
BTE Publicat ion Summary

Date

Search

Results

Print

Subject

Series

A to Z

Exit

GO BACK

Fuel Efficiency of Ships and Aircraft 

Working Paper
This Working Paper examines past trends in the fuel efficiency of ships and 
aircraft, and looks at technical developments and economic factors which could 
yield further improvements. The periodto 2005 has received attention because 
of the Australian Government's 1990 decision to adopt the Toronto target, as 
an interim planning measure. This target involved a reduction in emissions of 
greenhouse gases not controlled by the Montreal Protocol to 20 per cent below 
1988 levels, by 2005.



B u r e a u  o f  T r a n s p o r t   a n d   c o m m u n i c a t i o n s   E c o n o m i c s  

WORKING PAPER 4 

FUEL EFFICIENCY 
O F  

SHIPS A N D  AIRCRAFT 



@ Commonwealth of  Australia 1992 
ISSN 1036-739X 
ISBN 0 642 18585 9 

Reprinted with corrections 1994 

This 1994 reprint  amends  an  incorrect  copyright  date  in  the 
original  printing. 

This  work is copyright.  Apart  from  any  use  as  permitted 
under the Copyright  Act 1968, no  part  may  be  reproduced  by 
any  process  without  prior  written  permission  from  the 
Australian  Government  Publishing  Service.  Requests  and 
inquiries  concerning  reproduction  and  rights  should  be 
addressed to  the Manager,  Commonwealth  Information 
Services,  Australian  Government  Publishing  Service,  GPO Box 
84, Canberra, ACT 2601. 

This  publication  is  available  free of  charge  from  the 
Manager,  Information  Services,  Bureau of  Transport  and 
Communications  Economics, GPO Box 501, Canberra, ACT 2601. 

Printed by the Department of Transport,  Canberra 



. 

FOREWORD 

This  Working  Paper  was  compiled  as  part of the  Bureau's 
ongoing  research  examining  greenhouse  gas  emissions  from 
Australian  transport,  the  initial  output  of  which  was BTCE 
Working  Paper 1 Greenhouse Gas Emissions in Australian 
Transport. The  current  study  on  the  fuel  efficiency of ships 
and  aircraft  was  initiated  by  a  request  from  the  Australian 
Bureau of Agricultural  and  Resource  Economics (BARE) for 
information  to  assist  in  projecting  energy  usage  in  various 
sectors of the  Australian  economy. 

The  paper  was  prepared  by  Neil  Kelso,  under  the  general 
direction  of  Beryl  Cuthbertson,  and  while  Michael  Cronin  was 
Research  Manager. 

Leo Dobes 
Research  Manager 

Maritime  and  Environment  Branch 

Bureau of Transport and Communications  Economics 
Canberra 
November 19 92 
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ABSTRACT 

This  working  paper  examines  past  trends  in  the  fuel  efficiency 
of ships  and  aircraft,  and  looks  at  technical  developments  and 
economic  factors  which  could  yield  further  improvements.  The 
period  to 2005 has  received  attention  because  of the 
Australian Government's 1990 decision to adopt the  Toronto 
target,  as  an  interim  planning  measure.  This  target  involved 
a  reduction  in  emissions  of  greenhouse  gases  not  controlled  by 
the Montreal  Protocol to 20 per cent  below 1988 levels,  by 
2005. 

A  simple  spreadsheet  model is used to estimate  future fuel 
usage  by  the  Australian  fleets of ships  and  aircraft,  in  both 
domestic  and  international  transport.  The  model  takes  account 
of  the current  composition  and  possible  replacement  patterns 
of the Australian  fleets,  the  likely  rates of improvement  in 
fuel efficiency,  and  forecasts  of  the  various  transport  tasks. 
Possible  effects of economic  factors  bearing on fuel use are 
considered.  Finally  the  paper  presents  tentative  estimates  of 
future  changes  in  emissions  of  carbon  dioxide  from  Australian 
fleets  of  ships  and  aircraft,  considering  the  predicted 
improvements  in  fuel  efficiency  and  some  tentative  projected 
increases  in  task  growth. 
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SUMMARY 

This paper  forms  part of the Bureau's  ongoing  research on 
greenhouse  gas  emissions, the initial  results of which  are 
contained  in BTCE Working Paper 1 Greenhouse Gas Emissions in 
Australian Transport. The origi.na1  impetus  for  the  paper  was 
a request  from  the  Australian  Bureau of Agricultural  and 
Resource Economics ( A B A R E )  for information  regarding  trends  in 
fuel consumption  rates for ships and  aircraft  to  assist  in 
formulating projections of  Australian  energy  usage. 

The paper  considers  the  potential  for  improvements  in  ship  and 
aircraft  fuel  economy,  and the fuel  economy  and  total  fuel 
consumption of  the  Australian  fleets  through  to 2005, given 
projected growth  patterns.  Possible  consequences  for 
emissions of CO, from the Australian  fleets  of  ships  and 
aircraft are  indicated. 

Coastal shipping  is  estimated to be  responsible  for  less  than 
4 per cent  of  Australia's emissions  of  greenhouse  gases,  and 
aviation about 6 per  cent.  While  international  shipping  and 
aviation generate  large  amounts of emissions  due to the 
distances involved (BTCE 1991),  currently,  Australian 
international  fleets  carry  only  a  small  percentage  of  our 
international  trade  task  and  less  than  half  our  international 
travel task. 

SHIPPING 

Over the  past 20 years there has  been a considerable 
improvement  in  the  fuel  efficiency  of  shipping. An 
International  Energy  Agency (IEA) index of the  energy 
intensity of world  shipping  from 1973 to 1984  shows  a 
reduction  in intensity of over 35 per  cent,  with  a  high  rate 
of improvement  in  the  mid-1970s  and  in  the  later  part  of  the 
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period covered.  Data  from  the  Australian  National  Maritime 
Association  show  improvements  in  fuel  efficiency  for 
Australian coastal  ships  from 1975 to 1987 of 19 per  cent  for 
general cargo  vessels, 50 per  cent for bulk  carriers  and 29 
per cent  for  tankers. 

Recent replacements of Australian  ships  with  more  fuel 
efficient  (and  smaller  crewed)  vessels  have  been  encouraged  by 
the ' Ships  Capital  Grants  scheme (1987) and  the  Maritime 
Industry Development  Committee (MIDC) scheme.  BY 1997 almost 
all ships  in the major trading  fleet  built  before 1982 are 
expected to have  been  replaced  or  have  had  replacements 
ordered. 

For the future, no great  improvements  in  overall  engine 
efficienc'ies  are  foreseen  for  larger  marine  diesel  engines, 
but increase's  in  propulsion  system  efficiency  are  still 
possible.  Higher  thermal  efficiencies  are  still  theoretically 
possible from  turbocharging  and  turbo-compounding,  from 
ceramic coated  engine  components,  automated  engine  monitoring 
and management  systems and  from  technologies  which will 
improve part-load  fuel  economy,  such as variable  exhaust 
closing and  variable  injection  timing.  Efficiency  gains  are 
also possible  from hull appendages  aimed  at  wake  vortex 
smoothing and  from new propeller  designs.  From  scrutiny  of 
the 'technology and  of  fleet  replacement  patterns, the average 
efficiency  of the Australian-flag  fleet  might  be  expected  to 
rise by 20 to 25 per  cent between 1988 and 2005. 

Estimates of  future  fuel  consumption  -were  made  with  the  use of 
a  spreadsheet  model  which  listed  each  ship, and  its  fuel 
consumption  per  day, in the  Australian  coastal  major'  trading 
fleet (over 2000 deadweight  tonnes),  and  in  the  Australian- 
flag international  fleet. It was  assumed,  unless  more 
definite information was .available,  that  ships  would  be 
replaced at age 15 years (or 1992 if  this  age  had  aready  been 
reached by that  year),  by  a  ship  built  in  the  year  prior  to 
replacement. Fuel consumption of the replacement  vessels  was 
estimated by regression  equations  developed from  data  on 
existing ships. 
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The  model  suggests  that,  should  replacement  vessels  be  of the 
same  size  and  operate at  the  same  speed  as  the  ships  they 
replace, the average  rate of  fuel  consumption  for the 
Australian-flag international fleet  could  drop  by  about 20 per 
cent  between 1988 and 2005. This  represents  the  trend  rate  of 
improvement  in the fuel  consumption of existing  diesel  ships 
of various  vintages  when  applied  to  the  replacement  pattern  of 
the fleet.  It is probably  close  to  an  upper  bound  of  possible 
reductions  because  of  the  improvements over the past  couple  of 
decades, but technical  considerations  suggest  that  it  is 
achievable.  Additional  gains of  about 8 percentage  points 
could be achieved  if  the  each  ship  were  replaced  by a vessel 
of 10 per  cent  larger  deadweight  tonnage  which  was  operated  at 
a 10 per  cent  lower  speed to achieve  the  same  carrying 
capacity. 

For the coastal  major  trading  fleet  there  is  an  additional 
factor  to be considered.  This  is the existence  of  four  large 
coal  burning  ships  which  could be replaced  by  motor  ships 
burning  a  fraction  of  the  tonnage  of carbon-containing  fuel. 
Just  over  half  of  the  improvement  projected  by  the  model  is 
from the assumed  replacement of these four  coal  burning  ships 
with  fuel  oil-burning  motor  ships.  The  model  suggests  that 
for the coastal  major  trading  fleet as a  whole, the average 
rate  of fuel consumption  could  fall  by  about 40 per  cent 
between 1988 and 2005. About 90 per  cent of the projected 
fuel  efficiency  improvement  could  be  achieved  by  replacing 
existing  ships,  when  they  fall  due  for  replacement,  with 
vessels  having  levels of fuel  efficiency  already  achieved  by 
modern  diesel  ships.  When  a  ship  life  of 20 years  was 
assumed, these improvements in fleet  average  fuel  efficiency 
by 2005 were  reduced  somewhat. 

AVIATION 

The energy  intensity of aviation  (in  terms  of  fuel  burned  per 
seat-kilometre)  in OECD countries  declined by over 35 per  cent 
from 1973 to 1983, according to the IEA. One  airliner 
manufacturer  expects the overall  fuel-efficiency of the  global 
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jet  fleet' to continue to improve,  with  an  increase  of 34 per 
cent  from 1989 to 2005. The narrow-body  segment is expected 
to increase  its  fuel-efficiency  by  about 42 per  cent  from 1989 
to 2005 as larger  aircraft  are  introduced  and  chapter 2 
aircraft  are  replaced  by the quieter  chapter 3 aircraft.  The 
latter  feature  high  by-pass  engines,  which  besides  being 
quieter, are typically 30 to 40 per  cent  more  fuel  efficient 
than chapter 2 equivalents.  These  efficiency  improvements  may 
moderate the increase  in  emissions  which  might  be  expected 
from the large  projected  increases  in  the  numbers  of  aircraft. 
Boeing  fbresee  an  increase  of  two-thirds  in  the  world jet 
fleet  between 1988 and 2005. 

Future fuel  economy  gains  will  come  from  increasing  aircraft 
size,  improved  aerodynamics,  reduced  weight  from  advanced 
materials  and  from  progress  in  engine  design,  with the rate of 
progress likely  to  be  influenced  by  future  fuel  price  levels. 
However, because  of the lifespan  of  modern  airliners, 
especially  wide-bodied  planes,  many  already in service  are 
expected to be  still  operating  in 2000. Every  wide-bodied 
plane  built  to  date  would  still  be  structurally  capable of 
flying  in 2000, many  with still 10 years  of  useful  life.  Many 
of the newer  wide-bodied  models,  such  as 767s and A310s, 
should  still be  in production,  as  it  takes at  least 10 years' 
production to generate  a profit. 

Another  spreadsheet  model was developed to estimate  changes in 
aircraft  fleet  average  fuel  efficiency  from  base  year 1988. . 
The model  ,lists.  each  passenger  aircraft in the Australian 
domestic  airline  (not  including  commuter  airlines)  and 
'international  fleets  and  its  fuel  consumption  per  seat- 
kilometre. It was  assumed  for  the  base  case,  unless  more 
definite  information  was  available,  that  each  aircraft  would 
be replaced at  age 15 years.  This short  economic  life 
reflects an assumption  of  increasing  real  fuel  costs  in  the 
future  and  also  ongoing  improvements in aircraft  fuel  economy. 

The modell indicates,  for the base  case,  trend  domestic  fleet 
average  fuel economy  improving  by  some 33 per  cent  between 
1988 and 2005. If the  existing  size  mix  of  aircraft  in  the 
domestic  fleet were  to  be  maintained,  then  the  amount  of  fuel 
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used  would  grow  by  about 35 to 40 per  cent  over 1988 levels by 
the year 2005, at  projected  traffic  growth  rates (FAC 1991) . 
When  an  aircraft  life  of 20 or 25 years  is  assumed, 
improvements  in  fuel  efficiency  are  reduced. 

The  model  was  also  used  to  examine  a  scenario  where  it  was 
assumed  that all existing aircraft in the domestic  fleet  were 
replaced  by  the  most  fuel-efficient  large  and  small  aircraft 
in the current  fleet: A300-600Rs and F50s, instead of with 
aircraft  having  efficiencies  estimated  by  regressions  on 
existing  aircraft  of  different  vintages.  This  scenario 
resulted  in a 96 per  cent  increase  in  fleet  average  fuel 
efficiency  between 1988 and 2005. Clearly, the improvements 
in  fuel  efficiency  which  would  be  possible  if  economies  of 
aircraft  size  could  be  achieved  throughout  the  fleet  greatly 
outweigh  the  likely  improvements  from  technical  advances  in 
aircraft  and  engine  design. 

For the Australian  international  fleet, the base  case 
improvement  in  fuel  efficiency  was  about 28 per  cent. 
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CHAPTER 1 INTRODUCTION 

This  paper  explores the potential  for  improvements  in  the  fuel 
economy  of  Australia's  fleets of ships  and  aircraft.  The  work 
developed  from  an  initial  requirement  for  data  for  the 
.Bureau's  ongoing  research on emissions  of  greenhouse  gases 
from  the  transport  sector,  and a request  from the  Australian 
Bureau of Agricultural  and  Resource  Economics (ABARE) for 
information  regarding  trends  in  fuel  consumption  rates  for 
ships  and  aircraft  to  assist  it  in  formulating  its  projections 
of  Australian  energy  usage. 

The  Bureau  has  reported the' initial  results  of  its  research  on 
greenhouse  gas  emissions  from  various  modes  of  transport,  and 
on  ways  of  reducing  these  emissions,  in BTCE Working  Paper 1 
Greenhouse  Gas  Emissions  in  Australian  Transport. 
Improvements  in  fuel  economy  of  vehicles  and  vehicle  fleets 
are  of  major  significance in considering  the  likelihood  of 
achieving  either  the  Federal  Government's  interim  planning 
target to reduce  greenhouse  gas  emissions  not  controlled  by 
the  Montreal  Protocol to 20 per  cent below 1988  levels  by  the 
year 2005, or  even the  lesser  demand  arising  from  the UN Rio 
Conference  framework  convention,  which  asks  that  developed 
countries  aim to return  emissions to 1990  levels  by 2000. 

The  great  bulk  (about  98 per cent) of Australian  greenhouse 
gas  emissions  from  domestic  transport is comprised  of  carbon 
dioxide (CO,) and  carbon  monoxide (CO), which  eventually 
oxidises to CO,. For aviation  and  shipping  the  percentages  are 
92  and 99 per  cent  respectively.  Much  of  commercial  aircraft 
emissions  is  generated at considerable  altitudes  and  may  be 
more  damaging  than  emissions  generated  at  ground  level.  This 
applies  especially  to  oxides of nitrogen (NO,), which  may  have 
stronger  greenhouse  effects  when  emitted  from  aircraft  engines 
than from, say,  motor  vehicles.  The NO, leads  to  an  increase 
in  tropospheric  ozone,  which  is  an  active  greenhouse  gas  at 
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these  altitudes.  The  proportion  of NO, in  total  emissions  is 
likely to increase  with  increasing  engine  fuel  efficiency,  and 
the higher  engine  combustion  temperatures  this  implies. 

Chapter 2 describes  recent  trends  in  the  fuel  efficiency  of 
ships and likely  advances  in the period  of  interest,  that  is 
to 2005. Chapter 3 presents the results  of  spreadsheet  models 
of the potential  fuel  efficiency  gains  to 2005 for  the 
Australian  fleets  of  coastal and international  ships.  Chapter 
4 examines,  recent  trends  and  likely  future  developments  in  the 
fuel efficiency  of  commercial  airliners.  Potential  fleet  fuel 
efficiency  gains  to 2005 for the Australian  fleets of domestic 
and international  aircraft  are  assessed  in  chapter 5. Chapter 
6 presents  the  conclusions  of the paper  concerning  fleet  fuel 
consumption  and  emissions.  Appendix I shows  printouts  for  the 
ship fleet  models,  while  appendix I1 shows  those  for  the 
aircraft fleets.  Appendix I11 presents  some  tentative 
estimates of  the  effects  of  fuel  economy  changes  on  emissions 
of CO,, the  major  greenhouse  gas. 
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CHAPTER 2 TRENDS IN TEE FUEL EFFICIENCY OF SHIPS 

This chapter  examines  past and likely  future  trends  in  the 
rate of fuel  consumption  of  ships  arising  from  technical 
developments  and  changes in ship size  and  operating  speeds. 

RECENT TRENDS IN  SHIP  FUEL  EFFICIENCY 

Over the past 20 years  there  has  been  a  considerable 
improvement  in  the  fuel  efficiency  of  shipping.  Figure 2.1 
shows a  graph  of an  index of the energy  intensity  (based  on 
world  bunker oil  demand  divided  by  laden  tonne-miles)  of  world 
shipping  from  1973 to 1984  (IEA 1987)  which  shows  a  reduction 
of over 35 per  cent,  with  a  high  rate  of  improvement  in  the 
mid-1970s  and  in the later  part of the  period  covered,  after 
the oil  price 'shocks'  of 1973. 

Table 2 .l shows  data  for  the  average  fuel  efficiency  of  those 
vessels  of  the  Australian-flag  fleet  wholly  or  partly  engaged 
in the coastal  trade,  presented  by  the  Australian  National 
Maritime  Association (ANMA) to the  IAC  inquiry  into  coastal 
shipping (IAC 1988). These  data  show  improvements  in  fuel 
efficiency of  19 per cent  for  general  cargo  vessels, 50 per 
cent for bulk  carriers  and 29 per  cent  for  tankers. ANMA 
attributed  these  improvements  in  fuel  economy  to  increasing 
ship size, to lower  design  speeds,  more  energy  efficient 
engine  technologies,  improved  hull  designs  and  surface 
finishes (eg.  self-polishing  antifouling  paints) 

A Department  of  Transport  and  Communications  (DoTC)  source 
considered  that  the  big  improvements in  fleet  fuel  efficiency 
have been  made, as the ships  built  when  fuel  was  not  such  a 
large  cost  factor  have  largely  been  replaced.  Table 2.2 shows 
some Australian  examples  of  fuel  efficiency  gains  for  various 
types of  ships,  both  coastal  and  overseas  trading  vessels. 
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The move  from  steam  turbines  and  gas  turbines to diesels  after 
the oil  price  shocks of the 1970s gave  a  large  fuel  efficiency 
increase  (see  table 2.3) , which is unlikely to be  repeated. 
Figure 2.2 shows the past  rate of improvement  in  the fuel 
efficiency of marine diesel  engines  (Verhelst 1990). 
Increased  efficiency is claimed for  new  larger  bore, slower 
running  diesel  engines. The low speed  diesel  had 73 per cent 
of the  overall  market on  a  brake  horsepower  (bhp)-installed 
basis in 1989,  and  it  is  considered  that  the  diesel  will 
remain the dominant  prime  mover  for  merchant  ships  in the 
foreseeable  future (Seatrade  Business Review 1989a) . 

TABLE 2 .l AUSTRALIAN  FLAG COASTAL FLEET FUEL EFFICIENCY 1975 TO 1987 
(TONNES/DAY/OOODWT) 

1975  1980 1985 1987 

General cargo 3.68  4.13 3.22  2.97 
Dry bulk 1 .'04  0.92 0.74 0.52 
Tankers 1.23  1.14 0.86  0.75 

Source IAC (1988) - ANMA Submission  no.38,  pp18-22. 

TABLE 2.2 EXAMPLES OF FUEL CONSUMPTION  OF REPIACEMENT SHIPS IN THE 
AUSTRALIAN-FIAG  FLEET 

Speed Fuel consumption 
(knots) (per day) 

1981 bulk  141 000 
replaced  by 
1985 bulk  148 000 

1968  tanker  19 000 
replaced  by 
1989 tanker  32 000 

14  60 tonnes  -fuel  oil + 1.5 tonnes  diesel 

14 45  tonnes fuel oil + nil  diesel 

14  36 tonnes fuel oil 

13 19 tonnes fuel oil 

1974 bulk  27 000 15 36 tonnes fuel oil + 2  tonnes  diesel 
replaced  by 
1984'  bulk 37 000 15 25 tonnes fuel oil + nil  diesel 

Source Department of Transport and  Communications. 
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Source InkrnaUonal Energy Agency (1887) 

FIGURE 2 .l ENERGY INTENSITY IN WORLO SRIPPING 

4 + + + 
1 970 1975 1 9 8 0  1985 l 9 9 0  

bhp = brake horsepower 
Sou- Verhel.1 (lm) 

S = slow speed engines 

M = medium  speed engines 

FI(;IJRE 2.2 ZRSND IN THE RATE OF m CONSUMPTION OF 
MARINE DIESEL ENGINES 
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TABLE 2.3 FXAXPLES OB INCREASES IN MARINE ENGINE EFFICIENCY 

(grams of fuel / 
Years horsepower/hour) 

Gas turbine 
4 stroke medium speed  diesel 

2 stroke  low speed diesel 

1950s 
1967 
1988 
1963 
1968 
1976 
1979 
1982 

230-350 
153-162 
126-129 

155 
155 
144 
133 
116 

Not e In 1980 there  was a 20  per  cent  thermal  efficiency gap between 
diesel  and steam  turbines,  which  Harrold  considers would  be larger 
today and unlikely to  be closed. 

Source Harrold (1 98 9 ) 

FUTURE PROGRESS IN SHIP FUEL  EFFICIENCY 

With the high  level  of  thermodynamic  efficiency  now  reached  by 
many  engine  designs, the pace  of  development  could  be  said  to 
have  slowed  down (The  Motor Ship 1989a).  Earlier, \a huge 
amount  of  engine  research -and development  possibilities’  had 
been referred to, although  presumably  with  diminishing  returns 
in terms of gains  in  efficiency (The  Motor  Ship 1988b).  For 
larger  engines, no great  improvements  were  foreseen in  overall 
engine  efficiencies,  but  increases  were  possible  in  propulsion 
system  efficiency.  Higher  thermal  efficiency  is  theoretically 
possible  from  turbocharging  and  turbo-compounding,  as  well  as 
from  technologies  which  will  improve  part-load  fuel  economy, 
such as variable  exhaust  closing (VEC), effective  between  80 
and 100 per  cent  continuous  power  rating,  and  variable 
injection  timing (VIT) , effective  between 65 and  80  per  cent 
continuous  power  rating (Shipping  World  and  Shipbuilder 1991). 

R 

, ,  

For smaller  ships, the efficiency  of  the  latest  four  stroke 
medium  speed  diesels has created  an  active  re-engining  market. 
For one  major  manufacturer, the percentage  of  its  output  going 
to re-enginings has risen  from about 10 per  cent  in  1970 to 
about 40 per  cent in 1987-89 (The  Motor  Ship 1989b). As 
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well, the  comparatively  low-speed direct-coupled two  stroke 
diesel is becoming  available  for  medium and small sized  ships. 
For a 4000  DWT ship, a specific  fuel consumption advantage of 
3 to 8 per cent over four  stroke alternatives is claimed 
(Anderson  and  Grone 1989). 

Ceramic  coating  of  engine  components  such as piston crowns, 
cylinder  heads  and  valves  has  been demonstrated to  improve 
fuel efficiency  by up  to 5 per cent (Corvino 1989)' by 
reducing  heat  losses  and  improving the efficiency of 
combustion. In the  longer term, the development of the 
adiabatic  (zero  heat loss) diesel engine, utilising ceramic 
components, may  offer further gains. 

New engine layouts, such as 'father and son' combinations (The 
Motor Ship 1988a)  offer the possibility of considerable 
efficiency  gains in vessels  which have  several  common 
operating speeds, such  as  cruise  ships. Diesel-electric 
propulsion may  become  more  widespread, especially in  vessels 
with  varying  power  requirements, such as ferries and cruise 
vessels, as an alternative to  geared diesel units. Fuel 
savings of 3 per cent have  been  claimed for ferries, together 
with  reductions of up  to 24 per cent in NOx emissions, because 
of the  ability  to  run the  diesel  engine at a constant speed 
while  optimising the  power  delivered (Lloyd's Ship Manager 
1992b). 

Gas turbine  engines  have  recently been claimed (Brady 1991) to 
offer  cruise ships, with  their  high requirements for non- 
propulsive  power  and heat, a level of fuel economy equal to or 
greater  than that of a modern  diesel plant,  when auxiliary 
boiler fuel is included. Auxiliary  engines  are also an  area 
in  which fuel efficiency can  be improved. For example, 
generating  sets  powered by a turbine  driven by a  combination 
of surplus exhaust gas  by-passed  from  the main engine's 
turbocharger,  for the most part, and  to a  lesser extent by a 
diesel engine, are claimed to offer savings of up to 50 
percent in the cost of generating  electricity on board ship 
(Seatrade Business  Review 1988a). 
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Industry  publications  are  reporting efficiency gains  from new 
hull  appendages aimed at wake  vortex smoothing, from new 
propeller arrangements, and from wider use of less-refined 
fuels, as well  as  continuing  gains  from new engine  technology, 
including ceramic  coatings, and more  automated engine 
monitoring and  management  systems. For example, recent 
advances  in .engine design, hull  forms and propeller  layout are 
claimed  to  deliver  fuel-economy  gains of 20 per cent for Very 
Large Crude  Carrier  (VLCC)  tankers  over  those  delivered two 
years previously, and  some 50 per cent lower overall fuel 
consumption  than  earlier  generations of VLCCs (Seatrade 
Business  Review 1989b). 

Regarding hull  appendages, the Schneekluth  wake  equalising 
duct,  fitted or retro-fitted to  the stern of a vessel just 
forward of the propeller, is said to give fuel savings which 
repay  the cost of installation in as little as  one year 
(Seatrade Business Review 1990). The designer claimed  a 6 per 
cent average  increase in  propeller efficiency. By mid  1991 
some 500 vessels had'  been fitted  with such ducts (The  Motor 
Ship 1991). However  Patience (1990,  p.110) claims  that  while, 
it  is 'generally accepted  that  this  type of device can improve 
an inferior hull', it is 'unlikely to prove very effective  for 
a properly  designed  hull  and aft end combination'. 

For propellers,  features  as  simple as ribs on the blades of a 
conventional  propeller  have  been  claimed  to offer propulsive 
efficiency  gains  of 20 to 30 per cent, by converting to  useful 
work  the energy  usually lost as turbulence (Seatrade Business 
Review 1989b) . Contra-rotating  propeller systems are claimed 
to yield energy  savings of up to 16 per cent (Seatrade 
Business Review 1990) , and  wider  application was then  awaiting 
higher bunker  prices to  provide more attractive payback  times. 
The Grim vane  wheel (a free-running  propeller aft of the  main 
propeller)  is  claimed  to  offer  propulsive efficiency gains  of 
up  to 7 per  cent  for VLCCs (Seatrade Business Review 1989b). 

While experimentation is proceeding on other forms of 
propelling ships, such as electromagnetic  propulsion (The 
Motor Ship 1988~) and  foil  propulsion aimed at harnessing the 
power  of ocean waves, a recent  review concluded that future 
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ship propulsion would be  similar to today's, utilising diesel 
engines and propellers (Seatrade 1991). 

Emulsified fuels, wherein  water is mixed with fuel oil at 
concentrations of 16 per cent or so, have been claimed to give 
savings of 4 per  cent in fuel consumption through the 
catalytic effect of the  water vapour released in the cylinder, 
which helps to atomise the fuel  and intensify the  fuel/air 
mixing process.  Reductions  in exhaust emissions of oxides of 
nitrogen of up  to 30 per cent (Marintek 1991) and carbon 
monoxide are claimed, together with reduced carbon  deposits 
and exhaust  gas  temperatures,  which reduce maintenance. Ten 
bulk carriers  of  a USSR shipping  line had been fitted with 
this system by 1989 (The Motor Ship 1989~). 

Concern with the exhaust  emissions of ships has led the 
International Maritime  Organisation to introduce restrictions 
aimed at reducing NOx emissions  to 70 per cent of  current 
levels, and emissions of  oxides of sulphur (SOx) to 50 per 
cent  of current levels, by 2000 (Lloyd's Ship Manager 1992b). 
Actions  to reduce NOx could  have an  adverse effect on fuel 
economy (Marintek  1991). Actions to  reduce SOx would inhibit 
the  use of some heavy fuel oils in diesel engines. Any move 
towards better quality fuels  could  be expected to yield fuel 
economy benefits, although Australia  has generally low  sulphur 
crudes, and the benefits  may be less than elsewhere. 

Computerised engine monitoring and diagnostic systems are 
being developed by engine  manufacturers, which continuously 
monitor  the combustion process  to ensure that engine  settings 
are always maintained at their optimum levels. These  systems 
could  have  an important contribution  to make to efficient 
operation (The Motor Ship 1989d). A related area is precision 
voyage  control- systems or adaptive autopilots, such as the 
ETA-pilot,  which uses an  on-board microcomputer to monitor  and 
control voyage  parameters such  as speed (either a set speed or 
a speed calculated to maintain schedule), the optimal 
combination of revolutions and propeller pitch, and rate of 
fuel consumption, for various  conditions of draught and trim 
(Fahlgren 1987). One ship  performance monitor system yielded 
a  19  percent improvement  in the fuel economy of tankers in 
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ballast  through optimising the trim of the vessels,  although 
the savings for other types of ships were expected  to be 
smaller:  around 5 per cent (Seatrade Business Review 1988b). 

However,  while  there  have  been recent trends  towards  greater 
fuel efficiency in conventional  shipping,  some recent and 
projected developments could act in  the  opposite direction. 
One example is the wave-piercing  catamaran, such as  the Sea 
Cat Tasmania, a high speed  passenger/car ferry. Another is 
the SWATH  (small  waterplane-area twin,-hull) 50 knot cargo 
catamaran  with hydrojet propulsion,  projected for the year 
2000 by Japanese  shipbuilders. It is also  conceivable  that 
substantial  rises in the  price of oil  could  cause  a  switch 
towards coal  burning  ships which  burn  much  larger tonnages of 
fuel, containing  a  much  higher  amount of carbon, than 
comparable diesel ships. 

EFFECTS OF SHIP SIZE AND OPERATING  SPEED ON FUEL EFFICIENCY 

Apart from progress in the design of hulls, engines and 
propulsion systems, major  determinants of the  rate of fuel 
consumption of conventional  shipping  will be  the  size of ships 
and operating speeds, with  speeds of particular  ships varying 
with  the  state of the  freight  market  and the cost of 
substitutable inputs such as capital  and  bunker  fuel. 

Ship size 

There are significant  economies  of size in the  fuel 
consumption of conventional shipping’. For example, an 

c1 = c2 * (Wl/W2) O-’s 

10 



Australian-flag .bulk  carrier of over 230 000 deadweight tonnes 
consumes 62 tonnes of heavy  fuel  oil  per day at 14 knots, 
while  others  in  the same fleet, each with less than one-tenth 
the carrying capacity, consume  nearly  half as much fuel  each 
at the same speed. 

Ship  size  could  be influenced by the  nature of the  trade, as 
well  as its volume,  by the capacity of ports and  their 
facilities,  and by the  scope for varying the number  of 
services.  Lower frequency of service and the use of larger 
ships could  be a response to changes in the price of capital 
relative  to  other inputs or to a preference for  cheaper 
freight  costs over  more  frequent  service. The purchase of 
larger  and  more fuel  efficient  ships would allow  new 
technology  to be incorporated, where the larger replacement 
ship  is  a  new ship, and  yield  further  improvements  in 
efficiency. 

Operating speeds 

Increasing  the operating speed of vessels may be a short term 
response  to  a shortage of shipping capacity,. a medium term 
alternative  to re-commissioning laid-up vessels,  or a  longer 
term substitution of energy for capital, either to  cope with 
lags  involved in building new  ships or to avoid the  necessity 
for  additional vessels. Similarly,  a reduction in speed, 
together  with  the use of more or larger ships or both, may  be 
a response  to an increase in fuel prices. 

Freight market 

Changes in demand for freight  may be satisfied by changing the 
level  of  capital employed  or the amount of fuel used or both. 
Stopford (1988) discusses the trade-off that a shipowner 
faces, in optimising  a ship's operating speed, between  income 
and costs: between  lower  (higher)  income from a  smaller 
(larger) cargo-carrying task  performed at lower (higher) 
speeds and the lower (higher)  costs from lower (higher) 
operating speeds. The cost to income of reduced operating 
speed  will  depend on the  state of the freight market, with 
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higher optimum speeds in high  freight  markets  and  short 
shipping  markets.  Stopford  notes  that the VLCC fleet  operated 
at  around 10 knots  in  early 1986, but  when  freight  rates  rose 
in  mid-year,  speeds rose to about 12 knots.  Especially  in 
times of high  interest  rates  shippers  with  high  value  cargoes 
may be willing to pay for  fast  transit  times, and  ship 
operators  confronted  with  high  capital  costs  may  find  it 
economic to run  vessels at higher  speeds  when  shipping  markets 
are  short. 

The  extent of increased  costs  from  increased  operating  speeds 
will  vary  with the type  of  ship, the type  of  engine and the 
size of the  variation from the normal  operating speed'. As an 
example of the way in which the rate  of fuel  consumption  rises 

2 BTE (1980)  estimated  regression  equations  for the power  required  to 
propel  various types of ships. The  equations were of  the form: 

where HP is the required horsepower, DWT  the deadweight  tonnage  in 
thousands of tonnes (a measure of carrying  capacity), V is  speed in  knots, 
a,  b, and  c  are regression  coefficients,  and  e is an error term.  The 
values  for  the exponent 'c' for the vessel  speed  variable  in the equation 
for  horsepower were estimated  to be: 

HP = a * (DWT)~ * (V)' * e 

Container  ship 2.66 
Ro-ro ship  2.80 
Bulk  carrier 1.43 
Ore carrier 1.74 
Tanker 2.10 
General  cargo  ship 2.17 
Passenger  ship 3.55 

It is  evident  that the exponent 'c' increases as the typical  design speed 
of the  type of  ship increases. For any given engine, the fuel  consumption 
will be directly  related  to the horsepower output,  but the relationship 
will  not be  linear, as  the propulsion  system  efficiency  will  vary with 
engine revolutions. 

Stopford  (1988) gives the following  equation  for the fuel  consumption in 
tonnes  per day (F), at the vessel's actual operating.speed: 

where F'= fuel  consumption rate  at design speed 
F = F' * (S/S')' 

S'= design  speed 
S = actual  operating  speed 
c = exponent, about 3 for  diesel  engined  ships, 

about 2 for steam turbine  engined vessels. 
This  equation is valid for small variations  around the design speed. 
However, for sizeable variations, say for slow  steaming,  Laurence  (1984) 
gives an equation of the form: 

F = F ' *  ( A * V ' - B * + + c * V )  

Based on Stopford's equation for minor  speed  variations,  given that 
steaming  time  will  vary inversely with speed, the  quantity of fuel used  on 
a  voyage will  vary approximately  with the square of speed for diesel 
engined ships. 
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more  than  proportionally  with  an  increase in  operating  speed, 
the 230 000 DWT bulk  carrier  mentioned  above,  which  consumes 
62 tonnes  of heavy  fuel oil per  day  at 14 knots,  uses  only 38 
tonnes of fuel  per  day  at 11 knots,  a  reduction of almost 40 
per  cent for a 22 per  cent  reduction  in  speed. 

Changes in input prices 

The cost of bunker  fuel  will  also  influence the speed  at  which 
ship-owners  choose  to  operate  their  vessels in order to 
maximise  their  profits.  Evans  and  Marlow (1990) derive 
equations for the  optimum speed of ships  in  different  types of 
trades  (charter  and  industrial  carrier) : as  would be expected 
the higher  the  price of fuel  oil, the lower  the  optimal 
operating  speed3. 

Significant  changes  in  input  prices  which  are  perceived  as 
being  long-term or permanent, such as the  oil  shocks  of  the 
1970s, will  also  have lagged effects  on ship design  (including 
on design  speed)  and  choice of propulsion  unit  for  new  ships, 
as discussed  earlier  in  this  chapter. 

Although  liner  ships  operate  to  schedules,  reduced  speeds 
could  nevertheless  be  a  viable  option,  in  that  reliability  is 

3 For vessels on voyage  charter (or trip  charter for the same time 
period) , the  optimum speed, S, is given by: 

S' = (WR-D) /k (R+p)  (3di2st) 

where: W = deadweight tonnage  available for cargo 
R = freight rate 
D = total disbursements in port 
d = total voyage distance 
p = price of fuel ($US/tonne) 
t = time in port 
k = ships fuel  constant (tonnes/day at design  speed divided by 

the cube of the design  speed in knots). 

where: CC = capital cost per day 
CR 0 running costs per day 
p = price of fuel ($US/tonne) 
k = ships fuel  constant 
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generally  more  important  to  shippers  than transit time.  One 
factor  militating  against  this  option however, is  the 
significant  cost  of  capital  tied  up in containers. In any 
case,  Stopford (1988) notes  that  liner  operators  generally 
pass forward  any unexpected increases in bunker  prices through 
a 'bunker adjustment  factor (baf)' added to invoices. 

One of the  scenarios  examined in chapter 3 models the effect 
on Australian  coastal  and  international fleet average  fuel 
efficiencies  of  increasing  all  ships  in  size by 10 per cent; 
another models the  effect of reducing  all  Australian  coastal 
fleet  ship ,operating  speeds by 10 per cent and maintaining 
capacity by increasing  the  size of ships by 10 per cent (a 
more  fuel efficient  and cost-effective response than  using 
larger numbers of ships  to maintain  capacity at lower  speeds). 
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CHAPTER 3 AUSTRALIAN COASTAL AND INTERNATIONAL SHIPS: 
POTENTIAL FLEET FUEL EFFICIENCY GAINS TO 2005 

OVERVIEW 

Recent  Australian  ship  replacements  with  more  fuel  efficient 
(and  smaller  crewed)  vessels  have  been  a  result  of  the  Ships 
Capital  Grants  scheme (1987) and  the  Maritime  Industry 
Development  Committee (MIDC) scheme.  Up  to 1992, the original 
cut-off for the Ships  Capital  Grants  scheme, 27 vessels  had 
been ordered, of which 23 are  already  in  service.  Some new 
vessels  (such  as LNG carriers)  are  for  new  trades  rather  than 
replacements  for existing  vessels.  The  scheme  has  been 
extended to 1997, and  a  few  more  ships  have  already  been 
ordered. A DoTC source  expected that by 1997 just  about  all 
other  ships  built  before 1982 in  the major  trading  fleet 
(which  excludes  small  vessels such as  landing  barges,  and 
which  in 1991 totalled 74 ships)  will  have  been  replaced  or 
have had  replacements  ordered. 

As a result,  about 60 to 70 per cent of the  existing 
Australian-flag  major  trading  fleet  would  probably be replaced 
by 2005, with  vessels  which  could  typically  be  some 15 to 25 
per cent  more  fuel  efficient if today’s  technology  is 
utilised.  By the time  many  of these vessels  do  come to be 
replaced,  efficiency  gains of another 10 to 15 per  cent  could 
well be available.  On  this  basis,  and  ignoring  for  the  time 
being the presence  in  the  fleet  of  several  coal  burning  ships, 
the average  efficiency  of  the  motor  ships  in  the  Australian- 
flag fleet  could  therefore  rise  by  some 20 to 25 per  cent on  a 
fuel  consumption  per  thousand  deadweight  tonnes  per 1000 
nautical  miles  basis by 2005. 
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MODELLING FUEL EFFICIENCY TRENDS AND FLEET FUEL CONSVMPTION 

A spreadsheet  model  was  developed  which  lists  each  ship  (over 
2000  DWT) of the  Australian coastal  and  international  fleets 
and  its actual  fuel consumption per day. It has been assumed, 
unless more  definite  information  was  available,  that  each  ship 
would  be  replaced at age  15 years  (or  1992  if this age were 
reached  prior  to 1992) , by a ship  built  in the  year  prior  to 
replacement. The  effect  of  assuming a  ship  life  of 20 years 
before replacement  has also  been investigated. 

The fuel  consumption  of  each  replacement  vessel  has  been 
estimated from  regression  equations  for  particular  types  of 
vessels  derived from  data for vessels in the  existing 
Australian-flag  fleets.  A log-log regression  was  done  for 
each  major vessel  type, with  the log  of fuel consumption in 
tonnes per  day  (including  that  for  auxiliaries)  regressed 
against  the  logs of  deadweight  tonnage,  year  built  (minus 
1965)  and 'operating speed  in  knots. 

For  each of the  coastal  and  international fleets, a fleet 
average  specific  fuel  consumption (SFC, in  tonnes  of fuel  oil 
per 1000 deadweight tonnes  per 1000 nautical  miles) was then 
calculated for  each  year  up to 2005.  These values  were  used 
to calculate  indices  of  fleet fuel efficiency.  These  indices 
of fleet  task were then  applied  to likely  growth rates  for  the 
respective  shipping  tasks, to estimate the  changes in fleet 
fuel  consumptions in  2005. 

The regression  equations  were of the form: 

ln(fue1  consumption  per  day) = constant + a * ln(DWT/1000) 
+ b * ln(year built - 1965) 
+ c * ln(speed in knots) 

where DWT' is  deadweight  tonnage,  a  measure  of the freight 
carrying  capacity of a  ship. 
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TABIS 3.1 REGRESSION  EQUATIONS FOR FUEL CONSUMPTION OF REPLACEMENT SHIPS 

Ship class Constant a b C R' 

Bulk 

General cargo 

Container 

ro-ro 

-2.21 0.40 - 0.37 1.99  0.94 
(22.6) (-5.3) (11.5) 

-2.95 

-1.90 

-5.77 

0.44  -0.08 1.95 0.91 
(3.4) (-0.5) (2.7) 

0 -29 -0.77 2.48  0.95 
(1.02)  (-4.1) (1.8) 

0.51 -0.09 3.08  0.90 
(8.0) (-0.6) (6.4) 

Product  tanker 1.54 0.64 -0 -23 0.13 0.88 
(7.8) (-3.8)  (0.2) 

Crude  tanker -2.82 0.69  -0.61 1.96 0.87 
(main engines only) (3.6)  (-3.6)  (2.6) 

Not e Numbers in brackets  are t-statistics 

Source BTCE estimates from regressions on data for existing  Australian 
ships. 

Table 3.1 shows  the  coefficients for the  variables of the 
various  regression  equations,  together  with  coefficients  of 
determination  and  t  statistics  (in  brackets  under the 
coefficients) . These  equations  under-estimated the actual 
total fuel  consumption  of  the  existing  fleets  of  ships by just 
under 2.5 per  cent. 

Date built  (adjusted by subtracting 1965 in  order to increase 
the ratio of range  to  mean  value for computational  reasons) 
appeared  not  to be a  statistically  significant  explanatory 
variable  for  general  cargo  vessels or ro-ro  ships.  However, 
the equations  were  used to estimate  fuel  consumption  for the 
replacement  vessels  for  these  types  as  the  results  appeared 
reasonable  considering  the  rate  of  technical  progress. This 
formulation  of the date-built  variable  gave  a lower  rate of 
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improvement in the  rate  of  fuel  consumption  over  time  than a 
suggested  alternative  treatment, whereby date-built was 
subtracted  from 2006. While  the  latter gave slightly better 
t-statistics  for the date-built  variable,  scrutiny of the 
projections  for  particular  ships  suggested that this  treatment 
may have given overly  optimistic results, considering the 
underlying  rate  of  technical change.  The  more  conservative 
formulation  was  used  to  estimate  the  rate of fuel  consumption 
of replacement ships. 

The model  indicates  that the fleet  average  fuel  consumption 
rates  currently  are about 4.0 tonnes of fuel  per 1000 
deadweight  tonnes  per 1000 nautical miles for  the  major 
trading  coastal fleet, or about 0.1 megajoules  per DWT- 
kilometre,  and 1.8 tonnes  of fuel per 1000 deadweight tonnes 
per 1000  nautical  miles  for  the Australian-flag  international 
fleet, or about 0.04 megajoules  per DWT-kilometre. 

The fuel used by the  coal  burning  and natural  gas-burning 
ships in the coastal  fleet was converted to a fuel oil 
equivalent  on  a CO, emissions  equivalent basis, rather  than an 
energy  equivalent basis, in  order to be  able to estimate 
changes in CO, emissions  from  the  results.  This  was  done by 
using energy  content  values  from AB= (1991) and  emission 
rates per  unit of energy  from OECD (1989 cited in  BTCE 1991). 
For example, 1 tonne of steaming  coal contains 27.0 GJ per 
tonne,  compared  to 44.1 GJ per  tonne  for low sulphur fuel oil. 
Burning  coal  emits 94.2 kilogrammes of CO, per GJ, while 
burning 1 tonne of fuel oil  emits 78.0 kilogrammes per GJ. 
Thus  burning 1 tonne of coal  emits  (27 * 94.2) / (44.1 * 78) = 
0.74 times  as  much CO, as burning 1 tonne of fuel oil. 

The large tonnages of coal  burned  per day  in the four coal 
burning  ships  were  reduced  accordingly when expressed in 
tonnes of oil  equivalent in  the spreadsheets. Had the 
adjustment to oil equivalents of natural gas and coal been 
done  on  an  energy basis, the improvements  in  fuel  economy 
stated  below on an  emissions  basis  would have to  be reduced by 
about 2.5 to 3.5 percentage  points. 
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AS a  base  case it  was  assumed  that  replacement vessels were of 
the same  size and  speed  as  the  ships  they  replaced  (the 
effects of  increased ship  size  and  reduced  speeds  are 
discussed below).  The model  suggests  "trend"  coastal  fleet 
average  fuel  consumption  falling  from  4.2  tonnes  of  fuel  per 
1000 DWT per 1000 nautical  miles in 1988 to 2.5 in  2005,  a 
drop  of 41 per cent  on  an  emissions  basis.  However,  just  over 
half (about 21 percentage  points) of this  improvement  is  due 
to  the assumed  replacement  of  the  four  coal  burning  ships  with 
fuel  oil  burning  motor  ships.  On  an  energy  basis, the 
improvement is about 38 per cent. For the  Australian-flag 
international  fleet,  the  trend  decrease  was  from 1.9 tonnes  of 
fuel per 1000 DWT  per 1000 nautical  miles  in 1988 to  1.5 in 
2005,  a  drop  of  almost 22  per  cent.  Allowing for the  effect 
of the coal  burning  ships,  these  results  are  consistent  with 
broad-brush  estimates  made  earlier  in  this  chapter  from  a 
consideration  of  the  technology. 

When  a  ship  life of 20 years was  assumed,  these  improvements 
in  fuel  efficiency  by 2005 were  reduced  somewhat.  For  both 
coastal  ships  and  the  international  fleet  the  improvement  in 
fleet  average  fuel  efficiency  was  about  4  percentage  points 
less than with  a  ship  life  of 15 years. 

The "trend"  values  for  fleet  average  fuel  consumption  rates 
reflect  the  significant  progress  made  over the past  twenty 
years or so in improving the fuel  efficiency of ships.  While, 
as  discussed  in  chapter 2, further  improvements  may be 
expected, it is not  clear  that  the  rate  of  progress  will  be  as 
rapid  as over  the  past  twenty  years.  As  well, some existing 
vessels may be replaced with second-hand  vessels  rather than 
new vessels. In  order to estimate the effects of a  complete 
penetration of already  achieved  levels  of  fuel  economy,  a 
version of the model  was run with  replacement  vessels  assumed 
to have 1990 levels  of  fuel  economy,  as  estimated  by the 
regression  equations. It was  also .assumed that these vessels 
would be of the same  size  and  operate  at  the same speed  as 
those they replaced. 

This version of  the  model suggests  somewhat  lower  fleet 
average  improvements  in  fuel efficiency  from 1988 levels  by 
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2005: for  the coastal major  trading  fleet,  about 37 per  cent 
(emissions basis)  or 34 per cent  (energy  basis),  and  for  the 
international fleet, 15 per cent.  This  suggests  that,  for 
coastal shipping,  about 90 per  cent  of  the  fuel  efficiency 
improvement by 2005 in  the  base  case  is due to the  replacement 
of vessels (especially the four  coal  burning  ships)  with  ships 
having levels of fuel efficiency  already  achieved by modern 
vessels.  For Australian-flag  international  shipping the 
comparable figure is about 70 per  cent. 

Figure 3.1 presents results  from the spreadsheet  model for 
Australia's coastal and  international  ships.  The  sharp  drop 
in average  specific  fuel  consumption  for  the  coastal  fleet 
between 1997 and 1999 is due  to the assumed  replacement  at 
that time of four coal burning  ships (each  using  almost 200 
tonnes of  coal per  day) with  diesel  engined  vessels  each  using 
30 to 40 tonnes of fuel oil  per  day. 

The model  was,  also  used to estimate the  potential  fuel 
efficiency  gains from re2lacing  existing  vessels  with  larger 
vessels by 
regression 
larger in 
efficiency 
percentage 
replaced by 
fleet, the 

entering a larger  deadweight  tonnage  into the 
equations. For replacement  vessels 10 per  cent 
deadweight  tonnage, the model shows a fuel 
improvement of the  coastal fleet  of  some 3 
points  higher (by 20051 than  if  vessels  were 
vessels of the same  size.  For  the  international 
model shows fleet  fuel  efficiency  improving  by 

about 2 percentage points more (by 2005) than  if  ships  were 
replaced by vessels of the same  size.  The  equation  of  Evans 
and Marlowe (1990), cited  in  chapter 2, would  suggest a 2.4 
per cent  improvement  in fuel economy  for- a 10 per  cent 
increase in  size. 

It is by no means  certain,  however,  that the  modal  task  for the 
coastal fleet will grow in size, facilitating  the use of larger 
ships.  During the period 1975 to 1988, the number of tonne- 
kilometres of coastal 'sea freight  appears  to have declined 
slightly  (BTCE  Transport and  Communications  Indicators 
database). The future level of  coastal  shipping  activity 
depends not only. on the size of the  task;  but .-also .on the 
number of single voyage permits 'issued  and  the  -possibility of 
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continuous  voyage  'permits for foreign-owned  ships,  a  review of 
cabotage  arrangements,  and  developments in  international 
shipping,  particularly  relating  to  economies Of scale. 

A further  version of the  model  was run which  assumed  that 
existing  ships  were.  replaced by larger,  slower  vessels  which 
performed  the'  same  shipping task. If  coastal  vessels  were 
replaced by ships 10 per  cent  larger in  deadweight  tonnage, 
but  also 10 per  cent  slower,  then  the  model shows  fleet 
average  fuel  consumption  in 2005 falling by some 8 percentage 
points  more  than if  vessels  were replaced by new  ships of the 
same  size. 

Table 3.2 summarises  results from the  model.  The  improvements 
(excluding  effects of replacing the  coal  burning  ships)  are 
about what  might have been expected  from an  assessment of the 
technology  involved (as discussed  in chapter 2) and  the  rate 
at which older ships  are likely to  be  replaced,  as  discussed 
at the  beginning of this chapter. An underlying  improvement 
of about 20 per  cent  might  be  expected  in  motor ships, which 
comprise  the vast bulk of the  Australian  fleets. 

If it is assumed  that  technical  progress  yields  no  further 
fuel effici.ency gains from 1990 levels,  this 20 per cent 
improvement is reduced (by about one-fifth  for the  coastal 
fleet,  but by about one-third for  the international fleet, 
which at an average  age of 10 years in 1991 was about 2 years 
older  on  average  than  the  coastal  fleet at that  time)  to 
perhaps 15 or 16 percent  for motor ships.  That is, embodying 
the sum of the  technological  progress  achieved  over  the past 
two  decades  into  new replacement vessels  would  yield about 70 
to 80 per cent of  the  fuel  efficiency  gains  projected  for 
diesel  motor  ships  in  the base case. Delaying  the replaceme3t 
of each vessel until  the  age of 20 years  would  appear  to  give 
a  similar  reduction  in  the size of the projected  improvemeEt 
in  fuel  efficiency for the  coastal  fleet, but  would  have a 
smaller effect on  the international  fleet. 

The  effect of ship size alone can be gauged from the projected 
increase in fleet fuel economy  from  replacing  each  ship  with 
a vessel 10 per cent  larger: about 9 per cent  for the 
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TABLE 3.2 AUS1IIzALlAN SHIPS: PERCENTAGE REDUCTIONS IN FLEET AVERAGE TONNES 
OF B(JEL PER 1000 NAUTICAL MILES PER lOOODWT FRON 1988 TO 2005 

Coastal' 

Emissions Energy 
Basis Basis Znternational 

Base case: replacement 
at 15 years with vessels 
of same size and speed 41 

Replacement at 20 years 31 

Replacement vessels with  1990 
levels of fuel efficiencyb 37 

Replacement vessels 10 per cent 
largerb  44 

Replacement vessels 10 per cent 
larger and  10 per cent slowep 49 

38 

33 

34 

41 

na 

22 

19 

15 

24 

a Much of the improvement in  the coastal fleet is  due  to  the assumed 
replacement of coal burning  ships with motor ships. In  the base 
case, the amount is 21 per cent. 

b replacement at 15 years 

na not available 

Source BTCE estimates 

international  fleet  and  about 15 per  cent  (excluding the  coal 
burners)  for  the  smaller-on-average  coastal  ships.  However, 
the combination of an  increase  in  ship  size  and a cut in 
operating speed is much more marked.  Again  excluding the coal 
burning ships, a 10 per  cent  increase  in  ship  size  together 
with a 10 per  cent  cut  in  operating  speeds  boosts the 
projected  increase  in  average  motor  ship  fuel  economy  from 
about 20 per  cent  to  about 28 per  cent  between 1988 and 2005, 
an increase of 40 per  cent. 

It should  be  emphasised  that  the  above  results  are  derived by 
regression from  data  on  existing ships, and incorporate  the 
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effects of assumptions  regarding  the  timing of replacements 
and the  size  and speed of the  new vessels.  Past trends in 
fuel consumption rates will have  been  influenced by past 
prices  for  capital  (ships)  and fuel. It is likely that  the 
pattern of future  relative  prices  for  ships and fuel  will 
influence  the future  rate of technical  progress and the  rate 
at which it penetrates  shipping  fleets. For example, if  fuel 
prices were to rise  steeply,  capital  could be substituted for 
fuel by increasing  ship  numbers at reduced speeds, thus 
maintaining  capacity.  This  could  result in increased  average 
fuel efficiency  from  incorporation  of  new  technology  in the 
additional  ships, as well  as by the  reduced speeds. 

The improvements in fuel efficiency  dicussed  above  have  been 
used  to make  some  projections, based  on very tentative 
assumptions, of the  implications of improvements in fuel 
efficiency  for CO, emissions  from  shipping  (see appendix 111). 
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CHAPTER 4 TRENDS IN THE  FUEL  EFFICIENCY OF AIRCRAE'T 

This  chapter  examines recent progress and likely  future 
developments in the rate  of  fuel  consumption of aircraft. The 
future  rate of improvement  in fleet average  fuel  efficiency 
will  depend  both  on  the  rate  of  technical  progress  and  the 
rate at which  new aircraft embodying improved  technology 
penetrate  the fleet. Economic factors, especially fuel 
prices,  will be important  influences  on  both  these  sources of 
increased  fuel efficency in aircraft  fleets. 

RECENT TRENDS IN AIRCRAE'T FUEL  EFFICIENCY 

The  improving  trend in the  energy intensity of aviation in 
OECD countries from 1973 to 1983  is  shown in figure 4.1 (IEA 
1987).  The overall  index of energy  intensity for the aircraft 
fleets  fell by some 40 per cent over  the decade  following  the 
oil  price  shocks  of 1973, although  with a slowing of  the rate 
of  improvement in the later  part of the period  covered. 

A study  of world jet  fuel  consumption by the US Department of 
the Environment  concluded  that  increasing fuel efficiency 
allowed  a doubling in passenger-miles  between  1972 and 1986 
with an increase of only 28 per cent in  fuel used. The study 
apportioned  the  savings to: improvements in engines and 
operating  procedures (19 per cent);  increases in aircraft size 
(24 per cent); better  load  factors (19 per cent); and mix 
shift  (38  per  cent) , that is, the retirement  of old fuel- 
inefficient aircraft and entry of new, fuel-efficient aircraft 
(Avmark  Aviation Economist 1989a). The rising trend in fuel 
efficiency (in seat-miles per US gallon)  for some examples of 
airliners is shown in figure 4.2 (Sweetman  1984).  These 
airliners  range from  models of the 1940s up to the  Boeing 767- 
200, with  a  projection to 2010 and  a 1200 passenger jumbo. 
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FUTURE PROGRESS IN AIRCRAFT FUEL EFFICIENCY 

Technical progress 

Future  fuel  economy  gains  will  be  available  from  increasing 
aircraft  size,  improved  aerodynamics,  reduced  weight  from 
advanced  materials,  progress  in  engine  design  and,  possibly, 
from  the  use of alternative  fuels.  These  technological 
factors  are  discussed in more  detail  later  in  the  chapter. 
The viability of use of non-conventional  alternative  air 
transport  (such  as  airships)  is  beyond  the  scope of this 
paper. 

Sweetman  (1984)  had  considered the present  airliner 
configuration  to  be  efficient,  and  had  noted  that  very  little 
detailed  study of radical  configurations  was  being  undertaken, 
except  in  the  area  of  engines.  In  1990  no  radical  designs, 
configurations  or  technology  were  foreseen,  even  among 
possible,  rather  than  probable,  developments:  only  one  all-new 
design  was  in  prospect:  the  Boeing  777 (Avmark Aviation 
Economist 1990a). 

Hensher,  in a consultancy  report  for  the  BTCE  (Hensher  1991), 
reviewed  the  likely  technical  advances  and  the  improvement  in 
seat-miles  per  gallon  which  might  be  expected  in  airliners. 
Hensher  considered  that new commercial  aircraft  would  offer 65 
to 80  seat-miles  per US gallon  in  the  early  199Os,  compared  to 
50 to 79  seat-miles per US gallon  in  1989  (Hensher  1991). 
However  Hensher  noted  that  many  potential  new  developments  are 
unlikely  to  be  on-stream  until  after 2000, so that  a  movement 
t o  larger,  technically  more  efficient  existing  aircraft  types 
will  become  the  most  important  means  of  improving  fuel 
efficiency. 

Penetration of  fuel-efficient  technology in the fleet 

The  rate  of  penetration of fuel-efficient  technology will 
depend on  rate of growth of the fleet  and the rate  at  which 
old  fuel-inefficient  aircraft  are  retired. 
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Sweetman  (1984) noted  that  because of  the lifespan of modern 
airliners,  especially wide-bodied planes, many of  the 
aeroplanes  which would be operating in 2000 were already in 
service in 1984. [However, these aircraft are likely to be in 
the more  fuel efficient segment  of  the  existing  fleet.] 
Sweetman  noted that every wide-bodied plane built to  date 
(1984)  would  still  be structurally  capable of flying  in 2000, 
many with still 10 years of useful life. Also, many of the 
newer wide-bodied modeis, such  as 767s and A310s should  still 
be  in production,  as it takes at least 10 years' production to 
show  a profit  (Sweetman 1984). 

However, despite  the long  life of aircraft and long lead  times 
in aircraft  manufacture, the  expected  growth of the  fleet to 
2005 is such that there  remains  considerable  scope  for 
improving  fleet fuel  efficiency through the  introduction of 
additional  new and technically  superior aircraft. Boeing in 
1989  forecast  that  the world jet fleet would increase  by two- 
thirds  between 1988 and 2005, with the number of new  aircraft 
entering  service in the  period  exceeding  the  total  number in 
the 1988 fleet. Boeing  predicted  that almost half the  1988 
world jet fleet would be retired  in the period to 2005 (Amark 
Aviation Economist 1989b). 

While  there  has been  a  trend towards greater  fuel  efficiency 
in  conventional subsonic  passenger aircraft in recent years, 
some  future  developments  could act in  the opposite  direction. 
For example, congestion, whether  involving aircraft having to 
maintain  holding patterns  before landing, or waiting with 
engines  idling on the airport taxiways, has the  potential to 
increase  the fuel  required to  undertake any given level of 
task.  The effect is both direct, from  the  extra time  the 
engines  are running, and indirect, due  to the  extra  fuel 
burned,  especially at takeoff, in carrying  the additional fuel 
load  necessary. Regulatory  change  domestically  or 
internationally, on the other hand, may offset these  factors 
if it results in a  more  efficient  utilisation of existing 
aircraft  capacity. . For example, the carriage of domestic 
passengers  by Qantas  between  Australian airports is likely to 
retard  the  growth of aircraft operating purely domestic 
routes. 

28 



Economic factors 

Oil  prices 

Fleet growth  and  retirements  will  be  affected  by future  levels 
of input  prices. Avmark  Aviation  Economist (1990f)  documents 
six oil shocks  which  occurred  between  1967  and  1990:  five  of 
these shocks  were  sharp  increases  in  prices,  ranging  from  a 32 
per cent  increase in the  price of  jet  fuel  in 1970 to a 274 
per cent  increase in  1973;  a 55 per  cent  decrease  occurred in 
the first  half of  1986. From  1980  to  1988, the average US 
price for jet  fuel  fell  from  SUS36.45  per  barrel  (about  86 
cents per US gallon)  to USS21.50 per  barrel  or  about 51 cents 
per US gallon (Avmark  Aviation  Economist 1989~). Short  term 
fluctuations in  the  spot  market for jet  fuel can  be very 
sharp:  spot  prices  rose  from  USS0.635  per US gallon at the 
start of August  1990  to  USS1.394  per  US  gallon  by the second 
week in October  1990 Avmark  Aviation Economist (1990e) , as  a 
result of the Gulf  war. 

The pressure  for  improvements  in  fuel  efficiency  will  increase 
with the share  of  fuel  costs  in  total  aircraft  operating 
costs,  modified  by  the  ability of  operators  to pass on cost 
increases to passengers.  The  ability  to  do so will  depend  on 
the level  of  competition  in  aviation  markets.  It  seems 
unlikely that  operators  would  be  able  to  pass  forward  fully 
any such fuel  cost  increases. 

In mid-1991,  fuel, oil and taxes comprised  between 26 per  cent 
and 43 per  cent  of  total  aircraft  operating  expenses  for the 
widebodied aircraft,  and  between 20 per  cent  and  38  per  cent 
for the narrowbodied  aircraft  represented  in A m a r k  Aviation 
Economist . (1991).  Fuel tends to be a  lower  proportion  of 
total operating  costs  of  newer  aircraft  both  because  of  better 
fuel efficiency  and  because of  the higher  share  formed  by 
capital costs.  For  example  fuel,  oil  and  taxes  comprised 40 
per cent of total  costs for  a  747-200,  but  only 34 per  cent 
for a  747-400  in  mid  1991. 
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Capital costs may  also  vary  with the  level of oil prices, as 
the price of second-hand aircraft may  be  affected by fuel 
prices. For example, in October Avmark  Aviation  Economist 
(1990d) published a revised  schedule  of  second-hand aircraft 
prices  to replace  that  published  only two  months before, 
because  of'  price changes as a result of the  sharp increases in 
jet  fuel  prices as a  result of  the  Gulf war. The prices  of 
widebodied aircraft, and to a  lesser  degree  those of newer 
narrowbodied aircraft  increased,  while others, especially the 
prices of older narrowbodies, decreased.  For example, the 
price of a  Boeing 747-200B rose from USS40.0 million to 
USS44.0 million: the  price  of  a  Boeing 727-100 dropped  from 
US$,2.5 million to USS2.1 million. 

The commercial  success of  the  Boeing  747 jumbo and the 
cessation 'of  production of  the  Concorde  suggest that fuel 
economy is 'more important than lower transit  times in the  mass 
travel mar'ket of  today. Any  second  generation  supersonic 
passenger aircraft, while  likely to  be more  fuel efficient 
than Concorde, would  still  require  a  trade-off of fuel 
efficiency for the  increased  speed  for  traffic won from 
subsonic jumbo jets4. 

Discussion of technological factors 

Aircraft size 

It is unclear to what extent the  increase  in  the average  size 
of aircraft, which  Boeing  estimated had  contributed 24 per 
cent to the  increase  in fuel  efficiency  between  1972 and 1986, 
is  the result of past increases in oil prices. For example, 
the Boeing  747  jumbo  (capable  of  seating  up to 500 passengers 
in a high density  configuration,  more  usually about 4001, had 

4  The  BTCE estimates that Concorde  is about 5 times  less fuel efficient 
than a  747 jumbo jet, based on the Aerocost model for the 747 and Leney  and 
Burney (1990) for the fuel burned by Concorde on  a London-New  York flight. 
Barrett (1991) gives  figures  which  yield  ratios  of 4.5 on  a seat-kilometre 
basis, and 5.5 on  a  passenger-kilometre basis. 
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its genesis  prior  to  the  first of the  oil  shocks  mentioned 
above,  with  the  Boeing  board  agreeing  in  1966  to  development 
and  production.  The  rapid growth of the  passenger  market  in 
the early 1960s had  caused US aircraft  manufacturers  to 
consider  aircraft  much  larger  than  previous  models,  as  a  way 
to provide  the  necessary  capacity. US Airforce  requirements 
for  heavy  transport  aircraft  were  an  additional  stimulus  to 
the development of much  larger  passenger  aircraft (Australian 
Aviation 1988). 

Boeing's  Commercial  Airplane  Group  President . considers  that 
much of the  traffic  now  carried  by 140-150 passenger  aircraft 
would in future be moved  by bigger  aircraft.  He foresaw a 
still-larger  derivative  of  Boeing's  wide-bodied  jets  by  about 
the end of the century  (O'Lone  1990),  for  which  Boeing expects 
operating  costs to be 25 per  cent  below those of .the 747. 
Stretched  versions  of  the  Boeing 747 carrying  up to 500 
passengers could  be  available  by the  mid-1990s  and  a  double- 
deck  version of the 747 could be available  by the turn of the 
century,  according  to  Qantas  (Blackburn  1991). 

Airbus  Industrie  recently  brought  forward  by  5  years  the 
planning  for  a  650  seat  competitor  for  the  Boeing 747, 
foreseeing first  service use by  around 2000. It is examining 
several  prototype  Ultra  High  Capacity  Aeroplane  configurations 
for up to 800 passengers.  Large  'infrastructure  friendly' 
aircraft  with up to 1000 seats  (long  haul)  were  foreshadowed 
in Avmark Aviation  Economist (1990b).  The  projected 
McDonnell-Douglas MD12 will be initially  designed as a 500 
seat  aircraft,  with  later  stretched  versions  having  a  one- 
class  capacity  of 800 to 1000. 

Boeing  forecast an increase in average  (mean)  jet  size  from 
181 seats in  1988  to 238 seats in 2005, with  additions to the 
fleet  averaging 254 seats  in the period  to 2005. Avmark's  own 
forecast was  for the average seat  capacity to rise to 296 in 
2005, with  additional  aircraft  averaging 409 seats (Avmark 
Aviation  Economist 1989b). In  any  case  it  seems  clear  that 
the jet  fleet  will  undergo  a  considerable  increase  in  average 
seat  capacity by 2005. 
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Ultra-large  cargo  aircraft  (possibly  including flying boats), 
which probably would  be  more  fuel efficient than  existing 
cargo aircraft, could  increase overall freight-related 
consumption of fuel  if  they were able to win cargoes from 
conventional  shipping. 

Aerodynamics 

Schmitt  (1990) , predicting  gradual evolutionary  progress in 
design  over  the  next decades, foresaw  a  potential for overall 
aerodynamic  drag  reduction  of  over 20 per cent. Riblets, 
microscopically  grooved  plastic  film applied to  the fuselage, 
tail  and  engine  casings  of  new or existing aircraft was then a 
subject of current  research. 

Green et al. (1987)  state  that  one current development aim is 
to eliminate drag-inducing  items such as wing fences, 
vortillons  and  vortex generators. Schmitt (1990) also noted 
the  role  to  be  played by weight reduction, using  composite 
materials such as Arall (fibre-coated alloy) or Kevlar, and 
lighter all'oys such  as aluminium-lithium. 

However,  improvements in aerodynamics may not be universal. 
It has been  argued (Amark Aviation  Economist 1990~) that 
large 'infrastructure friendly' aircraft may not,  for reasons 
of space at airport  terminals, be able to adopt the high- 
aspect-ratio  (long and  narrow) wings  which  have  been an 
important  factor  in  improving  fuel efficiency of modern jet 
airliners. 

Engines 

Major  changes  in  engine  design would  be  needed to repeat the 
efficiency  gains  made  with  the  initial introduction of the 
high  bypass ratio turbofan engine. One such, at least for 
small  and  medium airliners, could  be  the prop-fan engine, 
using 8 or 10 thin, sweptback  blades of smaller diameter than 
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a conventional  fan.  This type of ultra  high  bypass5  ratio 
(UHBR)  engine  could  be  either  an  unducted  fan  (UDF) , with 
bypass ratio of about 35:l or, in  larger  engines  for  reasons 
of noise,  vibration  and  safety,  a  shrouded  fan  with  bypass 
ratios of 15:l to 25:l (Green et al. 1987). 

UDF engines  could  offer 25 to 28 per  cent  fuel  savings,  while 
shrouded prop-fans  could  offer 19-21 per  cent  lower fuel 
consumption  than  conventional  fan  engines (Aviation  Week & 
Space Technology, April 13, 1987). Lynn (1987) stated  that 
the 100-150 passenger  class  would  be  the  first  main  use,  but 
problems of gearbox  design  still  had  to  be  overcome for large 
units.  The UDF had  by 1989, in  an MD-80 demonstrator, 
fulfilled its  technical  promise  (Donoghue 1989). However, 
Donoghue (1989) reported  that  a  major  engine  producer  had 
decided  that the market  would  not  require  this  type  of  engine 
until 1997, and  had  put  back  plans  to  introduce  its UDF 
engine.  Development  had  been  shelved  pending  the  appearance 
of a  market  for  the  engine.  It  would  appear  that  some 
problems of vibration  and  in-flight  noise  remain to be solved 
for this engine.  About 4 years would  be  required  for the 
certification  of  this  particular engine  should  a  market 
emerge.  Other  engine  sizes  would  require an  additional  number 
of years for  technical  development.  Woolsey (1990) referred 
to the UDF  engine  as  'dormant'  in Air Transport World's 
November 1990 Large  Engine  Update.  However,  development is 
continuing  with  the  Russian  Yakovlev Yak-42E-LL  propfan,  which 
flew  for the first time  in 1991. When  fitted  to  a 150 seat 
airliner,  a one-third  reduction  in  fuel  burn  per  seat- 
kilometre,  compared to a  modern  turbofan,  is  expected (Flight 
International 1991) . 

Although US airline  manufacturers  have  apparently  decided  not 
to adopt  UHBR  engines (Amark Aviation  Economist September 
1990), General  Electric  is  predicting  that  its GE90 family  of 
large  higher  by-pass  engines,  with  by-pass  ratios  of 9 to 10, 

5 The bypass ratio of an  engine is the ratio of the external mass of air 
accelerated by the engine to  the mass of air passing through the  core or 
combustion section of the engine. The ratio varies from zero for a 
turbojet (as fitted to Concorde), through 5:l or 6:l for recent turbofans, 
70:l to 1OO:l for turboprops, to as  high as 200:l for propeller aircraft. 
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will have  a 9 per cent improvement in  specific  fuel 
consumption  over  its  predecessor. 

Refined  versions of existing big-fan engines, with  high- 
efficiency  compressors, wide-chord fan  blades  and  fully 
electronic  controls,  still offer useful  improvements  in  fuel 
consumption, 'and will  be  standard on most  engines by the 
1990s. Ford  (1989)  notes that the  Rolls  Royce  RB211-534E4 
wide chord  fan engine gives specific fuel  consumption '(SFC) 
improvements of 4  per cent at maximum cruise  speed  and 4.75 
per cent at maximum climb, compared to its  predecessor  narrow 
chord fan engine.  [Ford  noted  fuel  efficiency  improvements 
cumulating to an improvement of 16.6 per cent for  the Rolls 
Royce RB211-524 engine from its  introduction in 1977  up  to  the 
latest  version  expected to be certified  in 1992.1 The  newer 
engines also allow  the relationship  between the core and  the 
by-pass  systems to  be varied according to  the  thrust required, 
slowing  the  fan at high thrusts, thus increasing  efficiency. 

Ford  (1989)  considered  that future engine  development  would 
probably  involve ultra-high by-pass ratio (UHBR) engines, 
required for  still  larger subsonic passenger  aircraft. An 
example could be  the contra-fan engine  developed by Rolls 
Royce,  which ,could offer  SFC some 15 per cent better  than  the 
RB211-524G  engine  already in service. 

Second  generation  supersonic business-class passenger  aircraft 
could  feature  tandem-fan or dual-cycle engines, which  would 
have a  high  by-pass  turbofan for sub-sonic flight and a  high- 
thrust fan for  supersonic  use (Ford 1989). 

The  use of ceramics and other non-metallic materials  will  have 
a  significant  impact on thermal efficiency, and hence on 
specific fuel consumption, in the  foreseeable  future.  Special 
purpose  composite materials, with compositions  formulated in 
conjunction  with the design of particular  engine  components, 
should allow  higher  power outputs and  lower  weights  for  given 
engine  sizes  (Green et al. 1987). 
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Alternative fuels 

In the  longer  term,  liquid  hydrogen  may  become  an  alternative 
to jet  fuel. Price (1991) notes  engine  manufacturers' 
estimates  of a 5 to 10 per  cent  gain  in  specific  fuel 
consumption,  in  terms of  the  energy  content  of  the  fuel 
burned.  Price  states that there  appear  to be no 
insurmountable  technical  problems,  although  tank  size,  safety 
and price  are  issues.  Price (1991) gives  the  cost  of  hydrogen 
produced by  cheap  hydroelectric  power  at  about 4.2 times  that 
of jetfuel  on  an  energy  equivalent  basis,  or 12.7 times  that 
of jet  fuel  per  unit  weight. 

Hydrogen  has  almost  three  times the energy  content  of the  same 
weight of  aviation  turbine  fuel  (avtur) , giving a two-thirds 
reduction  in take-off  fuel  load for equal  range (41 000 kg  for 
a  Boeing 747 compared  to 121 600 kg  of  jet  .fuel) . The 
consequent  higher  cruising  altitude  possible (36 000 feet 
compared to 31 000 feet)  reduces  fuel  consumption  at  a  given 
speed. Length of runway  on  takeoff  would be reduced,  as  would 
wing loadings  (or  wings  could be made  smaller) . Price 
considers  that engine  life  would be longer,  with  reduced 
maintenance  and  lower  engine  noise  levels.  However,  fuel  tank 
capacity  would  need to be  almost four  times  as  large,  as  the 
density  of  hydrogen  in  liquid  form is only  about  one-eleventh 
of that  of  avtur  (Price 1991). 

With hydrogen  fuel  there  would  be no carbon  dioxide  or  carbon 
monoxide  emissions  and  oxides  of  nitrogen  would  be  reduced, 
although  the amount of water  vapour  produced  would  be  more 
than doubled.  This  water  vapour  may,  above  about 9000 metres, 
form ice-crystal  clouds  which,  while  allowing  sunlight to pass 
through,  reflect  heat  back  to  the  earth.  The  ice  crystals  can 
also act  as  sites  for  chemical  reactions  which  attack  ozone 
(Barrett 1991). 

A Canberra  bomber  with  one  engine  converted  for  liquid 
hydrogen  fuel  flew  in 1956. In the former  Soviet  Union,  a 
testbed Tupolev 154 passenger  aircraft,  redesignated as a TU 
155, has  had  one  engine  converted to operate  on  either  liquid 
methane (LNG) or  liquid  hydrogen, as well  as  on  jet  fuel. LNG 
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has a  higher  specific energy than jetfuel, although  only about 
half  the  specific energy of liquid  hydrogen (Automotive 
Engineering 1991).  Thus LNG could confer  a  portion of the 
benefits of a  lighter fuel load on takeoff promised by liquid 
hydrogen fuel. LNG has an energy  density some three  times 
that of liquid hydrogen, but less  than  that of jetfuel. About 
50 per cent gr'eater storage volume  would  be  required  for LNG 
than for  jetfuel, compared to four times  the  storage  volume 
required for liquid hydrogen. 

The expected growth in the  size  of  the world jet fleet, 
together  with  the retirement of about half the  existing 
aircraft by 2005, gives  considerable  scope for improving  fleet 
fuel economy.  A leading manufacturer  expects  the  overall 
fuel-efficiency of the global jet fleet to  continue to 
improve,  with an increase of just over 40 per cent from 1989 
to 2009 (34 per cent to 2005). The narrow-body segment is 
expected  to  increase its fuel-efficiency by about 55 per  cent 
from 1989 to  2009  (42 per cent to 2005), as older aircraft are 
replaced and larger ones are  introduced  (Airbus  Industrie 
1991). 

The  size of improvements in the fuel efficiency of Australia's 
fleets of domestic and international aircraft will be 
influenced by the age structure of  these  fleets  and the 
replacement,  policies of aircraft operators,  as  well as by the 
rate of technical progress. 
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CHAPTER 5 AUSTRALIAN  DOMESTIC AND INTERNATIONAL  AIRCRAFT: 
POTENTIAL  FUEL EFFICIENCY  GAINS  TO 2005 

OVERVIEW 

In  October  1989,  an  international  agreement  was  reached  at the 
International  Civil  Aviation  Organisation  (ICAO) to phase  out 
all  chapter 2 (jet)  aircraft  by 2002, in  favour  of  the  quieter 
chapter 3 aircraft  (the  chapters  refer  to  chapters in  Volume 1 
of the  annexe  to  the  ICAO  agreement).  Chapter 3 aircraft 
(those  certified  since  October  1977)  feature  high  by-pass, 
higher  fuel  efficiency  engines,  which  besides  being  quieter, 
are  typically 30 to 40 per  cent  more  fuel  efficient  than  their 
chapter 2 equivalents,  which  generally  have  low  by-pass 
engines. 

However,  this 30 to 40 per  cent  margin  could  not  be  applied 
overall  to the 36 per  cent  of the Australian  aircraft  fleet 
which  (as  at 31 December  1990)  was  chapter 2, as  some  of  the 
aircraft are only  marginally  in the chapter 2 category. , This 
level  of  saving  might  only  apply  to  some 20 to 25 per  cent of 
the current  fleet.  The  Australian  chapter 2 aircraft  involved 
were  mainly  727s,  F28s, a 707  and  a  couple of DC9s,  together 
with  some  of  the  early  747s,  which  have  high  by-pass  engines 
with  good  efficiency.  For  wide-bodied  non-chapter  3  aircraft 
and  any  non-chapter 3 aircraft  with  high  bypass  engines,  the 
cut-off  date  is  31  March 2002. For other  non-chapter 3 narrow 
bodied  aircraft,  the  ICAO  cut-off is 25  years  of  age.  The 
Commonwealth  Government  has  decided  on  a  phase  out  period 
commencing 1 April  1995,  with  the  proviso  that  all  subsonic 
jets added  to  the  register  after 1 January 1991 must  meet 
chapter 3 noise  standards  to  be  allowed to operate. 

Gains  in the average  fuel  efficiency  of the Australian 
domestic  and  international  airliner  fleets  over  the  next 15 
years  will  flow  from  the  replacement  of  existing  chapter 2 
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aircraft  with  chapter 3 aircraft  and  from  ongoing  technical 
progress  in the design of existing  high-bypass  engine  types 
fitted  to  replacement  aircraft  in the period to 2005.  As 
well,  gains  may  be  made  from  re-engining  existing  chapter 3 
aircraft  with  later  engines.  However,  new  technology  may  be 
required  if the past  trend is to be maintahed. Ultra-high 
bypass  engines,  some  models of which may  or  may not  become 
available  later  in  the  199Os,  could  offer  fuel  efficiency 
gains over  1980s  generation  engines  estimated  at  between 10 to 
30 per cent  (Hensher  1991). 

MODELLING  FUEL  EFFICIENCY TRENDS AND FLEET  FUEL  CONSUMPTION 

A spreadsheet  model,  similar to that  for  the  Australian  fleets 
of ships,  was  developed to estimate  changes  in  fleet  average 
fuel  efficiency  from  1988  as  the  base  year.  The  model  lists 
each  passenger  aircraft  in the Australian  domestic  airline  and 
international  fleets  (not  including  domestic  commuter 
airlines),  and  its  fuel  consumption  per  seat-kilometre. It 
was  assumed  for  the  base  case,  unless  more  definite 
information  was  available,  either  that  each  aircraft had' an 
economic  life  of  15  years  (from  new)  in  the  Australian  fleet, 
or where  an  aircraft  reached  the  age  of 15 years  before  1992, 
that it  would be replaced  in  1992. 

This  short  economic  life  reflects  an  assumption  of  increasing 
relative  fuel  costs  in the future,  likely  if  greenhouse 
mitigation  actions,  such  as  a  carbon  tax,  were  to be adopted, 
and  also  of  ongoing  technical  progress  in  improving  aircraft 
fuel economy.  The  effect of assuming  an  aircraft  life  of 20 
and  25  years was also  investigated.  If  an  economic  life  of 30 
years were  assumed, the low  average  age  of  Australia's 
domestic  fleet  (only 6.7 years as  at 5 July  1991)  means  that 
only  about 11 aircraft  (727s  and  F28s)  out  of 112 planes  in 
the 1991  domestic  fleet  would be replaced  by  2005. 

The  fuel  consumption  of  replacement  aircraft  for  each  existing 
aircraft type was  estimated  from  regression  equations  for 
particular  size  classes of aircraft, derived' from  data  for 
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aircraft  types  in  the  existing  Australian  fleets.  A  log-log 
regression  was  done  for  three  size  classes  (up to and 
including 50 seats, 51 to 200 seats,  and  over 200 seats),  with 
the log of fuel  efficiency,  in  seat-kilometres  per  litre, 
regressed  against,  the .log of the year  in  which  the  type/series 
was first  introduced  (minus 1955), the log  of the number  of 
seats,  and  the log of  long range  cruising  speed  in  kilometres 
per hour. 

It  was  assumed  for  the  base  case  that the existing  size  mix of 
the fleets  would  be  maintained.  Each  aircraft  would be 
replaced  with  another of the same  number  of  seats  and  speed, 
or  with  the  same  number of seats  and  speed  as  the  latest 
series  of  the  type  now  available.  In  some  cases  this  meant 
that the  number  of  seats or the  speed  would  be  different for 
the replacement  aircraft.  The  model  handled this  by 
calculating  the  fuel  which  would  be  used  when  the  replacement 
aircraft  performed  the task (in  seat-kilometres per  year  for 
domestic  aircraft  or  seat-kilometres  per  hour for 
international  aircraft) of the existing  aircraft.  This is 
tantamount  to  assuming  that  additional  aircraft  would be used 
when  the  capacity  (the  product  of  seat  numbers  and  speed)  was 
lower -for the replacement than  for the existing  aircraft. 
When the  replacement  aircraft  had  a  larger  capacity  (product 
of seats and  speed)  than the existing  aircraft, this  amounted 
to assuming  that  fewer  aircraft  were  used to perform the 
existing  task.  Problems of \lumpiness’ were  not  considered, 
as  growth in  passenger  task  (discussed  in  appendix 111) seems 
likely. to obviate  the  risk  that the same  numbers of higher 
capacity  replacements  would  instead  operate  at  lower  load 
factors. 

The  model  is in fact  quite  sensitive to changes  in  the  number 
of seats  for  aircraft  models.  This  caveat  must be borne in 
mind when  considering  the  results  of  this  study.  The  number 
of seats  in  aircraft  operated  by  Australian  carriers  appears 
to have become  more  variable  of  late,  with  deregulation  and 
increasing  international  tourist  numbers. For example, 737- 
300s had an  average  of 109  seats at  August  1990  (DoTC  1990). 
In  September 1991, due to a  marketing  strategy  involving the 
non-filling  of  a  proportion  of  business  class  seats, 737-300s 
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operated by one  carrier  were  flying  with 96 effective seats. 
In this case, the original  number of 109 seats was  used  for 
calculating seat-kilometres  per  litre and for the  regressions, 
being  considered more typical  over  time. Again, in 1988, 
Qantas,  747SPs  had  220  seats: in  1991, these  aircraft  had 313 
seats. Here, the  higher seat  numbers  were  adopted for use  in 
the model,  being  closer to  the number  of  seats  in Qantas's 
other  747s (from 386 to 406). 

For each of the domestic  and  international fleets, a  fleet 
average  fuel efficiency (in seat-kilometres  per litre) was 
then calculated  for  each  year  up to 2005.  These values were 
used to calculate  indices  of fleet fuel  efficiency.  These 
indices of fleet task were then  applied  to  forecast  growths 
for  the respective tasks, to estimate the  changes  in fleet 
fuel  consumptions and CO, emissions  to  2005 (see appendix 111). 

The  regression  equations  were of the  form: 

In (seat-kilometres  per  litre) = Constant 
+ a * ln(date  model 

introduced - 1955) 
+ b * ln(number of seats) 
+ c * ln(1ong  range cruising 

speed) 

Table 5.1 shows  the  coefficients  for  the  variables of the 
various  regression equations,  together  with coefficients  of 
determination,  t-statistics  (in  brackets) . 

The  model indicates,  for the base case, trend  domestic fleet 
average fuel  efficiency  rising  from 24.8 seat-kilometres  per 
litre in  1988 (1.5 megajoules  per  seat-kilometre or 1.9 
megajoules  per passenger-kilometre) to 32.8 in 2005, a  rise  of 
some 32 per cent. For  the  Australian  international  fleet,  the 
trend increase  was  from 27.4 seat-kilometres  per litre  to 35.1 
in 2005,  a  rise  of about 28 per cent.  The  fleet averages in 
1991 are  27 .O (domestic)  and 29.1 (international) . 

WBen an  aircraft  life of 20  years was assumed, these 
iniprovements in  fuel  efficiency by 2005 were reduced'somewhat. 
For domestic aircraft the improvement  in fleet average  fuel 
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efficiency  was 22 per  cent,  about 10 percentage  points  smaller 
than with  an  aircraft  life  of 15 years. For international 
aircraft  the  improvement  was  about 17 per  cent, 11 percentage 
points  less  than  with  a 15 year  life.  When  an  economic  life 
of 25 years  was  assumed,  the  improvement  in the domestic 
fleet's average  fuel  efficiency (14 per  cent) , was  less than 
half  that  for  an  economic  life of 15 years.  The  improvement 
in  fleet average  fuel  efficiency  with  a 25 year  economic  life 
for the Australian  international  fleet (16 per  cent) , was 
under 60 per  cent  of  that  with an economic  life  of 15 years. 

The  trend  values  for  fleet  average  fuel  consumption  rates 
reflect  the  significant  progress  made  over  the  past  twenty 
years or so in  improving the  fuel  efficiency  of  aircraft. 
While,  as  discussed  earlier,  further  improvements  may  be 
expected, it is  not  clear  that the rate  of  progress  will be as 
rapid  as over  the  past  twenty  years. As well, some  existing 
aircraft may be  replaced  with  second-hand  aircraft  rather than 
new aircraft.  In  order  to  estimate  the  effects of a  complete 
penetration  of  already  achieved  levels  of  fuel  economy  into 
the existing  fleet  model  mix,  a  version  of  the  model was run 
with  replacement  aircraft  having  the  fuel  economy  of the 
latest  series  of  the  same  type  which  was  available  in 1990 
and, for the domestic  fleet, 727s replaced  by 737-400s. 

Aircraft class Constant a b C R' 

Large 83.172  0.422  1.566  -13.286  0.689 
(over 200 seats) (1.5) (2.3)  (-2.4) 

Medium 9.985 0.121 0.606  -1.488  0.998 
(70 to 200 seats)  (4.0)  (9.4)  (-5.2) 

Small 14.180  0.121  0.762  -2.287  0.996 
(under 70  seats) (6.4) (5.7) (-11.8) 

Not e Numbers in brackets  are t-StatiStiCS 

Source BTCE estimates based on data from the BTCE's Aerocost model for 
existing  Australian aircraft  types. 
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This version of the  model  suggests fleet  average  improvements 
i n ’  fuel efficiency  from 1988 levels of about 29 per cent 
(domestic) and 13  per cent (international) by 2005. This 
suggests that, for the  domestic fleet, almost 90 per cent of 
the  fuel efficiency  improvement in the  base case (by 2005) is 
due to the replacement of aircraft  with  aircraft having levels 
of fuel efficiency  that have already been achieved. For the 
Australian international  fleet this  figure is  under 50 per 
cent. 

Figure 5.1 shows  results  from  the  spreadsheet model for 
Austra1ia”s  domestic  and  international fleets of aircraft, for 
both  trend and 1990 levels of fuel  economy, assuming the 
existing  size mix is  maintained and a 15 year economic life in 
the Australian  fleet. For the  domestic fleet, the  high 
percentage of the  base  case fuel economy gains which are 
available with 1990  technology  reflects  both  the assumption 
that  727s would be  replaced by 737-400s and also the 
availability of ’ later series aircraft having substantially 
more  seats than those  of  preceding  series,  while using little 
extra fuel. For example, the Australian  Boeing 737-300 had 
109 seats:on average  in 1990, while  737-400s had 146. The 
737-400  uses 4.42 litres per kilometre  (according to  the 
BTCE‘s Aerocost model) and  produces  33  seat-kilometres  per 
litre,  while  the 737-300 uses 4.05 litres per  kilometre 
(Aerocost model)  and 
litre. It is assumed 
allow  this pattern of 
factors. 

Finally,  the model was 

produces only 27 seat-kilometres  per 
that  growth in passenger traffic  would 
replacement  without  a  decrease in load 

used to examine  a scenario  in which the 
existing  size and model  mix is abandoned, so that all  existing 
aircraft are replaced by the most fuel-efficient aircraft in 
the current fleet. All  medium and large  aircraft  were  assumed 
to be replaced  with wide-bodied, 288  seat A300-600Rs which, 
the BTCEIs Aerocost model  indicates, give  56 seat-kilometres 
per litre, compared to about 33 seat-kilometres from a  146 
seat 737-400. Small  aircraft  having  less  than  90 seats were 
assumed  to  be  replaced  with  F50s  producing about 37 seat- 
kilometres  per litre. This  resulted in a  96 per cent increase 
in  fleet average fuel  efficiency  between 1988 and 2005. 
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Clearly,  the  improvements in fuel efficiency  which  would  be 
possible if  economies of aircraft  size  could be achieved 
throughout  the  fleet  would  greatly  outweigh the likely 
improvements from technical  advances  in  aircraft  and  engine 
design. 

Table 5.2 summarises the results  from  the  model for various 
scenarios.  Projections of the implications  of the estimated 
improvements  in  fuel  efficiency for CO, emissions  from  aircraft 
are to be found  in  appendix 111. 

TABLE 5.2 AUSTRALIAN AIRCRAFT: PERCENTAGE  INCREASES IN FLEET AVERAGE 
SEAT-KI-TVS PER LITRE OF FUEL FROM 1988 TO 2005 

Domestic International 

Base case 
replacement at 15 years 33 28 

Replacement at 20 years 22 17 

Replacement at 25 years 14 16 

Replacement aircraft with  1990 
level of fuel efficiency' 29 

Replacement of all existing medium and 
large aircraft with wide-bodied 
A300-600Rs, ,and all small aircraft 
(<g0 seats) with F50s. 96 

13 

na 

1 Actual seat-kilometres/litre for latest series  of the type 
available in 1990, and  727s assumed  replaced by 737-400s. 

na not applicable 

Source BTCE estimates 
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CHAPTER 6 CONCLUSION 

For the  Australian  coastal  (major  trading)  and  international 
fleets  of  ships, there appears to be  the  potential  to  realise 
steady  incremental  fuel  efficiency  gains  over  the  next 15 
years, from  replacement  of  existing  vessels  and  from  ongoing 
technical  progress in engine,  hull  and  propeller  design.  In 
addition  there  are, for the  coastal  fleet,  substantial  fuel 
efficiency  gains to be made  by  replacing the 4 coal  burning 
ships  with  diesel-engined  vessels. 

Fuel used  by the  coastal  major  trading  fleet  could  fall  by 
about 40 per  cent from 1988  levels  by  the  year 2005 if the 
coastal  shipping task  were  to  remain  static.  This  estimate  is 
predicated  on  the  assumption  that  ships  are  replaced  at  about 
15 years  of  age, and that the fuel  economy of new ships 
continues  to  improve.  About  half  of  this  improvement  would 
come from  replacing the 4 coal  burning  bulk  carriers. 

Carbon  dioxide  emissions  from  coastal  shipping  were  only  about 
4 per  cent  of  the  emissions  (69  megatonnes)  from  Australian 
domestic  transport in 1988. On the  assumption  of a constant 
task,  coastal  shipping  could  make  a  small  contribution.  to the 
mitigation  of  greenhouse  gas  emissions:  about 1 megatonne in 
2005, or  about 1 per cent  of the projected 100 megatonnes  of 
CO,  from  Australian  domestic  transport  in 2005 (see  appendix 
111). 

For international  shipping to and  from  Australia  continuance 
of past  growth rates is  unlikely,  especially  if . global 
greenhouse  mitigation  efforts  involve  a  reduction  in  coal 
usage.  Bureau  of  Mineral  Resources  forecasts  for  Australia’ S 

mineral  exports to the year 2000 published in 1987 implied an 
expected  value  of the growth  rate of Australian  mineral  export 
tonnages  of 2.9 per  cent  per  year.  At  this  rate  of  growth, 
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mineral exports would  increase  by  over 60 ,per cent  by 2005. A 
similar rate of growth  might  also  be  assumed  for  Australia's 
much smaller tonnages  of  imports:  Australia's  average  rate of 
GDP growth over  the ten  years  to 1990-91 was  also 2.9 per  cent 
(Treasury 1991). 

At this rate of growth  the  task  of  Australian-flag  ships 
engaged in international trade  would  be  likely  to  increase  by 
approximately half  from 1988 levels by 2005, if  Australian- 
flag ships maintain  a  constant  share  in  our  international 
.trade, and if  voyages  are  shorter  on  average  with  changing 
trade patterns.  The  model  suggests  that  fuel  used by 
Australia's  international  ships  would  then  increase  by  about 
one-third even if fuel  efficiency  continues  to  increase  at  the 
same  rate  as over the past 20 years or so. In  the  absence of 
increased use  of  alternative  fuels  such  as  natural  gas, 
greenhouse emissions  from this  assumed  task  could  be  expected 
to increase by about the  same  proportion. 

For domestic aircraft,  if the  current size  mix of aircraft  in 
the fleet is maintained,  and even if  the  fuel  efficiency  of 
the domestic air fleet  continues to improve  at a  rate  similar 
to that in the  past  two  decades,  the  amount  of  fuel  used is 
likely to grow by about 35 to 40 per cent  over 1988 levels  by 
the  year 2005. Emissions  of CO, in 2005 could  be  expected  to 
be at least 1.5 megatonnes  (or 35 per  cent)  above 1988 levels 
(see appendix 111). 

However, significantly  increased  use . of  the  most  fuel- 
efficient wide-bodied  aircraft and of  the  most  fuel-efficient 
small aircraft  in  the  domestic fleet  could  perform  the 
increased domestic  passenger  task  predicted  for 2005 without  a 
significant increase  in  emissions.  Improvements  in  fuel 
efficiency which would be possible if economies  of  aircraft 
size could be  achieved  throughout  the  fleet  would  greatly 
outweigh likely  improvements  from  technical  advances  in 
aircraft and engine  design. 

Fuel used 'by Qantas is likely to almost  double  even if fuel 
efficiency continues to increase  as  it  has  in the recent  past. 
All international  aircraft  operating  to  and  from  Australia 
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could  emit  an  additional 7 or 8 megatonnes CO, (from 1988 
levels) in 2005. Qantas,  if  it  maintained  its  current  market 
share of about 40 per  cent,  would  be  responsible  for an 
additional 3 megatonnes of CO, above 1988 levels  in 2005, given 
forecasts of growth in  traffic. 

Overall,  under  a  ‘business-as-usual’  scenario,  emissions  from 
ships  and  aircraft  in  domestic  transport  seem  likely to 
increase  by  about 8 per  cent  or 0.5 megatonne  of CO, from 1988 
to 2005. This  increase  equates to only  about 0.7 per  cent  of 
total 1988 emissions  from  domestic  transport.  Emissions  in 
Australian-flag  international  shipping  and  aviation  could 
increase  by  about 63 per  cent  or 3.5 megatonnes  of CO, from 
1988 levels  of  emissions by 2005, under  the  scenarios  examined 
in appendix 111. 

The proportional  increase  in  the  total  greenhouse  effect  from 
commercial  aircraft  is  likely to be  significantly  larger than 
the increase  in  their  use of fuel,  because  of  the  high 
altitude  emissions  of  oxides  of  nitrogen (NO,) and  because  of 
the emissions  of  water  vapour  into  the  troposphere  and 
stratosphere. 
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APPENDIX I SPREADSHEET MODELS FOR THE FLEETS OR' AUSTRALIAN 
COASTAL AND INTERNATIONAL  SHIPS. 
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o TABLE 1.1 REGRESSION FOR FUEL  CONSUMPTION OF REPLACEMENT  SHIPS 

"."""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 
1KAR TON1198 LOG LOO LOG 19 LOG LOG 99 RBPLACBWB LOG I0X LARGBRKGR FOR 1990.00 
BUILT  SPKlD PUKL TONNBS DuT/l000 BUILT SPKBO W A R  REPLACKO VKSSlL I . I W T  RKPLACKWBORIG SNIP SPC 

NAlK TlPK . DYT /OAT /DAl -1965 RIPLACBD -1965 TONNKSlDA /l000 VKSSEL TOHNKS/DAY 
~~~.."~"~"""".".""""""""~~"~~.""""""""""""""""""""""""""""""""""""""""""""""~"""""""""""""""" But1  Regresnion  Output: 
B U M  

CAHIRA 
ACCOLADK 11 B 

B 
SANDRA lARIB B 
COLlATA 
YALLARAA 

B 

YARDKN POINT B 
B 

BlPRESS B 
ORWISTOW B 
CKWKITCO  B 
IROI BARON B 
IRON  CAPRICORN B 
IRON CAPRICORN B 
IRON CARPKWTARIA  B 
IRON CARPENTARIA  B 
IRON CORTIS B 
IRON  CURTIS B 

IRON PRIWCK B 
IRON PRINCR B 

I R O N  STURT B 
IRON STURT B 
IOYULIA 
LINDBSA1  CLARl B 

B 

RIVER TORRKWS B 
PORTLAND 
FLINDBRS RAWGB B 

B 

IRON IESTRKL B 
IRON KKSTRKL B 
IRON [IRBl 
IRON  KIRBY B 

B 

AOYARO SNITA B 
TNT ALLTRANS B 
AUSTRALIAN PROGRBS B 
AllSTRALIAN PROSPKC  B 
IRON  NBVCASTLB 
IRON NEYCASlLB 
IRON PACllrIC 
IRON PACIPIC 
IRON  SHORTLANO 
IRON  SHORTLAND 
IROH SPENCKR 
IRON SPENCER 

IRON YATALLA 
IRON YAIALLA 

IRON IKWBLA 
IRON KENBLA 

GlNBRAL CARCD 
FREEYAI WORTH 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
8 

GC 

8410 
1110 
51110 

(SS6 
1210 

11000 
6000 

16510 

31551 
16510 

11244 
15144 
45110 
15310 
45110 
45110 
21135 
11135 
22100 
22100 
23258 
29510 
31921 
36500 
21500 
21210 
21210 
21299 
21299 
43300 

139400 
119400 
141140 

131850 
148140 

211850 
101140 
101140 
141415 
141115 
141435 
141435 
148150 
141150 

1521a 

9111 

1912 
l910 
1916 
l911 
1981 

1990 
1919 
1918 
1981 
1915 
1915 
loll 
1911 
l918 

l981 
1910 

1981 
1919 
1919 
1984 

1911 
l981 
l918 
1914 
1914 
1914 
1914 
1981 
1981 
1911 
1916 
l985 

1986 
1985 

1919 
1919 
1981 

1981 
1981 
1916 
1986 

1980.36 

1911 

191) 

1985 

1986 

Ion 

1991 

l001 
1995 

2001 
1992 

2005 
1993 

1994 
l993 
2000 
l992 
l992 
l992 
1992 
1993 
l993 
1996 
1996 
1994 
1994 
1999 
2000 
1992 
2003 
1993 
1992 
1992 
l992 
1992 
1996 
1998 
1992 
l992 
2000 
2000 
2001 
2001 
1994 
1994 
l996 
1996 
1996 
1996 
2001 
2001 

1993 

Conatrnt -2.21 
Std  Krr of Y Bst 0.13 
R Squired 0.94 
No. ot Observations  45.00 
Orfrees of Precdol 41.00 

I Cocfficieat(s) 0.40 -0.31 1.32 
Std  Krr of CoeI. 0.02 0.07 O.:? 

G/C  Refretaim  Output: 
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TABLE 1.1 (cont) 

C R U D K  T4YIOR:UAIW BWCINBS OYLl 
ANPOL SARNL C T  
AITAUR  PHILLIP  CT 
CANOPUS C T  
IRA CT 
AUSTRALIA STAR CT 
BP  ACHIBVBR  CT 
IOBIL ILIWDKRS CT 
HIVOSA  CT 
IRON GIPPSLAWD C1 
IRON GIPPSLAWD C1 
I R O N  CIPPSLAWD  Cl 

TOTAL 
1 DIlltPKYCO 

l01900 

94341 
65103 

129100 
94560 

149215 
124154 
81000 
81000 
8lOOO 

9w.1 

REGRESSION FOR FUEL CONSUMPTION OF REPLACEMENT  SHIPS 

1919 15,5 61,s 
1914 16.0 68.0 
1986 13.9 38.5 

l986 13.2 42.5 
l986 13.1 39.1 

1981 16.0 T5.0 
1981 13.1 40.0 

1984 13.0 40.0 
l989 14.0 34.0 
1989 14.4 SI,?. 
l989 15.1 36.8 

1491.31 

LllOI TIH[KR: BOILKI ETC ADDBD TO UAIY KWCINKS ConsuNPTIoN 
AWPOL SARBL CT 101900 

OTStl 

coal 
c o d  
c o d  
c o d  

ARTHUR  PHILLIP  CT 
CANOPUS 
ERA 

CT 
cr 

AUSTRALIA STAR CT 
BP ACRIBVER  CT 
UOBIL FLIWOKRS CT 
YIVOSA CT 
IRON  GIPPSLAND CT', 

i 

SloLT AUSTRALIA  CRT 
lINCWASTSR SP 
SBACAT TASWAWIA P/CF 
AUSTRALIAN SKAROAD CC 
RIVER EHBLKl B 
PlVKR BOINB B 
TNT CAPRICOONIA B 
TNT CARPBYTARIA B 
ABKL TASWAW RO/RO/P 
NU SANOBRLIWG LWG 
NU  SWIPE  LNC 
YU SANOPIPKR  LWC 

65103 
94JkI 
94281 
94560 

129100 
149135 
124154 
87000 

IT530 
8900 

to00 
9013 

16305 
16355 
15140 
15105 

12810 
2061 

12810 
l28lO 

1919 
1914 
1911 
1986 
l986 
I983 
1982 

I989 
I984 

1986 
1915 
1990 
1982 

1982 
l911 
1981 
1915 
I989 

1991 
1990 

1981 

11.0 93.0 

1994 
1992 
2001 
2001 
2001 
l998 
1991 

EO04 
1999 

1004 
2004 

1994 
l992 
2001 
2001 
2001 
l998 

1999 
1991 

2004 

2001 
1992 
2005 
1991 
1998 
l991 
l998 
1998 
1990 
2004 
EOOS 
loot 

C.TAHYBR Regression Uulyut: 
Conctrnt 
Std Krr at 1 Kst 

-2.82 
0.13 

I Squared 0.EI 
No, of Obwrvrtionl 11.00 
Detrees of Freed01 7.00 

X Coefficient(,) 0.69 -0.61 1.96 
Std Brr of Cocf. 0.19 0.11 0.76 

2122.13 3410,SO 2853.17 
0.1185 0.9152 0.8160 

12.14 
20.06 

24,16 
29.31 
31.49 
38.36 

13.86 
34.51 
J1.98 
32.99 

38.35 

CONTAINER 
DIESEL BULI 

I DIKSKL BULK 
OIBSBL BULK 

I D I K S K L  BULK 
, ROlRO 
~ CRUDB TAWLKR: NAIN BWCINKS 
I CRUDK TAN[BR: W A l N  BNCINKS 
1 CRUDE TANIBR: HAIH KNCIWBS 
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2'82 
8'21 

C'IC 
1'12 

Z'Ct 
9' l2 
6'02 
9'12 

1'12 
2'61 
0'61 

1'01 

2'02 
C'OZ 

('11 
E'CI 
$'Cl 

\'l2 
6'61 
I'll 

O'EZ 
0'9 

C'S) 
1'62 
8'22 
9'15 
2'8 
l'Zt 
8'62 
2,oe 

9'61 
1'1C 

6'1 
C'2t 

6'21 

2'82 

1'12 
C'IC 
Z'CC 
0'62 
6'02 
9'12 

1'12 
2'61 
0'61 

1'01 

2'02 
('11 
E'CI 
$'Cl 

1'12 
6'61 
('11 
0'9 
O'EZ 
C'Et 
1'62 

9'15 
2'8 

O'EZ 
1'21 

8'92 
1'tt 
9'6) 
6'1 
C'ZC 

a'zl 

cw 

a*zz 

6'21 

1'82 
8'CI 
t9l2 
C'IC 
Z'tt 
0'62 
6'02 
9'12 

O'OZ 
0'02 
0'61 

C" 
1'01 

2'02 
C'II 
!'Cl 
E'Cl 

0'52 
6'61 

0'9 
0'52 
)'I$ 

8'22 
1'62 

0'95 

0'92 
1'21 

8'92 
1'tt 
9'61 
6'1 
C'ZC 

t'II 

2'8 

6'21 

2'82 

1'11 
8'9t1 
Z'tt 
0'62 
6'02 
9'11 

0'02 
0'02 
0'61 

C'OZ 
1'01 

2'02 
C'11 
E'EI 
E'CI 

O'EZ 
6'61 
C'II 
0'9 
O'EZ 
t'IE 
1'62 
8'22 
0'95 
2'8 

O'EZ 
1'21 

8'92 
1'tC 
9'61 
6'1 
C'ZC 

a'cI 

6'21 

2'82 
8'CI 
t'l2 

6'1t1 
0'62 
6'02 
9'12 

0'02 
0'02 
0'61 

C" 
1'01 

2'02 
1'11 
E'EI 
E'tl 

O'EZ 
6'61 
I'll 
0'9 
O'EZ 
1'15 
1'62 
8'22 
0'9s 
2'8 

0'52 
I'Zt 

8'92 
l'tt 
9'6) 
0'11 
t'2t 

aw 

6'21 

2'82 

t'9C 
8'9tI 
6'111 
0'62 
0'12 
0" 

0'02 
0'02 
0'61 

1'01 
I'CZ 
O'EZ 
I'll 
0'91 
$'Cl 

0'92 
0'81 
0'11 
0'6 
O'EZ 
1'15 

O'ZC 
0'99 
0'6 

O'EZ 
t'1C 

8'92 
1'tC 
9'21 
0'11 
E'ZC 

aw 

teat 

6'tI 

E'9O 

t'9C 

6'111 
0'62 
0'12 
0'01 

0'02 
0'02 
0'61 

9'11 
I'CZ 
O'CZ 
0'91 
0'91 
0'91 

O'EZ 
0'81 
0'11 
0'6 
C'6C 
)'I! 

0'21 
t'8C 

0'6 
0'95 

C'lt 
O'EZ 
8'92 
0'29 
9'21 
0'11 
0'09 

a'cl 
nw 

6'tl 

E'9C 
S'CI 
1'91 
8'911 
6'111 
0'62 
0'12 
O'OC 
E'OC 
0'02 
0'02 
0'61 
1'1 
9'11 
I'CZ 
O't2 
0'91 
0'91 
0'91 

O'EZ 
5'1C 

0'81 
O'tl 
0'6 
C'6C 
)'IS 

O'ZC 
0'9s 
0'6 

O'EZ 
8'92 
0'29 
9'21 

0'09 
0'11 

0'12 
0'12 

O'ZC 
1'0C 

0'9C 

t'at 

r'lt 

6'11 

E'9C 
8'Cl 
t'9C 
8'9tI 
6'111 
0'62 
0'12 
0" 
E'OC 
0'02 
0'02 

9'11 
1'1 

O'tZ 
I'CZ 

0'91 
0'91 
0'91 
E'tC 

0'81 
0'11 
0'6 
C'6C 
1'19 

O'ZC 
0'9s 
0'6 
1'11 
0'51 
8'92 
0'29 
gall 
0'11 
0'09 
0'12 
0'12 

O'Zt 
t'0t 

0'91 
6'lZ 
6'51 

cant 

E'9t 
8'tl 
t'9t 
8'911 
6'111 
0'62 
0'12 
O'Ot 
5'01 
O'OZ 
O'OZ 

9'11 
1'1 

O'tZ 
I'CZ 

0'91 
0'91 
0'91 
E'1t 

0'11 
0'81 

0'6 
C'6C 
t'lE 
C'BC 
0'29 
0'9s 
0'6 
C'lt 
O'EZ 
8'92 
0'29 
E'Z1 
0'11 
0'09 
0'12 
O'IZ 

O'Zt 
t'OC 

0'9C 
6'12 
6'El 
6'11 

2'11 
I'lt 

l's1 
t'9t 

E'9C 

1'91 
8'911 
6'111 
0'62 
0'12 
0'09 
E'OC 
0'01 
0'02 
0'61 
1'1 
9'11 
I'CZ 
O'CZ 
0'91 
0'91 
0'91 
E'1t 
0'52 
0'81 
0' tI 
0'6 
C'6C 
)'IS 

0'29 
0'95 
0'6 
9'19 
0'52 
8'92 
0'19 
9-11 
0'11 
0'09 

O'IZ 
0' tz 
1'OC 
O'Zt 
0'9t 

'11381 
6'1Z 

6'tl 
I'IC 
'113811 
'11381 
t'9t 

rat 

9161 

1161 
9861 

C861 
2861 
8861 
8161 
6161 
2161 
$861 
1861 
0661 

9161 
6161 
1861 
C161 

1161 
8161 

E161 
S861 

1161 
6161 

2161 
1861 

9861 
1861 
8161 
9861 
0861 
9161 
1861 
6861 

6161 
1161 

2861 
El61 
8961 
8161 

2861 
E161 

8161 
6161 
8161 
E161 
1161 

8161 

8961 

8961 

rl61 



SIAYAI U8LBOURWI RO/RO 
STOLT AUSTRALIA CETt 
TASUANIA B RO/W 
TIT CAPRICOPWIA B [earl] 
TWT CARP8NTARIA B ( c o d ]  
YW LEOWARD PT 
YALLAPAE B 
ZINCUASTBR SPt 
AUPOL TVA PT 
YAROEN POINT B 
WBIRTA JOLL G/C 
EXPRSSS 
UOBIL TASUAH PT 

B 

SKAROAD USRSIl Roll0 
M R R A  RIVBO B 
SBAROAD TAUAR ROlRO 

1180 
8900 

15140 
4100 

15105 
25500 
6666 
11530 
32000 
6000 

11000 
3400 

32000 
5115 
30000 
9515 

1911 15.8 31.3 31.3 37.3 31.3 31.3 37.3 31.8 31.8 11.8 31.8 31.8 31.8 31.8 31.8 31.8 31.8 31.8 31.8 31.8 
1986 14.0 RBGR. 13.1 13,1 13,1 13.1 13.1 13.1 13.1 13.1 13.1 13.1 I3,I 13.1 13.1 13.1 13.0 13.0 13.0 13.0 
1982 15.5 2405 2 4 9 5  24.5 24.5 24.5 21.5 24a5 2185 24.5 24.5 24.5 24.2 24.2 24.2 24,2 24.2 24.2 24.2 24.2 : 

1983 14.5 141,9 141.9 141.9 141.9 141.9 141,9 141.9 141.9 141.9 141.9 141.9 141,9 40.9 40,9 40.9 40.9 40.9 10.9 10.9 , 

1983 14.5 141,9 141,9 141.9 141.9 141.9 141.9 141,9 141.9 141.9 141.9 141.9 141.9 40.9 10.9 40.9 10.9 40.9 40,9 40.9 

1913 16.0 35.0 35.0 35.0  35.0 
1986 13,5 11.5  11.5 11.5 11,5 11,s 11,5  11,5 11.5 11.5 11.5 11,5  ll,5  ll,5 11.5 11.5 l2,5 12.5 12.5 12.5 
1915 14.0 29,O 29.0 29,O 29,O 29,O 19,9 19.9 19,9  19,9 19.9 19.9 19.9 19.9 19.9 19.9 19,9 19.9 19.9 19.9 
1990 14.0 30.0 30.0 30.0 30,O 30a0 30.0 30.0 30.0  30.0 30,O 30.0 30.0 30.0 30.0 30.0 30.0 30.0 

1990 10.4 6.6 
1990  13,s 11.6 17.6 11.6 I1,6 11,6 Il,6 11,6 11,6 11,6 l1,6 11.6 17.6 17.6 11.6 17.6 11.6 11-6 

6,s 6.6 6,s 6.6 6.6 6.6 6,6  6,s 6,6 6,6 6.6  6.6 6.6 6.6  6.6  6.6 

1990 14,1 31-6 31.6 31.6 31-6 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6  31.6 31,s 31,6 31.6 
1991 16.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0  24.0 24.0 2 4 , o  24,o 24.0 24,o 24,o 
1982 13.0 REGO. 21.2 21.2 21.2 21.2 21.2 2 1 , 2  21.2 21.4 21.4 21.4 21.4 21.4 21.4 21.4 21.4 
1991 16.9 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34,l 34.1 

1918 I L O  I I J  11,5  11,5 11.5 11.5 8.0 8.0 8,O 8,O 8,O 8,O B,O 8.0 8.0 8.0 8.0 8.0 

""""""""""""""""""""""""""""""""""""""""""""""""""""""""".""""""""""""""""""""""""""""""""""""""""""""""""""""""" 
TOWNBS 01 SUKL P88 DAT (CONSTANT TASI APTBR l99II 
IN081 01 ?UKL OSBD (l988 B M ;  CONSTANT TASI A V K R  l99lI 

2015.5 1814.1 1981.1 1821.9 1132.5  1115.3 1102.8 1610.4 1669.6  1655.1 1531.2 1201.1 1201.0 1204.5  1193.3 1198.1 1193,l 1191.1 

DKADYBIGET l o N W B  - NAUTICAL UILBS PBR DAY 100.0 9Ja0 98.6 90.4 86.0 85,l 84.5 82.9 82.8 82.1 16.0 59.6 59,6 59,8 59,2 59.4 59,Z 59.4 

PL88T AYBRAG8 TONNBS 01 PUBL / OOODYT / 1000 WAUTICAL UILBS 4.19 4.07 3.94 3.99 3.19 3.16 3-73 3.66 3.66 3-63 3.35 2.63 2.63 2.64 2.61 2.62 2.61 2.62 
4.88108  4.6KtO8  5.0Kt08  4,6Bt08  4,68108  4.6Kt08  4.68tO8  4.68t08  4.6Kt08  4.6BtO8  I.6Kt08  4,68t08  4,68108  4,68108  4.68t08 4.6Kt08 4,68108  4,68108 

IWDEX 01 FLEBT FUBL I??ICIENCV (1988 BASK] 100.0 103.0 IO6,l 104.8 109.5 110,4 1 1 1 , O  112.1 112,8 ll3,5 120,O 131.2 131.3 131,l 131.1 131.4 131.6 131.5 
.............................................................................................................................. 

Note: It it rrmumcd  that  velmelm  are  replaced  rt &(e 15 f u r l  or 1992 if dretdl  older, 
Kstimttem of fuel  conlumption w e  obtained from  mhipping  comprnies, else from  regremnian  equations  for  tonnes of fuel per OOODYT per dry from BTCK databrne INTSBA8,Y[I 
?or  rcplrccncnt :hip#, emtimrtes were obtrined bl regrellion on the  values  obtained for erimting  and p u t  ship:. 
The dltrbrle  regrewion  equation1  for  existint  ship1 for which  drtr WIO not  obtlined m :  

Tankers : erp(-3.61011-0.4069221n(DYT/1000]t0.1180881n(1991-yerr built)tl.1822l3ln(npeed] 
Bulk  sbipm: e1p(-l.~49625-0,4925~9~n(OYT/1~~0)t~,E223081n(1991-~err built)tl.l068l1ln(speed) 

Container : exp(-6.641991-0.58~l61ln[OYT/lOOO~tO.398533ln(l99l-yerr bui1t]t2,9106141n(mpeed) 
Gen Cw(o : exp(-5.34106l-0,5104Iln(DYT/lOOO~tO,O4llO9ln(1991-yerr  built)t2.6518191n(mpeed~ 
CII Trnttr: e~p(-0.592041-0.3592lln(DYT/l000]t0,01l5K51n(199l-ye1r built]t0.111528ln(speed) 

l Ro/Ro ! exp(-4.005~12-0.5012161n(DYT/lODO)tO.D48439ln(1991-yerr built]t2.234311ln(speed) 

SOURCES:  AUSTRALIAN SEIPPIWG 1990  and  earlier  editionm,  BTC8  DATABASB 
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01 
TABLE I. 4 (cont) 

I900 
1110 

4100 
15140 
15106 
21500 
1111 

32000 
11530 

1000 

11000 
3400 

JlOOO 
5115 
10000 
9515 

1911 
1111 
1111 
1115 
1990 
1911 
1990 
l990 
1990 
1991 
l912 
1991 

COASTAL SHIPS: TREND SPECIFIC FUEL CONSUMPTION FOR REPLACEMENT SHIPS 10 PER CENT LARGER 
THAN EXISTING VESSELS (EMISSIONS BASIS) 

lott: It It rtturcd  tlrt retttlt IN nplrcd rt rte 15 Itrrr or I991 II tlrtrdl oldmr. 

?or rtpltccwrt tllpt, tttlrrtct nrt o b t t h d  by rtfrrttlon on the n l u t t  obtrlntd for etlctlnfi  and  part  tblpr. 
Ltiarttt of fro1 c o w # p t l o n  nn obtrlrrd from ablpply corprrlet, tltc from rt(rttt1on aqurtlonr for tonart of fuel per OOODYT per dry fro1 DICK dttrbrtt IRIlAS.YI1 

Tlt drtrbrtc rotrtttlon tgltthlt for txlatly  rbipt for rbicb drlr IU not obtriwd m :  





m 
., TABLE I. 5 (cont) COASTAL SHIPS: 20 YEAR SHIP  LIFE,  TREND SPECIFIC  FUEL CONSUMPTION FOR 

REZLACEMENT SHIPS THE SAME SIZE AS EXISTING  VESSELS (EMISSIONS BASIS) 
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m 
I' TABLE I. 6 (cont ) 

a900 
11ao 

15140 
4100 

15105 
25500 
6661 
11530 
32000 
6000 

11000 
3400 

32000 
5115 
30000 
9515 

COASTAL SHIPS: TREND SPECIFIC FUEL CONSUMPTION FOR REPLACEMENT SHIPS 10 PER CENT LARGER 
TIIAN EXISTING VESSELS m- 10 PER  CENT SL-R (EMISSIONS BASIS) 

1911 

1911 
I911 

1911 
1911 
l913 
1961 
1911 
1990 
1818 
1990 
I910 
1990 
1991 
1982 
1991 

15.8 11.1 31,1 
14.0 1tOR. 13.1 
15.5 14.5 l4,5 
14.6 141.1 141.9 
11.6 111,9 l47,O 
16.0 35.0 35.0 
11.5 11.5 11.5 
14.0 19.0  19.0 
I4,O 30.0 
11,o 11.1 
10.4 6.6 
13.5 11.6 
14.1 31.6 
16.0 24.0 
11.0 UOR, 
18.1 14.1 

11.1 11-3 11.3 
13-1 13.1 11.1 

141.9 141.9 14Ta9 
24.5 14,5 24.5 

141,9 111.1 1(1,9 
35.0 35.0 
11.5 11,5 11.5 
19.0 19,O 29.0 

30.0 30.0 
11,6 11,6 

11.6 11.6 
1,6 6.6 

11.6  31.6 
24.0 
11.1 
14.1 

23.1 tS.1 
13.1 13.1 

141,9 141,9 
24.5 14,5 

141.9 111,9 

11.5 11,5 
16.9 16.9 
30.0 30.0 
11,s 6.5 

11.6 11.6 
6.6 S a l  

31.6 31.6 

'21.2 21.2 
24.0 24.0 

34.1 34.1 

13.1 
13.1 

141.9 
11.1 

141.9 

11.5 
16.9 
10.0 
6.6 
6.6 
11.6 
11.6 
24.0 
16.5 
34.1 

t1.1 
13.1 
11.1 
19 .I 
11.1 

16.9 
11.5 

30.0 
6.5 
6.6 

IT,( 
31.6 
24 ;o 
16.5 
14.1 

13.1 
11.1 
11.1 
19.2 
19.1 

11.5 
16.9 
10,o 
6 - 5  
6.6 

11.6 
31.6 
24,o 
16.5 
34.1 

2 3 - 1  
11.2 
It.? 
29.t 
29,z 

9.3 

30,O 
16.9 

6.5 
6.6 
11.6 
31.6 
14.0 
16.5 
34.1 

11.1 
1 2 # 1  
11.1 
19,E 
19.2 

9.3 

10.0 
16.9 

6.5 
6.6 

11;6 
3l,6 
24 .o 
16,5 
34,l 

23.1 
12.2 
11,1 
29,l 
29.2 

9,s 
16.9 
30.0 
6,5 
6.6 

11.6 
31.6 
24.0 
16,5 
34.1 

lS.1 
11.1 
11.1 
19,l 
19,1 

9.3 

30.0 
16.9 

6,5 
6.6 

11.6 

24 .o 
11,6 

16.5 
34.1 
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4 

O TABLE I. 10 (cont) COASTAL SHIPS: 20 YEAR SHIP LIFE, TREND SPECIFIC  FUEL CONSUMPTION FOR REPLACEMENT SHIPS 
SAME SIZE AS EXISTING VESSELS (ENERGY BASIS) 

1110 
1900 

15140 
4100 

15105 
25500 

l1110 
6611 

31000 
1000 

11000 
1400 

JtOOO 
200 

1ObOO 
5115 

9515 

1111 
1911 
1911 
1981 
1981 
1911 
l911 
1915 
1990 
1918 
1990 
1910 
1190 
1890 
1991 
l911 
1991 
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APPENDIX I1 SPREADSHEET  MODELS FOR AUSTRALIAN  DOMESTIC AND 
INTERNATIONAL  AIRCRAFT  FLEETS. 
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TABLE 11.1 REGRESSIONS FOR FUEL CONSUMPTION OF AIRCRAFT 

LONG SEAT LOG 
AIRCRAFT DATE 1991  FLIGHT  RANGE LITRES SEAT HILES YEAR  RKPLACKHKNT  AIRCRAFT'S 
TYPE MODEL HOUBER AVERAGK CRUISING PER SEAT - K M  PER US LOG INTR LOG LOG KSTIHATED SEAT-KM PER LITRK 

FIRST OF LITRES SPEED KILOHKTKR PKR  GALLON SKAT-#W -1955 SEATS SPEKD ................................... 
INTRODUCK SEATS PKR KU KUA LITRK (SWPUSGl /LITRE 1990  1995 2000 2005 __"________..._..____.._______.__._____""""""~""""""""""""""""~~""""""""""-~""""""""""""""""-"-"~"-" __"_________..__.._____.._______...____"""".~"""""""""""""""""""."""""""""~"""""""""""""""""-"-"----- 

X R G E  AIRCRAFT 
SOEIHC 147-200 
!IE:NC 741-300 
9OEING 141-400 
AIRBUS 1300-6R 
AIRBUS 1300-84 
IIOKING 161-300 
8OEINC 761-300KR 
8OKING 141-SP 
3OEINC 161-200 
BOKING 161-2008R 

1912 
1983 
1989 
l981 
1915 
l986 
1988 
l916 
1982 
1984 

391 
586 
406 
288 
230 
230 
230 
313 
211 
216 

14.32 910 0.036 
14.45 910 0.031 
13.30 910  0.033 
5.09 850 0.018 

11.11 850 0,049 
1.30 850 0.032 

12.19 900 0.041 
6,16 850 0,029 

6.19 850 0.032 
6.51 850 0.030 

21.123 
26.113 
30.526 
56.582 
20.591 

34,024 
31.501 

24.412 
31.015 
52.811 

65.086 3.322219 2.833213 5.983936 6.813444 
62.113  5.285112  3.332204 5.955831 6.813444 

132.836 4.035682 3.465135 5,662960 6.145236 
11.666 3.418589 3.526360 6.006353 6.813444 

48.341 5.024841  2.995132  5.438019  6.145236 
13.968 3.450204 3.433981  5.438019  6.745236 
19.811 3,521056 3.496501  5,438019 6.745236 
51.453 3.191539  3.044522 5.146203 6.802394 
12.955 3.436407 3.295836  5.351858  6.145236 
11.184 3.492161  3.561295 5.315218 6.145236 

33.1 35-6 31.4 39.1 
3 2 , 2  34.1 35.8 31.4 
31.3 36.9 38.8 40.5 
50.4 53.3 56.0 58,6 
35,4 31.5 39.4 41.2 
35.4 31.5 39.4 41.2 
35.4 31.5 39.4 41.2 
26.9 28.4 29.9 11.2 
31.0 32.8 34.4 36.0 
32.1 54.0 35.1 3 1 # 3  

1983 15 4.13 690 0.055 18.160 42.634 2.899210 3.332204 4.511488 6.536691 19,1 19.4 19.1 19.9 
l918 12 3.54 655 0.043 20.339 11.150 3.012539  5.135494 4.216666 6.481635 20.8 21.2 21.5 21.8 
l958 50 2.00 410 0.040 25.000 58.692 3.218815 1.098612  3.912023 6,152132 33.1 34.3 34.8 35.2 
l986 I0 1.33 445 0.021 51.594 88.259 3.626844 3.433981  3,912023  6.098014 38.2 38.8 39.4 39.9 
1984 5 1  1.39 4 5 1  0.038 26.619 62,492 3.281614 3.361295  3.610911  6.146329 21.1 21.6 28.0 28.4 

LARGE Regrearion  Output: 
Constant  83.11239 
Std Err o f  Y Est 0.180182 
R Squared 0.688919 
No. of Observations 10 
Degrees of Freedam 6 

X Coefficient(s) 0.421951 1.565581 -13.2861 
Std Err of  Catf. 0.219985  0.669563  5.441261 

HEDIUH  Rcgrcsaion  Output: 
Canstrnt  9.985463 
Std  Err of Y Est 0.021146 
R Squared  0.998292 
No. of Observations 5 
Degrees of Freedom I 

I Coefficient(#) 0,120633 0,606417 -I84E8l1 
Std  Krr of Coef. 0.030329 0.064650 0.283931 

SHALL Regression  Output: 
Conrtrnt 14.18036 
Std  Err of Y Kst  0.034918 
R Squared  0.996109 
No. of Observations 5 
Degrees of Freedom 1 

1 Coefficient(sJ 0.120920  0,162259 -2.28142 
Std  Err of Cocf, 0.019058  0,134194  0.194492 

S O X :  Puel efficiency  vrry con:iderably nithin a puticular type.  Por  example,  the  nener versions 
a! !be Sceia( 147-200 are about 2OX more fuel efricient t h u  some o f  the  older examples of the  aircraft. 

SOFRCES:  AKROCOST, A N  AIRCRAFT  COSTING  H0DEL:DPKRATINC W A N U A L  (BTCE  19901 
LLO1D'S AIRCRAFT TYPKS L PRICK  CUIDKLINKS  1990-91,  DoTaC 



9'91 9'!< 9'91 9'01 

0'11 
0'11 
0'11 
0'11 
0'11 

0'11 
0'11 

0'11 
0'11 

0'11 
0'11 

0'11 
0'11 
0'51 
0'11 

1'11 
1'11 

1'11 
1'21 

1'81 
1'11 

1'01 
1'91 
2'91 
1'81 

1'11 
1'11 

1'11 
1'11 

I'll 
1'11 

1'11 
1'11 

1'12 
1'11 
1'11 
t'lt 

9'91 
9'91 

9'91 
9'91 
9'91 

9'01 
9'01 
9'0t 

1661 
"" 

0'12 
0'11 
0'11 
0'12 
0'11 

0'11 
0'11 

0'11 
0'11 
0'11 
0'11 
0'11 
0'11 
0'11 
0'11 

1'91 
1'01 
2'91 
2'91 
1'81 

1'11 
1'11 
1'11 
1'11 
1'12 
1'11 
1'11 
1'11 

9'91 

3'01 
9'91 

9'01 
9'01 
9'01 

.". ." 
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18-KM 717 SP 
VI-KU 711 S? 
VI-IBA 711 238 
W 1 8 1  1k1 218 
VK"11K 1k1 218 
W-111 1k7 218 
VI-KBJ 117  218 

VI-181 717 218 
18-181 7k7  218 

VI-Ill 117  218 
W-KM 711  211 

11-111 7k1 211 
VI-K10 7k1 118 

VI-11P 7k7 218 
18-111 1k1 211 
VI-IBS 711  211 
VI-KC1 117 238C 
VU-KCC 1k7 218C 
W 1 1 T  1k7 I18 

VI-In 1k1 111 
VI-111 711 I16 
W 1 8 1  7k1 118 
VI-181 7k7 l18 
VI-0Jl 717 131 
VI-0JB 141 (18 
VI-OJC 7k7 (18 

VI-0JI 1k7 (38 
FE-OJD 111 118 

VB-0JI 7k7 (38 
VI-0JG 1k1 138 

VI-OJJ 1k7 138 
VI-OJB 7k7 131 

VI-0JI 747 (38 
VI-OJI 1k1 (18 

VI-On 717 (38 
fB-0JII 1k7 (36 

?U-OJ'P 717 (16 
VU-OJO 717 (38 

11-KEU 141 138 

W-KlJ 167  21811 
VI-KU 767  23811 
W-ML 767 218111 
11-1111 767  21811 
VI-IU 767  21811 
W - P O  167 238111 
W-1lP 161 218111 

1911 
1981 
1911 

197k 
1911 

197k 
1971 

1976 
1971 

1977 
1971 

1918 
l918 

1919 
1980 

1919 
1911 

1979 
l91k 

1911 
1981 

1986 
1986 
1987 
1989 
1989 
l989 
1990 
1990 
1990 
1990 
1990 
1990 
1991 
1991 
1991 
1991 
l992 
1992 

1981 
1181 

1915 
1981 

1986 
1986 
1981 

. .  

VI-0CI 767 13811 l988 
VB-OGB 767 11111 1988 
VI-occ 167 31811 1988 

VI-0CK 161 111111 1989 
m-OCD 167 11811 l988 

VI-061 767 11811 l990 
VI-0CG 767  11811 1990 
VI-OCU 767 I N K 1  1990 
VK-OCI 767 11811 1991 
VI-OCJ 761 l18111 1991 
VI-0CI 767 118111 1991 
VK-0G1 767 118K1 l991 

111 
113 
197 
397 
197 
191 
191 

191 
197 

197 
197 

191 
191 

197 
197 
397 
2k8 
218 
386 

186 
386 

186 
166 

(06 
(06 
106 

(06 
106 

k06 
(06 
106 
106 
106 
(06 
(06 
106 
(06 
(06 

216 
216 

216 
216 

216 
216 
216 

386 

230 
210 
210 
210 
210 
210 
210 
210 
210 
230 
210 
210 

21.1 
2k.5 
27.7 

27.1 
21.7 

27.1 
27.7 
21.7 
21.1 
21.1 
21.1 
27.1 
27.7 
21  .7 
21.1 
21.1 

26.1 
26.1 
26.7 
26.1 
26.7 
26.1 
10.1 
10.1 
10.1 
10.5 
10.1 
10.1 
30.1 
10.1 
10.1 
10.5 
10.5 
30.5 
10.5 
10.5 
30.1 

12.9 
12.9 

12.9 
12.9 

12.9 
12.9 
12.9 

1k.0 
31.0 
11.0 
1k.0 
1k.0 
11.0 
11.0 
1k.0 
3k.0 
1k.0 
3k.0 
11.0 

900 21.5 

910 27.1 
900 2k.5 

910 21.7 
910  21.7 

910 21.1 
910 27.7 

910 27.1 
910 21.7 

910 27.7 
910 27.1 

910 27.1 
910 21.7 

910 27.1 
910 27.7 

910 
910 21.1 

910 
910 26.1 

910 26.7 
910 26.1 

910 26.7 
910 26.7 
910 26.1 
910 
910 
910 

910 
910 

910 
910 

910 
910 

910 
910 
910 
910 
910 
910 

850 32.9 
810 12.9 

810 32.9 
850 12.9 

810 12.9 
850 12.9 
810 12.9 

850 
B50 
850 

150 
850 
810 

B50 
B50 
810 
850 

as0 

as0 

21.1 
2k.5 
27.1 

27.1 
27.1 

21.7 
27.7 

21.7 
21.1 

27.7 
27.7 
27.7 
21.1 
27.7 
27.1 
27.7 

26.7 

26.1 
26.7 

26.7 
26.7 
26.1 
10.1 
10.1 
10.5 

12.9 
12.9 

12.9 
12.9 

12.9 
12.9 
12.9 

1k.0 
11.0 
1k.0 
31.0 

21.5 
2k.1 
27.7 

21.7 
21.7 

27.1 
21.7 
21.1 
27.7 
21.7 
21.1 
21.7 
21.1 
21.1 
27.7 
27.7 

26.7 

26.7 
26.1 

26.7 
26.7 
26.7 
10.5 
10.5 
10.1 
10.1 
10.5 

u.9 
12.9 

12.9 
12.9 

31.3 
12.9 
12.9 

1k.O 
11.0 
1k.0 
11.0 
Ik.0 

2k.5 21.1 
2k.1 21.5 
27.7 10.5 

27.1 10.1 
21.7 10.5 

21.7 10.5 
27.7 10.5 

21.7 10.5 
27.1 10.5 

27.1 27.7 
27.7 27.7 

11.7 27.7 
21.7 27.7 

27.1 27.7 
27.1 21.1 
21.7 21.1 

26.7 26.7 
26.1 26.1 
26.7 26.7 
26.7 26.7 
26.1 26.7 
26.1 26.1 
10.5 10.5 
10.5 10.1 
10.5 10.1 
10.5 10.5 
10.1 10.5 
30.5 10.5 
30.5 30.1 
10.5 30.5 
30.5 10.5 

30.1 

10.1 
10.1 

10.5 

32.9 12.9 
12.9 12.9 
12.9 12.9 
11.9 12.9 
32.9 12.9 
12.9 32.9 
32.9 32.9 

1k.0 3k.0 
1k.0 3k.0 
31.0 11.0 
11.0 11.0 
3k.0 31.0 
11.0 1k.O 
11.0 11.0 
1k.0 3k.0 

1k.0 
11.0 
3k.0 
11.0 

21.5 
21.1 
10.5 
30.1 
30.1 
10.1 
30.5 
30.1 
30.5 
10.1 
10.1 
21.7 
21.7 
27.1 
21.7 
27.1 

26.7 

26.7 
26.7 

26.1 
26.1 
26.1 
30.5 
10.5 
30.1 

10.5 
10.5 

10.1 
30.1 
10.1 
10.5 
10.5 
10.1 
10.5 
10.1 
10.1 
10.5 

12.9 
12.9 
12.9 
12.9 
12.9 
12.9 
12.9 

K 0  
3k.0 
11.0 
31.0 
11.0 
3k.0 
11.0 
3k.0 
31.0 
31.0 
11.0 
31.0 

2k.1 
21.1 
10.1 
10.1 
30.5 
30.1 
10.1 

30.1 
30.5 

10.5 
10.5 

30.1 
30.1 

17 .l 
21.7 
27.1 

26.7 
26.1 
26.1 
26.1 
26.7 
26.1 
10.1 
30.5 
10.1 

30.1 
10.5 

30.1 
10.5 

10.5 
1 0 s  

10.1 
10.1 

10.5 
10.1 

10.1 
10.1 

12.9 
12.9 
12.9 
12.9 
12.9 
12.9 
12.9 

1k.0 
1k.0 
Ik.0 

1k.0 
11.0 

3k.0 
3k.0 
11.0 
31.0 
11.0 
3k.0 
lk.0 

11.5 21.1 
2k.1 2k.1 
30.1 10.1 

30.5 10.5 
30.5 10.5 

30.1 30.1 
10.5 10.5 
10.5 10.1 
30.5 30.5 
10.1 30.1 
10.5 10.1 
30.1 10.5 
10.5 '10.5 
30.1 10.1 
27.1 30.1 
27.7 27.1 

26.7 26.7 

26.7 26.7 
26.7 26.7 

26.1 26.1 
26.1 26.7 
26.7 26.7 
30.1 30.1 
10.1 10.1 
10.5 30.1 

10.1 30.1 
10.1 10.1 

30.1 10.5 
30.1 30.1 
10.1 10.5 
10.1 30.5 
10.1 30.1 
30.1 10.1 
10.5 30.5 
10.5 10.1 
10.1 30.5 
10.1 10.1 

12.9 12.9 
12.9 12.9 
12.9 12.9 
12.9 12.9 
12.9 32.9 
12.9 12.9 
12.9 12.9 

1k.0 3k.0 
3k.0 11.0 
31.0 11.0 
lk.0 34.0 
1k.0 lk.O 
11.0 1k.0 
11.0 1k.0 
11.0 11.0 
3k.0 1k.0 
3k.0 11.0 
1k.0 11.0 
3k.O 11.0 

2k.5 21.1 
24.1 2k.1 
30.5 10.1 
30.1 30.1 
30.5 30.1 
10.1 10.1 
10.1 30.1 
10.5 10.5 
10.5 10.5 
10.1 10.5 
30.5 10.1 

30.5 10.5 
10.5 10.1 

10.1 10.1 
10.1 10.1 
30.5 10.1 

26.1 26.1 
26.1 26.7 
26.1 26.7 
26.7 26.7 
26.1 26.7 
26.7 26.7 
10.1 10.1 
30.5 10.1 
10.5 10.1 

30.1 10.1 
30.1 10.1 

10.5 30.1 
10.1 30.5 

10.1 10.1 
30.1 10.5 

30.5 30.1 
30.1 10.1 
30.5 30.5 
10.5 10.5 
30.1 10.1 
10.1 30.1 

12.9 12.9 
12.9 12.9 

12.9 12.9 
12.9 12.9 

12.9 12.9 
12.9 12.9 
12.9 32.9 

1k.0 3k.0 
1k.0 11.0 
1k.0 3k.O 
11.0 3k.0 
11.0 1k.0 
11.0 lk.0 
11.0 11.0 
11.0 3k.0 
lk.O 3k.0 
11.0 11.0 
1k.0 11.0 
Ik.0 11.0 

21.1 
Zk.5 
10.1 

30.5 
10. 5 

30.1 
10.5 

10. 1 
10.5 

30.5 
10.5 
30.1 
30.5 
10.5 
10.1 
10.1 

26.7 

26.1 
26.7 

26.1 
26.7 
26.7 
10.5 
10.5 
10.1 
30.1 
30.1 
30.5 
30.5 

30.1 
10.1 

10.1 
30.1 
30.1 
30.1 
30.1 
30.1 

32.9 
12.9 
12.9 
32.9 
32.9 
12.9 
12.9 

3k.0 
11.0 
11.0 

1k.0 
31.0 

lk.0 
3k.0 
11.0 
lk.O 
11.0 
11.0 
3k.0 

lk.1 2k.5 
2k.5 21.1 
30.1 10.1 
10.1 10.1 
10.5 30.5 
30.1 10.5 
10.5 10.5 
30.1 10.5 
10.1 30.1 
10.1 30.5 
30.5 10.1 

10.5 10.1 
10.1 10.1 

10.1 30.1 
10.1 10.1 
30.5 10.1 

30.1 30.5 

26.7 10.1 
26.7 10.1 

26.7 26.7 
26.7 26.1 
26.7 26.1 
10.1 30.1 
10.1 10.1 
10.1 10.5 

10.1 10.1 
10.5 30.5 

10.5 30.1 
30.1 10.1 

10.5 30.1 
10.5 30.5 

30.1 10.5 
10.1 10.1 
10.5 10.1 
10.1 30.1 
30.1 30.1 
10.5 10.5 

12.9 lk.O 
12.9 3k.0 
12.9 11.0 
12.9 11.0 
12.9 12.9 
12.9 12.9 
12.9 12.9 

1k.0 lk.O 
11.0 11.0 
11.0 1k.0 
1k.0 3k.O 
1k.0 11.0 
11.0 1k.0 
1k.0 lk.O 
Jk.0 Ik.0 
1k.0 1k.0 
11.0 11.0 
11.0 11.0 
11.0 lk.O 

21.1 Zk.5 21.1 
21.1 2k.5 21.5 
30.5 30.1 10.5 
10.5 10.5 10.5 
10.5 10.5 10.5 
30.5 10.5 10.5 
10.5 10.5 10.5 
10.5 10.1 10.1 
30.5 30.1 10.5 
30.1 10.1 10.1 
10.5 10.5 10.1 
30.1 10.1 30.1 
10.1 10.5 30.1 
30.5 10.1 10.1 
30.1 10.5 30.5 
10.1 10.5 30.1 

30.5 10.5 10.5 

30.1 10.1 10.5 
10.1 10.1 10.5 

11.9 1k.9 10.5 
10.1 10.1 10.5 

10.1 10.5 10.1 
26.7 30.5 10.1 

30.5 10.1 10.5 
10.1 30.1 10.1 
30.1 10.5 10.1 
30.5 10.5 30.5 

10.5 10.1 10.5 
30.1 10.1 10.1 
10.1 10.1 30.1 
10.5 10.5 30.5 
10.5 10.5 10.5 

10.5 30.5 10.5 
10.1 30.5 10.5 

10.5 10.1 10.1 
10.1 10.5 10.1 

11.0 31.0 11.0 
1k.O 11.0 1k.0 
1k.O 1k.0 11.0 
lk.O 11.0 31.0 
lk.O 1k.O 11.0 
11.0 3k.0 1k.0 
12.9 11.0 3k.0 

10.1 10.1 10.1 

11.0 11.0 3k.0 
lk.0 1k.0 1k.O 
11.0 3k.0 lk.O 

Ik.0 1k.0 1k.0 
11.0 11.0 3k.0 

11.0 31.0 lk.0 
11.0 11.0 1k.0 

1k.0 3k.O 11.0 
14.0 11.0 1k.0 
1k.0 3k.O 1k.0 
11.0 11.0 11.0 
31.0 11.0 3k.O 

21.k 28.3 28.7  29.1  29.9 10.0 30.1  30.2 10.3 10.1 30.1 10.1 10.1 10.6  10.9  11.0  11.0 
1.88It06  9.801t06  1.181tOl  1.19Kt07  1.62?t07  1.69lt01  1.69Kt01  I.69Kt07  1.69Kt07  1.691t01  1.69Kt07  1.69Kt01  1.691101  1.69Kt07  1.691t01  1.69St07  1.69?t07 1.6! 

7.89k  8.11  1.91  9.12  10.05 1 0 . W  10.915 11.511 12.119  12.72 13.112  11.011  1k.712  15.3k9 16.015 16.111 17.119 
100.0  101.0  10k.1  105.9  108.8 109.1  109.8 110.0 110.1  110.1 110.1  110.1  110.8  111.7  112.7  111.1 112.8 : 
100.0  101.1  111.1 118.1  121.3 112.2  119.0  1k6.1  113.1  161.1 169.1  177.5  186.1 19k.k  202.9  211.1  220.9 ~ 

100.0  100.1  108.2  111.1  117.0 120.9  126.6 132.9 119.2  1k1.8 111.0 160.6  168.1  11k.1  180.0  117.2  195.9 ~ 

0.15 0.71 0.71 0.15 0.75 0.11 0.11 0.71 0.11 0.75 0.11 0.75  0.71 0.15 0.71 0.15 0.75 

IOTI: Aircraft replaced at  l1 rears 01 1992 eu1ic:t. 
1988 t o t  adjuted fa! change in 117: seat nplber: between 1988 and 1991. 

1egre:siou ralnes for M e l t  series w e d  for replacenents for earlier serie:. 

SOIIPCKS: IKPOCOST, Transport and Couoications Indicator: !larch 1919,  Qantas annot1 reports, 
Aircraft numbers I at 10 Jet. 

Cprrent  seat nmbera for 1k71 fro1 DaTaC 
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311 

191 
111 

191 
111 

391 
191 

391 
391 
191 
191 
391 
391 
391 
397 
391 

l16 
116 
l86 
311 
316 
316 
(06 
k g 6  
406 
(0 1 
(06 
406 
406 

(01 
406 

406 
406 
10 1 
106 
406 
(06 

216 
116 

216 
216 

116 
216 

211 
l30 
210 
110 
230 
210 
110 
210 
230 
230 
210 
230 
130 

lk.5 

21.1 
24.5 

11.1 
21 .l 
11.1 
21.7 
21.1 
21.1 
21.1 
11.1 
21.1 
21.1 
21.1 
11.1 
11.1 

26.1 
26.1 
16.1 
16.1 
26.1 
26.1 
30.5 
30.1 
10.1 
30.5 
10.5 
10.5 
30.5 

30.5 
30.5 

30.5 
30.5 
30.5 
30.5 
30.5 
30.5 

32.9 
31.9 
12.9 
32.9 
32.9 
32.9 
32.9 
34.0 
31.0 
3k.0 
34.0 
34.0 
34.0 
14.0 
34.8 
34.0 
34.0 
34.0 
14.0 

900 
900 
910 

910 
910 

910 
910 

910 
910 
910 
910 
910 
910 
910 
910 
910 
910 
910 
910 

910 
11 0 

910 
910 

910 
910 

910 
910 

91l 
910 

910 
S10 

910 
910 

910 
910. 
910 
910 
910 
910 

a50 

aso 
850 

150 

150 
150 
118 
150 
150 

850 
a50 

150 

150 
150 

I58 

150 
150 
150 

aso 

24.5 

11.1 
24.5 

21.1 
21.1 
21 .l 
27.1 
11.1 
l1 .l 
11.1 
11.1 
21.7 
21.7 
27.7 
21.7 
21.7 

26.1 
26. l 
26.1 
26 .l 
16.1 
16.1 

32.9 
12.9 
12.9 
12.9 
12.9 

32.9 
12.3 

2k.S 24.5 

27.1 27.1 
24.5 24.5 

11.1 11.1 
21.1 11.1 
11.7 21.1 
21.7 11.1 
27.7 21.1 
21.1 21.1 
21.1 11.7 
11.1 11.1 
21.1 11.1 
27.1 11.1 
21.7 17.1 
17.7 17.1 
21.1 27.1 

16.1 16.1 
16.1 21.7 
16.1 26.1 
16.1 16.1 
16.7 26.1 

30.5 30.5 
16.1 11.1 

30.5 10.5 
10.5 30.5 

10.5 
38.5 

32.9 31.9 
31.9 31.9 
31.9 31.9 
12.9 11.9 

12.9 12.7 
31.9 32.9 

11.0 3k.l 
11.0 31.0 
1k.O 3k.0 
14.0 1k.O 

3k.0 

32.9. 11.9 

24.5 

11.1 
14.5 

11.1 
11.1 
11.1 
11.7 
11.1 
27.1 
21.1 
21.1 
11.1 
21.1 
1l.i 
21.1 
11 .l 

16.1 
16.1 
16.1 
16.1 
16.1 
16.1 
30.5 
30.5 
10.5 
30.5 
30.5 
3C.5 
3c.5 
3t.L 
3t.5 

12.9 
12.9 
32.9 
12.9 
32.9 
31.9 

34.0 
31.9 

14.0 
34.0 
34.0 
34.0 
34.0 

34.9 
34.1 

tk.5 

15.1 
11.5 

15.1 
1k.1 

27.7 
3k.5 

27.1 
21 .l 
21 .l 
21.1 
21.1 
21.1 
27.1 
l1 .l 
1i.i 

26.1 
26.1 
26.1 
26.1 
26.7 
26.1 
10.5 
30.5 
30.5 

39.5 
10.5 

30.5 
30.5 
30.5 
30.1 
30.5 
10.5 
10.5 
30.5 

a;, 
32.9 
32.9 
11.9 
32.9 

32.9 
32.9 

1k.O 
lk.O 
3k.0 
1k.O 
1k.O 
N.0 
1k.O 
11.0 
N.0 
1k.5 
lk.0 
1 4 ~ 0  

14.5 24.5 

35.1 35.7 
14.5 14.5 

34.5 34.5 
15.7 31.1 

27.1 21.7 
34.5 34.5 

27.1 21.1 
21.1 21.7 
17.1 21.1 
11.1 21.1 
11.1 17.1 
11.1 21.7 
11.1 11.1 
11.1 21.7 
11.1 11.1 

26.1 26.1 
26.1 21.7 
26.1 16.1 
26.1 16.1 
26.1 26.1 

30.5 30.5 
16.1 26.1 

10.5 30.5 
30.5 3t.5 

10.5 30.5 
11.5 30.5 

30.5 30.5 
3C.5 36.5 
10.5 36.5 

10.5 30.5 
10.5 30.5 

10.5 30.5 
10.5 30.5 
.10.5 30.5 
30.5 30.5 
10.5 30.5 

12.9 32.9 
32.9 31.9 

12.9 31.9 
12.9 32.9 
32.9 32.9 
31.9 32.9 
12.9 32.9 
1k.O 14.0 
3k.0 34.0 
3k.U 34.0 
34.0 34.0 
3+.0 lk.0 
3k.0 34.0 
3.0 34.0 
14.0 34.0 
3+.0 34.0 
N . 6  3k.O 
3k.0 14.0 
31.0 31.0 

24.5 

35.1 
lk.5 

35.1 
36.9 
36.9 
21.1 
1i.i 
21.1 
11.; 
21.1 
27.1 
2i.l 
2: .l 
27.1 
21.7 

26.1 
16.7 
16.1 
26.1 
16.1 
16.1 
30.5 
30.5 
30.5 

10.5 
10.5 

30.5 
30.5 
30.5 
33.5 
30.1 
30.1 
30.5 
30.1 
30.5 
30.1 

32.9 
32.9 

11.9 
31.9 
32.9 
31.9 
32.9 
1k.O 
34.0 
j4.0 
31.0 
34.0 
34.0 
34.0 
34.0 
34.0 
3k.O 
34.0 
34.0 

24.5 

35.1 
2k.5 

35.1 
36.9 

31.3 
36.9 

11.3 
11.7 
27.1 
21.1 
21.7 
21.1 
21.1 
11.1 
11.1 

26.1 

21.1 
26.1 

26.1 
26.1 
26.1 
10.5 
30.5 
10.1 
10.5 
30,s 
10.5 
30.5 
30.5 
30.5 
10.5 
30.5 
30.5 
30.5 
30.5 
30.5 

32.9 
32.9 
32.9 
32.9 
31.9 
32.9 
31.9 
31.0 
34.1 
3k.9 
3k.O 
3k.O 
3k.O 
1k.3 
3 . 8  
34.1 
3k.O 
3k.O 
14.0 

lk.5 

35.1 
24.5 

15.1 
16.9 
36.9 
31.3 
37.3 
37.1 
11.1 
21.1 
11.1 
27.1 
21.1 
27.1 
li.l 

16.1 
16.1 
26.1 
26.1 
16.1 
16.1 
10.5 
30.5 
10.5 
10.5 
10.5 
16.5 
10.5 
10.5 
10.5 
11.: 
10.5 
10.5 
30.5 
JI.1 
3l.i 

11.9 
32.9 
11.9 
32.9 
31.! 
32.9 
31.9 
31.0 
3k.0 
11.0 
34.0 
31.0 
3k.O 
31.0 
31.0 
31.0 
1k.O 
34.0 
34.0 

24.5 24.5 

35.1 35.1 
21.5 24.5 

35.1 15.1 
36.9 36.9 
36.1 36.9 
31.3 31.3 
31.3 37.1 
37.7 31.1 

31.1 31.1 
21.1 38.5 

11.1 17.1 
21.1 21.1 
1l.i 21.1 

11.1 38.1 

27.1 38.5 

26.1 16.1 
26.1 21.1 
16.1 16.1 
26.1 16.1 
16.1 21.1 

30.5 30.5 
26.1 26.1 

10.5 33.5 
10.5 10.5 

30.5 10.5 
10.5 10.5 

30.5 10.5 
30.5 30.5 
30.5 30.5 
10.5 15.5 
10.5 1C.S 
10.5 10.5 
30.5 lC.5 
10.5 10.5 
30.5 30.5 
10.5 10.5 

32.9 31.9 
11.9 32.9 
12.9 32.9 
31.9 32.9 
31.9 32.9 
32.9 32.9 
12.9 31.9 
3k.O 31.0 
3k.O 3k.0 
3k.0 3k.0 

3k.O lk.O 
31.0 34.0 

3k.0 1k.O 
3k.0 14.0 
3k.P 3k.O 
3+.b 1k.O 
1k.b lk.O 
3k.0 34.0 
1k.3 3k.C 

11.5 

31.7 
2k.5 

35.7 
36.9 
36.9 
31.3 
11.3 
31.7 
31.1 

31.5 
31.5 
38.1 
11.7 
11.1 

la.! 

16.7 
76.1 
16.1 
16.1 
16.1 

10.5 
26.1 

10.5 
30.1 
30.5 
10.5 
30.5 
10.1 
10.1 
30.5 
30.5 
30.5 
10.5 
10.5 
30.5 
30.5 

12.j 
32.9 

12.9 
32.9 
31.1 
32.9 
31.9 
3.0 
1k.O 
1+.0 
x.11 
3k.O 
11.0 
31.0 
11.0 
31.8 
3k.C 
14.0 
31.0 

2k.5 

31.1 
24.1 

35.1 
36.9 
16.9 
31.3 
31.3 
11.1 

38.1 
18.1 

38.5 
38.5 
38.8 
19.1 
11.1 

11.1 
16.1 
26.1 
26.1 
26.1 

10.5 
26.1 

30.5 
30.5 
30.5 
10.5 
30.5 
30.5 
30.5 
10.5 
30.5 
30.5 
30.5 
30.5 
lt.5 
10.5 

31.9 
32.9 
11.9 
12.9 
31.9 
31.9 
32.9 
3 . 0  
3k.0 
3k.O 
34.0 
3k.0 
34.0 
1k.O 
31.0 
3k.0 
1k.O 
3k.O 
H . 0  

10.4 
30.4 
35.1 
15.1 
36.9 
36.9 
31.3 
11.3 
31.1 
31.1 
31.1 
11.5 
38.5 

39.1 
39.4 

18.8 

21.1 
21.1 
16.7 
26.1 
26.1 

31.5 
26.1 

30.5 
10.5 

10.5 
10.5 

30.1 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
30.5 
30.5 
30.5 

11.9 
12.9 
32.9 
11.9 
11.9 

12.9 
11.9 

1k.1 
1k.O 
N.0 
Ik.6 
11.0 
11.0 
lk.O 
14.0 
14.0 
14.0 
11.0 
lk.0 

30.4 
30.4 
35.1 
15.1 
16.9 
11.9 
11.3 
11.3 
17 .l 
31.1 
11.1 
31.1 

31.8 
39.1 
39.k 

3a.s 

16.1 

26.1 
21.1 

26.1 
26.1 

30.5 
26.1 

30.5 
10.5 

30.5 
30.5 

30.5 
30.5 
30.5 
30.5 
30.5 
30.5 
30.5 
30.5 

30.5 
30.5 

32.9 
32.11 
32.9 
11.9 
12.9 
31.9 
32.9 
Jk.0 
31.0 
11.0 
3k.8 
X.0 
3k.3 
Ik.0 
34.0 
3k.0 
31.0 
3k.O 
3k.O 

1O.k 30.4 
10.4 30.1 
35.7 35.1 
35.1 35.1 
36.9 31.9 
36.9 36.9 
31.3 37.3 
31.3 31.3 
11.1 31.1 
11.1 31.1 
38.1 31.1 
16.5 31.5 
38.5 38.5 
31.8 31.1 
19.1 39.1 
39.) 19.4 

16.1 kP.5 

26.1 26.1 
26.1 16.1 

26.1 26.1 
26.7 26.1 

39.5 30.5 
26.1 26.1 

30.5 10.5 
30.5 30.5 
30.5 30.5 
jO.5 30.5 
30.5 30.5 
30.5 10.5 
30.5 30.5 
30.5 30.5 
30.5 3U.5 
30.5 34.5 
30.5 30.5 
30.5 30.5 
30,s 30.1 
30.5 30.5 

31.9 31.9 
32.9 32.9 
11.9 32.9 
32.9 31.1 

32.9 12.9 
31.9 32.9 

32.9 11.9 
11.0 34.0 
34.5 X 0  
34.1 3k.O 
34.0 3k.0 
3k.0 34.0 
3k.C 3k.O 
34.1 34.0 

34.8 3.11 
3 L 1  3 . 0  

34.0 34.0 
34.0 34.0 
31.0 1k.O 

lV1PCl SU!-ra/L 11.9 11.1 211.1  29.1 30.3 30.0 30.0 30.: 30.5 30.6  31.9  31.5 31.1 31.9 32.4 32.k 3l.k 32.1 
!A31 (SU!-nUan] 
I ~ I I  or r m  rmt I r r m I c T  ( m  u s )  

8.181tOi  9.101t06  l.llIt01  1.191tOl  1.62ltOl  1.19ItO1  1.191t07  1.19Xt01  1.69ItOl  1.691111  !.69ItOl 1.191tU l.691t01  1.691tCl  1.69It01  1.691tOl  1.69ItOl  l.19It01 
100.0 1Cl.5  112.1 164.1 l G . 6  1Ol.i 107.1 111.0 109.3 110.0 111.4 111.9 113.7 114.5 U . k  ll4.k 114.4 1!7.1 

!AS1 [!MAC IRIIUIIMII PUS. IOIIIIIRS: ~ i i l i o ~ l  1.19k 1.N 8.11 9.92 11.3 10.8 11.1 11.9 11.1 11.2 13.9 14.8 15.1 1i.9 11.1 19.k 10.1 22.3 
IIDII or TUI m a a  WI) 100.0  101.1 !H.! 115.1 110.5 111.8 141.1 150.1 158.3  167.2  115.1 !117.5 200.2 214.1 219.3 lk5.11 163.5 211.5 
GOAn m o l l  
ran or rmz mm w s  us11 

0.15 0.15 0.15  0.15 0.15 0.15 0.75 0.15 0.15 0.ii C.75 0.15 0.75  0.11 0.15 0.75 0.15 0.15 
106.0 301.1 i01.9 120.5  121.1 121.0 132.9  139.6 1k4.9 1SZ.i i9,l 166.1  i16.0  116.9 31.1 111.2 221.5 140.1 
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9 8 - 1 U  747 SI 
V K - M E  147 SI 
V K - K ~ A  147  218 
OK-IBB 147  238 
VI-KBI 741  238 
VI-111 147 238 

VI-111 741 218 
VI-KBJ 747 211 

VK-KBI 747 238 
VI-111 147 218 
W E B 1  147 218 
VK-KBO 741 218 
VI-SBP 747 238 
VI-110 147 211 
VK-KBI 747 231 
VK-189 147 218 

VK-1CC 141 218C 
11-XCB 141 218C 

VI-IB! 141 338 
VU-180 141 338 
VK-In 141 138 
vu-111 747 331 

18-11! 747 118 
VK-OJa 147 411 
VU-0JB 147 418 
VK-0JC 747 438 

v m x  147 311 

VK-OJD 747 41s 

VE-OJI 747 41s 

VK-OJK 147 438 

VI-OJI 747 418 

VK-OJG 147 418 

VI-OJJ 747 418 
VK-On 747 411 

VI-on 747 438 
VS-0JL 747 438 

VK-OJI 147 411 
VU-0J0 747 431 
VI" 747 438 

VK-!U 167 23811 
VI-IU 767 23811 

-VU-KAL 761 21111 
VK-ElU 161  21111 
18-1U 167  23811 
vu-rao 767  23811 
W110 767  23111 

VU-OCA 761 11881 
VI-061 767 13811 
VI-0CC 761 11811 
VK-OGD 167 11811 
VK-061 767 13811 
18-OG? 167 33811 
VK-0GG 767 33811 
VI-OCI 767 31811 
VU-OGI 767 11111 
VU-0GJ 161 31811 
VK-0GI 761 33811 
VU-NL 761 31811 

1911 
1981 
1971 
1911 
1974 
1974 
1971 

1976 
1971 

1977 
1977 
1978 
1978 
1919 
1980 
l981 
1979 
1979 

1981 

1986 
1916 

1919 
1917 

1919 
1919 
1990 
l990 
1190 
l990 
1990 
1990 
1991 
1991 
1991 
1991 

l992 
1992 

1911 
l981 
l981 
1981 
1986 
l986 
l987 

1988 
1988 
1988 

1989 
1990 
l990 
1990 
1991 
l991 
1991 
1991 

1984 

19a1 

1988 

313 
313 
397 

391 
197 

197 
397 
197 
197 
397 
197 
191 
191 
197 
391 
191 

386 

l86 
116 
116 
I16 
406 
406 
406 
406 
k06 
406 
406 
406 
406 
406 
406 
406 
406 
406 
406 

216 
216 
216 
216 
216 
216 
216 
210 
210 
210 

230 
210 

230 
230 
230 
230 

230 
210 

386 

21 0 

24.1 

21.7 
24.1 

27.7 
21.1 
27.7 
27.7 
27.1 
27.7 

21.1 
21.1 

21.7 
27.7 

21.7 
21.7 
27.7 

26.1 
26.1 
26.7 
26.7 
26.7 
26.7 
10.1 
30.1 
10.1 

10.1 
30.1 

30.1 
10.1 

30.1 
30.1 
30.1 
10.1 

10.1 
10.1 

30.1 
10.1 

12.9 
32.9 
12.9 
32.9 
32.9 
12.9 
32.9 
34.0 
34.0 
34.0 
34.0 
34.0 
34.0 
34.0 
14.0 
14.0 
14.0 
14.0 
34.0 

940 
900 
910 

910 
910 

910 
910 
910 
910 
910 
910 

910 
910 

910 
910 

910 
910 
910 
910 
910 
910 
910 
910 

910 
910 

910 
910 
910 
910 
910 
910 
910 
910 
910 
910 

910 
910 

910 
910 

810 
810 
810 
810 
810 
810 
810 
110 
l10 
810 
810 
810 
810 
110 

S10 
810 

810 
810 
l10 

24.1 
24.1 
27.7 
27.7 
27.1 
27.7 
27.7 
27.7 
27.7 

27.1 
21.7 

27.1 
21.1 
27.7 
21.7 
27.7 

26.7 
26.7 
26.1 
26.7 
26.1 
26.1 

12.9 
12.9 
12.9 
32.9 
32.9 
32.9 
11.9 

24.1 
24.1 
21.7 
21.7 
27.7 
27.7 
21.7 
27.7 
27.7 
27.7 
27.1 
21.1 
27.7 
21.7 
27.7 
27.7 

26.7 
26.7 
26.1 
26.7 
26.1 
26.7 
30.1 
30.1 
10.1 

32.9 
12.9 
12.9 
12.9 
32.9 
32.9 
12.9 
14.0 
14.0 
14.0 
14.0 

24.1 
24.1 
27.7 
27.7 
27.7 
27.1 
27.7 
21.7 
27.7 
27.7 
27.7 
27.7 
27.7 
27.7 
27  .7 
27.7 

26.7 
26.7 
26.1 

26.7 
26.1 

26.7 
30.1 
30.1 
10.1 
30.1 
30.1 

12.9 
12.9 
32.9 
32.9 
32.9 
32.9 
32.9 
31.0 
34.0 
34.0 
34.0 
34.0 

24. 1 
24.1 
21.7 
21.1 
21.1 

27.1 
27.1 

21.1 
21.1 
21.7 
21.7 
27.1 
27.7 
27.1 
27.1 
27.7 

26.1 
26.1 
26.1 
26.1 
26.7 
26.1 
30.1 
30.1 
10.1 
10.1 
10.1 
30.1 
30.1 
10.1 
10.1 

32.9 
32.9 
12.9 
12.9 
12.9 
32.9 
32.9 
34.0 

34.0 
14.0 

14.0 
14.0 
14.0 
14.0 
34.0 

24.1 

27.7 
24.1 

27.7 
27.7 

27.1 
27.7 

27.1 
27.7 
27.7 
27.7 
27.7 
27.7 
27.7 
27.7 
27.7 

26.7 
26.7 
26.7 
26.7 
26.7 

30.1 
26.7 

30.1 
30.1 
30.1 
30.1 
30.1 
10.1 
10.1 
30.1 
30.1 
30.1 
10.1 
10.1 

32.9 
12.9 
32.9 
32.9 
12.9 
32.9 
32.9 
14.0 
14.0 
34.0 
14.0 
34.0 
14.0 
14.0 
34.0 
14.0 
14.0 
14.0 
34.0 

24.1 
14.1 
27.7 
27.7 
27.1 
21.7 
27.7 
27.7 
27.7 
27.7 
27.7 
21.1 
27.1 
21.1 
27.7 
27.7 

26.7 
26.7 
16.7 
26.1 
26.1 
26.7 
30.1 
30.1 
10.1 
10.1 
10.1 
10.1 
10.1 
30.1 
10.1 
10.1 
10.1 
10.1 
10.1 
30.1 
10.1 

32.9 
32.9 
32.9 
32.9 
32.9 
12.9 
12.9 
14.0 

34.0 
14.0 

14.0 
34.0 

34.0 
14.0 

34.0 
14.0 
34.0 
14.0 
34.0 

24.1 
24.1 
21.1 
21.1 
27.1 
21.1 
27.1 
21.1 
21.1 
27.1 
21.1 
27.1 
27.1 
21.1 
21.1 
21.1 

26.1 
26.7 
26.7 
26.1 
26.1 
26.1 
10.1 
10.1 
30.1 
10.1 
10.1 
30.1 
30.1 
10.1 
10.1 
10.1 
10.1 

10.1 
10.1 

10.5 
10.1 

32.9 
32.9 
32.9 
32.9 

32.9 
12.9 

12.9 
14.0 
14.0 
34.0 
34.0 
34.0 
14.0 
14.0 
14.0 
34.0 
14.0 
14.0 
34.0 

24.5 

27.7 
24. 1 

27.7 
17.7 

27.7 
27.7 
27.1 
27.7 
27.1 
27.1 
27.7 
27.7 
27.7 
27.7 
21.1 

26.1 

26.7 
26.1 

26.1 
26.1 

26.7 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
30.1 
30.1 
10.1 
10.1 

12.9 
32.9 
12.9 
12.9 
12.9 
12.9 
32.9 
34.0 
34.0 
14.0 
14.0 
14.0 
14.0 
34.0 

14.0 
14.0 

14.0 
34.0 
14.0 

24.1 
24.1 
27.7 
27.7 
27.7 

27.7 
27.7 

27.7 
27.7 
27.1 
27.1 

27.7 
21.7 

27.1 
27.7 
27.1 

26.1 

26.1 
26.1 

26.7 
26.7 
26.7 
30.1 
30.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
30.1 
10.1 
10.1 
30.1 
30.1 
30.1 
30.1 

32.9 
12.9 
12.9 
12.9 
12.9 
12.9 
12.9 
14.0 
34.0 
14.0 
34.0 
34.0 
34.0 
34.0 
34.0 
34.0 
14.0 
14.0 
14.0 

24.1 
24.1 
31.3 
31.1 
21.1 
27.7 
27.7 
27.7 
27.7 

27.7 
27.1 

27.7 
27.7 
27.1 
27.7 
27.7 

26.1 
26.7 
26.1 
26.7 
26.1 

10.1 
26.7 

30.1 
30.1 
10.1 
10.1 
30.1 
30.1 
10.1 
30.1 
30.1 
30.1 
10.1 
10.1 
10.1 
30.1 

32.9 
32.9 
32.9 
32.9 
12.9 
32.9 
32.9 
34.0 

14.0 
34.0 

14.0 
34.0 
14.0 
14.0 
14.0 
31.0 
34.0 
14.0 
34.0 

24.1 

17.3 
24.1 

37.3 
27.7 
27.7 
21.7 
21.7 
21.7 
21.7 
21.7 
21.7 
27.7 
21.7 
27.7 
21.7 

26.7 
26.7 
26.7 
26.7 
26.7 
26.7 
10.1 
30.1 
30.1 
10.1 
10.1 

10.1 
10.1 

10.1 
10.1 
10.1 
30.1 
30.1 
30.1 
10.1 
30.1 

32.9 
32.9 
12.9 
12.9 
12.9 
12.9 
32.9 
31.0 
14.0 
34.0 
14.0 
14.0 
34.0 
14.0 
14.0 
14.0 
14.0 
14.0 
14.0 

24.1 
24.1 
11.1 
11.1 
21.7 
21.7 
21 .l 
27.1 
21.1 
27.7 
21.7 
21.7 
27.7 
27.1 
21.7 
27.7 

26.7 
26.1 
26.7 
26.7 
26.7 

30.1 
26.1 

30.1 
10.1 
30.1 
30.1 
30.1 
30.1 
10.1 
30.1 
30.1 
30.1 
30.1 
30.1 
30.1 
30.1 

12.9 
12.9 
12.9 
12.9 
32.9 
12.9 
12.9 
34.0 
34.0 
34.0 
14.0 
34.0 
14.0 
14.0 
34.0 
14.0 
14.0 
34.0 
34.0 

24.1 24.1 
24.1 24.1 
37.3 31.1 
31.3 31.3 
38.8 18.1 

21.1 19.1 
21.7 19.1 
21.7 27.1 
21.7 21.7 
21.7 27.1 
27.7 21.1 
21.1 21.1 
27.7 21.1 
27.7 21.7 
27.1 21.7 

18.8 38.8 

26.1 26.7 
26.7 26.1 
26.7 26.1 
26.7 26.1 
26.7 26.1 
26.1 26.1 
30.1 10.1 
30.1 30.1 
30.1 10.1 
30.1 30.1 
30.1 30.1 
30.1 10.1 
30.1 10.1 
10.1 30.1 
10.1 30.1 

30.1 30.1 
10.1 30.1 

30.1 10.1 
30.1 10.1 
10.1 10.1 
10.1 30.1 

32.9 12.9 
32.9 32.9 
12.9 32.9 
32.9 12.9 
32.9 11.9 
12.9 32.9 
12.9 32.9 
14.0 14.0 
14.0 14.0 
14.0 14.0 
14.0 14.0 
14.0 14.0 
14.0 14.0 
14.0 14.0 
14.0 34.0 
14.0 14.0 
14.0 34.0 
14.0 34.0 
14.0 14.0 

24.1 24.1 
24.1 24.1 
37.1 37.3 
31.3 17.1 
38.8 38.8 

19.1 39.1 
39.1 39.1 
39.4 39.4 
27.7 19.8 

21.1 27.7 
21.1 27.7 

21.7 27.1 
21.7 27.7 

21.7 27.7 

38.8 38.8 

21.1 39.8 

26.7 26.7 
26.7 26.7 
26.1 26.1 
26.7 26.7 
26.7 26.7 
26.7 26.7 
10.1 10.1 
10.1 30.1 
30.1 30.1 

30.1 30.5 
30.1 10.1 

30.1 30.1 
10.1 30.1 

30.1 30.1 
10.1 30.1 
30.1 10.1 
10.1 30.1 

30.1 30.1 
10.1 30.1 

10.1 30.1 
30.1 10.1 

32-9 32.9 
12.9 32.9 
12.9 32.9 
32.9 32.9 
32.9 32.9 
32.9 12.9 
12.9 32.9 
14.0 34.0 
34.0 14.0 
14.0 34.0 
14.0 14.0 
14.0 14.0 
14.0 34.0 
14.0 34.0 
14.0 14.0 
14.0 34.0 
14.0 34.0 
14.0 34.0 
14.0 34.0 

24.1 
24.1 
37.3 
17.3 
38.8 
38.1 
39.1 
39.1 
39.4 

39.8 
40.2 
40.2 
27.7 
27.7 
27.7 

19.8 

26.1 
26.1 
26.1 
26.1 
26.7 
26.1 
30.1 
30.1 
10.1 
30.1 
30.1 
30.1 
30.1 
30.5 
30.1 
10.1 
30.1 
30.1 
30.5 
30.5 
10.1 

12.9 
32.9 
32.9 
32.9 
12.9 
12.9 
32.9 
14.0 
14.0 
1k.0 
14.0 
14.0 
14.0 
14.0 
14.0 
14.0 
14,0 
14.0 
34.0 

aV1MGI SIA!r-Kl/C 
!AS1 ISKA!-Dl/D) 8.88Kt06  9.801t06  l.llIt07  1.191t07  1.621t07  1.691t07  1.698101  1.691t01  1.691t07  1.691t01  1.691tOl  1.691t01  1.69Kt01  1.691t01  1.691t01  1.69KtOl  1.69Bt07 1. 

27.4  28.3  28.7  29.1 29.4 29.4 29.4 29.4 29.4  29.8 29.8  29.8 10.2  10.6 30.8 .31.3 31.7 

1m11 or m a r  r u n  s r r r c I m  11988 IUI) 100.0 103.0  104.1  101.9 101.1 101.3 107.1 101.1 101.3 101.6  101.6  108.6  110.0  111.1  112.3  111.9 111.1 
!AS1 [!O!U II!11Il!IOIU IlSS. lOVWl!S:  illi ion^] 7.194 8.14 1.77 9.92 10.1  10.8  11.1 11.9  12.1  11.2 13.9 14.8 15.1 16.9  18.1 19.4  20.8 
IIDII or TASI 11988 BASE) 
COD r m 1  

100.0 101.1  111.1  121.7 110.1  116.8  141.1  110.7  111.1  167.2  116.1  187.1 200.2 214.1 229.1  241.8  263.5 

IIDKI or r u n  USID (1981 m )  100.0 100.1  106.1  118.1 121.8  127.5 113.4  140.1  147.6  154.0  162.2  172.7 182.0 192.0 204.2  211.7 227.8 
0.71 0.11 0.11  0.71 0.71 0.11 0.71 0.11 0.71 0.71  0.71 0.11 0.71  0.71 0.71  0.71 0.71 

1011: aircraft replaced at 11 p a r s  or 1992 earliest. 
1918 tast  adjusted for change in 141s seat nplbers betrea 1988 and 1991. 

Pegres~ion  nlnes for latest ~erier ued for replacenents for earlier series. 
Aircraft n d e r s  as at 30 JMC. 

SOOPCIS: U10COS!, !ransport and Couuications Indicators larch 1989,  QlPtll  anntal  reports, 
Carrent ;eat nplbers for 7411 fro1 Do!S 
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APPENDIX I11 GREENHOUSE GAS EMISSIONS 

An attempt  has  been  made  to  estimate  the  effects  of  improved 
fuel economy  in  ships  and  aircraft  on CO, emissions.  Arbitrary 
assumptions  have  been  made  about the future  policy  environment 
in predicting  the  future  levels  of  transport  tasks.  Changes 
in policy  have  the  potential to render  these  projections 
meaningless. 

As well,  there is no  consensus  regarding  the  way  in  which 
responsibility for emissions  from  international  transport 
might  be allocated  under  any  global  agreement to reduce 
greenhouse  emissions.  The  responsibility  may  or  may  not  rest 
with the ownership of the  carrier.  Australian-flag  ships 
carry only  a  small  percentage of the  huge  tonnages  of 
Australian  imports,  and  more  especially,  exports  which  are 
transported over  very  long  distances.  Qantas  may have 
significant  overseas  ownership  in  the  future. 

No attempt  has  been  made to estimate  the  effects  of  improved 
fuel economy  on  the  emissions of other  greenhouse  gases,  such 
as CO,  hydrocarbons (HC) or  nitrous  oxide (N,O) . It  should  be 
noted, however,  that  improved  fuel  economy  is  likely  to 
increase the rate of NOx  emissions,  including  NzO,  per  unit of 
fuel consumed,  due to the  increased  engine  temperatures  this 
implies. 

SHIPPING 

Coastal 

If the coastal  shipping  task  were to follow  recent  trends, the 
total tonne-kilometres  performed  would  remain  fairly  static. 
In this  case it would  seem  that,  without  increased  use of 
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Coastal  shipping  would thus have a positive,  though  small, 
contribution to make to the  mitigation of greenhouse 
emissions,  even  in  the  absence of modal  shifts  which  may  occur 
in the future  (see  below) . Coastal  shipping  has  been 
estimated  to  have  emitted  only  about 4 per  cent  of the 
greenhouse  emissions  from  Australian  domestic  transport  (BTCE 
1991) I 

The potential  reduction  in  emissions  (from  1988  levels)  from 
the coastal  shipping  major  trading  fleet  suggested  by the 
model is almost  1  megatonne of CO, in 2005. This is less than 
1 per  cent  of the  estimated  emissions  of  about  100  megatonnes 
from  Australian  domestic  transport  in 2005 suggested  by 
ABARE's projections  of  energy  usage (1991) . mm' S 
projections  already  incorporate  some  assumed  future  gains  in 
fuel efficiency  for  the  various  modes of transport. 

Were the task  of  the  coastal  major  trading  fleet to grow  at 1 
per cent  per  year  on  average, then the model  suggests  that 
fuel used,  and  hence  emissions,  would  still  be  some 16 per 
cent (or  almost 0.4 megatonnes)  below 1988 levels in 2005. If 
this growth  in  task  were to be the result of modal  shift, then 
total emissions  from  transport  would be reduced  still  further. 

~~ 

6 The  Australian  coastal  ship  Accolade I1 operates primarily on CNG, with 
diesel used  as  a pilot fuel to  promote  fuel  ignition. LNG tanker ships 
carrying exports of LNG from  the NW shelf are  fuelled largely by boil-off 
from'the cargoes they.carry, although HFO may  be  used as a supplement. 
Some  cargo is  retained in  the  tanks for  fuel  on  the return voyage. No 
problem have been  experienced by the  operator  with LNG as  a  fuel (1991 
personal  communication  with  operators). 
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Modal shift 

For non-bulk  freight,  general  cargo  coastal  ships,  with  an 
average  emissions  rate of around 27’ grams of CO,  per  tonne- 
kilometre  (based on the ANMA data  in table 2.1, and  assuming  a 
speed  of 13 knots,  with  an  average  load  factor of two-thirds), 
had a  much  lower  rate of emissions  than  rail (46 grams  per 
tonne kilometre),  and  about  one-quarter  the  rate  of  emissions 
from the average  articulated  truck: 104 grams  per  tonne 
kilometre  (BTCE 1991, as  revised). 

For the bulk  freight  task  in 1988, the rate  of emissions  from 
coastal  shipping is  about 7 grams  per  tonne-kilometre,  based 
on the ANMA data  in table 2.1) . This  is  lower  than  that of 
private  railways (10 grams  per  tonne-kilometre,  largely for 
mineral  railways  running to the coast),  and  considerably  lower 
than that of government bulk rail: 35 grams  of  CO, per  tonne- 
kilometre  (BTCE 1991, as  revised). 

However,  the  scope  for  modal  shift to coastal  shipping  may be 
limited. 

7 Lloyd‘s  Register has completed  the fist stage of its Marine  Exhaust 
Emissions  Programme,  which  reports steady state operation CO, emission 
rates  of  3165 kg  and  3250  kg per  tonne of fuel for low speed  and medium 
speed  marine  diesel  engines  respectively,  when  used in ships in 
international  trade (Lloyd’s Register 1991a, 1991b, Lloyd‘s Ship Manager 
1992). 

Using a  fuel consumption  rate of 2.97 tonnes of fuel per 1000 DWT for 
general  cargo  ships from table 2.1, and  assuming an  average speed of 12 
knots,  and a load factor of  66.67 per cent, then these Lloyds  values 
translate  as 26.4  grams and 27.1 grams of CO, per tonne-kilometre 
respectively. 

Lloyd’s  Register  (1991a,b)  gives  the  following values for  other  emissions 
from  marine diesel engines : 

medium speed slow speed 
NOx 59 kg/tonne fuel 84  kg/tonne fuel 

HC 2.7 kg/tonne fuel 2.5 kg/tonne fuel 
Sulphur 
Dioxide (21.9 * S)-2.1 kg/tonne fuel 21 * S kg/tonne fuel 

CO 8  kg/tonne fuel 9 kg/tonne fuel 

where S = sulphur content of fuel (% by weight) 
(Lloyd’s Register 1991a, 1991b) 
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International 

The international  shipping  task  to and from  Australia  (in 
terms of  cargo  tonnages) has been  growing at  about 5 per  cent 
per  year on  average  over the past  decade  or so: inwards  cargo 
tonnages at 4.6 per cent per year  on  average  over  the  period 
1982-83 to 1989-90,  and  outward  cargo  tonnages,  which  are 
about  8  times as large as inwards  tonnages, at  just  over 5 per 
cent per  year  on  average over the period  1980-81 to 1989-90 
(ABS 1991).  If  such  a  growth  rate  were to be  maintained, the 
international  shipping  task  to  and  from  Australia  would 
increase  by  about 130 per cent from  1988  levels  by 2005. 

However,  continuance  of  past  growth  rates  for  international 
shipping to and  from  Australia  is  perhaps  unlikely,  especially 
if  global  greenhouse  mitigation  efforts  involved  a  reduction 
in  coal  usage.  In  1987 the Bureau  of  Mineral  Resources 
published  forecasts  for  Australia's  mineral  exports  to  the 
year 2000 (BMR 1987). The BMR considered  four  scenarios 
involving, inter  alia, different  future  rates  of  world GDP 
growth. These  scenarios  implied  tonnage  growth  rates  for 
Australian  mineral  exports  varying  from 0.4 per cent per  year 
to 4.4 per  cent  per  year on average.  The  expected  value of 
the growth  rate  of  Australian  mineral  export  tonnages  was  2.9 
per  cent  per  year,  based on the probabilities  assigned  to  the 
various  scenarios.  At this rate  of  growth,  mineral  exports 
would increase  by  over 60 per  cent  from  1988 to 2005. A 
similar rate  of  growth  has  been  assumed  for  Australia's  much 
smaller  tonnages of imports:  Australia's  average  rate of GDP 
growth over  the  ten  years to 1990-91  was  also  2.9  per  cent 
(Treasury 1991). 

At  this  rate  of  growth the task  of  Australian-flag  ships 
engaged in  international trade would  be  likely to increase  by 
approximately  half  from  1988 to 2005, if  Australian-flag  ships 
maintained a constant  share in our  international  trade, and 
given the  probability  of shorter  average  voyages  with  changing 
trade patterns.  The  model then  suggests  that  fuel  used  by 
Australia's  international ships would  increase  by  about  one- 
third even  if fuel  efficiency  continues  to  increase at the 
same rate  as  over  the  past 20 years  or so. In the absence of 
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increased  use  of  alternative  fuels  such  as  natural  gas, 
greenhouse  emissions  could  be  expected  to  increase by  about 
the same  proportion. 

The  spreadsheet  model  suggests  that the fuel  consumed  by the 
Australian-flag  international  fleet  was  only  two-thirds  that 
of the coastal  fleet (as classified  by  the DoTC) : emissions 
from  the  international  fleet  would thus have  been  about 1.5 
megatonnes  of CO, in  1988. For Australian-flag  international 
shipping  therefore,  at  trade  levels  suggested  by  the  expected 
value of the  1987 BMR projections, the outcome  would  be  an 
increase  of  about 0.5 megatonnes.  It  is  entirely  possible 
however,  that  global  action to reduce  emissions of greenhouse 
gases  could  have  an  adverse  impact on Australia's  exports of 
coal,  slowing  the  projected  increase  in  the  international 
shipping  task. 

AIRCRAFT 

The  fuel  economy  projections  in  chapter 5 can  be  used  to 
estimate the likely  growth in  fuel  used  by,  and  greenhouse  gas 
emissions  from,  Australian  aircraft  in  domestic  and 
international  aviation  to  the  year 2005, given  predicted  task 
growths.  Estimates  of  task  have  been  made  by  scaling  up 
available  seat-kilometres of the  current  fleet  using 
projections  of  passenger  numbers.  For the short  run,  passenger 
numbers  are  taken  from the BTCE's Transport  and  Communications 
Indicators database,  and  for  the  longer  term  from  forecasts 
published  by the Federal  Airport~s  Corporation  (FAC  1991).  The 
FAC forecasts  are  for: 

16.8  million  passengers in 1995; 
20.1  million  passengers in 2000;  and 
29.1  million  passengers in 2010. 

As a  graph of passenger  numbers  (FAC  1991)  is  shown  as  linear 
between  these  points,  the  figure  for 2005 may  be  interpolated 
as 24.6 million  domestic  passengers  in  2005,  a 72 per  cent 
increase  over  the  high  figure  of 14.3 million  in  1988  (the 
figure  for 1990  was 12.9  million). 
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Indications  are  that a substantial  jump  in  domestic  passenger 
traffic  occurred  in  1991  with the price  competition  following 
deregulation  and  the  entry  of  Compass  Airlines into the 
market.  In  1991, 16.7 million  passengers  were  uplifted  by the 
domestic  airlines,  a  figure  which  the  FAC  (1991)  forecast 
would  be  reached  in  1995.  However,  as  the  major  concern is 
with  levels  at 2005, and as it is not  clear  how  much  of this 
will be translated  into a permanent  increase  in  demand  levels, 
the FAC forecasts,  which  were  prepared  in a deregulation 
context,  have  not  been altered  after  1991. 

Preliminary  estimates of revenue  passenger  kilometres (RPKs) 
indicate a 22 per  cent  jump  to  about 17.7 billion.  The  model, 
which  incorporated  the  Compass  Airlines  fleet,  is  based  on 
available  seat  kilometres (ASKs) and  used  a  figure of 23.2 
billion ASKs for 1991.  This  corresponds  with  the  estimate for 
RPKs at  an  average  load  factor  of 76.3 per  cent or ASKs of 
23.7 billion. The provisional  estimate  for  the  1991  average 
load  factor  is 74.6 per  cent.  The  variation  might be 
explained by  part-year  effects,  as the model  deals  only with 
whole  years.  The  fuel  estimates  for  domestic  aviation  have 
been  adjusted for load  factor,  with the assumption  that  load 
factors,  recently at  historically  high  levels,  would  in  future 
return  to  pre-deregulation  levels  (FAC  1991). 

If the same  size mix of aircraft in the domestic  fleet is 
maintained  in  future,  then  it  would  seem  that  even  if  the  fuel 
efficiency  of the domestic  air  fleet  continues  to  improve  at  a 
rate  similar to that  in  the  past 20 years or so, the  amount of 
fuel  used  will  grow by  about 35 to 40 per  cent  over  1988 
levels by the year 2005. In  the  absence of  alternative fuels 
such  as  hydrogen,  emissions  from  domestic  aviation  would 
increase  in  proportion.  Given  that  emissions  from  domestic 
aviation  were  some 4.35 megatonnes  of CO,  in  1988, then 
emissions  in 2005 could  be 'expected to be  some 1.5 to 1.75 
megatonnes  above -1988 levels.  Figure  111.1  shows  indices of 
passenger  task and fuel  used  by  domestic  aviation,  assuming 
that the present  size  mix  of  the  fleet is maintained. 

However,  if  traffic patterns,  growth in  the  number of 
passengers,  and  real fuel  prices  were to  be  such  as to 
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persuade  operators to increase  significantly  the  use of the 
most  fuel-efficient  wide-bodied  aircraft in the domestic 
fleet,  and  also  to  choose  the  most  fuel-efficient  small 
aircraft,  then the increased  passenger task  predicted  for 2005 
could  be  performed  without  a  significant  increase  in 
emissions.  The  model  indicates  that  in the unlikely  event 
that all  aircraft  in the domestic  fleet  were  either  A300-600Rs 
or F50s, then  total  emissions  in 2005 could be almost 7 per 
cent lower than  in  1988,  despite  a 72 per  cent  increase  in 
task. 

Figure 111.2  shows  indices of passenger task  and  fuel  used by 
Qantas  aircraft  engaged  in  international  aviation.  Estimates 
of passenger  task  (based  on  international  passenger  movements) 
have,  for the short  term,  been  taken  from the Transport and 
Communications  Indicators database,  and for  the  longer  term 
from forecasts  published  by  the  Federal  Airports  Corporation 
(FAC 1991) . The FAC forecasts  18.2  international  passengers 
in 2005, a 130 per  cent  increase  from the 7.9 million  in 1988. 
Given the huge  variation  in'  forecasts  from  various  sources  for 
international  air  traffic  to  and  from  Australia,  no  attempt 
was made to adjust the fuel  estimates for changes  in  load 
factor  or  changes  in  the  market  share  of  Australian-flag 
carriers. 

The model  suggests  that  fuel  used  by  Qantas  is  likely to 
increase  by  about  80  per  cent  from  1988  levels,  even  if  fuel 
efficiency  continues to increase  at the  same  rate  as  over the 
past 20 years  or so. Without  significant use of  alternative 
fuels  such  as  hydrogen,  emissions  would  increase  in 
proportion.  International  aircraft  operating to and  from 
Australia  are  estimated to have  emitted  about 9 to 10 
megatonnes of CO2  in  1988  (BTCE  1991). The  model thus suggests 
an additional 7 or 8 megatonnes in 2005 from total 
international fl'ights  to  and  from Australia.  If  Qantas 
(together  with  any  other  Australian-flag  international 
carriers  which  might  emerge)  were to maintain  a market  share 
of approximately 40 per  cent,  it  could  emit  an  additional 3 
megatonnes  above 1988 levels in. 2005. However,  the  point 
about the future  ownership of Qantas,  made  earlier  in 
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connection  with  the  question  of  responsibility  for  emissions 
from  international  transport,  should be borne  in  mind. 

The  relatively  high  levels  of  oxides  of  nitrogen (NO,) in 
emissions  from  aircraft  engines  must  also be remembered. NO, 
has a 500-year  radiative  effect  some 14 times  that of the same 
weight  of  carbon  dioxide  and  a  short  term  (20-year)  effect 
about 150 times as large  (Barrett 1991). As commercial 
aircraft  emissions  are  produced  at  considerable  altitudes, 
their  effects may be  more  serious  than  those  emitted  at  ground 
level.  Barrett (1991) cites  estimates  that NO, emissions  from 
aircraft  have  up  to 50 times  the  Global  Warming  Potential  of 
NO, emissions at  the  surface, through effects  on  tropospheric 
and  lower  stratospheric  ozone:  ozone  is  an  active  greenhouse 
gas  at  these  altitudes.  Moreover, the proportion  of NO, in 
total  emissions is likely to increase as combustion 
temperatures  in  engines  increase  with  higher  fuel  efficiency. 
As well,  water  vapour  is  emitted  from  aircraft  engines  at  a 
rate of about 1.25 kilograms  for  every  kilogram  of  avtur  fuel 
burnt  (hydrogen,  if used as  an  aircraft  fuel  in the future, 
would  produce  at  least  double the  water  vapour) . Above  about 
9000 metres,  water  vapour  may  form  ice-crystal  clouds  which 
reflect  heat  back to earth  while  allowing  sunlight to pass 
through,  and  also  act  as  sites  for  chemical  reactions 
attacking  ozone  (Barrett 1991). 

There  is  currently  ’no  comprehensive  scientific  analysis’ to 
show the magnitude  of  the NO, and  water  vapour  effects  (Barrett 

effect  due  to  commercial  aircraft is likely . to be 
significantly  larger  than  their  increase  in  fuel  Use. 

1991). However, the proportional  increase  in  greenhouse 
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