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Abstract: T here is an increasing concern that current trends of consumption of natural resources
cannot continue. It is imperative that major targeted investments are made into economical and relia
ble environment friendly propulsion and power solutions. Many novel and promising concepts are
being proposed. The selection of the best candidates to pursue for investment becomes a very diffr
cult choice.

A detailed T ER A (techno economic environmental risk analysis) frameweork is described here
to quantify risks and to compare and rank competing schemes on a formal‘and congistent basis. This
technique is based on detailed and rigorous thermodynamic representations of pow er plants. A layer
of environment, economic, weather and other models 6 describe the appropriate local conditions is
superimposed to this.

The outcome is a techno economic environmental risk analysis framew ork with appropriate de

tail of each power plant as applied to the appropriate-conditions.” T he, resulis for\each concept can

then be compared and-contrasted.to make-appropriate selections.
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Introduction: novel power and
propulsion systems

T here is much-and justified concern about
the impact of human activities on the enviromr
ment. Anthropogenic pollutants have reached
very high levels. As a result a large variety of
promising power and propulsion concepts are be
ing proposed to mitigate or eliminate CO2 and
other emissions. Among them are new aircraft
engines with conventional and novel cycles, nur
clear power plants, carbon capture schemes, re
newable energy sources, including onshore and
offshore wind and wave energy systems, plus

many others.

Received: 2008- 09 22; revision received: 2009 03 14

E mail: ¢. hargreaves@ cranfield. ac. uk

Document code: A

A common feature of many of these systems
is a large balance of plant around the PCU (pow-
er conversion unit). The systems envisaged are
larger and more complex than the state of the art
today. Inevitably this will result in an increase
in the first cost of the plant, an increased chal-
lenge in reliability and availability and more com-
plex operating procedures. Furthermore the
combined objectives of economic and environ-
mental performance make the decision process
much more difficult. T hese challenges will need
to be addressed when evaluating investment per
formance.

In addition, for many of these concepts

there is little or no relevant operating experi
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ence. So the selection of the best candidates in
which to invest scarce research and development
funds is difficult and uncertan. The risks are
high. Furthermore the impact of local conditions
will have a large influence on the economic and
environmental performance of the power plants.

A detailed TERA (technoeconomic envirormr
mental risk analysis) is described. T his method
increases the visibility of the risks and enables
the user to compare and rank competing schemes
on a formal and consistent basis.

Cranfield U niversity has conceived and is
deploying such techniques within the European
power and propulsion context. The core of the
TERA consists of detailed plant and component
mathematical models. These models can be cour
pled with environment, economic and risk mod
els. They can be used to deliver a reasonably
clear view of the relative risks and benefits of
promising but uncertain concepts. The objective
of the TERA is to rank and select the best
schemes and identify risk so that investment re
sources can be allocated efficiently.

The results of'a TERA ‘exerciseean thus 1r
form investors, legislators and other stakeholde
rs of the best investments\ needed to~achieve-a
cleaner environment and hopefully accelerate the
accrual of benefits from advanced low carbon
power and propulsion systems. This method of
fers an independent and consistent evaluation
procedure to allow comparative studies of comr
plex systems encompassing to local and global
conditions. It allows interested parties to evalu
ate policy across countries through local and
global conditions to show the competitive advarr

tage of nations.

1 The origins of the TERA

The Cranfield team focusing on power and
propulsion has had a key interest in gas turbine
performance models for a very long time. For
example work on complex energy and power sys
tems was carried out within a variety of contexts
and for different customers. T his included work

. . . 1
on aero-derivative power generation plant[ ], use

4]

of coal synthetic gas'”", work on degradation

and diagnostics'”™® |

[ 78]

carbon mitigation studies
, nuclear gas turbines'” and other topics.
Much work carried out for industrial cus-
tomers has not been published. This list in-
cludes research on novel bottoming cycles, ad-
vanced hydrogen fuel cycles for power genera
tion, further nuclear gas turbine work, fog in-
jection, many types of aircraft engines, turbo-
machinery for renewable energy sources, a novel
piston engine system and others.

This interest is coupled with work and ex-
perience on environmental issues and economic
performance, given that these are key selection
criteria. It was then natural, over the years, to
develop modelling techniques that.encompassed
combined thermodynamic, -economic and envr
ronmental algorithms. These gave rise to a very

interesting method,\ the TERA.
2 (Description of the TERA

Cranfield-is leading the"development of the
TERA for many applications. Within the Euro-
pean Union context, the TERA for civil aviation
is being deployed, with the support of several
leading European U niversities, for the projects
VITAL, NEWAC and DREAM. Thesefocus on
advanced environment friendly civil aircraft gas
turbines and partners include major aircraft man-
ufacturers, makers of gas turbines and propul
sion systems plus research establishments, com-
ponent suppliers and universities.

A version of the TERA has been pro-
duced for the marine sector within a project em-
bracing another two British leading universities.
TERA methods are being developed for power
generation and the oil and gas industry in associ-
ation with two major players in the energy field,
a power generation company and an oil compa-
ny. Combined elements of some of these, and
other associated work, are described here to give
a flavour of the TERA and the range of current

applications.

3 The power plant and the duty

The core of the TERA framework requires a
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detailed thermodynamic description of the power
plant capable of giving the off-design and, some
times, the degraded performance of the engine.
For these purposes, Cranfield University has de
ployed TURBOMATCH (the Cranfield Univer
sity, imrhouse, legacy gas turbine performance
simulation software).

In the case of a vehicle (aircraft or ship),
amathematical model of the vehicle is necessary.
Consequently Cranfield University have devel
oped an aircraft model (HERMES) and a ship
model (POSEIDON).

The case study described below is related
to a marine TERA framework application and is
based on the ship analysis described in Ref.
[10]. The propeller data,

and the engine design point data are summarised

the ship’ s anatomy

in Table 1, Table 2 and T able 3 respectively.
Table 1 Propeller data 1"
Parameters Data
Propeller diameter (D,/m) 5.1
Pit ch diameter ratio (PLD,) 1-154
Expandal area ratio (A ¢/ 4o) 0:-763
Propeller rotational speed ( N/ (1/min)) 150
Number of blades (N i) 5
Open water efficiency (1) 0. 695
Table 2 Ship anatomy 1
Parameters Data
Length at water level ( L,/ m) 185.55
Maximum beam ( B/m) 25.0
Average design draft (T/m) 6.4
Block coefficient ( G,) 0.55
Mid ship efficient (C.) 0.93
Water plane coef ficient (Cyy) 0.69
Service speed ( V./ knots) 29.0
Froude number ( Fr) 0.3469
Displacement ( S/ tonnes) 17000
Wetted surface ( S,/ m?) 4950

24
Table 3 Engine design point data "1

Parameters Data

Gas turbine rating ( Ppr) ( X 2/ MW) 25
Tutbine entry temperature (TET/ K) 1500
Compressor pressure ratio (P R.) 17. 8

Intake mass flow (W (kg/s)) 68
Exhaust mass flow (W./ (kg/s)) 69. 5
Exhaust gas temperature (7 ./ K) 829
Thermal efficiency (T,) 0. 374

Specific fuel consumption (SFC/ (g/kWh)) 224

Specific power (¢,/(MJ/kg)) 0. 367

Additionally, an inputof the time domain of
the mission is required. This can be a description
of the flight-details (mission profilé) of an air-
craft, thejourney of a ship, the daily duty of a
pow ér station and others. In the case of the ma-
rine application, a comparison, of a journey in the
following three different~scenarios was exam-
med:

*S1: Calmsea and “clean” ship
<52: Stormy sea and “clean” ship
* S3: Stormy sea and fouled hull

The engine rating was based on hot section

temperature. T he outcomes of the three scenari

os are illustrated in Fig. 1 and Fig. 2.
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Fig. 1 Engine power and ship speed characteristic

Fig. 1 shows, for S1 (the calm sea with
“clean” hull scenario) a departure in the middle
of the morning and a journey, where the ship
travels at a constant speed and the power re
quired from the power plant is always the same.
For this scenario, Fig. 2 shows the change of
turbine entry temperature needed to offset the

effect of changing ambient temperature during



4 Stephen O gaji, et al: Power plant selection in a carbon constrained world the T ERA ... 899

the journey. The fuel flow is also shown. T here
are some small variations in fuel flow, not dis
cernible in the graph, due to the small changes
in thermal efficiency arising from the change of

power setting of the engine.
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Fig.2 Gas turbine engine fuel flow and TET

characteristic

Scenario S2 shows the effect of a storm that
takes place during the journey. The ship leaves
harbour and nearly immediately a storm starts.
This hampers the progress of the ship. To keep
the service speed, theengine needs to deliver irr
creasingly higher levels of power. At 1-800 hours;
the maximum power of the engines is-needed:
From 1800 to 2400 hours the engine is run at
maximum pow er.~T his maximum power increa
ses because as ambient temperature falls, an emr
gine rated on temperature delivers higher power.
However this maximum power is not enough to
allow a constant—ship sp€ed to be maintained.
The ship speed thus falls to slightly below 19
knots. As the storm abates, the ship speed
starts to rise gradually to the service speed of 29
knots. When this is reached, the engine power
is gradually reduced given the lessening resist
ance from the rough sea. When the ship arrives
in port after a slightly longer journey, the sea is
calm again.

In scenario S3, the hull of the ship is
fouled, therefore at any speed it presents a highr
er resistance to the motion of the ship. T he ship
makes the journey through the same storm of
scenario S2. It can be seen that at any point,
higher engine power is needed to propel the ship
through at sea. When the maximum engine pow-

er is reached, the effect of hull fouling manifests

itself as a lower speed than that of S2.
For each of the three scenarios, the fuel

consumed and the journey time is summarised in

Table 4.

Table 4 Fuel consumed and journey times 1%

Scenario Fuel consumed Journey time
S1 93.3 tonnes 20h 41min
S2 106.7 tonnes 21 h 56min
S3 113.3 tonnes 22h 04min

4 The economic and risk analysis

The information obtained above can then be
used to carry out an economic analysis. T he eco-
nomic analysis example~discussed in the case
study below was carried out for a combined cycle
gas (CCGT) turbine power station and is shown
in Fig. 3.
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Fig.3 Economic analysis— combined cycle gas
turbine (CCGT) investment

The power plant analysed was a state of the
art gas turbine and its associated steam system.
Four scenarios were examined. The first ( Case
A) is a reference scenario. It exhibits the usual
shape of a large investment. For the first few
years, a large increasing negative cash flow is
exhibited. During the third year, it reaches the
nadir and as the power plant produces electricity
that is sold, revenues accrue and the cash flow
curve gradient becomes positive. In the sixth
year, the investment has broken even and starts
to produce a profit. The discontinuities in the
curve show the year in which heavy maintenance

takes place. In these years the plant is shut
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down, less revenue is produced and a large ma
intenance payment is made. T he other three sce
narios examined were:

* Case B— Emissions tax

* Case C— Fast fuel cost inflation

* Case D- High operation and maintenance cost

These three scenarios show how the per
formance of the investment degrades when the
realities of the project economics are different to
those projected in the reference case.

It would be, of course, possible to analyse a
vast number of scenarios to explore different
sensitivities of the project. The alternative a
dopted at Cranfield University was to use sto
chastic methods and to associate probability dis
tributions to key inputs such as the:

* Electricity price

* Fuel cost

* Operations and maintenance costs
* Interest rate

* Other relevant factors

The outcome of this stochastic analysis 1s
shown in Fig. 4. Here the frequency and the cir

mulative frequency of the outcomes in-terms of
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Fig.4 Risk analysis— CCGT investment

nett present value (NPV) areshown. For examr
ple, the frequency distribution shows that the
probability of achieving a NPV of about US §

600m is about 0.3 or 30% . The cumulative fre
quency curve shows that the probability of hav-
ing a positive NPV is larger than 80%.

S 'The environment analysis

The information yielded by power systems,

such as those described earlier, can also be used
to produce emissions predictions. The example
presented in the case study which follows,
(based on Ref. [11]), is that of a round trip of
a large civil transport flying between London and
Tokyo. The frequency is ten flights per day. An
appropriate aircraft model was produced. T his
was linked to en engine model created in T UR-
BOMATCH and coupled to a combustor model
to predict emissions of different types. The air-
craft engine combination was coupled to a world
weather model. T he flights were segmented into
time intervals to reflect changes in ambient con-
ditions and the weight and altitude of the air-
craft.

A typical outcome is"shown in“Fig. 5. T his
shows the spread:of oneof the\pollutants after a
year of the day when the'flights took place. The
two higher concentrations ‘of NOx correspond to
the need to run-the engines at high temperatures
in the take off at London and'T okyo.

TOMCAT CTM / 7" One year

[Aiscraft NO (pptv). LY 7.000

0.02 0.06 0.10 0.14 0.18 0.22 0.26 0.30 0.34

0.38 0.42

Fig.5 NO, emissions in parts per trillion— volume

(pptv) for a London— T okyo round trip
6 The optimisation

Another very useful feature that can greatly
strengthen the application of the TERA frame-
work is the inclusion of an optimisation process
to compare power plants optimised for a particu-
lar duty, to ensure that each contender is exam-

1213
6" shows a sche

ined in its best light. Fig.
matic diagram of the optimisation process. For
the example described, in the case study which

follows, the gas turbine cycle is optimised.



4 Stephen O gaji, et al: Power plant selection in a carbon constrained world the T ERA ... 901

Optimiser

Je, X| 5%

O/A Subroutine

Analysis assembly

Fig. 6 Scheme of the optimisation process

Fig. 6 shows the relationship between the
optimiser and the technical modules. The optr
miser receives output information from the evak
uation of the concept under investigation. T his
information provides the basis on which a corr
cept will be judged and it may include fuel burn,
economic results and emissions information. The
optimiser will evaluate these against an-ebjective
function and compare the tesults obtained with
results from earlier iterations, It will'then return
appropriate data-to\improve the input factors for
the process, for example the design point cycle
parameters such as pressure)ratio, bypass ratio
and others.

Two examples of such an optimisation are
shown in the case studies which follow. The
first, (Fig. 7) shows how an optimisation can
deliver a detailed trade off study. In this case,
as the objective function changed from one heav-
ily weighted in favour of SFC ( specific fuel corr
sumption) to one favouring the reduction of
global warming potential (GWP) a curve of op
tima was produced. The curve shows the locus
traced by the optima as the objective function
changes. It can be observed that, initially, for a
relatively small rise in SFC there is a useful re
duction in global warming potential. T his arises
because the optimum power plant has a progres
sively lower combustion exit temperature with a
consequent reduction of thermal efficiency and

an increase in SFC. This lower combustion tem-

perature also gives a lower NOx signature. It is
this significant reduction in N O« that brings a-
bout the reduction in GWP, offsetting the in-
creased CO2 effect resulting from higher SFC.
As engines with progressively lower combustor
exit temperature are considered, the benefit be-
comes progressively smaller.

0
-10
20 \
-30 \

-40 \\\_

0 5 10 15 20 25
ASFC %

AGWP /%

Fig.7 Trade off study of a civil turbofan
ASFC (%) is theincrease-in SFC, AGWP (%) is
the change-in global warming potential (G W P)

A _result of the second ‘optimisation case
study is shewnin Fig. 8, which illustrates the
comparative benefits of ‘the following two power
plants:

* Intercooled recuperated
* advanced conventional

The examination is carried out for aircraft
for different sizes. Scale factor 1 corresponds to
a long range passenger aircraft of about 400
tonnes take off maximum weight. The scale fac-
tor indicates the denominator with which the
mass of the aircraft is divided to identify the size
of the corresponding smaller aircraft. So for ex-
ample a scale factor of 2 indicates an aircraft of
1/2 the size, i e. about 200 tonnes.

The power plants were optimised for each
aircraft size. What the results show is that, for
the same technologies, the intercooled recupera-
ted power plant is more efficient for the smaller
aircraft. Conventional engines, due to their small
core size need to be designed with relatively low
pressure ratios. For larger aircraft, the conven-
tional turbofan can benefit from higher pressure
ratios resulting in a higher thermal efficiency and
lower fuel burn. The factor K indicates improved
heat ex changer technology that enhances the pros-

pects of the intercooled recuperated engine.
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ICR worse

than turbofan

|

ICR better
than turbofan

Increasing aircraft size = -

SR > ST

—

Fig.8 Civil aircraft propulsion: comparison
of ICR and conventional turbofans:

* ACSF is the aircraft scaling factor

* AFWT(%) is the change in block fuel weight

* Ky is a technology factor

The above exercises give a flavour of the
type of analysis that can be carried out through
the deployment of appropriate TERA methods.
The cases presented illustrate the results that
can be obtained for specific power and propulsion

systems in land, sea and air applications:

7 Conclusion

This document outlines‘a description of the
TERA (technoeconomic ‘environmental risk &
This
method, developed by Cranflield,\can consist of

nalysis) for advanced power\ systems.

three layers of models./The first (and more com-
plex) consists of the suit€e of performance models
of power plants. The second incorporates emis
sions, environment and economic models. The
third contains two aspects of risk analysis, teclr
nological and economic.

The availability of this method makes an
early contribution to a complex decision process
in expensive products with a long life cycle. The
TERA offers increased confidence that research
investments and power plant selection decisions

are made in a systematic and consistent manner

taking into account local conditions.
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