petrol results. The other
fuels do not significantiy difter mutually. Wheri the indirect eftects are
taken into accour1t the difference between petrol and the other fuels hecomes
significant at the 95% confidence level. The other pairings, however, still
are not significant. See Fig. 8.5.

90 it can be said that the diesel scores signiticantly high in PAH and for
maldehyde÷, CNC scores low in fornaldehvd.e+ and petrol scores high in BTX.

Regional and global etfects

Wintersmog is in this study relateci to particulate emission. On particulates
the diesel scores significantly higher than all other fuels, but mutually the
other fuels do not differ in a significant way. This situation does not
change when indirect emissions are taken into account. See Fig. 8.6.

With regard to sumtnersrnog the difference hetween petrol and LPG is not Sig
niticant due to the high spread in the petrol results. The differences
between the other pairings are significant at the 90% conficlence level (pet
rol-diesel and LPO--CNC) or at the 95% conficlence level. When the indirect
emissions are added the difference hetween petrol and diesel becomes insig
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nificant, those between petrol and either of the gaseous fuels hecomes sig
nificant at the 90% confidence level, and all others becorne or remain sig
niticant at the 95% cdnfidence level. See Fig. 8.6.

With regard to acidification all differences are significant at the 95%
confidence level, except those between CNG on the one hand ar.d petrol and LPG
on the other. çqhen indirect eftects are taken jnt.o account these two becorne
significant as well, due to the 10w indirect contribution in the case ot CNC.
See Fig. 8.6.

With regard to glohal warming the differences between either of the liquid
fuels on the one hand alLd either of the aaseous fuels on the other are all
significant aL the 95% confidence level. The differences betweeri both the
liquid fuels and between both the gascous fuels are not significant. When an
estimated contribution of NO plus the indirect emissions are taken into
account the difterence between petrol and diesel becomes significant at the
90% confidence level. The difference between LPG and CNG remains insignifi
cant. The other relations remain significant at the 95% confidence level. See
Fig. 8.6.
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8.2 Repeatabilitv of the testing

The colcistart European driving cycle and the urban. driving pattern (alsocoldstart) have been measured in duplicate because coldetart tests usuallyhave a poorer repeatability than hotstart test; by performing them in cluplicate a more accurate result was expected. In all the previous calculationsthe meen of the two test resuits has been used for these two cycles. Yet thefact that these tests were performed twice provides some insight into therepeatability of the testing.

In Table 8.1 - 8.3 the repeatability is shown as half the difference (quasi astaridard deviation), both absolute and as a percentage of the meen, for allthe environmental effects considered. Table 8.1 shows the resulta for thedirect toxic effecta. The repeatability of the CD is gooci. That of the otherromponents varies according to the actual values measured. Especialty the crovehicles show a large varianre, but at the same sort of absolute level as theother fuels. 80 the large variance is obviously caused by the low absolutelevel of the emission. The repeatabilitv of the particulate measurement ispoor except Lor the diesel vehicles (which have a much higher absolutelevel) . This is partly for the same reason, and partlv because therepeatability of thê particulates measurement is usually Pool- even under thebest of circumstances.

Table 8.2 shows the repeatahility of the long-term toxic effects. Again therepeatabilitv is good when the emissions are relatively large, but muchpoorer when the absolute emissions are low.

Table 8.3 shows the repeatability of the regionel and global ettects. Withthe exception of wintersmog (shown as particulate emission) therepe-atabilitv is good. This is all the more striking since the repeatabilityof the various components contributing to a certain environruental effect isusually less good. Obviously sorne levelling out takes place in the integratedeffecte. The repeatability of the GWP is extremely good: usually better than1% and 2-3 g/kin.

Since these are only coldstart tests the average repeatabilitv of all thetests cao be regarded as (setter than shown here.
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Table 8.1: Repeatability of the direct toxic components in the two coidstart
cycles

Petrol LPG CNG diesel
EDO/city EDO/city EDO/city EDC/city

CC 8/2 3/1 1/5 1/3
g/km 0.16/0.06 0.02/0.02 0.01/0:04 0.01/0.02

NO 5/2 14/9 33/0 3/2
mg/krn 1/1.5 2.5/5 2.5/0 6.5/5

Ald+ 20/6 6/7 41/16 2/0
mg/krn 0.8/0.2 0.15/0.15 0.35/0.2 0.6/0.1

Partie. % 27/29 20/9 82/48 1/2
mg/kin 3.5/2.5 1/0 9/5.5 1/2.5

Table 8.2: Repeatability of the long-term toxic components in the two cold
start cycles

Petroi 090 ONO diesel
EDO/city EDC/city EDO/city EDO/city

PAH 16/0 17/9 58/28 6/5
jj.g/klTl 1.7/0.05 0.9/0.5 2.2/1.7 35/4.4

Ald.-t- % 20/6 6/7 41/16 2/0
mg/kin 0.8/0.2 0.15/0.15 0.35/0.2 0.6/0.1

BTX 3/0 7/5 13/11 0/3
Ing/kin 1.2/0.3 0.1/0.2 0.25/0.8 0/0.15
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Table 8.3: Repeatabiliry of the regional and global etfects in the two cold
start cycles

Petrol LPG CNG diesel
EDC/city EDC/city EDC/city EDC/citv

Wint.smog % 27/29 20/9 82/48 1/2
Ig/kr 3.5/2.5 1/0 9/5.5 1/2.5

8um.srnog % 9/0 6/3 5/1 1/0
rng/krn 20/0.5 7.6/6 3.5/0.5 3/0.5

Acid. 6/0 3/1 6/9 2/1
mmol/k.rn 0.32/0.02 O.ll,’0.04 0.22/0.27 0.31/0.09

GWP 1/1 1/1 1/2 1/1
g/km 1/2 2/3

-

1/4 2/2
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