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Abstract: With the increasing demand fo r electricity, an efficiency improvement and thereby reduced CO2 emis�

sions o f the pow er plants ar e expected in o rder to r each the goals set in the Kyoto proto col. In compar ison to

conventional systems, t he hybrid�systems wit h the use of synerg etic effects offer t he possibility to pro vide a

subst antial contr ibution to spare our natural resour ces and pro tect our envir onment.

Combined Cycle Pow er Plants belongs innately hybrid sy st em in the cent ralized energ y ma rket. They can

prov ide larg e amounts o f pow er and have a quick sta rt�up time. The MGT / FC hybr id sy stem is quite pr omising

in the decentr alized energ y ma rket. It is w idely used in stand�alone applications. Fur thermore, the combination

of fossil and renewable pow er plant techno lo gies contains a lar ge synerg y potential to increase the efficiency o f

pr ocesses for power plants.

New materials, innovativ e coo ling technolog y, new combustion concepts and optimized production methods

are needed to make the potential of these new technolog ies accessible fo r a quantum leap in the efficiency . For

this it needs considerable r esear ch w ork and good coordinated research projects bet ween the state, industr y, re�

search labo rato ries and univer sities.
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Nomenclature

CH P � � combined heat and power

EU European Union

FC fuel cell

MGT micro gas turbine

PAFC phospho ric acid fuel cell

PEFC proton exchange fuel cell

SOFC so lid ox ide fuel cell

Introduction

Energy is the source of general w ell being

and provides the standard of living in every

countr y. T he energ y product ion itself is faced

w ith the increasing ly st ring ent emission regula�
t ions to safeguar d health and preserve the envi�
r onment for future generat ions.

With the increasing requirement of electr ici�
ty , an eff iciency improvement and thereby re�

duced CO 2 emissions o f the pow er plants are ex�
pected in or der to reach the goals set in the Kyo�
to pro to col. For Germany, the cur rent pr edict ions

assume that 20% more elect rical power w ill be

generated in 2020 using about the same amount

of fuel as now and that o ver 50% of the pow er

w il l come from coal and lignite burning steam

pow er plants. T he only w ay to achieve this is to

increase the eff iciency. T herefo re, new technolo�
g ies and new concepts, in combinat ion w ith an

increase in the eff iciency of systems for fossil

primar y energ y carries as w ell as renew able en�
erg y, have to be developed.

These new pow er plant techno logies and al�
ready used technolog ies should meet the criteria

to cope w ith the requirement o f gener at ing elec�
tricity , heat ing and cooling in the future. Most
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impo rtant requirement to such systems is the e�
conomical use of natural resources, w hich can be

guaranteed by increasing the ef ficiency of the

part pro cesses or components in part icular . The

reduct ion of the CO 2 emissions is another target

in ener gy conversion to improve the environmen�
tal compat ibility of the technolog y used. A t last

the energy conversion technolog y must have

sales opportunit ies on the w o rld market to just i�
fy the enormous amount of money fo r new and

further development
[ 1, 2]

.

Hybrid systems curr ent ly ar e a prom ising

w ay to meet the r equirements of the future ener�
gy market . T hey are dist inguished by the fact

that tw o dif ferent technolo gies w ill be used in

the same sy stem for the same purpo se. In the

case o f generat ing elect ricity, heat ing and/ o r

coo ling , tw o energy conversion technolog ies w ill

be combined w ith each other. The sub�processes
in the hybrid�sy stems are energet ically coupled,
instead o f running separately. Therefore, taking

advantage of synergy ef fects wil l be possible, a

combined ef ficiency, w hich is higher than that of

the sub�processes, can be achiev ed.
Combined Cycle Power Plants are innately

hybr id�systems in the centralized energ y market.
The combined cycle pow er plant is a combinat ion

of the gas turbine and the steam turbine, adding

to gether many of the advantag es o f the both.

They can prov ide larg e amounts of pow er w ith

their quick start�up t ime. T hey have a shor t de�
l iv ery time, a low heat rate, and the capital cost is

an ef fect iv e compromise betw een pure gas and

steam turbine plants. In combinat ion w ith an up�
st ream gasif icat ion plant , combined cycle pow er

plant techno logy can also be applied for non�con�
vent ional fuels such as coal, pet ro leum coke o r

liquid ref inery residues.

In the European Union ( EU ) , it has been

decided to deregulate the elect ric energ y market.

The dif ferent states o f the European U nion have

to realize this decision and are in different stag es

of t ransfo rming the mar ket . In Gr eat Britain, fo r

ex ample, the t ransformat ion w as star ted very

early w hereas the elect ric ener gy market in

France still is mainly centralized. Der egulat ing

the elect ricity market leads to the necessity of

smaller energy conver sion units that can pro vide

bo th electr icity and heat to the co stumer . The

market t ransforms to a decentralized mar ket

w ith new combined heat and pow er ( CHP) u�
nits. T he special mot ivat ion for the cho ice of

such an innovat ive technolo gy is, apart f rom reli�
able pow er supply, the opportunity to use the

thermal energy fo r heat ing o r for process�heat
w ith a very high level of fuel ut ilizat ion.

Hybrid systems containing a number of

pow er generat ion devices such as w ind turbines,

photovo ltaic, micro�hydro and/ or fossil fuel gen�
erators are g enerally independent o f lar ge cen�
tralized elect ric grids and are used in remote are�
as. T hese systems range f rom small systems de�
signed for one or several homes to very large

ones for remo te island g rids o r lar ge communi�
ties. T hey are seen as a w ay to pro vide pow er to

the many remo te communities in the developing

w orld, w here the costs for lar ge scale expansion

of elect rical gr ids is prohibit ive and the t ranspo r�
tat ion co sts of diesel fuel are also v er y high.

Both micro gas turbines ( MGT ) and fuel

cells ( FC) w ith an elect ric pow er range up to

some 100 kW could be such units to cover the

heat and elect ricity demands of r esident ial es�
tates and small indust rial areas. MGT/ FC hy�
brid�sy stems could be a promising ener gy provid�
er in stand�alone applications. A very high relia�
bility of the energy conver sion system is deman�
ded.

The combinat ion of fossil and renew able

pow er plant techno logies contains a larg e syner�
gy potential to increase the eff iciency of proces�
ses fo r pow er plants. Further invest ig ations may

fo cuses on gas turbine and so lar thermal plants,

gas turbine and fuel cell plants, g as turbine and

w ind pow er plants, steam turbine and geother�
mal plants as w ell as steam turbine and solar

thermal plants.

1 � Combined cycle power plant process

� � The combined cycle pow er plant process be�
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long s to the g roup of hybrid�systems, as show n
in Fig. 1. Such pow er plants could consist o f g as

turbines, which ar e coupled to steam turbines by

a w ater�steam�cycle. By using the w aste heat of
the gas tur bine for the steam gener ator of the

steam turbine process, a high synerg etic effect is

reached. Now adays the highest ef f iciency of this

energy conversion process on the base of natural

gas in commercial use is 58%. The availability of

such systems is clearly over 98%. Research w ork

fo r development of new high temperature mate�
r ials and cooling technolog ies in combinat ion

w ith new materials and st ructures can lead to a

ef f iciency of 65 to 70% w ithin the next 5 to 10

year s
[ 3]
.

F ig. 1� I llustr ation of a combined cycle

power plant pr ocess

By increasing the eff iciency of pow er plants,

no t only that of the individual components, but

also that of the interact ion betw een the compo�
nents, an impo rtant cont ribut ion to the preserva�
t ion o f natural fuel resources and reduction of e�
missions can be made. At present modern natural

gas fired combined gas and steam turbine pow er

plants can achieve total ef ficiencies of up to

58% . T his implies turbine inlet temper atures ( as

defined in DIN ISO 4341) of appro ximately 1 230

� in g as tur bines and o f a max imum of 600 � in

steam turbines. With these f luid temperatur es

one already reaches or even goes beyond the lo ad

limits o f current ly applied materials, w hich

makes complex cooling technolog ies for the gas

turbines, sophist icated const ruct ions and revi�
sion manuals necessary , if o ne w ants to guaran�
tee a secure and long operat ing life.

The insight g ained so far suggest that, com�

pared to the present state�of�the�art tur bines
w ith ISO turbine inlet temperatures o f 1 230 �

and live steam temperatures of 580~ 620 � , the

operat ing par ameters o f future plants such as

temperature and pressur e should be considerably

increased.

To achiev e a to tal ef ficiency of 65% it w ill

be essent ial to realize gas turbines w ith combus�
tion chamber out let temperatur es of 1 520 � at a

pressure of 17 bars. T hese high pro cess parame�
ters can be contro lled by developing new materi�
als, including thermal barrier coat ing s, in combi�
nat ion w ith improved cooling technolog ies. Im�
provements to one component only , as e. g . just

the gas or steam turbine, will only achieve their

full po tential if these turbines are tuned to one

another as far as their pro cess parameters are

concerned. T he po ssibilities of increasing the op�
erat ing f luid temperatur es by so lely developing

the st ructural materials are limited both with

9% ~ 12% Cr�steels and w ith sing le�cr ystal nick�
el�alloys [ 4�6] .

Because of this the foundat ions for the inno�
vat ive design of the thermally and mechanically

highly loaded components for opt imized pr ocess

control have to be laid by the combined interdis�
ciplinary research of experts in f luid dynam ics,

st ructural mechanics, materials sciences and pro�
duct ion eng ineer ing.

This means for the gas tur bine the realiza�
tion o f mo re ef fect ive coo ling technolog ies that

also use less cooling f luid as, e. g. , ef fusion coo l�
ing for the combust ion chamber and the blading.

Effusion coo ling w ith a gaseous f luid can be seen

as the f irst step tow ards t ranspirat ion coo ling,

w hich is expected to yield even higher ef ficien�
cies due to the evapor at ion that is associated

w ith it .

In principle the ef ficiency incr ease of the en�
tire process is achiev ed by increasing the differ�
ence betw een the maximum and the minimum

process temperature. T his means that an increase

in turbine inlet temperatur es is sought as a con�
tribution to ef ficiency increase ( cf . F ig. 2) . It is

clear that for the gas turbine in particular impro�
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v ing only the st ructural mater ials w ill no t suff ice

to contro l the high oper at ional temper atures of

the ho t g as. Only by intensively cooling the high�
ly lo aded components, fo r example the blades in

the f irst turbine stage, g as tur bine inlet tempera�
tures of near or o ver the melt ing point o f super

alloys ar e made possible. The ef ficiency of all

coo ling technolog ies, i. e. impingement , convec�
t ion and film coo ling , has been improved during

all stages of their development [ 7�8] . T ranspir at ion

coo ling is expected as the advanced coo ling tech�
nolo gy in the long term.

F ig. 2� Efficiency dependence on the inlet

temperature of t urbine

Film cooling entails the risk of generat ing

( under special operat ing condit ions) local turbu�
lence, w hich can lead to overheating of the sur�
face. T hese ef fects, w hich reduce the life span of

a par t signif icant ly , should be avoided by reali�
zing effusion ( and in the future t ranspirat ion)

coo ling . The insights g ained so far in the re�
search at test that the potent ial risks can be re�
duced to a gr eat extent by applying porous

coo led st ructures.

Theoretically, apply ing ZrO 2 thermal barrier

coat ing s w ould make an increase in the turbine

inlet temperatur e of 150 K possible, but this po�
tential cannot be used at present, because the life

span of these coatings has no t y et been repro�
duced in a quant ifiable w ay. T his means that the

coo ling has to be designed in a w ay that enables

the st ructural material to w ithstand the local o�
verheating caused by the blistering of the ther�
mal bar rier coat ing for a certain period of t ime.

By changing to effusion cooling the tendency fo r

blistering should be reduced and at the same

time the r equired amount of cooling f luid should

be decreased. Both w ill help to increase the pow�
er plant ef f iciency . Only by combining effusion

and transpirat ion cooling respect ively w ith ther�
mal bar rier co at ings the envisaged eff iciency w ill

be at tainable.

Figure 3 show s the schemat ic conf igur at ion

of a tr anspiration coo led combust ion chamber

w al l. The st ructural material supplies the open

por ous intermediate layer w ith cooling f luid

through a number of chamber s. T he intermediate

layer is pr otected f rom the ho t g as by a permea�
ble thermal barrier coating. A t the sur face o f the

part , i. e. on the hot gas side, the cooling f luid es�
capes over the w ho le of the surface, thus ensu�
ring the development of a homogeneous cooling

film. The outer lay er of a futur e gas turbine

blade could be conceiv ed sim ilar ly to the com�
bust ion chamber w all. T here ar e tw o different

concepts that could realize such systems. On the

one hand hole f i elds consist ing of laser�drilled,
contoured holes are invest ig ated, on the other

hand open po rous metallic foams. A homogene�
ous cooling f ilm on the surface is achieved by the

specified contouring o f the ho les and their g eo�
metrical dist ribut ion. T he film inhibits the con�
tact betw een the coo led st ructure and the hot

gas[ 9�11] .

The method of the po rous st ructur es can be

realized by the fabric st ructures in the high�tem�
perature area of the steam turbine ( Fig. 3, low er

lef t part) . T he cooling steam could be guided fo r

a convective cooling of the component through

sealed porous cav it ies
[ 12]
.

For the ext raction of the condensed w ater in

the low�pr essure steam turbine a chamber sys�
tem could be r ealized as w ell. Fo r this, the con�
cept o f the cooling is turned around and the w a�
ter is guided through the porous lay er in the

chambers ( Fig. 3, low er right par t) .

2 � MGT/ FC hybrid system

MGT/ FC hybrid�systems up to 10MW could

be a promising energy prov ider in stand�alone
applications. They can be applied in resident ial

ar ea as w ell as in small indust ry , t rade and serv�
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F ig. 3� I llustr ation of t he coo ling and w ater ex traction technolg y in combined cycle pow er plant

ices o r public buildings. T hey o ffer an oppo rtuni�
ty for an env ir onmentally friendly electr icity

supply and, at the same t ime, a cooling and heat

supply w ith a high fuel ut ilization.

2� 1 � Basic concept of MGT/ FC hybrid system

Studies on plant concepts for SOFC/ GT�
systems have att racted more at tent ion re�

cent ly[ 13�16] . A hybrid system consisting o f a m i�
cro turbine and a SOFC ( So lid Oxide Fuel Cell)

achieves elect rical ef f iciencies that are compara�
ble to those o f large pow er plants and beyond,

especially in the case of direct integrat ion and

high SOFC�operat ing temperatures and turbine
inlet temperatures, as show n in Fig . 4.

F ig. 4� Relation betw een plant capacit y and elect ric efficiency

� � An MGT ( M icr o Gas T urbine) has a smal�
ler volume and w eight but also a low er ef f iciency

( about 30%) and larger emissions than a  nor�
mal! gas turbine. T her efore, an MGT wo rking as

a stand�alone dev ice generates not much benef it.
A fuel cell is a clean ener gy gener ator and has a

consider ably higher and constant ef ficiency even

at dif fer ent operat ing temperatures, but it s vo l�
ume is st il l ext remely large.

Normally , the fuel cell is a SOFC, w hich

w orks at temperatur es of about 950 � , so that

the temper ature level o f the exhaust heat is high

enough to be used fo r the operat ion of a micr o

turbine. At the same t ime the exhaust heat of the
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turbine can be ut ilized in the fuel cell for the pre�
heating of cathode gas and anode gas. T he fuel u�
t ilizat ion of solid o xide fuel cel ls lies in the range

of 80% to 85%. T her efore, a further enhance�
ment o f the ef ficiency is possible by an addit ional

combust ion o f the fuel cell exhaust in the com�
bust ion chamber o f the turbine. This means that

hybr id MGT / FC systems could be a prom ising

technolo gy fo r the decentr alized pow er supply.

Mo re research needs to be done in or der fo r the

FC to increase the specif ic output and decrease

its vo lume.

It should be mentioned that the est imated

ef f iciency o f PEFCs and PAFCs are both some�
what higher than the field test r esults fr om the

DoD ( Depar tment of Defense ( U K) ) , w hich are

marked as gr een do ts in Fig. 4.

2� 2 � Application of hybrid system

The w orld∀ s f irst SOFC/ gas turbine hybr id

sy stem w as deliver ed to Southern California Edi�
son for operation at the U niversity of California,

Irvine∀ s Nat ional Fuel Cell Research Center . The

hybr id sy stem includes a pressurized SOFC mod�
ule integrated w ith a m icro turbine/ g enerato r

supplied by Inger soll�Rand Energy Systems

( formerly Nor thern Research and Engineering

Corp. ) , as show n in Fig . 5. T he sy stem has a to�
tal output of 220 kW, w ith 200 kW from the

SOFC and 20 from the micro turbine gener ator.

This sy stem is the f irst�ever demonst rat ion of
the SOFC/ gas turbine hybrid concept . T he sys�
tem w as tested at the NFCRC to determine its

operat ing characterist ics and operat ing parame�
ters. T ill January 2002 the system had operated

fo r 900+ hours and had demonstr ated 53 % e�
lectr ical ef ficiency. Eventually, such SOFC/ GT

hybr ids should be capable of electr ical ef ficien�
cies o f 60% ~ 70% .

F ig . 5� Wor ld∀ s first hybrid SOFC/ MGT system

2� 3 � Integration of MGT and SOFC via heat

exchanger

� � T he simplest fuel cell/ gas turbine cycle con�
sists of a coupling of the tw o components by a

heat exchanger. In this case the fuel cell exhaust

gas heats compressed air in the micr o gas turbine

recuperator, as show n in Fig. 6. As this concept

leads to high temper atures at the recuperator ex�
it , there is only small addit ional firing necessary

to r each the nominal turbine inlet temper ature,

pro vided this is in the same range as the temper�
ature of operation of the fuel cell. T he high tem�
peratures that o ccur in the recuperator r equire

special materials, how ever, part icularly high tem�
perature allo ys o r expensive ceramics[ 17] . T here

is st ill the need to develop inexpensiv e and heat�
resistant materials, result ing in components with

a suff icient life�span. The same problem occurs

at the interconnect ion betw een SOFC and recu�
perato r. An addit ional problem in this area is the
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necessity for adapting the coo ling system of the

combust ion chamber w alls to the elev ated tem�
peratures of the entering gas. Often the combus�
t ion chamber is kept in operat ion af ter the int ro�
duct ion of the fuel cell exhaust g as into the

pro cess. This is done in order to reach the max i�
mum turbine inlet temperature. But then the f ilm

coo ling of the combust ion chamber w alls has to

be modif ied in such a w ay that the adm issible

material temper atures are met. Otherw ise, also in

this area new materials have to be applied. An�
o ther possibility is to om it addit ional combust ion

and to accept low er turbine inlet temper atures.

F ig. 6� I nteg ration of a micr o turbine and

an SOFC by a heat ex changer

With a recuperat ive combinat ion of an

SOFC and a m icro gas tur bine an elect rical eff i�
ciency of 53% is obtained, if an SOFC tempera�
ture of 950 � at a turbine inlet temper ature of

920 � and a pressure rat io of 6� 5 are assumed.
An increase in the gas turbine inlet temperature

by addit ional f iring in the combust ion chamber of

the gas turbine leads to a loss in ef f iciency , as

part of the fuel is only ut ilized in the gas tur�
bine. If the allowable turbine inlet temperature is

below 920 � , the exhaust heat of the fuel cell is
only part ial ly ut ilized and the ef ficiency w ill de�
crease. This leads to the opt imum of eff iciency at

920 � . An increase in the SOFC temperature

causes a moderate augmentation of the electr ical

ef f iciency ; due to the higher operation tempera�
ture the air surplus at the cathode of the fuel cell

decreases. If future development of mater ials

technolo gy fo r micr o tur bines w ith turbine inlet

temperatures of 1 500 � is assumed, this w ill

lead to sy stem ef ficiencies as repr esented in

Fig. 7. T he graphs demonstr ate that the high e�
lectr ical eff iciencies of SOFC/ MGT�sy stems in�
tegr ated via heat ex changers require increased

SOFC�operat ing temper atures, w hereas higher

turbine inlet temperatures obtained from addi�
tional firing reduce the eff iciency of this plant

concept over the entire invest ig ated r ange. Pr es�
sure optima of sy stems without addit ional f iring

F ig . 7 � Integr ation of SOFC and MGT by heat

ex changer: Influence of g as t urbine pressure

ration and turbine inlet temperature on

efficiency ( SOFC�oper ating temperatur es

ar e 950� and 1 000 � [20] )

ar e shif ted to low er values compar ed to other

studies conducted by e. g . Winkler & Lorenz,

2000
[ 1 8]
. T he reason for this is that addit ional

losses due to higher�pressure rat io s �par ticularly
on the m icro gas turbine side� were taken into
account here.

When the SOFC and the MGT are coupled

by a heat exchanger, pow er�to�heat r at ios of up
to 2� 1 are realizable at a max imum SOFC �tem�
perature o f 950 � and at an exhaust temperature

of 90 � at the stack. At SOFC operat ing temper�
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atures and turbine inlet temperatur es of 1 000 �

this coeff icient incr eases to a value of 2� 43 be�
cause of the enhanced elect rical ef ficiency of the

system . A larg e variety of pow er�to�heat rat ios
presuppose the possibility of separate oper at ion

of the fuel cell and the m icro gas turbine, w hich

is facilitated by bypass pipes and valves.

2� 4 � Direct Integration of MGT and SOFC

An alternat iv e to combining a fuel cell and a

micro gas turbine is the direct integ ration of the

tw o components. If this is the case, the SOFC

can be operated at higher pressur e, w hich is ben�
ef icial fo r its ef f iciency and exeget ic losses at

heat ex changers ar e reduced. T his configur at ion

of fers an elect rical eff iciency of 56� 6% , assuming
a convent ional tur bine inlet temperature and an

SOFC oper at ing temperature of 950 � . T his re�
sult is in agreement w ith other studies based on

state�of�the�ar t techno logy . T he plant concept
fo r this configurat ion is show n in Fig. 8.

Fig. 8 � Direct integr ation o f a micro turbine

and an SOFC

The fuel cell exhaust g as st ill contains 15%

to 20% of the o riginal fuel as residual combust i�
ble substances. T hese can be ut ilized for further

temperature increase before the hot gases ar e ex�
panded in the micro gas tur bine[ 19] , yielding a

temperature gain of 160 � at reference point op�
erat ion ( T SOFC= 950 � ,�= 6� 5) .

This operat ing point represents the basic

condit ion on which further parameter variat ions

of design point operat ing par ameters ar e based.

Compar ed to the or ig inal concept , w here residual

fuel is bur nt for addit ional internal cathode/ an�
ode gas pr eheat ing, this alternative design re�

quires incr eased internal anode and cathode gas

recirculat ing for temperature equalizat ion.

Part icularly at higher SOFC operat ing tem�
peratures and intermediate to higher pr essure ra�
tios a signif icant increase of ef f iciency can be ob�
tained compared to the orig inal concept ( F ig . 9) .

In the lef t g raph of F ig. 9, an opt imum o f eff i�

F ig. 9� Direct integ ration o f SOFC and MGT by heat

ex changer: inf luence of g as turbine pr essure r at ion

and t urbine inlet temperature on efficiency

( SOFC�operat ing temperatures at

950 � and 1 000 � [20] )

ciency of the system w ithout addit ional f iring

should be expected below the pressur e range un�
der invest ig at ion. For all scenarios assum ing ad�
ditional f iring in the gas tur bine combustor , the

ef f iciency increases w ith pressure. T he reason fo r

this behavior is that a larg er po rt ion o f the fuel

is added in the fuel cell rather than in the gas

turbine combustor. This is reflected by an in�
crease o f temperature augmentat ion by residual

fuel combust ion compared to the above�men�
tioned basic condition. It leads to a bet ter fuel u�
tilizat ion at giv en turbine inlet temperatures.

572



� 第 4 期 Dieter Bohn: H ybrid system�a prom ising w ay solving fut ur e ener gy pr oblems

The addition of conventional fuel should be

limited to a minimum amount , in or der to max i�
mize the ef f iciency gain. This requires appropri�
ate burner systems, w hich avo id f lashback and

ensure stable premixed combust ion w ith a low a�
mount of aux iliar y fuel.

2� 5 � Efficiency improvement of the MGT/ FC

hybrid system

� � For small plants ( taking into account that

the plant should be as simple as possible ) , the

highest ef f iciency potent ial is of fered in the long

run by a direct connect ion betw een a micro gas

turbine and an SOFC w ith an internal methane

reformation. F igure 10 show s an ef ficiency po�
tential of app. 73% fo r the new techno log y. For a

turbine inlet temperature of 1 300 � the opt i�
mum SOFC�temperature is 1 060 � and this co r�
r esponds to the current upper lim it . In such a

pro cess, the ener gy o f the fuel that is not conver�
ted in the SOFC w ill be ut ilized to increase the

temperature of the hot gases enter ing the SOFC.

Fig. 10 � Influence of the component efficiency

im provement to the to tal efficiency incr ease

It is show n in Fig. 10 that for a turbine inlet

temperature o f 1 500 � the opt imum SOFC�tem�
perature lies at 1 120 � ; this g oes beyond the

current state�of�the�art max imum material tem�
peratures. Current development t rends in the

realm of SOFC fuel cel ls show no tendency to�
wards higher temperatures, but on the contr ary

to a reduct ion of these temper atures. T he reason

behind this is that at the moment the primary

aim is a quick reduct ion in investment costs. T his

Fig . 11� H ybr id�sy stems w ith fo ssil and r enew able

power plants and boundary condit ions for

ener gy supply sy stems

means that the start ing point fo r the show n eff i�
ciency potent ial is not g iv en at the moment. It is

expected that the total ef ficiency for the direct

integrat ion hybrid system w il l reach 75% in the

futur e.

3 � Synergy potential of fossil and

� renewable power plant technologies

� � The combinat ion of fossil and renew able

pow er plant techno logies contains a larg e syner�
gy potential to increase the eff iciency of proces�
ses for pow er plants. T he involved sub processes

do not operate separately, but w ith ener get ic

coupling, so they are called  hybrid�systems!.
The most important requirement to such

sy stems is the pr otection of natural resources

and reduction of associated emissions, w hich can

be ensured part icularly due to the use of renew�
able energ ies as w ell as the increase of the over�
all eff iciency of the invo lved systems and compo�
nents.

Due to innovat ive and ef f icient pr ocess man�
agement high temper ature heat f rom concentrat�
ed so lar systems can be used to reduce the fuel

consumpt ion of gas turbines. Furthermore a high

temperature fuel cell plant can be integrated as

heat resour ce into a gas tur bine pro cess. Fo r

maximum overall ef ficiency the combustor of the

gas turbine has to be replaced by a high tempera�
ture fuel cell.
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The heat in a w ater steam circuit can be

supplied by solar thermal or fuel cel l pow er

plants to provide heat for the high temperature

pre�heating of the feed w ater. The low�pressure
pre�heating can be r ealized using the coupling
w ith geothermal pow er plants. The ex t ract ion

steam , w hich is used in convent ional steam pow�
er plants for heating the feed w ater, can now be

used for additional energ y conver sion in the

steam tur bine, w hich leads to a pow er increase

and therew ith to an ef ficiency increase w ithout

using mo re fuel.

The integ rat ion of w ind pow er plants w ith

the hybrid� pr ocess of fers useful synergy po ten�
t ial in tw o dif ferent w ay s:

# U sing ingenious dynamic automatic con�
t ro l systems, w ind pow er plants should stay lon�
ger at the pow er g rid even at low and high w ind

speeds.

# Low frequency and pow er f luctuat ions in

the grid must be guaranteed by a high�quality
and fast gas tur bine automatic contr ol mecha�
nism .

Achieved results of the research field of

w ind pow er plants can be t ransferred to the pro�
duct ion of high st rain and ex t remely light blades

in gas turbine compressors, i. e. using text ile

composites.

Therefore the fo llow ing items have to be in�
vest ig ated in a hybr id�system w ith fo ssil and re�
new able pow er plants:

# Integ rat ion of so lar high temperature heat

in a natural g as�f ired gas turbine.
#Hybrid�sy stem gas turbine and SOFC�fu�

el cell.

# T echnical and econom ical potential of ver�
t ical w ind pow er plants.

# Coupling of geo�thermal plants w ith a

steam turbine plant .

# Coupling of solar thermal plants w ith a
steam turbine plant .

# Model based development and process

management techniques w ith special care of

technical parameters and boundary condit ions fo r

energy supply systems.

4 � Economy of the new technology

In o rder to be able to establish the new

technolo gies against ex ist ing systems, it must be

guaranteed that the future sy stems meet the eco�
nom ical demands. In the long run, new energy

conversion systems can only be established on

the mar ket if cost�covering operat ions ar e possi�
ble.

The specif ic investment co sts of a pow er

plant based upon new technolog ies are higher

w hen the pow er range of the facility is low er, as

show n in Fig . 12 in the next page. In addit ion to

this, the specific investment costs o f innovat ive

concepts like pho to voltaic and fuel cell technolo�
g ies increase drast ically compared to convent ion�
al and w ell�engineered ener gy conversion sys�
tems like gas turbine technolog y or combust ion

engines.

In Fig. 13 po ssible steps fo r the intr oduct ion

of a new technolog y in the ex ist ing energy mar�
ket are illust rated. In the f ir st step, the high spe�
cific investment costs have to be subsidized. E�
ventually , measures for cost reduct ion must be

applied. T his could be the utilizat ion of alterna�
tive and cost�saving materials o r the intr oduct ion
of new product ion techniques to achieve higher

quant ities and, thus, a co st reduct ion by mass

product ion. Operat ional r eliability and availabili�
ty are considered very impo rtant issues as w el l.

F ig. 12 � Specific investment costs and typical
pr imary ener gy sources fo r energ y conver sion
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Fig. 13� Steps tow ards the int roduct ion of new

techno log ies in ex isting markets

5 � Summary

In comparison to convent ional sy stems, w ith

the use o f synerget ic effects, hybrid�systems of�
fer the possibility to prov ide a substant ial cont ri�
bution to spar e our natural r esources and im�
prove our environment. It could be a prom ising

w ay to solv e the future ener gy pr oblem.

The combined cycle pow er plant belongs to

the classic hybrid�sy stem and is w idely applied to
meet the requir ements o f the centr alized energy

market . Now aday s the market has a tendency to

tr ansform to a decentralized market w ith new

combined heat and pow er ( CHP) units. Hybr id

systems containing a number of pow er g enera�
t ion devices such as w ind turbines, photovo ltaic,

micro�hydro and/ or fossil fuel generators ar e de�
veloped to meet such trend. An MGT / FC hybrid

system is a typical system for stand�alone appli�
cations. Furthermore, the combinat ion of fossil

and renew able pow er plant technolog ies contains

a large synergy potent ial to increase the ef ficien�
cy of processes for pow er plants.

The insight gained so far in research has

show n that new materials, innovat ive cooling

technolo gy, new combust ion concepts and opt i�
mized pr oduct ion methods are needed to make

the po tent ial of these new techno logies accessible

fo r a quantum leap in ef ficiency. For this consid�
erable research w o rk and good coo rdinated re�
search projects between the state, indust ry , re�
search laboratories and universit ies is needed.

The consequent further development of eff i�
cient design and product ion pr ocesses is the nec�

essary base fo r the compet itive ability of such

highly technical systems.
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