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IS REPORT SUMMARY
THE PURPOSE OF THIS REPORT

is to present edited versions of the papers presented at the ARRB Seminar on Fuel Consumption Modell ing for Urban
Traff ic Management held on 9 October 1981, as well  as two subsequent papers. These papers represent an evaluation of
ideas and f indings during the period from September 1981 to Jrly 1982.

T H I S  R E P O R T  S H O U L D  I N T E R E S T

traff ic engineers, automotive engineers and researchers concerned with fuel consumption modell ing and urban traff ic
management.

T H E  M A J O R  C O N C L U S I O N S  O F  T H E  R E P O R T  A R E

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

2. The relat ion between the models proposed by dif ferent traff ic engineering and vehicle design engineering groups has
been established.

3. Fuel consumption models of dif ferent level of detai l  are avai lable, which can be used for dif ferent purposes.

A S  A  C O N S E O U E N C E  O F  T H E  W O R K  R E P O R T E D .  T H E  F O L L O W I N G  A C T I O N  I S  R E C O M M E N D E D

Further work is necessary on several unresolved questions, in part icular on fuel consumption during accelerat ion, using
good quali ty on-road data representing a wide range of speeds and accelerat ion rates and real ist ic accelerat ion profi les.
The work should be extended to include road gradient as a parameter. Papers presented at the 2nd SAE-A/ARRB

Conference 'Traff ic Energy and Emissions',19-21 May 1982 should be considered in this respect.

R E L A T E D  A R R B  R E S E A R C H

P388 - Appraisal of Small  Area Traff ic Management Study Tools

P390 - Energy Savings from Traffic Management Actions

P395 - Integrating Evaluation into Area Traffic Control

P397 - Emissions and Fuel Consumption Models
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ABSTRACT : The report collects together edited versions of four papers presented at an
ARRB Seminar on Fuel  Consumpt ion Model l ing on 9 October 1981, as wel l  as two sub-
sequent papers.  The oblect ive of  the Seminar was to focus on the issue of  fuel  consump-
t ion model l ing and data needs for  urban t raf f ic  management purposes.  The f i rs t  paper
(Part  1)  speci f ies the general  requirements of  a fuel  consumpt ion model  which is  com-
pat ib le wi th other e lements of  the t raf f ic  system analysis process.  l t  then discusses an
elemental  model  of  fuel  consumpt ion as the most appropr iate 's imple model ' for  t raf f ic
design and evaluat ion purposes.  In Parts 2 and 3.  more detai led discussions on the
elemental  model  are presented,  and i ts  re lat ion to the Posi t ive Kinet ic  Energy (PKE)

model  is  explored.  In Part  4,  problems associated wi th fuel  consumpt ion measurement
are descr ibed.  The elemental  and the PKE models are then discussed in detai l  and
cr i t ic ism of  the elemental  model  is  provided.  In Part  5,  the authors of  the four previous
papers present a jo int  statement of  the resolut ion of  d i f ferences in the approaches
adopted by them for  developing s imple fuel  consumpt ion models.  l t  is  shown that ,
subject  to var ious s impl i f icat ions and an unexplained term, the elemental  and PKE models
are very s imi lar .  In the last  paper (Part  6) ,  resul ts of  fur ther studies are reported which
answer some of the questions raised in previous parts of the report.
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FOREWORD

synergy in research is an often discussed but not so often observed event, lt is
my view that this report represents a real example of the fruits of sucn 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
engineer ing sk i l ls  and major  lue l  consumpt ion technology contr ibut ions of  Harry
Watson, the wide analytical skil ls of Chris Bayley, the transport and traffic
model l ing sk i l ls  of  Tony Richardson and last ,  but  not  least ,  Rahmi Akcel ik  wi th h is
extensive knowledge of  t raf f ic  f low and par t icu lar ly  of  s ignal ised in tersect ion
behaviour .  Rahmi and Harry in  par t icu lar  a lso brought  to the group a dogged
determinat ion to produce a sc ient i f ica l ly  credib le and pract ica l ly  usefu l  end wo-
duct .  I  be l ieve th is  repor t ,  a l though not  yet  that  f ina l  end product ,  is  suf f ic ieni ly
close to it to both demonstrate the value of synergy in research and to provide a
powerlul and practical tool for the achievement of energy conservation in traffic
management.

The report itsell is built around events at and the consequences of a seminar
on luel  consumpt ion model l ing held at  ARRB in la te 1981 wi th a v iew to br inging
together the various local researchers in fuel consumption modell ing 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 model would
satisfy all needs. Too often in the past, modellers had attempted to force one par-
ticular model down a whole range of somewhat unwill ing throats. Even traffic
engineering models, it was realised, needed to be subdivided into different
levels of system aggregation - intersections, l inks, routes, networks. Rarely
could data collected in the field for some aggregate purpose be disaggregated
sufliciently to produce data of use to others. Beware of multi-coll inearity. gut tnat
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, I 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 col/ects together edited yerslons of lour papers presented at an ARRB
Seminar on Fuel Consumption Modelling on g October 1981 , as well as two sub-
sequent papers. The objective of the Seminar was to locus on the lssue of tuel
consumption modelling and data needs for urban traflic managemenf purposes.
The first paper (Part 1) specifies the general requirements of a luel consumption
model which is compatible with other elements of the trattic systern analysis pro-
cess. /t then discusses an elemental model of fuel consumption as the rnost ap-
propriate 'simple model' lor traffic design and evaluationpurposes. ln Parts 2 and
3, more detailed discussions on the elemental model are presented, and its rela-
tion to the Pasitive Kinetic Energy (PKE) model is explored. ln Part 4, problems
associated with tuel consumption measurement are described. The elemental
and the PKE models are then discussed in detail and criticism ol the elemental
model is provided. ln Part 5, the authors of the four previous papers present a joint
statement of the resolution of diflerences in the approaches adopted by them for
developing simple luel consumption models. /t ls shown that, subiect to various
simplifications and an unexplained term, the elemental and PKE models are very
similar. ln the last paper (Part 6/, resu/ls of further sludies are reported which
answer some of the questions ralsed in previous parts of the report.
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NOTATION AND DEFINITIONS

lnstantaneous acceleration rate (: dv /dt)

Mean acceleration rate

Delay per vehicle (average) -the difference
between interrupted and uninterrupted travel t imes
( : t" - t, ), which consists of stopped delay and
deceleration-acceleration delays due to stops
(d :  d "  +  hdh )

Stopped ( id l ing)  delay per  vehic le a long tota l
sect ion d is tance

Delays per  uni t  d is tance ( :  d  /x*  d"  /x" ,
respect ive ly)

Average deceleration-acceleration delay per stop
(for h stops along total section distance, total
decelerat ion-accelerat ion delay per  vehic le is  hdn )

Fuel  consumpt ion ( tota l )

Instantaneous fuel consumotion rate

Constant-speed fuel consumption per unit distance

Average fuel  consumpt ion per  uni t  t ime ( :  F / t " )

Average fuel  consumpt ion per  uni t  d is tance
( :  F  / t " )

Fuel  consumpt ion per  uni t  d is tance whi le  cru is ing
(>  t " )
Fuel  consumpt ion per  uni t  t ime whi le  id l ing

Excess fuel consumption per stop (see the
def in i t ion of  's top '  below)

Average number of  's tops 'per  vehic le -a 's top '  is
defined as a complete stop-start manoeuvre which
involves a decelerat ion f rom an in i t ia l  (cru ise)
speed to zero speed and an acceleration back to a
linal (cruise) speed. A speed-change manoeuvre
which involves a non-zero intermediate speed (i.e.
slow-down) can be converted to an equivalent
number o l 'e f fect ive stoos '

Average number of  s tops per  uni t  d is tance ( :  h  /xr l
'Posi t ive Kinet ic  Energy ' -sum of  posi t ive k inet ic
energy changes dur ing a t r ip  d iv ided by tota l
section distance (: ),A v ,/ ' l  2960 x, where A y 2 :
v  2 r  -  v  2 l  where vt  ,  v i :  f ina l  and in i t ia l  speeds
(km/h)  in  a posi t ive accelerat ion) .

T ime

Cruise t ime -  par t  of  sect ion t ravel  t ime spent  whi le
travell ing uninterrupted by traffic control devices

Uninterrupted t ravel  t ime - t ime to t ravel  a long the
tota l  sect ion d is tance wi thout  incurr ing any delay
by t raf f ic  contro l  devices ( t ,> t " l

Running t ime - t ime to t ravel  a long the tota l  sect ion
distance,  inc luding decelerat ion-accelerat ion
delays due to t raf f ic  contro l  devices,  but  exc luding
stopped delay t ime,  i .e .  t ime whi le  vehic le is  in
motion (: t, * hd6 : t" - d. )

Units

km/h/s
(or m/s2)

km/h/s

s (or  h)

ds

a,a.

dh

F

t

t c

f' l

f,

f l

I

f)

h

s (or  h)

s/km
(or h/km)

S

mL (or L)

mL/s

mL/km

mL/S

mL/km

mL/km

mL/s
(or ml/h)

mL

stops

n

PKE

]

tc

stops/km

m/s2

t

s (or h)

s (or h)

s (or h)

s (or h)



ts Interrupted travel t ime -time to travel along the s (or h)
total section distance, including all delays due to
interruptions by traffic control devices (: tu * d :
t u + d s + h d h )

t , t , t  T rave l t imespe run i t d i s tance  ( t , / x " , t t / xs , t s / xs ,  s / km
respectively) (or h/km)

ta Acceleration time s

td Deceleration time

lh Deceleration-acceleration time per stop (: td + ta ) s

v Instantaneous speed (: dx /dtl km/h
(or m/s)

vc Cruise speed -average speed while cruising km/h
uninterrupted by traffic control devices, not
necessar i ly  constant  ( :  x" / t " )

vr Running speed (: x" /t, ) km/h

vs Interrupted travel speed (or'section' speed) - km/h
average speed along the total section distance,
inc luding the ef fects of  a l lde lays ( :  x . / t .  )
(used as 7 in prev ious publ icat ions)

x Distance km (or m)

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

xa Acceleration distance km (or m)

xd Deceleration distance km (or m)

dh Deceleration-acceleration distance per stop km (or m)
l :  xo t  x " )

xs Total section distance km
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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 writ ten 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 f ind that lor research
to be tolerable at al l  we have to restr ict our investiga-
t ion to the observal ion of relat ively few of the facrors.
We shut our eyes to the rest, either del iberately
because we just cannot cope with everything, or un-
consciously because we just cannot name al l  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 inf luence. When we can name a factor whrch we
are going del iberately to ignore, we can often oo
something to minimise the disturbing efJect ol i ts 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 fai l ing this, we take steps to ensure
that such a factor shal l  not introduce bias into our data
which would lead to misleading conclusions. When we
are ignoranl of the nature of disturbing factors we just
have to let them do their worst and hope that they wil l
not introduce such confusion into our data that we can
never f ind anything signif icant in them.

(Moroney 1951 )

The above quotation i l lustrates one of the problems
encountered when attempting to estimate fuel con-
sumption in urban traffic systems. nhilst there are un-
doubtedly very many factors which may affect fuel
consumption, the choice of which factors to consider
wi l l  be determined largely by the c i rcumstances
under which such estimations are to be made. For ex-
ample, the requirements of vehicle designers, traffic
eng inee rs  and  u rban  p lanne rs  a re  subs tan t i a l l y
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 traif ic management/control studies. The range of
such traffic engineering work is considerable and in-
c ludes schemes such as:
(a) isolated traffic signals;
(b) tratfic signal co-ordination/area traffic control:
(c)  Give-Way/Stop s igns;
(d) roundabouts;
(e)  publ ic  t ransport  pr ior i ty  lanes and s ignals;
(f) clearways;
(g)  turn prohib i t ions.

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 t ime or speed, delay,
number of stops, queue length, etc.), safety, air pollu-
t ion,  noise,  and the e lements of  vehic le operat ing
cost other than fuel consumption (e.9. 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

1

by the authors (Akcel ik  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
model l ing in  deta i l ,  the ro le of  lue l  consumot ion
models in traffic system analysis should be specified.
As shown in Fig. 1 , the traffic system analysis pro-
cess can be considered to ut i l ise three d is t inct  types
of model: traffic system model, traffic demand model
and traffic impact model. The process starts with an
init ial 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 activit ies, property
access, bus stops and pedestrians, distances
between intersections, mid-block road charac-
teristics, etc.

(b) Control characteristics: the type of control (sig-
nals, roundabout, Give-Way/Stop signs), and the
details ol control, e.g. signal phasing and set-
t ings,  any turn prohib i t ions,  etc .

(c) Trafl ic f low characteristics: total f low 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 trafl ic system perfor-
mance characteristics in terms of, for example,
average travel t ime (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 etfect of the traffic system perfor-
mance characteristics on the traffic demand at the
site, or in the area, in question. lf 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 model predicts the
response of the traveller population to the perfor-
mance characteristics ol the traffic system to pro-
duce new estimates ol traffic llows for the system in
question. This new estimate of traffic f lows 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 unti l a stable
set of traffic f low estimates is obtained. Because of
the relatively minor effects of many traffic manage-
ment schemes, the traffic demand model is often
omitted from the trafl ic 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 a l l  c i rcumstances,  especia l ly  when long-
term demand changes are considered or when short-
term route changes are l ikely, e.g. attraction due to a
f ree  r i gh t  t u rn  phase  a t  t r a f f i c  s i gna l s .  Some
fami l iar i ty  wi th the concepts of  t ravel  demand model l -
ing is therefore recommended (e.9. Stopher and
Meyburg  1976 ) .

Once stable estimates of traf{ic f low and per{or-
mance character is t ics have been obta ined (e i ther
wi th or  wi thout  demand model  i terat ions or  d i rect ly
l rom s imple l ie ld survey methods) ,  these may be input
into various traffic impact models to assess the over-
all impacts of the trafl ic system. lt is at this stage in
the traffic analysis process that a fuel consumption
model is needed. Other trafl ic impact models might
inc lude a i r  pol lu t ion and noise models,  vehic le
operating cost models, travel t ime evaluation models
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  i n  Akce l i k  (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). lf i t is expected that they can be
improved upon, then modil ications can be affected to
the physical characteristics (e.9. additional lanes at
the intersections) or control characteristics (e.9. sig-
nal 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 unti l an optimum set ol impacts, or
s imply the best  possib le solut ion g iven a l l  pract ica l

I D"- 1---->l
I
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constraints, is achieved. Normally, separate analyses
are carried out for different t imes of the day, e.g.
rnorning peak, evening peak and off-peak periods,
and an overal l  evaluat ion is  made in terms of  the per-
formance and impact measures obtained for different
times of the day.

One feature which emerges lrom this traffic
sys tem ana l ys i s  p rocess  i s  t ha t  t r a f f i c  sys tem
n-rcdels, traffic demand models and many of the traffic
impact  models are a l ready wel l  developed.  What  is
needed in terms of  a fuel  consumpt ion mode!  is  o i te
which can be readi ly  incorporated in to th is  overai l
process.

3.  GENERAL MODEL
SPECIFICATION

Given that it is desirable that a fuel consumption
model be compatible with other elements of the traffic
systern 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
model  bui ld ing.

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 combinat ion,  of  these schemes.  For
example,  the fo l lowing are among the design/contro l
var iables which can be manipulated for  improved
operat ion of  t raf f ic  at  s ignal -contro l led in tersect ions:

(a)  a l ternat ive phasing arrangements,  inc luding con-
s iderat ions of  opposed ( f i l ter )  turns against
unopposed ( f ree)  turns,  pedestr ian-only against
concurrent  vehic le-pedestr ian phases,  etc . ) ;

(b)  a l ternat ive cr i ter ia  for  s ignal  set t ings;
(c)  a l ternat ive vehic le-actuated contro l  a lgor i thms

for  iso lated s ignals;
var ious f ixed- t ime p lan select ion and dynamic
contro l  s t rategies for  co-ord inated s ignals;
the width and number of  lanes;
a l ternat ive arrangements to a l locate the avai la-
b le lanes to var ious movements,  e.g.  exc lus ive or
shared lanes.

3

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  consumpt ion model .  Conversely,  t raf f ic
system models shouid recognise the input  requi re-
ments of  fuel  consumpt ion models and be modi f ied,  i f
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 models
should be separate,  but  complementary,  ent i t ies.

3.2 DATA COLLECTION METHODS

The form of  fuel  consumpt ion models is  in f luenced by
the method in which data are collected on traffic
s y s t e m  p e r f o r m a n c e .  T w o  d i s t i n c t l y  d i f f e r e n t
methods of traffic observation (both in models and
real - l i fe)  ex is t  and these have led researchers ro
develop d i f ferent  types ot  fuel  consumpt ion model .

The first method is based on the observation ol
t raf f ic  f lows as they pass cer ta in cr i t ica l  points in  the
system, e.g.  s top- l ines at  in tersect ions.  Traf f ic  s ignai
capaci ty  calculat ions (e.9.  Akcel ik  j981b) and a
signal ised in tersect ion survey method to obta in
traffic performance statistics (Richardson 1gZ9 and
1980a )  are re lated to th is  approach.  Simi lar ly ,  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 re levant  per formance measures
calculated. These methods of observation are mosr
common in t raf f ic  engineer ing pract ice.

The second method is based on observing the
performance of  ind iv idual  vehic les as they t ravel
through the system. in real l i fe, this corresponds to
the 'moving observer'method often used to measure
travel  t ime a long a route.  In  model l ing,  th is  requi res a
deta i led vehic le-by-vehic le s imulat ion model  which
can produce an output  of  ind iv idual  vehic le t ime-dis-
tance t ra jector ies (e.9.  L ieberman et  a l .  i  979;  Gipps
and Wi lson 1980).  This  method has natura l ly  been
adopted by researchers in  the f ie ld of  vehic le design,
since they are concerned with the performance of in-
d iv idual  vehic les.  The 'dr iv ing cyc le '  methods nave
been used to measure indiv idual  vehic le oer for-
mances under standardised conditions, but it has
been recognised that  th is  method is  not  of  par t icu lar
use for traffic management purposes (Watson 1978;
Kent  1981 ) .  In  contrast  wi th the 'b i rd 's  eye v iew'  of
the overall system preferred by traffic engineers, the
moving observer  method g ives a 'worm's eye v iew'
from a single car in a traffic stream. This method
suffers {rom the {act that it is diff icult, or impossible,
to relate the observed data to the causes of delays,
stops, etc. as affected by traffic control, physical and
flow characteristics of the system. For example, a
vehic le may stop several  t imes in a long queue
before it can clear an intersection, and it may be im-
possib le to know i f  th is  is  caused by inadequate
capacity at the next intersection, or say the third
intersect ion downstream, or  some mid-b lock in ter-
ference,  e.g.  by a turn ing vehic le.

Given these different methods of ciata collection,
i t  is  essent ia l  that  models are develooed whicn are
compatible with the type of data which have been
col lected,  or  are avai lable.

(g)  length of  turn s lots ;
(h) parking restrictions on approach roads;
( i )  bus-stop locat ions;  and
( j )  ' le f t  turn at  any t ime wi th care 'and ' le f t  rurn on

red' arrangements

Again,  some of  these design var iables may pro-
vide a very large number of alternatives. Zuzarte
Tul ly  and Murchland (19771 g ive an example of  a
complex s ignal ised in tersect ion for  which the numoer
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 s t ra ight  kerb- to-kerb crossing.
To evaluate such a range ol alternative designs in
terms of  fuel  ef f ic iency,  a model l ing package is
needed which a l lows for  a l l  the design var iables men-
tioned above (and many more).

A further consideration is related to an important
t raf f ic  var iable,  namely capaci ty .  The per formance of
a tralf ic movement is essentially determined by the
capaci ty  prov ided for  i t .  l f  the arr iva l  (demand) f low
exceeds the capaci ty  prov ided,  over-saturat ion wi l l
occur ,  resul t ing in  unacceptable levels  of  per for-
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
capaci ty  i tse l f  depends on f low levels in  many cases,
for examole:
(a)  roundabout  entry  capaci t ies depend on c i rcu lat -

ing f low levels;
(b)  f i l ter  turn capaci t ies at  t rat f ic  s ignals depend on

opposing f low levels;  and
(c)  capaci t ies at  Give-Way/Stop s igns depend on

major road flows.

As a result, traffic performance, and the fuer con-
sumption by vehicles, in a traffic stream becomes a
function of the flow characteristics of other traffic
st reams ( th is ,  again,  leads to an i terat ive design pro-
cess) .  The point  to  be emphasised here is  that  the
fuel  consumpt ion model l ing package to be used by
traffic engineers must allow for such capacity, and in
turn,  f low inf luences.

Given the complex system opt ions to be evalu-
ated, fuel consumption models should not attemot to
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3,3 INPUT DATA DETAIL

It is imoortant to realise that whilst the traffic
engineer would normally possess information regard-
ing traffic performance at a site, he would not have
comolete information about that traffic stream. In par-
t icu lar ,  he would not  have deta i ls  about :
(a)  vehic le f leet  character is t ics such as engine s ize,

vehic le weight ,  t ransmiss ion type,  etc . ;
(b) vehicle performance characteristics such as

engine speed or torque, current gear, engine
tune-up condi t ion,  tyre in f la t ion,  engine tem-
perature, etc.; ancl

(c)  dr iver  populat ion character is t ics such as age,
sex, degree of aggressiveness (as reflected in
soeed 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 appropr iate in  the g iven c i rcums-
tances. With respect to vehicle fleet characteristics'
some aggregation of data is necessary, whereby
vehicles may be classil ied into a l imited number of
c lasses,  the s implest  c lass i f icat ion being ' l ight  and
heavy vehic les '  (e.9.  see Akcel ik  1981 b ,  p .  15) .

3.4 REOUIRED MODEL OUTPUT

In determining the output required of a fuel consump-
tion rnodel, one should consider the two maJor ap-
plicaticns of such a model 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 trafl ic system impacts. In
such an opt imisat ion problem, the actual  va lue of  the
object ive funct ion (e.9.  fuel  consumpt ion)  is  not  as
important as the changes in the value of the obiective
tunc t i a r r  f o r  chang ing  va lues  o f  t r a f f i c  sys tem
parameters. In an evaluation context, the problem is
again one of comparing alternative sets of impacts
(usually before and after implementing a traffic
rnanagement scheme). lt thereiore appears that, for
s o m e  t r a f l i c  m a n a g e m e n t  p u r p o s e s ,  r e l a t i v e
measures of luel consumption may be adequate.
Given th is ,  i t  is  real ised that  other  appl icat ions may
well reouire accurate absolute measures and that the
cieveiooment of a fuel consumption model which pre-
clicts absolute fuel consumption wil l, rnter alia , pro-
duce relative measures of fuel consumption if adequ-
ate data are available. However, particular applica-
tions of fuel consumption models to trafl ic system
design and evaluation may omit elements ol the
system which are not expected to experience
changes. For this reason, and because data are nor-
nnally only collected on those aspects ot system
opera t i on  wh i ch  a re  expec ted  to  expe r i ence
changes, it is desirable to use some form of model
which treats different components of traffic system
operat ion separate ly .

3.5 STATISTICALCONSIDERATIONS

A note is appropriate at this stage about the use of
lormulae 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 ol intersections
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oer kilometre of road (e.9. Evans and Herman 1976;
Watson, Wilkins and Marshall 1980). The authors
believe that such lormulae do not satisfy various re-
ouirements to enable them to be useful for traffic
engineers in designing and evaluating urban traffic
management schemes (however, this is not to say
that they are not use{ul 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-
t ion) .

The reasons for this reservation about regres-
sion models are three-fold. Firstly, those equations
which attempt to use physical descriptions as inde-
pendent variables cannot hope to account for the
enormous range of options described earlier and
hence such models wil l 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 l imitations on the range of applicabil ity of
variables is often neglected resulting in mis-use of
regression equations. For the examples of trafl ic
work which give due emphasis on this point, the
reader is referred to Beard and McLean (1 974) and
Freeman Fox and Associates (1972\ on speed-flow
relationshios and Kimber (1980) on roundabout
caoacities.

Secondly, those equations which use average
speed as the only independent variable describing
traffic perlormance do now allow lor the ditferent fuel
consumption rates whilst cruising, stopping and id-
l ing.  As shown by Akcel ik  (1981 a ) ,  t r ips wi th ident i -
cal average speeds can have very dif lerent fuel con-
sumption perlormance, depending on the pattern of
stops. Since many tratfic management options may
change the correlation between average speed and
stops it is necessary to have both variables in the
eouation.

Thirdly, i l  both average speed (or delay) and
stops are included as predictor variables in the
regression equation, then the coefficients obtained
from field data are l ikely to be unreliable due to
multicoll inearity of the predictor variables. That is'
there is correlation between these two supposedly
predictor variables, because average speed and
number of stops wil l always be related to each other
in uncontrolled field data. Under such conditions, it is
diff icult, i f not impossible, to identify the individuat
contribution of each variable to overall tuel consump-
t ion.

It is therelore argued that a model o{ fuel con-
sumption for tratfic 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
direct ly  and expl ic i t ly .

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-
oresses fuel consumotion as a function of the three
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pr inc ipal  e lements of  dr iv ing pat terns -  cru is ing,  id-
l ing and stop-start manoeuvres -has been reviewed
in deta i l  by Akcel ik  ( ' l  981a ) .  The model  is  preferred
not  only  because of  i ts  advantages of  s impl ic i ty ,
general i ty  and conceptual  c lar i ty ,  but  a lso because i t
is  wel l - re lated to ex is t ing t rat f ic  model l ing techni-
ques. The model has been used, and some dara are
avai lable e lsewhere (e.9.  Claf fey 1971 and |976:
Dale 1981 ;  Er lbaum 1980;  Ferre i ra 1981 ;  Highway
Research Board (HRB) 1960; Institute of Transporra-
t ion Engineers ( lTE) 1980;  Mart in  1974;  Robertson,
Lucas and Baker 1 980; Tarnoff and Parsonson 1 9g1 ;
Winfrey 1969).  However,  there is  a def in i te  need for
data per ta in ing to the Austra l ian vehic le populat ion
under present  day condi t ions.

Using the notat ion of  the ear l ier  paper (Akcel ik
1981 a ) ,  the e lemental  model  can be exoresseo as
fo l lows:

F : 1 , x " + l r 4 + l r l , r  ( 1 )
where

F : average fuel consumplion per
vehicte (mL),

xs total section distance (km),
ds average stopped delay per vehi-

c le,  i .e .  id l ing t ime (s) ,
h : average number of (effective)

stops per vehicle (stop rate),
t  I  f ue l  consumpt ion  ra te  wh i l e

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

l ing (mL/s), and
l : :  excess  fue l  consumpt ion  pe r

vehicle stop (mL).

The model can be expressed in other forms as dis-
cussed in Akcel ik  (1981 a )  and in more deta i l  in  par t
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 l imited by this assumption as
well as any inaccuracies in the traffic perlormance
var iables (x ,  d" ,  h  )  and the coef f ic ients ( f  |  ,  f  j ,  |  \1 .
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 CRUTSE

The first component of the elemental model, f , x , rer-
ates to the total length of the section of road under
study, e.g. distance from the stop l ine of one inter-
section to the stop l ine 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 prevail ing
roadway conditions. The word 'uninterrupted' refers
to the etfect 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.

5

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 lanct use
(affecting property access, commercial activit ies,
kerb parking conditions, bus stops, pedestrian ac-
tivit ies), traffic turning in from side streets, etc. The
internal friction is a lunction 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 I, therefore accounts for both
fuel consumed whilst travell ing at a steady (constant)
cruise speed (1") and fuel consumed as a result of
speed fluctuations due to side and internal frictions
(A l " ) :

f , : | " * J f "  ( 2 )

Fuel consumption at steady speeds has been in-
vestigated by several researchers (Claffey 1971 and
1976 ;  Ken t  1981 ;  Ken t  e t  a l . 1g81 ;  V incen t  e t  a / .'1980; Watson et al. 1980). Frg. 2 summarises the
following data:

U.S. composite car data (Claffey 1971);
Data for the Melbourne University test car
(Watson et at.1980); and
Data for  11 cars (Kent  et  a/ .  1gg1).

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.

ln 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.  us ing A, f  

"  
:  o f  

"  
and l ,  :  (1  *  r r )  1" .

It may not be feasible to quantify all side friction
factors explicit ly (see e.g. Beard and McLean 1974;
Freeman Fox and Associates 19721. 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 : ldeal conditions of uninterrupted travel
(no side friction, typically in freeway-type
envtronment)

Type 2: Goodconditions of uninterrupted travel
(major arterial roads with negligible side
fr ic t ion) .

Type 3: Average conditions of uninterrupted
travel (arterial and other roads with a
moderate degree of side friction).

Type 4: Poorconditions of uninterrupted travel
(roads with a high degree of side friction,
typically in city centre areas).
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Fig. 2 - Steady-speed luel consumption

The internal friction can be measured in terms ol
varying flow levels, e.g. as a function of the flow ratio,
y (the ratio of llow to saturation flow, where saturation
flow is lhe uninterrupted road capacity). The speed
fluctuation adjustment factor (1 * tt) can then be
calculated as a lunction of both E and y , perhaps by
using E to modify the saturation llow as is done with
signal ised intersect ion design (Akcel ik 1981b ).

As an alternative to this method, free speed
(average speed under very low llow conditions) can
be used as a surrogate measure of various environ-
ment types, and the ratio of the cruise spged (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 lactor. 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 model could be expressed in terms of a steady-
speed fuel consumption term modilied 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 leatures of the road such as
grade and curvature. Such geometric and physical
characteristics may, however, be of more relevance
in rural road fuel consumotion than in urban fuel con-
sumption calculat ions.

4.2 IDLE

The second component of the elemental model, / , d,
is the fuel 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 eqn (1) ) is different to the
average delay normally used in many traftic models.
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 1981 a , and Parts 3 and 5 ol this report).

The fuel consumed whilst idling appears to be
dependent essentially on the engine idling speed,
although Martin (1974) states that idling consumption
is also dependent on ignition timing, engine tem-
perature and combustion efficiency. The elemental
model coeflicient for idling (1, ), 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 traflic 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-STARTMANOEUVRES

The third component of the elemental model, f ., h, is
the excess luel 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 should be counted as partial stops; and

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

The etfects of partial stoos have been con-
sidered by several authors (Richardson 1979; Vin-
cent  et  a/ .  198O; Akcel ik  198O) whi ls t  considerat ion
of the partial effects ol multiple stops has more re-
cently been addressed (Richardson 1980a and b ;
Ferreira 1981 ). ln both situations, the crit ical factors
are the maximum and minimum speeds experienced
during the manoeuvre and the rates of acceleration
and deceleration uti l ised by the driver.

F u e l  c o n s u m p t i o n  r a t e s  f o r  p a r t i a l  s t o p s
(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' f igures as in the case of slowdown
manoeuvres.

The coefficient f ., is related to the excess
amount of luel consumed in a stop-start manoeuvre
(with no idling) from an init ial 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 reoort.

It is important to note that f , in eqn (1 ) is an ex-
cess consumption figure. lt 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 1., as an excess consumption figure in eqn
(1 ), the first component of the model is conveniently
expressed in terms of the total length ol 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
unlikely to be affected, the change in fuel consump-
tion may be estimated as:

wnere ll" change in fuel consumption due
to stops and delays,
change in stopped delay, and
change in effective stops.

ld"

tn

It is interesting to note that Tarnoff and Parson-
son (1981) abandoned the use of  a deta i led s imula-
tion model for fuel consumption (NETSIM by Lieber-
man el a/. 1979) in favour of the use of the elemental
model approach based on eqn (3) for individual sig-
nal ised in tersect ions.

In practice, it is dif l icult 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
descr ibed ear l ier  in  connect ion wi th cru ise fuel  con-
sumption, becomes rather blurred and may be diff icult
to identify in the field by a moving observer. Similarly,
it may be diff icult in the field to identify the cause of
mul t ip le s tops in  a long queue,  i .e .  i f  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 l irst component of the ele-
mental  model) .  Therefore,  carefu l  exper imenta l
design is required for this purpose. lt is relatively
easier to allow for the diflerences 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
ol the traffic model.

5. FORMAT OF FUEL
CONSUMPTION DATA

Given the form of the elemental model of fuel con-
sumption specified in eqn (1 ), the question remains
as to the most convenfient lormat 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  d r i ve r  cha rac te r i s t i cs  shou ld ,  howeve r ,  be
avoided as discussed in Section 3. Data should be
aggregated and presented for a set of 'representative

vehicles', e.g. for cars, l ight trucks, heavy trucks and
buses,  or  s imply for  ' l ight  vehic les '  and 'heavy vehi -
cles'. Whilst greater detail is obviously required lor
vehicle design purposes, and perhaps in traffic
eng inee r i ng  resea rch  s tud ies ,  f u r t he r  de ta i l  f o r
general traffic engineering practice would tend to be
more confusing that i l luminating. Data for present day
vehicle populations should be used as a basis of data
aggregat ion (e.9.  Fehon 1980).

For each representative vehicle, the cruise fuel
consumption rate could be shown as in fable /. As
discussed in Section 4.1 , the choice of 'environment

types'for use in lable / is arbitrary and could also beA f " : f , ( a 4 )  + t , ( A h )  ( 3 )
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represented by the free speed of the section of road
under consideration. lt 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 milli l itres 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 would 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 ol
the matrix gives values for partial stops (slowdown
manoeuvres), while the upper right triangle gives
values lor speed-up manoeuvres (if needed). In each
case, the speed at the start and end of the manoeuvre
is the same.

TABLE I

CRUISE FUEL CONSUMPTION RATES

TABLE II

EFFECTIVE STOP FUEL CONSUMPTION
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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 ol acceleration and would need to be
generated for a set of representative vehicles. lt
would be desirable if such maps were also obtained
under controlled conditions whereby the sample 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 could be calculated
by tracing the speed/acceleration trajectory over
time on the matrix and integrating the resultant fuel
consumption rates. This would enable lables I and ll
to be generated and would also be more useful in
traff ic research work where, occasional ly,  the
researcher has access to detailed vehicle trajecto-
ries (e.9. Gipps and Wilson 1980).

6. CONCLUSTON

This paper has attempted to summarise the require-
ments of traffic engineers with respect to fuel con-
sumption models. As a result ol this summary, a num-
ber ol 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 fuel consumption values may be
adequate for some traffic management studies.

(c) The data available to traffic engineers are
usually limited and hence fuel consumption
models rnust be able to be used with such limited
data.

(d) Traffic engineers are often concerned with in-
dividual elements of the traffic system (e.9. an
intersection) and hence iuel consumption models
must be applicable at this level.

(e) Because ol 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 all com-
binations of the many possible traffic manage-
ment (design/control) options. In view of the
large extant body of knowledge covering traffic
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system models, the development of such regres-
s ion  equa t i ons  wou ld  a l so  appea r  t o  be
unoroduct ive.
In view of these requirements, some form of ele-
mental fuel consumption model would seem most
appropriate for tratfic engineering purposes.
Such a model  would account  for  the cru ise,  id le
and stop-start components of driving.
The most appropriate lormat for fuel consumption
data would appear to be in the form of tables or
equations for practising traffic engineers. Data to
allow for the effects of different road grades,

9

various friction factors, dif lerent deceleration-
acceleration patterns and rates, etc. are needeo.

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

The fuel consumption data should be available
for a range of 'representative vehicles' such as
cars, l ight trucks, heavy trucks and buses, or
s imply l ight  vehic les and heavy vehic les.

(h)

( i )(s)
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1.  INTRODUCTION
This paper presents two s imple examples in  order  to
compare the predict ion abi l i t ies of  the e lemental
model (Parts 1 and 3 of this report) and the PKE model
(Watson,  Mi lk ins and Marshal l  1980:  Watson 1g8O
and Part 4 of this report). Both the overall and the
incremental fuel consumption predictions from:

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

(b) the elemental model and three differenily
calibrated forms of the PKEmodel for the same
car are considered.

The first example is related to the effects of
changes in s ignal  t imings a l located to a movement at
an isolated intersection. The traffic performance
variabf es (delay, number of stops, speed and pKE are
predicted us ing the s imple analyt ica l  models g iven in
Akcel ik  (1981 a)  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 fuer con-
sumption models to analyse the effects of small
changes in t raf f ic  operat ing condi t ions in  a speci f ic
s i tuat ion.  The example is  s impl is t ic  in  the t reatment  of
t raf f ic  s ignal  t imings.  The reader is  referred to Akcel ik
(1981b) for  a lu l l  in tersect ion examole.

The second example is related to the orediction
of incremental fuel consumption due to extra idling
(stopped) t ime.  l t  is  g iven to complement  the d iscus-
s ion of  the predict ion of  incremental  fuel  consumpt ion
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 t im-
ing,  and hence capaci ty ,  condi t ions descr ibed as
Cases A, B and C in Table /. Hypothetical cruise (unin-
terrupted travel) conditions are also indicated in
Table l. For basic definit ions and formulae related to
traffic movement variables, the reader is referred to
Akcel ik  (1981 a) .  Data common to a l l  cases are as
fo l lows.

Arr iva l  f low,  q :  18O0 veh/h
Saturation flow, s : 3600 veh/h
Flow rat io ,  y  :  q /s :  0.50
Flow per iod,  f ,  :  60 min
Cruise speed, v" : 54 km/h
Totai section distance, x" : 0.75 km.

TABLE I

1 3

2.2 TRAFFIC PERFORMANCE CALCULATIONS
Using the basic data given above and in lable /, the
average delay (d) and the average number of stops
(h) are calculated for each case from eqns (6.1) to
(6.5)  o l  Akcel ik  (1981 a,  Sect ion 6) .  From these,  the
results given in Table l lare calculated as follows (see
Part 3 for the basis of these calculations):

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

3  =  d l x r ,  h -  =  h / x ,

(b) Average speed (km/h):

3600 3600
v =_-.=_=-
' 390! _ 66.2 + J

,  
* o

c

(c)  Tota lposi t ive k inet ic  energy (m/sz) :

PKE = hv" ,  112960 = O.225i

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 all
vehicles wil l reach cruise speed during multiple
stops.

Absolute and percentage changes in traffic per-
formance variables are given in Table ///. l t should be
noted that a change from Case A to 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 lrom 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 //are used
as input for luel consumption calculations using the
elemental model (E) and the PKE modet (p) with
different data as given below.

E1. Elemental model with data from Ctafiey t1976)
tor 1972 Chevrolet sedan (V-8, 6.5 L):
l , : 1 1 6 + 0 . 8 8 3 O + S e . S h

E2. Elemental model with data from Robertson,
Lucas and Baker (1980) for a medium family
saloon (6 cyl., 2.2L) alv": 52km/h..
l , : 9 4 + O . 4 1 l a - + t + : n

E3. Elemental model with data from Watson (1991)
for Ford Cortina wagon (6 cyl., 4.1 L):

l , : 89  +  O .7OO a  +  t g .qE

BASIC DATA
CaseA CaseB Case C Cruise

Green t ime, g(s)
Cycle t ime, c(s)
Green time ratio, g/c
Capacity, Q (veh/h)
Degree of saturation, q/Q

60 60
120 100

0.50 0.60
1800 2160
1.OO 0.83

64
100

0.64
2304
0.78

N.A.
N.A.
1.OO

3600(:s)
o.so(:y)

N.A. :  Not  appl icable
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TABLE II

TRAFFIC PERFORMANCE DATA
Case A Case I Case C Cruise

Average delay, d (s/km)
Averag_e number ot stops,

h (stops/km)
Average speed, v" (km/h)
PKE (m/s,)

87.0

1 q t

23.4
0.349

22.6

0.97
40.3

0 .21  I

17 .3  0

0.86 0
42.9 54 (:vc )

0.1 94 0

TABLE III

CHANGES IN TRAFFIC PERFORMANCE

CaseA-CaseB CaseB-CaseC

Average delay, d (s/km)

Average number of stops, h (stops/km)

Average speed, v. (km/h)

64.4 (7 4o/ol

0.58 (37"/")

-  16 .9  ( 72%)

5.3 (23%)

0.1 1 (1 1vo)
- 2.6 (6%)

P 1

P2.

P3.

(a)

(b)

PKE model by Watson et a/. ( '1980) for the same
car as in E3:

l,: - 11.2 + 2597 / v" + 0.81 1 v" * 121.1 PKE

PKEmodel by Watson (1 98O) for the same car
a s i n P l :

f , :  -  30.7 + 2903/v"+ 1.216 v"*94.21 PKE

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

fx :  -  46.9 *  3093/v,  + 1.342v" *  90.66 PKF

The following should be noted about these
formulae.

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

The PKE model coefficients were derived lor
the same car by regression analysis using data
lrom real-l i fe traffic conditions for P1 , and data
from various driving cycle tests in the laborato-
ry lor P2 and P3 (ADR 27A cycle for P2; ADR
27A as wel l  as U.S.  Highway,  Sydney and
Melbourne In i t ia l  cyc les for  P3) .

Ai l  cars had automat ic  t ransmiss ions.

Different assumptions regarding deceleraiion
and acceleration rates and prefi lss during a
stop are bui l t  in to the above models.  For  E3,
constant deceleration and acceleration rates
were used (average ah : 5.33 km/h/s). For E1 ,
the average deceleration-acceleration rate is
a h :  4 . 9  k m / h / s  b u t  t h e  d e c e l e r a t i o n /
acceleration pattern is not clear. The PKE
model (P1 to P3) assumes independence from
the acceleration rates and profi les.

Variables in the above formulae are:

Variable Detinition

f, Fuel consumption per unil distance

A Average delay per unit distace

tr Average number of stops per unil
distance

ys Average interrupled speed

PKE Sum ofpositive kinetic energy
changes

Units

mL/km

s/Km

stops/km

km/h

m/s?

(0 The first term ol 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  fue l  consumpt ion  resu l t s  a re  g i ven  i n
Table lV together with normalised values based on
cru ise fuel  consumpt ion :  1 .0.  Absolute and percen-
tage changes in fuel consumption from Case A to
Case 8, 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 Vl (the 'stops' component is the last
ternn of each formula). The results are summarised in
Fig. 1.

2.4 DTSCUSSTON 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 sensitivit ies to changing
traffic control conditions (fables /Vand 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.

(c)

(d)

(e)
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253 {fx in mL/kml

117 (
1 1 3

94- -  -  Cru ise

104
100

83

1 1 8
1 1 3

89

M O D E L :  E 1

Elementa l

E2

E lemental

E3

Elemental

P 1
,PKE'

P2
,PKE'

P3
,PKE '

Model

E 1
E2
E3
P 1
P2
P3

?ry rs!19r
Claffey (1976)
Robertson, et al (1980)
Watson (1981)
Watson. et al (1980)
Watson ('1980)

Poynton and Dawson (1980)

Cal (all with automatic transmissions)

1972 Chevrolct sedan (V-8,6.5 L)
Medium family saloon (6 cyl., 2.2 L)
Ford Cortina Wagon {6 cyl-,4.1 L)
Same or as E3
Same er as E3
Same er ar E3

Fig. 1 - Normalised fuel consumption results f.om the elemental model and the PKE model for
difterent data

T r i p A :  v s = 4 5 k m / h

PKE = 0.278 m/s2

d r = 1 0 s

T r i p B  :  v s = 3 0 k m / h

PKE = 0.278 m/s2

d r = 5 0 s

TripC : vs = 15 km/h

PKE = 0.278 m/s2

d,  =  170 s
1 5

0
230 240

Fig' 2 -Three trips vYith identical acceleration-cruise-deceleration patterns but different idling
times
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TABLE IV

FUEL CONSUMPTION PER UNIT DISTANCE, f,  (ml/km)*
Model Case A Case I Case C Cruise

E1

az

trJ

P 1

P2

P3

253 (2 .18 )

152 (1  . 62 )

171  (1  . 92 )

161  (1  . 99 )

155 (1  . 74 )

148 (1  . 78 )

173 (1  . 49 )

117(1 .241

118 (1  . 33 )

112 (1  . 38 )

1 1 1 ( 1  . 2 5 )

104 (1  . 25 )

164(1  .41  )
1  13(1  .20)

1  13(1  .27)

108(1 .33)

107(1  .20)

10o(1 .20)

1  16 (1  . 0 )

94(1 .O)

8s(1 .0)

81 (1 .O)

89(1 .0)

83(1 .0)

Normalised values based on cruise fuel consumotion : 1 .0 are shown in brackets.

TABLE V

CHANGES IN FUEL CONSUMPTION
Model

E1
E2
trJ

P 1
P2
P3

CaseA-Case I

80(327")
35(2370)
53(31%)
49(3O7o)
44(28o/o\

44(309")

Case B-Case C

s(5.3%)
4(3.4olol
5(4.20/ol
4(3.670)
4(3.6%)
4(3.9%)

TABLE VI

INCREMENTAL FUEL CONSUMPTION DUE TO'STOPS' AS A
PERCENTAGE OF THE TOTAL

Model Case A Case I Case C

E1
E2
E J

P1
P2
P3

20
1 1
1 0
22
1 a

1 8

24
1 4

1 2
zo

2 1

22
1 2
1 1
24
1 8
1 9

(b) The sensi t iv i t ies of  the e lemental  model  (E3)
and the PKE model (P1 to P3) for the same car
are reasonably similar (Iables IV and V: Fig. 11.
Consider ing the approximate nature of  the for-
mulae to predict the traffic performance varia-
b les { i .e .  the s impl ied nature of  the t raf f ic
model), the differences between modeis may
not be considered to be signil icant in terms ol
overall model sensitivity to changing tralf ic
condi t ions.

However, as seen trom Table l ' /, the predicted
fuei 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 cal ibrated
using laboratory data (P2 and P3) is also ob-
served. lt is seen that the PKE model implies
much higher stop penalties compared with the
elemental  model .  This  could be due to the
assumption in the PKEmodel that fuel consump-
tion due to stops are independent of the ac-
celeration rate and profi le, and/or because the

coefficient of the PKEterm is derived by regres-
sion and there may be other factors affecting it.
For example, it is possible that the PKE rnodei
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
fn the example shown in Fig. 2, three trips along the
same road section (x": 1 km) are considered, which
have identical acceleralion-cruise-deceleration pat-
terns but different idling times, d" (hence different
average speeds, v"l. Figure 1 indicates constant
acceleration and deceleration proli les, but the dis-
cussion below applies to any profi le as long as they
are identical for each trip. In this example accelera-
tion and deceleration times are equal (f, : ta : 10 s)
and the cruise time, t" : 50 s for all tr ips. Thus, the

(c )
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running time, t. : l , * tc + td : 70 s is constant.
However,  the stopped ( id l ing)  t imes,  d"  ,  are 10,  50
and 170 s for  Tr ips A,  B and C,  respect ive ly .  The cor_
re_sponding ' interrupted'travel 

t imes (t" : t, * d ) are
80, 120 and 24O s, and the averagL ,interrupted'
speeds (v" : 3600 x. /f. ) are 45, 30 and 1 5 km/h,
respect ive ly .  The value of  pKE is  constant :  pKE :
(602 *  0) / (1 2960 x 1.0)  :  O.278m/sz.

The fo l lowing fuel  consumpt ion values are ore-
d ic ted by the PKE model  (p2 g iven above) us ing these
data:

Tr ip A:  f  A:  114.1 mL/km
Tr ip B:  tB:  1ZB.T mL/km
Tr ip  C :  f  c :  ZO7 .g  mL /km

The difference between fuel consumptions for Trips B
and A is Aler : 14.0 ml/km, and for Trips C and A is
llco : 92.6 kL/km. The only differences between
these t r ips are due to the id l ing t imes:  Ad""n :  40 s
3n9 l4"o : 160 s. lf the idling fuel consum"piion rate
is known, the expected values of Jl"o and Ji", can De
calculated direcily (in the elemental model falhion). lf
the coeff icient of the second term of the pKE model is
the idling fuel consumption rate (2903 mL/h : 0.g064
ml/s) ,  then the expected values are 32.3 and 129.0
mL. Al ternat ive ly ,  us ing the d i rec i ly  measured value
ol  2640 mL/h :  0 .7333 mL/s (Watson 1980),  29.3
and 117.3 nrL are found.  Thus,  the pKEmodel  shows a
tendency to underestimate the incremental fuer con_
sumpt ion due to e.xt ra id l ing t ime.  This supports  the

' t 7

suggest ion above that  h igh stop penal t ies impl ied by
the PXE 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
orscussion of the equivalence betweeh the pKE and
elemental models in part 3 of this report.

4. CONCLUSTON
In th_e simple examples considered, the elementat and
the PKE models gave similar performances in terms ol
lhe overall fuel consumption prediction, but they
differed significanily in terms ot lhe incrementat tuel
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 fuet con_
sumption due to delays, and overestimates that due to
stops (compensation by the pKE term whose coetfi_
c ient  is  determined by regression) .  In  the model
choice for a particular purpose, the differences bet_
ween the overall and incremental fuel consumption
predict ion abi l i t ies of  a l ternat ive models should
therelore be considered carefully. The elemental
model, with its incremental predic[ion abil ity rs par_
ticularly uselul for traffic management appiications
which involve design and opiimisation by small
qlgnSe: to the components affecting operating con_
di t ions in  speci f ic  s i tuat ions.

REFERENCES AKOELIK, R. (1 981 a). Traff ic signals: capacity ancr t iming anarysis. Austrarian RoadResearch Board. Research Report ARi No. i 23.- (1981 b ). Fuer etficiency_and other objectives in traflic system management. rrarfrcEng. ControtZ2(2), pp. Sq-OS.
OLAFFEY,.PJ (1976). passenger car fuer conservation. U.s. Fed. Highw. Admin. Rep. No.FHWA-PL-77009. Washington, D.C.
POYNTON, W J. and DAWSON; L.R. (1980). Future approaches for reducing motor vehicreemrssions and fuer consumption. paper presented at the SAE/ARR6 seminar andworkshop 'can Trafiic Management'Reduce Vehicre puer consumptioi ano Emis_sions?',  Melbourne, Jury.
ROBERTSON, D.r., LUCAS, C.F. and BAKER, R.T. (1 980). co-ordinating tratfic signars to
...._!e!.ucg fuel consumption. Transp. Road Res. r_iu. lu.x L TRCI L;b:Fi"p.'t_n gga.
wATSoN, H'c (1 980). Sensitivity of iuel 

"onsutpti* 
ancr emissions to driving pattems andvehicre design. paper presented at the 'AE;ARRB s;i;;;;; wolisiioi',can rratticManagement Reduce Vehicre Fuer consumption and Emissions?j, Meioolrne, .lurv.- (1 981 ). Appendix B of part 4 of this Reoort.- , MTLKTNS, E.E. and MARSHALL, c-A (lgqo). A simprified method ror quant*ying tuelconsumption ol vehicles in urban traffic. SAE_Aust. 4O(1 ), pp. 6_13.
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1.  INTRODUCTION

I n t roduc to ry  d i scuss ions  and  re fe rences  to  t he
l i terature on the e lemental  model  of  fuel  consumot ion
can be found in Akcel ik  (1981 a )  and in Part  1 o l  th is
repor t .  Di f ferent  analyt ica i  formulat ions of  the ere-
mental model are presented in Section 2 of this paper
in order to facil i tate its use with different traffic varia-
b les,  namely:

(a)  id l ing t ime (delay in  s topped posi t ion) ;

(b)  delay t ime inc luding both stopped ( id l ing)  detay
and decelerat ion-accelerat ion delays;

(c)  in terrupted t ravel  t ime (uninterrupted t ravel  t ime
p lus  de lay  t ime ) ;  and

(d)  average speed ( in terrupted t ravel  t ime per  uni t
d is tance) .

The {undamental relationships anrong these variables
are employed to show how the appropr iate coef f i -
c ients of  the e lemental  model  can be calculated for
the chosen var iable.

In Section 3, an attempt is made to relate the ele-
mental model to the 'PKE'model reported by Watson,
Mi lk ins and Marshal l  (1980) and Watson (1980).  The
PKE var iable is  considered as two separate var ia-
b les:  one to represent  speed f luctuat ions whi le  cru is-
ing without interruptions from tratfic controls and the
other to represent stops imposed by traffic controls.
A formula is  g iven to re late the la t ter  to  the number of
stops.  A problem of  correspondence between the
PKE model  and the e lemental  model  is  oointed 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-
celerat ion rates and pat terns.

The effects of deceleration and acceleration
rates are investigated in Section 4 using data from
Claffey (1 976). The analyses show that the elemental
model coetficient for excess fuel consumption per
stop is  dependent  on decelerat ion and accelerat ion
rates.  This ra ises a quest ion about  the val id i ty  of  the
corresponding coef f ic ient  in  the PKE model .  In  Sec-
t ion 5,  Bayley 's  (1980) method is  shown to g ive 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 funct ion which is  consistent  wi th the basic  re la-
t ionships and which descr ibes data sat is factor i ly
leads to inconclus ive resul ts .

In Sect ion 6,  the calculat ion of  the e lemental
model  coef f ic ients for  a 'composi te vehic le 'model  is
d iscussed.  Put t ing as ide the theoret ica l  problems
discussed in ear l ier  sect ions,  a s imple- to-use pract i -
ca l  method is  descr ibed in Sect ion 7 to obta in fuel
consumption data lor the elemental model. The same
method is recommended for use in research to in-
vestigate the problems raised in this paper. Several
other questions for further analysis and research are
given in Sect ion 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  dr iv ing manoeuvres,  namely
c ru i se ,  i d l i ng  and  the  dece le ra t i on -acce le ra t i on
manoeuvre. lt is therelore assumed that consumo-
tions associated with these three manoeuvres can be
added together  i r respect ive of  the order  in  which
they occur .  This  basic  pr inc ip le was used in a pol lu-
tant  emiss ion model  by Watson (1973) who t reated
d e c e l e r a t i o n  a n d  a c c e l e r a t i o n  m a n o e u v r e s
s e p a r a t e l y  ( i . e .  f o u r ' m o d e s ' o f  d r i v i n g  w e r e
employed).  For  each mode,  Watson's  model  pre-
d ic ted pol lu tant  emiss ions by in tegrat ing a funct ion
which expresses emiss ions in  terms o{  instantaneous
accelerat ions and veloc i t ies.  The calculat ions for
th is  model  were carr ied out  by means of  a computer
program.

The  e lemen ta l  mode l  d i scussed  i n  Akce l i k
(1 981 a )  and in Part  1 of  th is  repor t  employs a
s impl i fy ing approach in that  i t  combines together  the
decelerat ion and accelerat ion manoeuvres imoosed
by t raf f ic  contro ls  (e.9.  Give way/Stop s igns,  roun-
dabouts, traffic signals, etc.) and treats them as'ef fect ive stops ' .  This  involves f ind ing equivalents of
slow-down and speed-up manoeuvres caused by
traf f ic  contro ls  in  terms of  thei r  fuel  consumpt icn
values re lat ive to the consumpt ion associated wi th a'complete' stop/start manoeuvre from the cruise
speed.  In Part  1 of  th is  repor t ,  i t  is  argued that  the
consumpt ion associated wi th the s low-down and
speed-up manoeuvres whi le  cru is ing ( 'mid-b lock '
component not associated with traffic controls)
shouid be accounted for  as par t  o l  the cru ise compo-
nent of the modei. However, there may be a need to
model  th is  consumpt ion component  expl ic i t ly  i f  i t  is
expected to be atfected by traffic controls, e.g. for
testing the effectiveness of a clearway system.

The e lemental  model  employs t ravel  d is tance.
delay time and the number of stops as the traffic per-
lormance variables which represent the three basic
dr iv ing manoeuvres.  These per formance var iables
need to be predicted by a t raf f ic  model  for  a l l  vehi -
cles in each traffic movement (stream) as average
values.  For  th is  purpose,  each separate movement n
a t raf f ic  system needs to be ident i f ied by i ts  unique
set  of  contro l ,  physical  and f low character is t ics,  e.g.
see Akcel ik  (1 981b) for  deta i led ru les to ident i fv
movements at signalised intersections.

According to the basic  assumpt ion of  the ere-
mental model, fuel consumption for an average vehi-
c le can be expressed as fo l lows:

F :  F "  *  F "  *  F r ,  :  e rXc  *  pzd .  *  p rh  (1 )

wnere total fuel consumption (mL),

er  Xc :  fuel  consumed whi le
cru is ing,

9. t  ds:  fuel  consumed whi le  id-
l i ng ,

et  h :  fue l  consumed dur ing
stop-start manoeuvres,

d is tance t ravel led whi le  cru is ing
uninterrupted by traffic control
devices (km),

F' s

F :
E -, a

Fh

xc
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ds t ime spent  whi le  id l ing,  i .e .  in
stopped posi t ion (s) ,

h : number of (effective) stops,

st  fuel  consumpt ion per  uni t  d is-
tance whi le  cru is ing (ml /km),

gt fuel consumption per unit t ime
whi le id l ing (mL/s) ,  and

e j  ac tua l  f ue l  consumpt ion  pe r
'stop', i.e. a complete stop-start
manoeuv re  wh i ch  i nvo l ves  a
d e c e l e r a t i o n  f r o m  a n  i n i t i a l
(cruise) speed, yc, to zero speed
and an acceleration back to a
f inal  (cru ise)  speed,  yc.

The coefficient 9, is constant while the coefficients
9,  dnd 9,  depend pr imar i ly  on the cru ise speed.  This
is  d iscussed in deta i l  in  Sect ions 3 to 5.  l t  is  impor-
tant to note that the average values ol the traffic per-
formance variables d" and h are lor the stopped and
unstopped vehic les a l ike,  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 ol the elemental model in terms of the total sec-
tion distance x. rather than the cruise distance, x". lf
the average deceleration-acceleration distance per
stop is xn, then

Xs :  X.  *  hx6.
Putting x" : x" - hx6 in eqn (1 ),

F:  pt  X,  *  pz d,  *  (p,  -  p tx)  h (2)
i s o b t a i n e d .  P u t t i n g  g t :  l t , e t :  f z a n d , p . ,  -  p t x n

t, in eqn (2),

F : 1 , x " + l 2 d s + f t h  ( 3 )
is obtained. The coefficient i, is the 'excess' fuel con-
sumption rate per stop, i.e. absolute consumption per
stop less the consumotion 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 "  +  hdh
where dn is the average deceleration-acceleralion
delay per stop. Putting d. : d - h dnin eqn (3),

F :  f  , x ,  +  f 2d  +  ( f , t -  f 2d )  h  (41
is obtained. Defining

f 'r: f" - f" dn (5)
as the adjusted excess luel consumption rate per
stop, i.e. normal excess fuel consumption rate less
the idling fuel consumption during time dn,

F : f , x " + f t d + f : \ h  ( 6 )
is derived.

The deceleration-acceleration delay, dn, is the
t ime  spen t  du r i ng  a  dece le ra t i on -acce le ra t i on
manoeuvre, ln, less the time taken to travel the
deceleration-acceleration distance, xh, at cruise
speed, vc:

dn : tn -- 36O0 x6/v" l7l
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where dn, f; are in seconds, xn is in km and v" is in
km/h. Assuming constant deceleration and accelera-
tion rates (a, and a, , respectively), the deceleration-
acceleration time and distance are given by

t n : 2 v " / a 6  ( 8 )
Xn : vcz /(3600 an) (9)

where 
2

"o 
= 

wr , ; -n  t t t i l  
(10)

is the average deceleration-acceleration rate per
stop (harmonic mean of a, and a" ). From eqns (Z) to
(1 0), the deceleration-acceleration delay is

d 6 :  v " / a 6 ( 1  1 )
In eqns (8)  to  (1 11,  a,  ,  a" ,  ah are in  km,h/s.

Further, the elemental model can be expressed in
terms of the average travel t ime, ls, rather than delay,
d. Since

l " : d * 3 6 0 0 x " / v "
(where t" and d are in seconds, the section distance
x, is in km and v" is in km/h), eqn (6) can be re-writ-
ten as

where

is the adjusted cruise luel consumption rate.

Fuel consumption rate per unit distance, f,
(mL/km), and per unit t ime, f, (mL/s), for the above
equations can be calculated from f, : F /x" and f, :
F/1", where xs and ts are total section distance and
travel t ime, respectively. The following formulae are
useful:

F: f', x" + L ts + ti) f,

f ' r :  f ,  -  (360Of r /v " )

ds h
f  = f , + f " -  + f , -- x  " x

s s

= f r+6J r+ r r i

t12l

( 1 2 a )

( 1 3 a )

( 1 3 b )

( 1 4  )

f r = f r ' * r r | . r + f ;

x
f . = f : j + r ,
t . t "

3600 f"
= t i +  + t ! h' v

s

!
xs

fr'
= 

3600 %

, , : :

+ f r + f ; : s

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



ARR No.  1 24

Example:
Basic fuel  consumpt ion rates for  v"  :  52 km/h,  a,  :
2.2 km/h/s and a" : 8.6 km/h/s (constant rates) are
known os sr  :  

' l  40 mL/km, 9. .  :  0 .610 mL/s and 9,
: 60 mL per stop (coefficients for eqn (1 ) ). Deter-
mine the coef f ic ients for  eqns (3) ,  (6)and (12) .  For  a l l
equat ions,  the id l ing fuel  consumpt ion rate is  the
same:

f t : e t : 0 . 6 1 0 m l / s

For eqns (3) and (6), the cruise fuel consumption rate
is f, : 9, : 

' l  40 mL/km, but the adjusted rate for eqn
(1  2 )  i s

f ' t : 140 - (3600 x 0.6'10/52) : 98 mL/km.
To determine I ,  and f i , ,  f i rs t ly  f rom eqns (9)  to  (1 1) ,
a;  :  3 .5 km/h/s,  x6 :  0 .215 km and dn :  15 s are
found. Hence,

f t :  e t -  e t X n : 6 0  -  ( 1  4 0 x 0 . 2 1 5 )  : 3 0 m L

and
f  ' , :  f t  -  f "  dn :  30  -  ( 0 .610  x  15 )  :  21  mL

are found for eqns (3) and (6), respectively. For x, :
0 .650 km, ds - -  24 s and h:  1.4 stops (hence f "  :
90 s, v" : 26 km/h), the above formulae give F :
148 mL, f , : 228 mL/km and l, : 1 .644 ml/s.

Various lorms of the elemental model given
above help to re late i t  to  the other  models g iven in
the l iterature. 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. lt should be remembered that, for the elemen-
ta l  model ,  each coef f ic ient  is  determined indiv idual ly
by contro l led exper imentat ion.  Wi th th is  point  in  mind,
an attempt is made below to relate the elemental
model  to  the PKEmodel  by Watson,  et  a/ .  (1980).

3. RELATION TO THE PKE MODEL

Watson et al. (1980) and Watson (1980) gave the
fo l lowing expression for  predict inE fuel  consumpt ion
oer uni t  d is tance:

t, : k, * k"/v" * &, y" + k, PKE (1 5)
where k, (r : 1 to 4) are constants, and
kt represents the fuel used in overcoming vehicle

resistance losses,
k,  represents id l ing fuel  consumpt ion,
kj represents consumption due to aerodynamic

forces, and
k, represents fuel consumption due to work to ac-

celerate the vehic le per  uni t  d is tance.
ys is the average interrupted travel speed, and
PKE is the sum of the positive kinetic energy

changes (dur ing accelerat ion) ,  and is  g iven by:

2lvr2 - v,2 |
PKE =

1 2 9 6 0 x ,
t  r o l

where yr and v, (km/h) are the final and init ial
velocities in a positive acceleration, x" is the total
section distance (km) and PKE is in (m/sr). For exam-
ple, for a speed change manoeuvre 70-40-60 (slow-
down from 70 km/h to 40 km/h and speed-up to 60
km/h) over a distance of 500 m.

pKE: (60,  _ 40, \ / (12960 x 0.S)  :  0 .31 m/s2

is found.

Watson et al. (1980) derive the coetficients k, to
k, ol the PKE model (eqn (1 5) ) bv 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 ol k" : 2903 mL/h ob-
tained from regression analysis. The following dis-
cussion assumes that each coefficient of eqn (1 5)
can be measured directly by controlled experimenta-
tion, and as such it can be related to the elemental
model  descr ibed above.

Firstly, consider the prediction of steady-speed
fuel consumption by eqn (1 5). Putting v" : v" (no
delay)  and PKE:0 (no speed changes) ,  then

f  
" :  

k ,  +  k ,  / v c  *  k r v " (171
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/km,) .

The fo l lowing features of  eqn (17)  should be
noted:

(a) The minimum luel consumotion is obtained at the
optimum steady speed given by

vo : Jkr/k" (18)
and the corresponding minimum fuel consump-
t ion is  g iven by

fo :  k ,  +  25x . , :  k ,  *  2k . , vo  (1g )

For example using Watson's (1980) formula l. :
-30.7 - l  (29O3/v")  + 1.216 vc,  vo :49 km/h
and fo : 88 ml/km are found. However, it should
be noted that  k ,  ,  k , ,  k , in  th is  example were ob-
tained from regression analysis. Bayley (1 980)
suggests a method to calculate coefficients k,
and k] from eqns (1 8) and (19) using known
values of k", vo and fo. This is discussed in Sec-
t ion 5.

(b) As v" approaches zero, f" approaches infinity.
This is due to the contribution of the second term
of eqn (1 7), and results from travel t ime 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 c : ? * b v " * c v " 2 .
Vincent et a/. 's (1980) formula

f 
" 

: 17O - 4.55 v" * 0.049 v"2
gives a finite fuel consumption figure for zero
speed ( f "  :17O mL/km).

Now find the difference between the consump-
t ion predict ions g iven by eqns (15)  and (17)  which
m u s t  b e  d u e  t o  d e l a y s  a n d  s p e e d  c h a n g e
manoeuvres. This is found as

t r
x c

2 1

- ' ( ;  -  
; )  

. kr (y, - v"l + k4 PKE
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P u t t i n g  1 / v "  : t  :  t  +  J :  ( r  / v )  +  d ,

is found . From eqn(78), (h /kr) : 1 /voz, and hence

is obtained.

Furthermore, lreat 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
PKE2 to represent stops and slow-downs imposed

by traffic controls.
Now write

k1 PKE : k-, PKE, + k, PKE2 (20a)

Therefore the PKEmodel given by eqn (1 5) is re-writ-
ten as

f ,  =  ( k t  +  k r l v "  +  k t v c  +  k t  P K E I \

f r  =  k t  +  k 2 / v " +  k t v c +  k s P K E l l22a\

_  /  l v " l vo l2  \
+ k z d  l 1 -  ; -  |  * k u p K E ,  ( 2 1 1-  

\  t a d v c

A compar ison of  eqn (21)  wi th eqn (13a)  indicates
that, for the elemental model.
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Now have a ciose look at the PKE, and PKE,
variables in eqns (22a) and (22c), irrespective of the
problem with eqn (22b). The speed fluctuations dur-
ing cruise, which contribute to PKE, in eqn (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 reoort. These fluctua-
tions can be considered to be around the average
cruise speed,  v" ,  and

PKE, :  [ ! ( v "2  -  v "2 )

*  I ( v "2  -  vo r l l l ( 12960x " )  ( 23 )
where the speeds vq, v6, v6 are in km/h, the distance
x. is in km, and PKE is in m/s2. The speed va repre-
sents the local peak speed during a speed-up
manoeuvre (v" - v" - y"), e.g. passing a slower
vehicle. and the speed yb represents the local
minimum speed during a slow-down manoeuvre (v" -
vo -  v") .An example is  g iven in F ig.  1 which i l lust r -
ates travel in Section A on a road of length x,c : 1 km.
The speeds are vc : 48 km/h, v" :64 km/h and vo
: 32 km/h, and hence

PKE. : [(0+, - 482]| + (482 - 32rll /12960
: 0.237 m/s2

is found.

Using Claffey's (1971 ) data, f 
" 

: 1O4 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
whi le cru is ing in  Sect ion A is

t ,  :  f  
"  

I  2A , f  / x4 :  104  +  14  + '13  :  131  m l / km.
S ince  k .  PKE. :2 l t  / xo ,

R.,: 27/0.237 : 114 mL-h2/kmz
is found. The ratio of the consumption allowing for
speed fluctuations to the steady-speed consumption
fo r  t h i s  examp le  i s  131 /104  :  1 .26 .

The speed change cycle (yc-0-yc) represents a
complete stop from cruise speed. Putting vt : vc, vi
:  0  i n  eqn  (16 ) ,

2 v 2
c

PKE2 = (241
1 2 9 6 0 x ,

is found. Assuming h identical 'effective' stops per
vehic le,  Iv" , :  hv"z,and hence PKE, :  hv"2/1296O
is found. From eqn (22c),

ku r"'
f3'

1 2 9 6 0
(25)

is obtained. For example, during travel in Section B
(xe : 1 km) of Fig. 7 , there is a full stop from 48 km/h.
Using Claffey's (1971) data {, : 37 ml/stop, f._ :
0.610 mL/s,  and dn :  10 s f rom Fig.  1 (a6:  4.8
k m / h / s ) ,  f ' t : 3 7  -  0 . 6 1 0  x  1 0 : 3 1  m l / s t o p  i s
found. The PKE value from eqn (24) is PKE2 -- 0.178
m/s2, and from eqn (25),

kn : 31 x 12960/482 : 174 ml-h2/km2
is found. From eqn (13a), fuel consumption per unit
distance in Section B is

f  , :  1O4  +  0 .61  x  30  *  37  x1  :159  m l / km
(note d: 40 s, 4 : so s, tr": t  ).

In this example, the fuel consumption rate for

t
x

f , - f "  =  * rJ  ( t  -  
(v " lvo lz  

)  +  roere  |2o l
\  t  + d v "  /

f z =

PKE.
fz' = ka -:-

h

_jlg! e2b\
d

*,(,-:'d)= r,

12Zcl

It is seen that the expecled equivalency of the idling
fuel consumption rates, f" : kt, is not obtained. Eqn
(22b) indicates that this can be obtained only if the
third term of the PKE model (eqn (15) ) is expressed
as &r yc rather than (, v". lt 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) eqns (12) to (18), and
Watson's (1980) eqns (2) to (4). To compensate for
the underestimation of the effects of stopped delays,
the regression method would produce a higher value
of the PKE coefficient k. . This would result in over-
estimation of the effects of stops relative to the
effects of stopped delays, i.e. high stop penalties
would be implied. In addition, this would cause the
PKEmodel (eqn ('15) ) to fail to explain luel consump-
tion differences due to extra idling time for a given
stop pattern (see Part 2).
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travel in Sections A and B together is

f ,  :  (131 + 1 591/2 :  145ml/km.
lf an attempt is made to combine PKFs for cruise and
for stops.
PKE:  PKE.  +  PKE2 :  (0 .237  +  0 .178 ) /2 :  0 .208

m/s2
is found.  The corresponding fuel  consumpt ion is

(14  +  13  +  31 l . / 2  :  29  m l / km.
Wr i t i ng  k t  PKE:  29  as  i n  eqn  (15 ) ,

kr :  29/O.2O8 :  140 mL-h2/km2
is found. However, the combined PKE and the corres-
ponding k,  do not  d is t inguish between speed f luctua-
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 (, are the same and constant, or
whether they depend on the amount of speed change
and/or deceleration and acceleration rates and oat-
terns. There is insufficient data for a complete
analys is  of  th is  quest ion.  However,  an at tempt is
made below to investigate the coefficient k,, and its
relation to the elemental model coefficient l i , as ex-
pressed in eqn (25) using data given by Claffey
( 1 9 7 6 ) .

The excess fuel consumption data for stops, 1.,,
have been taken from Claffey's (1 976) Tables 41 and
43. The data are lor a 1972 Chevrolet sedan (V-8,
6.5 L,  automat ic) ,  for  a level  road,  and are l imi ted to a
range of cruise speeds from 16 km/h to 64 km/h.
Eight sets of excess fuel consumption data, l l ,, are
given by Claffey for the different combinations ol
deceleration and acceleration rates (km/h/s) given in
Table l (a,  ca lculated f rom eqn (10)  ) .  The adjusted
excess fuel  consumpt ion values,  f | ,  ,  have Deen
calculated from eqn (5) using f, : 0.883 mL/s
(Claf fey 1976,  p.  210)  and d,  ( 'excess t ime consump-
tion') data given in Claffey's Tables 44 and 45.

TABLE I

REGRESSION RESULTS FOR EXCESS

2 3

Linear regressions of f 'ron v"2 /12960 (all forced
through the or ig in)  have been carr ied out  in  order  to
estimate the value of coefficient kn in eqn (25). The
results are given in Table /, and are shown in Figs 2
and 3. In terms of R 2 values, eqn (25) appears to pro-
v ide a good basis  for  predict ing excess fuel  con-
sumpt ion.  At  the same t ime,  the resul ts  ind icate that
coefficient (, is dependent on the deceleration and
acceleration rates. The tendency is for k^ to increase
as ar , a2 or ah increase. lt has been found that the
relation between k,, and an could be described by

k, , :  222 -  (248/ah)  (F,  :  0 .97) .

This is i l lustrated in Fig. 4. This relation gives kn :
109 and 194 for  a6:  2.2 and 8.8 km/h/s,  respec-
tively. The differences between these values and the
constant  va lue of  k , ,  :  157 (neglect ing accelerat ion
and deceleration effects) are -34 per cent and +24
per cent, respectively. These results have important
impl icat ions on the use of  the PKE model  i t  the
equivalence between fi, and PKE, (eqn (22c) ) is
valid. Furthermore, lumping together of k-, and kn may
result in similar problems if k. is different from k,, , and
k-, varies with speed and acceleration values.

The re lat ion between k,  and a6 impl ies a funct ion
for f l, which is of the form

f r '  =  o , " '  - P ' : (26)

where  r r  : 0 .01  71  and  p  : 0 .0191  fo r  t he  C la l f ey
(1 976) data analysed. Eqn (26) means that excess
fuel consumption is zero for arr average deceleration-
acceleration rate of a1, : p/o, irrespective of the
cru ise speed.  Such impl icat ions of  the dependence
of excess fuel consumption per stop on deceleration
and  acce le ra t i on  ra tes  necess i t a tes  f u r t he r  i n -
vest igat ions on th is  subject .  Fur ther  d iscussion wi th
reference to Bayley's (1 980) work is given below.

FUEL CONSUMPTION COEFFICIENT f ' ,

Decelerction
Rate

a l

Acceleration
Rate

d . ,

Average
Rate

?6

f ', : k,, v"2 / 12960

R 2&'

t l
I l
IV

4.4
6.6
8.8

1 ( e

1 9 4
1 9 8

8.8
8.8
8.8
8.8

3.52
5.87
7.54
8.80

0.99
0.98
0.99
0.98

2.2
4 .4
o . o

8.8

VI
v t l
vill

2.2
2 .2

2 .2

2.20
2.93
3.30
3.52

r  1 3
1 3 7
142
1 4 8

0.97
0.98
0.98
0.96

t - t v
v-vill

1 7 0

1 3 5
0.97
0.96

1 5 7 0.95
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Speed, v {km/h}

"a

vc

"b

64

48

32
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Section A

138 146

Fig. 1 - Cruise spEed fluctuations and inlersoclion stops {an example)
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Fig. 2 - Adiusted excess fuel consumption rate per slop, f', , as a function ot the cruise speed, vc ,
for indiyidual data sets

f3  =0 .0121  v "2

Number of

Fig. 3 - Adjusted excess fuel consumption rate per stop, f';t , as a function of the cruise speed, vc ,
for all data
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5. AN ANALYSIS OF BAYLEY'S
EXCESS FUEL CONSUMPTION

FORMULA

Bayley (1980) used the fo l lowing instanteous fuel
consumption function to derive an excess fuei con-
sumption function.

t  - -  d F  / d t :  c ,  *  c l v  +  c \ v 2  *  c ,  a  e 7 l
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the measured value of k, is 2640 mLlt as discussed
in Sect ion 3.  Using these values,  k ,  :  -19.8 and k,
: 1 .10 are found. The difference between the predic-
tions of l" from eqn (1 7) with these coefficients and
those from regression has been found to be negligi-
ble. The advantage of the deterministic method cver
the regression approach is to use the rneasured id-
l ing luel consumption rate unchanged (inter-coeffi-
cient transfer problem is avoided).

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

?
v '

(28)

180
o

N

t  teo
.v,
t l

i rco
.9
E

(J

120

2.00 4.00 6.00
Average deceleration-acceleration rate, a,", (km/h/s)

Fig, 4 - Coefticient k,; in f 'l : k,, v"2/'l 2960 as a f unction of the average deceleration-acceleration rate, ah

where
,

a

c ,  t o  c ,

instantaneous fuel consumption
per uni t  t ime (ml /s) ,

instantaneous speed (km/h),

d v  / d t  :  i n s t a n t a n e o u s  a c -
celeration rate (km/h/s), and

constants dependent on vehicle
character is t ics (cr  :  id l ing fuei
consumption rate).

c
f r '  =  e r v ; ' - e z  - --  d , n

For constant-speed cru ise (a :  0 ,  , :  , "1,  eqn (27)
gives a function which is equivalent to eqn (1 7) with
kl : 3600 cz , kz -- 3600 c, , k.r : 3600 c., for correct
units. However, Bayley suggests that the coefficients
k, , k, and (, for the steady-speed fuel consumption
re la t i onsh ip  (eqn  (17 )  )  can  be  found  de te r -
ministically. lf the minimum-fuel speed, vo, the corres-
ponding fuel consumption, /o, and the idling fuel con-
sumption k, are known, coefficients k, and k, can be
found from eqns (18) and (19) (see eqn (34) in Sec-
tion 9). For example, Watson's (1980) regression
equation gives vo : 49 km/h and fo : 88 mL/km, and

where er and e, are constants (e, , however, is de-
penden t  on  the  dece le ra t i on  and  acce le ra t i on
profi les as discussed in detail by Bayley).

For Claffey's data, regression analysis has given
e,  :  0 ,65 and e,  :  0 .662 x 10-5 wi lh  F 2 :  0 .93 but
the second term of eqn (34) has not been found
statistically significant. Furthermore, the prediction
of l lr by this formula has not been found satisfactory
due to consistent overestimation for low 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: d11 : €2 ve2/
er  ah in  eqn (28)  wi l l  g ive l ;  :  0 .  In  v iew 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 d iscussion appl ies to the basic  model l ing
question for a single car. Whatever model is chosen
for use, it is necessary to apply it to a number of
dif lerent vehicle types and add the results according
to the proportion of ditferent 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 trafl ic stream.
For the e lemental  model ,  e .g.  eqn (3) ,  th is  can be
done by calculating the model coefficients fr (l : 1 to
3) from

K
r, = 

,!r 
o1r'1 (29)

where
f i  :  fue l  consumpt ion rate for  an

average or 'composite' vehicle
during a manoeuvre of type i (i :
1  for  cru ise,  i  :  2 tor  id l ing,  I  :  3
for stops),

f i i  fuel consumption rate for vehicle
type i during a manoeuvre of type
i (total K vehicle types),

Pi Qi/q : ProPortion of vehicle
type i in the traffic stream,

ei f low rate for type i, and
g : :,gl: total f low rate.

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

7. SIMPLE MEASUREMENTS TO
PRODUCE ELEMENTAL MODEL

DATA

The discussion in Sections 3 to 5 in search of a
gene ra l  f ue l  consumpt ion  re la t i onsh ip  i s  ra the r
theoretical. In practice, coefficients for the elemental
model  can be determined easi ly  by contro l led exper i -
mentation. Measurement of the idling fuel consump-
tion rate (f, ) is straightforward. The cruise and stops
coefficients (1, and l ) 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) at a
nearly constant speed, v" (km/h) and
measure the fuel consumption Fo (mL)
and travel t ime tr (s).

Execute Ncomplete stop cycles within
distance X, travel at steady-speed, v",
otherwise. A complete stop cycle
consists of a deceleration from speed
vc to zero (or near-zero, e.g. 2 to 5
km/h) speed and an acceleration back
to speed v" with no idling time. Record
luel consumption F" and travel t ime t6
at the end of the trip.

2 7

Trips A and I can be repeated several t imes (say n
t imes)  and the fo l lowing calculat ions can be carr ied
out .

T h e  s t e a d y - s p e e d  f u e l  c o n s u m p t i o n  r a t e
(mL/km) is

\Fo/n X (30)
The use ol f , : f" should be adequate for most prac-
t ica l  purposes.  l f  desi red,  Tr ip A can be speci f ied
with speed fluctuations representative of real-l i fe
dr iv ing condi t ions.
The excess fuel consumption per stop (mL) is

| r :  2  (Fs -  Fol /n N (31 )
The average deceleration-acceleration delay per
stop can be calculated from

d n : I ( t s - t ^ ) / n N (32)
and the adjusted excess fuel consumption rale can
be calculated from eqn (5).

lf i t is desirable to idle for a while when stopped
before accelerating, the same method can be applied
by reducing Fsby fr Id", and ta by 14, where Id" is
the sum of  id l ing t imes dur ing Tr ip B (hence d dur ing
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  fo r  t heo re t i ca l  wo rk  us ing  we l l - de f i ned
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
oossible.

8. OTHER ISSUES

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 model

relies on the prediction of the number of stops by
a traffic model in terms of 'effective' stops im-
posed by traffic controls. Consider lor example a
partial stop (slow-down) cycle, v"-v,-vc, ar a
multiple stop (speed-up) cycle O-v,-0, where v,
is less than v". lf the excess fuel consumption
rate for such a manoeuvre is f i,, and the excess
fuel consumption rate for a complete stop cycle,
v"-O-v", or 0-v"-0, is f i,, then the effective stop
value of the manoeuvre is (t ' .r,/f ' ., ) which is less
than 1. Formulation of an effective stop relation-
ship should be examined in the l ight ol the dis-
cussion in Sections 3 to 5.

(b) In the TRANSYT program (Vincent et a/. 198O) for
co-ord inated s ignals,  the e lemental  model
coef f  ic ients are appl ied according to the
average platoon speed. However, delays and
stops are calculated a l lowing for  d i f ferent
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-
t ion.

TRIP B;
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(c)  Again in  a program t ike TRANSYT, ex i t  speed,  v"  ,
may be different from the approach speed, v, , in
which case a stop cyc le is  v , -O-vr ,  where both v,
> v,, and vt 1 vt are possible. The errors due to
calculat ing fuel  consumpt ion according to the
stop cyc le v, -O-v,  should be invest igated con-
s ide r i ng  t ha t  a  subsequen t  speed -change
manoeuvre yr-y, (speed-up or slow-down) would
normally be counted as part of the cruise compo-
nent of the fuel consumption on the exit l ink
(because this change is to occur irrespective ol
t raf f ic  contro ls) .

9.  CONCLUSTON

The work reported in earlier papers by Watson,
Mi lk ins and Marshal l  (1 980)  and Bayley (1980) has
been useful in the analyses towards deriving explicit
functions for the elemental model oarameters. There
is an agreement between Bayley's method and Wat-
son el a/. 's method about the lorm of the steady-
speed fuel  consumpt ion funct ion.  This is

f " : k , + k " / v c * k . , v " (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 model notation) directly,

(b) measure various values of l" tor cruise speeds in
the range 40 to 70 km/h using the method
described in Section 7, and determine the op-
t imum speed,  v"  (km/h) ,  and min imum iuel  con-
sumption fo (mL/km), and

(c)  ca lculate k,  and k,  f rom
k, - lo - 2k" /vo

k, : k., /voz
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(see example in  Sect ion 5) .  The pr"Oi" t ion abi l i ty  of
eqn (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 ol
speeds (e.9.  10 to 12O 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
pa r t i cu la r ,  t he  f o l l ow ing  ques t i ons  need  to  be
answered.
(i) Are the coefficients of the separate PKE varia-

bles lor speed fluctuations while cruising and lor
stops due to traffic controls the same and cons-
tant, or do they depend on the amount of soeed
change and/or deceleration and acceleration
rates and patterns?

(ii) What is the form of the function which expresses
the elemental model coefficient for excess fuel
consumption, / i j , 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  consumpt ion data represent ing
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
model need to be determined separately and by con-
trolled experimentation in view of varlous 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 ol 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.

(34a)
(34b)
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1.  INTRODUCTION

There ex is ts  a cont inuing need for  fuel  consumpt ion
models which can accurately forecast fuel usage
from var iables readi ly  avai lable to t raf f ic  engineers.  l t
is  desi rable that  the model  coef f ic ients are easi ly  ob-
ta ined f rom exis t ing or  s l ight ly  modi f ied vehic le test
procedures.  Models should a lso be amenable to ex-
tension for  est imat ing exhaust  emiss ions.

Herein,  fur ther  thoughts are developed on two of
the current ly  avai lable s imple models and some per-
formance comparisons are made. lt is hoped that the
paper wi l l  s t imulate d iscussion rather  than orovide
complete answers.

2.  MODELS CONSIDERED

Almost  the ent i re range of  model  types appl icable to
luel  consumpt ion and emiss ions model l ing can be
found by carefu l  invest igat ion o l  the papers in
SAE/ARRB (1980).  l t  is  appropr iate to l is t  these in
app rox ima te  o rde r  o f  dec reas ing  requ i remen ts
placed on data input  ( references c i ted are i l lust rat ive
orr ly  of  model  types) :
(1 )  eng ine

1977)"
(2)  vehic le

mapping models (Mi lk ins and Watson

mapping models (Kent '1981 ) ;
(3) regression surlaces (Kunselman et al. 1974',

Bulach 19771;
(4)  e lemental  models (Watson 1973,  Akcel ik  1981 ) ;

and
(5) travel speed (or t ime) models (Evans and Herman

1976; Watson '1 980; Johnston and Trayford
1980 ) .
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In the present examination, consideration of models
(1) ,  (2)  and (3)  is  out l ined oniy s ince they requi re a
representative and continuous velocity-time record.
For  models (2)  and (3) ,  a  jo int  ve loc i ty-accelerat ion
probabil ity density function of the type i l lustrated in
Fig. 1 wil l suffice. This should not be interpreteo as a
statement that they cannot be employed in evaluating
the effects of traffic management changes. lf 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
di rect ly ,  wi thout  recourse to regression,  are l ike ly  to
be super ior  in  forecast ing abi l i ty .

2.1 OBJECT

The present examination ol 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 l ink-by- l ink basis  or  a
distance of about 1 km and containing an intersection
or intersections with a roundabout, tratfic signal or
other control. In Part ' l  of this report, Richardson and
Akcelik (1 982) argue that it is more important to pre-
dict the correct sensitivity of fuel consumption
response to traffic engineering init iatives rather than
absolute values ol fuel consumption. This argument is
only valid when the absolute values of fuel usage in a
comparison are of similar magnitude. Clearly, an in-
it iative bringing about a 10 per cent reduction from
200 mL/km is preferred to a 10 oer 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 'model  in  which
driving was subdivided into acceleration, cruise,
deceleration and idle modes, the so called ACDI 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 i l lustra-
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 t ime and number of stops. Cruise
speed and cruise time could then be directly calcul-
ated.

u 2 0 4 0 6 0 8 0

Time (s)

Fig. 2 - Typical acceleration-cruise-deceleration-idle
(ACDt) cycte
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Fig. 1 -Comparison between Melbourne driving and ADR27A
cycle presented as bi-yariate trequency distributions
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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 Bulach 1974). Bulach (15771 demonstrated the
superiority of the instantaneous emissions rate model
as a polynomical function ol instantaneous velocity
and acceleration.

A model of the above family has been renamed
'e lemental '  by Akcel ik  (1981) and a lso used by
Robertson, Lucas and Baker (1 980) lor estimating
fuel consumed as follows:

where F

F : t , x " + f 2 d " + t t h  ( 1  )

average fuel consumption per
vehicle (mL),
total section distance (km)
average stopped delay, i.e. id-
l ing t ime (s),

h : average number of (effective)
stops per vehicle (stop rate),

l ,  :  fue l  consumpt ion rate whi le
cruising (mL/km),

f, : fuel consumption rate while id-
l ing (ml/s), and

f ,  :  excess fuel  consumpt ion per
vehic le s top (mL).

It is important to recognise that the terms in this
equation are associated with easily discernable
(though often diff icult to mathematically quantify)
features of  the dr iv ing pat tern,  namely cru is ing,  id l ing
and stopping.

2.3 TRAVELSPEEDMODELS

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

+ ko PKE {21

where k, to k, are constants,
PKE Avz/x" ,
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2.4 COMPARISON BETWEEN MODELS

Eqn (2) can be employed to calculate the fuel used
over the distance x, and time t.. As

v" : xrll. (3)

then eqn (2) can be rearranged as

F  =  k t x "  *  k 2 f "  *
x 2s

kt ,  
+ ka, Lv2 (4)

's

TABLE I

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

Car* at Steady Speed
(f, in ml/km, v" in km/h)

xs

4
R 2k ' ,k . ,R l

2903
2640

2  { v r2  -  v ,2 ) ,
f inal and init ial velocities in an
a c c e l e r a t i o n  m a n o e u v r e .
respectively, and

total section distance.

1 .216  0 .994
0.922 0.927

' 4.1 L, 6-cylinder automatic transmrssion Ford Cortina Wagon

The term krt. may be expanded to
krtr: (kri + k2') fs (5)

where kr' is the idle fuel flow rate and kr' represents
the increment in the time-dependent fuel f low 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 kr' is about 264 ml/h. Table ldemonstrates
that forcing k" : kri reduces the correlation coeffi-
c ient  by about  4 per  cent .

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

x!
F =  k t  x ,  *  kzds  +  k2 t ,  +  k t  

t -  
+  kq  Av '?  {6 }

The positive acceleration kinetic energy cnange
term Ay2 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  =  k r x ,  *  k : d s  +  k 4 L v j  h  +  k z t ,

x!
+ k t  ,  +  ko \v f  0 l

's

where h is the number of stops.

Comoarison of coefficients with those of the ele-
mental  model (eqn (1) )  y ields:

f , :  k ,
f " :  k t

f r :  k rL , v "z

Regression
But k, : idle

-30.7
-  9 . t 7

. k 2
l x  =  K t  +  -  +  K 3 V s

vs

A v z

xs

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

k1 roll ing resistance, transmission losses, engine
efficiency,

ki idle consumption (no load, or base engine
fr ic t ion) ,

kj aerodynamic drag, transmission losses, engine
ef f ic iency,

kt  vehic le mass,  t ransmiss ion losses,  engine
efficiency.

x 2
, t  kzt ,  + k ,  -  + ka Lv l

' s

(8)

(e)
( 1 0 )

is non-zero, then

the effect of these corrective terms must be incorpor-
ated in the coetficients f, and f, andeqns (B) and (,t0!
no longer hold.
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3.  MEASUREMENT OF FUEL
CONSUMPTION

The calibration of the coefficients for a model re-
quires measurement of fuel consumption. Errors rn
measurement can have three main sources:
(a)  meter  def ic iency,
(b)  meter  insta l la t ion,  ano
(c)  vehic le var iabi l i ty .

Johnston and Rogers (1 979) have reviewed the
performance of some commonly available fuel f low
meters. No existing fuel f low meter is fault free. Even
those having good (+- 1 per cent full scale) accuracy
dur ing steady-state cal ibrat ion may lose precis ion
under dynamic operat ing condi t ions.  These problems
may range from major deficiencies, such as leaking
Seals to 'overshoot' when fuel f low rate is suddenly
diminished and 'undershoot' when the fuel f low suo-
denly increases.

3.1 INSTALLATIONPROBLEMS

These ar ise pr inc ipal ly  because of  the oresence of
fuel vapour in fuel l ines or in the meter itself. Under-
bonnet conditions are severe enough to frequenily
cause the l ighter fractions of the fuel to vaoounse.
Ordinar i ly ,  a  modern carburet tor  wi l l  feed both
vapour and petrol into the engine should vapourisa-
t ion occur  in  the fuel  l ine.  Fur ther ,s igni f icant  changes
in fuel temperature lead to change in fuel density and
incorrect mass flow when the usual volurnetric means
of measurement is employed.

Fig. 3 - Typical fuel tlow rate to carbureted engine at yarious
driving speeds

(4.1 L, 6-cylinder Ford engine; pLU 106 flow meteranalogue
output)

3 1

Recommended practice includes location of the
flow meter away from the under-bonnet environment
(usual ly  ahead or  to one s ide of  the engine compart -
ment)  and fuel  l ines must  be cont inual ly  upward t ra-
vell ing from flow meter to carburettor to avoid errors
ar is ing in  the var iable volume of  vapour that  may be
trapped in the l ine downstream of the flowmeter if'humps'  or  ver t ica l  loops in  the fuel  l ine occur ,  e.g.
sudden fuel vapourisation may temporarily cause the
flow of fuel through the meter to cease, conversely
sudden condensat ion of  vapour wi l l  speed up fuel
flow.

3.2 VEHICLEVARIABILITY

There are three major  sources of  vehic le var iabi l i tv
when making fuel f low measurements.
(a) In a typical carburetted engine the float bowl 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
Flg. 3. When undertaking on-road measuremenrs,'g '  forces due to accelerat ion,  corner ing or  gra-
d ient  considerably in f luence fuel  f low.  Thus
micro- (second-by-second) measurement of fuel
flow is often not meaningful. However, integrated
resu l t s  f o r  mac ro -sca le  ana l ys i s  a re  o f t en
repeatable with coefficients of variabil itv as l itt le
as 0.3 per  cent .

(b)  The second source of  var iabi l i ty  is  the change
which occurs throughout  the l i le  of  the vehic le.
This is i l lustrated 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) Variabil ity as the result of engine tune up or the
replacement of worn or defective oarts. The in-
fiuence of a major retune and muffler replacement
on the Hot start ADR27A test cycle fuel use rs
demonstrated in Fig. 4.

3.3 EXHAUST ANALYSIS

It wil l 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
vehic le emiss ions test  fac i l i ty) ,  instantaneous luel
flow rates can be deduced by the carbon balance
method. Unfortunately, f luctuating exhaust f low rates,
with varying engine operation, give rise to variable
exhaust gas residence times in the exhaust svstem. in
addition to the problem that some mixing of 

'sequen-

t ia l  's lugs '  of  exhaust  a lso occurs.

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

3.4 ROUTINECALIBRATION

The problems with fuel consumption measurement
necessitate routine calibration of the entire fuel f low-
meter-vehicle system and the use of correction fac-
tors to eliminate any long-time scale dependent
variabil ity in a long series of tests. lf 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
1OO 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

l d le  neur ra l  lue l  t tow -  2  5  L /h

A c . e l . ' a t i o n  f i o m  0  [ m / h  t o  t O 0  k m / h
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Fig. 4 - Variation of fuel used per ADR27A test with vehicle trayel

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

At present it can only be speculated that some
difference might be observed in fuel consumption on
t h e  r o a d  a n d  t h a t  a c h i e v e d  o n  t h e  c h a s s i s
dynamometer vehicle test facil i ty, even when the
dynamometer correctly reproduces the road load.
(Few of the presently employed dynamometers are
capable of replicating an aerodynamic drag force,
sguare law, curve passing through zero load at zero
speed.) This difference is l ikely to arise through float
chamber level differences, component temperature
var iat ion (e.9.  gearbox o i l ) ,  e tc .

3,5 CALIBRATING THE ELEMENTAL MODEL

There are considerable physical diff icult ies 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 wil l detract from the
driver's abil ity to keep to the prescribed schedule.

3.6 SURVEILLANCE DRIVING SCHEDULE

A test cycle, suitable for collecting 'mode' data for
t h e  e l e m e n t a l  m o d e l  f o r  t e s t s  o n  c h a s s i s
dynamometer is the Surveil lance 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. 1574b',.
The acceleration and deceleration modes repre-
sented in SDS consist ol all possible combinations of
the following five speeds: O, 24, 48,72 and 96 km/h.
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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/sr)
or lower (0.58 m/sr) and similarly average decelera-
tion rates higher (- 1.34 m/s2) and lower (- 0.56
m/s2 )  t o  de te rm ine  the  e f f ec t  o f  acce le ra -
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
Laborator ies 1971).

100 200 3m 400 500 m
Time {r t

m0 7m 800 9m 1000
Time ld

Fig. 5 -Surveillance Driving Schedule (SDS) cycle used tol
modal emissions analysis

The cycle has been plotted in Fig. 5. The stan-
dard accelerat ion/decelerat ion combinat ions are
f rom t ime  0  t o  618  s .  The  spec ia l  acce le ra -
tion/deceleration combination constitute the remain-
ing component of the cycle to 1054 s total. The joint
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Fig. 6 - Comparison between ioint velocity-and-acceleration
tiequency distributions of Surveillance Driying Schedule (SDS)

and observed Melbourne driving

velocity and acceleration probabil ity density function
for the cycle is compared with Australian driving in
Fiq.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 wil l be noted that emission rates for acceleration
are calculated as deviations from the steady state for
indiv idual  vehic les.

The model worked satisfactori ly 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 (' l  977) 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 (R, : 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 THE RESULTS
TO ELEMENTAL MODEL

4.1 CRUISE

Richardson and Akcelik (1982) in Part 1 ol this report
rightly point out the diff iculty in assigning steady-
speed fuel consumption values to cruise fuel usage
rate, since even under low traffic f low conditions
steady-speed cruising does not occur. Fig. Z i l lustr-
ates typical velocity t ime traces for a range of driving
conditions. Further discussion of the task and what
the concept  of  cru is ing speed represents is
described in Appendix A.

The question may be asked, at what non zero ac-
celeration does acceleration/deceleration become
cruise (0.05,  0.1,  0.2,  0.5 m/s2)? The decis ion has a
significant effect on the proportion of cruise to ac-
celeration/deceleration time.

Flg. 8 i l lustrates three of several simple elemen-
tal approximations that may be employed. Method 1
complies with the concepts developed in eqn (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-
vell ing time into acceleration time ta, cruise time tc
and deceleration time t6. The cruise time, t" may be
determined by some lixed criterion such as when a <
0.1 m/s2, or by 'eye ball ing' 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 travell ing time
less the stop/start delay. In Method 2, the accelera-
tion rate a- corresponds to the mean acceleration
over the time ta; similarly, the deceleration rate d is
the mean value over 16. The method assumes cons-
tant acceleration and deceleration rates.

Figs 9and 70 i l lustrate the variabil ity in our test
car's cruise luel consumption and exhaust emissions
as deduced from measurements for three driving
cycles. Flg. 9 also includes some results for 'syn-

thetic' l inear 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 pet cent. (Negative values are possible i l the
speed leaving the cruise time is less than the enter-
ing speed.) The maximum possible deviation is i l-
lustrated at 32 km/h to be *350 per cent in synthetic
dr iv ing.

4,2 ACCELERATION/DECELERATION

A comparison has been made between the fuel used
lor 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. 11. 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 (R, : 0.50) in
fuel consumotion.
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Fig. I - Three 'elemental' approximations to actual driving
patterns
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Corresponding analyses for decelerations are
descr ibed in F ig.  13. l t  should be recal led that  the
smaller fuel usage during deceleration increases the
error in measurement. However, under closed throttle
dece le ra t i on  t he  fue l  used  i s  i ndeoenden t  o f
d e c e l e r a t i o n  r a t e ,  a n d  d e p e n d e n t  o n l y  u p o n
deceleration time td. lt is therefore not surprising to
find that more of the variance is explained (Re :
0.67) .

An alternate approach to Method 2in Fig. Swould
be to assume constant acceleration to v.. However,
this would lead to variation in the distance travelled
during acceleration. Therefore Method 2 is l ikely to
be the most realistic of the l inearisation 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 eqn (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

t f  , :  h  P K E

wnere  a , f , :  f , -  f "

method

I  (Max imum poss ib le )

( 1  1 )

(12l'

tr
tq
t \
J \
\ \ r

and l" is the steady-speed fuel consumption per unit
distance.

ADR 27A

Melb .  In i t .

Sydney

Steady speed

I 5 km/h speed fluctuations

r 1 5 km/h speed fluctuations

o

a

tr

T

E

J

E

E 200
c

L

ilri'.\
) \ \ ,
)\ 

r,,

)1.'t..

Speed {km/h}

Fig. I - Cruise fuel consumption y. speed for driving cycles and ,synthetic, driving
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Fig. 10 - Emission ralos during cruise elgmgnts ot AOR27A drlye cycle compated io steady speed
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Fig. I 1 - Oriying cycles employod in the simulation studies
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TABLE II

MEASURED v. PREDICTED FUEL CONSUMpTTON DURTNG
STOP.STARTS

End of
Micro- .\t

Trip (s)
lx PKE

(km) (m/sr)

Measured Predicted
FC FC

(mL/km) (mL/h)

Sydney Cycle

1

4
5
6
7

69
23
39
48
2 t

48
34

0.258
U . I O J

0 . 1 5 6
0.052
0.028
0.430
o.273

0.905
1 .09
1 . 0 0
1 . 0 0
1 . 1 0
0 .75
0 .70

1 7 2
'I 84
215
317
953
157
1 4 9

1 7 1
1 8 8
2 2 1
331
939
1 5 0
152

Melbourne In i t ia l  Cycle

1

J

4

5

60
b 6

40
70

0.469
0.231
0 . 1 1 4
0 . 1 6 5
0 r 7 0

0.69
0.63
0 .82
1  . 1 6
o.56

t c 6

I t J

204
213
1 7 7

t f  o

1 7 3
208
218
1 8 5

Fig. 1 4 - Generalised f uel consumption or emission surlace on
average speed and positive kinetic energy pe. unit distance axes

(v " ,  pKE)

Jl, represents the incremental or excess fuel
used over the steady-speed consumption. lt should
be noted that this equation is an approximation to the
surface shown in Fig. 14. Jf, should often invotve
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 g0-0-90 km/h at f ive accetera-
tion rates are presented in Flg. 75. Most pleasingly
the results overlay. Regression gives

where Al, is in ml/km and pKE is in m/s2. Therefore,
eqn (2) can be written as
f  ,  :  -3O.7 *  29O3/v"  + j .216v" - f72.07 pKE (141
where v. is in km/h. Application of eqn (1 4) to pre-
d ic t ing the fuel  consumed in the decelerat ion-ac-
celerations of the Sydney and Melbourne init ial
cycf es is given in Table //. These results indicate that
in excess of 98 per cent of the observed variance rn
fuel  consumpt ion is  expla ined and the mean predic-
t ion error  is  1 .9 per  cent .

6. COMPARISON BETWEEN
METHODS

6.1 COEFFICIENTS FOR THE ELEMENTAL MOOEL

When the elemental model is expressed as in eqn (1 )
in terms of distance related fuel l, x' stop time fuel
/,,, d" and stopping fuel l, h , the coefficients may be
der ived f rom fuel  usage in var ious dr iv ing cyc les
when the idle and cruise or distance related fuel con-
sumption is known. Use oi data in Table land Appen-
dix  B,  together  wi th the number of  hal ts  per  dr iv ing
cycle,  a l iows calculat ion of  the fuel  per  s top as quan-
t i f ied in  Table l l l for  the test  car .

TABLE III

FUEL USAGE PER STOP
Test Cycle Number of Fuel/Stop

Stops (mL)
ys

(km/h)

AOR27A
Sydney
Melb.  ln i t
AOR27

? I  E

J J . 5

26.7
1 8 . 8

23
42
28

1 8

I

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

E
o

- U

[ -

tf , : 72.07 PKE (R'? : 0.83) ( 1 3 )
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demonstrated that  the fuel  used in a stop is  re lated to
the speed from which the stop was made (or rather
the speed regained af ter  the stop)  (Watson 1980).

I t  seems unl ike ly  that  the speed f rom which a
stop is made can be accurately forecast, on a l ink-
by- l ink basis ,  but  more l ike ly  an est imate could be
made for  cru ise speed for  several  l inks,  In  th is  case i t
is expected that the stop fuel coefficient f, would be
constant.

6.2 INCLUSTON OF
ACCELERATION/DEC ELERATION

The best one could exoect for an elemental model is
some es t ima te  o f  t he  acce le ra t i on ,  c ru i se  and
deceleration times la, lc and td. With knowledge of
the stop time ds, 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,  i f  we examine the Los Angeles t r ip
which is the basis of ADR27A and remove the second
micro-trip which represents freeway driving, then
x.  :  8 .75 km,
h :  . 1  7  s tops ,
t r ip  t ime :  (1372 s less 2nd micro- t r ip  208s)  :
1  1 6 4  s ,

id le (s top)  t ime :  224s,and hence running t ime for
an average micro- t r ip  wi thout  id le t ime:

l ,  :  (1  164 -  224) /17 :  55.3 s
lf we assume t" : t, : t6, then the cruise speed is
{ound as 51 km/h. Fuel consumption for this speed is
88 mL/km.

T o t a l  f u e l  i s  t h e  s u m  o f  t h e  a c c e l e r a -
tion/cruise/deceleration/idle components. From Ap-
pendix B,  accelerat ion/decelerat ion fuel  :  17 x 41
:  697 mL.
crurse
id le

micro- t r ip  2
tota l  fuel
fuel cons. rate

17  x  22 .7  :  388  mL
224 x264O/3600 : 164 mL
355 mL
1 604 mL
134 ml /km

Assuming t" : ta always the effect of t" varying from
zero to 75 per cent of the possible maximum value
(55.3 s) is shown in Fig. 16. Examination of ADR27A
indicates lhat t"/t,: 60 per cent approximately, and
the predicted fuel usage is 8 per cent low (v" : 42
km/h predicted for  th is  rat io) .

TABLE IV

ARR No.  1 24

When al l  the 17 micro- t r ips are not  assumed to
be the same, but fuel consumption is based on cons-
tant acceleration and deceleration rates. the oredic-
tion is seen to improve but 5 per cent less than
measured.

6.3 COMPARTSONS

ln Table /VMethod 2 is further compared with other
models for the case when t" : ta : l" for three driv-
ing cycles for which we have measured luel con-
sumpt ion .  O the r  equa t i ons  i nc luded  the  PKE-v "
method (eqn (2) ) and the simple travel t ime expres-
sion employed by Evans and Herman (1 976) using
data from Marshall (1979).

Comparison data are also given in Table lV tor
Method 3, lor values computed using eqn (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 10.6,  15.4 and 13.3 s for  the
ADR27A,  Sydney  and  Me lbou rne  In i t i a l  cyc les ,
respectively. Fuel consumed during cruising was
computed using data from fable / 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 ol
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 , ds, intersection frequency, vehicle density etc.;.
Unfortunately, no unique relation describing all roads
exists.

The present status can be i l lustrated with an ex-
ample. A regression equation based on data lor driv-
ing in Swanston Street, Melbourne has been applied
t o  p r e d i c t i n g  f u e l  c o n s u m p t i o n  i n  L a  T r o b e
Street/Victoria Parade during a single trip on a l ink-
by-link basis. In Fig. 17, predicted v. measured fuel
consumption are compared. Also shown are results
using the elemental method (eqn (1 ) ) for which t, :
42 mL was used and f, derived lrom Table I and f" :
0.767 ml/s. The PKE method under-predicts the
overall route fuel consumption by just over 3 per cent
and explains 85 per cent ol the observed link-to-l ink
variance. The elemental method over-predicts fuel
usage by 1 1 per cent and explains 72per cent of the
observed variance.

PREDICTED FUEL CONSUMPTION (mL/km)
Cycle

Method
ADR27A Sydney Melb. lnitial

Measurement
Travel Time
PKE Method
Elemental (ACDI)
Method 2 (t" /t, : 50%)
Elemental Method 3

142.O
152.4 (7\
1 4 0 . 2  ( - 1 )

130.8 (-8)
134 .5  ( - 5 )

r 46.3
1 4 7 . 9  ( 1 )
146.4 (0)

157.7
166.6 (6)
160.8 (2)

1 2 7 . 7  ( - 1 3 1  1 4 1  . 5 ( - 1 0 )
1 2 4 . 3  ( - 1 5 )  1 2 8 . 1  ( - 1 8 )

percenlage errors are shown in brackets.
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7.  FURTHER RESEARCH

A major  problem wi th the present  predict ions ot  PKE
is that  they re ly  on var iables such as in tersect ion f re-
quency wi th no accommodat ion of  t rat f ic  s ignal  con-
t ro l  var iables such as cyc le t ime etc.  This  is  because
of  the 'worm's eye '  nature of  our  present  dr iv ing pat-
tern sampl ing process.  More data col lect ion is
needed in which dr iv ing pat terns are re lated to s ignal
status.  This should enable the stat is t ica l  determina-
tion of the relationship between PKE and with signal
set t ings and other  acceptable var iables inc luding
posi t ion in  p latoon as wel l  as those descr ibed above.
Hopefu l ly  the stat is t ica l  re lat ions may avoid the need
for  sublect ive evaluat ion of  road envi ronment  as pro-
posed by Richardson and Akcel ik  (1982) in  Par t  1 of
th is  reoor t .

Fur ther ,  the proposed exper iment  could prov ide
data to determine 'cruise' speeds for the elemental
model and provide measured data for back-to-back
evaluat ion of  each of  the models to establ ish thei r
sui tabi l i ty  for  fuel  consumpt ion est imat ion.

8.  CONCLUSTONS

The PKE-average speed model for fuel consump-
tion, has associated with each of its coefficients
a p lausib le physical  concept  of  vehic le design.

By e l iminat ion of  some non-t r iv ia l  terms i t  can be
shown that  the PKE-average speed model
reduces to the elemental fuel consumption equa-
t ion.

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  analys is  of  s tandard ADR27A (and
AS2077) dr iv ing.

The e lemental  analys is  cal ls  for  h igher  resolut ion
of fuel f low measurements and is l ikely to suffer
from errors arising in the fluctuating fuel f low to
the carburettor and restricted sensitivity of the
fuel f low meter.

4 1

(e) Even when the number of stops term in the ele-
mental  model  is  extended to inc lude f in i te ,  but
constant accelerations and decelerations, it has
been shown to per{orm less well than the travel
soeed based moder.

(0 In urban driving non-freeway conditions results
indicate that steady speed does not often occur.
This means that it is diff icult to orescribe 'cruise'

speed fuel consumption.

9.  FURTHERINVESTIGATION

Whereas Richardson and Akcelik (1982) have pro-
posed that fuel consumption might be related to the
cruise speed and environment, and fuel usage iden-
tif ied for speed changes including those to rest
(stops), it is proposed that uninterrupted travell ing
speeds (l ink distances/travell ing 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
analys is  could be provided as look up tables or  as
explicit functions of the correlating variable.

Fuel usage can then be accurately forecast from
coefficients for average speed and PKEterms 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, ys, can be modified to running speed,
v,, and to explicit ly include the stopped delay {idle)
fuel f low rate as follows:

f ,  = b,  + bz lv ,  t  b t  v ,

+ badr lx ,  + bsPKE (15)

(a)

(b)

(c)

(d)

TABLE V

REGRESSION COEFFICIENTS FOR FUEL CONSUMPTION (ml/km)
FOR eqns (15)  AND (1)

(a) Equation 15

Data Regresslon
Source Method b ,

Coeflicients
b !  b , ,  b  r  b - ,  R 2

DYNO. 2-STEP "30.7 29@
DYNO. MULT. -34.2 2960
ROAD MULT, 19,4 2480

(b) Equation 1

Data Fegresslon
Source Method t ,

1.22 2640 94.8 0.990
1.20 2700 93.6 0.990
0.975 2740 1 15.6 0.897

f 2 R 2

DYNO
ROAD

MULT
MULT

108 .7
l A e a

15 .40
8.44

0.901 '
o.764

2400
2320

Units vr  (krn/h) ,  d.  (h) ,  x"  (km),  PKE(m/s?),  h(stops/km)
' Falls to 0.796 when steady speed results included since f, is treat€d as a constanl.
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Examples of regression coefficients are given in
Table V for this new expression for the Ford Cortina
tes t  veh i c l e .  Two  equa t i ons  a re  p resen ted  fo r
dynamometer results. In two-step regression, coeffi-
cients br 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 Init ial Cycle micro-
trips plus 15 steady-speed results over the range 7
to 1 13 km/h,  a l l  data being measured in ear ly  1979.

For comparison regression to 1463 measure-
ments made in 1978 on l inks on Melbourne roads are

ARR No.  1 24

included. The amount of variance explained (Rr) is
about  10 per  cent  less,  probably as the resul t  o l
residual kinetic energy, wind, grade and other effects
on the l ink-by- l ink analys is .

Also g iven are mul t ip le regression resul ts  to eqn
(1 ) for further comparison. lt wil l be noted that eqn
(15) explains more of the fuel consumption vanance
than eqn (1 ) (however, the use of eqn (1 ) for regres-
sion analysis does not represent the normal use of
the 'elemental model' approach). lt is concluded that
e q n  ( 1 5 )  i n  e x p l a i n i n g  9 9  p e r  c e n t  o f  t h e
dynamometer results, away from additional variabil ity
on the road, clearly indicates the effectiveness of this
new method.
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APPENDIX A

DEFINITION OF CRUISE,
ACCELERATION AND

DECELERATION

When descr ib ing fuel  consumpt ion by means of  e le-
mental  modes,  i .e .  accelerat ion,  cru ise,  decelerat ion
and idling, we are attempting to approximate the
variable manoeuvres executed by vehicles in traffic
f low to more r ig id behaviour .

Fig. 1 I - Joint velocity -distance probability function for one
directional flow without turns at a signal

Fig. 18 describes the frequency of occurrence ol
veloc i ty  in  the d is tance domain of  hypothet ica l
behaviour  at  a s ignal  contro l led in tersect ion for
t raf f ic  f low in one d i rect ion.

ln the free flow situation distant from the inter-
sect ion i t  might  be expected that  a normal  d is t r ibu-
tion of speed would be found. This normal distribution
or ig inates in  vehic les t ravel l ing at  d i f ferent  speeds
which ref lect  capabi l i ty ,  v iz .  laden t rucks,  and mi ld
acce le ra t i on /dece le ra t i ons  s i nce  s teady -speed
dr iv ing rare ly  occurs in  pract ice.  Cruise speed
reductions from the free speed may be expected to
occur as tratfic f low increases (Freeman, Fox and
Associates 1972l.. At the intersection the range of
situations from complete stops, partial stops and
uninterrupted flow wil l be found. Greatest frequency
of stopping is found at the stop l ine 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 1 981 ).

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 ' l  971) affect the
path. Even a l inearised path is a poor approximation
to reality as can be seen in Flgs Tand 8 in the main
text.
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APPENDIX B

FUEL USAGE DURING CONSTANT
ACCELERATION AND

DECELERATION

The results given in Table Vl 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 Flg. 9or Table /. ldle fuel
flow rate was 0.700 mL/s.

TABLE VI
Accel./
Decel.

(kmlh-s)

lnitial
Speed
(kmlh)

Final
$peed
(kmlh)

Fuel
Used'
(mL)

0
30
0

60
o

90

0
30
0

60
o

90

o
30
0

60
o

90

0
30

60
0

90

o
30
o

60
o

90

30
0

OU

0
90
o

30
0

60
0

90
o

30
o

60
0

90
o

30
o

60

90
0

30
o

60
o

90
0

zo
17 .7
7 1 . 5
43.7

1 5 2 . 5
86.5

r  5 .5
t . 3

46.5
21
97.5
39

12.8
6.3

38.3
1 3
79
24

1 0
5.5

34.5
9.3

75
16.5

9.O
4

34
7

71 .5
14.3

' Values less than 1 5 mL are estimaled to be subiect to errors
greater than approximately tO per cent.
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1.  INTRODUCTION

At the Australian Road Research Board Seminar on
Fue l  Consumpt ion  Mode l l i ng  f o r  U rban  T ra f f i c
Management, October ' l  981 , where the preceding
papers were presented, the authors agreed to place
on record the resolution of differences in the ap-
proaches adopted by them for developing simple luel
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.

T h e  d i f f e r e n c e s  b e t w e e n  t h e  a p p r o a c h e s
adopted by the traffic engineer and the vehicle
design engineer stem from different modell ing 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 vehic le design engineer needs to moni tor
vehicle performance characteristics by employ-
ing models which can be cal ibrated f rom vehic le
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 definit ions is necessary (see Figs 1 and 2\:

(a) cruise speed, v", which is the average speed
while travell ing 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 control 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 rm-
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:

wnere
lx fuel consumption per unit dis-

tance (mL/km),
k, to k, model coefficients (constants),
ys average interrupted travel speed

(km/h), and
PKE a variable related to positive

k ine t i c  ene rgy  changes ,  and
given by

pKE = 
>tui  -v i l

36oo x 
Ql

s

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

An example given in Part 2 of this report il lustr-
ates a deficiency of the PKE-ys model in that the
model fails to predict accurately the changes in fuel
consumption due to changes in stopped delay time.
The following formula proposed by Watson (eqn (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,):

f^ = b, + bzlv,  + btvr 7 boa, + bs PKE (3)

where f' v,, PKE are as described above, 4 is tne
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 alorg the total section distance x., the values
of v, and d" can be easily calculated (v, : 3600 x"/
(t" - 4) and d" : 4/x", where 1", 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 indeoen-
dent variables. Coefficient bn is the idling fuel con-
sumption rate (mL/s) obtained by direct measure-
ment. Coetficient 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/kmr), b. (ml/s), and b-, (mL-h-s/km2).

To show the relation with the pKE-v, model (eqn
(3)), consider the following form of ttie elemental
model (see Part 3):

f  , :  f ,  *  f rd "  +  f , rF  (4 )

4 5

k2
f , = k r + - - + k z v ,
^ v - s

s

+  k4  PKE (1 )
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I
I

xh = deceleration-acceleration distance

th = deceleration-acceleration time

dn = deceleration-acceleration delay

d, = Idr ;

ARR No. 1 24

(al An uninterrupted trip:
no stops
no delay
av€rage speed:

3600 x g
t " =  

,'u

An interrupted trip:
h stops
no stopped delay time
delav = h dn

average speed:

-qqqgfs 3600 xs
, ,  

=  
t u + h d h

I

(c) An interrupted trip:

h stops
stopped delay time : ds

d e l a y : d - d s + h d h

average speed :

.. 36(X) x3 3600 xtYs=  
\  

== { lTF f i h

I

o
I

€
o

x

o

E

o
o

o

o

Fig. 1 - Time-di3tance diagrams showing relationships atnong Yarious traffic vatiablo3
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n uninterrupted t r ip

wi th  no  s topped de lay  t ime

(c)  An interrupred t r ip
wi th sropped delay t ime

!

o

Fig. 2 -Speed-time profiles lor Fig. 1
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where f, : fuel consumption per unit dis-
tance (mL/km),

d-" stopped time per unit distance
(s/km),

i : average number ofstops per unit
distance (stops/km),

f  ,  :  fue l  consumpt ion per  uni t  d is-
tance while cruising (mL/km),

l.: : fuel consumption per unit t ime
whi le id l ing (mL/s) ,  and

{ '  :  excess fuel  consumpt ion per
stop (mL/stop).

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

A, , ,
f ,  - -  b ,  +  h ,  l v _  t  b z v -  *  b <  ( 5 )'  c  -  

36oox

l " :  b '

v '  d ,c n
f r = b ,  + b ,-  - 3 6 0 0  - 3 6 0 0

with the fol lowing unexplained term:

b .  v n

0 =  - -  -  ( 8 )
1 + 3600/vrh do

where
Jv,2 /x" PKE lerm related to speed per-

t u r b a t i o n s  a b o u t  t h e  c r u i s e
s p e e d ,  v " ,  w h i l e  c r u i s i n g
unaffected by traffic controls,

dh 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

t, [eqns (5) to (7) in eqn (4)] + r,.

ARR No.  1 24

Eqns (5) to (7) indicate that the elemental and
PKE-v, models are very similar. This is subject to
various minor simplif ications described in the Appen-
dix. The unexplained term (eqn (8) ) could be due to
an omission in the PKE-vr model. Alternatively, it
could be related to a term which may need including
in eqn (7) for excess fuel consumption.

3. CONCLUSTONS

The findings are encouraging in that the models
developed using two different approaches are shown
lo be very similar. Resolution ol 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 explicit ly 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 profi les. Future work should also concentr-
ate on the production of data for different vehicle
types. In these respects, vehicle 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 wil l be aware
that there sti l l  exist differences of opinion amongst
the authors about a preferred method lor fuel con-
sumption prediction. Continued investigation, and im-
portantly, dialogue between traffic engineers and
vehicle designers should reveal the models which
are best suited to the range of problems to be tackled
and to the resources available.

(6)

( 7 )
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APPENDIX

DERIVATION OF THE RELATION
BETWEEN THE ELEMENTAL AND

PKE-v,  MODELS

In  order  to establ ish the re lat ion between the e lemen-
ta l  and PKE-v,  models (eqns (3)  and (4)) ,  i t  is
necessary to understand the relationships among the
traffic variables used in these models. These rela-
tionships are shown in Figs 1 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 t ime,  t , ,  is  the sum of  the uninter-
rupted cruise time along the total section distance
(1,  :  3600 x" /v" ,  where v"  is  the average cru ise
speed) and the delay due to stops and starts imposed
by traffic controls (not including any stopped delay
t ime) :

3600 x"
t r = t r + h d o  + h d n  ( 9 )

c

where h : average number of stops per
vehic le,  and

dh average deceleration-accelera-
tion delay per stop (see Part 2
for lormulae to calculate dn ).

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

3600 3600
+  h  d .  ( 1 0 )

n
v

where
3600 /v,

3600 /v"

h : h /x": average number of stops
per unit distance (stops/km).

Traveltime including the stopped delay time (d)

Therefore, the average interrupted speed allow-
ing for both stopped delay time and deceleration-ac-
celerat ion delays is  re lated to the average running
and cru ise speeds as fo l lows:

36003600
ys

_ 3600
+  d - =  +  d  ( 1 3 )

t ,"

where

3600/v.

ds

a:

L : t" /x" : interrupted travel
t ime per  uni t  d is tance (s/km),
average stopped time per unit
distance (s/km), and
d-" + D d, : average delay per
unit distance (s/km).

t , :  t , /x":  average running t ime
per unit distance (s/km),
t, : t" /x" : average cruise
speed per unit distance (s/km),
and

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. + b's pKEz ( 1 4 )

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'', : f i",, :
br, and put PKE, : Lvi2 /360Ox". Further, neglecting
minor speed perturbations during acceleration and
deceleration manoeuvres, PKE2: hv"2 /3600x" :

fr v"2 /36OQ.

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

f r = b r + b z l v r + b t v r

' c

Ln,' - ,"'
+  b o c l -  1  f i . -  +  b r h :' s  - 3 6 0 0 x  

3 6 0 0

From eqns (10) and (15)

f r = b r + b z l v " + b 2 E

v
c

* b t
1 + v"E dhl36}O

3600 x
t " = r r + d s +  h d n =  

%  
+ d  l 1 2 l

where d : d. * h d, is the 'delay'experienced dur-
ing travel along distance x" (difference between in-
terrupted and uninterrupted travel t imes, i.e. t. - lr).

( 1 5 )

is:

f s =  t / + d s

From eqns (9) and (1 1 ),

3600 xs
* d , ( 1 1 )

dh

3600

Lv.2
_ t

+ b a d - + b r -'  r  -  
3600x,

_ ,",
+  b r h  -- 

3600
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brE v" '  dh l3600

1 + v h d . / 3 6 0 0
c n

( 1 6 )

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

ARR No.  124

b3E v"2 dhl36oo
_ - . - -
1 + v"h dh/3600

bt vc
= - ,  :  ( 2 0 )

|  +  3600 lvchdh

This term results lrom the (b,, v,) term in the PKE-v,
model and cannot be related to 4, (eqn (19) ) because
of the form of the denominator.

The adjusted excess fuel consumption per stop
discount ing for id l ing fuel  consumption during
deceleralion-acceleration delay per stop (f ',r: 1,, -
f" dnl can be lound from eqns (1 8) and (19) by putting
b, /3600 : br:

f J=b ' (211

Watson (eqn (5) of Part 4) states that brl3600 :
b4 + 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 eqn (21) b'n is neglected. lt
should also be noted that, if coefficient b, is deter-
mined by regression of measured steady-speed fuel
consumplion values with cruise speed, brl36o0 : bo
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 ol this and several other
minor simplifications described above, eqns (17) to
(19) demonstrate that the elemental and PKE-v,
models are substantially similar.

=  ( b r  +

f z = b q

f t =

with the following unexplained term:

L ,  i '
f r  =  b r  +  b 2 l v "  +  b " v  I  b .  -- 

3600 x,

bz lv "  +  b tv "  I

v '
c

be d, + ( br 
s6oo

L,,'
*  b r - _ -- 

3600x"

dn , -
*  b r - l h

0 =

v 2
c

3600

'"' dh

b . -  a  b ,  -
- 

3600 
- 

3600

( 1 7 )

( 1 8 )

( 1 9 )
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1.  INTRODUCTION

Alternat ive s imple models for  predict ing fuel  con-
sumpt ion of  vehic les in  urban t raf f ic ,  speci f ica l ly  the
elemental  and PKEmodels and thei r  re lat ionship have
been discussed in detail in preSious parts of this
report. A study of the derivation of the elemental
model parameters from an expression ol instan-
taneous fuel consumption (Bayley 1980) has been
discussed in Part 3. The results of further work on this
subject  repor ted in  deta i l  in  Akcel ik  and Bayley (19.)
and Akcel ik  (1982) are summarised in th is  par t .
These results answer some of the questions raised in
previous parts ol the report.

The fuel consumption formulae given here apply
to a level  road,  but  They can be extended by inc lud-
ing the road gradient as an additional term, e.g. see
Bester  (1981).  Deta i led l is t ing o l  data used to der ive
the results presented in this paper can be found in
Akce l i k  (1982 ) .

2. INSTANTANEOUS FUEL
CONSUMPTION

Instantaneous fuel consumption models can be used
d i rec t l y  i n  assoc ia t i on  w i t h  m ic roscop i c  t r a f f i c
simulation models which can calculate the instan-
taneous speed and accelerat ion of  ind iv idual  vehi -
c les,  e.g.  MULTSIM (Gibbs and Wi lson 1980) and
NETSIM (L ieberman et  a | .1979),  or  when speed-t ime
traces are avai lable as in  the cases of  dr iv ing cyc le
data or on-road data lrom 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
der ived.

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

d F
f = - - k r + k z v + k t v 3

c l t

where

F
,
I

a

k l

k " ,  k t

+  l k o a v  t  k s t t 2  v l " ) o  ( 1 )

fuel consumption (mL),

t ime(s) ,
dF /dt : instantaneous fuel con-
sumption per unit t ime (mL/s),

instantaneous speed (km/h),

d v  / d t  :  i n s t a n t a n e o u s  a c -
celeration rate (km/h/s),

constant idling fuel consumption
rate (ml/s),

constants representing luel con-
sumption related to roll ing resis-
tance and air resistance. and

kr, k, constants related to fuel con-
sumption due to positive ac-
celerat ion.

5 1

The coefficients of the instantaneous luel con-
sumpt ion funct ion can be determined as fo l lows.
(a) Determine the idle fuel consumption parameter,

k, , by direct measurement.
(b)  Determine the ro l l ing res is tance and a i r  res is-

tance parameters, k,,, and k,, from constant-
speed cruise fuel consumption data (see Section
3 ) .

(c)  Determine the posi t ive accelerat ion coef f ic ients,
k ,  and k. ,  f rom accelerat ion fuel  consumpt ion
data (see Section 4). lt should be noted that the
a 2 y term in eqn (1)  g ives an overal l  improve-
ment  in  predict ion abi l i ty  by prov id ing sensi t iv i ty
to h igh accelerat ion fuel  consumpt ion as found
by Evans and Takasaki (1 981 ) and Waters and
Laker (1980).

When calibrated in this way, the instantaneous
fuel consumption function is sensitive to different
condi t ions of  t ravel .  This  is  in  contrast  wi th the
method ol determining all model coefficients by
regression analysis, in which case the parameters
descr ib ing the id le,  cru ise and accelerat ion condi-
t ions are unl ike ly  to have indiv idual ly  correct  va lues.
This is  because of  h igh in ter-corre lat ions of  predictor
var iables (mul t i -co l l inear i ty) .  Using such a regres-
s ion equat ion would be a source of  error  in  evaluat-
ing alternative traffic management/control strategies,
e.g.  evaluat ing min imum-delay against  min imum-fuel
consumption strategy (see Hurley, Radwan and
Benevel l i  1981 ) .  l t  is  therefore necessary to use
separate functions for idle, cruise and other travel
condi t ions,  or  to  use a s ingle lunct ion wi th the coef l i -
c ients re lated to id le,  cru ise and accelerat ion 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 definit ion.

For the Melbourne University test car (Ford Cor-
t ina Wagon,  6-cy l inder ,  4.1 L,  automat ic  t ransmrs-
s ion ) ,  k r  :  0 .700 ,  k :  :  0 .00442 ,  k , , : 0 .220  x  10  5 ,
kr : 0.00762, k; : 0.886 x 10-3 are found by separ-
ate analyses of constant-speed cruise and accelera-
tion fuel consumption data.

3.  CONSTANT.SPEEDCRUISE
FUEL GONSUMPTION

For steady-speed travel, the fuel consumption per
unit distance can be found lrom eqn (1 ) as (f /v ) and
putting v: v" and a : 0:

f" fuel consumption per unit dis-
tance (mL/km),

vc constant cruise speed (kmlh),
and

b, to b., coefficients related to the l irst
three coefficients of the instan-
taneous fuel consumotion func-
tion as follows: b, : 3600 k, , b,
:  3 6 0 0  k , ,  b r : 3 6 0 0  k r .

b2
f " = b 1  + ;  + b t v " '  ( 2 1

' c

where
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The recommended method for  determin ing the coef l i -
c ients o{  the cru ise luel  consumot ion funct ion is  to
measure the id l ing fuel  consumpt ion rate,  b, ' .  ,  the
minimum fuel  consurnpt ion rate whi le  cru is ing,  fo ,  and
the (opt imum) speed at  which th is  consumpt ion is
achieved,  vo (usual ly  in  the range 40 to 60 km/h) ,
and to calculate b,  and b,  f rom:

5 3

using the values oI  k ,  ,  k" ,  &,  as values pre-deter-
mined for the cruise luel consumption function (using
the method explained above), and then by finding the
values of k, and k-, by regression lor constant-ac-
celeration fuel consumption data. The correlation
between predicted and measured data was found to
be very high (R z : 0.999). The results are i l lustrated
in Fig.2lor v" : 30, 60 and 90 km/h.

Eqn (3) can be written as F, : Ata + B + C lta
where  A  :  r t ,  *  u "v "  *  t t . 1  v63 ,8 :  r t . ,  v "2  and  Q  :
rr-, v"3 are constants for a given final speed, v.. The
acceleration time which minimises fuel consumption
can be obtained from this function as to : (C /A11/2
and the corresponding average acceleration rate is
do : v"/to. The results for the Melbourne University
test  car  are shown in F ig.2 for  v"  :30,60 and 90
km/h. lt is seen that optimum acceleration rates are
eo :  7.7,6.0 and 5.7 km/h/s,  respect ive ly .  These
values are considerably higher than those found
elsewhere. Waters and Laker (1980) found an op-
timum rate ot 2.5 km/h/s for acceleration to 60 km/h
us ing  da ta  f r om a  compu te r  s imu la t i on  mode l .
Similarly, Evans and Takasaki (1 981 ) 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 a-o were also obtained from a theoretical analysis
assuming a l inear  accelerat ion model  (by changing
the relevant integration constants in eqn (3) as
described above). The value of a-o depends on vehi-
cle parameters as well as the acceleration profi le as
indicated by eqn (3). Hence, f irm conclusions can
only be drawn by extensive analysis of real-l i fe 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
l imi ted.

5. EXCESS FUEL CONSUMPTION
PER STOP

The elemental fuel consumption model which ex-
presses fuel consumption as a function of the three
pr inc ipal  e lements of  dr iv ing pat terns ( id le,  cru ise
and stop-start manoeuvres) has been discussed in
previous parts of the report:

F = f t x r t f z d s + f 3 h

where

F fuel consumption (mL),
xs 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),
fz : fuel consumption per unit time

while idling (ml/s), and
f. t  :  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 y : 0 and

1 . 5  b ,
b r  =  f o -  

f , o -  
a n d  b t  -

b t--:-- (2al
2 v '

o

The resul ts  obta ined for  the Melbourne Univers i ty
test  car  us ing th is  method are b"  :  2520,  bt  :  15.9
and b., : 0.00792 (see Flg. 7 which shows very high
corre lat ion between oredicted and measured data.
F '  :  0 .998) .

The users of  the TRANSYT 8 computer  program
(Vincent ,  Mi tchel l  and Robertson 1980) should note
that  the recommended eqn (2)  d i f fers f rom the cru ise
fuel  consumpt ion funct ion used in that  program.

4. ACCELERATION FUEL
CONSUMPTION

The funct ion to predict  the fuel  consumed dur ing ac-
celerat ion f rom rest  to  a f ina l  cru ise speed of  v"  can
be der ived by in tegrat ing eqn (1 )  wi th respect  to
t ime.  The general  form of  the funct ion is

F  -  b ,  I  a t v  t  a , v 3 ) f' c ' c a

fue l  consumed (mL) dur ing ac-
celeration from rest to a final
cruise speed of v, (km/h),

v " /d  :  acce le ra t i on  t ime (s )
where a : average acceleration
rate (km/h/s), and
coefficients related to the coeffi-
cients of the instantaneous fuel
consumption function as follows:
tu,  :  k1 ,  ou :  ITt ,  k ,  ,  o , :  l f13 k.y ,
r r ,  :  0 .5k1 ,  r ;  :  m.  k .  ,  where
mi U : 2, 3, 5) are integration
constants which depend on the
functional form of the speed-time
pro f i l e  du r i ng  t he  manoeuv re
(acceleration model). For 'cons-

tant' acceleration model, m, :
0.50, m, : 0.25, m-, : 0.50, and
for ' l inear-decreasing '  accelera-
t ion model ,  m" -  0.67,  m. ,  :
0 .46,  m-,  :  0 .53.  (See Akcel ik
(1982) for  deta i led descr ipt ion
of the two acceleration models.)

The results for the Melbourne University test car with
constant acceleration rates are tr, : 0.700, tru :
O . O O 2 2 1  ,  e : \ : 0 . 0 5 5  x  1 0 - 5 ,  r r , : 0 . 0 0 3 8 1  ,  ( r . - , :
0.443 x 10 3 {data were available for constant ac-
celerations only). These results were obtained by

, , 3

r  q o v " '  I  e s  -  ( 3 )

where
F

a a

r t ,  I O  r r

(4 )
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a :0 ,  i . e .  t r :  k ,  (m l / s )  i n  eqn  (1 ) ,  o r  b ,  (m l /h ) i n  eqn
(2) .  For  fuel  consumpt ion whi le  cru is ing,  f ,  :  f "  f rom
eqn (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 l ikely to be
negligible in urban traffic management applications
because the amount underestimated tends to be con-
stant (assuming negligible effect of tratfic controls on
mid-b lock cru ise condi t ions)  and th is  amount  is  smal l
relative to the contributions of delay and stop-starts
to total fuel consumption.

A complete stop-start manoeuvre is delined for
eqn (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
tota l  fuel  consumed dur ing such a stop-star t
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-
sumpt ion is  g iven by eqn (3) .  The invest igat ion
reported in  Akcel ik  (1982) was not  conclus ive
regarding the deceleration fuel consumption, partly
due to data l imitations. However, it appears that the
assumption that deceleration fuel consumption, Fo, is
equal to idle luel consumption is a good approxima-
t ion,  i .e .  Fa:  k ,  t6  where k,  :  id l ing luel  consump-
tion rate(s) and t6 : deceleration time(s). However,
the form of the excess fuel consumption function
becomes rather complicated with this assumption. As
a simplifying assumption, all l irst three terms of eqn
(1 ) can be included in integration as lully effective.
The resulting deceleration luel consumption function
is the same as eqn (3) except for the deletion of the
last two terms (detailed information can be found in
Akcelik (1982). The resulting excess luel consump-
tion function is

f t  =  g r to  +  P rv "2  + - Ao vr' th (5)

where
l,.l
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For the Melbourne University test car when con-
stant acceleration rates are used: p, : 0.350, p, :

0 .00381  ,  l 3 , r :  0 .443  x  10 -3  and  p ,  :  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 0,  to  B.  (k ,  found by d i rect
measurement, k, and k-, found by the analysis of ac-
celeration data as given above), and then coefficient
13, is determined by regression. The results are
shown in Fig. 3 for two different average decelera-
tion-acceleration rates, dx : 2v"/t1. The correlation
between the predicted and measured data was lound
to be good (R,  :  0 .91 1) ,  but  not  as good as those
for the cruise and acceleration fuel consumption
funct ions.  This decrease in predict ion accuracy is
due to the assumption regarding deceleration fuel
consumption discussed above.

A s impler  funct ion which neglects the last  two
terms of eqn (5) has been used in TRANSYT 8
program (Vincent  et  a | .1980),  and i t  has been shown
in Part 5 ol this report that the PKE model implies the
same excess fuel consumption function. However,
this function may result in very large errors, par-
t icu lar ly  for  h igh v"  and low dn values.  Based on the
analyses repor ted in  Akcel ik  (1982),  a l imi ted ap-
ol icat ion of  the formula is  recommended as fo l lows:

f  t  =  e r th  *  ezv" '  to r  v "  (  70  km/h  (6 )

wnere

c
p l' '  t- a

,
r h

F, to ll,

excess luel consumption (mL)
per complete stop (deceleration
from init ial cruise speed, v", to
zero speed and accelerat ion
back to speed v" ),
stop-start t ime (s), i.e. sum of the
deceleration time, tr, and ac-
celerat ion t ime,  t " ,

coefficients related to the coeffi-
cients of the instantaneous fuel
consumotion lunction as follows:
lJr : f kt (y : 1/2 for constant
acceleration model and 1/3 Ior
f inear acceleration model), 13, :
0 .5kr ,  B, .  :  0 .5k;  for  constant
acceleration, 0.53k-, for l inear
accelerat ion (note that  0:  :  ( r r ,

0r : (t;, compared with eqn (3) ),
and

c o e f f i c i e n t  d e t e r m i n e d  b y
regression.

av l

g!

l r , t n , v "

p, (ml/s), related to the Pre-
determined id l ing fuel  consumP-
tion rate as in eqn (5),

c o e f l i c i e n t  d e t e r m i n e d  b y
regression, and

as in eqn (5) .

For the Melbourne University test car with cons-
tant acceleration and deceleration rates e, : 0.350
and e, : 0.0031 9 were found. The correlation bet-
ween the predicted and measured data for the l imited
data range is fairly good (F 'z : 0.855), but the use of
the function should be strictly l imited to the specified
data range.

6. APPLICATION TO THE PKE
MODEL

Two different forms of PKE model 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
g i ven  i n  t h i s  pa r t  ( eqn  (1 ) ) :

b2
f  ,  

=  b ,  * ;  *  b3v r2  +  b4d ,  +  b5  PKE (71
r

or alternatively,

f =x

b2
b r + -

s
u, 1 b3vr '  +  b t  PKE (8)
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wnere
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d" /x" : stopped delay time per
uni t  d is tance (s/km),

var iable descr ib ing tota l  'posi -

t i ve  k i ne t i c  ene rgy '  changes
m/s2) ,  g iven by

>(v f  -  v i l
PKE =

'| 2 960 x,

l inal and init ial speeds (km/h) in
an acceleration, and x. : total
section distance (km).

a-6 (km/h/s)

2.0
5.33

=  0 . 9 1 1

40 60
Cruise speed, v. (km/h)

Fig. 3 - Excess fuel consumption per stop for the Melbourne
University test car (constant and equal acceleration and

deceleration rates)

dn = 5.ag

6n = z'o

Only the third terms of eqns (7) and (8) differ from the
original formulae: vrz instead of v' and v"2 instead of
vs are used. Analyses reported in Akcelik (1 982) in-
dicate that better results are obtained with this
modification. The analyses were carried out using
Watson ' s  on - road  da ta  ( co l l ec ted  i n  1978  on
Melbourne roads). The results of free regressions lor

fuel  consumpt ion per  uni t  d is-
tance (mL/km),

model  coef f ic ients (constants) ,

average interrupted travel speed
inc luding a l l  de lays (km/h) ,

vt average running speed (km/h)
exc lud ing  any  s topped  de lay
t ime but  inc luding decelerat ion
and accelerat ion delays,

level  road data ( ident i f ied as those wi th a net  gra-
d ient  less than 0.5 per  cent ,  leaving 160 measure-
ments f rom the tota l  o l  1463) are b,  :  1O.2,  4 :
2 6 2 3 ,  b \ : 0 . 0 0 7 4 1 ,  b r :  1 1 1 . 1  ( R '  : 0 . 9 3 6 )  f o r
eqn  (8 ) ,  and  b ,  :  14 .2 ,  b ! :  2178 ,  b r  :  0 .00771 ,  b r
: 0 . 7 9 6 ,  b . : 1 1 5 . 9  ( R ' z : 0 . 9 5 0 )  f o r e q n  ( 7 ) .

7.  CONCLUSTON

A five-term instantaneous fuel consumption model
(eqn 1)  has been der ived which can be used:
(a) for predicting fuel consumption when speed-time

traces of  ind iv idual  vehci les are known; and
(b) as a basis for deriving lunctions describing the

elemental model parameters as well as aggreg-
ate fuel consumption functions such as the PKE
mode l .  The  i ns tan taneous  fue l  consumpt ion
model coefficients can be determined using data
for separate idle, constant-speed cruise and ac-
celeration manoeuvres with minimum reliance on
regression analyses. lt has been shown that the
e x c e s s  f u e l  c o n s u m p t i o n  p e r  s t o p - s t a r t
manoeuvre depends on the init ial and final
speeds, as well as the deceleration and ac-
celeration rates and profi les.

Considering the l imitations 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)  real is t ic  accelerat ion and decelerat ion prof i les inc lude the road gradient  as a parameter ,  to  develop
(speed-time traces) , and a physical interpretation of the a 2 y term in the instan-

taneous fuel consumption function, which provides
(c)  d i f ferent  vehic le types (manual  as wel l  as sensi t iv i ty  to  h igh accelerat ion rates,  to  der ive for-

automatic transmission). mulae for speed-up and slow-down manoeuvres in-
volving non-zero init ial and final speeds, and to carry

For further work, it is also recommended to ex- out similar analyses to derive and calibrate pollutant
tend the work repor ted in  deta i l  in  Akcel ik  (1982i  to  emiss ion models.
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