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ABSTRACT

The work reported here was part of a research project sponsored
by the Science and Engineering Research Council to investigate the

impact of traffic management schemes on fuel consumption.

The report can be divided conveniently into two parts. In
part I, the fuel consumed by a vehicle during each stage of an urban
trip is analysed by drawing on the results of past studies as well as
the results obtained by the author for a recent survey in Leeds uslng
two instrumented cars supplied by the Transport andVRoad Research
Laboratory. An eguation is derived which relates the fuel consumed

during a stop/start manoeuvre to the characteristics of that manoceuvre.

Part II deals with the development of two types of urban ?uél
consumptlon models, namely a simple fuel/speed relationship, and & more
detailed expression for use with the traffic simulation/assignment
model SATURN, which includes the number of stops and distinguishes

between first time stops and those made as vehicles move up queues.
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DAR FUEL CONSUMPTION IN URBAN TRAFFIC.
THE RESULTS OF A SURVEY IN LEEDS
USING INSTRUMENTED VEHICLES.

1. INTRODUCT ION

This report deals with the development of urban fuel consumption

estimation procedures to be used in conjunction with conventianal
traffic assignment models or more detalled models for traffic
management evaluation. The work reported here was underiaken as part
of a S.E.R.C. sponsored project dealing with the guantification of the
fuel consumption impacts of urban transport management measures. The

report can be conveniently divided into two parts.

Part I deals with thé fuel consumed by cars for each element of
an urban trip, and draws on the results of a recent survey conducted
. in lLeeds with two instrumented vehicles supplied by the T.R.R.L. A
description of the vehicles®*, the test-runs undertaken, and the raw

output data obtained, is given in Appendix A.

Part II deals with the derivation of two.types af fuel consumption
sub-model, namely, simple 'average speed’ relationship and a more
detailed function which takes into acecount the total delay and number
of stops. A%t this stage, the fuel consumption sub-model incorporated
into the SATURN traffic simulation and assignment model is also

described.

PART T - URBAN TRIP FUEL CONSUMPTION
2. INTRODUCTION

The average engine capacity of the U.K. passenger car fleet 1=z in

the region of 1500 cc and in the fuel consumption analysia‘that follows
such an engine size will be used. whenever possible, to estimate fuel

consumption characteristics of the 'typical' vehicle.

* The vehieles are both Ford Cortina, 2.0 GL, 1982 models with
autamatic transmission_and 1993 c.c. engine.
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Section 3 deals with the fuel consumed when the vehicle is
stationary and the engine is idling. In Section 4, the fusl consumption
of a vehicle travelling at a constant speed is analysed, and Section 5
deals with the fuel consumed during a stop/start manceuvre, 1.e. when
a vehicle decelerates from an initial steady speed to zero speed and then
accelerates up to a final steady speed. When a trip starts with the
engine cold, a fuel consumption penalty is incurred and the quantification
of that excess fuel due to cold starts.is the subject of Section B and a

summary of the main results is given in Section 7.

3. IDLE FUEL FLOW RATE

Since-the fuel consumed when the vehicle is idiing is independent
of road conditions and driving hehaviour, the task of finding a
representative value should be straightforward. However, even for the
same vehicle there is considerable variation in idling fuel consumption
depending on a number of vehicle related variables such as idling speed,
combustion efficiency, ignition timing and engine temperature. The
vehicle age will theréfure affect its idling ?uei flow rate and although
no evidence has been obtained on this effect, it is reasonable to assume

that such rates will increase with vehicle age.

The idling fuel consumed by the vehicdes in thé Leeds experiment
was recorded for a total of 158 stops. As can be seen from Figure 1
this idling fuel flow rate was observed to vary considerably for stops
of short duration. Such variation can be attributable to two main
Gauses:

1} Measurement error associlated with very short stops (i.e. the
fuel consumad during a stop of only a few seconds may not be
recorded accurately during that time period; -some may be
recorded just before and/or just after the stop duration); and

2) The fuel consumed by an engine idling for a short pericd will

fluctuate until steady conditions are obtained.

Table 1 shows the mean and standard derivation of fuel flow rate
for two sets of data, namely, all stops and stops of 20 seconds duration
ar more. In the latter case a mean fuel flow rate of 1.3 1/hr. was

found.
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Tahle 1. Idle fﬁel flow rate - Leeds Experiment
Fuel flow rate (1/hr)
Data set Number of Mean |Standard deviation
cbservations :
All stops 158 1.24 2.17
Stops of 20 secs. 78 1.31 0.B69
or more

These results are compared with those obtained from other studies in

Table 2 which relates idling fuel consumption rate to vehicle engine

'5izB.

Table 2. Idle fuel flow rate and engine size

1. 2. 3. 2/3. 3

Reference Engine size (C) Idle fuel flow C/a2 x 10
(c.c.) ' (a,) 1/h '

Claffey (18971) 1180 1.14 1.0

Evans & 1600 ° o 1.12 1.4

Takasaki (1381) 2500 . 1.B2 1.5
2800 1.80 1.6

Robertson et al _

{1980) 2200 : 1.5 1.5

Leeds experiment 1993 1:3 1.5

It is apparent from this table that the ratio of engine size to
the fuel flow rate does not remain constant over the range of vehicles
considered. In effect, using those ratios to calculate the rate for a
vehicle size of 1500 c.c. would result in a range of Value.FrDm 0.94
to 1.5 1/h. Tt is interesting to note that this spread of Values‘is
not incompatible with that found for a single vehicle in tests undertaken
by Robertson et al (1980) when the idling rate ranged from 1.0 to 1.5 i/h

depending on tuning conditions.*

After cdnsidering the rates reported for. vehicles whose engine size
is similar to the average (Tahle 2), it was decided to use a sentral
value of 1.2 1/h when building a fiel consumption sub-model to reflect

average urban driving conditions.
LR ] . . oma = " am LI [} [} L] aan’ e LI

* This refers to the Glasgow test reported in Robertson et al (1980)
and was confirmed by Dr. D.I. Robertson in private communication.
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4. FUEL CONSUMPTION AT CDNSTANT SPEED.

The ?uel gonsumed by a vehicle at steady- speeds w111 depend on that

vehicle's characteristics. and tuning conditions, on the cruising speed
itself and. on the mapner in whichlit.is being-driven {e.g. the gearing
being uged}. -Sevaral. warkers héve put Fforward expressions be fuel
consumption at constant spead'obtained from. experimental results,
Natson_leED)r Everall (19681; Akcelih.[1952]; Using regreésion
analysis and several data sets of past studies, Akcelik (1982] found

the following expression to be the most satisfactory:
61 - .
F-=a+v-~+a\/ : - ‘ (1)

where .
Fc is the fuel consumption;

. VC the steady speed
‘and aU'tn a, are constants.
In the present section we are interested.in.the fuel consumption
of the average vehicle at a typical steady speed for urban driving

conditions, and therefore.a considerable amount of aggregation has to

be present.

' Following on from.-the arguments of the previous saction, the average
vehicle considered here haé an -engine size of 1500 c.c.. For a typical
urban steady speed.-it is necessary to seiect that speed at which a.vehicle
woculd be able to travel if no delays .took place. The most. cemmon speed
limit in urban areas of 48 km/h is therefore used to estimate constant
speed fuel consumption. for urban trips.. Table 3 shows some reported
results of experimental tests carried out with a number. of "different
vehicles at various cruising spesds. For the more receht vehicle models
and cruising speeds close to 48 km/h, the fuel consumption rate varies
from 9.4 to 5.2-1/100-km Ffor vehicles of 2200 and 1100 c.c. engine

sizes respectlvely

GlVEn the results of Table 3, it seems reasonable to assume a
range of values-nf-BmDJto 7.0 -1/100 km for this cruising speed. 'It.was.
decided to use - a Qalue of 7,D"1/IDQ'km as the more appropriate avérage
for a 1500 cu.c. vehicle, sinece it is in close.agreement'withithe.value
obtained using the results of a very similar vehicle'ti}éu theileﬂD C.C.

vehicle of Evans and Takasaki (1981}).



Table 3. = Fuel consumption at varipus cruising speeds .

Reference Veghdele characterdstics Fuel‘consumption Crutsing speed
Engine Size (cc]) : £1/100 km) (km/h]

Everall (1968)" | 1050 6.0 - 6.5 : 70
Weeks' (1581) 1100 - 5.2 , 50
o 5.5 B85
Evans and - _ 1800 - 7.5 48
Takasaki (1281) . 7.8 B4
Everall [188841 1700 . - 8,0 - 8.5 70
Pienaar (19B81) _ 1800- 7.7 40
6.6 - 50
Robertson et | 2200 ' 9.7 41
al (1980) ' 8.4 52

Note: 1 Egtimated from the graphs of motorway fuel consumption.

5. FUEL CONSUMPTION OF STOP/START MANOEUVRES - THE LEEDS SURVEY

This section deals.with the characteristics of vehicle stops in

urban traffic. and with the fuel consumed'during;a-stap/stért Manoeuvre.,
The excess fuel consumed during a. stop/start manoeuvre is-defined here
as the difference between the total éansﬂmption during.that-manceuvre
and that fuel which would have been consumed’ if the same distance was
travellediat a steady. cruising speed. Since the_speed‘limit‘in most
urban areas -is 48 km/h. this will.hs the cruising speed used to estimate

the excess fuel due to stops.

The main objective is to Dbtain.relaﬁionships which express that
excess fuel in terms. of the characteristics of the manoeuvre, to be used

in Fuel'consumption sub-models. which inclﬁde-the-numbér and, type bf:stop.

The gection is-orgénised aé follows: ~In section 5.1-thé notation
used and the main characteristics of stops-found in the Leeds experiment
are givén. Sections 5.2 and 5.3 deal with.the fuel consumed during the
deceleration anduacceleratiunstages'of.each‘manaeuvfe Eeépectively. In
section 5.4 the results of the two previous sections are used to derive
exprassions Fof the total and the excess fuel consumed. Finally, sectien
5.5 gives values for the excess.-fuel consumed -for several cruising

spesds and types of stops.

" 5.1 Characteristics of stops’

One of the objectives. of the experiment was to investigate the

characteristics of vehicle stops in urban traffic. Before discussing the



resylts obtained in this regard, it is useful to deal briefly with the
various components of vehicle motion through a complete stop/start

MAanoeuvees.

Re?erring to Figure 2, which shows a vehicle trajectory durilng

such a manceuvre, the following notation will be used: -

Vi - Initial speed, i.e. that speed at which the deceleration
stage starts.

vV - Final speed, i.e. speed reached once the acceleration

sfagg stops.

td -  Time taken to decelerate from speed Vi to zero.
d -~ Decelsration.rate

ta - Time taken tU'accelerafe from zero  to speed V?
a. = Acceleration rate

tS - Stopped time. _

Fq - Fuel consumed during. the deceleration stage

Fa ~— Fuel consumed during the acceleration stage

Ft - Total fuel consumed during the complete stop/start
ménoauvre that wbuld have been

Fy '~ Fuel consumed if the same distance was traﬁelled at a
cruising speed Vg

‘Fg - Excess fuel consumed dug to stop/start manceuvre, énd
given by: - FE ='Ft -.FC. .

The speeds~[Vi and VF} and the time'elaménﬁs [td' tS and ta] shown
in Figure 2 were recorded from the output. data as described in Appendix
A. The fuel consumed at each of the three stages waé also recorded for
each complete stop. .Data for a total of 428 stops is available.although 
éome fuel consumption components are missiﬁg'due-tn?fuel meter problems
referred to in Appendix A, Missing values for Vi, td,'V¥fand ﬁa were |
also recorded whenever the deceleration or acceleraticn was not roughly
congtant. Dlearly,the choice: of initial and final speeds is somewhat
arbitrary given the speed fluctuations in urban traffic, particularly
under congested peak conditions. In our case Vi was chqséﬁ at the point
after whichAthEre was- a steady decline‘inﬁspeed until the vehicle came

to a standstill., Similarly V_ was taken to be that. speed immediately

_ ¥
after which there was no aceceleration.. Therefore neither Vi-nor Vf_is

necessarily the highest speed reached Dverxany one link.

e e




Figures: 3, -4 and 5 show the distribution of initial and final speeds

observed in. the case of runé'mn.radial'rnutes, Central Area runs, Off

Peak and'Evening_Peak respectively. The corresponding means and standard
deviations are given in Table 4.
distribution. of initial. and final speeds -are of very similar shapes for .

both peak. and off-peak canditions., -

In the case of Central Area rums the

From Table 4 the mean values which

can be used to represent bbth‘initial.and Fina1 speeds would be:

Radial routes (morniﬁg.peak] - 30 km/h
Central area route ' (off peak) - 34 km/h
‘Central area route (evening peak) -~ 27 kw/h

Table 4.

(eve. peak)

211

Mean initial and final speeds
Routes - Speed type | Number of . Speed (km/h):
: : ' * | :observations : :
Mean Standard
deviation
All routes. | Initial ‘4278 30.9 12.7
Final’ 403 28.8 11.4
| Radial Initial 158 34.9 13.7
' ' Final 138 31.1 11.6
Central area Initial 59 34.7 9.3
(off paak]_ Final 54 33.9 8.1
Central area| Initial R 211 26.9 11.5
Final 25.9 11.2

5.2 Fuel consumed decelerating

As menticned in fhe previous section, the initial speed:and the

time taken for the vehicle to come to a complete stop weres used only

when the.fate of deceleration was roughly constant.

calculate the deceleration, d, as:

d

dTPF

where-vi and td-are defined as before.

In this way we can

- (2]




speed, V

L_’ time, ¢t

Figure .2

1
t
i
|
i

4

Vehicle trajectory during a complete stop
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Table 5 shows the mean deceleration rates observed by raute type.

Table 5. Mean deceleration rates

Route Number of : Deceleration
observations 2
(m/s™)
Mean Standard
: deviation
All routes : 478 .82 ‘ 0.36
Radials - 158 _ 0.83 : 0.31
Central area - 58 1.01 0.38
(OFf+ peak)
Central area . 211 0.75 0.08
- {eve. peak)

As can be seen from Filgure 6 there is a wide range of deceleration
rates (and therefore deceleration times) associated with sach individual
initial speed. The fuel consumed during the decelerating manosuvre .is

plotted against initial speed in Figure. /.

Several regression sguations were cbtained using a total of 136

observations and expressing‘fhe tuel consumsd during'deceleratiun; F.,, as

. d
a function-of the initial speed, Vi’ and -deceleration rate, d. The
most satisfactory equations in-terms of explanatory power has the form:
Vi
FEl = ‘D.SB?["‘&—]' : : (31

(0.0098)

where the value in brackets“refers-to the standard error of the

. : 2
co-efficient and Fd.is in-mlj; Vi'is in m/s and d in m/s .

Equation 5.4 has an R® of 0.96. Table § shows the valuss of F
for a range of initial speeds, Vi,,and.deceleration,rates,-d,_obtained
using equation (3}. These.results will.be discussed further when the

excess fuel due to & stop is considered {Section B.5.4).
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Table B. Fuel consumption during deceleration - using equation (3]
E Fuel consumption during
i Initial deceleration {ml)
speed Vi 5
Deceleration rate, dm/s™)
(Km/h) '
d = 0.6 d = 0.8 d=1.0
10 2.5 1.9 1.5
20 5.0 3.7 3.0
3t 7.5 5.6 | 4.5
40 9.9 7.5 B.0
50 - 12.4 9.3 7.5
60 14.9 11.2 8.9

5.3 Fuel consumed accelerating

The acceleration rates were obtained in the same way as the

deceleration by assuming constant acceleration throughout the period

from zero speed to the final speed, Vf.

Table 7 gives the mean

acceleration rates obtained by route type and Figure 8 shows the spread

of those accelerations,

consumption

As shown in Figure 9 the fuel consumed for each period of

and final speed.

Figure 9 shows the relationship between fuel

acceleration and the corresponding final speed are much more correlated

than was the case with the deceleration pericd.

Following the notatiaon

used before, the following relationships were established following the
work of Akcelik (19B8Z2}:

where Fa'is

vV
(=53
a

2
0.188 Vf
(0.003)
0.130 Vi + 0.420
(0.007) (0.051)

2 3
0.239 VF - 0.0046 VF

(0.017) (0.0D15) .

in ml, VF in m/s

and a in m/52.

R2

(4) 0.97

{5) 0.98

(B) D0.97
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Table 7. Mean acceleration rates
Route ’ Number of - Accelerating
observations rates (m/s?)
Mean Standard
deviation
All routes 403 0.65 ~o.21
Radials 138 0.68 0.18
{morn. peak) '
Central area - 54 - ' 0.72 0.18
{ofFf peak]
Central area 24 0.83 0.23
(eve. peak)

Eguation 5, which has .the higher R2 value, was used to calculate
the fuel consumed during the acceleration stage of a stop/start
mancéuvre for a range of acceleration rates and finmal speeds. The
results which are shown in Table 8, illustrate the low sensitivity of
fuel consumed with variations in the acceleration rate, a fact which
was also rioted by Richardson [1382], Akcelik (1982) and Evans and
Takasaki (1881).

Table 8. Fuel consumption due to acceleration - using equation (5]

Fuel consumed (ml)
Final speed : >
Vf (km/h) “Bcc?leratlon ratg, a (m/s”)
a = 0.6 a=0.8 a=1.0
10 2.9 2.5 2.2
20 7.9 6.9 6.3
30 _ 14.8 13.4 12.5
40 | z3.8 21.9 20.7
50 34.8 32.4 30.8
60 47.8 44.9 43.1
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5.4 Excess fuel due to complete stop/start manosuvre

The equatlons.derived in the. prev1ous sections from the Leeds
exﬁerlment for the Fuel-cnnsumed during -the deceleration and acceleration
staées,uf a complete manoeuvre are now used to obtain ‘an expression for
the total fuel consumption, F
(3} and fS} we have:

£ during such manceuvres. From squations
v, v

o i, 2 F
Fp = Fy*Fy = a.537 [.-&-—3 + 0.130 Vi + 0.420. {.a] : (7)

Followirg the definition given in Section 5.1, the excess fuel consumed

FB,_is given by:

where FC; tha fuel .consumed at constant c:uiéinglspeed, VG, can he

expressed as:
1 - '

F_ = F EJ (8}

V2
=
c c 2

1
[a*"‘
where fc ig the cruising speed fuei consumption per unit distance at
the constant speed VG;

and d. and a are assumed constant.

It is now possible to.estimate the sxcess fusl per stop for - the
l.eeds experimentrdata using Tables 6 and 8, tégether with equatian_[gl.
Since it was not possible to. obtain experimental values for f_, the
cruising. speed fuel cnnsump;ion rate, a value of 7.5 1/100 km is assumed
fDr.a value of Vc of 48 km/h. This assumption was based on the results

shown in Table 3, after Evans and Takasaki (1981} and Pienaar (1981].

_ The excess fuel due to a stop/start manoeuvre was estimated -for a
range of final and initia1 5peads, and decélerétion andr acceleration
rates. A summary of thé_results-is shown in.Table 8. In the case of
the Leeds experiment when the final and initial spéedsrare-both equal
to the assumed cruising speéd,of 4B km/h, the-excess fuel due to the

complete stop/start manceuvre is 22 ml.*

.Assuming constant deceleration and aéceleratiun rates of 0.8 and
0.7 .m/a2 respectively, following the results of the Leeds experiment.




_21_

Experimental tests have been carried sut by several researchers to
' determine the excess fuel due to a stop/start manoeuvre (e.g. Cléf?ey
{1971), (1976); Raobertson et al (1980); - Plenaar (18981}; Evans and
Takasaki (1981)). Although most of the vehicles used are not typical
‘of the U.K. vehicle fleet, some of the results are relevant to this work

and will now be cumpared.with those observed from the Leeds experiment. .

Table 8. Excess fuel due to stop/start manoeuvre

Excess fuel consuméd {ml)
Initial/final spsed (1) Deceleration/acceleration
(km/h) | . rata, KEZJ fm/52]
k= 0.6 k = 0.8 K = 1.0
10 , : 4,4 3.7 | 3.1
20 ‘ 9.1 7.7 - 7.0
30 13,7 12.5 11.8
40 o 18.3 17.8 17.4
50 23.1 : 23.8 23.9
B0 28.0 © 3p.1 51,2

(1) Assumed equal.

(2) Assuming equal deceleration and acceleration rates

From the results given by Evans and Takasakl (1981) using'a vehicle
with a 1600 c.c.  engine, the excess fuel.réquired tb accelerate the
vehicle to steady spéeds of 4B.ahd'84 km/h, was estimated to be 20 and’
35 ml respectively. This does not include the deceleration stage of the
manoceuvre and i1s therefore not directly cbmparable to -the resﬁlts-nf
Table 8, whose carrespanding values for the tntal excess fuel ars in the

region of 23 and 30 ml.
Vincent et.al (1980) have put Forward a relationship between FE and

‘the cruising speed, Vc of the form of:

F o=8.2x10° v - (10}
e c ‘

where VC is in km/h and FB in litres of fuel.
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Equation (10} was found to apply to data from experimental tests
carried Dut.by the TRRL with a vehicle with a 2200 c.oc. ehgine.* For
a cruising speed of 50 km/h, equation (10) gives a value of Fe of 20.5
ml. ‘The corresponding value from Table 9 is in the reglon of 23 to 24

ml.

Pienaar (1881), using vehicles in the range of 1500 to 2000 c.c.
engines and cruising speeds of 40 km/h, found a value o-F-Fe of approximately
25 ml, whereas the corresponding value fram Table 6.9 is approximately

18 ml.

It should be stressed that the values For.ekcess fuel shown in
Table 8 are all based on a cruising .speed fo 48 km/h unlike those of

past studies quoted above.

5.5 Excess fuel due to two types of stop/start Manoeuvres .-

It 1s useful at this stage to d15t1ngu15h between the stop/start
manoeuvre described.in.Section 5.1 where a vehicle comes to rest from -
;éﬁd accelerates to a'steﬁdy;speeﬁ,‘and-a manoeuvre which can. be
described as 'gusue crawling’ where.a vehicle accelerates from rest to
a speed Vq and;then,decelerétes,ba:k'tm rest. .Thiéflatter manoeuvre
is shown diagrammatically in Figure- 10, for the case when the

acceleration and deceleration rates are assumed constant and equal to k.

The excess fuel consumed. during such a manoeuvre, which is a
function_u? the cruising speed, VC, and the final speed-reachéd,'vq,
can be obtained Frpm_gquatiﬂns (7) and (9} with Vi = VF = Vq.

Table 10.5h0ws the sensitivity of the excess fuel, Fe’ to-
variations in the assumptions made about fb,.the cruising speed fuel
cansumption per unit of distance. It is clear from this Table that the
excess fuel due to-a 'gueue brawling! mangeuvre is fairly.-insensitive
to the assumption made about the cruisihg'speed'fi;e. the cruising spead
- Fuel Pate,'FG] for values of Vq, the maximum speed reached, lower than
25 km/h.

The results shown here for both the complete stop/start and the
'gueue crawling' manoeuvres will be used in. Part II to derive
coefficients for fuel comsumption sub-models appropriate to urban travel

in the U.K.

* A value of 7.7 X lG_B-Q/p'c U. stop is given by Vincent et al
£1880}. -This was converted to 1/veh. Step using a factor of 1.07
as recommended by those authors.
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Table 10. Excess fuel consumption during "queue crawling' manoeuv:es:_

Excess fiel, Fe’ ImlJ[lJ

Maximum spéed s S S
reached, Vq Ckm/h) | Cruising - speed fuel rate, fc,(l/lﬂo km]

' 7.0 . 7.5 8.0

30 _ 13.1 - 12.8 - 12.2

25. : : - 10.B6 ‘ 10.3 9.9

28 : B B.2 8.0 7.8

15 ‘ 5.8 5.8 - 5.7

10 ' 3.8 3.8 3.7

(1) These results were calculéted_uéihg'the following:

- Equation (7) with Vv, = vf = Vs and a = 0.7 m/s® and
d-= 0.8 m/s? following the results of the Leeds experiment.

- Equation (8] with a and d as above. and the Foilowing Vc
values: A0 km/b for f_ = 7.0 17100 km; 48 km/h for f,
= 7,5 1/100 km and 30. km/h for FG = 8.0 17100 km. These
valugs are based an the'wnrk by Akceliec [1982) showing the
concave shape of the Fé VB. VD curve (equation 1) and

assumez that ?C.indreasea at the lowsr cruising. speed of

30 km/h.

B. THE EFFECT OF COLD STARTS

The additional fuel consumed during a trip where the vehicle has

started with a cold'engine, relative to the fuel consumed with the
engine fully warm, has been .investigated by’sevérai researcherslfe.g.
Fverall and Northrop (1870); Waters and Laker (1988); LChang et al
(1976); Pienaar and Jurgehs [1980); and Frybourg (1878)). This

section reviews seme of the available evidence in this area.

Recent experimental tests umdertaken by Pienaar and Jurgens. (1980])
with three passenger cars of 1BDD'G}G.-engine capacity under urban

driving conditions at average speeds of 42 km/h,_afe'shown below.
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Distance travelled = - Extra consumption due to
Lkm) . cold start. - As percentage
: of warmed-up consumption.

1.0 o 48

2.0 37
3.0 . _ 29
4.0 | 22
5.0 ] 18

B.0 - _ 18
This compares with experiments in France which showed that the-

extra consumption. due to cold starts over the firat 2 km of.a journey.

can be of thé greer af 30 percent. of the warmed-up consumbtiun in.

summer and B0 percent in winter.

In the U.K., Everall and Northrop (1870} carried out tests: using
a 1967 vehicle of 2000 c.c. engine on the TRRL test track. . The
relationship between the excess fuel consumed due to 'celd starts’ and
vehicle speeds, driving manner (i.e. gear changes], and the cutside air.
temperature Qas investigated. - Those.authors.found that when urhan
driving conditions:ware'Simﬁlated, the distance necessary for the
vehiclefs gngine to become fully warm was in the reglon of 8 km. At
the national leQel, it. was: also. estimated that if no account is-taken
of the effect of 'cnld‘stérts' the.under-estimate of the fuel consumed
when vehicles start from cold is in the region of 15 per cent of the

actual fuel consumed.

Waters and Laker. (1280}, using.a 1300 c.c. vehicle, at an ambient
. temperature of 6°C, found that for a trip.of approximately 3 km, the
excess fuel consumed due to 'cold-starts' was over B0 percent of the

fully warmed-up amount.

Tt is difficult to compare the results of different tests due to
the influemce of driving techniques, average speeds and ambient
temperature. However, there is a large measure:of agreement that
excluding the excegs-fuel due to ‘cold starta’ will lead to: significant
underestimates of fuel consumption for short journeys of less than
around -6 kms. - For a 3 km journey this extra fuel may range from 30 to

. 6o percent of the warmed-up consumption.
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7. SUMMARY AND  DISCUSSION

7.1 Idllng fusl consumptlon

After comparing some available data on idling fuel flow rates of
several vehicles with that obtained from the reaults of.the Leeds Survey
with two instrumented ‘vehicles, it was decided to.use a value bf 1.2
litres/hour for the 'typical’' U.K. vehicle with'an engine size of 1500
C.C. There is considErable-variation in idling rates even for the same
vehicle and the value given above should beiseen"ES'the central value of
a rangs which may be as high as + 20 percent.

7.2 Constant-speed fuel chsumptlun

Far a wvehicle of 1500 c.c. engine size.the value of 7.0 1/100 km
waS'adopted:For a steady speed of 48 km/h. This value is very close to

that $0und_fbr,similar vehicles and at similar stéady speeds.

7.3 Fuel consumption of stop/start manoeuvres

The excess . fuesl consumed by a vehicle during. such manceuvres was
investigated using the results. of the;Leeds-experiment. Relﬂtinnshiﬁs
betwesn the fuel consumed during. the decéleratiun and acceleration
stages of a atop/start manoeuvre.and the'cofresponding‘initiai and final
speads, were found. Such:relationships which apply only to thé vehicles
used in the expefdment - 2000 c.c. engine, 1982 models - and to the -
éctual driving conditiens pressnt, were derived uaing_ekperimental data
. for each individual stop. Some errors are associated wifh.ohtaining the
input data, particularly in the case of the fuel censumption data

related to very. short deceleration and acceleration stages..

The following is a summary of the results obtained: -

Average initial speedf[vi}: _ . 31 km/h
_Average ?inal_speed,[v?i: : ' 29 km/h
"Average deceleration rate (d): 0.8z m/52
Average acceleration rate.ial:‘. ' 0.85 m/52

Fuel consumption during deceleration stage, Fd (ml)

V.

_ 1 o w2 L
Fd = 0,537 p with R™ = 0.8B

Fuel cbnsumptimn during. acceleration stage, Fa (ml)

. Y,
F o= 0.130 V2 + 0.420 —& - with 8% = 0.98
a f - a _
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The excess consumption due to a stop/start manoeuvre where Vi'=

VF = 48 km/h. 1s of the order of-22 ml of fuel assuming average
acceleration and deceleration rates as given above. Table 3 shows the
excess fuel consumed for the stop/start manceuvre for a range of
scceleration and decelsration rates as well as fihal and initial
speeds. Tahle.l1l0. shows the excess fuel consumed during a 'queue
crawling’ manosuvre for a range of makimum apeeds reachad. under several
gruising speed fuel rate assumptions. The excess. fuesl ?Dr-’queug

crawling' manceuvres where the maximum speeds reached .are 30, 25 and

20 km/h, are estimated to be 13, 10 and B ml of fuel respeﬁtively.

. Finally in Section 6 the effects of 'cold starts’ on fuel
Donsumptioh.were.discussed by reviewing the resuwlts of several
‘experimentsx It was. concluded: that Fnr:trips"mF'less than G Km5,
signi?icanf uhder-estimatiun.may gecur i the fuel consumption-
estimation procedure ignores the effect of 'cold starts'. -The degree
of ﬂnder—estimation_depends on several factors including -the ambient

temperature, the driwving behaviour and. the traffic flow conditions.
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PART II -. URBAN FUEL CONSUMPTION _SUB-MADELS

a. INTRODUCTTON

Pért IT deals with the development of fuel consumption sub-models

to be used in evaluating the impact o$,urban.transport'management LUTM)
strategles on energy.consumption. Such sub-models, which .can be seen
"as additions to the analytical teols avallable to model urban tramsport

demand, must satisfy two criteria:

1) Thay must be able tn~représentivehicle-Fuel consumption:
characteristics in urban driving conditions to- a reascnable

7 degree of accuracy, and _ o

2] They should ‘make use of the readily available_outputé'$rom the

transport modelling process,

Fuel consumption sub-models. appropriate to.two specific levels

of detail in measuring the responses to a range of UTM'étrategies are

- put forward: - . '

1} A rélaticnship between urban fuel consumption -per vehicle -km. and
the inverse of average journey speed. (total journey diétance
divided by total journey timel, to be used with the results of the
conVehtional.?our—step urban transport demand modelling process.-—
trip generation, distribution,: medal-split and assignment. Such
a sub-model is best suited to-quantify the fuel consumption impacts
of UTM measures at an -aggregate .level of detail, and is therefore
directed at the area~wide.eva1uation of those measures which
influence total distance travelled and total time spent travelling
by each mode. For example, chahgas-in the. relative travel costs
ot hrivate and .public transport [B;gJ.Fuel pricing, pérkihg
charges, afea.1icensinglschemes'andfbublic'transpﬁrt fare subsidies)
may result in modalfsplit'changes.which in turn may affect the
1eﬁel of congestion and therefore averégeﬂjournéy speads. By
relating the likely impact of those travel cuét'changes on . modal -

- market shares ane can estimate the corresponding effect on averagé
- speeds: by loading the changed patiern 0%:demand onto the road
system using a conventional assignment mo&el'and use: the above
relationship.to estimgte the fuel implicaﬁioms. The use of a simple
reiationship between averagé journey speed and. fuel consumption to

estimate the effects 6F UTM policies on teotal urban fuel consumption
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its dealt with in the next section. The aceuracy of such estimates
will only enable broad conclusions to be drawn from the results.
However the specification errors inherent: in the-over451mplification
af such fuel consumption sub-models must be seen in the context of
the predictive accuracy attached to the travel demand forecasting
models. The latter,uwhich.will be used to predict avérage Journay
speed changes that result from the introductien of UTM measures,
incorporate.a number of simplifying assumptions about travel
behavicur which 1sad to a large degree of uncertainty being attached

to the outputs of such modsels.

2) A fuel consumption sub-model.which has been incorporated in the
SATURN traffic.simulatioh and aésignment model. That sub-model
is able to use the results of more.detailed analysis of tfaffic
flow speed and delay in urban conditions and is therefore
particularly suitable to guantify.the effects of traffic management
schemes which. alter.the supply of road space  in medivm sized towns
or in the central areas of iargef cities. As discussed in detail
in Section 10, the sub-model exprasséS'Fuel consumption as a linear
" function of total distance travellsd, total delayed time and the
total number of vehicle stops.. A:distihction is made in SATURN
between the first time a vehicle . stops at an appreach to a junction
and any subsequent-stnpé,that.vehicle may"méke at the same -approach.
The fuel eonsumption expression discussed abmveVis_therefore able
to make use of that distinction:whenicalculating tﬁe-excess-fUEl

- consumed due to vehicle stops.

Even this second type of sub-model which relies solely on tra?fic'
flow aFFedts to explain fuel cunsﬁmption, does not take-aceount of other
factors which influence the fuel consumed by a vehicle. There are two
other dimensinns to 'be considered when estimating'Fuel-cdnsumption,-
-namely the characteristics of the driver and of the vehicle itself. In
addition, factors such as altitude and climatic conditions will also
affect fusl consumption results and therefore data transferability in

space muét'be-conditinned_by such factors.

The fuel consumption. sub-models developed here are intended for use
by traffic engiheers and transport. planners in U.K. urban-area
_environments and must:therefore-incnrﬁroate'a large degree of aggregatian

over vehicle and driver characteristics. "That is, the fuel estimation
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procedures apply to the 'typical' vehicle and driver and the results

are therefore subject to errors when they are compared with consumption
levels of individual vehicles. However, the errors hecome less important
when the fuel consumption sub-models are used as part of the local
evaluation of a number of UTM measures. In this latter case the traffic
engireer or transport planner is interested in the relative performance

each measure or combination of measures.

‘9. THE 'AVERAGE SPEED' = SUB-MODEL
9.1 Results from U.K. Studies

A number of research workers hoth in the U.K. and overseas have put
forward a simple 1inear relationship between urban fuel consumptior per
unit distance (Fl and the inverse of trip speed (M), the latter being
calculated using total journey time taken to'complete the trip. Such
relationships have the form:

k

2
F_kl+—\;’“' | (11)

where the constants k, and k2 have been determined using simple linear

1 .
regression analysis with observed data obtained by driving speclally

fitted test vehicles in urban areas.

Early work in Central London undertaken by Everall (1868) with two
test cars - a Vauxhall Viva (1053 e.c.) and a Ford Zephyr (1703 c.c.)
indicated a linear relationship between fuel consumption and the inverse
of average speed (i.e. average journey time per unit distancel). The
relations obtained for Central London were:

a) 1053 c.c. car

F = 5.85 +-113‘9 (12)
and
b} 1073 c.c. car
F = 8.50 + 181.3 (13)
A
where F = fuel consumption in 1/100 km
and V = average speed in km/h.
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These relationships apply for average speaeds in the range of 10

to 58 km/h.

Sume more recent experiments have heen carried out by Weeks (1981]
in London using a diesel and a petrel car.. The petrol car used was a
1978 model VW Golf of 1100 c.c. engine capacity and. the. tests were
carried out in two types of routes: one exclusively in Centpal,Lmndon
and another on a radial. commuter route from Crowthornse.to Central London.
Although the experiments were designed to compare the. fuel consumption of
petrol and diesel vehicles. of Bimilaf_per¥0rmance under urban congested
conditions, the results -obtained provide a basis te relate urban fuel

consumption and observed speed.

- Using the full data set, i.e. the results for all speeds and the
two test routes, for the same vehicle and. the same number of occupants,

Weeks produced the Folluwihg equation:

81.77
v

F o= 11.48 + - 0.16 V + 0.0012 V2 | £14)

where F and V are defined as before and the correlation coefficient, R

is 0.675.

By restricting the value of average speed to less than 80 km/h, the

following equation is obtained:

34 .42
v

F = 17,92 + ~ 0.454 V + 0.0045 V° o (15)

with R2 = 0,622,
By assuming .2 simpler relationship of the form of equation (11),

the following equatiunS'weré obtained:

al V<60 km/h - _
130.80 2

F = B.61 + ===  (R® = 0.60) (16)
and '
bl 10<yY<B0 km/h
F = 5.80 + =022 (R” = 0.58) (17

This last eguation was obtained using average'speeds between 10
and 80 km/h, to enable a direct comparison to be made with the
expressions developed by Everall for the same speed range. Filgure 11

compares graphically eguations (123, (13), (14) and (17).
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Figurell.
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A number of points may be made from these results:

i) Whether a quadratic expression or the simple linsar form. is used
the correlation coefficient is inm the range 0.8 te 0.7 and
therefore a considerable amount of: variation in the data is not
explained .by any of the relationships developed.. This is a |

problem which will be discussed further in Section 10,

ii} By choosing a simple linegar relationship between fuel consumption
and the inverse of average journey speed, In preference to
expressions of the form of equations (14) and (15), not a great
deal of explanatory power seems to be lost. For.example, gquations

- . [15) and - (16) which use the same average speed range and a guadratic
and a linear relationship respectively, .have corresponding

correlation coefficients of 0.62 and 0.80.

Experimental work of -this nature leading to the establishment of
similar relationships between fuel consumption.and. journey speed has‘
also been carried out in other countries. . The next'sectidh'deals with

the results of work reported in the U.S., Australia and South Africa.

9.2 Owverseas findings

The MNational Institute for Tramsport and Road Regsearch (N.I.T.R.R.].

in Pretoria undertook. some experimental fuel consumption tests as part
of a study to guantify the costs of travel in urban areas throughogt
Seuth Africay Pienaar (1981)., Those tests, which covered routes in all

the major urban areas of that country yielded the following equation:

244.8 .

F=3.1+ 7

{18)
where F and V are-éxpressed-aa before. The coefficient of determination

is given as 0.94 and the expression is. valid for speeds of less than

83 km/h.

Chang et al (1978), at Gemeral Motors in the U.S., have.put'?urward
a number of expressilons relating fuel consumption to average journey speed
using mainly Américan.Véhiclesm. The valuegs found for Ki'and k2 in
eugation (11) are given in Table 11. The results of an earlier

Australian study are also gilven in the same table.

It was not possible.to establish the 'goodness-of-fit' of sﬁch

equations from the information avallable in the reference cited above.
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Table 11 Fuel consumption sub-models - coefficients kl and k2
from U.S. and ‘Australian studies
(F = kl + k23 17100 km.
v
kl kz
Reference Vehicle ' Year (1/100 km) (1/100 hrs)
‘Chang et al (19768) Large~luxury American 1974 i2.2 380.2
" - 'Standard’ American 1374 - 1l1l.2 376.2
" : 'Standard’ American 1975 8.5 347.0
"o 7 © "Subcompact' station
wagon - American 1975 . 7.2 212.4
Pelensky et |
al .E1875]‘ Statieon-wagon
| American 1965 6.2 214.2

when making comparisons with the corresponding values for the coefficients
Kl aﬁd k2 obtained in the U.K., it must be remembered that all the U.S. values |
given in Table 7.1 were obtained with vehicles which have automatic trans-
missions. Thé éngine sizes are also cunsiderébly larger than in_the UeKas
although no detailed data on vehicle characteristics is available from the
reference in question. For example; the 'standard® American vehicle of 1874

shown in the Table had an eight cylinder engine of 6600 Cé-capacity.

‘Although the American work is not directly transferable to European
vehicls characteristics, the results are still very useful inasmuch as they
provide further evidence that the inverse of average journey speed is the
traffic flow variable which best helps to explain urban fuel cdnsumtpion

variations.

Chang et al (1976) have also advanced a physical interpretation for the

coefficients kl and k. by analysing data from several sources. The suthors

2
found Kl to be approximately proportisnal to the mass of the vehicle and
hence to rolling:resistance. k., can therefore be said to represent the

1 .
fuel consumed per unit distance to overcomes rolling resistance. ‘k2 was found

to be approximately proportional to the idle fuel flow rate and can be said
to represent the fuel consumed per unit distance to avercome mechanical'losses.

The relationship between Kljék- and vehicle characteristics will be further

2
discussed in Section 9.4. '
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9.3 Results from the Leeds Survey

The survey conducted in Leeds using two instrumented vehicles and
described ir Appendix A, provided = 1link and route data which enabled the
establishment of relationships of the type described in the previous
sections = d.e. equation Il. The results obtained using link and route

data will now be discussed in turn.

‘a) . Link data -

Data containing .a cemplete set of 1link variahbles (described in
Appendix A) was available for a total of 579 observations and all but 57
of these are associated with the same driver and . vehicle. Figure 12 shows
. a plot of fuel eonsumption per unit distance against travel speed for each

link, Table 12 gives the values of k kz and thelr respective standard

1’
errors and the correlation coefficient for a number of equations which were
obtained using different sub-sets of the data. The latter were used to

determine the sensitivity of kl and K2 to changes in:

al link-type (i.e. Radial/Central Area)
b) speed range

c) minimum link.length.
The following comments are new made in relation to Table 12.

i) . For a range of travel speeds not exceeding BO km/h and excluding
those links whose lengths are shorter than 50 m (to avoid atypical
traffic conditions in-very short sections of road), then equation
3 gives:

1680.8

v (1gl

F = 5.41 +

where F is in 17100 km and V in km/h, and the R® value is 0.7.

There is relatively little change in the coefficients Kl and

k2 where the minimum link lengths is 100 m when all . links are included.

ii) . By considering the Radial and Central Areé link types separately
two guite different results are obtained. The explanatory power
of the equatlons obtained using Central Area data (R2 = 0.4B8} 1is
ﬁonsiderably lower fhaﬁﬂfhat of the corresponding eguation for radial

links [R2 = 0.77). This can be partly explained by the fact that all



Table 12 Link fuel consumption and observed speed relationships — The Leeds experiment

k .
i
F= kl + VZ‘ (where 5 j:: iﬁ iﬁ/g?)km and (1) Figures in () are the standard errors of the
corresponding coefficients.
: N ' Speed Fuel Consumption
Coefficient P P
Equation b s Number K K (1) of . (lan/h) (1/100 lm)
Number ata Set of Obs, 1 2 determination
2 : 1 st St.
™) Mean Deviation Mean Deviation
1 All links 579 5.175 164.2 : 0.70 8.3 16,0 11,0 6.0
(4.5) _
2 Links with: 575 5,153 | 163.8 0.70 38.4 16,0 11,0 5.9
Dist » 50 m (4.4)
3 Links with 527 | s.410| 160.8]  0.70 35,91 144 | 11.4 6.0
Dist » 50 m (9.0)
V < 60 km/h S
4 As Eqn. 3 510 | 5.359 | 162.8 0.43 36.9 13.6 10,7 4.4
and also '
V>10 lam/h _ _
5 As Eqn, 3 343 4.620 1 166,3 0.77 39.9 14.2 10.2 6.4
but Radial (4.9)
Routes only
6 As Eqn. 3 184 { 8.230 | 123.0 0. 46 28.4 1.5 1 13.7 4.5
Central Area (9.8)
runs only

_BE_
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Central Area links used here are part of the same route, whereas

the 343 radial observations cover five different routes and therefore
have a larger degree of variation in traffic conditions. An

equation using only one traffic parameter, i.e. average speed, will

perform better with this larger spread of values.

iii} When the speed range 15 restricted to speeds between 10 and 60
km/h the correlation coefficient is again considerably lower (R2 =

1.433.

UOther forms of fuel consumption equations have been proposed (e.g.
Watson et al (1982)) and some of these were investigated here. Two

different formulations were used, namely:

+a, V o+ aq V2 " (20)

<[ <DJ‘
e <.

+a_ V +a_ KE (21)

and F=a + 2 4

o

where all variables are as before and KE is the loss of kinetic energy as
calculated by the TRRL date analysis program, If the number of distance
pulses recorded in three successive ssconds are Xt; X

that X, < X, _; <X, o

£-1 and Xt_2 sueh

then KE is given by*:
KE = t-2 £-2 _ t-1 £ (22}

The sum of these losses of KE for each link is used in the regression

analysis described here.

The values found for the coefficients of eguations (20} and (21)
are shown in Table 13. Unless stated ctherwise in this table all
coefficients were found to be statistically significant at the 98% level
of confidence, although the explanatory power of the equations has not
significantly improved with the addition of the extra terms of the two

equations.

aaan "aw LI I -ane asx & awr "ma arn LRI = mm LI

*
Cbtained from an internal report preparsd by the Urban Networks

Division of the TRRL.




Fuel consumption average speed and kinetic energy — Leeds experiment

Table 13
&y 2
F=H+7+%V+%V+%MQ
Equation Data Number 2
Number Set of Obs, | X1 ky kq 4 ke R
i A1l Jinks 579 3.692 | 163,8 { 0.135 | =0.0021 - 0.71
€9.3)1(0.061)}} (0.0007)
Links with
2 Dist > 50 m 527 0,141 178,6 | 0.318 | ~0.0046 - 0.72
V < 60 km/h (10,2){{0.080){ (0.0019)
As in Equation 527 8.470 | 143.1 (~0,061 - ~0.0035 | 0.71
3 2. (7.0){(0.015) (0.001)

* Not significant at 95% Confidence level.

“ g -
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b) Route data

The data was aggregated for each run of each rpute s0 that the fuel
consumption for each complete journey could be expressed in terms of Jjourney
spaeed. The mean speed of all runs was 37.8 km/h (standard deviation of
7-7 km/h) and the corresponding value for the:Central Area route was 20.6
km/h. (standard deviatien of 4.7 km/hl. The following relationship was
obtalned using data for 32 runs on the radial route and B runs on the

Central Area rogte:

245.2

7 (23]

F o= 2.24 +

where F and V are.defined as before and a gorrelation coefficient, R2,

of 0.99 applies. The standard error for k, is 15.2.

The data used to derive equation (23) is shown graphibally in Figure
13. It is seen from this Filgure that the average run speeds are all in the
range 20 to 55 km/h. Since a great deal of the link data variation is no
longer present here, the coefficients of equation (23} are considerahly
different from those obtained using data for the same runs disaggregated
by link.- equation (19). The two curves obtained from using these two
eguations are shown in Figure'ls from which it is seen that very similar

results are obtained in the speed range of 20 to 30 km/h.

8.4 A fuel consumption sub-model for the U.K.

Using the results of the work reviewed so far in this Section an attempt
is made now +to develop a sub-model in which urban fuel consumption is '
expressed as a linear function of the inverse.of average journey speed.

Such an expression is to be used at the area-wide aggregate level of detail
to quantify the ihpacts of several UTM measures on fusl consumption. The
inputs required are total distance travelled and total time spent travelling

i.e.'overall jburney speed.,

Tt was decided to estimate typical values for the coefficients kl and

KZ on the basis of an average vehicle of 1500 cc engine size and a weight

of 940 kg. The relationships put forward by Chang et al (1976) hetween kl
and vehicle weight were investigated using available data from U.K.

experience. The same authors also suggest that k, i1s approximately

2
proportional to the 1dling fuel rate of the vehicle. This fuel rate may
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INSTRUMENTED CARS - LEEDS RUNS
FUEL CONSUMED VS. RUN SPEED

Equation { 19.)
o0 (Link data)

. Equation ( 23 )
77 (Route data)
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vary even for the same vehicle as was illustrated in Section 3 . However
the results presented then indicate that the ratioc between engine size and
idling fuel rate remains fairly constant. Therefore the coefficient kz

was related to engine size for the UW.K. data shown in the previous section.

Table 14 shows the ratios of vehicle weight (W), to Kl and engine size
(C}, to kz for four U.K. equations using vehicles which range from a 1964
medel - Everall (1868} toc a 1982 model (Leeds survey). The same Table also
gives the estimated coefficients*kl and kz, on the basis of each of the W/kl
and C/k2 ratios, for the typical vehicle. The main reasons for the large
differegnee in those ratios are likely to be the different operating conditions
of the experiments and the range of vehicles used. The equations derived by
both Everall and Weeks were obtained using Central london runs with low |
average speeds whereas the Leeds data, which was obtained mainly from runs
on radial routes outside the Central area, showed an average link speed of
36 km/h. If the earlier results of Everall (13988) are excluded since they
were obtained with a 1965 vehicle (Equation (12}), and a 1964 vehicle
(Equation [13}), the renges of Kl and kz for the typical vehicle are 8 and -
4.9 and 179 and 121 respectively, using the same units as before. These
values will be used here to represent a range of vehicle sizes and urban
operating conditions. Clearly it is not possible to make firm conclusions
about the most likely coefficients appropriate to U.K. urban conditions, on
sush evidence and central values for kl and k2 and 165 will be used in the
remainder of this work based on the assumption that the typical U.K. vehicle
is more likely to be better-repbesented by the results obtained by Weeks
(1981) using a 1978 vehicle. Those results were therefore given a weight of
0.75 and rounded off when a weighted average was calculated using Leeds
experiment and Weeks (1881) data. Clearly this is an arbitrary decision
1 and k2. The

sensitivity of fuel consumption to changes in the coefficients is shown in

which has had to be made to arrive at single values for k

Table 15 which shows that when speeds increase for 20 to 30 km/h the
difference in the corresponding percentage decrease in fuel consumption is
very small. (Either 17 or 18 percent depending on which of the three pairs

of kl and KZ values are used.)

The eguatien which will be used to represent typical U.K. sonditions

has the form:
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165
= 24
F 7 v = (24)
where F is in 1/100 km and V in km/h.
This esquation can be rewritten in the form:
FC = 0.070 + 1.85T {25)

where FC is the total fuel consumed in a road network {in litres)
D is the total distance travelled (veh. km.)

and T is the total time taken (veh. hours]).

Wagner (1880) in a recent study evaluating the impact of urban transport

improvements on energy consumption in the U.S. used the following equation:
FC = 0.120 =+ 2.737 {28)
where FC, D and T are defined as in equation (25).

These coefficients which are said to apply to the 1876 U.S, vehicle

fieet are 1.7 times the values far Kl and KZ given by the U.K. eguation (25}.

10. A MORE DETAILED FUEL CONSUMPTION SUB-MODEL

10.1 General

The type of fuel consumption sub-model described in the previous section
is deficient, in the context of urban traffic management evaluation, since
it does not take explicit account of the effect of acceleration/deceleration
cycles under congested driving conditions. We can have the situation where
the same total travel time is taken to travel a given distance on two different
runs although the number of stops made may be different. As far as fuel
consumption is concerned it clearly matters whether one’s time is spent idling

in a gqueue or decelerating to and acceleratingAFrcm a stopped position.

A number of researchers have highlighted this problem, and models which
take direct acecount of the number of stops have been proposed, Messenger gt
al (1880}, and Akcelik {1980). Such models usually take into account three

separate elements of an urban trip, namely:



Table 14 Likely range of k1 and k, for a typical vehicle

Estimated Goefficie%tf
for typical vehicle 1

( Reference Engine
Equation Number Size

in text) (cc) W/kl G/kz Ky k,

(kg/1/100 Jm) | (0c/1/100 bx) | (/100 1) | (1/100 hr)
1 2 3 4 5

Everall (1968) 1057 125.9 9.1 75 165
Everall (1968) 1703 138.7 8.9 6.8 169
(7-3)
Weeks (1981) 1093 116.8 8.4 8.0 170
(7.6),. |
Leeds experiment 1393 193.0 12.4 4.9 121
(7,10)

(1) Assumed to have a weight of 940 kg and an engine capacity of 1500 cc.
(from the results of Chapter 4).

- Eb -
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Table 15, Fuel consumption sengitivity to changes in kl and kz

Fuel Consumption (F)
Average speed (V) (1/100 km)
(km/h)
10 25.9 - 17.0 23.5
20 17.0 11.0 15.3
-30 14.0 8.9 12,5
40 12,5 7.9 11,1
50 11.6 7.3 10,3
60 11.0 6.9 9.8
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1) Distance travelled at cruising speed (D)
2) The amount of stopped time [TS}
3) The number of stops made (S)

Fuel consumption, FC is thus expressed as:-

FC = alD * azTS + a38 (27)
where a, = fuel consumed at a steady crulsing speed

a, = idle fuel flow rate

ay = excess fuel per coﬁplete stop.

Unlike the statistically determined coefficients of equation (11)
values for a;s a, and a5 can be experimentaly obtained for any test vehicle.
The coefficient a_, represents the difference between the - fuel consumed

during a cnmpleteastop/start cycle and that fuel which would be consumed if
the same distance was travelled at an assumed cruising speed as discussed
in Part I. The time spent stopped is not included here since it is already
allowed for under the second term of the eguation. The most commonly used

traffic simulation models such as TRANSYT estimate total delay experienced,

Robertson (18968}.. This includes not only the stopped time but alsc the delays

associated with each stop. Therefore, if the results of such models are o

be used to estimate fuel consumption it is necessary to adjust equation {27).

Figure 7.10 shows as an example the time-distance diagram for a vehicle
which stops once at a signalised junction. The total stopped time, TS, in
this case 1s given by:

- -y ALl
Te = Tper "2 G*3F) S (28)

(Note: Capital T is used throughout to denote the summation, fer the

corresponding values of small %, over all vehicles.)

wherg S = the total humber of stops made in the manner illustrated by
Figure 14, i.e. from a cruising speed V to 0 and back to V.
and’ d and a are the deceleration and acceleration rates which are both

assumed constant and positive.

If we make the further simplifying assumption that d = a = Kk

then equation (28) becomes:



Figure 14.
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Time vs. distance diagram:

single stop

Distance

Time
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- _ Y
Te = Tge1 "% S (29)

From equations (27) and [(29) we have:

~ vV
FC = alﬂ + aZETDel E-S] + aBS (30)
or FC = a,bD + a.7 + (a, - !-a 18 (31}
1 2 Del 3 k 72

Akcelik (1980) has derived suech an expression and used it in conjunction

with fuel consumption estimates from TRANSYT results.

Before using the resulte of Part I to arrive at typical values for the

coefficients a , a, and a., it i1s important to stress the difference

1’ 72 3
bhetween ags the excess fuel determined experimentally, and a 'correlated’
coefficient, aé, shown in equation (31) and given by
. _ v
a3 = ag - a; ¢ (32)

where all symbols are as above.

Although aé does not represant any physical vehicle fuel consumption
characteristic it enables the outputs of traffic flow models to be used
directly in the estimation of fuel consumption. The adjustment factor

- az %-- to be applied to the coefticient ag is shown in Table 16 for a
range of acceleration and deceleration rates and final and initial speeds.
2 of 1.2 1/hr obtained in

Section 3. Using eqguation (32) and the results shown in Part I, Table 9,

Those factors were calculated using the value of a

for the excess fuel consumed at different speeds, a_, it is possible to

3

calculate the adjusted coefficlent, a As an example, Figure 15 shows the

)
way in which both 85 and aé vary withsinitial and final speeds for the case

of acceleration and deceleration rates remaining constant and equal to 0.8
m/sz. It is important to note that all excess fuel calculations refer to that
fuel which is consumed over and aboeve that which would have been used to
travel the same distance at a cruising speed of 48 km/h, irrespective.of

the actual initial and final speed been considered. The following values

are obtained for ag and aé, where the results described in Part I relating

to the leeds survey are used - i.e. using average acceleration and

deceleration rates of 0.75 m/sz, and assuming a2 crulsing speed of 48 km/h.:




L}

Initial and final speed %3 3
{km/h) {ml1) {ml}

20 8 5

30 13 9

48 _ 22 18

The following coefficients of eguation (31]) can now be put forward:

FC = 0.07 D + 0.2 T.- + 0.009 5 - (32)
Del

where FC is in litres; D in veh-kms; TDel in veh-hours and S is the number

of complete stops.

‘Table 16 Adjustment factors for the coefficient a5

Adjustment factor {m1][1]

(= a
Initial and 2k
final speed, V
fkm/h) : acceleration and
deceleration rate,
K, [m/szl
k = 0.8 k= 0.8 K= 1.0
10 1.5 1.2 0.9
20 3.1 2.3 1.8
300 4.8 3.5 2.8
40 B.2 4.6 3.7
.50 7.7 5.8 4.5
- 60 8.2 6.9 | 5.8

(1) Assumes a, = 1.2 1/hr.
al = 0.07 1/km following the constant speed fuel consumption
analysis of Section 4, this vehicle assumes a cruising

speed of 48 km/h and a vehiele of 1500 ce engine.

a = 1.2 1/hr following the idling fuel consumption analysis of

Section 3, assuming a vehicle of 1500 cc engine.
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aé = 0.009 1/stop is the 'adjusted' excess fuel obtained ahbove
for an average initial and final speed of 30 km/h. This is
approximately the average speed found from the Leeds experiment
for initial and final speeds and is used here as typical of
urban area driving conditions. It represents that average
speed from which vehilcles are likely to decelerate to a stop
under a constant deceleratimn‘rate, and likewise during the
acceleration from that stop. The excess fuel represents the
difference between the fuel consumed during a stop/start
manosuvre from and to a speed of 30 km/h, and that fuel which
would have been consumed if the same distance was travelled
at the nominal cruising speed of 48 km/h. In a model which
does not differentiate between types of stop/start manosuvres
the difference in assumed cruising and stop/start speeds
represent the fact that at an intersection approach, subsequent
stops after the first are made from and to very low speeds
and it would be unrealistic to estimate the excess fuel assuming
stop/start initial and final speeds equal to the assumed
cruising speed. The alternative approach would be assume a
cruising speed of 30 km/h when estimating both excess fusl
and the travel distance coefficient (0.07 1/km). However such
an assumption would imply an unrealistically low cruising
speed. Although the average inltial and final speed for a
stop was found to be in the region of 30 km/h for the Leeds
experiment, this does not mean that the vehicles were cruising
at those speeds but rather that they started decelerating

(and stopped accelerating) at a more or less constant rate.

The following regression equation was ohtained using data from the

Leeds survey for each-cnmplete run;:

FC = 0.0B4 D + 1.89 Del + 0.005 S [R2 = 0.885] (341
{0.082) (0.413 (0.004)

where the notation is as befare and Oel was defined as the difference
between the actual run time and the time it would take to travel the same

distance at a constant cruising speed of 4B km/h.

The coefficients 8, and a, of eguation {33) are representative of the
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average vehicle. The excess fuel coefficient is only given as an example

of the specific conditions found during the Leeds survey since it applies

to a vehicle which 1s both larger (in engine capacity terms) and much

younger than the typical vehicle. Furthermore that coefficient was

derived assuming that the average sitop is made from a speed of 30 km/h.

It therefore represents the difference between the actual fuel consumed

by such a stop and that which would have been consumed if the same distance
was travelled at the cruising speed of 48 km/h. By varying the assumption

of average initial and final speeds for the average stop it is nescessary

3
throughout, the distance coefficient, a

to change a! accordingly. However, since the same cruising speed is assumed

1° will remain unaltered.

The latest version of the TRANSYT program - TRANSYT 8 - uses a fuel
consumption sub-model of the form of equation (33) with the following

coefficients: a, = 0.07; a

1 2
as given for that equation, Vincent et al {1980). The main difference

= 1.5 and 33 = 0.008 where the units are

is in the idle fuel rats, az, which in the case of TRANSYT was derived

from experimental tests using a larger engine size vehicle (2200 cc).

10.2 The SATURN fuel consumption sub=-model

The SATURN traffic simulation and assignment model combines a
conventional equilibrium assignment model with a detailed traffic aimulation
model. The latier is based on the same principles and assumption which

TRANSYT uses bﬁt deals with each turning movement in more detail.

The output available from SATURN is particularly suited for the
estimation of fuel consumption as all traffic variables of the sub-model

form given by equation (31) are present in SATURN.

A more detailed expression for the calculation of Fuel'consumptiun
can be ohtained by the inclusion of more than one type of stop made by a
vehicle at a junction. One possible approach is to consider average

values for the excess fuel consumed for two distinct types of stop:

(1) The excess fuel cdnsumed when a vehicle decelerates
from an average cruising speed to a stop and accelerates
back to the same average cruising speed (which will

continue to be-referred to as 533.
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and

(2) The excess fuel consumed by the average subsequent stop after
the first. This will he referred to as a4 and represents
the excess fuel econsumed when a vehicle accelerates from a
stop to a lower speed and decelerates back fo a stop, i.e.

the ’qgueus’crawling’ manoeuvre analtysed in Part I.

From the. results given in the previous Section a fuel consumption
expressiop can be put forward with the foellowing coefficients:

FC = 0.07 D + 1.2T + 0.U16 5 + 0.005 8

Del 1 (35)

2

Where the coefficient of Sl - 0.016 litres/stop - assumes that first time
stops are made from an average speed of 48 km/h - the assumed cruising

speed - and the coefficient of 32 - 0.005 litres/stop - assumes that the
average 'queue-crawling' stop reaches a speed of 20 km/h. Both coefficients,
which are obtained from Section 10.1, were therefore derived through
somewhat arbitrary average speed assumptions. Eguation (35) shows the
default coefficient values presently used in SATURN although it is possible
to arrive at different values by using other assumptions more appropriate

to local conditions and the methodology presented in Part I.

11, A COMPARISON OF SUB-MODELS USING SATURN OUTPUT DATA

The three types of fuel consumption sub-models put forward in the
two previous sections -~ i1.e. the simple 'average speed’ expression
{equation (25)),the more detailed sub-model with 3 variables (equation [33))
and the SATURN expression using four variables {equation (35)) - are now
compared using the results from a run of SATURN with data from the Central
arga of Liverpool. The sensitivity of the final fuel consumption estimates
to changes in the values of the coefficients of the sub-models is alsa

inpvestigated here.

The following set of SATURN outputs was wsed in this analysis:

Total number of vehicle trips
Total distance travelled (D)
)

32982
26840 pou kms/hr
642 pcu hrs/hr

n

Total delayed time [TDéi
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Total travel time (T) = 13068 pcu hrs/hr
Average speed = 20.5 kms/hr
Total number of first stops [51] = 84853

= 23810

Total number of secondary stops [82]

These data refers to a run of SATURN using an evening peak origin-
destination vehicle trip matrix and a network which represents the base

year situation (1978) in the Central area of Liverpool.

Using the above data and equations [25), (33), and {35) the results
shown in Table 17 were obtained. The simple ‘'average speed’ sub-model
gives an estimate of fuel consumption which 1s just over 2 percent lower
than that given by the SATURN expression - equation (35). Using equation
(33) the fuel consumption obtained is 12 percent lower than that given by
the SATURN model. Considering the estiﬁates given by eguation (35), we
have the following contributions of 1ts constituent terms to the total

of 4128 litres shown in Table 17:

f1) Distance term = 45 perecent
(ii) Delay term : - = 18 "
{iii) First stop term = 33 "
(iv]) Subseguent stops term = 3 "
Table 17 Comparing the results of three {fuel consumption sub-models
Equation Total -fuel Consumption rate
Sub~model number in test | consumed, FC (1/100 km)
: (1}
0.07 D + 1.65 T (25) 4034 15.0
0.07.D + 1.2 Tpgy * (33) 3628 13.5
0.009 s
0.0y D+ 1.2 75, * (35) 4128 15.4
0.016 S, + 0.005 S
1 2
(1)

Where S is the total number of stops - (i.e. S1 + 82)
Therefore, for this example, changes in the coefficients representing
excess fuel due to first tim@ stops are over ten times more important as

those in the cosfficient representing the 'queue-crawling' manoeuvre.
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Clearly these rasults are very sensitive to the specific case being

considered.

12. SUMMARY AND DISCUSSION

Two types of urban fuel consumption estimation procedure were
investigated in Part II. A brief summary of the results obtained for

each will now be given in turn.

(1] A linear relationship between fuel consumed [(FC)}, and total

distance travelled, D, and total travel time, 7, of the form:
FC = Kl D+ k2 T 7

whers kl and k2 are constants found from empirical evidence and
V is calculated using total travel time including all delay and
stopped. time. The evidence presented in Section 9 suggests that
by using such an equation only some sixty to seventy percent of
the variation in fuel consumption, from cone road section to

another, is explained.

In spite of this shortcoming such an expression is useful in
that it can be used with the output of conventienal transport
demand modelling techniques. The traditiocnal four-step process
which begins with trip generation and ends with the loading of
traffic onto & road network, i.e. traffic assignment, provides
overall distance travelled and time spent on the network, thus

enabling fuel consumption to be estimated directly.

The average vehicle for the U.K. passenger car fieet was taken
to have an engine size of 1500 cc. Although this value is subjected
to errors, the subsequent use to which it is put here means that
the value is Tairly insensitive to small changes in vehicle size.

For such an average vehicle the values for K, and K2 which were

1
put forward are 0.07 1/km and 1.85 1/hr respectively.

{ii} More detailed expressions were alsoc analysed in which fuel
consumption (F} is glven as a linear function of %total distance

travelled (D), total delay [TDel}’ the total number of first time



- 54 -

stops at an approach to an intersection (SI]* and the total number

of subsequent stops after the first tSZJ*. The following expressions

were put forward:

FC = 0.07D + 12T . * 0.016 5, + 0.005 S,
and FC = 0.07D + 1.2 T + 0.009 S
Del
where S. = Sl + 82. -

The following assumptions were made when estimating the above

coefficients:

al The average cruising speed coefficient, 0.07 1/km, assumes
an average cruising speed of 48 km/h (i.e. the speed limit

on most urban roads).

b)Y The excess fuel coefficient related to the total number of
stops, S, assumes that the average stop is made from a speed
of 30 km/h.

c} The excess fuel coefficient related to the number of first
time stops (Sl] is based on an average initial and final
speed for such stops of 48 km/h, i.e. the same as the assumed

cruising speeds.

d} The excess fuel related to the number of subsequent stops
after the first, i.e. the 'gueue-crawling' manceuvre, assumes
average initial and final speeds for such stops of 20 km/h.
Although such an assumption is somewhat arbitrary - ths
analysis of stops in the Leeds experiment was not disaggregated
in this way - it is felt that this is a reasonable assumption,
given the overall distribution of final and initial speeds in

the Leeds case.

A comparison of the results of using the three fuel consumption

LI LY arn Eam LY - an LI LN ] LRI ) AW LI} = E L]

Sl and 52 represent respectively the values of first time and subseguent

stops summed over all approaches and over all intersections.



- B =

expressions described under (i) and (ii) above was undertaken using the
SATURN traffic simulation/assignment model with data from the Central Area
of Liverpool. Using the 'typical' values given above for the coeffidients
of both equations, the final fuel consumption totals were found to be
within 12 percent of each other. The overall vehicle consumption rate
of 13.5 to 15.4 litres per 100 km for the average 1500 cc engine vehicle
found from these results should be compared with the 14.3 litres per km

- found by Weeks. (1981) using an-instrumented vehicle of 1100 cc in Central
London. The average journey speeds for both cases are very similar (i.e.
for the Central Area of Liverpool, as given in Section 11, the average

journey speed was 20.5 km/h and speeds in Central London are close to
this*]}.

The case for using a particular method of fuel consumption estimation
depends on the use to which the results will he put, i.e. the reasons for
the estimation in the first instance, as well as on the level of detail
of the available input data. The more detailed expression, which includes
the two types of stops as described in Section 10.2 is to be preferred for
an evaluation of a number of different traffic management schemes for an
urban area where the degree of congestion is high and the main aobjective
is to alleviate that congestion. This is the case of such trafiic management
measures as improvements to junctien control (either individually or as
part of an area traffic control system}, vehicle restraint measures or

the introduction of environmental areas.

As was discussed in Section 8, the coefficients given above do not
include the effect of starting with a cold engine which, as was seen, can
be considerable in the case of very short trips. IFf the average journsy
length and the proportion of trips which start from cold are known, it
is possible to adjust the eguations by adding an additional term which
would be a constant - i.e. the excess fuel due to a 'cold" start per trip -

times the number of trips affected.

Other factors not accounted for directly by any of the sub-models

s mn [ B " e L = aa LI} asn LI ] LR ] LI ) LI [ “ea

*
The average speeds for the Central Area of London in 18B0 werse 19.4

km/h and 18.6 km/h in the peak and off-peak respectively, (GLC

Traffic Monitoring Review, 18981).
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proposed here include the effect of slowdowns and other speed fluctuations,
as well as the effect of different gradients. This latter factor may

be important When transferring the results in space or when quantifying
the effects of UTM measures which are likely to cause rerouting to or

from links of considerably different gradients.
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APPENDIX A

THE LEEDS FUEL CONSUMPTION SURVEY
USING INSTRUMENTED VEHICLES

Al INTRODUCTION

_ This Appendix describes an experiment conducted in May 1882 with two
instrumented cars provided by the Transport and Road Research Laboratory
“[TRRL). The original aims of the experiment were to test the automatic
recurding of Journey times as part of a research project currently under-
way at the ITS, University of Leeds, concefned with the monitoring of
urban congestion. It was ‘decided to extend the scope of the experiment
by adding an additional route covering the Central Area of Leeds to the
five radial routes Driginally planned. The Central Area route and the

off-peak time period were included for fuel consumption purposes only.

The next section describes the vehicles used and gives details of the
routes covered. .The data obtained for the instrumentation on board the

vehiecles 1s also descrihed at this stage.

A2 THE VEHIELES

The two vehicles used have identical design eharacteristics which
are shown in Table Al. Both cars were acquired new by the TRRL early in

1982 and will. be referred to as car W (white) and car B (blue].

“Table Al The instrumented vehicles
Make: Ford Cortina
Model: 2.0 GL

Year of Manufacture: 1882

Engine size: 1993 cc
Transmission: Automatic
Unladen weight: 1042 kg

The cars were fitted with instrumentation which enabled the fuel
consumption and distance travelled to be recorded for sach one second of
vehicle operation. The fuel meters installed in the two vehicles are of
the positive displacement type and are considerably more accurate than
those installed in past TRRL vehicles, Robertson et al (1880). The- fuel
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meter resolution is 1 ml and the distance can be recorded in units of one

guarter of a metre.

A3 THE ROUTES

The vehicles were driven in Leeds from Monday to Friday in the wseek
beginning on the.24th May 1982. Six different routes were covered and these
are shown 1n Figure Al. Each rodte was subdivided into sections, called
links, the end peints of which were 6hosen mainly where delay was expected
to occur (e.g. traffic signals, zebra crossings and other restrictions).

In a few cases long sections of a route were sub-divided at appropriate land-
-marks to obtain more disaggregate data. The vehicle instrUmentatibn enabled

" summary data to be obtained for each link and for the whole route ssparately.

Tables A2 and A3 éhmw the characteristics of each route and give

. details of the runs made by sach vehicle. Two drivers were used throughout

the experiment with driver 1 being allocated to the white car, and driver 2 -

to the blue car.. Only in the case of a small number of runs on the Central

Area route did this schedule have to change due to ihstrumentation problems
associated with one of the vehicles. An observer was always present to monitor .
the instrumentation and identify the passing of the timing point at the end

of each link on & route. The observer was required to check a log-sheet

listing the timing points.

Table A4 gives details pf Junction types for each of the routes covered.

Ad THE OUTPUT DATA

Information from each run was stored on a magnetic tape which was then
used as input to a program developed by the Urban Networks Division of TRRL.

This program outputs two types of data:

i) Summary data for each link of the route. An example of such data
is shown in Table A5. For each link the following information is
available:. distance;.travelLtime; stopped time; petrol consumed
and the loss of kinetic energy experienced by the vehicle over the
link. The eumulative data for distance travelled, petrol conaumed
and Rinetic-losses since the start of the run;;are also Dﬁtput at

this stage

and
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(ii) The wvehicle speed profile as shown In Figure A2. The distance

travelled and the. fuel consumed for sach second are shown here.
(Each distance pulse is equivalent teo 0.21088 metres, and each

fuel consumption pulse represents 1 ml of petrol.) The summary

" information menticned in (i} is also given here as shown in

Figure AZ.

The output data for all runs enabled three sets of data to be coded and

stored on the L eeds University computer as three separate data flles, namely:

and

1)

2)

1) Data on vehicle stops

2) Link data
3) Route data.

A brief deseription of the data will now be given.

Data on vehicle stops

The information contained in the speed profile output was used
to obtain this data set. The following variables were stored for each

stop/start mangeuvre:

1) Route number 9) Time taken to decelerate from

2) Run number; speed'vi to zero (t ]

3) Driver; 10} Fuel consumed during time td;

4) Time period; ' 11) Final speed reached after

5) Junction type; acceleration [VF];

6} Stopped time; 12} Time taken to accelerate from

71 Fuel consumed whilst speed zero to VF (ta];
idling; 13) Fuel consumed during time ta'

B8) Speed at which deceleration

starts [Vili

Link data

The total number of runs made over all routes generated
information for a total of 946 observations with a mean link. length
of 302 metres (standard deviation of 227 metres). The link length

frequency distribution is shown in Figure A3. For each link the
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following data was stored*. Identification of route; driver; run;

time period; and link as well as the following traffic parameters:

1} Travel distance: 3) Stopped time;

2} Travel time; 4} Petrol consumed and kinetic energy loss.

3] 'Route data

A third data set was built up using aggregate information for
each run.,_Dnly runs for which there was complete information were

used and the following data was stored:

1]‘ Run distance;- 5] Fuel consumed;.

2) Journey times --B) Delay assuming a free flow speed of .
- 3) Stopped time; - ' 80 km/h: and .
4} Number of stops; 7) Delay assuming 48 km/h as the free flow
speed. |

This data was obtained by manipulation of the link data'filé
described earlier and by adding the numbef of complete stops obtalned
. from the speedlprofiie;autput. Due to difficulties with vaporisation
in the fuel pipes only data for 38 runs was included in this analysis.

A description of the runs is given in Table AB.

Due te technical difficulties with one of the fuel meters most of the
fuel consumption data for Central Area links was lost. A number of
Tuns on other routes were alsoc not available when the analysis was

undertaken due to problems in reading the magnetic tapes.



Table A2 The routes surveyed
Route Number (1) Number of runs
Route Route Distance of Day of Time
Number Name (lm) Links | Survey Period Blue Car | White Car
1 York Rd/ 5.9 14 Monday M. Peak 5 5
Selby Rd
2 Hunslet Rd 3.1 10 Tuesday M. Peak 0 9
3 Kirkstall 7.6 15 Wednesday | M. Peak 5 6
Rd
4 Otley Rd 4.6 12 Thursday | M. Peak 7 7
5 Roundhay 5.7 12 Friday M. Peak 6 6
Rd
6 Central 6.3 30 Monday to | Off Peak 'See Table A3.3
Area Thursday Ev, Peak '

(1) M. Peak period:
O0ff Peak period:
Ev. Peak perdiod:

0700h ~ 0930h
1400h - 1600h
1700k -~ 1800h

oV
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Tablg A3 Runs on Central Area route
Day of Time Runs made (1)
Week Period (Vehicle/driver)
Off Peak 3
(w/1)
Monday
BEv, Peak . -
Off Peak 2
(B/1)
Tuesday 3 3
. P 2 '
Bv. Peak | (y/q) (8/2)
3
B
Wednesday 3 3
. P '
Bv. Peak | (y/1) (8/2)
3
Thursday 1 ) ]
' . Peak
Bv. Peak | (y/1) (8/2)

(1) 9/t —  White car, driver i
B/2 — Blue car, driver 2

Table A4 Junction type by route
Number of
- Junctions(l)
Route Number
TS| PJ|{R|P]| Z
1 4 -} 1141 2
2 6] -] ~-1]212
3 4 - ~-106] 4
4 6 - -1 4] 1
5 5 -1 11213
6 21 21 -1 31 2

(1) TS ~ Traffic signal; PJ - Priority junction; R — Roundabout
P = Pelican crossing; Z — Zebra.



Table A5 Output link data

Il MURBER 41 TAFE RUN RO
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Timing point (i.e. end of a link)

Distance travelled from previous to present TP (m)
Total distance travelled on this run so far (m)
Total travel time from previous to present TP (sec.)
Stopped time from previous to present TP (sec.)
Petrol consumed from previous to present TP (ml)
Total petrol consumed on this run so far (ml)
Kinetic energy loss from previous to present TP

Total kinetic energy losses on this run so far,



Table AB 7

A8

The 38 complete runs

Route Number | Total Distance
Number | Driver of (km)
Runs
1 1 5 29.5
,2 1 - 9 27-9 .
3 1 6 45.6
4 1 7 32.2
5 1 5 28,5
6 1 4
TOTAL 38 201,5




o AR YRR
VT T
iefs 0I0H

Reie o T
e
&

=,
d

- l"‘\
Guasiarnlel
sno AT

‘antX
i PR M = ;
?;’:’{:%“pﬁ«& 'B:m.\éfrr‘ |"Kﬁd&§
" 's-w‘bw 1;;1-. -‘1‘1‘:,"-.; ATt

Qx\\ SO
AR BN s
N N AR S
A
S

bt ) : =
Nseils
LA
i

2 -
. d
‘Ifr

i p ‘ [ '_8‘/ “|?‘ :

$<

l_ .. o —l-'-') apt v
X .-.-" i E
1 TS ST
. B T e B oy
‘_.@"cﬁ? =3 1
7
% AR DA P

—_—a

o RO ] (E{as:s'.l]r fe
: Y FRTR, VLA
R L il S A Y

e N,
o ‘0\"1{.‘1'1‘ L‘-’-QC- N‘ w.xj*-cl.--."\.-‘ r :
MY Yo AN ﬂgﬂ ; ° l
'gﬁ@,\f"& il € il
TN T %J/% e -
2 ﬁu% Yl Qg
o =] At
o \t‘- ﬁ
\Q\ q A s
) x S




-t

bAT

[ 2

E3
il et e

-

"
[
=t 0 s

B
=t ant

x
[

e

Al0

5.
e i T

* 1

L6t

%
* R

Cdrmi O N EL i

#* %

LTSN

¥dINe ST Troad ﬁwm@.m Jo aTduexy
® 7 '

" ot
* v
% T
* OF
o & LY £ Bt d e
L3
*
*
*
*
*
at
1% (VA = 4] LT 87 LET
*
*
*
*
e
#
*
*
*
*
"
*
I
¥
*
*
%
*L 3 T o] =T &85 [-1-1
o IEdno  Iad  tLIS I sIOnd 1SIC
*
x
3*
%
*
*
#
*
H
LgY P 41 o T4 o9y 8t - () Ry -
¥+ puooes xod peTTeAmId
*  90UBlSTP JO S3TUR
*
¥*
»*
*
H
i
"
L)
¥
*
A
*
L]
#
ZyY 8an3Td * : .
x

(A4




PERCENT OBSERVED

All

Fiqure A3 - INSTRUMENTED CARS — LEEDS RUNS
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