Akcelik & Associates Pty Ltd
PO Box 1075G, Greythorn, Vic 3104 AUSTRALIA

info@sidrasolutions.com

® Management Systems Registered to ISO 9001
ABN 79 088 889 687

REPRINT

Progress in Fuel Consumption Modelling
for Urban Traffic Management

R. AKCELIK (Ed.)

REFERENCE:

AKCELIK, R. (ED.) (1983). Progress in Fuel Consumption Modelling for Urban
Traffic Management. Research Report ARR 124. Australian Road Research Board,
Vermont South, Australia.

NOTE:

This report is related to the intersection analysis methodology used in the SIDRA
INTERSECTION software. Since the publication of this report, many related aspects of the
traffic model have been further developed in later versions of SIDRA INTERSECTION.
Though some aspects of this report may be outdated, this reprint is provided as a record of
important aspects of the SIDRA INTERSECTION software, and in order to promote software
assessment and further research. This report was originally published by the Australian
Road Research Board.

© Akcelik and Associates Pty Ltd / www.sidrasolutions.com
PO Box 1075G, Greythorn Victoria 3104, Australia
Email: info@sidrasolutions.com



vZ1 'ON Huv
ARR No. 124

ARR No. 124

Progress in

ISSN 0518 — 0728

Fuel Consumption Modelling
for Urban Traffic Management

R. Akcelik (Ed.)

with contributions from

d h
fo=t +050 , +20 =124 mikm

where
1800 .
fi=25+ +0.00743 v, =80
c

OR

1800
f,=25+ ,  +0.00743v + 114 PKE
s
= 119 mi/km

R. Akcelik A.J. Richardson
H.C. Watson C. Bayley
? .
A
/
//
—Ju /
%
< ﬂ =36 km/h PKE = 0.30 m/s°
}
ﬂ ty=76s
S D). |

N

AUSTRALIAN ROAD RESEARCH BOARD
RESEARCH REPORT



AUSTRALIAN ROAD RESEARCH BOARD

AN REPORT SUMMARY

THE PURPOSE OF THIS REPORT

is to present edited versions of the papers presented at the ARRB Seminar on Fuel Consumption Modelling for Urban
Traffic Management held on 9 October 1981, as well as two subsequent papers. These papers represent an evaluation of
ideas and findings during the period from September 1981 to July 1982.

THIS REPORT SHOULD INTEREST

traffic engineers, automotive engineers and researchers concerned with fuel consumption modelling and urban traffic
management.

THE MAJOR CONCLUSIONS OF THE REPORT ARE

1. Substantial progress has been achieved in specifying fuel consumption models for the design and analysis of urban
traffic management schemes.

2. The relation between the models proposed by different traffic engineering and vehicle design engineering groups has
been established.

3. Fuel consumption models of different level of detail are available, which can be used for different purposes.

AS A CONSEQUENCE OF THE WORK REPORTED, THE FOLLOWING ACTION IS RECOMMENDED

Further work is necessary on several unresolved questions, in particular on fuel consumption during acceleration, using
good quality on-road data representing a wide range of speeds and acceleration rates and realistic acceleration profiles.
The work should be extended to include road gradient as a parameter. Papers presented at the 2nd SAE-A/ARRB
Conference ‘Traffic Energy and Emissions’, 19-21 May 1982 should be considered in this respect.
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KEYWORDS : Energy conservation/fuel consumption/mathematical model/traffic control/
urban area/traffic flow/speed/delay/acceleration/deceleration/air pollution/conference

ABSTRACT : The report collects together edited versions of four papers presented at an
ARRB Seminar on Fuel Consumption Modelling on 9 October 1981, as well as two sub-
sequent papers. The objective of the Seminar was to focus on the issue of fuel consump-
tion modelling and data needs for urban traffic management purposes. The first paper
{Part 1) specifies the general requirements of a fuel consumption model which is com-
patible with other elements of the traffic system analysis process. It then discusses an

CUT OUT INFORMATION elemental model of fuel consumption as the most appropriate ‘simple model’ for traffic

RETRIEVAL CARD........... design and evaluation purposes. In Parts 2 and 3, more detailed discussions on the

elemental model are presented, and its relation to the Positive Kinetic Energy (PKE)

model is explored. in Part 4, problems associated with fuel consumption measurement

are described. The elemental and the PKE models are then discussed in detail and

criticism of the elemental model is provided. in Part 5, the authors of the four previous
papers present a joint statement of the resolution of differences in the approaches
adopted by them for developing simple fuel consumption models. it is shown that,
subject to various simplifications and an unexplained term, the elemental and PKE models
are very similar. In the last paper (Part 6), results of further studies are reported which
answer some of the questions raised in previous parts of the report,.

*Non IRRD Keywords




Australian Road Research Board
Research Report ARR No. 124

PROGRESS IN
FUEL CONSUMPTION MODELLING
FOR URBAN TRAFFIC MANAGEMENT

by
R. AKCELIK (Ed.)

Principal Research Scientist
Australian Road Research Board

P367 — Traffic Signal Control Techniques

April 1983

Australian Road Research Board T
500 Burwood Highway, Vermont South D
Victoria 3133, Australia w




Research Report ARR No. 124

The ARR series of reports was created by the Board to quickly and economically reproduce the conclusions of
road and road transport research subjects for those associated with roads and the road transport industry. Unlike
other technical publications produced by the Australian Road Research Board, ARR reports are not reviewed by
referees or ARRB Directors.

Although this report is believed to be correct at the time of its publication, the Australian Road Research Board
does not accept responsibility for any consequences arising from the use of the information contained in it. Peo-
ple using the information contained in the report should apply, and rely upon, their own skill and judgment to the
particular issue which they are considering.

Reference to, or reproduction of this report must include a precise reference to the report.

ISBN 0 86910 123 4 Report
ISBN O 86910 124 2 Microfiche

ISSN 0518 — 0728




Research Report ARR No. 124

FOREWORD

Synergy in research is an often discussed but not so often observed event. It is
my view that this report represents a real example of the fruits of such synergy.
When the need to develop a better understanding of urban fuel consumption
became paramount, we were fortunate in having in the one city the automotive
engineering skills and major fuel consumption technology contributions of Harry
Watson, the wide analytical skills of Chris Bayley, the transport and traffic
modelling skills of Tony Richardson and last, but not least, Rahmi Akcelik with his
extensive knowledge of traffic flow and particularly of signatised intersection
behaviour. Rahmi and Harry in particular aiso brought to the group a dogged
determination to produce a scientifically credible and practically useful end pro-
duct. | believe this report, aithough not yet that final end product, is sufficiently
close to it to both demonstrate the value of synergy in research and to provide a
powerful and practical tool for the achievement of energy conservation in traffic
management.

The report itself is built around events at and the consequences of a seminar
on fue! consumption modelling held at ARRB in late 1981 with a view to bringing
together the various local researchers in fuel consumption modelling and urban
traffic management. The seminar itself revealed a convergence of views towards
a common goal and an understanding of outstanding research needs. One key
point to emerge was the realisation that fuel consumption models serve a variety
of different purposes — vehicle design, traffic engineering, transport planning
and strategic planning — and we would be naive to believe that one mode! would
satisfy all needs. Too often in the past, modellers had attempted to force one par-
ticular model down a whole range of somewhat unwilling throats. Even traffic
engineering models, it was realised, needed to be subdivided into different
levels of system aggregation — intersections, links, routes, networks. Rarely
could data collected in the field for some aggregate purpose be disaggregated
sufficiently to produce data of use to others. Beware of multi-collinearity. But that
is the bad news ... the good news is in this report. Read it and use it.

As well as thanking Watson, Bayley, Richardson and Akcelik for their techni-
cal work and Akcelik for his persistent editorship, | should also thank Peter
Lowrie of DMR-N.S.W. for his practical contributions as the reporter at the semi-
nar.

M.G. LAY
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ABSTRACT

The report collects together edited versions of four papers presented at an ARRB
Seminar on Fuel Consumption Modelling on 9 October 1981, as well as two sub-
sequent papers. The objective of the Seminar was to focus on the issue of fuel
consumption modelling and data needs for urban traffic management purposes.
The first paper (Part 1) specifies the general requirements of a fuel consumption
model which is compatible with other elements of the traffic system analysis pro-
cess. It then discusses an elemental model of fuel consumption as the most ap-
propriate ‘simple model’ for traffic design and evaluation purposes. In Parts 2 and
3, more detailed discussions on the elemental model are presented, and its rela-
tion to the Positive Kinetic Energy (PKE) model is explored. In Part 4, problems
associated with fuel consumption measurement are described. The elemental
and the PKE models are then discussed in detail and criticism of the elemental
model is provided. In Part 5, the authors of the four previous papers present a joint
statement of the resolution of differences in the approaches adopted by them for
developing simple fuel consumption models. It is shown that, subject to various
simplifications and an unexplained term, the elemental and PKE models are very
similar. In the last paper (Part 6), results of further studies are reported which
answer some of the questions raised in previous parts of the report.
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NOTATION AND DEFINITIONS

Instantaneous acceleration rate (= dv /dt)

Mean acceileration rate

Delay per vehicle (average) —the difference
between interrupted and uninterrupted travel times
(= t; — t,), which consists of stopped delay and
deceleration-acceleration delays due to stops
(d=d, + hd,)

Stopped (idling) delay per vehicle along total
section distance

Delays per unit distance (= d/x,, d, /x;,
respectively)

Average deceleration-acceleration delay per stop
(for h stops along total section distance, total
deceleration-acceleration delay per vehicle is hd,,)

Fuel consumption (total)
Instantaneous fue! consumption rate

Constant-speed fuel consumption per unit distance
Average fuel consumption per unit time (= F/t, )

Average fuel consumption per unit distance
(= F/t)

Fuel consumption per unit distance while cruising
(>1)

Fuel consumption per unit time while idling

Excess fuel consumption per stop (see the
definition of ‘stop’ below)

Average number of ‘stops’ per vehicle —a ‘stop’ is
defined as a complete stop-start manoeuvre which
involves a deceleration from an initial (cruise)
speed to zero speed and an acceleration back to a
final (cruise) speed. A speed-change manoeuvre
which involves a non-zero intermediate speed (i.e.
slow-down) can be converted to an equivalent
number of ‘eftective stops’

Average number of stops per unit distance (= h /Xs)

‘Positive Kinetic Energy’ —sum of positive kinetic
energy changes during a trip divided by total
section distance (= 2Av?2/12960 x, where Ay?2 =
v2,— v2,where v,, v, = final and initial speeds
(km/h) in a positive acceleration).

Time

Cruise time — part of section travel time spent while
travelling uninterrupted by traffic control devices

Uninterrupted travel time —time to travel along the
total section distance without incurring any delay
by traffic control devices (t,=t.)

Running time —time to travel along the total section
distance, including deceleration-acceleration
delays due to traffic control devices, but excluding
stopped delay time, i.e. time while vehicle is in
motion (= t, + hd, = t; — d;)

Units

km/h/s
(or m/s?)

km/h/s
s (orh)

s (orh)
s/km

(or h/km)

S

mL (orL)
mL/s
mbL/km

mL/s
mL/km
mL/km
mL/s

(or mL./h)

mL

stops

stops/km

m/s?

s (orh)
s (orh)

s (orh)

s (orh)
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Iinterrupted travel time —time to travel along the
total section distance, including all delays due to
interruptions by traffic control devices (= t,+ d=
t,+ d, + hd,)

Travel times per unit distance (t,/x;, t,/xs, ts /X,
respectively)

Acceleration time

Deceleration time

Deceleration-acceleration time per stop (= t; + t,)
Instantaneous speed (= dx /dt)

Cruise speed — average speed while cruising
uninterrupted by traffic control devices, not
necessarily constant (= x./t;)

Running speed (= x,/t,)

Interrupted travel speed (or ‘section’ speed) —
average speed along the total section distance,
including the effects of all delays (= x,/t,)
(used as vin previous publications)

Distance

Part of the total section distance travelled at a
speed (v, ) uninterrupted by traffic control devices

Acceleration distance
Deceleration distance
Deceleration-acceleration distance per stop

(= Xd+ Xa)

Total section distance

s (orh)

s/km
(or h/km)

S

km/h
(or m/s)

km/h

km/h

km/h

km (or m)

km

km (or m)

km (or m)

km (or m)

km



Part 1

FUEL CONSUMPTION MODELS AND
DATA NEEDS FOR THE DESIGN AND
EVALUATION OF URBAN TRAFFIC SYSTEMS

by
A.J. RICHARDSON

Senior Lecturer in Transport
Department of Civil Engineering
Monash University

and
R. AKCELIK

Principal Research Scientist
Australian Road Research Board

(First written in September 1981)
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1. INTRODUCTION

In cases where there are many factors which have a
notable bearing on a problem, we find that for research
to be tolerable at all we have to restrict our investiga-
tion to the observation of relatively few of the factors.
We shut our eyes to the rest, either deliberately
because we just cannot cope with everything, or un-
consciously because we just cannot name all the fac-
tors anyway. But the fact that we shut our eyes to fac-
tors does not mean that they cease to exist and to ex-
ert an influence. When we can name a factor which we
are going deliberately to ignore, we can often do
something to minimise the disturbing effect of its exis-
tence on our results by experimental design before
the experiment is put under way. We can arrange for
the factor to be held constant during the course of the
experiment, or failing this, we take steps to ensure
that such a factor shail not introduce bias into our data
which would lead to misleading conclusions. When we
are ignorant of the nature of disturbing factors we just
have to let them do their worst and hope that they wiil
not introduce such confusion into our data that we can
never find anything significant in them.

(Moroney 1951)

The above quotation illustrates one of the problems
encountered when attempting to estimate fuel con-
sumption in urban traffic systems. Whilst there are un-
doubtedly very many factors which may affect fuel
consumption, the choice of which factors to consider
will be determined largely by the circumstances
under which such estimations are to be made. For ex-
ample, the requirements of vehicle designers, traffic
engineers and urban planners are substantially
different with respect to the input data and output re-
quired from such fuel consumption models.

This paper is written in an attempt to summarise
the requirements and data needs of traffic engineers
when attempting to incorporate fuel consumption as
an explicit design and/or evaluation parameter in ur-
ban traffic management/control studies. The range of
such traffic engineering work is considerable and in-
cludes schemes such as:

(a) isolated traffic signals;

(b) traffic signal co-ordination/area traffic control:
(c) Give-Way/Stop signs;

(d) roundabouts;

(e) public transport priority lanes and signals:

(f) clearways;

(g) turn prohibitions.

It is important to note that fuel consumption is
only one of several performance measures which can
be used to assess the effect of each, or any combina-
tion of these traffic management schemes. Other
measures which might be used include various traffic
performance measures (travel time or speed, delay,
number of stops, queue length, etc.), safety, air poliu-
tion, noise, and the elements of vehicle operating
cost other than fuel consumption (e.g. tyre wear). The
effects on different road user groups such as
pedestrians, buses, commercial vehicles as well as
cars, and effects on different elements of the road
system such as major roads and side roads need also
to be considered. Detailed discussions on this
aspect of the problem can be found in earlier papers

by the authors (Akcelik 1981a: Richardson and
Graham 1980). Whilst recognising the importance of
these other measures, the present paper concentr-
ates on the prediction of changes in fuel consumption
which would result from implementing various traffic
management schemes.

2. TRAFFIC SYSTEM ANALYSIS
PROCESS

Before proceeding to discuss fuel consumption
modeilling in detail, the role of fuel consumption
models in traffic system analysis should be specified.
As shown in Fig. 1, the traffic system analysis pro-
cess can be considered to utilise three distinct types
of model: traffic system model, traffic demand model
and traffic impact model. The process starts with an
initial description of the traffic system in terms of the
following components.

(a) Physical characteristics: intersection layouts,
lane configurations, site factors related to inter-
ferences from commercial activities, property
access, bus stops and pedestrians, distances
between intersections, mid-block road charac-
teristics, etc.

(b} Contral characteristics: the type of control (sig-
nals, roundabout, Give-Way/Stop signs), and the
details of control, e.g. signal phasing and set-
tings, any turn prohibitions, etc.

(c) Traffic flow characteristics: total flow rates and
turning volumes (ideally specified separately for
successive time intervals) and the composition
of traffic, i.e. relative proportions of cars, public
transport vehicles and commercial vehicles.

These data are then used by the traffic system model
to obtain predictions of the traffic system perfor-
mance characteristics in terms of, for example,
average travel time (or delay) per vehicle, number of
vehicle stops, queue length, etc. (e.g. see Akcelik
(1981b) for the formulae used for isolated traffic sig-
nals).

Depending on the complexity required of the
traffic analysis process, and considering the nature
of the performance characteristics, some studies
then examine the effect of the traffic system perfor-
mance characteristics on the traffic demand at the
site, or in the area, in question. If scope exists for
changes in travel demand due to generation, sup-
pression or diversion of trips to or from other routes,
modes or destinations then the extent of such
changes should be assessed at this time by means of
a traffic demand model. Such a modet predicts the
response of the traveller population to the perfor-
mance characteristics of the traffic system to pro-
duce new estimates of traffic flows for the system in
question. This new estimate of traffic flows should

* then be input into the traffic system model to produce

a new set of traffic system performance charac-
teristics. The process is then repeated until a stable
set of traffic flow estimates is obtained. Because of
the relatively minor effects of many traffic manage-
ment schemes, the traffic demand model is often
omitted from the traffic system analysis process on
the grounds that no demand changes are to be ex-
pected. This conclusion, however, should not be
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Fig. 1 — Traffic system analysis process

drawn in all circumstances, especially when iong-
term demand changes are considered or when short-
term route changes are likely, e.g. attraction due to a
free right turn phase at traffic signals. Some
familiarity with the concepts of travel demand modeli-
ing is therefore recommended (e.g. Stopher and
Meyburg 1976).

Once stable estimates cf traffic flow and perfor-
mance characteristics have been obtained (either
with or without demand model iterations or directly
from simple field survey methods), these may be input
into various traffic impact models to assess the over-
all impacts of the traffic system. it is at this stage in
the traffic analysis process that a fuel consumption
model is needed. Other traffic impact models might
include air pollution and noise models, vehicle
operating cost models, trave! time evaluation modeis
and possibly traffic safety models such as models of
accident exposure. The term ‘traffic impact’ corres-
ponds to the term ‘secondary measure of perfor-
mance’ used in Akcelik (1981b).

The next step is to examine the traffic system im-
pacts as well as traffic performance characteristics
to determine whether they are satisfactory or not (the
evaluation phase). if it is expected that they can be
improved upon, then modifications can be affected to
the physical characteristics (e.g. additional lanes at
the intersections) or control characteristics (e.g. sig-
na! co-ordination to replace isolated operation of
signals) of the system. The relevant data (system
description) can be changed and the analysis pro-
cess repeated until an optimum set of impacts, or
simply the best possible solution given all practical

constraints, is achieved. Normally, separate analyses
are carried out for different times of the day, e.g.
morning peak, evening peak and off-peak periods.
and an overall evaluation is made in terms of the per-
formance and impact measures obtained for different
times of the day.

One feature which emerges from this traffic
system analysis process is that traffic system
models, traffic demand models and many of the traffic
impact models are already well developed. What is
needed in terms of a fuel consumption mode! is one
which can be readily incorporated into this overail
process.

3. GENERAL MODEL
SPECIFICATION

Given that it is desirabie that a fuel consumption
mode! be compatible with other elements of the traffic
system analysis process, the general requirements of
such a model can be specified by reference to five
major factors: the range of options to be evaluated,
the method of collecting (or generating) input data,
the type of input data available, the output reguired
from the model and the statistical considerations of
mode! building.

3.1 RANGE OF OPTIONS
It is perhaps obvious that as well as the range of

traffic management schemes listed earlier, there is
also a wide range of design/control options available
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for each, or any combination, of these schemes. For
example, the following are among the design/control
variables which can be manipulated for improved
operation of traffic at signal-controlled intersections:

(a) alternative phasing arrangements, including con-
siderations of opposed (filter) turns against
unopposed (free) turns, pedestrian-only against
concurrent vehicle-pedestrian phases, etc.);

(b) aiternative criteria for signal settings;

(c) alternative vehicle-actuated control algorithms
for isolated signals;

(d) various fixed-time plan selection and dynamic
control strategies for co-ordinated signals;

(e) the width and number of lanes;

(f) alternative arrangements to allocate the availa-
ble lanes to various movements, e.g. exclusive or
shared lanes.

(g) length of turn slots;

h) parking restrictions on approach roads;
i) bus-stop locations; and

)

‘left turn at any time with care’ and ‘left turn on
red’ arrangements.

Again, some of these design variables may pro-
vide a very large number of alternatives. Zuzarte
Tully and Murchland (1977) give an example of a
compiex signalised intersection for which the number
of ‘maximal phase sequences’ they derived increased
from seven to 282 (with very different traffic perfor-
mance figures) when a pedestrian movement was
given a staged crossing (pedestrians stopped at the
median) instead of a straight kerb-to-kerb crossing.
To evaluate such a range of alternative designs in
terms of fuel efficiency, a modelling package is
needed which aliows for all the design variables men-
tioned above (and many more).

A further consideration is related to an important
traffic variable, namely capacity. The performance of
a traffic movement is essentially determined by the
capacity provided for it. If the arrival {demand) flow
exceeds the capacity provided, over-saturation will
occur, resulting in unacceptabie levels of perfor-
mance. At each intersection, there are many move-
ments which compete for capacity, and a major ob-
jective in traffic system design/control is to provide
sufficient capacity for all movements to prevent over-
saturation. An important point to note is that the
capacity itself depends on flow levels in many cases,
for example:

(a) roundabout entry capacities depend on circulat-
ing flow levels;

{b} filter turn capacities at traffic signals depend on
opposing flow levels; and

(c) capacities at Give-Way/Stop signs depend on
major road flows.

As a result, traffic performance, and the fuel con-
sumption by vehicles, in a traffic stream becomes a
function of the flow characteristics of other traffic
streams (this, again, leads to an iterative design pro-
cess). The point to be emphasised here is that the
fuel consumption modelling package to be used by
traffic engineers must allow for such capacity, and in
turn, flow influences.

Given the complex system options to be evalu-
ated, fuel consumption models should not attempt to

duplicate those aspects of the system which are
already well accounted for in traffic system perfor-
mance models. Rather, they should be designed to
use the output from traffic system models as input to
the fuel consumption model. Conversely, traffic
system models shouid recognise the input require-
ments of fuel consumption models and be modified, if
necessary and to the extent which is feasible, to pro-
vide appropriate output. Thus, as shown in Fig. 1,
traffic system models and fuel consumption modeis
should be separate, but complementary, entities.

3.2 DATACOLLECTION METHODS

The torm of fuel consumption models is influenced by
the method in which data are collected on traffic
system performance. Two distinctly different
methods of traffic observation (both in models and
real-life) exist and these have led researchers to
develop different types of fuel consumption modei.

The first method is based on the observation of
traffic flows as they pass certain critical points in the
system, e.g. stop-lines at intersections. Traffic signal
capacity caiculations (e.g. Akcelik 1981b) and a
signalised intersection survey method to obtain
traffic performance statistics (Richardson 1979 and
1980a ) are related to this approach. Similarly, area
traffic control systems collect traffic data from detec-
tor loops buried in the road pavement. From such in-
formation, a picture of the overall system state can be
drawn and the relevant performance measures
calculated. These methods of observation are most
comman in traffic engineering practice.

The second method is based on observing the
performance of individual vehicles as they travel
through the system. in real life, this corresponds to
the ‘moving observer’ method often used to measure
travel time along a route. In modeiling, this requires a
detailed vehicle-by-vehicle simulation model which
can produce an output of individual vehicle time-dis-
tance trajectories (e.g. Lieberman et al. 1979; Gipps
and Wilson 1980). This method has naturally been
adopted by researchers in the field of vehicle design,
since they are concerned with the performance of in-
dividual vehicles. The ‘driving cycle' methods have
been used to measure individual vehicle perfor-
mances under standardised conditions, but it has
been recognised that this method is not of particular
use for traffic management purposes (Watson 1978;
Kent 1981). In contrast with the ‘bird’'s eye view' of
the overall system preferred by traffic engineers, the
moving observer method gives a ‘worm’s eye view’
from a single car in a traffic stream. This method
suffers from the fact that it is difficult, or impossible,
to relate the observed data to the causes of delays,
stops, etc. as affected by traffic contro!, physical and
flow characteristics of the system. For example, a
vehicle may stop several times in a long queue
before it can clear an intersection, and it may be im-
possibie to know if this is caused by inadequate
capacity at the next intersection, or say the third
intersection downstream, or some mid-block inter-
ference, e.g. by a turning vehicle.

Given these different methods of data collection,
it is essential that models are developed which are
compatible with the type of data which have been
collected, or are available.



3.3 INPUTDATA DETAIL

it is important to realise that whilst the traffic
engineer would normally possess information regard-
ing traffic performance at a site, he would not have
complete information about that traffic stream. In par-
ticular, he would not have details about:

(a) vehicle fleet characteristics such as engine size,
vehicle weight, transmission type, etc.;

{b) vehicle performance characteristics such as
engine speed or torque, current gear, engine
tune-up condition, tyre inflation, engine tem-
perature, etc.; and

(c) driver population characteristics such as age,
sex, degree of aggressiveness (as reflected in
speed and rates of acceleration/deceleration).

Whilst these factors may have a direct influence on
fuel consumption, and may be the subject of research
studies, practical design studies must account for
them by means of aggregation.

Thus vehicle performance and driver population
characteristics must be accounted for by typical
values which are appropriate in the given circums-
tances. With respect to vehicle fieet characteristics,
some aggregation of data is necessary, whereby
vehicles may be classified into a limited number of
classes, the simplest classification being ‘light and
heavy vehicles’ (e.g. see Akcelik 1981b, p. 15).

3.4 REQUIRED MODEL OUTPUT

In determining the output required of a fuel consump-
tion mode!, one should consider the two major ap-
plications of such a mode! in traffic management:
design and evaluation. In a design context, the objec-
tive is to find a set of traffic system parameters which
result in an optimal set of traffic system impacts. In
such an optimisation problem, the actual value cf the
objective function (e.g. fuel consumption) is not as
important as the changes in the value of the objective
functicn for changing values of traffic system
parameters. In an evaluation context, the problem is
again one of comparing alternative sets of impacts
(usually before and after implementing a traffic
management scheme). It therefore appears that, for
some traffic management purposes, relative
measures of fual consumption may be adequate.
Given this, it is realised that other applications may
well require accurate absolute measures and that the
deveiopment of a fuel consumption model which pre-
dicts absolute fuel consumption will, inter alia , pro-
duce relative measures of fuel consumption if adequ-
ate data are available. However, particular applica-
tions of fuel consumption models to traffic system
design and evaluation may omit elements of the
system which are not expected to experience
changes. For this reason, and because data are nor-
mally only collected on those aspects of system
operation which are expected to experience
changes, it is desirable to use some form of model
which treats different components of traffic system
operation separately.

3.5 STATISTICAL CONSIDERATIONS

A note is appropriate at this stage about the use of
tormulae based on regression analyses of observed
data for predicting fuel consumption from measures
of average speed and, perhaps, physical descrip-
tions of the system such as number of intersections
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per kilometre of road (e.g. Evans and Herman 1976,
Watson, Wilkins and Marshall 1980). The authors
believe that such formulae do not satisfy various re-
quirements to enable them to be useful for traftic
engineers in designing and evaluating urban traffic
management schemes (however, this is not to say
that they are not useful in another context, e.g. for
general transport planning purposes where more
macroscopic models are needed, or in cases where
prediction only is sufficient, i.e. no need for optimisa-
tion).

The reasons for this reservation about regres-
sion models are three-fold. Firstly, those equations
which attempt to use physical descriptions as inde-
pendent variabies cannot hope to account for the
enormous range of options described earlier and
hence such modeis will always be mis-specified for
traffic engineering applications. The variables in a
regression equation are subject to upper and lower
limits representing the range of observations on
which the equation is based. In practice, the exis-
tence of limitations on the range of applicability of
variables is often neglected resulting in mis-use of
regression equations. For the examples of traffic
work which give due emphasis on this paint, the
reader is referred to Beard and McLean (1974) and
Freeman Fox and Associates (1972) on speed-flow
relationships and Kimber (1980) on roundabout
capacities.

Secondly, those eguations which use average
speed as the only independent variable describing
traffic performance do now ailow for the different fuel
consumption rates whiist cruising, stopping and id-
ling. As shown by Akcelik (1981a), trips with identi-
cal average speeds can have very different fuel con-
sumption performance, depending on the pattern of
stops. Since many traffic management options may
change the correlation between average speed and
stops it is necessary to have both variables in the
equation.

Thirdly, if both average speed {or delay) and
stops are included as predictor variables in the
regression equation, then the coefficients obtained
from field data are likely to be unreliable due to
multicollinearity of the predictor variables. That is,
there is correlation between these two supposedly
predictor variables, because average speed and
number of stops will always be related to each other
in uncontrolled field data. Under such conditions, it is
difficult, if not impossible, to identify the individual
contribution of each variable to overall fuel consump-
tion.

It is therefore argued that a model of fuel con-
sumption for traffic management design and evalua-
tion should be constructed using data derived from
carefully designed and controlled experiments to
relate various fuel consumption rates to their causes
directly and explicitly.

4. THE ELEMENTAL MODEL

Given the above requirements and limitations, the
authors consider that an elemental model of fuel con-
sumption is the most appropriate ‘simple model’ for
traffic management studies. Such a model, which ex-
presses fuel consumption as a function of the three
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principal elements of driving patterns — cruising, id-
ling and stop-start manoeuvres —has been reviewed
in detail by Akcelik (1981a). The model is preferred
not only because of its advantages of simplicity,
generality and conceptual clarity, but also because it
is well-related to existing traffic modelling techni-
ques. The mode!l has been used, and some data are
available elsewhere (e.g. Claffey 1971 and 1976:
Dale 1981, Erlbaum 1980; Ferreira 1981; Highway
Research Board (HRB) 1960; Institute of Transporta-
tion Engineers (ITE) 1980; Martin 1974; Robertson,
Lucas and Baker 1980; Tarnoff and Parsonson 1981
Winfrey 1969). However, there is a definite need for
data pertaining to the Australian vehicle population
under present day conditions.

Using the notation of the earlier paper (Akcelik
1981a), the elemental model can be expressed as
follows:

F=f,xs+f,d;+f.h (1)
where
F = average fuel consumption per
vehicle (mL),
X = total section distance (km),
d, = average stopped delay per vehi-
cle, i.e. idling time (s),
h = average number of {(effective)

stops per vehicle (stop rate),

f, = fuel consumption rate while
cruising (ml./km),

fuel consumption rate while id-
ling (mL/s), and

f = excess fuel consumption per
vehicle stop (mL).

The model can be expressed in other forms as dis-
cussed in Akcelik (1981a} and in more detail in Part
3 of this report.

The elemental model is based on the assumption
that the three elements are independent of each other
and they can be added together to find the total fuel
consumption. The accuracy of fuel consumption pre-
diction by the model is limited by this assumption as
well as any inaccuracies in the traffic performance
variables (x, dg, h) and the coefficients (f, , f,, f).
The three elements of this model are now discussed
separately to draw attention to particular aspects of
both the independent traffic variables and the associ-
ated coefficients.

4.1 CRUISE

The first component of the elemental model, f , X, rel-
ates to the total length of the section of road under
study, e.g. distance from the stop line of one inter-
section to the stop line of the next. This is the amount
of fuel which would be consumed if this length of road
was travelled at the cruising speed, v,. The uninter-
rupted cruise speed is the average uninterrupted
speed for a given flow level and under the prevailing
roadway conditions. The word ‘uninterrupted’ refers
to the effect of the traffic control system, that is the
cruising time (t, = x/v,) does not include any delay
time due to the effect of the traffic control system.
However, delays due to any mid-block interferences
(‘side friction’) and due to the effects of other vehi-
cles in the same traffic stream (‘internal friction’) are
accounted for.

The side friction encountered along a route is a
function of such factors as the number and width of
lanes, quality of the road geometry, adjacent land use
(affecting property access, commercial activities,
kerb parking conditions, bus stops, pedestrian ac-
tivities), traffic turning in from side streets, etc. The
internal friction is a function of the flow level and
traffic composition, and it is considered to include
the effects of lane changes and overtakings due to
different vehicle speeds in a traffic stream. The
effects of interference by vehicles turning into side
streets at mid-block locations could also be con-
sidered to be part of internal friction.

The coefficient f, therefore accounts for both
fuel consumed whilst travelling at a steady (constant)
cruise speed (f,) and fuel consumed as a result of
speed fluctuations due to side and internal frictions
(Af,):

f,=1, +Af, @)

Fuel consumption at steady speeds has been in-
vestigated by several researchers (Claffey 1971 and
1976; Kent 1981; Kent et al. 1981; Vincent et al.
1980; Watson et al. 1980). Fig. 2 summarises the
following data:

U.S. composite car data (Claffey 1971);

Data for the Melbourne University test car
(Watson et a/. 1980); and

Data for 11 cars (Kent et al. 1981).

It is seen that all data show similar trend, and signifi-
cantly, minimum fuel consumption occurs at a steady
cruise speed in the range of 40-60 km/h.

In real driving conditions, however, it is impossi-
ble to maintain a steady cruise speed because of
side and internal friction and, as a result, fuel con-
sumption under real driving conditions is higher than
under steady speed conditions. This increase in fuel
consumption (Af;) should be related to the mag-
nitude and frequency of speed fluctuations. However,
in the absence of detailed information on actual
speed fluctuations, it appears that these fluctuations
may need to be accounted for by a factor which is de-
pendent on the side and internal friction conditions,
e.g.using Af, = af,and f, = (1 + o) £,.

It may not be feasible to quantify all side friction
factors explicitly (see e.g. Beard and McLean 1974;
Freeman Fox and Associates 1972). For this reason,
and for the purpose of deriving an easy-to-use
method, it may be useful to define several ‘types of
environment’ (E) representing aggregate, and to
some extent subjective, values of side friction fac-
tors. For example:

Type 1: Ideal conditions of uninterrupted trave!
{no side friction, typically in freeway-type
environment)

Type 2: Good conditions of uninterrupted travel
(major arterial roads with negligible side
friction).

Type 3: Average conditions of uninterrupted
travel (arterial and other roads with a

moderate degree of side friction).

Type 4: Poor conditions of uninterrupted travel
(roads with a high degree of side friction

typically in city centre areas).
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Fig. 2 — Steady-speed fuel consumption

The internal friction can be measured in terms of
varying flow levels, e.g. as a function of the flow ratio,
y (the ratio of flow to saturation flow, where saturation
flow is the uninterrupted road capacity). The speed
fluctuation adjustment factor (1 + «) can then be
calculated as a function of both £ and y, perhaps by
using E to modify the saturation flow as is done with
signalised intersection design (Akcelik 1981b).

As an alternative to this method, free speed
(average speed under very low flow conditions) can
be used as a surrogate measure of various environ-
ment types, and the ratio of the cruise speed (i.e. the
achieved speed) to the free speed can be used as a
combined measure of side and internal frictions. This
speed ratio may then be related to the speed fluctua-
tion adjustment factor. Aiready such a speed ratio
has been shown to be related to travel time variability
(Richardson and Taylor 1978) and hence a similar
relationship with speed fluctuations (or variability)
may also be quite viable.

In summary, the cruise component of the elemen-
tal mode! could be expressed in terms of a steady-
speed fuel consumption term modified by a speed
fluctuation adjustment factor which is related to the
side and internal friction experienced on that road
segment. Similarly, if required, data in the form of ad-
justment factors could be given to account for the
effects of geometric features of the road such as
grade and curvature. Such geometric and physical
characteristics may, however, be of more relevance
in rurai road fuel consumption than in urban fuei con-
sumption calculations.

4.2 IDLE

The second component of the elemental model, f, d;,
is the fue! consumed whilst idling when a vehicle is
stopped by a control element of the traffic system,
e.g. a Stop sign, or traffic signals. With respect to the
measurement of idling time, it should be emphasised
that stopped delay (d in egn (1} ) is different to the
average delay normally used in many traffic modeis.
Stopped delay, as the name implies, is only that delay
incurred when the vehicle is actually stopped. Delay
incurred in decelerating and accelerating is not in-
cluded in stopped delay (see Richardson 1980a ; Ak-
celik 1981a, and Parts 3 and 5 of this report}).

The fuel consumed whilst idling appears to be
dependent essentially on the engine idling speed,
aithough Martin (1974) states that idling consumption
is also dependent on ignition timing, engine tem-
perature and combustion efficiency. The elemental
model coefficient for idling (., ), however, simply ex-
presses the fuel consumption rate per second {or
hour) of idling time independent of other factors. This
is because engine idling rate is a vehicle design
parameter and not a traffic management parameter.
However, the effect of vehicle design changes with
respect to idling fuel consumption should be recog-
nised in terms of the effect on traffic management
strategies. Thus, a change in fuel consumption whilst
idling will change the trade-off between the stopped
delay (idling) time and the number of stops in traffic
design and evaluation.
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4.3 STOP-START MANOEUVRES

The third component of the elemental model, f, h, is
the excess fuel consumption associated with stop-
start manoeuvres caused by traffic control devices.
The measurement of the average number of effective
stops per vehicle, h, needs to take account of two
factors:

(a) vehicles which do not stop but which change
speed significantly as a result of the control
system shouid be counted as partial stops; and

(b} vehicles which stop more than once as a resuit of
the control system should contribute multiple
(partial) stops to the total count.

The effects of partial stops have been con-
sidered by several authors (Richardson 1979; Vin-
cent et al. 1980; Akcelik 1980) whilst consideration
of the partial effects of multiple stops has more re-
cently been addressed (Richardson 1980a and b;
Ferreira 1981). In both situations, the critical factors
are the maximum and minimum speeds experienced
during the manoeuvre and the rates of acceleration
and deceleration utilised by the driver.

Fuel consumption rates for partial stops
(slowdown cycles), which involve a change in speed
from the cruising speed to a lower speed and then
back to the cruising speed, could be presented as
fractions of complete stops in proportion to the fuel
consumed in the slowdown manoeuvre. In the case of
multiple stops, all stops except the first one corres-
pond to a reverse cycle, i.e. acceleration from zero
speed to a higher speed (maximum value v.) and
back to zero speed again. This may occur at Give-
Way/Stop signs and roundabouts where all vehicles
in the queue move forward and stop again as one or
more vehicles accept a gap in the opposing stream
and depart. Similarly, at over-saturated signals,
several vehicles at the end of the queue speed up but
get stopped again before they can clear the intersec-
tion because of insufficient capacity. This type of fuel
consumption rate could also be presented as ‘effec-
tive stop’ figures as in the case of slowdown
manoeuvres.

The coefficient f, is related to the excess
amount of fuel consumed in a stop-start manoeuvre
(with no idling) from an initial cruising speed to zero
speed and back up to the same cruising speed. The
coefficient is obviously a function of the cruising
speed adopted. This is discussed in detail in Parts 3
and 5 of this report.

It is important to note that f., in egn (1) is an ex-
cess consumption figure. It is calculated as the con-
sumption during a complete stop-and-go cycle (with
no idling time) less the consumption when the stop-
start manoeuvre distance is covered at cruise speed.
By using f as an excess consumption figure in egn
(1), the first component of the model is conveniently
expressed in terms of the total iength of the road sec-
tion under study. The separation of the first and third
components of the model is most useful when
estimating changes in fuel consumption as a result of
a change in traffic management strategies at an inter-
section. In such circumstances, where average
cruise speed and cruise speed fluctuations are
uniikely to be affected, the change in fuel consump-
tion may be estimated as:

Afy = f,(Ad;) + f,(Ah) (3)

where Af. = change in fuel consumption due
to stops and delays,
Ad, = change in stopped delay, and
Ah = change in effective stops.

It is interesting to note that Tarmnoff and Parson-
son (1981) abandoned the use of a detailed simula-
tion model for fuel consumption (NETSIM by Lieber-
man et al. 1979) in favour of the use of the elemental
model approach based on eqn (3) for individual sig-
nalised intersections.

in practice, it is difficult to separate the cruise
and stop-start components of fuel consumption from
a continuous record of fuel consumption in a single
vehicle trip. Away from intersections, the distinction
between partial stops and speed fluctuations, as
described earlier in connection with cruise fuel con-
sumption, becomes rather blurred and may be difficult
to identify in the field by a moving observer. Similarly,
it may be difficult in the field to identify the cause of
multiple stops in a long queue, i.e. if they are due to
the control system (related to the third component of
the elemental model) or due to mid-block inter-
ferences (related to the first component of the ele-
mental model). Therefore, careful experimental
design is required for this purpose. it is relatively
easier to allow for the differences between different
speed change manoeuvres in a model. However, it is
important that the relevant fuel consumption data are
presented in a form which matches the requirements
of the traffic model.

5. FORMAT OF FUEL
CONSUMPTION DATA

Given the form of the elemental model of fuel con-
sumption specified in egn (1), the question remains
as to the most convenfient format for the fuel con-
sumption data. For routine traffic engineering work,
where information and time is at a premium, the most
convenient format would appear to be look-up tables
or equations approximating those tables. Data could
be given as ‘correction factors’ rather than actual
consumption figures in some cases.

The values of all fuel consumption parameters
depend on the type of vehicle. A major requirement of
traffic engineers is therefore to have data for different
types of vehicle. Too much detail in terms of vehicle
and driver characteristics should, however, be
avoided as discussed in Section 3. Data should be
aggregated and presented for a set of ‘representative
vehicles’, e.g. for cars, light trucks, heavy trucks and
buses, or simply for ‘light vehicles’ and ‘heavy vehi-
cles’. Whilst greater detail is obviously required for
vehicle design purposes, and perhaps in traffic
engineering research studies, further detail for
general traffic engineering practice would tend to be
more confusing that illuminating. Data for present day
vehicle populations should be used as a basis of data
aggregation (e.g. Fehon 1980).

For each representative vehicle, the cruise fuel
consumption rate could be shown as in Table I. As
discussed in Section 4.1, the choice of ‘environment
types’ for use in Table /is arbitrary and could also be



represented by the free speed of the section of road
under consideration. It should be noted that within
each environment type, the effect of flow (internal
friction) is implicitly accounted for by reduced
average cruise speed.

The idling fuel consumption rate will be a single
value in millilitres per second (or hours) of stopped
delay for each representative vehicle. The excess
fuel consumption per effective stop might be tabul-
ated as shown in Table //. Such a Table wouid be
constructed with an implicit assumption about the
patterns and rates of acceleration and deceleration
used in the manoeuvre. The top row of the matrix
gives the excess fuel consumption during a multiple
stop manoeuvre (i.e. from zero speed to finite speed
and back to zero), the left column gives values for a
complete stop manoeuvre, the lower left triangle of
the matrix gives values for partial stops (slowdown
manoeuvres), while the upper right triangle gives
values for speed-up manoeuvres (if needed). In each
case, the speed at the start and end of the manoeuvre
is the same.

TABLE |
CRUISE FUEL CONSUMPTION RATES
(mL/km)
Side Friction
Average Environment Type
Cruise 7 2 3 p
f,f,g/eh‘)j (ldeal) (Good) (Average) (Poor)
Free Speed tkm/h)
120 100 80 60
20
40
60 f, (ml./km)
80
100
120
TABLE I
EFFECTIVE STOP FUEL CONSUMPTION
RATES (mL)
Initial Intermediate Speed (km/h)
(= final)
Speed
(kmm) 0 20 40 60 80 100

o _ \ Multiple Stop Rates
20 \
40

Com-
60 plete
Sto
80 P Partial Stop
Rates
(Slowdown)
100 Rates
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To conclude, reference should be made to the
way in which data might be obtained to enable con-
struction of the Tables described in the paper.
Already it has been argued that regression analysis
of uncontrolled field survey data should not be used
to obtain fuel consumption rates for each of the three
components of the elemental model. Rather, a
carefully controlled experimental program should be
undertaken to obtain the rates in one of two ways.
Firstly, the rates could be obtained directly by per-
forming test runs which conform to strictly defined
manoeuvres, e.g. a series of partial stop cycles from
an initial speed to an intermediate speed and back up
to the final speed (with specified rates of accelera-
tion and deceleration).

An alternative, and more general, method of ob-
taining the data is by the generation of vehicle maps
as described by Kent (1981). These maps show the
rate of fuel consumption (in mL./min) as a function of
speed and rate of acceleration and would need to be
generated for a set of representative vehicles. It
would be desirable if such maps were also obtained
under controlied conditions whereby the sampie size
for each point in the matrix (within feasible bound-
aries) was approximately equal. This would ensure
that equal statistical reliability could be attached to
each point in the matrix. Given this matrix, the fuel
consumption for any manoeuvre couid be calculated
by tracing the speed/acceleration trajectory over
time on the matrix and integrating the resultant fuel
consumption rates. This would enable Tables / and //
to be generated and would also be more useful in
traffic research work where, occasionally, the
researcher has access to detailed vehicle trajecto-
ries (e.g. Gipps and Wilson 1980).

6. CONCLUSION

This paper has attempted to summarise the require-
ments of traffic engineers with respect to fuel con-
sumption models. As a result of this summary, a num-
ber of conclusions can be reached.

(a) Fuel consumption models are but one part of the
traffic system modelling process. They should
therefore be designed to complement existing
models for other parts of the process.

(b) information on changes in fuel consumption
rather than total fuei consumption values may be
adequate for some traffic management studies.

(c) The data availabie to traffic engineers are
usually limited and hence fuel consumption
models must be abie to be used with such limited
data.

(d) Traffic engineers are often concerned with in-
dividual elements of the traffic system (e.g. an
intersection) and hence fuel consumption models
must be applicabie at this level.

(e) Because of the large range of traffic options to
be evaluated, and bearing in mind the statistical
problems with regression analysis on field data,
it is unlikely that a reliable set of regression
equations can be developed to cover ali com-
binations of the many possible traffic manage-
ment (design/control) options. In view of the
large extant body of knowledge covering trafiic
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system models, the development of such regres-
sion equations would also appear to be
unproductive.

in view of these requirements, some form of ele-
mental fuel consumption model would seem most
appropriate for traffic engineering purposes.
Such a mode! would account for the cruise, idle
and stop-start components of driving.

The most appropriate format for fuel consumption
data would appear to be in the form of tabies or
equations for practising traffic engineers. Data to
allow for the effects of different road grades,

(h)

(i)

various friction factors, different deceleration-
acceleration patterns and rates, etc. are needed.

Data enabling the calculation of fuel consumption
rates should be obtained under strictly con-
trolled experimental conditions, with the con-
struction of vehicle maps being a useful inter-
mediate step.

The fuel consumption data should be available
for a range of ‘representative vehicles’ such as
cars, light trucks, heavy trucks and buses, or
simply light vehicies and heavy vehicles.
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1. INTRODUCTION

This paper presents two simple examples in order to
compare the prediction abilities of the elemental
model (Parts 1 and 3 of this report) and the PKE model
(Watson, Milkins and Marshall 1980; Watson 1980
and Part 4 of this report). Both the overall and the
incremental fuel consumption predictions from:

(@) the elemental model for three different cars; and

(b} the elementai model and three differently
cali brated forms of the PKE mode! for the same
car are considered.

The first example is related to the effects of
changes in signal timings allocated to a movement at
an isolated intersection. The traffic performance
variables (delay, number of stops, speed and PKE are
predicted using the simple analytical models given in
Akcelik (1981a) as a basis. These are then used as
input for the fuel consumption models. Thus, the ex-
ample shows the combined use of traffic and fuel con-
sumption models to analyse the effects of small
changes in traffic operating conditions in a specific
situation. The example is simptistic in the treatment of
traffic signal timings. The reader is referred to Akcelik
(1981b) for a full intersection example.

The second example is related to the prediction
of incremental fuel consumption due to extra idling
(stopped) time. it is given to complement the discus-
sion of the prediction of incremental fuel consumption
due to stops in the first example.

2. EFFECTS OF CHANGES IN
SIGNAL TIMINGS

2.1 BASIC DATA

This example considers a through traffic movement in
two lanes of an approach road to an isolated sig-
nalised intersection under three different signal tim-
ing, and hence capacity, conditions described as
Cases A, B and C in Table I. Hypothetical cruise (unin-
terrupted travel) conditions are also indicated in
Table I. For basic definitions and formulae related to
traffic movement variables, the reader is referred to
Akcelik (1981a). Data common to all cases are as
follows.

Arrival flow, ¢ = 1800 veh/h
Saturation flow, s = 3600 veh/h
Flow ratio, y = g/s = 0.50

Flow period, T, = 60 min

Cruise speed, v, = 54 km/h

Totai section distance, x, = 0.75 km.
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2.2 TRAFFIC PERFORMANCE CALCULATIONS

Using the basic data given above and in Table /, the
average delay (d) and the average number of stops
(h) are calculated for each case from eqns (6.1) to
{(6.5) of Akcelik {1981a, Section 6). From these, the
results given in Table I/ are calcutated as foliows (see
Part 3 for the basis of these calculations):

(a) Delay and number of stops per unit distance
(s/km, stops/km):

d= d/xs, h = h/xs

(b) Average speed (km/h):

3600 3600
v = = =
S 3600 66.7 + d

v

c

(c) Total positive kinetic energy (m/s2):

PKE = Ev; /12960 = 0.225h

It is assumed that there are no speed fluctuations dur-
ing cruise, and hence, PKE is only due to stops at the
intersection. For this example, it is estimated that alt
vehicles will reach cruise speed during multiple
stops.

Absolute and percentage changes in traffic per-
formance variables are given in Table /il. It should be
noted that a change from Case Ato Case B represents
a substantial change (from saturated at-capacity con-
ditions in Case A to an acceptable level of service in
Case B). A change from Case B to Case C represents
a relatively minor change in that both cases have
similar degrees of saturation, and hence similar levels
of service.

2.3 FUEL CONSUMPTION CALCULATIONS

The traffic performance data given in Table Il are used
as input for fuel consumption calculations using the
elemental model (E) and the PKE model (P) with
different data as given below.

E1. Elemental model with data from Claffey (1976)
for 1972 Chevrolet sedan (V-8, 6.5 L):
f,=116 + 0.883d + 385h

E2. Elemental model with data from Robertson,

Lucas and Baker {1980) for a medium family
saloon (6 cyl.,, 2.2 L) at v, = 52 km/h:

f,=984+0417d+ 141 h

E3. Elemental model with data from Watson (1981)
for Ford Cortina wagon (6 cyl., 4.1 L):

f,=89 +0.700d+134h

TABLE |
BASIC DATA

Case A CaseB Case C Cruise
Greentime, g(s) 60 60 64 N.A.
Cycle time, c(s) 120 100 100 N.A.
Green time ratio, g/c 0.50 0.60 0.64 1.00
Capacity, Q (veh/h) 1800 2160 2304 3600(=s)
Degree of saturation, q/Q 1.00 0.83 0.78 0.50(=vy)

N.A. = Not applicable
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TABLE {i
TRAFFIC PERFORMANCE DATA
Case A CaseB Case C Cruise
Average delay, d (s/km) 87.0 22.6 173 4]
Average number of stops,
h (stops/km) 155 0.97 0.86 0
Average speed, vg (km/h) 23.4 40.3 429 54 (=v¢)
PKE (m/s?) 0.349 0.218 0.194 o
TABLE 1l
CHANGES IN TRAFFIC PERFORMANCE
Case A-Case B Case B-Case C
Average delay, d (s/km) 64.4 (74%) 5.3 (23%)
Average number of stops, h (stops/km) 0.58 (37%) 0.11 (11%)
Average speed, vg (km/h) —16.9 (72%) —~26 (6%)
P1. PKE model by Watson et al. (1980) for the same
car as in E3: Variable Definition Units
f,=—11.2 + 2597/ vy + 0.811 v, + 121.1 PKE fe Fuel consumption per unit distance ~ mL/km
d Average delay per unit distance s/km
P2. PKE model by Watson (1980) for the same car ) Average number of stops per unit
as in P1: distance stops/km
A .
f,= — 30.7 + 2903/v, + 1.216 v, +94.21 PKE 's verage interrupled speed km/
PKE Sum of positive kinetic energy
changes m/s?

P3. PKE model by Poynton and Dawson (1980) for
the same car as in P1:

f,= —46.9 + 3093/v, + 1.342 v, + 90.66 PKE

The following should be noted about these
formulae.

(a) The elemental modei coefficients were derived
individually by direct measurement: on the road
for E1 and E2, and in the laboratory (chassis
dynamometer tests) for E3.

(b) The PKE model coefficients were derived for
the same car by regression analysis using data
from real-life traffic conditions for P1, and data
from various driving cycle tests in the laborato-
ry for P2 and P3 (ADR 27A cycle for P2; ADR
27A as well as US. Highway, Sydney and
Melbourne Initial cycles for P3).

(c) All cars had automatic transmissions.

{(d) Different assumptions regarding deceleration
and acceleration rates and profiles during a
stop are built into the above models. For E3,
constant deceleration and acceleration rates
were used (average a, = 5.33 km/h/s). For E1,
the average deceleration-acceleration rate is
a, = 4.9 km/h/s but the deceleration/
acceleration pattern is not clear. The PKE
model (P1 to P3) assumes independence from
the acceleration rates and profiles.

(e) Variables in the above formulae are:

) The first term of the elemental model is the
steady-speed cruise fuel consumption (at v, =
54 km/h). The corresponding figure from the
PKE model is obtained by putting v, = v, = 54
and PKE = 0 in the formula.

The fuel consumption results are given in
Table IV together with normalised values based on
cruise fuel consumption = 1.0. Absolute and percen-
tage changes in fuel consumption from Case A to
Case B, and from Case B to Case C are given in Table
V. The predictions of the incremental fuel consump-
tion due to 'stops’ as a percentage of the total are
given in Table V! (the ‘stops’ component is the last
term of each formula). The results are summarised in
Fig. 1.

2.4 DISCUSSION OF RESULTS

The following observations can be made from the
above resulis.

(a) The differences in the basic fuel consumption
data for different cars (as reflected by the
coefficients of the elemental model in E1 to E3)
result in different sensitivities to changing

traffic control conditions (Tables IVand V).
Analyses for different vehicle types in the traffic
stream is therefore necessary. For simple ap-
plications, data for different vehicles can be
combined to produce a ‘composite vehicle’
model to represent a standard composition of
traffic.
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A 253 (fx in mL/km)
A
A 7 161
A 155 A 148
A— 152
¢ 15
B 112
B8 118
B 117 c 113 ¢ 108 8 m B 104
c 113 c 107 c 100
Cruise 116 ___ Cruise 94.__ _ Cruise 81.__ Cruise 89._. 83
MODEL: E1 E2 E3 P1 P2 P3
Elemental Elemental Elemental ‘PKE’ ‘PKE’ ‘PKE’
Mof,lgl Pa}jj‘}ﬂ?f Car {all with automaii&transmissions)
E1l Claffey (1976) 1972 Chevrolet sedan (V-8,6.5L)
E2 Robertson, et al (1980} Medium family saloon (6 cyl., 2.2 1)
E3 Watson (1981) Ford Cortina Wagon {6 cyl., 4.1L)
P1 Watson, et al {1980) Same car as £3
P2 Watson (1980) Same car as E3
P3 Poynton and Dawson (1980) Same car as E3
Fig. 1 — Normalised fuel consumption results from the elemental model and the PKE mode! for
different data
v
60
TripA @ v, = 45 km/h
45 + )
PKE = 0.278 m/s
d s = 10s
0
0 10 20 70, 80 t
v
60
TripB : v = 30 km/h
PKE = 0.278 m/s’
301 d.=50s
S
L
0 —-{,
0 50 6p 1¢ 120 t
v
60
TripC : v = 15 km/h
PKE = 0.278 m/s*
d, = 170 s
15 4+—
0 /L
i
0 170 180 230 240 t

Fig. 2 — Three trips with identical acceleration-cruise-deceleration patterns but different idling
times
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TABLE IV
FUEL CONSUMPTION PER UNIT DISTANCE, f, (mL/km)*
Mode! Case A CaseB CaseC Cruise
E1 253(2.18) 173(1.49) 164(1.41) 116(1.0)
E2 152(1.62) 117(1.24) 113(1.20) 94(1.0)
E3 171(1.92) 118(1.33) 113(1.27) 89(1.0)
P1 161(1.99) 112(1.38) 108(1.33) 81(1.0)
P2 155(1.74) 111(1.25) 107(1.20) 89(1.0)
P3 148(1.78) 104(1.25) 100(1.20) 83(1.0)

Normalised vaiues based on cruise fuel consumption = 1.0 are shown in brackets.

TABLE V
CHANGES IN FUEL CONSUMPTION
Mode! CaseA-Case B CaseB-Case C
E1 80(32%) 9(5.3%)
E2 35(23%) 4(3.4%)
E3 53(31%) 5(4.2%)
P1 49(30%) 4(3.6%)
P2 44(28%) 4(3.6%)
P3 44(30%) 4(3.9%)
TABLE VI
INCREMENTAL FUEL CONSUMPTION DUE TO ‘STOPS’ AS A
PERCENTAGE OF THE TOTAL
Model Case A CaseB CaseC
Et 24 22 20
E2 14 12 1
E3 12 1 10
P1 26 24 22
p2 21 18 17
P3 21 19 18

The sensitivities of the elemental model (E3)
and the PKE model (P1 to P3) for the same car
are reasonably similar (Tables IV and V; Fig. 1).
Considering the approximate nature of the for-
mulae to predict the traffic performance varia-
bles (i.e. the simplied nature of the traffic
model), the differences between models may
not be considered to be significant in terms of
overall model!l sensitivity to changing traffic
conditions.

However, as seen from Table V', the predicted
fuel consumption only due to ‘stops’ differ
markedly between the elemental model (E3)
and the PKE model (P1 to P3) for the same car.
A difference between the PKE model calibrated
using on-road data (P1) and those calibrated
using labcratory data (P2 and P3) is also ob-
served. It is seen that the PKE mode! implies
much higher stop penalties compared with the
elemental model. This could be due to the
assumption in the PKE model that fuel consump-
tion due to stops are independent of the ac-
celeration rate and profile, and/or because the

coefficient of the PKE term is derived by regres-
sion and there may be other factors affecting it.
For example, it is possible that the PKE modei
under-estimates delays but compensates by at-
tributing higher contributions to stops. This par-
ticular point is explored below by means of an
example.

3. INCREMENTAL FUEL

CONSUMPTION DUE TO EXTRA

IDLING TIME

in the example shown in Fig. 2, three trips along the
same road section (x; = 1 km) are considered, which
have identical acceleration-cruise-deceleration pat-
terns but different idling times, d, (hence different
average speeds, v;). Figure 1 indicates constant
acceleration and deceleration profiles, but the dis-
cussion below applies to any profile as long as they
are identical for each trip. In this example accelera-
tion and deceleration times are equal (t, = t;, = 10 s)
and the cruise time, t. = 50 s for all trips. Thus, the
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running time, t, = t, + t. + t, = 70 s is constant.
However, the stopped (idling) times, d,, are 10, 50
and 170 s for Trips A, Band C, respectively. The cor-
responding ‘interrupted’ travel times (ts = t,+ d) are
80, 120 and 240 s, and the average ‘interrupted’
speeds (v, = 3600 x,/t,) are 45, 30 and 15 km/h,
respectively. The value of PKE is constant: PKE =
(602 —0)/(12960 x 1.0) = 0.278 m/s2.

The following fuel consumption values are pre-
dicted by the PKE model (P2 given above) using these
data:

TripA:  f,=114.7 mL/km
TripB:  fz=128.7 mL/km
TripC:  fo = 207.3mL/km

The difference between fuel consumptions for Trips B
and A is Afgs = 14.0 mL/km, and for Trips C and A is

Afca = 92.6 kL/km. The only differences between
these trips are due to the idling times: Adgg, = 40 s
and Adc, = 160 s. If the idling fuel consumption rate
is known, the expected values of Afgaand Afg,canbe
calculated directly (in the elemental mode| fashion). If
the coefficient of the second term of the PKE model is
the idling fuel consumption rate (2803 mL/h = 0.8064
mL/s), then the expected values are 32.3 and 129.0
mL. Alternatively, using the directly measured value
of 2640 mL/h = 0.7333 mL/s (Watson 1980), 29.3
and 117.3 mL are found. Thus, the PKE model shows a
tendency to underestimate the incremental fuel con-
sumption due to extra idling time. This supports the

17

suggestion above that high stop penalties implied by
the PKE model may be a result of the underestimation
of idling fuel consumption which is compensated by
an incremental fuel consumption associated with the
PKE term. This suggestion is further supported by the
discussion of the equivalence between the PKE and
elemental models in Part 3 of this report.

4. CONCLUSION

In the simple examples considered, the elemental and
the PKE models gave similar performances in terms of
the overall fuel consumption prediction, but they
differed significantly in terms of the incremental fuel
consumption predictions (i.e. in terms of the contribu-
tions of delays and stops). The PKE model implies
higher stop penalties for for the same car, and as indi-
cated by the second example, it is possible that the
PKE model underestimates the incremental fuel con-
sumption due to delays, and overestimates that due to
stops (compensation by the PKE term whose coeffi-
cient is determined by regression). In the model
choice for a particular purpose, the differences bet-
ween the overall and incremental fuel consumption
prediction abilities of alternative models should
therefore be considered carefully. The elemental
model, with its incremental prediction ability is par-
ticularly useful for traffic management applications
which involve design and optimisation by small
changes to the components affecting operating con-
ditions in specific situations.

REFERENCES AKCELK, R. (1981a).

Research Board. Re

Traffic signals: capacity and timing analysis. Australian Road
search Report ARR No. 123.

—— (1981b). Fuel efficiency and other objectives in traffic system management. Traffic
Eng. Control 22(2), pp. 54-65.

CLAFFEY, P.J. (1976). Passenger car fuel conservation. U.S. Fed. Highw. Admin. Rep. No.
FHWA-PL-77009. Washington, D.C.

POYNTON, W.J. and DAWSON, LR, (1980). Future approaches for reducing motor vehicle
emissions and fuel consumption. Paper presented at the SAE/ARRB Seminar and
Workshop ‘Can Traffic Management Reduce Vehicle Fuel Consumption and Emis-

sions?’, Melbourne, July.

ROBERTSON, D.i., LUCAS, CF. and BAKER, R.T. (1980). Co-ordinating traffic signals to
reduce fuel consumption. Transp. Road Res. Lab. (UK.), TRARL Lab. Rep. LR 934,
WATSON, H.C. (1980). Sensitivity of fuel consumption and emissions to driving patterns and

vehicle design. Paper presented at the SAE/ARRB Seminar and Workshop 'Can Traffic
Management Reduce Vehicle Fuel Consumption and Emissions?’, Melbourne, July.
—— (1981). Appendix B of Part 4 of this Report.
—— , MILKINS, E.E. and MARSHALL, G.A. (1980). A simplified method for quantifying fuel
consumption of vehicles in urban traffic. SAE-Aust. 40(1), pp. 6-13.



18

ARR No. 124



Part 3

ON THE ELEMENTAL MODEL
OF FUEL CONSUMPTION

by
R. AKCELIK

Principal Research Scientist
Australian Road Research Board

(First written in October 1981)



ARR No. 124

1. INTRODUCTION

Introductory discussions and references to the
literature on the elemental model of fuel consumption
can be found in Akcelik (1981a) and in Part 1 of this
report. Different analyticai formulations of the ele-
mental model are presented in Section 2 of this paper
in order to facilitate its use with different traffic varia-
bles, namely:

(a) idling time (delay in stopped position);

(b) delay time including both stopped (idling) delay
and deceleration-acceleration delays;

(c) interrupted travel time (uninterrupted travel time
plus delay time); and

(d) average speed (interrupted travel time per unit
distance).

The fundamental relationships among these variables
are employed to show how the appropriate coeffi-
cients of the elemental model can be caiculated for
the chosen variable.

In Section 3, an attempt is made to relate the ele-
mental model to the ‘PKE’ mode! reported by Watson,
Milkins and Marshall (1980) and Watson (1980). The
PKE variable is considered as two separate varia-
bles: one to represent speed fluctuations while cruis-
ing without interruptions from traffic controls and the
other to represent stops imposed by traffic controls.
A formula is given to relate the latter to the number of
stops. A problem of correspondence between the
PKE model and the elemental model is pointed out.
Questions are also raised about whether the coeffi-
cients of the two separate PKE variables are the
same and constant, and whether they depend on the
amount of speed change and/or deceleration and ac-
celeration rates and patterns.

The effects of deceleration and acceleration
rates are investigated in Section 4 using data from
Claffey (1976). The analyses show that the elemental
mode! coefficient for excess fuel consumption per
stop is dependent on deceleration and acceleration
rates. This raises a question about the validity of the
corresponding coefficient in the PKE model. in Sec-
tion 5, Bayley's (1980) method is shown to give a
different form of the function which relates the excess
fuel consumption coefficient to the cruise speed. An
analysis of the Claffey (1976) data to establish a form
of the function which is consistent with the basic rela-
tionships and which describes data satisfactorily
leads to inconclusive results.

In Section 6, the calculation of the elemental
model coefficients for a ‘composite vehicle’ model is
discussed. Putting aside the theoretical problems
discussed in earlier sections, a simple-to-use practi-
cal method is described in Section 7 to obtain fuel
consumption data for the elemental model. The same
method is recommended for use in research to in-
vestigate the problems raised in this paper. Several
other gquestions for further analysis and research are
given in Section 8.
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2. DIFFERENT FORMS OF THE
ELEMENTAL MODEL

The basic assumption of the elemental model is the
independence of the amounts of fuel consumed dur-
ing three fundamental driving manoeuvres, namely
cruise, idling and the deceleration-acceleration
manoeuvre. It is therefore assumed that consump-
tions associated with these three manoeuvres can be
added together irrespective of the order in which
they occur. This basic principle was used in a pollu-
tant emission model by Watson (1973) who treated
deceleration and acceleration manoeuvres
separately (i.e. four ‘modes’ of driving were
employed). For each mode, Watson's model pre-
dicted pollutant emissions by integrating a function
which expresses emissions in terms of instantaneous
accelerations and velocities. The calculations for
this model were carried out by means of a computer
program,

The elemental model discussed in Akcelik
(1981a) and in Part 1 of this report employs a
simplifying approach in that it combines together the
deceleration and acceleration manoeuvres imposed
by traffic controls (e.g. Give way/Stop signs, roun-
dabouts, traffic signals, etc.) and treats them as
‘effective stops’. This involves finding equivalients of
slow-down and speed-up manoeuvres caused by
traffic controls in terms of their fuel consumpticn
values relative to the consumption associated with a
‘complete’ stop/start manoeuvre from the cruise
speed. In Part 1 of this report, it is argued that the
consumption associated with the slow-down and
speed-up manoeuvres while cruising (‘mid-block’
component not associated with traffic controls)
shouid be accounted for as part of the cruise compo-
nent of the model. However, there may be a need to
model this consumption component explicitly if it is
expected to be affected by traffic controls, e.g. for
testing the effectiveness of a clearway system.

The elemental model employs travel distance,
delay time and the number of stops as the traffic per-
formance variables which represent the three basic
driving manoeuvres. These performance variables
need to be predicted by a traffic model for all vehi-
cles in each traffic movement (stream) as average
values. For this purpose, each separate movement in
a traffic system needs to be identified by its unique
set of control, physical and flow characteristics, e.g.
see Akcelik (1981b) for detailed rules to identify
movements at signalised intersections.

According to the basic assumption of the ele-
mental model, fuet consumption for an average vehi-
cle can be expressed as follows:

F=F. +F+F=¢ x. +¢,dg + ¢, h (1)

where F = total fuel consumption (mL),

F. = ¢, x, = fuel consumed while
cruising,

F, = ¢, d; = fuel consumed while id-
ling,

F, = ¢, h = fuel consumed during
stop-start manoeuvres,

x, = distance travelled while cruising

uninterrupted by traffic control
devices (km),
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d, = time spent while idling, i.e. in
stopped position (s),

h = number of (effective) stops,

@, = fuel consumption per unit dis-
tance while cruising (mL./km),

o = fuel consumption per unit time
while idling (mL/s), and

Oy = actual fuel consumption per

‘stop’, i.e. a complete stop-start
manoeuvre which involves a
deceleration from an initial
(cruise) speed, v, to zero speed
and an acceleration back to a
final (cruise) speed, v, .

The coefficient ¢, is constant while the coefficients
¢, and ¢, depend primarily on the cruise speed. This
is discussed in detail in Sections 3 to 5. it is impor-
tant to note that the average values of the traffic per-
formance variables d, and h are for the stopped and
unstopped vehicles alike, and h is the number of
‘effective stops’, and hence these variables must be
predicted by the traffic model accordingly.

It may be more convenient to express the first
term of the elemental model in terms of the total sec-
tion distance x, rather than the cruise distance, x,. If
the average deceleration-acceleration distance per
stop is x,, then

Xs = X. + hx,.

Putting x, = x; —hx, ineqgn(1),

F=¢,X5+¢*2ds+(g&3"«plxh)h (2)
is obtained. Putting¢, =1, ,0,=f,andy, — ¢, X,
= finean (2),

F=1fx,+fd,+Ffh (3)
is obtained. The coefficient , is the ‘excess’ fuel con-
sumption rate per stop, i.e. absolute consumption per
stop less the consumption if the deceleration-ac-
celeration distance is travelled at cruise speed.

Traditionally, traffic models predict an average
delay, d, which includes the deceleration-accelera-
tion delays. The relationship between this delay and
the stopped delay (idling time), d,, used in above
equations is

d=d; + hd,
where d, is the average deceleration-acceleration
delay per stop. Putting d; = d — h d,, in egn (3),
F=fxs+fd+{f,—f,d)h (4)
is obtained. Defining
fo=1— f, dy (5)
as the adjusted excess fuel consumption rate per
stop, i.e. normal excess fuel consumption rate less
the idling fuel consumption during time d,,,
F=fx,+f,d+ f,h (6)
is derived.

The deceleration-acceleration delay, d,, is the
time spent during a deceleration-acceleration
manoeuvre, t,, less the time taken to travel the
deceleration-acceleration distance, x,, at cruise
speed, v, :

dy = t, — 3600 x,/v, @)
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where dj, t, are in seconds, x, is in km and v, is in
km/h. Assuming constant deceleration and accelera-
tionrates (a, and a, , respectively), the deceleration-
acceleration time and distance are given by

th=2v./a, (8)
X, = v.2 /(3600 a,) (9)
where
2
ay = T (10)

(1/a,) + (1/ay)

is the average deceleration-acceleration rate per
stop (harmonic mean of a, and a, ). From eqgns (7) to
(10), the deceleration-acceleration delay is

d, = v /a, (11)
Ineqgns (8)to (11), a,, a,, a, are inkm/h/s.
Further, the elemental model canbe expressed in

terms of the average travel time, t,, rather than delay,
d. Since

ts = d + 3600 x,/v,

(where t; and d are in seconds, the section distance
X, is in km and v, is in km/h), egn (6) can be re-writ-
ten as

F="F xs+ Lt +Fh (12)
where

f'y=1 — (3600, /v.) (12a)
is the adjusted cruise fuel consumption rate.

Fuel consumption rate per unit distance, f,
(mL/km), and per unit time, f, (mL/s), for the above
equations can be calculated from f, = F/xg and f, =
F/ts, where x, and t, are total section distance and
travel time, respectively. The following formulae are
useful:

d; h
f=f1+f2; +f3“_

= f, +fd +f3h (13a)

f-f'+f~+f’£
- n 2 3
XS XS

3600 £,

£+ +fih (13b)

£ , h (4]
vty g — 14
3600 ° °

where d,, h are stopped delay time and number of
stops per unit distance, and v, is the average section
speed (km/h).
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Example:

Basic fuel consumption rates for v, = 52 km/h, a, =
2.2 km/h/s and a, = 8.6 km/h/s (constant rates) are
known as ¢, = 140 mL/km, ¢, = 0610 mL/s and ¢,
= 60 mL per stop (coefficients for eqn (1) ). Deter-
mine the coefficients for egns (3), (6) and (12). For all
equations, the idling fuel consumption rate is the
same:

f, = ¢, =0610mL/s

For eans (3) and (6), the cruise fuel consumption rate
is f, = ¢, = 140 mL/km, but the adjusted rate for egn
(12) is

f, = 140 — (3600 x 0.610/52) = 98 mL/km.
To determine £, and f',, firstly from egns (9) to (11),
a, = 3.5 km/h/s, x, = 0.215kmand d, = 15s are
found. Hence,

f,=1¢, — ¢, X, =60 — (140x0.215) = 30mL
and

t,=1*f—1fd,=30—(0610x15) = 21 mL

are found for egns (3) and (6), respectively. For x
0.650 km, d; = 24 s and h = 1.4 stops (hence t,
90 s, v = 26 km/h), the above formulae give F =
148 mL, f, = 228 mL/kmand f, = 1.644 mL/s.

Various forms of the elemental model given
above help to relate it to the other models given in
the literature. However, a direct comparison of the
model coefficients must not be made with the corres-
ponding coefficients of any model based on regres-
sion analysis for reasons discussed in Part 1 of this
report. It should be remembered that, for the elemen-
tal model, each coefficient is determined individually
by controlled experimentation. With this point in mind,
an attempt is made below to relate the elemental
model to the PKE model by Watson, et al. (1980).

3. RELATION TO THE PKE MODEL

Watson et al. (1980) and Watson (1980) gave the
following expression for predicting fuel consumption
per unit distance:

f, =k, + ky/vg + k, vy + k, PKE (15)
where k; (i = 1 to 4) are constants, and

K, represents the fuel used in overcoming vehicle
resistance losses,

k, represents idling fuel consumption,

Kk, represents consumption due to aerodynamic
forces, and

k, represents fuel consumption due to work to ac-
celerate the vehicle per unit distance,

Vg is the average interrupted travel speed, and

PKE is the sum of the positive kinetic energy
changes (during acceleration), and is given by:

E(sz — v,.2)

PKE = ———— (16)
12960 x

where v; and v; (km/h) are the final and initial
velocities in a positive acceleration, x, is the total
section distance (km) and PKE is in (m/s2). For exam-
ple, for a speed change manoceuvre 70-40-60 (siow-
down from 70 km/h to 40 km/h and speed-up to 60
km/h) over a distance of 500 m,
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PKE = (602 — 402)/(12960 x 0.5) = 0.31 m/s?
is found.

Watson et al. (1980) derive the coefficients k, to
k, of the PKE model (egn (15)) by regression
analysis. Watson (1980) refers to this as the ‘lumped
coefficient model’, and emphasises that the coeffi-
cients derived from regression analysis should not be
used as the elemental model coefficients ‘because
regression allows inter-coefficient transfer’. As an
example, Watson contrasts the measured value of k,
= 2640 mL/h with the value of k, = 2903 mL/h ob-
tained from regression analysis. The following dis-
cussion assumes that each coefficient of egn (15)
can be measured directly by controlled experimenta-
tion, and as such it can be related to the elemental
model described above.

Firstly, consider the prediction of steady-speed
fuel consumption by eqgn (15). Putting v = v, (no
delay) and PKE = Q (no speed changes), then

fo =4k + k, /v, + Kk, v, (17)
where

f. = steady-speed fuel consumption rate (mL/km) at
cruising speed, v, (km/h); k, (mL/km), k, (mL/h) and
k; {mL-h/km2).

The following features of eqn (17) should be
noted:

(a) The minimum fuel consumption is obtained at the
optimum steady speed given by

Vo = VK, /Ky (18)

and the corresponding minimum fuel consump-
tion is given by

fo =k, + 2. Jk,k, =k, + 2k, v, (19)
For example using Watson’s (1980) formula f, =
—30.7 + (2903/v,) + 1.216 v, v, = 49 km/h
and f, = 88 mL/km are found. However, it should
be noted that k| , k, . k, in this example were ob-
tained from regression analysis. Bayley (1980)
suggests a method to calculate coefficients k,
and k, from eqgns (18) and (19) using known
values of k, , v, and f,. This is discussed in Sec-
tion 5.

(b) As v, approaches zero, f, approaches infinity.
This is due to the contribution of the second term
of egn (17), and results from travel time per unit
distance approaching infinity. This contrasts with
the steady-speed fuel consumption formula used
by Vincent, Mitchell and Robertson (1980), which
is of the form

f,=a+bv, +cv.2
Vincent et al’s (1980) formula
f. =170 — 4.55v, + 0.049 v,2

gives a finite fuel consumption figure for zero
speed (f, = 170 mL/km).

Now find the difference between the consump-
tion predictions given by egns (15) and (17) which
must be due to delays and speed change
manoeuvres. This is found as

1 1
fo—f, = k2<v - ——>+ kylv,—v.} + kg PKE

v v
s c
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Putting1/vy = t, =t, + d=(1/v,) + d,

(k3/k2)ch
1 — = - +k4PKE
1+dy,

fo—f =kyd

X c

is found. From eqn(78), (k;/k,) = 1/v,2 and hence

} (v /v, )?
fX —fC = kzd 1—- — _ )+ k4 PKE (20)
1+dv,

is obtained.
Furthermore, treat the PKE model in a deter-
ministic fashion, and define two separate PKE's:

PKE, to represent speed fluctuations while cruis-
ing uninterrupted by traffic controls; and

PKE, torepresent stops and slow-downs imposed
by traffic controls.

Now write
k; PKE = k, PKE, + k. PKE, (20a)

Therefore the PKE mode! given by eqgn (15) is re-writ-
ten as

fX = (kl + kz/Vc + /(3Vc + kSPKEl)

_ (v /v,)?
+ kyd [ 1— =
2 1+ av, + k¢ PKE, (21}

A comparison of egn (21) with egn (13a) indicates
that, for the elemental model,

fl :kl +k2/Vc+k3VC+k5PKE1 (223)
(vc/va)2 ky (v, —v,)
f, = ky |1 = = = ky — ———— (22b)
1+dv d
c
PKE,
f3, = k6 —_ (22C)
h

It is seen that the expected equivalency of the idling
fuel consumption rates, f, = k,, is not obtained. Egn
(22b) indicates that this can be obtained only if the
third term of the PKE model (egn (15) ) is expressed
as k; v, rather than k, v,. It appears that this problem
is a result of interpreting ‘steady speed’ as the
‘average speed’, v, rather than the cruise speed, v,
in the original derivation of the PKE model as indi-
cated by Watson et al. (1980) egns (12) to (18), and
Watson's (1980) egns (2) to (4). To compensate for
the underestimation of the effects of stopped delays,
the regression method would produce a higher vaiue
of the PKE coefficient k, . This would result in over-
estimation of the eflects of stops relative to the
effects of stopped delays, i.e. high stop penaities
would be implied. In addition, this would cause the
PKE model (egn (15) ) to fail to explain fue!l consump-
tion differences due to extra idling time for a given
stop pattern (see Part 2).
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Now have a close look at the PKE, and PKE,
variables in eqns (22a) and (22c), irrespective of the
problem with egn (22b). The speed fluctuations dur-
ing cruise, which contribute to PKE, in egn (22a), are
due to the internal friction of the traffic stream as well
as various road-side {environmental) friction factors
as discussed in Part 1 of this report. These fluctua-
tions can be considered to be around the average
cruise speed, v, and

PKE, = [Z(v,2 — v.?)

+ Z(ve? — vp?)] /(12960 x) (23)
where the speeds v,, v,, v, are in km/h, the distance
Xs is in km, and PKE is in m/s2. The speed v, repre-
sents the local peak speed during a speed-up
manoeuvre (v, — v, — V.), e.g. passing a slower
vehicle, and the speed v, represents the local
minimum speed during a slow-down manoeuvre (v, —
vV, — V). An example is given in Fig. 7 which iilustr-
ates travel in Section A on aroad of length x4, = 1 km.

The speeds are v, = 48 km/h, v, = 64 km/h and v,
= 32 km/h, and hence

PKE, = [(642 — 482) + (482 — 322)] /12960
= (0.237 m/s?

is found.

Using Claffey’s (1971) data, f, = 104 mL/km (at 48
km/h), Af = 14 mL for (48-64-48) cycle assuming
this is equivalent to (64-48-64) cycle, and 13 mL for
{48-32-48) cycle. Fuel consumed per unit distance
while cruising in Section A is
fy="1. +Z2Af/x, =104 + 14 +13 = 131 mL/km.
Since k;, PKE, = SAf/x,,
k, = 27/0.237 = 114 mL-h2/km?
is found. The ratio of the consumption allowing for

speed fluctuations to the steady-speed consumption
for this example is 131/104 = 1.26.

The speed change cycle (v.-0-v,) represents a
complete stop from cruise speed. Putting v; = v, v,
= (0 in eqn (16),

ZIVC2
PKE, = ———— (24}
12960 x,

is found. Assuming h identical ‘effective’ stops per
vehicle, 2v.2 = hv_.?, and hence PKE, = hv,2/12360
is found. From eqn (22c¢),

' kg v,

f3 (25}

12960
is obtained. For example, during travel in Section B
(xg = 1 km) of Fig. 1, there is a full stop from 48 km/h.
Using Claffey’s (1971) data f, = 37 mL/stop, f, =
0.610 mL/s, and d, = 10 s from Fig. 1 (a, = 4.8
km/h/s), f; = 37 — 0.610 x 10 = 31 mlL/stop is

found. The PKE value from eqgn (24) is PKE, = 0.178
m/s2?, and from eqn (25),

ks = 31 x 12960/482 = 174 ml.-h2/km?

is found. From eqn (13a), fuel consumption per unit
distance in Section B is

f, =104 + 0.61 x30 + 37 x1 = 159 mL/km
(note d=40s,d, = 30s,h=1).

In this example, the fuel consumption rate for
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travel in Sections A and B together is
f, = (131 + 159)/2 = 145 mL/km.

If an attempt is made to combine PKE's for cruise and
for stops.

PKE = PKE, + PKE, = (0.237 + 0.178)/2 = 0.208
m/s?

is found. The corresponding fuel consumption is
(14 + 13 + 31)/2 = 29 mL/km.
Writing k, PKE = 29 as in eqn (15),
k, = 29/0.208 = 140 mL-h2/km?

is found. However, the combined PKE and the corres-
ponding k, do not distinguish between speed fluctua-
tions during cruise and stops due to traffic controls.

4. EFFECT OF ACCELERATION
AND DECELERATION RATES

An important question arises from the above analysis
about whether k; and k,; are the same and constant, or
whether they depend on the amount of speed change
and/or deceleration and acceleration rates and pat-
terns. There is insufficient data for a complete
analysis of this question. However, an attempt is
made below to investigate the coefficient k, and its
relation to the elemental model coefficient f', as ex-
pressed in egn (25) using data given by Claffey
(1976).

The excess fuel consumption data for stops, f, ,
have been taken from Claffey’s (1976) Tables 41 and
43. The data are for a 1972 Chevrolet sedan (V-8,
6.5 L, automatic), for a level road, and are limited to a
range of cruise speeds from 16 km/h to 64 km/h.
Eight sets of excess fuel consumption data, f,, are
given by Claffey for the different combinations of
deceleration and acceleration rates (km/h/s) given in
Table | (a,, caiculated from eqn (10) ). The adjusted
excess fuel consumption values, f,, have been
calculated from egn (5) using f, = 0.883 miL/s
(Claffey 1976, p. 210) and d,, (‘excess time consump-
tion’) data given in Claffey’s Tables 44 and 45.

TABLE !
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Linear regressions of ), on v .2 /12960 (all forced
through the origin) have been carried out in order to
estimate the value of coefficient k, in egn (25). The
results are given in Table /, and are shown in Figs 2
and 3. In terms of R 2 values, eqgn (25) appears to pro-
vide a good basis for predicting excess fuel con-
sumption. At the same time, the results indicate that
coefficient k,; is dependent on the deceleration and
acceleration rates. The tendency is for k, to increase
as a,, a, or a, increase. It has been found that the
relation between k, and a,, could be described by

ks =222 — (248/a;) (R?*=0.97).

This is illustrated in Fig. 4. This relation gives k; =
109 and 194 for a,, = 2.2 and 8.8 km/h/s, respec-
tively. The differences between these values and the
constant value of k; = 157 (neglecting acceleration
and deceleration effects) are —34 per cent and +24
per cent, respectively. These results have important
implications on the use of the PKE model if the
equivalence between f', and PKE, (eqn (22c)) is
valid. Furthermore, lumping together of k; and k, may
result in similar problems if k; is different from k,; , and
k; varies with speed and acceleration values.

The relation between k; and a,, implies a function
for f', which is of the form

iy =av? —f — {26)

where « = 0.0171 and 8 = 0.0191 for the Clatffey
(1976) data analysed. Eqn (26) means that excess
fuel consumption is zero for an average deceleration-
acceleration rate of a, = B/«, irrespective of the
cruise speed. Such implications of the dependence
of excess fuel consumption per stop on deceleration
and acceleration rates necessitates further in-
vestigations on this subject. Further discussion with
reference to Bayley's (1980) work is given below.

REGRESSION RESULTS FOR EXCESS FUEL CONSUMPTION COEFFICIENT f',

Deceleration Acceleration Average ', = ks v .2 /12960
Rate Rate Rate

a, a, ap kK, R2
| 8.8 22 3.52 153 0.99
i 8.8 4.4 5.87 171 0.98
H 8.8 6.6 7.54 194 0.99
v 8.8 8.8 8.80 198 0.98
v 22 2.2 2.20 113 097
vi 2.2 44 2.93 137 0.98
vil 22 6.6 3.30 142 0.98
Vilt 2.2 8.8 3.52 148 0.96
-1V — —_ — 179 097
V-VIii — — — 135 0.96
-Vt — — — 157 0.95
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Fig. 4 — Coefficientk, inf', = k, v.2/12960 as a function of the average deceleration-acceleration rate, ay

5. AN ANALYSIS OF BAYLEY’S
EXCESS FUEL CONSUMPTION
FORMULA

Bayley (1980) used the following instanteous fuel
consumption function to derive an excess fuel con-
sumption function.

f=dF/dt=c, +c,v+cv2+c, a (27)

where
f = instantaneous fuel consumption
per unit time (mL/s),
v = instantaneous speed {(km/h},
= dv/dt = instantaneous ac-
celeration rate (km/h/s), and
c toc, = constants dependent on vehicle

characteristics (¢, = idling fuei
consumption rate).

For constant-speed cruise (@ = 0, v = v,), eqn {27)
gives a function which is equivalent to eqn (17) with
k, =3600c,, k, = 3600 ¢, , k, = 3600 c, for correct
units. However, Bayley suggests that the coefficients
k, , k, and k, for the steady-speed fuel consumption
relationship (egn (17)) can be found deter-
ministically. If the minimum-fuel speed, v,, the corres-
ponding fue! consumption, f,, and the idling fuel con-
sumption k, are known, coefficients k, and k, can be
found from egns {18) and (19) (see eqn (34) in Sec-
tion 9). For example, Watson’s (1980) regression
equation gives v, = 49 km/h and f, = 88 mL/km, and

the measured value of k, is 2640 mL/h as discussed
in Section 3. Using these values, k, = —19.8 and k,
= 1.10 are found. The difference between the predic-
tions of f, from egn (17) with these coefficients and
those from regression has been found to be negligi-
ble. The advantage of the deterministic method over
the regression approach is to use the measured id-
ling fuel consumption rate unchanged (inter-coeffi-
cient transter problem is avoided).

Bayley (1980) eqn (7) for excess fue! consump-
tion per stop can be shown to be equivalent to

f3, = €y Vt ~— €y ;’" (28)
h

where e, and e, are constants (e, , however, is de-
pendent on the deceleration and acceleration
profiles as discussed in detail by Bayley).

For Claffey’s data, regression analysis has given
e, =065and e, = 0.662 x 1075 with R2 = 0.93 but
the second term of egn (34) has not been found
statistically significant. Furthermore, the prediction
of £, by this formula has not been found satisfactory
due to consistent overestimation for iow speeds and
underestimation for high speeds. Similar to eqn (26),
eqn (28) means that excess fuel consumption may be
zero, but it is dependent on the speed: a, = e, v.2/
e a, in egn (28) will give £, = 0. In view of the in-
conclusive results of this investigation, further work
is recommended since the findings would be useful
for both the PKE and the elemental models.
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6. ON COMPOSITE VEHICLE
MODELS

The above discussion applies to the basic modelling
question for a single car. Whatever model is chosen
for use, it is necessary to apply it to a number of
different vehicle types and add the results according
to the proportion of different vehicles in the traffic
stream. The amount of calculations can be decreased
by developing a single fuel consumption formula for a
‘composite vehicle’ representing the traffic stream.
For the elemental model, e.g. ean (3), this can be
done by calculating the model coefficients f; (i = 1 to
3) from

K
f, = I_=E1 P; f,.j (29)
where
f; = fuel consumption rate for an
average or ‘composite’ vehicle
during a manoeuvre of type i (i =
1 for cruise, i = 2 foridling, i = 3
for stops),

fi = fuel consumption rate for vehicle
type jduring a manoeuvre of type

i (total K vehicle types),
p; = q;/q = proportion of vehicle

type jin the traffic stream,
o} = flowrate fortypej, and
q =  Xq;=total flow rate.

Thus, the fuel consumption by all vehicles in the
traffic stream can be calculated as (Fq) where Fis
the fuel consumption per vehicle and g is total flow
rate (or volume).

7. SIMPLE MEASUREMENTS TO
PRODUCE ELEMENTAL MODEL
DATA

The discussion in Sections 3 to 5 in search of a
general fuel consumption relationship is rather
theoretical. In practice, coefficients for the elemental
mode! can be determined easily by controlled experi-
mentation. Measurement of the idling fuel consump-
tion rate (f, ) is straightforward. The cruise and stops
coefficients (f, and f, ) can be measured by means of
a pair of trips over a specified distance X as
described below.

TRIP A: Travel along distance X (km) ata
nearly constant speed, v, (km/h) and
measure the fuel consumption F, (mL)
and travel time t4 (s).

TRIPB: Execute Ncomplete stop cycles within

distance X, travel at steady-speed, v,,
otherwise. A complete stop cycle
consists of a deceleration from speed
v, to zero (or near-zero,e.g. 2to 5
km/h) speed and an acceleration back
to speed v, with no idling time. Record
fuel consumption Fp and travel time 5
at the end of the trip.
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Trips A and B can be repeated several times (say n
times) and the following calculations can be carried
out.

The steady-speed fue! consumption rate
{(mL/km) is

SF,/n X (30)

The use of f, = f_ should be adequate for most prac-

tical purposes. If desired, Trip A can be specified

with speed fluctuations representative of real-life
driving conditions.

The excess fuel consumption per stop (mL) is
fy =732 (Fg — Fa)/nN (81)

The average deceleration-acceleration delay per
stop can be calculated from

d,-, =3 (IB - tA)/nN (32)

and the adjusted excess fuel consumption rate can
be calculated from eqgn (5).

if it is desirable to idle for a while when stopped
before accelerating, the same method can be applied
by reducing Fg by f, 3d,, and tg by 3d;, where 3d, is
the sum of idling times during Trip B (hence d, during
each stop needs to be recorded separately). Experi-
ments can be repeated at various cruise speeds.

Experimentation similar to the above can be car-
ried out to obtain fuel consumption rates for partial
stops and multiple stops. The same method can be
used for theoretical work using well-defined
deceleration/acceleration rates and patterns. In the
simple experimentation described above, deceleration
and acceleration patterns and rates observed at traffic
control devices should be duplicated as far as
possible.

8. OTHERISSUES

There are various questions which need to be in-
vestigated for improved use of the elemental model.
These are briefly as follows.

(a) As discussed in Section 2, the elemental mode)
relies on the prediction of the number of stops by
a traffic model in terms of ‘effective’ stops im-
posed by traffic controls. Consider for example a
partial stop (slow-down) cycle, v.-v;-v., or a
multiple stop (speed-up) cycle 0-v;-0, where v;
is less than v,. If the excess fue! consumption
rate for such a manoeuvre is f',; and the excess
fuel consumption rate for a complete stop cycle,
v.-0-v;, or 0-v,.-0, is f';, then the effective stop
value of the manoeuvre is (f,;/f,) which is less
than 1. Formulation of an effective stop relation-
ship should be examined in the light of the dis-
cussion in Sections 3 to 5.

(b} Inthe TRANSYT program (Vincent et a/. 1980) for
co-ordinated signals, the elemental model
coefficients are applied according to the
average platoon speed. However, delays and
stops are calculated allowing for different
speeds in the platoon (through the ‘platoon dis-
persion’ process). Errors which result from using
the average platoon speed as the cruise speed
need to be investigated in this type of applica-
tion.
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(c) Againin aprogram like TRANSYT, exit speed, v, ,
may be different from the approach speed, v, , in
which case a stop cycle is v,-0-v, , where both v,
> v, and v, < v, are possible. The errors due to
calculating fuel consumption according to the
stop cycle v,-0-v, should be investigated con-
sidering that a subsequent speed-change
manoeuvre v,-v, {speed-up or slow-down) would
normally be counted as part of the cruise compo-
nent of the fuel consumption on the exit link
(because this change is to occur irrespective of
traffic controls).

9. CONCLUSION

The work reported in earlier papers by Watson,
Milkins and Marshalt (1980) and Bayley (1980) has
been useful in the analyses towards deriving explicit
functions for the elemental model! parameters. There
is an agreement between Bayley's method and Wat-
son et al.’s method about the form of the steady-
speed fuel consumption function. This is

fo =k + k,/ve + kv, (33)
The parameters k, to k, can be determined using the

deterministic method suggested by Bayley. To imple-
ment the method in practice,

(a) measure idling fuel consumption rate k, in mL/h
(= £, using elemental mode! notation) directly,

(b) measure various values of f_ for cruise speeds in
the range 40 to 70 km/h using the method
described in Section 7, and determine the op-
timum speed, v, (km/h), and minimum fuel con-
sumption f, (mL/km), and

(c) calculate k, and k, from
k=1, — 2k, /v, (34a)
k, =k, /v,? (34b)
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(see example in Section 5). The prediction ability of
egn (33) using this method should be compared with
that when it is used as a regression equation, using
actual (ideally on-road) data for a wide range of
speeds {e.g. 10 to 120 km/h).

The discussion presented in this paper is in-
conclusive regarding the equivalence of the PKE and
elemental models. Further analysis and research is
required to resolve some fundamental problems. In
particular, the following questions need to be
answered.

(iy Are the coefficients of the separate PKE varia-
bles for speed fluctuations while cruising and tor
stops due to traffic controls the same and cons-
tant, or do they depend on the amount of speed
change and/or deceleration and acceleration
rates and patterns?

(i) What is the form of the function which expresses
the elemental model coefficient for excess fuel
consumption, ', in relation to the cruise speed
and the average deceleration-acceleration rate
(see eqns (26) and (28) )?

A thorough analysis of the subject is necessary using
extensive fuel consumption data representing
different deceleration/acceleration rates and pat-
terns, and a wide range of speeds including low and
high cruise speeds.

In conclusion, the coefficients of the elemental
mode! need to be determined separately and by con-
trolled experimentation in view of various problems
raised in this paper. The use of regression equations
whose coefficients are determined simultaneously
may result in mis-calculation of the effects of delays
and stops due to traffic controls relative to the
effects of factors unrelated to traffic controls.

Depending on the answers to the basic questions
raised in this paper, other issues such as fine-tuning
of traffic models for better prediction of partial-stop
and multiple-stop effects can be resolved.
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1. INTRODUCTION

There exists a continuing need for fue! consumption
models which can accurately forecast fuel usage
from variables readily available to traffic engineers. It
is desirable that the mode! coefficients are easily ob-
tained from existing or slightly modified vehicle test
procedures. Models should also be amenable to ex-
tension for estimating exhaust emissions.

Herein, further thoughts are develcped on two of
the currently available simple models and some per-
formance comparisons are made. It is hoped that the
paper will stimulate discussion rather than provide
complete answers.

2. MODELS CONSIDERED

Almost the entire range of model types applicable to
fuel consumption and emissions modelling can be
found by carefu! investigation of the papers in
SAE/ARRB (1980). It is appropriate to list these in
approximate order of decreasing requirements
placed on data input (references cited are illustrative
only of model types):

(1) engine mapping models (Milkins and Watson
1977);

(2) vehicle mapping models (Kent 1981);

(3) regression surfaces (Kunselman et al. 1974;
Bulach 1977);

(4) elemental models (Watson 1973, Akcelik 1981);
and

(5) travel speed (or time) models (Evans and Herman
1976; Watson 1980; Johnston and Trayford
1980).

334%
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In the present examination, consideration of models
(1), (2) and (3) is outlined only since they require a
representative and continuous velocity-time record.
For models (2) and (3), a joint velocity-acceleration
probability density function of the type illustrated in
Fig. 1 will suffice. This should not be interpreted as a
statement that they cannot be employed in evaluating
the effects of traffic management changes. if the re-
quired driving pattern data are available for the
before-and-after change, it is possible that they may
adequately forecast results of the change. Those
models ( (1) and (2) ) which employ measurements
directly, without recourse to regression, are likely to
be superior in forecasting ability.

2.1 OBJECT

The present examination of the calibration of the re-
maining models ( (4) and (5) ) is directed towards the
prediction of fuel consumption in:

(a) traffic simulation studies, and
(b} the results of before-and-after studies.

It is not expected that predictions can be made at the
microscopic scale (second-by-second) as can be
achieved by models (1), (2) and (3). Accurate predic-
tion at the macroscopic scale is desirable. This scale
can be considered to be on a link-by-link basis or a
distance of about 1 km and containing an intersection
or intersections with a roundabout, traffic signal or
other control. In Part 1 of this report, Richardson and
Akcelik (1982) argue that it is more important to pre-
dict the correct sensitivity of fuel consumption
response to traffic engineering initiatives rather than
absolute values of fuel consumption. This argument is
only valid when the absolute values of fuel usage in a
comparison are of similar magnitude. Clearly, an in-
itiative bringing about a 10 per cent reduction from
200 mL/km is preferred to a 10 per cent reduction at
100 mL/km, provided that all other factors in the ex-
ample comparison are equal. Thus it may be impor-
tant to achieve accuracy in both fuel consumption
level and response.

2.2 THE ELEMENTAL MODEL

Watson (1973) employed a ‘modal’ mode! in which
driving was subdivided into acceleration, cruise,
deceleration and idle modes, the so called ACD! cy-
cle seen in Fig. 2. it was found that exhaust emissions
rates could be expressed with some precision as
functions of velocity and acceleration. In an illustra-
tive example predictions were made for driving con-
ditions in Edinburgh on the basis of derived average
acceleration and deceleration rates, stopped delay
time, total travel time and number of stops. Cruise
speed and cruise time could then be directly calcul-
ated.

75 o
3 ACDI cycle
é 50 -
©
]
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Time (s)

Fig. 2 — Typical acceleration-cruise-deceleration-idle
(ACDI) cycle
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Bulach (1977) was unable to overcome the major
defects of this method: generation of negative cruise
time on some links; sensitivity of results to accelera-
tion rates; and the problems of weighting factors re-
quired in deriving acceleration rates (Watson, Milkins
and Buiach 1974). Bulach (1977) demonstrated the
superiority of the instantaneous emissions rate mode!
as a polynomical function of instantaneous velocity
and acceleration.

A model of the above family has been renamed
‘elemental’ by Akcelik (1981) and also used by
Robertson, Lucas and Baker (1980) for estimating
fuel consumed as follows:

F=fx, +1fd, +1fh (1)
where F = average fuel consumption per
vehicle (mL),

Xg = total section distance (km)

dg = average stopped delay, i.e. id-
ling time (s),

h = average number of (effective)

stops per vehicle (stop rate),

f, = fuel consumption rate while
cruising (mL/km),

fuel consumption rate while id-
ling {mL/s), and

excess fuel consumption per
vehicle stop (mL).

It is important to recognise that the terms in this
equation are associated with easily discernable
(though often difficult to mathematically quantify)
features of the driving pattern, namely cruising, idling
and stopping.

2.3 TRAVEL SPEED MODELS

The travel speed model presently under considera-
tion was developed by Watson, Milkins and Marshall
{1980) and has been referred to as a ‘lumped’ coeffi-
cient model (Watson 1980). Fuel consumption is ex-
pressed as:

k

fo= ki + — + kyv, + ko PKE (2)
"4

s

where k, to k, are constants,

PKE = Av?/x,,

Av? = X(v?—-v?,

Vi, Vi = final and initial velocities in an
acceleration manoeuvre,
respectively, and

Xs = total section distance.

The coefficients result from regression analysis, but
can be associated with, but do not directly quantify
(hence lumping), fue! use to overcome the following
combined effects:

K, rolling resistance, transmission losses, engine

efficiency,

K, idle consumption {no load, or base engine
friction),

k, aerodynamic drag, transmission losses, engine
efficiency,

k, vehicle mass, transmission losses, engine
efficiency.
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2.4 COMPARISON BETWEEN MODELS
Eagn (2) can be employed to calculate the fuel used
over the distance x; and time t,. As

Vs = Xg/tg (3)
then egn (2) can be rearranged as

XZ

s
F = klxs + k2 ts + k3? + k4AV2 (4)
§

TABLE |

Values of Coefficients k in Fuel Consumption
Eqn (2) for the Melbourne University Test

Car* at Steady Speed
(f,in mL/km, v4 in km/h)
K, K, k. R2
Regression —30.7 2903 1.216 0.994

Butk, = idle - 817 2640 0.922 0.927

* 4.1 L, 6-cylinder automatic transmission Ford Cortina Wagon

The term k,t, may be expanded to

kyts = (k,' + k') tg (5)
where k,’ is the idle fuel flow rate and k,’ represents
the increment in the time-dependent fuel flow which
is the result of the average increase in engine friction
when operating at above idle speeds and load (or
torque). For the University of Melbourne test car the
value of k,” is about 264 mL/h. Table | demonstrates
that forcing k, = k,’ reduces the correlation coeffi-
cient by about 4 per cent.

Now the total travel time t is comprised of the
idle time (or stopped time)} d, and the running (or
moving) time t,. Thus eqn (4) may be written as

F = kl XS + kzds + k2t,» + k3 ;7" + k{;AV2 (6)
s

The positive acceleration kinetic energy change

term Av? may be associated with two components

that arise from acceleration after a stop, Av,2 per

stop and cruise speed perturbations Av,2. Hence eqn

(6) may be expanded to

F=k1x5+k2ds+k4Achh+k2tr

X2

¥ kst kgbu? (7)
tS
where h is the number of stops.

Comparison of coeflicients with those of the ele-
mental model {(egn (1)) yields:

f, =k, (8)
f, = k, {9)
f, =k Av, 2 (10)

XQ

s

B kot + ks -t ks Av?
s

the effect of these corrective terms must be incorpor-

ated in the coefficients f, and f, andeqgns (8) and (10}
no ionger hold.

is non-zero, then
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3. MEASUREMENT OF FUEL
CONSUMPTION

The calibration of the coefficients for a model re-
quires measurement of fuel consumption. Errors in
measurement can have three main sources:

(a) meter deficiency,
{b) meter installation, and
(c) vehicle variabitity.

Johnston and Rogers (1979) have reviewed the
performance of some commonly available fuel flow
meters. No existing fuel flow meter is fault free. Even
those having good (= 1 per cent full scale) accuracy
during steady-state calibration may lose precision
under dynamic operating conditions. These problems
may range from major deficiencies, such as leaking
seals to ‘overshoot’ when fuel flow rate is suddenly
diminished and ‘undershoot’ when the fuel flow sud-
denly increases.

3.1 INSTALLATION PROBLEMS

These arise principally because of the presence of
fuel vapour in fuel lines or in the meter itself. Under-
bonnet conditions are severe enough to frequently
cause the lighter fractions of the fuel to vapourise.
Ordinarily, a modern carburettor will feed both
vapour and petrol into the engine should vapourisa-
tion occur in the fuel line. Further ,significant changes
in fuel temperature lead to change in fuel density and
incorrect mass flow when the usual volumetric means
of measurement is employed.

Sl T

ldle nevtral : fuel low ~ 2.5L/h

! I 1 ] | | I

Acceleration from 0 km/h to 100 km/h

] | I [ |1 J

M B (AR IR A

100 km/h cruise
] 1 ] ] ]
—»1 2s L—
Fig. 3 — Typical fuel flow rate to carbureted engine at various
driving speeds

(4.1 L, 6-cylinder Ford engine; PLU 106 flow meter analogue
output)
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Recommended practice includes location of the
flow meter away from the under-bonnet environment
{usually ahead or to one side of the engine compart-
ment) and fuel lines must be continually upward tra-
velling from flow meter to carburettor to avoid errors
arising in the variable volume of vapour that may be
trapped in the line downstream of the flowmeter if
‘humps’ or vertical loops in the fuel line occur, e.g.
sudden fuel vapourisation may temporarily cause the
flow of fuel through the meter to cease, conversely
sudden condensation of vapour will speed up fuel
flow.

3.2 VEHICLE VARIABILITY

There are three major sources of vehicle variability
when making fuel flow measurements.

(a) In a typical carburetted engine the float bow! or
chamber of the carburettor acts as a ‘buffer’ and
fuel inflow is usually intermittent at low flows and
fluctuating at high flow rates as demonstrated in
Fig. 3. When undertaking on-road measurements,
‘g’ forces due to acceleration, cornering or gra-
dient considerably influence fuel flow. Thus
micro- (second-by-second) measurement of fuel
flow is often not meaningful. However, integrated
resuits for macro-scale analysis are often
repeatable with coefficients of variability as iittie
as 0.3 per cent.

(b) The second source of variability is the change
which occurs throughout the life of the vehicle.
This is illustrated in Fig. 4, where it can be seen
that at about 16 000 km a minimum was reached
and from then on the fuel consumption rate in-
creased.

{c) Variability as the result of engine tune up or the
replacement of worn or defective parts. The in-
fluence of a major retune and muffler replacement
on the Hot start ADR27A test cycle fuel use is
demonstrated in Fig. 4.

3.3 EXHAUST ANALYSIS

It will be recognised that, when the measurement of
carbon dioxide CO, is added to the measurement of
HC, CO and NO, (the usual pollutants measured in a
vehicle emissions test facility), instantaneous fuel
flow rates can be deduced by the carbon balance
method. Unfortunately, fluctuating exhaust flow rates,
with varying engine operation, give rise to variable
exhaust gas residence times in the exhaust system, in
addition to the problem that some mixing of sequen-
tial ‘slugs’ of exhaust also occurs.

Both the fuel delivery float bowl and the exhaust
system serve to frustrate accurate, dynamic fuel con-
sumption measurement.

3.4 ROUTINE CALIBRATION

The problems with fuel consumption measurement
necessitate routine calibration of the entire fuel flow-
meter-vehicle system and the use of correction fac-
tors to eliminate any long-time scale dependent
variability in a long series of tests. If correction fac-
tors greater than about 5 per cent are needed then
the measurement procedure/test system warrant
careful scrutiny for sources of error.

Steady-speed tests over the range idle to
100 km/h at say 10 km/h speed increments can form
the basis for routine checking of vehicle/equipment.
For on-road checking care should be exercised in
selecting roads which are level, straight and smooth
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Fig. 4 — Variation of fuel used per ADR27A test with vehicle travel

(to avoid effects of bumps on fuel float chamber
levels) and wind speeds should be less than about
10 km/h. A two-way (ideally square law weighted in
accordance with vehicle air speed) average of fuel
consumption should be used.

At present it can only be speculated that some
difference might be observed in fuel consumption on
the road and that achieved on the chassis
dynamometer vehicle test facility, even when the
dynamometer correctly reproduces the road load.
(Few of the presently employed dynamometers are
capable of replicating an aerodynamic drag force,
square law, curve passing through zero load at zero
speed.) This difference is likely to arise through float
chamber level differences, component temperature
variation (e.g. gearbox oil), etc.

3.5 CALIBRATING THE ELEMENTAL MODEL

There are considerable physical difficulties in instru-
menting and operating a vehicle to follow prescribed
velocity changes with time on the road: it is
dangerous for the driver to follow ‘head down’ the
‘drivers aid’ chart whilst attempting to simultaneously
steer the vehicle. Even with a ‘head up’ display, on
the windshield, the steering task will detract from the
driver’s ability to keep to the prescribed schedule.

3.6 SURVEILLANCE DRIVING SCHEDULE

A test cycle, suitable for collecting ‘mode’ data for
the elemental model for tests on chassis
dynamometer is the Surveillance Driving Schedule
(SDS). The SDS was developed in 1974 by the U.S.
Environmental Protection Agency to measure vehicle
emissions over a variety of steady-state and tran-
sient driving conditions (Kunselman et al. 1974b).
The acceleration and deceleration modes repre-
sented in SDS consist of all possible combinations of
the following five speeds: 0, 24, 48, 72 and 96 km/h.

The average acceleration or deceleration rate ob-
served for each mode in the Los Angeles basin is
used during the operation of 20 of the 26 transient
modes. The remaining six transients are repeated
using average acceleration rates higher (1.07 m/s?)
or lower {0.58 m/s?) and similarly average decelera-
tion rates higher (— 1.34 m/s?) and lower (— 0.56
m/s?) to determine the effect of accelera-
tion/deceleration rates on emissions. These ac-
celerations and decelerations were chosen to repre-
sent the full range of accelerations and deceierations
observed in the CAPE-10 project (Scott Research
Laboratories 1971).
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Fig. 5 — Surveillance Driving Schedule (SDS) cycle used for
modal emissions analysis

The cycle has been plotted in Fig. 5. The stan-
dard acceleration/deceleration combinations are
from time O to 618s. The special accelera-
tion/deceleration combination constitute the remain-
ing component of the cycle to 1054 s total. The joint
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frequency distributions of Surveillance Driving Schedule (SDS)
and observed Melbourne driving

velocity and acceleration probability density function
for the cyclie is compared with Australian driving in
Fig. 6.

Application of the modal emissions data permit
the specification of regression coefficients in an
equation. These coefficients permit the prediction of:

(a) emissions rates at steady speeds, and

(b) fleet average emissions rates, given the ap-
propriate weighting (for population, vehicle-
kilometres travelled etc.) of the coefficients and
their summation.

It will be noted that emission rates for acceleration
are calculated as deviations from the steady state for
individual vehicles.

The mode! worked satisfactorily for HC and CO
(prediction errors less than 20 per cent), but errors
for NO, predictions were large (as much as 40-60
per cent), and this, in the author’s opinion, arose not
in the experimental data and associated errors with
the experimental methods, but rather in the way in
which the emissions rate integral was lumped to
describe the per mode emissions. Bulach (1977) has
shown the regression of instantaneous rather than
modal emissions can lead to good NO, predictions
(maximum error 20 per cent) and it was shown that
poor correlation (R2 = 0.58) exists between modal
model predictions over a transient cycle, compared
to the use of a modal model applied to a modal cycle
(R? = 0.83). Best prediction is achieved when a tran-
sient model is applied to a transient cycle.

It must be stressed that the application of the
SDS cycle and analysis method implies:

(a) a fully warmed engine, and

(b) mode sequence independence of the vehicle's
fuel usage or emissions (not true for systems
with physical or chemical ‘hang up’, e.g. exhaust
catalyst systems).
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4. APPLICATION OF THERESULTS
TO ELEMENTAL MODEL

4.1 CRUISE

Richardson and Akcelik (1982) in Part 1 of this report
rightly point out the difficulty in assigning steady-
speed fuel consumption values to cruise fuel usage
rate, since even under low traffic flow conditions
steady-speed cruising does not occur. Fig. 7 illustr-
ates typical velocity time traces for a range of driving
conditions. Further discussion of the task and what
the concept of cruising speed represents is
described in Appendix A.

The gquestion may be asked, at what non zero ac-
celeration does acceleration/deceleration become
cruise (0.05, 0.1, 0.2, 0.5 m/s?)? The decision has a
significant effect on the proportion of cruise to ac-
celeration/deceleration time.

Fig. 8 illustrates three of several simple elemen-
tal approximations that may be employed. Method 1
complies with the concepts developed in eqgn (7):

v, is the average running speed which corresponds
to the running time t,. Fuel used during stops is ac-
commodated separately. Method 2 breaks the tra-
velling time into acceleration time t,, cruise time t,
and deceleration time t;. The cruise time, t. may be
determined by some fixed criterion such as when a <
0.1 m/s?, or by ‘eye balling’ the velocity or distance-
time diagram to assign end-of-elements. Method 3 is
a modification of Method 1 in that all travel is
assumed at constant speed over the travelling time
less the stop/start delay. In Method 2, the accelera-
tion rate & corresponds to the mean acceleration
over the time t,; similarly, the deceleration rate d is
the mean value over t,. The method assumes cons-
tant acceleration and deceleration rates.

Figs 9 and 70 illustrate the variability in our test
car’s cruise fuel consumption and exhaust emissions
as deduced from measurements for three driving
cycles. Fig. 9 also inciudes some results for ‘syn-
thetic’ linear speed peturbations, i.e. constant ac-
celerations and decelerations about the mean speed.
The range of deviation from the steady-speed fuel
consumption can be seen as about +50 per cent to
—7 per cent. (Negative values are possible if the
speed leaving the cruise time is less than the enter-
ing speed.) The maximum possible deviation is il-
lustrated at 32 km/h to be + 350 per cent in synthetic
driving.

4.2 ACCELERATION/DECELERATION

A comparison has been made between the fuel used
for the constant acceleration approximation, when
acceleration times are known, and actual fuel usage
in the same time during the prescribed accelerations
of about 30 segments or micro-trips (stop to stop) of
the driving cycles shown in Fig. 71. Fuel usage during
constant accelerations of vaues for each micro-trip
was obtained from specially conducted tests, the
results from which are documented in Appendix B.
The results are described graphically in Fig. 12. The
constant acceleration approximation describes only
50 per cent of the observed variance (R2 = 0.50) in
fuel consumption.
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Fig. 8 — Three ‘elemental’ approximations to actual driving
patterns
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Corresponding analyses for decelerations are
described in Fig. 13. It should be recalled that the
smaller fuel usage during deceleration increases the
error in measurement. However, under closed throttie
deceleration the fuel used is independent of
deceleration rate, and dependent only upon
deceleration time t,. It is therefore not surprising to
find that more of the variance is explained (R2 =
0.67).

An alternate approach to Method 2 in Fig. 8would
be to assume constant acceleration to v,. However,
this would lead to variation in the distance traveliled
during acceleration. Therefore Method 2 is likely to
be the most realistic of the linearisation techniques,
yet it is seen to perform poorly in practice for ele-
mental (or modal) analysis.

5. EXTENSION OF THE PKE
METHOD TOWARDS THE
MICROSCALE

As reported by Watson et al. (1980) and Poynton and
Dawson (1980), the coefficients in egn (2) may be
determined from fuel consumption per unit distance
for steady-speed driving and micro-trip analysis of
the ADR27A driving cycle. The regression for the
coefficients k,, k, and k; is performed on the steady-
speed results and k, is found by further regression for
the 18 micro-trip fuel consumptions in the equation

Af, = k, PKE (11)
where Af, = f, — 1, (12)

and f, is the steady-speed fuel consumption per unit
distance.

v ADR27A

a  Melb. Init.

O Sydney

e Steady speed

g 5 km/h speed fluctuations

® i 15 km/h speed fluctuations

I ¥ T

60
Speed (km/h}

T Y T T 1
80 100

Fig. 9 — Cruise fuel consumption v. speed for driving cycles and ‘synthetic’ driving
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Fig. 10 -— Emission rates during cruise elements of ADR27A drive cycle compared to steady speed
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Constant acceleration fue! consumption (mL/km)

Fig. 12 — Constant acceleration fuel consumption v. driving
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Cycle Cycle Data
Average  Max Max/ Max/ Idle PKE
£ Speed Speed Mean Mean Time
€ 100 4 Accel. Decel. ]
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T 50 ECE (ADR27) 18.8 50.0 1.05 —1.05 28.7 0.284
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0
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Metbourne initial Cycle 26.7 85.8 2.84 -3.04 32.0 0.357
3 100 - 0.74 -0.68
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Fig. 11 — Driving cycles employed in the simulation studies
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TABLE I
MEASURED v. PREDICTED FUEL CONSUMPTION DURING
STOP-STARTS
End of Measured Predicted
Micro- At Ax PKE FC FC
Trip (s) (km) {m/s?) {mL./km) {mL/h)
Sydney Cycle
1 69 0.258 0.905 172 171
2 23 0.163 1.09 184 188
3 39 0.156 1.00 215 221
4 48 0.052 1.00 317 331
5 31 0.028 1.10 953 939
6 48 0.430 075 157 150
7 34 0.273 0.70 149 152
Melbourne Initial Cycle
1 60 0.469 0.69 158 176
2 68 0.231 0.63 173 173
3 40 0.114 0.82 204 208
4 70 0.165 1.16 213 218
5 79 0170 0.56 177 185

Fuel consumption,
or Emission

Fig. 14 — Generalised fuel consumption or emission surface on
average speed and positive kinetic energy per unit distance axes
(vg, PKE)

A, represents the incremental or excess fuel
used over the steady-speed consumption. It should
be noted that this equation is an approximation to the
surface shown in Fig. 14. Af, should often involve
more terms in PKE and PKE /v, especially for emis-
sions rates.

Nonetheless, for the Melbourne University test
car (Ford Cortina wagon) results of Af, for both
micro-trips and the constant deceleration-accelera-
tion experiments (i.e. stops) for the speed changes
30-0-30, 60-0-60 and 90-0-90 km/h at five accelera-
tion rates are presented in Fig. 15. Most pleasingly
the results overlay. Regression gives

Af, = 72.07 PKE (R = 0.83) (13)

where Af, is in mL/km and PKE is in m/s2. Therefore,
eqn {(2) can be written as

fe = —30.7 + 29803/v, + 1.216v, + 72.07 PKE (1 4)

where v; is in km/h. Application of eqn (14) to pre-
dicting the fuel consumed in the deceleration-ac-
celerations of the Sydney and Melbourne initiai
cycles is given in Table /. These results indicate that
in excess of 98 per cent of the observed variance in
fuel consumption is explained and the mean predic-
tion error is 1.9 per cent.

6. COMPARISON BETWEEN
METHODS

6.1 COEFFICIENTS FOR THE ELEMENTAL MODEL

When the elemental model is expressed as in eqn (1)
in terms of distance related fuel f, x,, stop time fuel
f, ds and stopping fuel f, h, the coefficients may be
derived from fuel usage in various driving cycles
when the idle and cruise or distance related fuel con-
sumption is known. Use of data in Table / and Appen-
dix B, together with the number of halts per driving
cycle, aliows calculation of the fuel per stop as quan-
tified in Table /Il for the test car.

TABLE Il
FUEL USAGE PERSTOP
Test Cycle Vs Number of Fuel/Stop
tkm/h) Stops {mL)

ADR27A 315 18 23
Sydney 335 8 42
Melb. init. 26.7 8 28
ADR27 18.8 12 7

The extreme variability in fuel/stop leads to the
observation that the distance related fuel used
should not be the steady cruise speed fuel usage, but
rather some higher value to allow for speed perturba-
tions, but how much larger? Further, it has been



ARR No. 124 39

| ]
v
100 v 90-0-90 Constant
deceleration- a
m 60-0-60 acceleration
O 30-0-30 O i - osa
— 80+ /O =0.
E e ADR27A +
S Micro b a
E O Melb. Init. [~ trips o +
S [m]
= 60 + Sydney +
£ O
2
< 7
S T
@
3
Z 40
)
£
E
@
&
£
20 -
0 T I T T T T T
0.2 0.4 0.6 0.8 1.0 1.2 14
PKE {(m/s?)
]
20

Fig. 15 —Incremental fuel consumption over average-speed fuel usage for stop-starts with
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Fig. 16 — Comparison between predicted fuel consumption using
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and (b) 17 non-identical but linearised micro trips
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demonstrated that the fuel used in a stop is related to
the speed from which the stop was made (or rather
the speed regained after the stop) (Watson 1980).

It seems unlikely that the speed from which a
stop is made can be accurately forecast, on a link-
by-link basis, but more likely an estimate could be
made for cruise speed for several links. In this case it
is expected that the stop fuel coefficient f, would be
constant.

6.2 INCLUSION OF
ACCELERATION/DECELERATION

The best one could expect for an elemental model is
some estimate of the acceleration, cruise and
deceleration times t,, t. and t;. With knowledge of
the stop time d,, the number of stops h and the dis-
tance travelled x, the fuel used can be calculated
from the data in Appendix B.

For example, if we examine the Los Angeles trip
which is the basis of ADR27A and remove the second
micro-trip which represents freeway driving, then

X, = 8.75km,
h = 17 stops,

trip time = (1372 s less 2nd micro-trip 208s) =
1164 s,

idle (stop) time = 224 s, and hence running time for
an average micro-trip without idle time:

t, = {1164 — 224)/17 = 553 s

If we assume t, = t, = t,4, then the cruise speed is
found as 51 km/h. Fuel consumption for this speed is
88 mL./km.

Total fuel is the sum of the accelera-
tion/cruise/deceleration/idle components. From Ap-
pendix B, acceleration/deceleration fuel = 17 x 41
= 697 mL.

cruise = 17x22.7 =388mL i
idle = 224 x2640/3600 = 164 mL
micro-trip 2 = 355mL

total fuel = 1604mL

fuel cons. rate = 134 mL/km

Assuming t, = t; always the effect of t, varying from
zero to 75 per cent of the possible maximum value
{65.3 s) is shown in Fig. 16. Examination of ADR27A
indicates that t_./t, = 60 per cent approximately, and
the predicted fuel usage is 8 per cent low (v, = 42
km/h predicted for this ratio).
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When all the 17 micro-trips are not assumed to
be the same, but fuel consumption is based on cons-
tant acceleration and deceleration rates, the predic-
tion is seen to improve but 5 per cent less than
measured.

6.3 COMPARISONS

In Table IVMethod 2 is further compared with other
models for the case when t, = t, = t, for three driv-
ing cycles for which we have measured fuel con-
sumption. Other equations included the PKE-v,
method (eqn (2) ) and the simple travel time expres-
sion employed by Evans and Herman (1976) using
data from Marshatl (1979).

Comparison data are also given in Table IV for
Method 3, for values computed using eqgn (1) with d,
as the total delay, i.e. sum of stopped time and ac-
celeration-deceleration delay. For each driving cy-
cle {except ADR27A which had the second micro-trip
excluded) the mean acceleration-deceleration delay
was computed as 106, 154 and 13.3s for the
ADR27A, Sydney and Melbourne Initial cycles,
respectively. Fuel consumed during cruising was
computed using data from Table | and stop-start fuel
from interpolation of Appendix B results. Fuel con-
sumption estimates appear to be low, and the
assumption of constant speed cruise and linear ac-
celerations clearly leads to an underestimation of
fuel usage.

6.4 APPLICATION TO ROAD DRIVING

SKAZAS of our research group has been finding the
correlation between PKE /v, and a function such as
f(h, d,, intersection frequency, vehicle density etc.).
Unfortunately, no unique relation describing all roads
exists.

The present status can be illustrated with an ex-
ample. A regression equation based on data for driv-
ing in Swanston Street, Melbourne has been applied
{o predicting fuel consumption in La Trobe
Street/Victoria Parade during a single trip on a link-
by-link basis. In Fig. 17, predicted v. measured fuel
consumption are compared. Also shown are results
using the elemental method (eqgn (1) ) for which £, =
42 mL was used and f, derived from Table /and f, =
0.767 mlL/s. The PKE method under-predicts the
overall route fuel consumption by just over 3 per cent
and explains 85 per cent of the observed link-to-link
variance. The elemental method over-predicts fuel
usage by 11 per cent and explains 72 per cent of the
observed variance.

TABLE IV

PREDICTED FUEL CONSUMPTION (mL/km)
Cycle ADR27A Sydney Melb. Initial
Method
Measurement 1420 146.3 167.7
Trave! Time 152.4 (7) 147.9 (1) 166.6 (6)
PKE Method 140.2 (—1) 146.4 (0) 160.8 (2)
Eiementai (ACD))
Method 2 (t /t, = 50%) 130.8 (—8) 127.7 (—-13) 141.5(—10)
Elemental Method 3 134.5(—5) 1243 (—15) 128.1 (—18)

percentage errors are shown in brackets.
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7. FURTHER RESEARCH

A major problem with the present predictions of PKE
is that they rely on variables such as intersection fre-
quency with no accommodation of traffic signal con-
trol variables such as cycle time etc. This is because
of the ‘worm’s eye’ nature of our present driving pat-
tern sampling process. More data collection is
needed in which driving patterns are related to signal
status. This shouid enable the statistical determina-
tion of the relationship between PKE and with signal
settings and other acceptable variables including
position in platoon as well as those described above.
Hopefully the statistical relations may avoid the need
for subjective evaluation of road environment as pro-
posed by Richardson and Akcelik (1982) in Part 1 of
this report.

Further, the proposed experiment could provide
data to determine ‘cruise’ speeds for the elemental
model and provide measured data for back-to-back
evaluation of each of the models to establish their
suitability for fuel consumption estimation.

8. CONCLUSIONS

(a) The PKE-average speed model for fue!l consump-
tion, has associated with each of its coefficients
a plausible physical concept of vehicle design.

(b) By elimination of some non-trivial terms it can be
shown that the PKE-average speed model
reduces to the elemental fuel consumption equa-
tion.

(c) The coefficients for the PKE-based equation may
be derived from simple laboratory tests including
steady-speed driving and a micro-trip or seg-
mental analysis of standard ADR27A (and
AS2077) driving.

(d) The elemental analysis calls for higher resolution
of fuel flow measurements and is likely to suffer
from errors arising in the fluctuating fuel flow to
the carburettor and restricted sensitivity of the
fuel flow meter.

TABLE YV
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(e) Even when the number of stops term in the ele-
mental model is extended to include finite, but
constant accelerations and decelerations, it has
been shown to perform less well than the travel
speed based model.

(/) In urban driving non-freeway conditions results
indicate that steady speed does not often occur.
This means that it is difficult to prescribe ‘cruise’
speed fuel consumption.

9. FURTHER INVESTIGATION

Whereas Richardson and Akcelik (1982) have pro-
posed that fuel consumption might be related to the
cruise speed and environment, and fuel usage iden-
tified for speed changes including those to rest
(stops), it is proposed that uninterrupted travelling
speeds (link distances/travelling time) and speed
perturbations (PKE ) may be statistically related to a
vehicle's position in a platoon and its surrounding en-
vironment.

A new series of experiments should be con-
ducted using instrumented vehicle(s) in which posi-
tion and time of the test vehicle(s) is recorded along
with a log of signal status. The results of regression
analysis coulid be provided as look up tables or as
explicit functions of the correlating variable.

Fuel usage can then be accurately forecast from
coeflicients for average speed and PKE terms deriva-
ble from routine tests to AS2077 and steady-speed
driving for which a wide range of data already exists
without recourse to special tests. The present use of
average speed, v, can be modified to running speed,
v,, and to explicitly include the stopped delay {idle)
fuel flow rate as follows:

fx = bl + bg/Vr + b3 Vr

+ bad /x, + bsPKE  (15)

REGRESSION COEFFICIENTS FOR FUEL CONSUMPTION (mL/km)
FOReqgns (15) AND (1)

(a) Equation15

Data  Regression Coefficients
Source Method b, b, b, b, b, R?
DYNO. 2-STEP —30.7 2900 1.22 2640 948 0.990
DYNO. MULT. -34.2 2960 1.20 2700 93.6 0.990
ROAD MULT. -19.4 2480 0.975 2740 1156 0.897
(b) Equation 1
Data Regression
Source Method f, f, f, R:2
DYNO. MULT. 108.7 2400 15.40 0.901*
ROAD MULT. 153.8 2320 8.44 0.764

Units v; (km/h), dg ), xg (km), PKE(m/s2), h(stops/km)

* Falls to 0.796 when steady speed results included since f, is treated as a constant.
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Examples of regression coefficients are given in
Table V for this new expression for the Ford Cortina
test vehicle. Two equations are presented for
dynamometer results. In two-step regression, coeffi-
cients b, to b, for cruise and b, for idling are deter-
mined separately in step 1, followed by stage 2 to
obtain incremental fuel usage associated with PKE.
The second equation is obtained from multiple
regression. The data base is a combination of
ADR27A, Sydney and Melbourne Initial Cycle micro-
trips plus 15 steady-speed results over the range 7
to 113 km/h, all data being measured in early 1979.

For comparison regression to 1463 measure-
ments made in 1978 on links on Melbourne roads are
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included. The amount of variance explained (R?) is
about 10 per cent less, probably as the result of
residual kinetic energy, wind, grade and other effects
on the link-by-link analysis.

Also given are multiple regression results to eqn
(1) for further comparison. It will be noted that eqn
(15) explains more of the fuel consumption variance
than eqgn (1) (however, the use of eqn (1) for regres-
sion analysis does not represent the normal use of
the ‘elemental model’ approach). It is concluded that
egn (15) in explaining 99 per cent of the
dynamometer results, away from additional variability
on the road, clearly indicates the effectiveness of this
new method.
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APPENDIX A

DEFINITION OF CRUISE,
ACCELERATION AND
DECELERATION

When describing fuel consumption by means of ele-
mental modes, i.e. acceleration, cruise, deceleration
and idling, we are attempting to approximate the
variable manoeuvres executed by vehicles in traffic
flow to more rigid behaviour.

A

Frequency
-

Deceleration
region

Queue _j\‘ o
Acceleration;

Partial _ - region :
stops

Fig. 18 — Joint velocity -distance probability function for one
directional flow without turns at a signal

Fig. 18 describes the frequency of occurrence of
velocity in the distance domain of hypothetical
behaviour at a signal controlled intersection for
traffic flow in one direction.

In the free flow situation distant from the inter-
section it might be expected that a normal distribu-
tion of speed would be found. This normal distribution
originates in vehicles travelling at different speeds
which reflect capability, viz. laden trucks, and mild
acceleration/decelerations since steady-speed
driving rarely occurs in practice. Cruise speed
reductions from the free speed may be expected to
occur as traffic flow increases (Freeman, Fox and
Associates 1972). At the intersection the range of
situations from complete stops, partial stops and
uninterrupted flow will be found. Greatest frequency
of stopping is found at the stop line and the maximum
queue length can be observed.

It is the spectrum of speed variation remote from
the intersection that Richardson and Akcelik (1982)
suggest may approximate to a constant speed cruise,
with factors applied to fuel consumption to allow for
the deviations in speed from the mean. In contrast,
actual deviations are accommodated in the driving
cycle approach and can be shown to be statistically
representative (Braunsteins 1981).

Representation of the fuel used in accelerating
and decelerating by a single value, independent of
driving path must only be an approximation to reality,
since a large number of factors, particularly position
in platoon (Herman, Lam and Rothery 1971) affect the
path. Even a linearised path is a poor approximation
to reality as can be seen in Figs 7 and 8 in the main
text.
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APPENDIX B

FUEL USAGE DURING CONSTANT
ACCELERATION AND
DECELERATION

The results given in Table VI were obtained from
chassis dynomometer tests on the Melbourne Univer-
sity test car (4.1 L, 6-cylinder Ford Cortina Wagon
with automatic transmission). The results are the
average of at least three tests. Steady-speed fuel
usage can be deduced from Fig. 9or Table I. Idle fuel
flow rate was 0.700 mL/s.

TABLE VI
Accel./ Initial Final Fuel
Decel. Speed Speed Used*
(km/h-s) (km/h) (km/h) (mL)
1 0] 30 26
30 0 17.7
o] 60 715
60 0 43.7
0 90 1525
90 0 86.5
2 0 30 15.5
30 o] 9.3
0 60 46.5
60 0 21
0 90 97.5
90 o] 39
3 0] 30 12.8
30 [o] 6.3
0 60 38.3
60 0 13
[o] 90 79
90 [0] 24
4 0 30 10
30 o] 55
(0] 60 345
60 [o] 9.3
0 90 75
90 0 16.5
533 o] 30 9.0
30 0] 4
0 60 34
60 o] 7
0 90 71.5
90 0 143

* Values less than 15 mL are estimated to be subject to errors
greater than approximately 10 per cent.
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1. INTRODUCTION

At the Australian Road Research Board Seminar on
Fue! Consumption Modelling for Urban Traffic
Management, October 1981, where the preceding
papers were presented, the authors agreed to place
on record the resoiution of differences in the ap-
proaches adopted by them for developing simple fuel
consumption models. This paper presents a joint
statement on this question, paying particular atten-
tion to the relation between the two simple models of
interest, namely the elemental and the PKE-average
speed models. Establishing the relation aids the col-
lection and analysis of data on a standard basis and
allows the conversion of the results for use with the
elemental model.

The differences between the approaches
adopted by the traffic engineer and the vehicle
design engineer stem from different modelling needs,
that is:

{a) the traffic engineer needs to employ models
which make an explicit allowance for the effects
of traffic management/control actions on easily
discernable characteristics of traffic movement,
namely cruise, delay and stops; and

(b) the vehicle design engineer needs to monitor
vehicle performance characteristics by employ-
ing models which can be calibrated from vehicle
tests using standard driving cycles.

However, it is to be expected that the models
developed from a traffic movement viewpoint and a
single vehicle viewpoint agree to some extent. The
relation between the elemental model representing
the former approach and the PKE-average speed
model representing the latter approach is discussed
in Part 3 of this report. This paper presents a discus-
sion of the relation between the elemental model and
the modified version of the PKE model proposed in
Part 4 of the report.

2. RELATION BETWEEN MODELS

To establish the relation between the two models, an
understanding of the differences between the follow-
ing speed definitions is necessary (see Figs 1and 2):

(a) cruise speed, v,, which is the average speed
while travelling uninterrupted by traffic control
devices;

(b) running speed, v,, which is the average speed in-
cluding the effects of deceleration-acceleration
delays due to traffic contro! devices, but exclud-
ing stopped delay time; and

(c) interrupted travel speed, v,, which is the average
speed including the effects of both deceleration-
acceleration delays and stopped delay time im-
posed by traffic control devices.

The relationships between these three variables
and the elemental model variables of delay and num-
ber of stops are described in detail in the Appendix.

The following expression is the PKE-v, model
discussed in the preceding papers:
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k2
foo=ky +

14
)

+ k3V$ + k4 PKE (1)

where
f = fuel consumption per unit dis-
tance (mL/km),
k, to k, = model coefficients (constants),
Vs = average interrupted travel speed
(km/h), and
PKE = a variable related to positive
kinetic energy changes, and
given by
Z(v/} —v,?)
PKE = ———— (2)
3600 X,

where v, and v; (km/h) are the final and initial
velocities in an acceleration, x, (km) is the total sec-
tion distance, and PKE is in km/h/s.

An example given in Part 2 of this report illustr-
ates a deficiency of the PKE-v; model in that the
model fails to predict accurately the changes in fue!
consumption due to changes in stopped delay time.
The following formula proposed by Watson (egn (16)
in Part 4) overcomes this deficiency by treating the
stopped time as an explicit variable and by replacing
the average interrupted travel speed (v,) by the
average running speed (v,):

fo =bi + by/v, + byv, + byd + bs PKE (3)

where f,, v,, PKE are as described abave, d; is the
stopped delay time per unit distance (s/km), and b, to
b, are the model coefficients (constants).

By measuring travel time t; and stopped delay
time d; along the total section distance x, , the values
of v, and d; can be easily calculated (v, = 3600 x,/
(ts — d) and d; = d,/x,, where t;, d; are in se-
conds, x; is in km). Coefficients b, to b, can be
derived by regression of measured values of steady-
speed fuel consumption with constant cruise speed,
v., as for the PKE-v, model, although care should be
taken to account for correlation between indepen-
dent variables. Coefficient b, is the idling fuel con-
sumption rate (mL/s) obtained by direct measure-
ment. Coefficient b, is found by regression of the ex-
cess fuel consumption (calculated as the actual fuel
consumption less the sum of steady-speed and idling
fuel consumption) on PKE. The units of the coeffi-
cients are as follows: b, (mL/km), b, (mL/h), b, (mL-
h/km?), b, (mL/s), and b, (mL-h-s/km?).

To show the relation with the PKE-v, model (egn
(3} ), consider the following form of the elemental
model (see Part 3):

fe=H+td +Hh (4)
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Fig. 1 — Time-distance diagrams showing relationships among various traffic variables
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where f, = fuel consumption per unit dis-
tance (mL/km),
d = stopped time per unit distance
(s/km),
h = average number of stops per unit
distance (stops/km),
f, = fuel consumption per unit dis-

tance while cruising (mL/km),

f, = fuel consumption per unit time
while idling (mL/s), and

excess fuel consumption per
stop (mL/stop).

As shown in the Appendix, the relation between
the elemental model {egn (4) ) and the PKE-v, model
{ean (3) ) is:

A'/I.2
fi = by + bz/vc + by v, * bs 5&; (5)
f, = b, (6)
2
Vc dh
f3 = b5 T + b2 **** - (7)
3600 3600
with the following unexplained term:
ba V
0= - - A (8)
1 + 3600/v h d,
[
where
Av, 2 /x, = PKE term related to speed per-

turbations about the cruise
speed, v_, while cruising
unaffected by traffic controls,

deceleration-acceleration delay
per stop (the time to decelerate
from v, to zero speed and to ac-
celerate back to v, less the time
to travel the deceleration-ac-
celeration distance at uninter-
rupted speed v, ), and

[eans (5) to (7) inegn (4)] + 4.
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Egns (5) to (7) indicate that the elemental and
PKE-v, models are very similar. This is subject to
various minor simplifications described in the Appen-
dix. The unexplained term (egn (8) ) could be due to
an omission in the PKE-v, model. Alternatively, it
could be related to a term which may need including
in egn (7) for excess fuel consumption.

3. CONCLUSIONS

The findings are encouraging in that the models
developed using two different approaches are shown
to be very similar. Resolution of the problem regard-
ing the unexplained term could enable the elemental
model coefficients to be derived from dynamometer
tests of vehicles at steady speed and to standard
driving cycles such as ADR 27A.

it is important to obtain vehicle fuel consumption
and driving pattern data under conditions free from
gradient effects, or this effect explicitly allowed for,
under a wide range of monitored traffic control condi-
tions. This could form an agreed data base for testing
the present and alternative models. Special tests are
necessary to enable the testing of the relatioship be-
tween the PKE-v, and elemental models put forward
in this paper. Particular attention needs to be paid to
the effect of different acceleration and deceleration
rates and profiles. Future work should also concentr-
ate on the production of data for different vehicle
types. In these respects, vehicie maps may prove to
be useful as a way of storing and manipulating data
for comparisons between alterative models.

The reader of the preceding papers will be aware
that there stili exist differences of opinion amongst
the authors about a preferred method for fuel con-
sumption prediction. Continued investigation, and im-
portantly, dialogue between traffic engineers and
vehicie designers should reveal the models which
are best suited to the range of problems to be tackled
and to the resources available.
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APPENDIX

DERIVATION OF THE RELATION
BETWEEN THE ELEMENTAL AND
PKE-v, MODELS

In order to establish the relation between the elemen-
tal and PKE-v, models (egns (3) and (4)), it is
necessary to understand the relationships among the
traffic variables used in these models. These rela-
tionships are shown in Figs 7 and 2, and are sum-
marised below (constant 3600 appears in the for-
mulae because time and delay variables are in se-
conds, and speed variables are in km/h).

The running time, t,, is the sum of the uninter-
rupted cruise time along the total section distance
(t, = 3600 x,/v., where v, is the average cruise
speed) and the delay due to stops and starts imposed
by traffic controls {not including any stopped delay
time):

3600 x
t,=t, + hd, = y + hd, (9)
C
where h = average number of stops per
vehicle, and
d, = average deceleration-accelera-

tion delay per stop (see Part 2
for formulae to caiculate d,,).

Therefore, the relation between the running
speed and the cruise speed is:

3600 3600 _
= + hd, (10}
V,_ Vc
where

3600/v, = t =t /x,= average running time
per unit distance (s/km),

3600/v, = f, = t, /x, = average cruise
speed per unit distance (s/km),
and

h = h/x, = average number of stops

per unit distance (stops/km).

Travel time including the stopped delay time (d,)

is:
3600 x,
ts = t’ + ds = Vr + ds (11)
From eqgns (9) and (11),
3600 x
t=t, +d + hd = — +d (12

where d = d, + h d, is the ‘delay’ experienced dur-
ing travel along distance x, (difference between in-
terrupted and uninterrupted travel times, i.e. t, — t,).

Therefore, the average interrupted speed aflow-
ing for both stopped delay time and deceleration-ac-
celeration delays is related to the average running
and cruise speeds as follows:

3600 3600 - 3600 —
Sem = e 4 g = —— 4+ ( {(13)
Vs v, $ v,
where
3600/v; = I, = t,/x, = interrupted travel

time per unit distance (s/km),

d, = average stopped time per unit
~ distance (s/km), and
ds = d +h d, = average delay per

umt distance (s/km).

As discussed in Part 2, the elemental model re-
quires the following modification to the PKE term of
eqn (3):

bs PKE = b's PKE, + b5 PKE, (14)

where
PKE, is related to speed fluctuations while cruising
uninterrupted by traffic controls, and

PKE, is related to stop-start manoeuvres imposed by
traffic controls.

For the following analysis, assume b, = b, =
b,, and put PKE, = Av;2 /3600x,. Further, neglectlng
minor speed perturbatlons during acceleration and
deceleration manoeuvres, PKE, = hv,2 /3600x, =

h v,2 /3600.

Thus the PKE-v, model (eqgn (3) ) can be written as:

f = by + bylv, + byv,

Avl.2 vc2
+ byd + b + b h 15
% 7 3600 x sh 3600 ¥

From eqgns (10) and (15)

dy

f, = by + bylv, + byh ——
v *" 3600

Ye

* 1+ v hd,/3600

+ b

AVI.2 v?
+ bad + b + bsh =
*s 7 3600, 57 3600
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AVi2
Tl bl b v )t b 3600 x,
g ‘e b dh ) A
+ bad + b +
s + { s 3600 - 3600

byh v, d,/3600

— - (16)
1+ v.h d,/3600

Comparing eqn (16) with eqn (4) in the main text, the
relation between the elemental and PKE-v, models is

Av?
!

fl = bl + b2/VC + b3 VC + b (17)

5
3600 x,

f2 = b4 (18)

v? d,
‘ b, —— (19)
3600

bs
3600

with the following unexplained term:
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bsh v,? d, /3600

6= — ~
1+ v h d, /3600

b3 VC

S - (20)
1 + 3600/v_hd,

This term results from the (b, v,) term in the PKE-v,
model and cannot be related to £, (eqn (19) ) because
of the form of the denominator.

The adjusted excess fuel consumption per stop
discounting for idiing fue! consumption during
deceleration-acceleration delay per stop (f', = f, —
f, d,) can be found from eqgns (18) and (19) by putting
b, /3600 = b,:

2
£ = by S (21)
7% 3600

Watsorn (ean (5) of Part 4) states that b,/3600 =
b, + b’, where b’, is the incremental fuel flow rate
due to the increase in engine friction when operating
at above idle speeds and load. This suggests that b’,
is speed-independent, although this needs further in-
vestigation. For deriving egn (21) b’, is neglected. It
should also be noted that, if coefficient b, is deter-
mined by regression of measured steady-speed fuel
consumption values with cruise speed, b,/3600 = b,
is unlikely to hold as discussed in Parts 3 and 4. The
equivalence expressed by eqns (17) to (21) also
neglects this point. In spite of this and several other
minor simplifications described above, eqns (17) to
(19) demonstrate that the elemental and PKE-v,
models are substantially similar.
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1. INTRODUCTION

Alternative simple models for predicting fuel con-
sumption of vehicles in urban traffic, specifically the
elemental and PKE models and their relationship have
been discussed in detail in pre8ious parts of this
report. A study of the derivation of the elemental
model parameters from an expression of instan-
taneous fuel consumption (Bayley 1980) has been
discussed in Part 3. The results of further work on this
subject reported in detail in Akcelik and Bayley (19.)
and Akcelik (1982) are summarised in this part.
These results answer some of the questions raised in
previous parts of the report.

The fuel consumption formulae given here apply
to a level road, but They can be extended by includ-
ing the road gradient as an additional term, e.g. see
Bester (1981). Detailed listing of data used to derive
the results presented in this paper can be found in
Akcelik (1982).

2. INSTANTANEOUS FUEL
CONSUMPTION

Instantaneous fuel consumption models can be used
directly in association with microscopic traffic
simulation models which can calculate the instan-
taneous speed and acceleration of individual vehi-
cles, e.g. MULTSIM (Gibbs and Wiison 1980) and
NETSIM (Lieberman et al. 1979), or when speed-time
traces are available as in the cases of driving cycle
data or on-road data from instrumented cars. This
class of model also provides the basic relationships
from which simpler fuel consumption models such as
the elemental model and the PKE model can be
derived.

An investigation of a comprehensive form of
instantaneous fuel consumption function has shown
that the following simpler form of the function is ade-
quate:

dF
f: - :kl +k2V+k3V3
dt
+ |ksav + k5a2v|a>0 (1)
where

F = fuel consumption (mL),

t = time(s),

f = dF /dt = instantaneous fuel con-
sumption per unit time (mL/s),

v = instantaneous speed (km/h),
dv/dt = instantaneous ac-
celeration rate (km/h/s),

k, = constant idling fuel consumption
rate (mL/s),

K, , kK, = constants representing fuel con-

sumption related to rolling resis-
tance and air resistance, and

k,, Kk, =  constants related to fuel con-

sumption due to positive ac-
celeration.
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The coefficients of the instantaneous fuel con-
sumption function can be determined as follows.

(a) Determine the idle fuel consumption parameter,
k,, by direct measurement.

(b) Determine the rolling resistance and air resis-
tance parameters, k, and k,, from constant-
speed cruise fuel consumption data (see Section
3).

(c) Determine the positive acceleration coefficients,
k, and k;, from acceleration fuel consumption
data (see Section 4). It should be noted that the
a? v term in egn (1) gives an overall improve-
ment in prediction ability by providing sensitivity
to high acceleration fuel consumption as found
by Evans and Takasaki (1981) and Waters and
Laker (1980).

When calibrated in this way, the instantaneous
fuel consumption function is sensitive to different
conditions of travel. This is in contrast with the
method of determining all model coefficients by
regression analysis, in which case the parameters
describing the idle, cruise and acceleration condi-
tions are unlikely to have individually correct values.
This is because of high inter-correlations of predictor
variables (multi-collinearity). Using such a regres-
sion equation would be a source of error in evaluat-
ing alternative traffic management/control strategies,
e.g. evaluating minimum-delay against minimum-fuel
consumption strategy (see Hurley, Radwan and
Benevelli 1981). It is therefore necessary to use
separate functions for idle, cruise and other travei
conditions, or to use a single function with the coeffi-
cients related to idle, cruise and acceleration condi-
tions determined as described in this paper. The
same considerations apply to the aggregate fuel con-
sumption functions such as the PKE model. The ele-
mental model satisfies this requirement by definition.

For the Melbourne University test car (Ford Cor-
tina Wagon, 6-cylinder, 4.1 L, automatic transmis-
sion), k, = 0.700, k, = 0.00442, k, = 0.220 x 1075,
k, = 0.00762, k; = 0.886 x 1072 are found by separ-
ate analyses of constant-speed cruise and accelera-
tion fuel consumption data.

3. CONSTANT-SPEED CRUISE
FUEL CONSUMPTION

For steady-speed travel, the fue! consumption per
unit distance can be found from eqgn (1) as (f/v) and
puttingv=v,anda = 0:

b,
f = bl +
c Vc

+ b3 ch (2)

where
f. = fuel consumption per unit dis-
tance (mL/km),
v, = constant cruise speed (km/h),
and
b, to b, = coefficients related to the first

three coefficients of the instan-
taneous fuel consumption func-
tion as follows: b, = 3600 &, , b,
= 3600 k,, b, = 3600 k, .
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The recommended method for determining the coeffi-
cients of the cruise fuel consumption function is to
measure the idling fuel consumption rate, b,, the
minimum fuel consumption rate while cruising, f,, and
the (optimum) speed at which this consumption is
achieved, v, (usually in the range 40 to 60 km/h),
and to calculate b, and b, from:

: by
by = fy= T, and by = oo (2a)

The results obtained for the Melbourne University
test car using this method are b, = 2520, b, = 15.9
and b, = 0.00792 (see Fig. 1 which shows very high
correlation between predicted and measured data,
R? = 0.998).

The users of the TRANSYT 8 computer program
(Vincent, Mitchell and Robertson 1980) should note
that the recommended eqgn (2) differs from the cruise
fuel consumption function used in that program.

4. ACCELERATION FUEL
CONSUMPTION

The function to predict the fuel consumed during ac-
celeration from rest to a final cruise speed of v, can
be derived by integrating egn (1) with respect to
time. The general form of the function is

= | + 3
F, (ay +ayv, + a3, )ta

V3
c

+ ay vc2 tas (3)
a

fuel consumed (mL) during ac-
celeration from rest to a final
cruise speed of v, (km/h),

t, = y./a = acceleration time(s)
where @ = average acceleration
rate (km/h/s), and

coefficients related to the coeffi-
cients of the instantaneous fuel
consumption function as follows:
oy, =K o, =my Ky, = myk,,
«, = 0.5k,, «; = m; k;, where
m; (i = 2, 3, 5) are integration
constants which depend on the
tunctional form of the speed-time
profile during the manoeuvre
(acceleration model). For ‘cons-
tant’ acceleration model, m, =
0.50, m; = 0.25, m, = 0.50, and
for ‘'linear-decreasing’ accelera-
tion model, m, = 067, m, =
0.46, m, = 0.53. (See Akcelik
(1982) for detailed description
of the two acceleration models.)

o, to =

The results for the Melbourne University test car with
constant acceleration rates are «, = 0.700, a, =
0.00221, «, = 0.055 x 1075, o, = 0.00381, «a; =
0.443 x 102 (data were available for constant ac-
celerations only). These results were obtained by
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using the values of k,, k,, k, as values pre-deter-
mined for the cruise fuel consumption function (using
the method explained above), and then by finding the
values of k, and k; by regression for constant-ac-
celeration fuel consumption data. The correlation
between predicted and measured data was found to
be very high (R 2 = 0.999). The results are illustrated
in Fig. 2for v, = 30, 60 and 90 km/h.

Ean (3) can be writtenas F, = At, + B+ C/t,
where A = o« + a, Vo + a3 v.%, B=«,v,2and C =
a; V.3 are constants for a given final speed, v.. The
acceleration time which minimises fuel consumption
can be obtained from this function as t, = (C /A)'"2
and the corresponding average acceleration rate is
a, = v./t,. The results for the Melbourne University
test car are shown in Fig. 2 for v, = 30, 60 and 90
km/h. it is seen that optimum acceleration rates are
a, = 7.7, 6.0 and 5.7 km/h/s, respectively. These
values are considerably higher than those found
elsewhere. Waters and Laker (1980) found an op-
timum rate of 2.5 km/h/s for acceleration to 60 km/h
using data from a computer simulation model.
Similarly, Evans and Takasaki (1981) found 2.7
km/h/s for acceleration to 48 km/h using data from
experiments on a test track, whereas the corres-
ponding value from eqn (3) is 6.4 km/h/s. High values
of &, were also obtained from a theoretical analysis
assuming a linear acceleration model (by changing
the relevant integration constants in egn (3) as
described above). The vaiue of a, depends on vehi-
cle parameters as well as the acceleration profile as
indicated by egn (3). Hence, firm conclusions can
only be drawn by extensive analysis of real-life ac-
celeration data. The data used for the results
reported here are dynamometer data based on cons-
tant acceleration rates, and the range of data is
limited.

5. EXCESS FUEL CONSUMPTION
PER STOP

The elemental fuel consumption mode! which ex-
presses fuel consumption as a function of the three
principal elements of driving patterns (idle, cruise
and stop-start manoeuvres) has been discussed in
previous parts of the report:

F = fl XS + fz dS + f3h (4)
where

F fuel consumption (mL),

X = total section distance (km),

ds = stopped delay time (s),

h = number of complete stop-start
manoeuvres,

f, = fuel consumption per unit dis-
tance while cruising {(mL/km),

f, = fuel consumption per unit time
while idling (mL/s), and

f, = excess fuel consumption per

complete stop-start manoeuvre
(mL/stop).

The idle fuel consumption rate per unit time, f, in
eqn (4), is obtained from eqn (1) by putting v = 0 and
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a=0,ie.f,= k, (mL/s)ineqn (1), or b, (mL/h) in egn
(2). For fue! consumption while cruising, f, = f. from
eqgn (2) can be used. This underestimates the actual
cruise fuel consumption by an amount which corres-
ponds to speed-fluctuations while cruising (see Part
5). However, the effect of this error is likely to be
negligible in urban traffic management applications
because the amount underestimated tends to be con-
stant (assuming negligible effect of traffic controls on
mid-block cruise conditions) and this amount is small
relative to the contributions of delay and stop-starts
to total fuel consumption.

A complete stop-start manoeuvre is defined for
egn (4) as a speed-change manoeuvre which in-
volves a deceleration from the cruise speed, v, to
zero speed and an acceleration back to the cruise
speed; and excess fuel consumption per stop is the
total fuel consumed during such a stop-start
manoeuvre (with no stopped time) /ess the consump-
tion when the distance taken during this manoeuvre is
travelled at the cruise speed. The total fuel con-
sumed during a stop-start manoeuvre can therefore
be calculated as the sum of the deceleration and ac-
celeration fuel consumptions. Acceleration fuel con-
sumption is given by eqn (3). The investigation
reported in Akcelik (1982) was not conclusive
regarding the deceleration fuel consumption, partly
due to data limitations. However, it appears that the
assumption that deceleration fuel consumption, F,, is
equal to idle fuel consumption is a good approxima-
tion, i.e. F; = k, ty where k, = idling fuel consump-
tion rate(s) and t;, = deceleration time(s). However,
the form of the excess fuel consumption function
becomes rather complicated with this assumption. As
a simplifying assumption, all first three terms of egn
(1) can be included in integration as fully effective.
The resulting deceleration fuel consumption function
is the same as eqgn (3) except for the deletion of the
last two terms (detailed information can be found in
Akcelik (1982). The resulting excess fuel consump-
tion function is

v
c
f3 =61th+62|/c2 +B3T —B4Vcath (5)
a
where
f, = excess fuel consumption (mL)

per complete stop (deceleration
from initial cruise speed, v., to
zero speed and acceleration
back to speed v, ),

t, = stop-start time (s), i.e. sum of the
deceleration time, t;, and ac-
celeration time, t,,

coefficients related to the coeffi-
cients of the instantaneous fuel
consumption function as follows:
B8, = vk, {y = 1/2 for constant
acceleration model and 1/3 for
linear acceleration model), 8, =
0.5k, , B, = 0.5k; for constant
acceleration, 0.53k; for linear
acceleration (note that 8, = «,,
B, = «a; compared with eqn (3) ),
and

coefficient determined by
regression.

B, to B, =
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For the Melbourne University test car when con-
stant acceleration rates are used: 8, = 0.350, 8, =
0.00381, B, = 0.443x 1072 and 8, = 0.096 x 10 5.
These results were found by partial regression, i.e.
k,, k, and k, are pre-determined values which are
used to calculate 3, to B, (k, found by direct
measurement, k, and k; found by the analysis of ac-
celeration data as given above), and then coefficient
3, is determined by regression. The results are
shown in Fig. 3 for two different average decelera-
tion-acceleration rates, a, = 2v./t,. The correlation
between the predicted and measured data was found
to be good (R2 = 0.911), but not as good as those
for the cruise and acceleration fuel consumption
functions. This decrease in prediction accuracy is
due to the assumption regarding deceleration fuel
consumption discussed above.

A simpler function which neglects the last two
terms of egn (5) has been used in TRANSYT 8
program (Vincent et al. 1980), and it has been shown
in Part 5 of this report that the PKE model implies the
same excess fuel consumption function. However,
this function may result in very large errors, par-
ticularty for high v, and low &, values. Based on the
analyses reported in Akcelik (1982), a limited ap-
plication of the formula is recommended as foilows:

fs = eit, + e vc2 for v, < 70 km/h (6)
where

e = B3, (mL/s), related to the pre-
determined idling fuel consump-
tion rate as in egn (5),

e, = coefficient determined by
regression, and

£ty Ve as inegn (5).

For the Melbourne University test car with cons-
tant acceleration and deceleration rates e, = 0.350
and e, = 0.00319 were found. The correlation bet-
ween the predicted and measured data for the limited
data range is fairly good (R 2 = 0.855), but the use of
the function should be strictly limited to the specified
data range.

6. APPLICATION TO THE PKE
MODEL

Two different forms of PKE mode! were discussed in
previous parts of the report. A small modification to
the previous form of the model makes it consistent
with the instantaneous fuel consumption function
given in this part (egn (1) ):

b -
fo = by + o= +byv? + byd, + bs PKE (1)

X
r

or alternatively,

f=b1+_

X
s

+ byv? + bs PKE (8)
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Fig. 3 —Excess fuel consumption per stop for the Melbourne
University test car (constant and equal acceleration and
deceleration rates)

where
f, = fuel consumption per unit dis-
tance (mL/km),
b, to b, model coefficients (constants),
Vs = average interrupted travel speed

including all delays (km/h),

v, = average running speed (km/h)
excluding any stopped delay
time but including deceleration
and acceleration delays,

d, = d, /x; = stopped delay time per
unit distance (s/km),

PKE = variable describing total ‘posi-
tive kinetic energy’ changes

m/s?), given by

Z(vf2 —v’)

PKE = ————————

12960 x
where

Vi, Vv = final and initial speeds (km/h) in

an acceleration, and x; = total
section distance (km).

Only the third terms of eqns (7) and (8) differ from the
original formulae: v? instead of v,, and v instead of
v, are used. Analyses reported in Akcelik (1982) in-
dicate that better results are obtained with this
modification. The analyses were carried out using
Watson’'s on-road data (collected in 1978 on
Melbourne roads). The results of free regressions for

ievel road data (identified as those with a net gra-
dient less than 0.5 per cent, leaving 160 measure-
ments from the total of 1463) are b, = 10.2, b, =
2623, b, = 0.00741, b; = 111.1 (R? = 0.936) for
eagn (8),and b, = 14.2, b, = 2178, b, = 0.00771, b,
= 0.796, b, = 1159 (R2 = 0.950) for eqn (7).

7. CONCLUSION

A five-term instantaneous fuel consumption model
{ean1) has been derived which can be used:

(a) for predicting fuel consumption when speed-time
traces of individual vehciles are known; and

(b) as a basis for deriving functions describing the
elemental model parameters as well as aggreg-
ate fuel consumption functions such as the PKE
model. The instantaneous fuel consumption
model coefficients can be determined using data
for separate idle, constant-speed cruise and ac-
celeration manoeuvres with minimum reliance on
regression analyses. It has been shown that the
excess fuel consumption per stop-start
manoeuvre depends on the initial and final
speeds, as well as the deceleration and ac-
celeration rates and profiles.

Considering the limitations of the data used for
the analyses whose results are presented in this
paper, similar studies are recommended using good
quality on-road data representing:

(a) a wide range of speeds, and acceleration and
deceleration rates,
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(b) realistic acceleration and deceleration profiles
(speed-time traces), and

(c) different vehicle types {manua! as well as
automatic transmission).

For further work, it is also recommended to ex-
tend the work reported in detail in Akcelik (1982) to
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include the road gradient as a parameter, to develop
a physical interpretation of the a 2 vtermin the instan-
taneous fuel consumption function, which provides
sensitivity to high acceleration rates, to derive for-
mulae for speed-up and siow-down manoeuvres in-
volving non-zero initial and final speeds, and to carry
out similar analyses to derive and calibrate pollutant
emission models.
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