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- '1;‘_*;;'1 Introductlon

7 Tlus progress report descnbes the results obtarned so far Less attentron is payed to the Gt
N theoretical backgrounds of these results. These backgrounds wrll be drscussed in the ﬁnal s
SR report planned to be completed in August 1996 S L

S There are several reasons why thrs comparatrve study was rmtlated : ERR s
" 1. There are many comparatrve studies that have been performed earher The results of these
.. show a wide variation for almost each transport mode. ' '
. ..2." The influence of time is consrderable The results of old studles are not necessanly vahd
" for the vehicles that are in use at the present Often newly published results referto
. vehicles or transport systems of a few years old. Some publications use the results of other
. studies so that these apparently recent pubhcatlons in fact refer to sometlmes outdated
S information. : ;
.3, For companson of transport modes the ermssrons must be revrewed for equal travel

i - must be studied thoroughly. When this i is not done thrs may very easrly lead to

" For the companson of emissions a system boundary' must be seleeted Most transport modes
S in tlus study use fossil fuel. Electnc trains themselves emit only very little pollutants (eg.
ER copper and dust due to brakmg) When the electnc power generatlon is included, electnc trams
7 are partly responsrble for emissions from power statrons In energy studies, energy . e
o consurnpnon is often expressed in primary energy i. e. coal, crude oil natural gas, nuclear
" energy or several "natural” energy sources like wind energy, hydro electric energy, sun energy,
-, thermal energy extracted from the earth, OTEC (ocean thermal energy conversron) etcetera.-

el ’«Thls progress report brleﬂy descnbes the prehrmnary results of a master s work at the Faculty
oof Aerospace Engineering of Delft Umversrty of Technology The main ob_]ectrve of this
. project is to quantify and to compare the pollutant emissions caused by different transport
<. modes. The several transport modes will be compared w1th transport arrcraﬁ Besrdes the mam
S objectlves there are three other obJecnves L

 The different transport modes have to comply w1th regulatrons These regulatrons wrll be
rev1ewed RS

2 The possrbrhnes for the reductron of pollutant ennssrons wrll be drscussed
S 3. 'A brief review of pos51ble future developments wxll be given. i L
i ,The emphasrs w111 be on passenger transport The transport modes that w111 be revrewed are

reglonal and long dlstance transport au'craft
passenger cars i :
" buses; L ;
class1c and hlgh speed trams

S drstances For example, it makes no sense to compare emissions from (long range) arrcraft ‘

. per traveller-kilometre with the emrssrons from a passenger car per-traveller krlometre on |

.. very short distances. i oL .
. To draw conclusions from calculated ermssmns the backgrounds of these calculatrons

‘ tmlsmterpretatron of the results

Transport of energy also requires energy as well as the productron and destruction or recyclmg B K I

-+ of the vehrcles and the reﬁnery of fossil fuels. Here the choice has been made to put the system -
T boundary at the place where fossrl fuels are bumed Tlus means that for electrlc trams the




N boundary is at the power statlon, for the other vehlcles the boundary is at the vehlcle 1tself

In chapter 2 a review is given of the relevant ermssnons and therr enwronmental lmpacts
- Chapter 3 explams why a thorough analysis is needed. In this chapter the results of other

a - comparative studies are analysed, these show extremely wide variations. In the chapters 4 56 - .
- and 7 the results of calculations of emissions from passenger cars, buses trains and aircraftare '
" presented. In chapter 8 the unfinished actlvmes are descnbed At the end of thlS report a list of L

used literature is grven Not all the literature in this hst has been used as a reference in th1s
R report However m the ﬁnal report they wrll be used as a reference B

- On18 May 1996 a tnne schedule was presented On the one hand not all the elements in thlS

et ‘schedule, planned to be completed by the end of June have been completed On the other hand ‘.
-~ -some work has been done on elements planned to be completed later (e.g. some hterature AR
. research has been done on the regulatrons and on total emissions). These elements are not

- presented in thls report Some elements in the schedule have been changed
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L 2 The relevant emnssrons from transport and thelr | S
envrronmental lmpacts T
e , Introductlon ' ; R ! SHN S ;A
F, s A brief review. of ermssrons from axrcraﬂ trams and road traiﬁc and thexr envxronmental 1mpact Ly
. aregiven. Different definitions of some emissions are used in 11terature These deﬁmtrons have . = .
o been studied to avoid confusion. An mtroductlon into the subject of pollution of the = . .
troposphere and the related chemlstry is given by Lelieveld and Helas in [Helas, 1987] Several
- aspects of air pollution are described in [Boubel 1994). In general the envrronmental unpact of
' an emission depends on time, locatlon and concentranon of this emission. The presence of -

. other emissions also affects its environmental impact. When emissions from electric trains are "\
 considered emissions from power stations have to be taken into account Because electncrty is .‘.«"‘ G
often partly generated by 1 nuclear power stations, also nuclear emissions and waste havetobe = . '
consxdered Much information on emissions from aircraft can be obtained from [Schumann
1990] [Schumann, 1994] [Schumann 1995] the contnbutlons of Schumann m [AGARD CP- :

-5,-536] and in [Burgener 1993] : / '

2 1‘ Carbon monoxrde

\

,'{_"Carbon monoxxde (CO) 1s toxw due to its hrgh aﬂimty to red blood corpuscles CO is mvolved ’

“in the chemistry with 1 respect to ozone 0, productlon and reductxon So CO may cause the b
- production of photochemical smog, depending on the concentration of oxides of nitrogen" . C
(NOX) Carbon monoxrde also affects the mechamsm of hydroxyl (OH) radlcal formatlon and
destructlon s e e s T e

7 2 2‘ | Carbon d10x1de

L Carbon dloxxde (COZ) contnbutes to the enhanced greenhouse eﬁ‘ect and it makes ram and

. snow slightly acid when CO2 is dissolved in the falling droplets (carbomc acid pH~5.6). . RO
RS Furthermore CO, causes coolmg of the lower atmosphere more polar stratosphenc clouds .;‘ Cer i
SRR (PSCs) and hence more ozone depletton L5 A , et

bt ._.Water (H20 water / vapour / sohd) aﬁ'ects the envrronment in several ways Water vapour 1s a
R greenhouse gas: In cloud form (condensatlon trails or contralls) water can contnbute to the -
~* .’ enhanced greenhouse effect, depending on several parameters. Contrails also have a coohng
. effect. Furthermore water plays a role in atmosphenc chemistry. According to Smitin . ',{: L 5
L [Euroawa 1995] water vapour can be called "the engme of atmosphenc dynamrcs" A e




o (e 2 4 Oxrdes of nrtrogen i-

S Oxrdes of rutrogen (NO,‘) are also called mtrogen oxrdes [Houghton 1990] or nitric oxrdes R

o - [Otivier 1991]. NO, represents nitric oxide (NO) and nitrogen dioxide (NO,). NO, can cause.
.. ozone (0y) productron as well as catalytxc ozone depletron Ozoneis a greenhouse gas. The = -
" ozone layer is a protective shield against UV radiation. Ozone is also involved i in the forrnatron o

e of photochermcal Smog. Ozone itself is harmful to human health. In general NO, causes O,

) ~ production at lower altitudes (troposphere and lower stratosphere) and ozone depletionat = - g
.+ higher. altitudes. NO, causes acid rain by conversion of NO2 to mtnc acrd (HNO;, not to be SR SR

- ”i co nﬁx s ed wrth HNOZ whrch is called mtrous acld)

2 5 Nrtrogen oxrdes

o I [ ""\} .
el wgeon Bl el

;.?l .,l ‘_‘:4 S S B A T ;,u»r_..t‘ -

L In lrterature drﬁ’erent deﬁmtrons of mtrogen oxrdes can be found The mtrogen oxrdes referred e e

5 toas N, O, include NO, and nitrous oxide (N,0). N,O is a greenhouse gas. The SR
I mtergovemmental Panel on Climate Change (IPCC) defines mtrogen oxrdes as NO [Houghton P

. : B 1990] Thrs deﬁmtron can also be found in other hterature LR

oo Hydrocarbons (HC) can be divided i mto several groups Unbumed hydrocarbons are denoted R

e . as UHC or C,H,. In [Olivier 1991] however, hydrocarbons too are denoted as C,H,. -

Commonly unburned hydrocarbons include methane (CH,), which is a greenhouse gas. When

SRR hydrocarbons do not include methane, they are called non-methane hydrocarbons (NMHC) .
» "Methaneis a chemrcally and radratrvely active trace gas. Due to chermcal reactionsinthe '+ . <. -
08 astratosphere it is a significant source of stratosphenc water where itis an unportant greenhouse L

/gas. Not all hydrocarbons are volatile. Hydrocarbons may be solid enough to be classifiedas .
AR partrculate matter [Nxeuwenhurs 1994]. [Olivier 1991] defines volatile orgamc compounds "_ S
~ (VOC) as all unburned and formed hydrocarbons including methane which are sometimes :

. called "total VOC". Non-methane volatile organic compounds are denoted as NM-VOC. A -
' group of hydrocarbons are polycychc aromatic hydrocarbons (PAH PAK in Dutch) some of
* which are known to be carcinogenic (i.e. they cause cancer) P ¥

‘Hydrocarbons are involved in the creation of photochermcal smog In the stratosphere

T hydrocarbons catalyse ozone formation, convert NO, mto a reservorr gas and lessen O_,, - ,’

S des tru ctron Hydrocarbons also cause bad smell

Sulphur droxrde

L Sulphur droxrde (SOZ) forms sulphate partrcles whrch have several eﬂ’ects Sulphate partrcles B
*.. may be important in cloud formation and may trrgger ice clouds in supersaturated regrons g

. These particles are chermcally and radiatively active. Sulphur droxrde causes acrd ram due to
R transforrnatron into HZSO4 (sulphunc acrd) and it causes smog T e



2.8 Soot

Soot consists of particles containing carbon (C). Carbon provides condensation nuclei (CN) for
aerosols and clouds and provides surfaces for chemical processing. Furthermore soot is
inconvenient and may be carcinogenic. The smoke number (SN) for aircraft engines is
measured using a special filter and procedure prescribed in [ICAO 1993].

2.9  Aerosols

A description of aerosols is given in [Helas 1987]: " Mechanical suspensions of liquid or solid
_particles in air are called aerosols". Examples are fog, smoke, particles in exhaust gases, rain,
etcetera. This will change the albedo. Aerosols can have many different environmental impacts,
ranging from influence on the energy balance of the earth to health risks. Aerosols affect the
radiation balance of the earth, thus they affect the climate. Aerosols also serve as condensation
nuclei. So an increase in air pollution can lead to an increase in cloud formation. The surfaces
~ of aerosols play a role in heterogeneous chemistry. ‘

2.10 Pérﬁculates |

Data of measured particulates or particulate matter (PM) are often given in literature.
However, a good uniform definition of these has not been found yet in literature. Probably PM
is the same as aerosols, but it may also be true that PM includes aerosols. In some literature
particulate matter is denoted as (C) [Schumann 1994]. Probably only carbon particles are
included here. ‘

PP

2.11 Lead compounds

Lead compounds are toxic, they can cause anaemia (‘bloedarmoede’ in Dutch) and can
influence the development of the central nervous system and the conductivity of excitations of
' the penpheral nervous system ([Eerens 1992] page 108).

2.12 Nuclear emissions and waste

When regarding emissions from electric trains, emissions of power stations have to be taken
into account. Part of these power stations are nuclear ones. Nuclear emissions are being
emitted to water and air. There are several types of nuclear waste ranging from contaminated
laboratory equlpment to used nuclear fuel. It must be noted that also coal ﬁred power stations
emit nuclear emissions. :




e 3 Results of some exnstmg studleS' the need for a thorough
: analysns B A S A e e

. 'l The results of some recently pubhshed emxssxon studles have been compared to detemnne the ol T

- upper and lower limits of emissions calculated in other studles 'No selection has been made to B

~.sort out realistic values. The comparison has been made to illustrate the risk of drawing the -
x wrong conclusrons when the backgrounds are not studied thoroughly Note that often some - .
.. emissions are not referred to correctly, e.g. NO, emissions are often measured as NO,,insome -
- tables NO, and NO, are not referred to correctly The same situation can be found for VOC or

HC emrssmns (often measured as CH4) and SO (SOZ) The followmg sources have been

o ‘"consulted ;o
[Carpenter 1994] thrs book is one of the most comprehenswe books on the envuonmental s

. impact of railways that has been found in hbranes 5o far. In envrronmental unpact

il L Aassessments of radways emissions are less unportant than subjects like noise dlsturbance -
. disturbance of landscapes nature reserves etcetera. This makes good mformatnon on .. -

T pollutant emissions caused by rail transport rare. The information on emissions in thrs bOok
- s still not comprehensrve enough to assess the mﬂuence of different load factors time, the
- year of construction and so on. Frequently information is only given for one or several -

" particular situations. Much information in this source has been obtained from reports of an o

| ": institute called TEST (Transport and Environment STudies) in London. "

Ce2n : [Whrtelegg 1993], ﬁgure 3.11 and 3.12 contain mformatxon on emissions and pnmary LA
., energy consumpuon for several transport modes The data are German (1987) and are not ’.
©.0 7 very detailed. e
30 [Tweede Kamer 1991 22 026 mr, 4] Thrs source is part of the envuonmental unpact

o - statement of the high- speed rarl connectron from Amsterdam to Paris. Only very little
mforrnatlon is provrded on emissions. A comparison has been made of several transport

e '_ ~~---modes, The emissions from aircraft are based on the emissions during an entire ﬂrght of

* 500[km] of 2 DC-10. SO, emissions from aircraft have been derived from total emissions

Cat Schiphol airport. The emissions of trains are based on Dutch trains (1987 average load S

- factor of 37%). The data for the high-speed train (HST) are based on very limited data of - -

. the French railway company SNCF (TGV-Sud-Est, calculations done in 1986, load factor =
©7 65%). The emissions from cars have been obtamed from other hterature (CBS ennssrons BRI

S 'durmg motorway dnvmg condltlons)

o o 4 '[Tensen 1996], a comparison of transport modes based on exrstlng hterature mostly CBS 5 ﬁ“}',f‘:g,\

""" (Netherlands Central Bureau of Statistics).

5 ~ [Schumann 1990), in the early nineties many research pro_lects on the envrronmental unpact oo i

- of aviation were untlated in Europe In 1990 a congress took place in Germany of which - -
" this are the proceedmgs (note: this book is sold out and will not be reprinted). In this book
Relchow of Lufthansa presented emission and fuel consumptlon data for the Lufthansa g

- fleet in 1988 and 1989, ‘These data will be discussed in chapter 7. On page 7 a rough -

B estimate is made of total global emissions, the amount of passenger—lolometres and fuel

: consumptron from these data emrssrons and fuel consumptlon per passenger-km can be ' :_':v 50

S0 derived, g
6 [Schumann 1994] many above—mentloned programmes were in progress in 1994 and a

- second congress was held in Germany, the proceedings of which are published in this DLR . e
SR publrcatron On page 47 Derdewrg and Lecht of DLR presented results of NO enussron : R




i : 7 " [Government pohcy 1995] this source is a Dutch Governmental note on air pollutlon el

| :; 8! [Arends 1995] and [Arends 1994], these sources describe the same study by ECN

o ) 9 [Sjostrom l99ll] in thrs publrcatlon of Saab-Scama comparatrve data are grven of several

o '}‘,j“’From these data upper and lower hmrts have been denved for emrssrons and energy RTIERAT
e consumptron For energy consumptlon the type of "energy (pnmary electric, fuel heat content

gr SO2 and energy consumptron for passenger cars are values of taxrs

= table 3 l Upper and lower llmlts of emxssrons and energy consumptron per

] mgPlamy | towertimit | 30 [t a0 [ o f i s0l
SE [‘n‘rg/l’lcrn]vl't_"/

i :[kJ/Pkm]

. 5
‘ v

' <

L :tand fuel consumptlon calculatron for several arrcraft on a ﬂrght of 1000[km]

- and aviation, in Dutch it is often popularly called "Nota LuLu", LuLu is an abbreviationof -
“. . 'Luchtverontreiniging en Luchtvaart'. The comparative data on ermssrons caused by several o T
. transport modes have been obtained from CBS, ECN and NLR. - ‘ e e

©* (Netherlands Energy Research Foundatron) In this Study a method was developed for the
L mtegral evaluation of air pollutlon based on weighting factors (Dutch guilders perkg) for = .
- the costs necessary to reduce ermssrons to a "sustamable" level Somc comparatlve data f i

" are given. . ‘y o

- transport modes (page 47). Some emissions. caused by electric trams are zero because
. nuclear or hydro electnc power generatxon was assumed ; e e

. etc.) was not specxﬁed in each case, this can cause large variations. The upper and lower hmlts FIU
' are given in table 3.1. Taxis are mcluded in the passenger cars. The very hrgh values of COZ, - ST NS

passenger-kllometre for several transport modes -

Rt ’ai.rcraﬁ» SREEY passcngcr classrc trams A hrgh-spccd buscs SR

CO, [g/Pkm] | upperlimit | 346 | 4| 117 S R R T

o owertimit, [ 30 | s |t s | s |2 |
| cOmg/Pkm) | uppertimit | 2100 | 24000 | wmor |39 | %0
o owertmit | e0 | aso fet e e s

| NO, [mg/Pkm] | wppertimit | 1200 .} 3190 | iasro | o290 | 2000 . f. |
o owertimit o200 |0 Sso T o o Tsr ol

HC(CH, | upperlimit [ 600 | . 3150 | . .12s0 |19 | s00 |
voC)

27| sos0y | wppertimit | 112 i s00 | T ase0 | e 200

towerlimit [ 100 fo7 o wiso |0 e | 23

| energy upperllmlt ©o2000 | sma0 | a3t | t700 | L1540

, lowerlirrﬁt'“f ‘,';5‘1690» ‘;1'370’;_?,;‘:’ e L as0 | 330

Table 3. 1 shows very large dlﬁ'erences between upper and lower values and between drﬁ"erent
transport modes These dxﬁ'erences can clearly be seen in ﬂg 3 1-3 6 From the data 1n the




mentioned literature it became ; snergy consumption por o~

“clear that the following factors - | T yom , , 1
‘must be considered when B I o RN ' me-m
- emissions from different : : ' ; Pommmemh
transport modes are compared: = | @} R S
- theload factor, o S &
- time, or more specific, the . = | ** o
‘ year of construction or ' : 1 .
- testing of the vehicles; e N T : T e e
- the travelled distance, vl e . ] '
- operating conditions; . . ' SR SRS 7T
- the presence of emission e . - i —
control devices such as A : E § I R 1
- catalytic converters or i - { % :
~ special combustion i
, ‘chambers, - , e .
- . the used fuel type; = - ﬁg 31 '

- - the vehicle type (long or :
short range aircraft, for passenger cars: dlfferent engme swept volume for trains: long or
| short range transport or hlgh speed trains etc.). :

Fig. 3. 1-3 6111ustrate the risk of , ', L cotemmeneper gk
drawing conclusions from N v ' : ' : :
published emission data w1thout w S g _ : :
~ thorough background =~ [ | .7 ! = ' ,
knowledge. - e '
: L
] g p "
: 3 .3
L S PR
|1 : § | ‘ s

. fig 32
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CO emissions per passengerion
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: 4 Emlssmns from passenger cars

o fWhen ermssrons from passenger cars are con51dered the Word passenger can cause confusron :
- because the driver is also travelling. Therefore, the word 'traveller' is used. The driveris =
<" included in the travellers except when taxis are consrdered Because there are many factors that .
- influence the emissions per traveller-kllometre some chmces have been made.” .~ " * ¥
e The deve10pment of emissions as a function of trme wrll be analysed using statxstlcal data g
of the emissions and traﬁic petformance of passenger cars in the Netherlands. The average -
L travelled distance per trip is very short. That is why average emissions per traveller-km are
“+..  certainly not typical for long distance travel. Because the emissions will be compared with -
- emissions from aircraft, long distance travel has to be analysed The formulas used for the
e _,‘calculatlon of emissions for long drstances contam a lot 'of variables such as year of oo o
. ,fconstructron, dnvmg condition, engine swept volume, fuel (gasoline, LPG or diesel oil) and the R
.. presence of emission control devices. Analysis of various years would be very time consummg,f i
it therefore long distance travel will be analysed for year of constructron 1990 (the most recent TN
] year for wh1ch the method can be used) A e LT

[ messmns from passenger cars are mﬂuenced by : SN
-’ driving condltrons and the dnvmgg behavrour of the dnver L e
o= fueltype; i , SR
- year ofconstructron - A ALY el el S e
e 'ermssron control dewces hke catalysts carbon camsters exhaust gas recrrculatlon, pulse a1r
' system, HCLB engmes (h1gh compressron lean bum) etcetera RERAESCA R P
. .= ambient temperature ,
o = 'acold start; |
o altitude; ,
-=' " the incidence oftheroad AN T g L
- the age of the vehicle, the total dnven vehrcle-krlometres 4 : b
" Most of these aspects will be dlscussed in this chapter For aspects that are not descnbed a R P
theoretlcal rev1ew W111 be glven in the ﬁnal report e , TR R )

L 4 1 Emrssnons from passenger cars m the Netherlands 1980—1994

PN The ermsrons ﬁom passenger cars in the Netherlands have been studled usmg statrstlcal data
. from CBS. The CBS publications that have used are: LUV | :

2. [Zakboek verkeer en vervoer 1995] ET
~[CBS 1994]; v =5 e
. [CBS 1993, statrstlek van het personenvervoer 1993]
S [Luchtverontrelmgmg, - 1992] : S Tt
o f }_The amount of travellers per car has been determmed by CBS F or some specrﬁc cases the D
" number has been calculated from CBS data. For Dutch vehicles abroad and foreign vehxcles in ER PN
. the Netherlands, the number of passengers remained constant at 2.5, The number of domestic
S travellers varied. From the traffic performance (vehrcle-krlometres) and the number of TR
S travellers per velucle the average number of travellers per vehlcle has been calculated see ﬁg R




When the number

_oftravellerspercar .~
SO b L | 1scombmedw1ththe L
il +Uavems per vehicle, | emxssmns per ,

' « domestic, ‘cbs, statistekvan |- -km . ;
betpersonenvervoer 1994' - |1, vehlde the ]
. | emissionsper © .
: -—ﬂ—travelers pervehicle abroad B traveller-kmcanbc S

< Ugbs, statistiekvanhet 1. | A
i RO Pt emxssxons of ' i
- |—py—travellers per vehicle, foreign | .
.. vehicles in the Netherlands, | hydrocarbons per L
- 'cbs, statistiekvanhet - | veh1cle-km mcludmg R
.|’} personenvervoer 1994 ° 4
se—average trevelars por ;| |- emxssxons dueto
*_passenger car, Dutchand | | evaporatlon have .=
1ore|gnhtheNetherhnds - RN
. ' . .| been calculated from

1980 1985 -t . . 1980 . 7 1995 —n——travelers/vehicle calcuhted total emissions and '

year © , vehlcle-kllometres

T : for taxx/mlmbuses has
"f.ychangedmtheSOsdue — — -

o loa change in - R R annual emlslons from paseenger carsin lhe Netherlands

Lo A leglslatlon The total o relative m1930 (1980"100%) i

~= o emissionshavebeen | . R

<. ... givenby CBS, theseare . | '

.- shownin fig. 4.2 relative

“ to'the value in 1980. . . .| .

- This figure shows that all_ o

the mentioned total O R

. emissions except Cco,. - i

- and SO, are below the

S 1980 value y

- |~a—c0
—u—HC ncl evapora’mn

—o—Aerosols

- ‘The rapxd decrease of

~ - lead compounds 1sdue | _— RCAS L S

~ totheintroduction of -~ | . 1980 . 1985 - 1980

“ lead-free gasohne The Sl o year

. emissions per traveller- .

_,.,fgkmareshownlnﬁg 43”‘ . e e
2 Ad coofigda2t

4 lead conpounds
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Note that all emissions
emissions per travellerkm from passenger carsin per traveller-km are
‘ the Netherlands | decreasing although SO,
, emissions had been
140 | increasing during the late
120 L,Q_W 1980s. Fig. 4.5 has been
compiled to show the
100 ¢ —o—CO2lghraveler-km} | | emissions per traveller-
80 1 _ - - , : km relativeto the values
| o0l , b SO2 [mg/raveler- in 1980.
o k]
i 40 .
| ) —A— Aerosols
2071 [mo/raveler-ki
0 Lo
, —¢—lead
1980 1985 1990 - 1995 compounds{mgirave
year fler-kavi .
fig. 4.3

emissions per travelier-km from passenger cars in

the Netheriands

10

8

g8t

7 —e— CO [g/traveller-km}
6+ : '
51 v

4 —8— HC excl.

1 . evaporation[g/ravel

3 er-kmj

24 —a— HC incl. evaporation
17 [g/traveller-km]

o4

1980 —-)(-— NOx [g/traveler-km]




R B D

 emissions per traveller-km from passenger cars In the Netherands raletive to 1980 -

3

120 __ : S i —&— CO2[g/travellerkm] DAY

& cO[g/ravellerdan] -,

PR

evaporatlon[g/trweller-km]
i vHCIncl.ovapontion Lo
: [g/tmvellerslan] SRR
: +—N0x[gltnvollw-lan]

| —e— "'sog[g/qulmmj Vo

SN R S TRl ——"+;-—‘Ae‘;bsoqls ’ ellen-km I

T e e compounde[g/awveller-km]‘

S ,"In ﬁg 4, 5 both the HC emissions mcludmg and excludmg ermssxons due to evaporatlon of fuel e
. fromthe fuel system are ngen In fig. 4.6 the evaporative HC etmsswns per traveller-km are .
2 compared to the HC ermsswns mcludl__g evaporatlon v_"'j_.g;__v L - '

HC emssuons due to evaporahon per h'aveller-lcn rela’ave to the

S Because Ofthe BN "';; ﬂ'A total HCemss:ons frompassenger cars pertraveller—kmn the
R relatlvely short I SR PR T Netheﬂands .

*average distances per ERINE SR
: ";j,tnp, the average .. o D 40—
- emissions per t traveller- . 304 ST
- km cannot be used for % 20 *
‘comparison with: e T T R e s e e T
S0 R e T T e
-+ - aircraft and long .- g e i R OBV R R e

C L 0 L ; A : ‘ ‘r L :' < ; o
,,_d stance ra11 tranSport 190 1982 1984 1986 L1988 | 1990 19@2 . 1994 | .

'Th1s paragraph shows B EERES
howeverthatlarge = - | . . il
.. -emission reductlons - ﬁg. 46

' ":ftf,-fhavebeenachxeved B s IR U ARI ey ¥

' ""‘smcetheearly 1980s. © s A s :

. .This agaxn 1Ilustrates the nsk of usmg outdated data and stresses the need for a thorough
analysrs SN L : e

year




S . reached the levels correspondmg to the warm engme For a grven car thrs dlstance depends on
o _,-' ambrenttemperature ' e B bl BT i

gy ‘f ' :.- 011 temperature Thrs method leads to the same results

T [?C] avcragc distance driven dunng the' warmmg-up phase of the cngmc [km]

"-10”, el

o '.; average distance of 4.8[km].

. to what extend the menttoned

Wi R A A
. " Lot
P ol

4 2 The mﬂuence of a cold start on the emlssmns from passenger cars el

The ermssrons from passenger cars are aﬁ'ected by the hrgh ermssrons dunng the tune that the e

- engine is warrmng up after a cold start. In [Hassel 1987] the emissions during the warmmg up B

. of the engine have been mvestlgated for cars with year of constructron 1985 or earlrer -

Probably most of these cars do not have a catalytic converter. o i EER
' The distance that a car has to drive to warm up the engine is deﬁned as the drstance dnven L

from a cold start at the end of which the emissions and fuel consumptron (per velucle-km) have o

,,t
R

- driving conditions." " : 5 i AR Vg o
A dlﬁ'erent method to determme the drstance to warm up the engme 1s the measurement of the: S T

A relatronshrp between the dlstance of warrmng-up phase and the ambrent temperature has

been obtained, based on the European test cycle ECE R-15. This cycle does not includethe * .
~ start of the engme and a succeeding phase in which the engine is idling for 40 seconds. This is SRRt S
why the 011 temperature at the beginning of the test cycle is about 2 to 3 °C htgher than the o
ambrent temperature The results are shown in table 4 1 L .

table 4 1 The drstance drlven durmg the warmmg-up phase asa functron of
' ambient temperature, source‘ [Hassel 1987] page 125-127

200 '4'1:?. do Ly v L e B S

A strarght lme can be drawn exactly through these pomts Accordmg to [Klem 1993] page 10 -

- the (yearly) average ambient temperature in the Netherlands is 9°C For thrs temperature the
strarghthnerelatronresultsman T L I R R R

Before the average drstance
durmg the warrmng-up phase is.
deterrmned it is necessary to know

relatron is valid for modern
- passenger cars. Most modem cars

~will be equipped with an open loop - T DR R T
“or closed loop (three-way) catalytrc RS /
converters T om0 20C o

In [Dursbeck 1994] the eﬁ'ects of a — ; .....,..w...,..., L

cold start have been 1nvest1gated / v o N o |

The applied method differs from = * e

the methods in [Klem 1993] and ﬁg 4.7 the eﬁ'ect of a cold start at drﬂ‘erent ambrent S
AR temperatures S e




- [Hassel 1987] In thrs case the US-Test-75 has been used to deterrmne the eﬁ’ects of a cold
- start. In general the effects are as shown m ﬁg 4 7 thls ﬁgure is based on a ﬁgure on page

13.15 of [Dursbeck 1994]. ... i o
L Frg 4.7 shows that both the emrssrons after a cold start and the emissions for a warm engme :

o depend on the ambient temperature. When the higher emissions due to a cold startarenot .~ .
considered this may result in large errors. On pages 18.47 and 18. 48 of [Dursbeck 1994] cold- BN

- start factors are glven for several vehrcle concepts The cold—start factor has been deﬁned as

ety follows RS T

i Ew~ .. total emission of phase 3 at 2O°C SRS
e ','The COld Start factor can be calculated from

, ' KFs T cold-start factor i e the ratro of the extra ermssrons due to a cold start to the total
: " emissions for a warm engine at ambient temperature T. ;

S EKST " emissions [g] after a drstance Sin phase 1 of the US-Test-75 at ambrent temperature AP

e b ;T

AL - | E,.s co emrsswns [g] aﬁer dlstance S in phase 3 of US-Test-75 at an ambrent temperature of s

5 20°C.

. The length of phase 3 of US-Test-7 5 is 5 777[km] (page 13 17) Phase I is equal to phase 3

SRR passenger cars wrth Dresel engines.

v except that phase 1 is driven at the begmmng of the test cycle and phase 3 is driven at the end R

SRR S ULV LR E, -'E o theenn D L TR AR
O e Brer - Bes gy

B of the cycle (page 6.3-6. 4). In these phases the average speed is 41{km/h], 'the minimum speed L

o ;f" s O[km/h] and the max1mum speed is 91[km/h] Dunng 20% of the whole phase the speed is 0 =,

In ﬁg 4 8-4 10 the cold start factors are shown for several amblent temperatures and vehlcle

s _concepts In these ﬁgures KF means coldostart factor as deﬁned by formula (1) The vehrcle : U

. concepts are::

I , Passenger cars wnth Otto engmes and a closed loop catalyst (three~way catalyst), } f o

' “- - 'passenger cars wrth Otto engines and an open loop catalyst; = o

AR conventional passenger cars with Otto. engines, in thrs class also cars wrth specral ermssron"‘; SR

- control devices (e.g. pulse-alr system) are mcluded
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“cold-start factors at an ambient temperature of 20 degrees Celcius

3 ‘
25 ¢ ' ‘
: a— &
2 /
15 ¢
.
x
14
05
x' T
ol . e e
' T 05 1 15 2 25 3 35 4 45
05
distance from cold start, S {km]
——HC, closed loop catalyst —43— CO, closed loop catalyst —— NOX, closed loop catalyst -
——3¢—fuel mass, open loop catalyst —— HC, open loop catalyst —ae—— CO, open loop catalyst
———— NOx, open loop catalyst fuel mass, open loop catalyst -- -=. .- HC, conventional
¢ CO, conventional 8 . NOx, conventional - A fuel mass, conventional
‘X - HC, diesel © x - CO,diesel ‘ . . -- NOx, diesel
+  fuel mass, diesel - = particles, diesel '

fig. 4.8
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cold-start factors at an ambient tempekature of 5§ degrees celcius

KF

25 3 35 3 a5

4B
O

wa®

.- distance from cold start, S [km]

—_ NOx, open loop catalyst

fuel mass, open loop catalyst - -=- — HC, conventional

‘X HC, diesel X CO,diesel - S 1. NOx, diesel .
4 fuelmass, diesel --- = . particles, diesel :

—e— HC, closed loop catalyst —+&— CO, closed loop catalyst —a&—NOX, closed loop catalyst
—3¢— fuel mass, open loop catalyst —3%—— HC, open loop catalyst - —&— CO, open bop catalyst .

-~ - CO, conventional . b - NOx, conventional . © A - fuel mass, conventional

fig. 4.9




. S SR 8 dlstancefromcoldstart S[km] A

, —-Q—HC closed bop catalyst —B—OO closed Ioop catalyst ¢ —A——NQ( ctosed Ioop catalyst s

g -—-)(—fuet rnass open bop catatyst —-3!—-HC open loop catatyst —0——00 open toop catatyst

——t—NOx open Ioop catalyst “HC, conventtonal I
‘-0 CO, convent:onal Lt ‘ NOx conventxonal N tuet mass, convenuonal

;"fﬂf % HC, diesel ', e X co diesel "j B ‘, SR NOx dueset

"A.’-',;{ fuelrrass dlesel i -7-part|cles,dteset P L e

ﬁg 410

Occasronally the cold-start factor can be negatlve (N O for conventronal Otto engmes and Otto
engmes wrth open loop catalysts both at the two lower temperatures of 5 and 10°C)' o

A method is developed that can be used to estimate the drstance at whrch the transrtlon toa e
. warm engine occurs. This distance, S,, is defined as the distance where the emissions and the =
fuel consumptron per vehxcle-km reach the levels correspondmg to the warm engine. CAt thlS
~ distance the emissions per vehicle-km reach a constant value. This means that the second
pamal denvatwe of Exsr becomes 0 and remains 0. ance E and Ews/S are constants for a
: grven temperature and car concept thls rneans that : e T R

2K .
2“} - OforSzS

g Thrs derlvatlve can be estrmated usmg Taylor expans1ons of KFs T w1th equxdlstant nodes
: "When 1,0,and 1 correspond to three succeeding nodes with mtervals h (h=1[km] in thrs
case) between thern the second part1a1 denvatlve can be estrmated w1th formula (3)




S T-20°Cinfig. 411

ThlS can only be calculated at three drstances as there are ﬁve drstances (l 2, 3 4 and S[km]) .

5 fglven Calculations have shown wide variations between car-concepts, between ambient

o temperatures ‘and between dtﬂ'erent criteria (CO 'HC, fuel mass etc.). When the second partralr ;,J,' "'”

derivative became zero, rt drd not remam zero rn most cases for S>S Thrs 1s 1llustrated for

Seoond parﬂal derlvaﬁve of ﬂn eolddzrt facior with respect to 1he

L - Ja '; i distancs driven from a cold start at an ambient temperature of20 - | 0 1
' The choxce has been made tO R dogrusalﬂus The lines apply to 4 car concepts and several eniﬁed R ;

oSy 5 analyse the eﬁ'ect of drﬁ'erent LR
~ . .- values of S,, (3 and S[km]) on R
e _‘the ermssron levels ST

. .vehicle classes have been deﬁned B B —~
([Klem, 19931, s m -,
;,---‘.;';,f"[Luchtverontrelmgmg ..... R T
-~1993], [Binkhorst, 1994]

L . EEC dlrectrves

; *-.1?‘4,"' ’115_045 vehicles certlﬁed

- assume that S,=4[km] and to ' " sedesorfuel conmmption

o Inthe Netherlands several °° - .

~ [Rijkeboer 1989]). Note: o
.- expressions like 83/351/EEC are,

second partial derivative [1Ik|n"2]
TS L
B~ R

,'v_‘« N normal complymg w1th :

-

RS ’[luchtverontrermgmg

o 1993] i

"B . toacertain extend SN ER S A o
G melean”, e e

i ,,,I,’;(T“[luchtverontrenugmg R Cospey

L st
i .

- 11993] " ﬁg 4. 11» G

" “according to ECE regulatron 15-04 or Drrectrve 83/35 llEEC

S | S6§ " vehicles that comphed wrth the condmons of the ﬁscal mcentrves of 198’6 and drd not % %

©ohusea catalyst

A : S9 | - vehicles that complred w1th the condrtrons of the ﬁscal mcentrves of 1989 and dld not 3 b .

* use a catalyst.

el " K6 ~ vehicles that complred w1th the condrtlons of the ﬁscal mcentrves of 1986 and used a

' "catalyst ‘Before 1993/1994 this class was dlvxded mto two groups K6 O and K6-G

K60 K6 vehicles with an open-loop catalyst.

o - Ké- G K6 vehicles wrthaelosed-loop catalyst - - ey " S v"""; 3 ’,
BEEE R CHE vehicles that complied with the condrtlons of the ﬁscal mcentrves of 1989 and used a- O

RSHRIIY if‘catalyst -In most cases these vehrcles us an open-loop catalyst. . L :
U9 " originaly vehicles that made use of the fiscal incentives of 1989 and complred w1th the

o US'83 standards Also vehrcles w1th an engme swept volume greater than 2 0[1] that i ‘




¢ ,There are 3 types of "basrc emission factors" [K]em 1993]

S {'comphed with 88/76/EEC fall in thrs category, because these two regulatrons were b o

. assumed equivalent. After 91/441/EEC came into force, U9 refers to vehicles with .- )
' type certification according to the temporary provisions of that directive. These fhe

e " vehicles are besides the above mentioned vehicles also those type-certrﬁcated

S according to 89/458/EEC. In practice these vehicles are all the U9 vehicles witha - R SR

" " closed-loop (three-way) catalyst Ifthese vehlcles had an open-loop catalyst these L g

" ‘would have the code N9 since 1992

i E2 - vehicles that have been type-certrﬁcated accordmg to 91/441/EEC w1thout makmg ey |

- use of the temporary provisions (i.e. based on the European procedure) These °.

- vehicles have a three-way catalyst If these vehrcles had an open-loop catalyst these V' 0 e |

s . would have code N2."

SN2 'vehicles with an open-loop catalyst certrﬁcated accordmg to the ordma.ty procedure i.{a e

', of 91/441/EEC.. T Y

s ; NO: - vehicles with an open-loop catalyst certrﬁcated accordmg to the temporary provrsrons,':; e

A 'L’:'of 91/441/EEC "

| - 1. Emission factors of VO, VOC, NO, and aerosols (Aer) due combustxon these factors are R
SRR mostly based on srmulatron of driving condmons in laboratory tests These factors are .

" :f‘ - expressed as grammes of emitted species per 'vehicle-km. . .
- 2. Emission factors of SO,, CO, and lead compounds denved from the sulphur carbon and
. lead contents of the ﬁxels ‘These factors are expressed i in grammes per litre of fuel. -:.

e factors are expressed in grammes per vehicle per day

S Accordmg to [Klein 1993] page 10, the following expressron has been used to denve "basrc S e

: “'i,'_f_",errnssron factors" (EF,,) of the ﬁrst type EF is the emrssron factor for a warm engrne

3. Emission factors due to evaporatlon of VOC, based on laboratory measurements these | FellRUn

‘ ‘. (,4 .Ep ) (.4 EF, .ck) (4) T

vIn thls expressron Aw is the part of the trafﬁc performance dnven wrth a warm engme Ak is the ; . A

RN | part driven with a warmmg-up engine. Ck is a correction factor for driving during the warrmng-' s
o up phase c of the engine, this factor is based on the first 4[km] after a cold start and an average - o T

e g yearly temperature of 9°C. All these factors have been given in [Klein 1993]. So in the basic -

o , " .emission factors a correction for the mﬂuence of a cold start has been mcluded Expressron (4) - ,
g 'will be used to assess the influence of the cold start on the emission levels as a function of the A
" trip distance. Define the emission factor in which the mﬂuence of a cold start is included as EF i

EF is expressed in [g/vehicle-km] or just [g/km] which is the same. From (4) the ratlo of the .

: S : mcrease of EF wrth respect to EF can be calculated
: DRSS T e TR - — -A 1».4 C - I '\ S B

A

e f‘ wd '_,'_The drstance dnven aﬁer a cold start is S S is the drstance at whlch the transmon to a warm o
(TR engme occurs. Assume : AR RNt o




: ""StibStituticn into 5) ylelds i

s ; Three dnvmg condltlons have been deﬁned [Klem 1993]

v. 'RTI " urban dnvmg condmons ‘the speed is varying and the average speed is 22[km/h]
Tl /RT2: " extra-urban dnvmg cond1t10ns the speed is varymg and the average speed is

- 51[km/h]. .

o RT3 :v : motorway drlvmg condmons the speed is constant and equal to llO[km/h]

' - v >2.0[1].

’,‘.‘Three classes of engme swept volume have been deﬁned e
: v<1 AL P
1.4<V,<2. O[l],l SR

ik For the several ermtted specles drlvmg condmons and vehlcle classes the ratlo of the .

. : mcrement of the average emissions per vehlcle-kﬂometre due toa , cold start to the emissions -
.. per vehicle-kilometre of 2 warm engine can be calculated usmg values of C, in [Klein 1993]

- The calculations have been done for urban (RTl) and extra urban (RT2 and RT3) dnvmg
- conditions driving conditions wnh the assumption that S, —4[km] see fig. 4.12 up to 4. 17
b Be51des these calculatlons the sens1t1v1ty of the results to variations of S w1ll be studled

lnﬂuenee ot a eold start on 00 emissions per vehlde-km tor extra urban drlvmg : ;:f S
condlt:ons. The txansmon toa warm englne occurs at S-4[krn] CoE

—o—mgasolneN‘-B
. ff.—a——oogasolnese ) ‘
o —A—-(X)gasolneKS—OlKgdllm

e (EP-EFWYERW -

",’L—n—-CDgasolneK&GlUQ
E + cotrameass - | |
oon.PcKs.Gm‘ii;,.;,._ B

o

»—= 00 gasolne K&-OK9 >1.4M | < [ ]
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at S=4fkm].

i

0.16 1

0.14 K

Influence of a cold start on the VOC emissiorfsper vehicle-km, excluding emissions due
to evaporation, extra urban driving conditions. The transition to a warm engine occurs

0.12 \

(EF-EFwW)/EFwW
[
~
]

AL \VERN

'o:oe 1 2\\\§‘

0.04 1

N
002 —

—o—VOC gasoline N+B
—i—YVOCgasoline S 6
——t—— VY OC gasoline K6-O/K3 <1.4[}
——— VOC gasoline K6-O/KS >1.4[1}
—%— VOC gasoline K6-GUS
—a— VQOCdiesel

---©-- - VOCLPG K6-O/K9
a VOCLPGKE-GNR

The influence of a cold start on NOXx emissions per vehicle-km, extra urban driving

conditions. The transition to a warm engine occurs at S=4[km} _

(EF-EFWVEFW

X
0.08

0.06 \
0.04

0.02

0
0

200

1000

—— NOx gasoiine N+B
+ NOx gasoline S 6
—a—— NOx gasokne KS-OIKQ <1.4[1)
—3— NOx gasoline K6-O/KS >1.4[f]
—»— NOx gasoline K6-GU9
—~——o— NOx diesel

- -+ NOx LPG N+B/SE

fig. 4.14

|
|
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SR T ‘:‘; R - influence ofcoldsﬁrt, hn:honbwann engine atSs-i{km]. urbandrivinbéondiﬁon; v
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influence of cold start on NOx emissions per vehicle-km, urban driving conditions, -
transition to warmm engine at S=4[km]

—&—NOx gasolne N+B

~#1— NOx gasoline S 6

—a— NOx gasoline K6-O/K9 <1.4[1)
—3— NOx gasoline K6-O/K9 >1.4[f}
-~ NOx gasoline K6-GUS
~— NOx diesel

—+— NOx LPG N+B/S6

e NOx LFG K6-O/KS

—a— NOx LPG K6-G/U9

(EF-EFW)EFw

fig. 4.17

* These figures have been drawn to illustrate the effects at large values of S. For small distances

the increase of the average emissions per vehicle-km due to a cold start can be very high. At
large distances the effects of a cold start are negligible for extra urban-driving conditions (RT2
and RT3). For urban driving conditions (RT1)the influence of a cold start is more severe than
for extra-urban driving conditions (RT2 and RT3). The extra-urban driving conditions,

including motorway dnvmg conditions, are the most relevant conditions for comparison with
aircraft.

. The relative influence of S, on (EF-EF )/EF is independent of S and depends only on S,/S,

when C, is given, see formula (7). The relative change of S,/S with respect to the value of S,/S
at S,=4[km] is equal to the relative change of (EF-EF,, )/EF with respect to the value for
S,=4[km]. This is illustrated in table 4.2.

table 4.2 sensmvnty of the mcrement of the average emission factor due toa cold
start variations in S,
S. , ' 3 ' 5 , 16
(8./5(8,/8)5u-s)/(Su/S)su -4 0.25 . -0.25 0.5

When S, varies between 3 and 5[km] and the assumption of S,=4[km] is used, the value of
(EF-EF,)/EF,, can easily be overestimated or underestimated by an amount of 25%. Because
the values of the extra emissions per vehicle-km (average of a trip of distance S) due to a cold
~ start are very small compared with the emissions of a warm engine for large values of S, the
effect of a varying S,, at large values of S is still very small when it is compared to the
emissions from a warm engine. So it is still justified to neglect the influence of a cold start on
the average emissions per vehicle-km for long trips.
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i

Emnssnons from passenger cars wnth a warm englne

I 'Emlssmns per vehlcle-kllcmetre from passenger cars w1th warm engmes have been calculated

- for several vehicle concepts, engine swept volumes and driving conditions. The used methodis .~
"' described in [Klein 1993]. The calculations have been done for year of construction 1990. The - Wil

" formulas allow emissions to be calculated for 6, K6-0 and K9 vehicles with engine swept.

P, volumes greater than 2.0[1] (both using gasoline and LPG fuel), these classes have probably nct 2 : l
" been produced because these cars could not comply thh the regulattons when an open-loop o
o catalyst was used mstead of a closed loop catalyst L . :

e "‘:‘The used formulas (obtamed from [Kleln 1993]) are glven in table 43, These formulas show e
no dependancy of emission factors and fuel consumptlon on ambient temperature. Assume that i

- the emission factors and ﬁlel consumptlon fcr warm engme do not depend on amblent

L ; ‘temperature

tablea3

Formnlas for the calculatlon of CO, VOC excludmg evaporatxon and NO | ;
‘, vehlcle classes S, K, U, and diesel and LPG passenger cars, year of =

S constructlon 1986 or later (warm engine)
. dcscnpnon SR ORI

e

| formuta

g- el

I T I

correction factor for year of construction

1990-year of construction -+ ¢ i

ettt o i)

given in [Klein 1993]

‘ average engme swept volume [l]

.| mass [tonmes]
NE gasolme class S: D A
, classesKG K9 U9 P T
STV /1.9540.09 _
1. os*(v,/z 240. 245)

- LPG:

el g

dlesel

vz

| siveninRlein1993)

V23340245

mass on the road [tcnnes] RIS

'aerodynamxc drag

LPG [ N A

(147*0 02)*(7 14{1 65+Mo))*10‘ S ‘

1 (1450.02)8(7.1K1.65*M/1 075))*10?s ERe

(145*0.02)%(7.1+1.65*M,/1 05))"'10‘6

"glven in [Klem 1993]

rollmg fncuon, year of constmchon 1990 I

’rolhng friction

foso*0.05

eﬁiciency, year of construction 1990~

| given in [Klein 1993],;;-';.,1;'; L

efficiency .- - Gl Al

Noei*0.002 17

. :gasolme class S S
| gasoline, classes K6, K9, U9

diesel, indirect injection (IDI)

| diesel, dxrect m]ecuon (DI)

LPG: .

"1§c+3'56*v4j*6*v e sl

3S+HA00*VH*6*V,".
1004210%V, .

| 75+160%V,

| 17543254y ﬂ*s*v
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EE,LE) energy consumption [g/h] : :
varying speed, E,: (£+2.9YM*V +0.32*C,*10°V, 5
constant speed, E: £AM*V 498*C *V 2 .
‘ B | fuel consumption [g/h] | 1/n*E+b,
: b fuel consumption [g/km] B/V
’t P given in [Klein 1993]
q ‘ given in [Klein 1993]
[ CN, | given in [Klein 193]
| CN, S ' given in [Klein 193] |
| Coo . ' given in [Klein 1993]
| Co , given in [Klein 193]
EFe " | emission factor CO[g/vehicle-km] Coo*E™*b
EFyoc emission factor VOC[g/vehicle-km] Ce*E¥*b
EFpox emission factor NO,[g/vehicle-km] | I/V*CN*E+CN,*E?)

The results for CO, VOC, and NO, are shown in fig. 4.18-4.20. Car concepts marked with a
"*" have probably not been produced! '
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fig. 4.18 CO emissions per vehicle-km from passenger cars with a warm engine, year of

. production 1990, car concepts marked with a "*" have probably not been pro-
duced '
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- year of production 1990 with a warm engme Vehxcle concepts marked w1th a
o :f A have probably not been produced ' ; : - -
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‘;’ﬁg 4 20 NO emissions per vehicle-km from passenger cars w1th warm engmes Vehlcle
- ' concepts marked w1th a" wh have probably not been produced ‘ :

‘ / vFor the calculatlon of CO2 and SO2 emlssxons [Klem 1993] w111 be used Smce the mformatlon

L in this source in not detailed enough to calculate emissions of lead compounds for each vehicle ~

,. concept the emissions of lead compounds wxll not be calculated For LPG and Dlesel cars the
.- emissions of lead compounds are zero! L -

_ The variables and fonnulas necessary to calculate CO2 and SO2 emxsswns per vehlcle-km
,’ are glven in table 4. 4 : e : S e




e “jtable 4 4

l ¢

'.. In [Klem 1993] the followmg assumptlons have been made to calculate exmssxons of SOz, CO2 - .
x.;-fandleadcompounds SRR e L
=7 95% of the sulphur in the fuel is emltted as SO2 Lt T e T e
o= T5% of the lead in the fuel leaves the exhaust as lead compounds these are expressed m T
e leads S £
e Al carbon in the fuel is converted to CO2 Although the combustron is not complete the

' ‘v,{’_:correctron for thrs would be neghglble wrth respect to the amount of emltted C02 PR

kxlometre

calculatron of COz and SOz emxssrons from passenger cars pervehlcle-

i

- Ifuelcharactenstrcs L e ‘ R ' I g
:| sources: [Luchtverontremgmg 1993] page 13 23 and[CBS Centraal bureauvoordestatrstxek, Dmsre e

e "'_ handel, Transport en Drenstverlenmg 1995] page 38

gasohne

TDiesel oil :

coolpg L

0033 -

B :l.

0036

Cloo2s

loas

* | ‘asic emission factors of CO,, source: [Klein 1993] page 21. -+ ",

o

.gasoline -

Diesel oil ©*

{ee

o emi'ssion‘fact’or/[g‘y,ll consumed fuel]’f' o

0

: basic emission factors SO,, source: [Klem 1993] page 21

year ,' = Y

gasohne

: "Diesel oil

PG

foso-1989°

see [Klem 19931 PR CATE R

VAR Tl e

1990

1o3

. 1'2.8:

] formulas

iy Bl /)

EFcoz[s/hﬂ]—EFcoz[sﬂ] "‘b[g/hn]/(looopmlkzﬂl)

L fThe energy consumptlon per vehlcle-km has been calculated ﬁ'om the fuel consumptron per

"+ .vehicle-km [g/km] and the energy content per litre and the density of the fuel [kg/l]. The TUNKI

. results of energy consumption, SO, and CO, per, vehlcle-km are shown in ﬁg 4. 21-4 23 These ey
o '_have been calculated with the fuel charactenstrcs of 1990 o : e
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fig. 4.23 SO, emissions per vehicle-km from passenger cars, year of constuction and fuel
‘ composition 1990. Vehicle classes marked with a "*" have probably not been
“produced.

4;4 Evaporation of HC from the vehicle's fuel system

* The evaporation of firel from a vehicle results in emissions of HC (often called VOC, this is not
‘necessarily the same, see chapter 2). According to page 23 of [SAE 1988] evaporative
“emissions can be divided into three categories:

- running losses;

- diumnal losses;

- hot soak losses, these occur when a hot idling engme is stopped

In [Klein 1993] distinction is made between warm soak losses and hot soak losses. Evaporative

emissions can effectively be reduced about 80% by means of a carbon canister. In [SAE 1988]
running losses have been investigated for different warmup procedures. Large differences were

found for the different procedures. Evaporative emissions depend highly on fuel volatility and
ambient temperature. In [Klein 1993}, page 22 and 23, a calculation procedure for evaporative
. emissions is described. For vehicles using LPG or Diesel fuel evaporative emissions are zero.
Note that LPG vehicles can run both on LPG and gasoline and can carry both fuels
simultaneously.

The method in [Klein 1993] accounts for several dlﬁ“erent fuel systems, traffic performance

and the presence of a carbon canister. For all the gasoline vehicles the runmng losses are the

- same:

runmng losses, vehicles on gasohne 0.25[g/vehicle-km] dunng dnvmg

Other sources of evaporative emissions depend on the number of displacements per day or the
fuel system. Assume that these are given for a given car. The average part of these emissions
per vehicle with respect to the total evaporative emissions decreases with the driven distance.
So, for long distances the running losses can be regarded as a minimum of the total evaporative
emissions per vehicle-km. From the previous paragraph the following limits have been found
for VOC emissions excluding evaporation per vehlcle-km, for warm engines:
- all gasoline cars:

- RT1: 0.085upto0. 123 [g/vehicle-km];

- RT2:0.073 up to 1.22 [g/vehicle-km];




year of construction - - [

o allgasolmecars, 1990 clrmo 0.118upt0203. "

s gxgmp!g o '5 i ','

RT3 O 068 up to 1 Ol [g/vehxcle-km]
K6 -G/U9 cars. . . ¢ gl U
“RT1:0.123 up toO 193 [g/vehlcle-km] R

“RT2: 0,073 up 10 0.107 [glvehicle-km]; ~~

* RT3: 0.068 up to 0.085. [g/vehicle-km)]. . ‘ 3 :
ThlS means that for cars with a closed-loop catalyst the evaporatlve VOC emxssrons can be
much hxgher than the emlssxons due to combustxon see table 4, 5. vt

table 4 5 Runnmg losses compared to VOC emnsslons due to combustlon from cars :" Ly

wnth a warm engme

| vehicleconcept ©© . | driving conditions nmning‘losscsNCC‘cmissionsducto combustion’.

gasoline, K6-G/U9,1990 | RT1 =+ | 130upto2.03

RI2 .- ¢.|238upto342 . . .-

R o |29aupto3zes

yearofconstructxon e B N T T
e -} RT2 LT 1 0205upto 342 T TR

0.25 upio 3'.68 ,,_;;ﬂj '

i ,Thls shows that for modern cars the evaporatlve emissions on long dlstances can be relatxvely R

o large compared to VOC emissions due to combustion. However, it is not clear to what extend
S the running losses are influenced by the presence of a carbon canister.- :

.~ For one case the evaporative emissions have been calculated more accurately, based on the
'method in [Klem 1993] page 22 and 23 SR L LRI ST RN S SN

RN Velncle gasolme car wrth metal ﬁxel tank, carbon camster mjec’aon engme 1

AR dlsplacement per day, varymg tnp dlstance (S[km]) e L
DL Runmng losses: 0.25[g/km]. " : Ry

- Evaporation from fuel tank: 7. 2[g/day] R e N )

.. "Hot and warm losses, mjecuon engme 0 7[g/day] (atl dlsplacement per day)

. ":»For 1 displacement per day: s RS

-~ " average evaporative VOC ennsswns per velucle-km=(7 2+0 7)/S + O 25 [g/vehlcle-km]
il The results are shown in table 4 6.




v ‘table4.6 . -'example of VOC emissions due to evaporatlon v
S[km] . RIS TR avcragc VOC duc to cvaporauonpcrvchrclc-lmt [g/vchxclc-km]

s s

0T hea e e

S00 T 0se b e B R s
Ll 300 | o2Te ' e S

Lot1000 U oass s

o .,'4 5 The mfluence of the vehlcle s age on emrssrons

T .The ermssrons per vehrcle-km are mﬂuenced by the total dnven velncle-kllometres of the
AL vehicle (driven since productlon) A description of this is glven by [Dursbeck 1994]. F or
R conventxonal passenger cars there is a deterioration of emission levels during mspectlon
ST mtervals The emission levels can be brought back to the original levels by maintenance. F or
. older velncles the mamtenance condmon is often worse. Th1s eﬁ'ect is not bemg con51dered
‘ For vehlcles thh catalytxc converters the srtuatxon‘dlﬁ’ers from the 51tuatlon for i
- ,conventxonal passenger cars. Due to thermal ageing and porsomng of the catalysts the .
. .conversion eﬁiclency of these catalysts decreases with i increasing total vehicle-km. Th15 means
" that for passenger cars that use a catalyst the ermssron levels detenorate wrth age unless the
'"iv"»catalystrsreplaced R P o e

Sl sttmctron must be made between open-loop catalysts and closed-loop catalysts In [Dursbeck L T
ko e 1994] test results are given. These tests have been done for several dnvmg cycles (deﬁmtrons A S N
".,onpage63and64of[Dursbeckl994]) L g T «
' US-Test-75 phasel, phase 2, phase 3 and the complete cycle
"lnghway" cycle; " A
an "Autobahn" cycle, the major drff'erence between thrs cycle and the hrghway cycle is that
the speeds are much hlgher for the Autobahn cycle RO TR TN R .

\
7 gas lin" passenger w1h lo: d-l SR ‘ : Yl
'+ Theresults of the US-Test-75 show a very weak correlatlon of HC CO and NO ermssrons et i
. " with the total vehicle-km. The correlation coefficient is between 0.27 and 029, Forspeeds =~ = .
AN greater than 86[km/h] the results of other cycles show almost no relation between CO and HC

o .f,emrssxons and the total vehicle-km. For NO, there is almost no influence of the driving cycles

 on the correlation between N O emrssrons per vehtcle-km and the total vehxcle—km [Dursbeck

,,;1994] uses the followmg ; AR
- For speeds greater than 100[l<m/h] there is no correlatlon for HC and CO
For speeds between 80 and 100[km/h] therc is a weak correlatron for HC and CO

R
ARt
PR




i "g‘ gs 0 ‘u‘ng passenger oa g with ng -loop catalysts -

i ) -v». For speeds less than 80[km/h] use the followmg correlatlons for HC and CO

emz.rsiam'

: \v . average emisions . b . total vehzcle -km “:‘,7""(8)' e
: average emissxon.s ofa sample s . e N

e e e e

For CO, b—6 7- 10‘[l/km] for HC b—64 lO“[Vkm] S
For all speeds, NO, emxssnons can be correlated w1th the same equatlon (8) w:th
b—73 1071 km] RIS pi ,

. For gasoline passenger cars with open-loop catalysts the spread oﬁ" the data is much blgger

T than for cars with closed loop catalysts For vehicle concepts without air/fuel control (three ;, ‘s [

; s " .way catalysts need this air/fuel mixture orA control) both rich and lean mlxtures occur.

IR Stoichiometric mixtures occur very little. This mean that either CO and HC are converted to '~ ; :

55 - CO, and H,0 with hlgh efficiency or NO, is reduced to nitrogen and oxygen with lngh '

i : eﬁicxency No real correlatxons have been found for vehxcles w1th open-loop catalysts

B g’?i,Note that the Getman 51tuatlon dxﬁ’ers from the Dutch (hlgher speeds in Germany)

e For Dxesel passenger cars the emlsswns at hlgh totalvehlcle-km (150000-195000km)‘ have

been compared with the levels of the type certification. Emissions can be both hlgher and

T lower No dramatxc detenoratlon between 100000 and ISOOOO[km] was found i ; ::

1

"4 6 Emtssnons per traveller-kllometre

- : ,Ermss1ons per traveller-km wxll be calculated for long joumeys F or long Journeys the average
. emissions per traveller-km can be assumed equal to the emissions from cars with a warm
.7 engine since the effects of a cold start are negligibly small on journeys of several hundreds of

- kilometres. The evaporattve HC emissions have been dlscussed earlier. On long journeys these T

o :‘ - can be consxderable because the running losses become i unportant The diumal losses and hot
-+ v soak losses, ‘both per vehicle-km decrease rapidly with i increasing journey length '

. 'With the information on the average number of travellers on a passenger car in 4, l and the

. emissions per vehicle-km for warm engines, the emissions per traveller-km can be calculated

o for the several dnvmg condmons Note that for long dxstances the number of travellers per ,
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~vehicle is notably higher than at short dxstances The average of the Netherlands is about 1.7

- travellers per vehicle, this number change with time and is decreasing. For foreign vehicles in

. the Netherlands or Dutch vehicles abroad, CBS have used a number of 2.5 travellers per '
. vehxcle smce 1980 (at least, see fig. 4.1). .




5 Emlssmns from buses

= In thlS chapter ermssrons from buses per traveller-kﬂometre w111 be calculated usmg CBS data |

S5 © Many CBS publications provide information on emissions from buses and the traffic
o performance of busses, e.g. [CBS 1996], [Luchtverontreungmg 1992] [Klem 1993], -

:  [Zakboek verkeer en vervoer 1995]. Great care must be taken when using these pubhcatxons N

" since the definition of "bus” is not always given. It takes some effort to find out wh1ch

' definition has been used. When the "wrong" data are used, buses appear to emit lead -
' compounds From 1984 to 1985 these decrease raprdly to almost zero' The unphcatrons of

fvf"these can be twofold. SR

" Also small, gasolme fuelled rmmbuses are mcluded in "buses" a decrease of gasohne lead B
* content might have caused the decrease of 1984-1985. The average lead content of ‘
" gasoline started to decrease rapldly between 1985 and 1986 [Klein 1993] page 21!

- e '2 ‘The changes of legislation concermng rmmbuses/taxrs rmght have cha.nged the deSCﬂbed

. changes, see chapter4

““. " Note that sometimes trams and metros are mcluded in the traffic performance of "buses" The
L 2 ’descnbed problems related to the deﬁmtron of "buses“ apphes mainly to the traffic performance LU

2 -andtoa lesser extend to
- " emissions per vehicle-km. -
" Numberoptnvellers pervehlele on Dutch buses. ‘based on!raveller-km and " HOWC’VCI' it is not completely

I R e I R e : ";.'Thefollowmgchmcehasbeen
0 f— — T T <. ounene || made. Theermssronsper

o © buses, based on revenue-im . |
. re-memmesomese || traveller-km have been -

- coaches

-
«»

" traveBersonabus T

T T T | busis calculated from the _
T o T T g | traveller-kilometres and revenue

RS “ 990 U M09Y - 1990 1982 C. 1992 198 1693 C . 1984 1 1994 « Bl - emissions per vehxcle-km are

me o0 i) specified per year of
e e ] construction and forthree

s fig 51 4' : ... . divingconditions in [Klein
‘ A T T e j»*i*l993] Theeﬁ’ect ofvarymg I

% load factor on the emrssrons per vehlcle-km is 1gnored. B e P

B if{ - 'The number of travellers on a bus is shown in ﬁg 5 1 for several types of bus transport These | L
" have been calculated as mentioned above. The number of travellers per vehrcle vanes only very' i

E little, therefore the followmg constant values can be assumed

“- . Dutch private busses: 38 travellers per vehicle.
~ = - Dutch private buses, domestlc 37 travellers per vehicle. L R T N
.= . Dutch private buses, border crossing motor coaches: 39 travellers per vehrcle S

K . B Dutch bus hnes (mcludmg trams and metros‘7‘7‘7) 13 travellers per vehlcle

,,a-,__'__""'""'""'“'*“'" ..+ | clear wether minibuseshave . .
e c— | been mcludedm"buses or not e

ke e s, Wﬂmﬂw ; calculated frorn the ermssrons
—tesmpswes || - per vehicle-km from buses and CinE
" the number of travellersona . -

' _ﬁ;‘vehrcle-krlometresm[Zakboek S
* verkeer en vervoer 1995]. The L




These values are the averages of 1990 1991 1992 ,,1993 and 1994 rounded of to total ‘" i :

Gy Smce thrs report is mamly concemed w1th a companson of a1rcraft w1th other transport modes Ly
"o . ritisrealistic to calculate the emissions per traveller-km for border crossing motor coaches. The .- = S
SHAANE B Number of travellers per vehlcle is m thlS case equal to 39 The ermssrons per traveller-km are o

IR :';;-Mshownmﬁg 52and53 SRITNEK : v :

i ,; emlsstonsfrom busespertraveller-km 39travellersperbus 7 R A R
BRI s : Lo [—e—Couandriving -
CUN TR e S i condiions
— ] -¢—-cx>extraurbandr~mg
A o ok conditions
£ (Drmtorwaydrwng .
, -, conditions '; :
—-—x——vocm:andnvng
. - conditions e
: —x——VOCextraumandnvng
|5 v conditions
: —O—VOCmtmwayder
St conditions L s
S —&—er urban driving -
iR conditions 1 “
' —-—-M)xextraurbandnvmg
e : condtions .1,
. mxmtorwaydmng
K 77 conditions R
—= - /——-o-——Aerurban drwng
—-D—Aerextraurbandnvmg
o4 [ condions s
SR ——a—Aermotorwaydmng
e conditions v

o
[3 Iy

o
H
(4.3

Lo Bie R
STNIO w_a. :
R et et

R = 2
S

gnﬁvcllor;km -

th 5 2 shows almost lmear changes dunng the late 19705 and early 19805 Outsxde thlS penod
 the emissions per vehicle-km appear to be constant Thls nught be caused by assumptlons made
at the calculatlon of these emlssrons R SR S

ions from buses per 39 wavellorsperbus i e e of consinuckon 1870
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EERTR

condlions .
T [}
& uvbanm
: conditions .
L N

" edra when driving
condllons
: voc
‘motorway driving

o _'Flg 5 3 can be used to observe dlﬁ'erences between the drlvmg condltlons To 1llustrate the RN
changes of the ermssxon levels for the vanous years of constructlon ﬁg 5. 4 has been drawn In, Sty
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this figure the emissions per traveller-km are given relative to the values of the year of
construction 1970.

emissions from busss per taveller-km relative to 1970, year of construction 1§70=1, the number of travellers per vehicle is consgtant (39)

& your of congtrucion 1370
eyero 1971
A& your of construcion 1972
.2 xyour of 1973
X your of conetruction 1974
e I . @ your of cormtruction 1975
i 4 yeoor of consiruction 1976
I | =yesr of construction 1977
os . = L b ~yowd 1978
: L [ . E @ your of construcion 1578

los [: s o £ your of construction 1990
o ' 9 - A your of construction 1981
3 yoor of construction 1982
X yoor of cormtruction 1963
. ~ yoar of consiruciion 1904
02 4yonr ot 1988
= your of comstruction 1986
° « yoor of consiruction 1987
. @ yssr & construciion 1306
o year of construction 1989

§! A year of conatruction 1950

04

conditions
voc

urban driving
conditions
¢
@dra Urban driving
condiions
co
motorwery driving
exire when driving
condiions
voe
molorwey diving
. ubandriving
motorway drving

conditions
NOx
*dre uban driving
conditions
N NOx
conditions
NOx
wban driving
At
xdra urben driving
conditions
. Ast

fig. 5.4

The figures 5.2, 5.3 and 5.4 show that all emissions per traveller-km have decreased except
NO, for extra urban driving conditions and motorway driving conditions. Furthermore these
figures show that for some emissions large reductions have been obtained since 1970. This
illustrates that it is important to take the influence of time into account. The fact that since the
early 1980's the emission levels remained constant, possibly due to assumptions during the
calculations, might be an indication that these data have become outdated. More recent data
have not been found yet. '
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‘6. Pollutant emissions caused by passenger trains

Several publications have been found in which information is given on pollutant emissions
caused by passenger trains. All these sources have in common that little details and background -
information are given and that almost no attention is payed to historical developments and on
differing load factors. The situation becomes even worse when the whole "energy chain" is
considered from the power generation to the trains. When trains are compared with aircraft,
long distance transport must be considered. A large part of the information that has been found
is Dutch. Since Holland is a small country, long range rail transport on distances comparable

“with typical air transport distances, almost always crosses the borders. A large portion of rail

transport is performed with electric trains depending on external power generation. The
electric power generation differs very much between countries, This makes a reliable estimate
of pollutant emissions caused by rail transport even more difficult.

To illustrate the problem, an example of the amount of supplied information in two sources
is given. In a very comprehensive study on environmental impacts of the high-speed rail

~ connection between Amsterdam and Paris, only a few pages deal with pollutant emissions

([Tweede Kamer , 22 026 nr.4, 1991] and [Tweede Kamer, 22 026 nrs. 2-3, 1991)).

The literature that has been found so far is listed below. :
- [Arends 1994]. - [Tweede Kamer, 22 026 nrs. 2-3,

-~ [Arends 1995]. : 1991].
- [Kroon). , - [CBS, Centraal Bureau voor de
- ' [Government policy.... 1995]. " Statistiek, Divisie Landbouw,... 1995],
- [Rijkeboer 1996]. ‘ ~ page37and39.
- [Sjostrom 1991]. . - [Zakboek Verkeer en vervoer 1995].
- [The vital earth 1992]. - [Algemene milieustatistick 1992].
- [Boletis]. ’ S - [CBS 1996]. :
- [Tensen 1996]. ' ‘ - [CBS, Centraal Bureau voor de
- [Eerens 1992]. ‘ ' - Statistiek, Divisie Handel,...1995].
- [Van Doesburg 1993]. , - [CBS, 1994]. '
- [Whitelegg 1993]. ' ' - [Filipovié¢ 1995], in this book
- [Carpenter 1994]. - theoretical backgrounds are glven on
- - [Tweede Kamer, 22 026 nr.4, 1991] ' electnc trains.

The CBS publications mentioned above contain information that can be used to calculate
emissions from trains. However, these data are not detailed enough to split up the whole
energy chain. The publications provide only very little information that enables attnbutlon of
emissions to passengers or frelght and to diesel or electric powered trains. '




| 7 Pollutant emrssnons from alrcraft analysrs of the results

" = Of ex|st1ng Stlldles

: In tlus chapter some results are glven of an analysls of pollutant emissions from alrcraﬁ n.o R
existing literature. Some calculations have been done with the pubhshed data Th1s chapter has i

L not been completed yet! The followmg data will be analysed

& - data of the Lufthansa ﬂeet in 1988 and 1989 described by Rerchow in [Schumann 1990], L ;

e - "data descnbed by NuBer and Schmitt (DLR) in [Schumann 1990); also see chapter3

»
v

< the results the first version (Apnl 1994) of global mventory of aircraft NO, erxussrons of
" _the ECAC/ANCAT & EC Workmg Group as pubhshed in [Schumann 1995] '

e - \‘ “results of the NASA Atmosphenc Effects of Stratosphenc Axrcraft program (AESA)

Lt * programme are: [Baughcum 1996] and [Metwally 1996];

S Aucraﬁ mostly carry payload consrstmg ° 1

- “mail.

L results of this program have been pubhshed in many reports among ‘which: [Stolarski L g L
v 1993] [Stolarski 1995] and [Douglass 1992]; publications that are closely related to tlus S

iy '_;jfthe ICAO Engme Exhaust Emissions Data bank, [ICAO 1995]

fex Emrssnons from the Lufthansa ﬂeet G

~ passengers;
frelght

: © These elements can be on board sunultaneously The amount of payload carned can 1 be lmnted s :

oo by weight and by volume. When Speclﬁc emissions are calculated as [g/passenger-km] or .

- [g/tonne-km]', the problem arises of how emissions ‘must be assigned to the several elements of

A t the payload Rexehow in [Schumann 1990] used the following method.

A factor P=2 assigns passenger tonne-km double the fuel consumptxon and emxssxons over G

R frelght (and mail) tonne-km in a given aeroplane with a glven load and consumptlon Tlns
0 factor takes into account the additional weight involved in passenger transportatxon In the
. caseof different versions of the Boelng 747-200 (passenger, combi and freight vers1ons) The

L factor P=2 provxdes practlcally equ1valent specific consumption data for all versions. -

'~ -This method is not correct since the only factor that determines fuel consumptlon and
jemlssmns for given alrcraﬁ mission and ﬂlght conditions is the payload weight. If the

L operatxonal empty welght ofa passenger version is higher than the operational empty welght‘ of
"+ afreight version (both per. tonne payload), thls isjusta dlsadvantage of the speclﬁc a1rcraft
! *. ‘The only correct method to attribute emissions to the several payload classes ison equal o

V weight basis, i.e. with P=1. The followmg vanables are deﬁned
< - TKT: tonne-ldntranSPOTted e
Y 2 - TKO: tonne-km oﬁ'ered

-NLF load factor

T i ﬂ -',,'/,L"KA

e consumed fuel mass [tonnes] or [g] m[, =

©+'These uits are often abii're’viét_ednas'[éﬂ’k#ﬁl/ and [ghkn].
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- SFC: specific consumptxon fuel consumptlon per tonne-km: [g/tkm]
From these, the following formulas have been denved .

m, SFC me
SFC » —~; SFC_ - ’-,SFC- )
‘ TKT P P 1RT . TXT P

Instead of m,, the mass of the total emitted emissions can be used to calculate emissions per .
passenger-km The following data are given by Reichow in [Schumann 1990].
The performance and fuel consumpt1on of the Lufthansa fleet in 1989. For several alrcraﬁ
types the following data are given: aircraft type, number of engines, engine type, T.0.
- thrust, MTOW][t], maximum payload[t], number of seats, fleet size, number of landings,
TKO, NLF, TKT, TKT,, TKT,,, PKT, leg length (great circle), m;, SFC, SFC[g/tkm],
SFC. ., [g/tkm] calculated with P=2, SFC [g/tkm] calculated with P=2, SFC[/(100Pkm)]
calculated with P=2 and a specific fuel mass of 0.8[kg/l]. Two new types of aircraft (747-

400 and A-320) have been used untypically on relatively short ranges.

- The performance of the Lufthansa fleet in 1988, not specified per aircraft type. The -
following data are given: TKT, TKT,, TKT, ., PKT, absolute emissions (total, cargo, mail,
passengers) calculated with P=2 of COZ, HZO, C, C,H,, CO, NO, and SO,, and the same
species per tkm cargo, mail and passengers and per PKM, also calculated with P=2.

The calculation of specific emissions [g/Pkm] has been repeated for P=1, the results are shown

~ intable 7 L

table 7.1. Emissions per passenger-km from the Lufthansa fleet in 1988

speeics ' specific cmissions [g/Pkm]‘ ‘ (cmissions calculated with
, P=1)/(cmissions

calculated with P=2 calculated with P=1 calculated with P=2)

co, , 162 . 19 - 0.73

H,0 ' 63 47 R 0.75

c 000 ' 510¢ .

L, 0.08 | 0.06 0.71

co 0.19 L 0.14 0.74

NO, k 0.78 3 0.57 0.73

SO, ' 0.05 004 : 1os

In table 7.1 is shown that the emissions for P=1 are considerably lower than for P=

Reichow has also given the "leg length" expresses as great circle distance, of each aircraft type.
Probably this is the average trip length including intermediate landings. When TKO is divided
by the maximum payload and the number of landings, the average distance (great circle)
between takeoff and landing is obtained. This distance dxﬁ’ers from the specified leg length, see
table 7.2. :




s table 7. 2 Dlstances, Lufthansa fleet 1989 complled usmg [Schumann 1990]
' axreraﬁtype L leg length (great en'cle) [km] TKO/(max payload no. of landmgs) [km]

B2z o '554”11‘1“ S i ssy

B737-200 ¢ | cilssy ol o e

B747-200passengers O I TR S RRIEY 773 IR RS R P S Gy /. B
| B747-20000mbi - | s e 406

B747-200frexghter o A s34 Ll 013

lasoos00 T e [ e 1a36

| A320 (241) S @09y

Doy

‘ ] Note. B747-400 and A320 used on untyplcally short and medlum haul routes due to mtroductlon

- 2 In [Schumann 1990] the ﬁJel consumptlon per passenger-km and tonne—km has been calculated, } f et

~ - for the aircraft in table 7. 2 using the assumption P=2. These calculatlons have been repeated in..
. table 7.3 with the assumption P=1, From TKT, and TKP the average mass of a passenger can L

_-be ca]culated see table 713, the average of the Luﬁhansa ﬂeet in 1989 is 96 45[kg] i

- . ';table 7 3 Fuel consumptlon and average passenger mass of Lufthansa ﬂeet in 1989
| i complled using [Schumann 1990). i e

aucraﬁtype average massof1° ' fuel consumphonperpassenger tonne-km [g/tkrn]
. SE passenger-TKT,/PKT ET— B ] e
[kg] o B PR e

Bz |28 V'.: ol fsse o fese

B737200 . o fext o oo fess i leo

oI B131300 L te2e e etz 68

Bliraopsenges | 9797 |1 s

| B747-200combi .| 9797 o o f3as o coh lase oo |

|Braraco i |ere o T |@esy o |wssy

i

| aso0s00 7t i fery Tt aeg e i ggs

A310 7 o o feag ] s12 600 |
U lA320 T U eest (6675_‘ Lo esnyt

oo |pcroso oo Jerest o fars o sn , Ll
" Note: B747-400 and A320 used on untyplcally short and medlum haul routes due to lntroductlon O
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- The fuel consumption per passenger tonne-km, calculated with P=1, has been plotted against
the leg length in ﬁg 7.1.

sa fleet 1989, fuel consumption per
NOte that the aircraft \"Vlth the pa;uef:‘gael:' to:ne-kllometre, calculat:d wI:Ie P=1
highest fuel consumption per 1000 ‘
passenger tonne-km are the .
Boeing 727-200 and 737-200. Wr—s
The engines of these aircraft are 800
JT8D-15 engines. According to 700
Reichow in [Schumann 1990], E |* .
the 727-200 and the 737-200 5% 1
were the only two aircraft types §5°° *
in the Lufthansa fleet of 1988 S400 . L .
and 1989 that did not meet the 200 | e
noise requirements of ICAO ' .
Annex 16 (vol. 1) Chapter 3. 20
The 727-200 was planned to 100
leave the Lufthansa fleet by 1993 10 4100 2100 3100 4100 5100 6100
and the 737-200 in 1993. This , 'eg length (great circle) fkml

shows that the phasing-out of fig. 7.1

aircraft because of noise also ,

affects fuel consumption. Whether emission levels will improve depends on many factors like
the temperatures and pressures in the combustion chamber. Some emissions like SOz and CO,
depend mainly on fuel consumption. So, when fuel ‘consumption improves, the emission levels
of these species will improve too.

" Fig. 7.1 shows that aircraft used on longer leg lengths do not necessarily have a lower fuel
consumption per passenger tonne-km than aircraft used on shorter leg lengths. However, the -
data show that most aircraft, used on long leg lengths have a lower fuel consumption per
passenger tonne-km than the aircraft used on short leg lengths.

Fig. 7.1 already shows that leg length and fuel consumption are related. This will be further
analysed. Leg length is not the only factor that affects fuel consumption. Other factors are the
takeoff mass and the payload mass. From this, the following fOrmula can be derived.
mg _ m ]/m o ' : o
m pR m P/ m, R ’ ' (10)

This formula will be used to correlate Luﬁhansa data in [Schumann 1990] with the leg length.
The following data are used.
- R range[km], use the leg length of the specxﬁc aircraft, since this is more realistic than the
~ harmonic range. By the way, the harmonic range is not given in [Schumann 1990].
- m,,; Takeoff mass, use the maximum takeoff mass specified in [Schumann 1990].
- myg the total consumed during one leg. This can be calculated from the number of landings
and the ratio of the distance between takeoff and landing to the leg length (table 7.2). -




,, 'mf - Qf[andings ; Ixo /(maxlmwn payload ‘no. of Iandings)
B _ ‘ s Ieg Iength S

mp average payload mass calculated from the load factor and the rnaxxmum payload
- average payload mass=maximum payload mass NLF[%]/ 100 G
The results are shown in ﬁg 7 2 ! :

L Luﬂhansa ﬂut 1sas. influence oﬂeg |engu|ontueleonsrmpuon SR

In this ﬁgure the values of m/mt,, , 2y randpayioad
'/":'i”’!‘4E-ﬁx+D.0g“8": . . L avﬂn"ﬂﬂer’z. <

5 'jandmp/mu, areplottedagamst o [T L
- the leg length and linear - - o,és L e ) em e peeshein
regressions are shown. Thefuel .~ | |07l A T

TR fractronrncreaseswrthleglength oz SN NN ENSIN SHSSE] LMEL G BRI | FRE

DR LI A = legimeximum

mcreases shghtlywrth leg length m : ISR BUCEISS P SR ST
7. payload mass)

1 payload "
. take-off mass)

"".:.'»'-,'andthepayloadfractron b e e evestmess

Lhear(avmgo FOR

- masshmexioum || o
;

72 f,:'\_‘“,;j"‘AnalySIS of the results the first versnon (Aprll 1994) of global it
" inventory of aircraft NO, emissions of  the ECAC/ANCAT & EC
leorkmg Group as pubhshed in [Schumann 1995]

o Aj jomt workmg group of the European Crvrl Avratlon Conference (ECAC) group of expertsf'v 5

e ‘on the Abatement of Nmsance Caused by . Arr Transport and the European Commumty has R g

'fvers10ns of this inventory exist: : I
t.-- 'ANCAT 1A, the ﬁrst versron of Apnl 1994 L 5
©. i - ANCAT 1B; A

C - ANCATZtobe completed in 1996 S T e
k Descnptrons of ANCAT inventories can be found in the followmg hterature

RN '-‘European Commumtles In part l[l of thrs book (page 129-1991) the ﬁrst vers1on of
/. . .ANCAT is described. - '
2. [Euroavia 1995], in thlS source the proceedmgs of lectures on a congress on avratron and

" ‘been doing three dimensional global mventones of NO ermssrons from a1rcraﬁ Several S

= ‘1. [Schumann 1995), the final report of the AERONOX project to the Commrssron of the o

" ‘nature are publrshed In lecture 5 A Schnntt of DLR presents some mformatlon on the el

i ANCAT inventories: ... . .-

L T -an example of NO, emrssrons calculated for an A1rbus A320 on a ﬂrght of 2000[km]
‘alot of photocopres from [Schumann 1995] v
some remarks on the second ANCAT verswn mcludmg other emxssrons than NOx,

t"v




D e arevrsed formula for the calculatron of NO i SO ‘

P 3, ;,Derdewxg in [Biirgener 1992}, a descnptron of ¢ ermssron calculatron methods used by DLR,

... some results for a B747-400 and an A310-300, some data of Luﬁhansa a1rcraft used in- _‘ e by

© 7.7 the BMFT programme 'Schadstoffe in der Luftfahrt'. " " . R T
o4 ‘[erght 1995], the accuracy of the AESA and ANCAT mventones is dlscussed R T S

‘v oy

FE }j[Schumann 1995] wrll be used for further analysrs .

o gMost of the calculatlons of the Ancat mventory have been done by DLR The two most ’ LS
-+ important elements of the DLR method for the calculation of NO exmssrons are: S
.00 <. correlation of emissions and engine performance LA L R
.- correlation of ﬂrght condrtrons of a grven arrcraﬁ-engme combmatron and engrne L
I ROt performance A

. The engme/emxssron correlatron is based on a semr-empmcal method ([schumann 1995] page
i 120, formula Al) which calculates emissions from measured sea level values (statrc tests) and
‘.- combustor entry conditions calculated with an engme model For the calculatlon of the engme
performance thrust and drag must be matched S Gy A s e T
" Inthe model to calculate the engme performance the most unportant assumptlons are .
- 2-shaft engine; S AR
~o= [ the performance of engme/anframe is determmed ﬁom fuel ﬂow pressure temperature
.- and thrust settings derived from publicly available data such a as the ICAO data bank SR
" ([ICAO 1995]) and editions of Jane's all the world's alrcraft A i o
- Takeoff mass dependant on mission, full payload, fuel for the sector 1o reserves ST
.+ = - Takeoff power dependant only upon MTOM (hmlted by max1mum turbme entry
.- temperature throughout climb 1); . 225
2 ‘reduced power for climb 2 accordmg to time penod wrthm segment to get to crurse
e - design maximum cruise speed in cruise with no step cruise; ;o -
- - - absolute hurmdrty value held at constant sea level reference (see for example [ICAO 1993]
oot and [ICAO 1995]). - e T g S
"' The calculation depends on many assumptlons because many necessary data have not always R A
v;:f'tbeenpubhshed R
7 Fromthe engme performance and the ennssron correlatron methods the NO ermssrons can
i be calculated. As reference condition, the 100% sea level static thrust data have been used to ",
.7 - correlate the emission index of NO, in the ICAO data (emlssmn mdex grammes of enutted
K specxes per kg fuel) with the engine data in the performance ‘model.”
"..L... The cruise fuel was calculated by mean of the B_egu_e;t_fo_n_nn_la and &j_ta_nt_cmmng_spc_e_d
S andALm_d_e were assumed! Note that the Breguet formula has been derived for a continuous -~
.+ cruise climb flight at constant range factor (V/C-r CL/CD for _|et or turbofan engmes), see for f, S ' ; L
U example [Rux_]grok 1990] page 357 : T S

e o “The assumptlon of constant humxdtty can lead to an underestlmate by (perhaps) as much as
’ ”*'jl»,f,~12%at1ugheralt1tudes' v O T : ST ‘

SR Not that the ﬂlght phases mcluded in the calculatrons mclude the whole ﬂlght proﬂle except

o b taxnng on the ground and landing. For each alrcraﬁ/engme combmanon the model was un
. over different sector lengths (long and shorthaul): ~. = @ i
. - short haul [km]: 200, 400, 500, 1000, 2000;"

;:




: longhaul [km] 200 400 1000 2000 4000 8000 SR R RAR
o For 200 and 400[km] cruise altitudes were assumed 3000 and 7000[m] All other cruxse

" -altitudes were obtained from operators.-

. Forall other sector lengths the NO, emissions and fuel consumptron were mterpolated

" The programme does much more than what has been described here (it calculates three =

: drmensronal global drstnbutrons of NO ermssrons and ﬁxel consumptron) Thrs part is of less ' f o

L unportance here.

3 fy example w111 be used to 1llustrate the effect of sector length on NO emlssrons and fuel

" Engines: crs-soczmr

: Each ﬂlght proﬁle has been drvrded into 32 steps the drstances are great crrcle dlstances (the -
, shortest distance between two points on a sphere) All calculatrons have been done 1n standard R e

- atmosphere except humrdrty, whrch is zero i in ISA

..,nr

L An example is grven of a Boemg 747-400 ona ﬂrght from Frankfurt to New York Thrs

iy A1rcraﬁ Boemg 747.400

L “Number of engines: 4.- C

 Start: time=40[s], -Z[km]

. * Climb: 20[min], —200-300[km] S

: - Descent: as climb."
- Cruise speed M=0, 8

L The ermssrons and fuel consumptlon are glven in table 7 4

" 'Y, [

i table 7 4 Fuel consumptron and NO emrssrons from a Boemg 747-400 wrth CF6-

o all the world's airlines [Lambert 1994] will be used
* " Boeing 747-400, engines: CF6-80-C2B1F:"

i - - OWE= 181030[kg] or 181529[kg] at highest optlonal TOW
< MTOW=362875[kg] or 385555[kg] or 394625[kg], ot
T MZFW—242670[kg1 « e

80C2B1F engmes, full payload no reserves, source: [Schumann 1995]
sector length [km] e total fuel oonsumptton [kg] " | total NO, emissions [kg]
2000 | 386404 ol ol ssr s

Tio |wmes . |wen

00000 2200008 i aress e s D

oo Jooun o we

8000 -| 81836.00 1119. 13

400 | 628962 N RV D

S In [Schumann 1995] the payload has not been glven, therefore the 1994-1995 edmon of Jane s 'V

- range with 420 passengers at highest optronal TOW 13390[km]

7:,.The total NO ermssrons are shown m ﬁg 7 3 as a ﬁmctlon of the sector length ‘




‘ o ‘:“:&'Fxg 7. 3 shows that w1th good

- through the total NO, and the sector - l
f'length At short sector lengths, this results
_ in the largest errors. 'The equatxon -

[t accordmg to lmear regress1on is shown on

rthe graph =5

l[ S In ﬁg 7 4 the relatlon between total fuel
| consumptton and sector length is shown
| - - This too, can be approxxmated bya
PN straight line accordmg to linear regressron ':;?_;
SR i The equatron xs shown on the graph

E Flg 7 4 shows that contrary to NO the
~relation between fuel consumptlon and -
- sector length at short sector lengths can be
. approximated with the same stralght lme
,,'-_-,as for long sector lengths o

; '_The same data 1n [Schumann 1995] can be
_if-;-used to calculate the total NO, ennss1ons v
©  and the total fuel consumption per - | -
. kilometre as a function of the sector / '«
. length. The results are shown in ﬁg 7 5

Y and 7 6

‘f',47'.'?:.' L

'_approxnnatlon a straight line can be drawn 3k

1200

e

Tohl NOx emlslons ﬁom a Boelng 747-400

. with CF6-80C2B1F engines, full payfoad no :
B reserves, during cruise: M=0.8, source: .
. [Schumann 1998) - . .o

‘;v,‘_.' L

L y=01317x+62564 A |

" sector length [km] "; i

" Boeing 747400, CF6-80C2B1F, during cruise: ~ *_

' M=0.8, full payload no reserves, source:
"y [Schumann 1985},

y

9.9247x + 21307 _
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’Flg 7 5 shows that the total NO 'uo;c emissions per vehicle 4m ofaBoeing7ar- | -
s exmssmns mcrease rapldly at short’ sector """ 400, CF6.80C2B1F engines, full payload no 5-; ] RUEER
" lengths when the sector length decreases. o7 reserves Mduring cruise:M=0.8- . | g
SR .Atlongsectorlengthsthemﬂuenceof : PRIV RERREIRETIEl e R
T asector length is much less dramatlc U

o
- a

. e
8

e

o
w

-‘NOx[gglkmxs T R

o .

Fuel consumpﬁon per vehlcle-km ofa Boelng 747- : ij “ K RS
400, CFG-&'X:ZMF engines, full payload no reserves ;,’ R R
fl Ca source: [Schumann 1%51 -

'Fxg 7 6 shows the same for ﬁ,lel
i consumptlon T

Some ermssmns s like COZ, water vapour
. and SO, are almost independent of the - =
5 operating conditions of the aircraft and the S A R ER N
- engines. These emissions depend mamly 1T
o ~'on fuel consumptlon The emission 1nd1ces %1

L of these emissions can be assumed
.. constant. This implies that these emlsswns i 1
. can dlrectly be calculated from fuel [l
- consumption. The values of the emlssnon 1 o2l
. indices of H,0 and CO, donot varymuch. * ||

" Since large variations in the sulphur - 2T

- content of the fuel occur, the emission - [ o 200 a0 ewo t

- indices of SO, can vary. The emission RIS sector leng ]

-~ indices accordmg to Schumannin -
., [AGARD-CP-53, 1993] are glven in table

ER 5. : :

19

18

sl
1)

ol gy

t‘fb', K

'l: }'."tabl’e 5 Emlssnon mdlces of CO,, HZO and SOz accordmg to Schumann m [AGARD-CP- ‘
536 1993]
spec1es R L 1 El [g/kgfuel]
co, ] ss0

HO oo [ n2e0

s, ot |1, this value can vary between 0.02 and 6
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Note that some variations can occur in the Els of CO, and H,0 at different operating
conditions of the engine. These variations are relatively small, see for example Formica in

[Euroavia 1995] (one value in this source is incorrect).

_ The maximum payload of the aircraft is equal to MZFW-OWE, for the standard aircraft this is

61640[kg] (not the high MTOW option). This enables the calculation of fuel consumpt1on and

ermssnons per tonne-km. The results are shownin fig 7.7 and 7.8.

engines, full payload, no reserves

1000
900 |
800 4
700 4
600 |
500 4 . Ly X
400 «
mn\h\ﬂ_ |
zool &
——& —8
100 -
0 opn - , -— —————tt
-0 1000 2000 3000 4000 5000 8000 7000 8000
’ sector length [km] - :

specific emissions and fuel consumpﬁon of a Boeing 741-400 with CF6-80C2B1F _

~—o— NOX g}

~a— fuel fg/ti]
—a-;mo=1zeom1réow
—m—BS502=1 [g/kg] SO2 fg/eri
-0—ﬁs°2=0.02[;llg]902[glﬂni

—— BS02=86{g/\g] SO2 [g/tiov]

fig. 7.7




The emissions per passenger-km S

~ will be calculated with P=1, these
can be calculated by dividing the

~ emissions per tkm by the amount of -

’ passengers per tonne

o Assume that the average mass of a :

passenger mcludmg baggage 1s
 96.5[kg] which is the average of
- the Lufthansa fleet in 1989, The

emissions per passenger-km are

: shownmﬁg 7 9

50

" emissions per tonne-km from a boeing 747-400’ o
C with CFs-coczBﬂ-' engines, full payload no -
" reserves . )

-
3
X

- 2 : . SR
" sector length [km] [T A

ﬁg.78

emldons and fuel consumption per passenges<km of a Boelng T47-
. 400 with CFS-QCZB1F engines, full payload, no reserves ’

- 08
04
‘03
: '9.2

‘01

0

‘O-—I-I——! »

—a— fuelfgPiai
| &= BH0=1260 [gg] H2O fpFkni
. 36— BO02=3150lg/kn] 002 kg/Pan

1000 2000 3000 4000 - SO00 © - 6000 .. 7000 * . 8000
) somrlo-gunm] : C
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- 8. Planned activities
The fdlloWing activities still have to bé done before completiorx of the final report.

1.
2.

The subjects in this report will be given a more theoretical background.
The chapters on trains and aircraft will be completed.

A sensitivity study will be done. In this study the sensmvrty of emissions from aircraft to

variables like load factors, wind etc. will be analysed usmg fonnulas for the calculatlon of

emrssnons

The total emissions and local air pollution will be discussed.
'The accuracy of the calculated emissions will be evaluated.

In a separate chapter the emissions from different transport modes will be compared. _
A review of regulatrons possible future developments and possibilities for the reductlon of
emissions will be given.
- Mr Torenbeek has to write an official instruction for thrs thesrs

' The ﬁnal report must be completed bg_ﬁo_e 19 August 1996
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