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Abstract: T here is an increasing concern that cur rent t rends of consumption of natural resources

cannot cont inue. It is imperativ e that major tar geted investments ar e made into economical and relia�

ble environment friendly propulsion and pow er solutions. Many novel and promising concepts a re

being pr oposed. The selection of the best candidates to pursue fo r investment becomes a ver y diffi�

cult choice.

A detailed T ERA ( techno�economic env ironmental r isk analy sis) framew ork is descr ibed here

to quantify risks and t o compare and rank competing schemes on a formal and consistent basis. This

technique is based on detailed and rig or ous t hermodynamic representations o f pow er plants. A layer

of env ir onment, economic, w eather and o ther models to descr ibe the appropr iate lo cal conditions is

superimposed to this.

The outcome is a techno�economic env ironmental r isk analysis fr amew ork wit h appropr iate de�

tail o f each pow er plant as applied t o the appropr iate conditions. T he results fo r each concept can

then be compared and contr asted to make appropr iate selections.
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Introduction: novel power and

� propulsion systems
� � T here is much and just if ied concern about

the impact of human act ivit ies on the env iron�
ment . A nthropogenic po llutants have reached

very high levels. As a result a large variety of

promising pow er and pr opulsion concepts ar e be�
ing proposed to mit igate or elim inate CO 2 and

other em issions. A mong them ar e new aircr af t

engines w ith convent ional and novel cycles, nu�
clear pow er plants, carbon capture schemes, re�
new able energ y sources, including onshore and

of fsho re w ind and w ave energy systems, plus

many others.

A common feature of many of these systems

is a large balance of plant around the PCU ( pow�
er conversion unit ) . The sy stems envisaged are

larger and mo re complex than the state of the art

today. Inev itably this w ill result in an increase

in the first cost of the plant, an increased chal�
lenge in reliability and availability and more com�
plex operat ing procedures. Furthermore the

combined objectives of econom ic and environ�
mental performance make the decision pr ocess

much more dif ficult . T hese challenges w ill need

to be addressed when evaluat ing investment per�
formance.

In addit ion, for many o f these concepts

there is lit t le o r no relev ant operat ing experi�
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ence. So the select ion o f the best candidates in

w hich to invest scarce research and development

funds is dif ficult and uncertain. The risks are

high. Furthermore the impact o f lo cal condit ions

w il l have a large inf luence on the economic and

environmental performance of the pow er plants.

A detailed T ERA ( technoeconom ic env iron�
mental r isk analysis) is described. T his method

increases the visibility of the risks and enables

the user to compare and rank compet ing schemes

on a formal and consistent basis.

Cr anf ield U niversity has conceived and is

deplo ying such techniques w ithin the European

pow er and propulsion contex t. T he co re of the

TERA consists o f detailed plant and component

mathemat ical models. T hese models can be cou�
pled w ith env ironment , econom ic and risk mod�
els. T hey can be used to deliver a reasonably

clear view of the relat iv e risks and benef it s of

promising but uncer tain concepts. The object ive

of the TERA is to rank and select the best

schemes and ident ify risk so that inv estment re�
sources can be allocated eff icient ly.

The results of a TERA exercise can thus in�
form investors, legislato rs and o ther stakeho lde�
r s o f the best investments needed to achieve a

cleaner environment and hopefully accelerate the

accr ual of benef its f rom advanced low carbon

pow er and pr opulsion sy stems. This method of�
fers an independent and consistent evaluat ion

pro cedure to allow comparat ive studies of com�
plex systems encompassing to local and g lobal

condit ions. It allow s interested part ies to evalu�
ate po licy acro ss countries thr ough local and

global condit ions to show the competit ive advan�
tage of nat ions.

1 � The origins of the TERA

� � The Cranf ield team focusing on pow er and

propulsion has had a key interest in gas turbine

performance models for a very long time. Fo r

example w or k on complex energ y and pow er sys�
tems w as carried out w ithin a variety of contex ts

and for different customers. T his included w ork

on aero�derivat ive pow er generat ion plant[ 1] , use

of co al synthet ic gas[ 2�4] , w ork on degradat ion

and diagno st ics[ 5�6] , carbon mit igat ion studies
[ 7�8] , nuclear g as turbines[ 9] and other topics.

Much w ork carr ied out fo r indust rial cus�
tomers has not been published. This list in�
cludes r esearch on novel bot toming cycles, ad�
vanced hydrogen fuel cycles for pow er g enera�
tion, fur ther nuclear g as turbine w o rk, fog in�
ject ion, many types o f aircraf t engines, turbo�
machinery fo r renew able energ y sources, a novel

piston engine sy stem and others.

This inter est is coupled with w ork and ex�
perience on env ironmental issues and econom ic

performance, giv en that these are key select ion

criteria. It w as then natural, over the years, to

develop modelling techniques that encompassed

combined thermodynam ic, economic and envi�
ronmental alg orithms. These gave rise to a very

interest ing method, the TERA.

2 � Description of the TERA

� � Cranf ield is leading the development of the

TERA for many applicat ions. Within the Euro�
pean U nion context , the TERA for civ il aviat ion

is being deplo yed, w ith the suppo rt of several

leading Eur opean U niversities, for the pro jects

VITAL, NEWAC and DREAM . T hese focus on

advanced environment f riendly civil air craf t g as

turbines and partners include major aircraft man�
ufacturers, makers of gas turbines and propul�
sion systems plus research establishments, com�
ponent suppliers and universit ies.

� A version of the T ERA has been pro�
duced for the marine sector w ithin a project em�
bracing another tw o Brit ish leading univ er sit ies.

TERA methods are being developed for pow er

generat ion and the oil and gas indust ry in associ�
at ion w ith tw o major players in the energy f ield,

a pow er gener at ion company and an oil compa�
ny. Combined elements of some of these, and

other associated w or k, ar e descr ibed here to give

a f lav our of the T ERA and the range o f cur rent

applications.

3 � The power plant and the duty

� � T he co re o f the T ERA fr amew o rk r equires a
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detailed thermodynamic description of the pow er

plant capable of giving the o ff�design and, some�
t imes, the degraded performance o f the engine.

For these purposes, Cranfield U niversity has de�
ployed T URBOMATCH ( the Cranfield Univer�
sity , in�house, legacy gas turbine performance

simulat ion sof tw ar e) .

� In the case o f a v ehicle ( aircraft or ship) ,

a mathemat ical model o f the vehicle is necessary.

Consequent ly Cranfield U niv ersity have devel�
oped an aircraf t model ( HERMES) and a ship

model ( POSEIDON) .

� T he case study described below is related

to a marine TERA framew ork applicat ion and is

based on the ship analysis described in Ref.

[ 10] . T he pr opeller data, the ship s anatomy

and the engine design po int data ar e summarised

in Table 1, Table 2 and T able 3 respect ively.

Table 1� Propeller data [ 10]

Parameters Data

P ropeller diameter (D p / m) 5. 1

Pit ch diameter r atio (P/ D p) 1. 154

Expanded ar ea r atio ( A E / A 0 ) 0. 763

Propeller ro tational speed ( N prop / ( r / min) ) 150

Number of blades (N blade ) 5

Open w ater efficiency ( �op) 0. 695

Table 2 � Ship anatomy [ 10]

Parameters Data

Length at w ater level ( L w l/ m) 185. 55

Max imum beam ( B/ m) 25. 0

Average design draft ( T / m) 6. 4

Block coefficient ( Cb ) 0. 55

M id�ship coefficient (Cm ) 0. 93

Water plane coef ficient (Cwp ) 0. 69

Serv ice speed ( V s / knot s) 29. 0

Froude number ( Fn) 0. 3469

Displacement ( S/ tonnes) 17000

Wetted sur face ( Sw / m2 ) 4950

Table 3� Engine design point data [10]

Parameters Data

Gas turbine rat ing ( PPT ) ( ! 2/ MW) 25

Turbine entry temperatur e ( T ET / K) 1500

Compressor pressur e ratio (P Rc) 17. 8

Intake mass flow (W i/ ( kg/ s) ) 68

Exhaust mass f low (W e/ ( kg/ s) ) 69. 5

Exhaust g as temperature ( T exh/ K) 829

Thermal efficiency ( �th ) 0. 374

Specific fuel consumption ( S FC/ ( g / kWh) ) 224

Specific pow er ( cp / ( M J/ kg) ) 0. 367

Addit ionally, an input of the t ime domain of

the mission is required. This can be a descript ion

of the f light details ( m ission prof ile) of an air�
craft , the journey o f a ship, the daily duty of a

pow er station and other s. In the case of the ma�
rine applicat ion, a comparison of a jour ney in the

fo llow ing three differ ent scenarios w as exam�
ined:

∀ S1: Calm sea and # clean∃ ship

∀ S2: Stormy sea and # clean∃ ship

∀ S3: Stormy sea and fouled hul l

The eng ine rating w as based on hot sect ion

temperature. T he outcomes of the three scenari�
o s ar e illust rated in Fig. 1 and Fig . 2.

F ig. 1� Engine pow er and ship speed char acteristic

Fig. 1 show s, for S1 ( the calm sea with

# clean∃ hull scenario) a departur e in the middle

of the morning and a journey, w here the ship

t rav els at a constant speed and the pow er re�
quired fr om the pow er plant is alw ays the same.

For this scenar io , F ig. 2 show s the change of

turbine entry temper ature needed to of fset the

ef fect of changing ambient temperature during
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the journey. T he fuel f low is also show n. T here

ar e some small variat ions in fuel f low , no t dis�
cernible in the g raph, due to the small changes

in thermal ef f iciency arising from the change of

pow er set ting of the engine.

Fig . 2 � Gas turbine eng ine fuel flow and TET

char acteristic

Scenario S2 show s the ef fect of a storm that

takes place during the journey. The ship leaves

harbour and nearly immediately a storm starts.

This hampers the pro gress o f the ship. To keep

the serv ice speed, the engine needs to deliver in�
creasing ly higher levels of power. At 1 800 hours,

the max imum pow er o f the engines is needed.

From 1 800 to 2 400 hours the engine is run at

maximum pow er. T his max imum pow er increa�
ses because as ambient temperatur e falls , an en�
g ine rated on temperature delivers higher pow er.

How ever this max imum pow er is no t enough to

allow a constant ship speed to be maintained.

The ship speed thus falls to slight ly below 19

knots. As the storm abates, the ship speed

starts to rise gradually to the ser vice speed of 29

knots. When this is reached, the eng ine pow er

is g radually reduced g iven the lessening r esist�
ance f rom the r ough sea. When the ship arr iv es

in por t after a slight ly longer journey, the sea is

calm again.

In scenario S3, the hull of the ship is

fouled, therefo re at any speed it presents a high�
er resistance to the mo tion o f 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 pow er 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 low er speed than that o f S2.

For each of the three scenarios, the fuel

consumed and the journey t ime is summar ised in

Table 4.

Table 4� Fuel consumed and journey times [ 10]

Scenar io Fuel consumed Journey time

S1 93. 3 t onnes 20 h 41m in

S2 106. 7 tonnes 21 h 56m in

S3 113. 3 tonnes 22 h 04m in

4 � The economic and risk analysis

� � The information obtained above can then be

used to carry out an economic analysis. T he eco�
nom ic analy sis example discussed in the case

study below w as carried out fo r a combined cycle

gas ( CCGT ) turbine pow er stat ion and is show n

in Fig. 3.

Fig . 3 � Economic analy sis- combined cycle g as

turbine ( CCGT ) investment

The pow er plant analysed w as a state of the

ar t gas tur bine and its associated steam system.

Four scenarios w er e examined. T he f ir st ( Case

A) is a reference scenario. It exhibits the usual

shape of a large investment . For the first few

year s, a large increasing negat iv e cash f low is

exhibited. During the thir d year, it r eaches the

nadir and as the pow er�plant produces electr icity
that is sold, revenues accrue and the cash f low

curve g radient becomes posit iv e. In the sixth

year , the investment has broken even and star ts

to produce a prof it . T he discont inuit ies in the

curve show the year in w hich heavy maintenance

takes place. In these year s the plant is shut
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down, less revenue is produced and a larg e ma�
intenance payment is made. T he other thr ee sce�
narios examined w ere:

∀Case B- Em issions tax

∀Case C- Fast fuel cost inf lat ion

∀Case D- H igh operat ion and maintenance co st

These three scenar io s show how the per�
formance of the investment deg rades w hen the

realit ies o f the project economics are dif ferent to

those projected in the reference case.

It w ould be, of course, possible to analyse a

vast number of scenar io s to explore different

sensit iv it ies o f the project . The alternat ive a�
dopted at Cranfield U niv ersity w as to use sto�
chast ic methods and to associate probability dis�
t ributions to key inputs such as the:

∀Elect ricity pr ice

∀ Fuel cost

∀Operat ions and maintenance costs

∀ Interest rate

∀Other relev ant factors

The outcome of this stochast ic analysis is

show n in Fig . 4. Here the frequency and the cu�
mulat ive f requency of the outcomes in terms of

F ig . 4� Risk analysis- CCGT investment

net t present v alue ( N PV ) are show n. For exam�
ple, the fr equency dist ribut ion show s that the

probability of achieving a N P V of about US $

600m is about 0. 3 or 30% . The cumulat ive f re�
quency cur ve show s that the probability of hav�
ing a posit ive N PV is larg er than 80%.

5 � The environment analysis

� � The information yielded by pow er sy stems,

such as those described earlier, can also be used

to produce emissions predict ions. T he example

presented in the case study which follow s,

( based on Ref. [ 11] ) , is that of a round trip of

a large civil t ranspo rt fly ing betw een London and

Tokyo. The frequency is ten flights per day . An

appropr iate aircraft model w as produced. T his

w as linked to en engine model created in T UR�
BOMAT CH and coupled to a combustor model

to predict emissions of different types. The air�
craft engine combinat ion w as coupled to a w orld

w eather model. T he f lights w ere segmented into

t ime intervals to ref lect changes in ambient con�
ditions and the w eight and alt itude o f the air�
craft .

A typical outcome is show n in Fig . 5. T his

show s the spread of one o f the pollutants af ter a

year of the day w hen the f lights to ok place. The

tw o higher concentrat ions of NO x corr espond to

the need to run the engines at high temperatures

in the take�of f at London and T okyo.

F ig . 5 � NO x emissions in par ts per tr illion- volume

( pptv ) fo r a London- T okyo round t rip

6 � The optimisation

� � Ano ther v er y useful feature that can greatly

st reng then the applicat ion o f the TERA frame�
wo rk is the inclusion of an opt imisat ion pr ocess

to compare pow er plants opt im ised for a part icu�
lar duty, to ensure that each contender is ex am�
ined in its best light . Fig. 6[ 12�13] show s a sche�
matic diagram of the optimisat ion pr ocess. Fo r

the example described, in the case study which

fo llow s, the gas turbine cycle is opt im ised.
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Fig. 6� Scheme o f the optimisation pr ocess

Fig. 6 show s the relat ionship betw een the

opt imiser and the technical modules. The opt i�
miser r eceives output information fr om the eval�
uat ion of the concept under invest igat ion. T his

informat ion pro vides the basis on which a con�
cept w ill be judged and it may include fuel burn,

economic results and em issions informat ion. The

opt imiser w ill evaluate these against an object ive

funct ion and compar e the results obtained w ith

results f rom earlier iterations. It w ill then return

appropr iate data to improve the input facto rs fo r

the process, for ex ample the design point cy cle

parameter s such as pressure ratio, bypass rat io

and other s.

Tw o examples of such an opt im isat ion are

show n in the case studies w hich follow. The

first, ( F ig . 7) show s how an opt imisat ion can

deliver a detailed t rade�of f study. In this case,

as the objective function changed fr om one heav�
ily w eighted in fav our of S FC ( specific fuel con�
sumpt ion) to one favouring the reduction of

global w arm ing po tent ial ( GWP ) a curve of op�
t ima w as produced. The curv e show s the locus

tr aced by the opt ima as the object ive funct ion

changes. It can be observed that, init ially, fo r a

relat ively smal l rise in S FC there is a useful re�
duct ion in global w arming potential. T his arises

because the opt imum pow er plant has a pr ogres�
sively low er combust ion exit temperature w ith a

consequent reduct ion of thermal ef ficiency and

an increase in SFC. This low er combust ion tem�

perature also gives a low er NOx signature. It is

this signif icant reduct ion in N Ox that bring s a�
bout the reduct ion in GWP , o ff set ting the in�
creased CO 2 ef fect result ing f rom higher SFC.

As eng ines w ith prog ressiv ely low er combusto r

ex it temperature ar e considered, the benef it be�
comes progr essively smaller.

Fig . 7 � T rade�off study of a civil turbofan

�SF C ( % ) is the increase in SFC , �GWP ( % ) is

the change in g lobal warming potential (GWP)

A result of the second opt imisat ion case

study is show n in Fig . 8, w hich illustr ates the

comparat ive benefit s of the fo llow ing tw o pow er

plants:

∀ Intercooled recuperated

∀ advanced convent ional

The examination is car ried out for aircr af t

fo r dif ferent sizes. Scale factor 1 corresponds to

a long range passenger air craf t of about 400

tonnes take�of f max imum weight. The scale fac�
to r indicates the denominato r w ith w hich the

mass o f the aircraf t is divided to ident ify the size

of the cor responding smaller aircr af t . So for ex�
ample a scale facto r of 2 indicates an aircr af t of

1/ 2 the size, i. e. about 200 tonnes.

The pow er plants were opt im ised for each

aircraft size. What the results show is that, fo r

the same techno logies, the interco oled recupera�
ted pow er plant is more eff icient for the smaller

aircraft . Conventional engines, due to their small

cor e size need to be designed w ith relat iv ely low

pressure rat io s. For larger aircraf t , the conven�
tional turbofan can benef it f rom higher pressure

ratios result ing in a higher thermal eff iciency and

low er 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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Fig . 8 � Civil air craft propulsion: compar ison

o f ICR and conventional turbofans:

� � ∀ ACSF is the air craft scaling factor

� � ∀ �FWT ( % ) is the change in block fuel weight

� � ∀ K W is a technolog y facto r

T he above exer cises g ive a f lavour of the

type of analy sis that can be carried out through

the deplo yment of appropriate TERA methods.

The cases presented illust rate the results that

can be obtained fo r specific pow er and propulsion

systems in land, sea and air applicat ions.

7 � Conclusion

� � T his document out lines a descript ion of the

TERA ( technoeconomic environmental risk a�
nalysis) for advanced pow er systems. T his

method, developed by Cr anf ield, can consist of

three lay ers of models. The first ( and mo re com�
plex) consists of the suite o f per formance models

of pow er plants. T he second incor porates emis�
sions, env ir onment and economic models. The

third contains tw o aspects of risk analy sis, tech�
nolo gical and econom ic.

The availability of this method makes an

early contribution to a complex decision pro cess

in expensive products w ith a long life cycle. The

TERA o ffers increased conf idence that resear ch

investments and pow er plant select ion decisions

ar e made in a systemat ic and consistent manner

taking into account local condit ions.
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