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As we know, there are known knowns
There are things we know we know

We also know there are known unknowns
That is to say, we know there are some things we do not know

But there are also unknown unknowns
The ones we don’'t know we don’t know

D.H. Rumsfeld, Feb 12, 2002




Known knowns Known unknowns

The goals

The precise definition of the

Reduce perceived noise to one
goals

half current average levels

How closely the goals will be
approached by 2020

A 50% cut in CO , emissions per
passenger km

What fraction of the new aircraft
market will incorporate the new
technologies

An 80% cut in nitrogen oxide
emissions




Known knowns Known unknowns
Main contributors Estimated RF (mW/m?)

CO, 25.3 (TRADEOFF 2003)

NO, 11.5 (TRADEOFF 2003)
Contrails & cirrus cloud 10 — 80 (pcc 2007)




Persistent contrails and contrail-cirrus



Known knowns Known unknowns

Persistent contrails form only in air
supersaturated with respect to ice

They can be avoided only by
routeing traffic under, over or
around supersaturated regions

The result will be some increase in
fuel burn, CO , and NO, emission
and disruption of schedules

The environmental optimum will not
be complete avoidance of contralil
formation but a balance in which
the total climate impact is
minimised

The relative contributions of
contrails and contrail-cirrus to
climate change

The contribution of secondary
cirrus from black carbon particles

The optimum degree of contrall
avoidance

The impact of contrail avoidance on
future ATM and airline operations
and economics




Known knowns Known unknowns

Most measures that reduce CO The climate impact of NO , depends
reduce NO , in equal proportion on time and place of emission. ltis
complex and not fully understood

Most measures that reduce LTO

NO, reduce NO , emission at We do not know how to optimise

altitude to a similar degree the balance between the impacts of
NO, and the other contributors

Climate impact of NO  varies

appreciably with cruise altitude Technologies on the shelf or on
the near horizon offer substantial

Increasing engine pressure ratio in reductions in NO , emission. We

order to reduce fuel burn and CO , | do not know when they will be

emission increases NO Incorporated in new engines




CARBON DIOXIDE

( = 3.2 x fuel burn for kerosene fuelled aircraft)



Options for reducing fuel burn

There are 5 basic ways of reducing fuel burn per pa  ssenger km
— Operational measures
— Reduce ratio of empty weight to payload
— Increase propulsive efficiency
— Increase L/D in cruise

— Increase calorific value of fuel — but not a practic  able option



- Known knowns |

Known unknowns

Savings of order 10% possible from
more efficient ATM and other |

operational measures
(applicable to whole fleet and

therefore of greater impact, sooner, i:
thannew technologyy © . | |

Long haul travel in hops by medium
range aircraft would reduce fuel
burn in this sector substantially |

Formation flying and long haul
travel in medium range aircraft

:HO:W SoOn,ianﬁd how completely?:,

Who, if anyone, will be the first
operator to do this?

| Given the obstacles, are these real
| possibilities?
using air to air refuelling also offer 1
significant fuelsavings |




Ratio of empty weight to
payload can be reduced by

Replacement of structural alloy
with CFERP (as for B787, A350);

Further advances in matenals
abddesignmethods:. .

Less conservative certification
requirements for wing strength
and tuel reserves: . |
Reducing cruise Mach number

Reducing design range

Known unknowns

How widely and how quickly will
this technology be adopted?
What are the limits to advance "
in these fields? "
How much potential and how
soon?

How acceptable?

How acceptable?




Known knowns Known unknowns

For the simple, Joule cycle How much more can we squeeze
turbofan engine we are nearing the from the simple turbofan cycle?
efficiency limits defined by the

Second Law of Thermodynamics

Propellers provide greater fuel FOr how mu¢h Qf t:he:fle:et Willj

efficiency, but cruise Mach number propellers be acceptable, given
must be reduced and noise and guestions of noise, certification
certification questions resolved and customer acceptance?

More complex engine cycles than Practicability for aircraft engines?
the Joule (eg with intercooling

and/or recuperation) are potentially

more efficient




Known knowns Known unknowns

The classic swept winged aircraft
with turbulent boundary layers has
very limited potential for further
increase in cruise L/D

For larger aircraft, the blended
wing-body has a higher L/D than
the best classic configuration

Laminar flow control (in 3 variants -
natural, hybrid and full) is most
promising aerodynamic technology
for reducing fuel burn

After 60 years of development,
there is not much we do not know
about the aerodynamics of the
successors of the B-47

How soon a civil BWB will come to
the market

How soon airlines and airframe
manufacturers will decide to invest
in this technology




What can we say about the drivers?

1. Contrails and contrail-cirrus

— The only means of reducing contrail and contrail-ci rrus
formation is to reduce air traffic through regions of cold
humid air.

— This is of no commercial benefit to the operators a nd it will
come about only through action by governments, usin g the
ATM providers as their agents



What can we say about the drivers?

2- NOX

— There is no commercial benefit to the operators in reducing
NO, emission below the regulatory requirement

— Regqulatory action, either by ICAO or unilaterallyb  y an
Important destination, seems the most likely way of driving
available low NO , technology into production engines



What can we say about the drivers?

3. CO,
— The primary driver for reducing CO , emission is fuel price.
This has increased substantially and is forecast to Increase

further. Two key questions are:

e Are measures such as emissions trading, levies or
charges likely to significantly reinforce the basic effect of
rising fuel prices?

« What level of fuel price will induce the operators and
manufacturers to accelerate the introduction of mor e fuel
efficient types and invest in the development of th e higher

risk, higher return technologies that GBD has ident ified ?



Postscript: BIOFUELS

* Not considered in depth by GBD S&T Sub
Group

 Need to distinguish between biofuel as response
to diminishing oil reserves and as reducer of
CO, emissions

 On CO, jury Is out pending rigorous assessment
of net environmental impact, including
opportunity cost of land use



