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Abstract

This paper describes four novel virtually zero-esion three-stage automotive gas turbine
propulsion and/or dispulsion powertrains for palaliybrid-electric vehicles. In these
automotive gas turbines with oxy-fuel combustiae.(imethane in a nearly pure oxygen
environment), each including three turbine rotqesrating upon independent shafts, one
rotor is designed to drive the compressor or puomg, is designed to produce the main
part of the power output and the third rotor is@dd to aid the two first mentioned
rotors. Full-time and/or part-time exhaust gasroegation introduces exhaust gas or liquid
into the compressor’s air intake or the pump’sdilunlet of the compressor or pump
replacing some of the air or supercritical fluiespectivelyCopyright 2010 EVS25
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1. Introduction

The potential advantages afitomotive gas turbines(AGT) in vehicle applications
captured the fancy of the technical community frdma mid 1950s until the early 1970s.
Enthusiasm waned when it became apparent that ®Sdarch and developmen{R&D)
work was not keeping up with reciprocating interoambustion engine (ICE) improvements
especially in the area of fuel economy and manufagj cost.

However, the basic long-term advantages prediotedife AGT--very low emissions,
light mass (high power density), multi-fuel capdlil and customer appeal (smooth
vibration-free power delivery)--provided sufficienihcentive for further R&D work
to overcome the perceived deficiencies.

AGT technology has steadily advanced since itsptice and continues to evolve; R&D
is active in manufacturing very advanced AGTs. klméxhaust-emissions side, the challenge
in AGT technology is increasingrbine inlet temperature (TIT) while reducing peak flame
temperature to achieve lowaitrogen oxygen (NOx) emissions to cope with the latest
regulations. On another front, high-power macrdedsmics and low-power microelectronics
technology have enabled commercially viable AGTs/Ehicle powertrains.

During the years a number of different AGTs haverbelesigned foconventional
automotive vehicle(CAV) applications. Each one has been aimed &tbeharacteristics and
lower price.
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A conventional AGT, such as the Chrysler one [b-sists of two stages (see Fig. 1).
In the mid 1950s, Chrysler has tried two ways toppf the accessories in a two-stage AGT
powertrain: from the primary turbine shaft (firdsage) and from the power turbine shaft
(second stage). In the first case, the extra |olad o the acceleration lag, and in the second,
the accessory drive stops when the automotive leektops--to Chrysler added an automatic
transmission, one of the things that the AGT, tegacally, enables designers to do away with.

Figure 1: Conventional two-shaft AGT [1].

In the 1970s, at United Turbine AB in Sweden, asglilry to Volvo AB, thekronogard
turbine transmission (KTT) system has been developed [3]. Professon®lef Kronogéard
(see Fig. 2) added a third stage. Through an @igiystem of planetary gears, the third-stage
turbine supplies auxiliary power to the turbineshe first two stages [2].

L]

Figure 2: Prof. Kronogard with his three-shaft A3talled in a Volvo test automobile [2].

A conventional two-stage AGT dispulsion and/or dispn powertrain with its accessory
drive on the power shaft has poor torque, whichdsrion driveability problems. With its third
turbine, the KTT three-stage AGT powertrain getsuad all these difficulties [3].

For acceleration from low M-P compressor speed, gbeer surplus from the third
turbine is thrown toward the M-P compressor shiife planetary differential that distributes
the power flow from the auxiliary turbine also sesvto adjust the speed and torque
relationship between the M-P compressor shaft hadutput shaft so that the output always
corresponds to the vehicle requirement. This issdmmpletely automatically and with such
a fine degree of response that the need for of revesdional gearbox--or even a torque
converter--is eliminated.

Ceramic turbine wheels are about 25% smaller thamher AGTs of similar power. They
have less inertia, so they accelerate faster. Nornsmaller turbine wheels would mean
higher angular speed to maintain power, but the Kir€e-stage AGTs do not have to spin
faster because they are three instead of two.

The power turbine has a maximum value of rotatiepaled equals 70,000 rpm. The third
turbine doesn't just permit smaller turbine whedisand the associated planetary gearing
allow the KTT three-stage AGT to achieve twice stedl torque possible with other AGTSs.
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One more thing about the third-shaft turbine ig thdowers specific fuel consumption
at idle and part load--one of the big problems wither AGTs. The auxiliary shaft is allowed
to overrun the power shaft, propelling the accessat normal speed. And idle speed in the
gasifier system can be kept lower, with less fughg) injected, because it takes less time
to accelerate the lighter compression and primatyinie to maximum gas-flow velocity [3].

In the 1980s, at Cracow University of Technologywmiand, propulsion and/or dispulsion
powertrains, termed as the KTT three-shaft AGT plsipn and/or dispulsion powertrains
with theFijalkowski turbine boosting (FTB) system have been developed [3-7].

In the FTB system, the third-stage turbine propeisonly the accessories, i.e., fuel and
oil mechanofluidical (M-F) pump, etc., but also a superconductimechanoelectrical/
electromechanical(M-E/E-M) generator/motor, with energy that wouolitherwise be wasted.

This paper deals withxternal combustion enging([ECE) propulsion and/or dispulsion
powertrains, especially fohybrid-electric vehicles (HEV), which are novelvirtually
zero-emission(VZE) AGT or AGT/SOFC propulsion and/or dispulsipawertrains, includ-
ing transmission and auxiliary systems and, if seagy,solid oxide fuel cells(SOFC), and
briefly compares such propulsion and/or dispulgiomwertrains with reciprocatinipternal
combustion enging(ICE) counterparts.

VZE three-stage AGT/SOFC propulsion and/or dispugowertrains are ones in which
a heat engine, such as an AGT, is combined withhaat engine, such as an SOFC.

The importance of the AGT and AGT/SOFC propulsiowl/ar dispulsion powertrains
in overcoming some of the disadvantages of theieeaGT propulsion powertrain
iIs emphasized. The paper further describes the ofamacteristics of four novel AGT and
AGT/SOFC propulsion and/or dispulsion powertraiasigned and investigated by the author,
and underlines the substantial gains possible suith propulsion and/or dispulsion when
combined with present AGT advancements, therebyingathe VZE three-stage AGT and
AGT/SOFC propulsion and/or dispulsion powertrainst only competetive with, but,
in several applications, superior to that of th@peocating ICE propulsion powertrains.

In the VZE three-stage AGT or AGT/SOFC with oxy{fummbustion, i.e.methane
(CHy) in a nearly pur@xygen(O,) environment, each including two turbine rotorei@ing
upon independent shafts, one rotor is designedrit@ dhe mechanopneumatical (M-P)
compressor omechanofluidical (M-F) pump, one is designed to produce the maihgiahe
power output, variable transmission means beingigeal to interconnect the rotor shafts. On
the second shaft is installed M-E/E-M generatortmotvhich may be used not only for
propulsion and/or dispulsion of HEVs but also falarking and or braking an M-P
compressor or M-F pump.

Full-time and/or part-timeexhaust gas recirculation (EGR) introduces exhaust gas
or liquid into the M-P compressor’s air intake or-AMpump’s fluid inlet of the M-P
compressor or M-F pump replacing some of the aisupercritical fluid, respectively. This
has the effect of reducingtrogen oxide (NO,) emissions by reducing the in-combustor gas
or liquid temperatures. N(production is very temperature sensitive.

A recent paper has revealed some of the elemenite MfZE three-stage AGT propulsion
and/or dispulsion powertrain concepts. These poaiad were conceived primarily for HEV
applications.
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Special emphasis has been on resolution of thenchproblems associated with AGTs:
high-part load and idlspecific fuel consumption(SFC) thigh cost exhaust emissions and
acceleration lag. These difficulties have discoachgnd retarded early implementation
of production programs. The VZE three-stage AGRAGT/SOFC approach appears to have
potential to resolve or mitigate these problemthéopoint where serious consideration should
be given to production.

The purpose of this paper is to highlight the vélisaof the VZE three-stage AGT and
AGT/SOFC propulsion and/or dispulsion powertratesshow how such one can satisfy the
installation requirements of HEVs, and to indicég potential for use in multiple AGT
installations in railway applications [5]. AGT adaies have long believed that the inherent
compact, light mass and smooth operating charattsiof AGTs would ultimately give
them an important place in HEV powertrain markets.

The VZE three-stage AGT and AGT/SOFC propulsion@andispulsion powertrains have
been designed and analyzed. The important problesasahave been identified and
approaches to solutions formulated.

The VZE three-stage AGT and AGT/SOFC propulsion/@ndlispulsion powertrain
represents a new approach which offers considepablmise for AGT powertrains. Analysis
design to date n the VZE three-stage AGT or AGT2SQ®wertrain show it to have
a remarkable compatibility with the requirements IHEVs such as low idle and part load
SFC, zero exhaust emissions, rapid acceleratiooandost.

2. The KTT three-stage AGT for CAVs

In a conventional two-stage AGT (see Fig. 3a)hechanopneumatical(M-P) com-
pressor impeller draws air in and forces it througtating heat exchangers (heated by hot
exhaust gases). The heated, compressed air theasptsough the combustor where fuel
is continuously injected. Here the turbine is igdit

The rapidly expanding gases of the burning mixgass through the M-P compressor
turbine blades and then through the power turbiaéds, causing both turbine wheels to turn.
Power is transmitted to the automotive vehicle ulgiothe power shaft, through reduction
gears. The M-P compressor impeller is connected blgaft to the M-P compressor turbine,
so that air is continuously drawn in and compres$ell three-stage AGT (see Fig. 3b)
works basically the same, but has a third turbiheel: This auxiliary turbine is connected
to a shaft that rotates independently of the sec¢orimine shaft. The auxiliary turbine feeds
extra power (from otherwise wasted energy) badkédfirst and second turbines by a system
of planetary gears [1].

llllll

(a) (b)
Figure 3: Conventional two-stage AGT (a) and KTretistage AGT (b). [1].
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Schematic drawing (see Fig. 4) shows layout of iherbshafts and planetary gears.
Whenever third turbine produces more power thareeded to propel accessories, planetary
differential automatically channels it to whereain do the most good [1].
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Figure 5: Layout of turbines shafts and planetagrg for the KTT three-stage AGT [1].

The KTT three-stage AGT-powered automobile Volvasseasy to drive as a standard one
with automatic transmission--and even smootheresihe AGT makes no gear shifts. Starting
takes a little longer, maybe five second, and iotla@r second or so the gasifier shaft
is running fast enough to enable the unit to poder load. To stop, a driver turns off the key
and shuts off the fuel supply. The turbines coast lhalt, as a jet plane--but quietly.

There are no cold-starting problems. The coolerambient air, the better the turbine
likes it. Since it has no cooling system, it needsantifreeze. It needs no tune-ups, either.
Ignition is needed only to get the fire startedd dnen it burns continuously. Oil changes
aren’t necessary. The AGT consumes a little oil #seddriver simply top off the reservoir.

Professor Kronogard did not want to compromise faebnomy in any way, but
he particularly wanted a very compact AGT. And tban only be obtained with the highest
practical pressure ratio. The more the air is cesged, the less space it needs.

Three-stage AGT pressure ratios, unlike compressaiios, vary with its speed.
Maximum pressure ratio is reached at peak compresgsed--higher pressure ratios require
higher speeds, higher strength, and more expensaterials. Professor Kronogard settled for
a maximum pressure ratio of 6:1, which means thpa# load the KTT system is frequently
working at 3 or 4:1, near the optimum for fuel emmy in an AGT.

The KTT three-stage AGT is calculated to have eemiml SFC lower than today’s
stingiest diesel ICEs.

Why the big improvement brought about by the inti@itbn of ceramic parts? The
problem is TIT. The hotter the gas that enterstimary turbine, the more power ones get for
each fuel droplet. As a general rule, ones get% fi6e in power for each 311 K increase
in temperature.

But ones are talking about temperatures of 311505LK enough to soften even the most
exotic metal alloys. Ceramics such as silicon aetriand silicon carbide can withstand
temperatures of 811 to 1,505 K. Stationary hot-zzer@amic parts are possible now, and they
promise to come cheaply in the nearest future rdatrs are more difficult to fabricate and
make survive [2].

Consequently, Professor Kronogard aims to adogtnaerparts on a careful, piecemeal
basis, while not ignoring progress made in metgliand metal processing.
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Currently, AGT designers can go to air bearingsther hot-zone turbines. They run with
Y10 of the friction and don't need of any lubricatiosp seals are eliminated. They can
go to powdered-metal precision-rolled gears, amy twre thinking about laser-cutting and
laser-welding of the regenerator seals [2].

3. The VZE three-stage AGT for parallel HEVs

A close integration of the VZE three-stage AGT tlsabased on the FTB system with the
parallel HEV drivetrain functions is the basic idgflathe AGT propulsion and/or dispulsion
powertrain. Two configurations involve three indegent turbine stages (see Fig. 6).
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Figure 6: Layouts of turbines shafts and planetggrs for the VZE three-stage AGT that
is based on the FTB system with the M-P compre@gar M-F pump (b) [4].

The first stage drives the M-P compressor neechanofluidical (M-F) pump, i.e.,
gas-generator rotor; the second stage drives ttubghaft and thus the load. This is the
same principle as in a conventional two-shaft AGT.

The third stage, the auxiliary turbine, drives angltary-gear system, and, through this,
can deliver power to both the gas-generator ratdrthe output shaft.

As the FTB system, on the third shaft is installedsuperconductive M-E/E-M
generator/motor, which may be used not only fopptsion and/or dispulsion of HEVs but
also for cranking and/or braking the M-P compressdvl-F pump (gas-generator rotor).

The newer VZE three-stage AGT that is based on Rf®& system is designed
as cone-shaped and installed transversally in amatibn with its series HEV'S super-
conductive M-E/E-M generator/motor (see Fig. 7).
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The M-E/E-M generator/motor is on the end of thafsht provides electric assist during
acceleration and acts as a generator to chargéHRkE/E-CH storage battery during braking
and when the HEV is operating under AGT power.
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Figure 7: Layouts of turbines shafts and planetgars for the VZE three-stage AGT that
is based on the FTB system with the M-P compreggasr M-F pump (b) [4-7].

The HEV could operate in pure electric mode up3dk@/h. Then the VZE three-stage
AGT kicks in and takes over. When you stop, the \tZtee-stage AGT shuts off.

The parallel HEV’s VZE three-stage AGT that is lthesm the FTB system is an inter-
esting idea, and potentially solves a lot of thacpcal problems for AGTs in automotive
vehicles like start-up speed.

Conversely, if the AGT are turning a M-E generapmwering achemoelectrical/
electrochemical(CH-E/E-CH) storage battery in an HEV that M-E/E-Ehgrator/motor can
also be an E-M motor--a driver could use the M-Elgenerator/motor both as an E-M brake
and M-E accelerator to improve AGT response ifetevso desired.

For instance, the super- liglithium-polymer (LiPo) storage-battery’s cells can be charged
at home or at a public recharging station. The Hievi operate on 100% storage-battery
power in VZE mode for a range of up to 120 km. Whiem CH-E/E-CH storage battery
reaches a pre-determined state of discharge, tliethiEe-stage AGGuietly fires upto run
the HEV’s steered, motorized and/or generatorizeavheels(SM&GW) and also recharges
the CH-E/E-CH storage battery on the fly to extédmel driving range up to a total of around
800 km.However, even in this scenario, CH-E/E-CH storagtey losses would reduce
overall efficiency quite considerably.
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While thinking of pie-in-the-sky stuff with AGTs pather innovation on a series HEV's
VZE three-stage AGT would be a superconductive HE-E/ generator/motor. Super-
onductors can sustain very high magnetic fields emdents for the mass of the actual
high-temperature (hT) superconducting material, especially in corigmar to equivalent
energy over copper conductors, and could be ausenmss advantage for a mobile widget
like an HEV. Thus, potentially designers get an AT super-conductor setup that is not
only more efficient, but actually has a higher powensity per kilogram [kW/kg] than
an ICE alone, with no hybrid stuff even bolted on.

For VZE three-stage AGT HEVs interest has been paidombustion of oxy-fuel, i.e.,
methane (CH,) in a nearly purexygen (O,) environment, as a means to reduce pollutant
emission control cost and createabon dioxide CO, gas stream that can easily be com-
pressed and liquefied. In most conventional combusprocesses, ambient air is used
as the source of LONitrogen (N,) is not necessary for combustion and causes prsble
by reacting with @at combustion temperature. A high concentratioN 0 the exhaust gas
can make C@capture unattractive. With the current push for, G€qjuestration to ease global
warming, it is imperative to develop cost-effectpr@cesses that enable C&@pture. The use
of pure Q in the combustion process instead of ambient laimigates the presence of;N
in the flue gas, but combustion with purer€sults in very high temperatures, & greater
than 95% purity anagxhaust gas recirculation(EGR) are used for oxy-fuel combustion,
producing exhaust gas that is mainly Lfddwater (H,O). EGR is also used to control the
flame temperature and replace the volume of theings\; needed to carry heat through the
combustor. Combustion of oxy-fuel enriched air wit), recirculation is applied to optimise
the Q concentration, as well as the €@circulation and concentration rates.

CH, is at the top of the hydrocarbon fuels in heaugaimeasured in [J/kg], and thus
lends itself to scaling up. Not including mercundasulphur, as well as other contami-nants
of coal and oils, CHlis the only one of its kind hydrocarbon fuel. Altlgh CH create about
half the CQper unit of energy of coal, it still yields thisegmhouse gas.

For VZE three-stage AGTs, Gl a best interim hydrocarbon fuel:
» Low carbon fuel (not low enough);
Mixed with HO today to produce H- 50% renewable fuel;
Supplies not controlled by Middle East —no natged cartel;
Two times cheaper than gasoline on energy equivbbsis;
Efficiency and emissions benefits, especially ifu@l cell hybrid-electric vehicle
(FCHV).

YV V V V

The oxy-fuel process proposes to increase the €centration in the exhaust gas
by burning CH with pureO, from an upstream laser-cryogemiit separation unit (ASU)
and a certain amount of recirculated exhaust gath @ky-fuel combustion it is possible
to achieve C@concentrations of above 90% in the dry exhausigdsthe liquefaction of the
exhaust gas now can be managed with a relativaly émergy input.Thus, oxy-fuel
combustion can be fitted to VZE three-stage AGTse Pprocess involves burning oxy-fuel
resulting in a concentrated exhaust gas streanOgfhich is either absorbed using solvents
or adsorbed onto membranes and subsequently cdptareeven with the exhaust gas
recirculated.



© EVS-25 Shenzhen, China, Nov. 5-9, 2010
The 25th International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium & Exposition

Ful-time and/or part-time EGR for the VZE three-sta®@T may be applied with the
intention of reducing C©emissions.

When a fraction of the exhaust gas is injectedhénentry of an AGT, the amount of €O
in the exhaust gas not being recirculated will lighér and less complicated to capture.
However, with this change in combustion air compaosj especially the reduced
concentration of @ the combustion process will be affected.

Full-time and/or part-time EGR introduces exhausts gor liquid into the M-P
compressor’'s air intake or M-F pump’s fluid inlet the M-P compressor or M-F pump
replacing some of the air or fluid, respectivelisThas the effect of reducimitrogen oxide
(NOy) emissions by reducing the in-combustor gas aidigemperatures. NQproduction is
very temperature sensitivéhe oxy-fueled VZE three-stage AGTs recirculateaaidt gases
and require less maintenance than conventional.ISif¥ple two configurations presented by
the author from Cracow University of Technology wisadhe major components of the VZE
three-stage AGTSs that are based on the FTB sys$tgng).
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Figure 8: Layouts of turbines shafts and planetgars for the VZE three-stage AGT that
is based on the FTB system with the M-P compre@gasr M-F pump (b).
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The first-stage turbine (gas generator) expandsatmbient-air and gaseous-exhaust
mixture and absorbs just enough energy from the fio drive the M-P compressor that
is used for increasing the pressure of a gas (ge@&&).

The first-stage turbine (gas generator) may algmaeds the liquid-exhaust and absorbs
just enough energy from the flow to drive the Mimp that draws a fluid into itself through
an entrance port and forces the fluid out througleshaust port to the oxy-fuel combustor
(see Fig. 8b).

The higher the gas-generator discharge temperatnce pressure, the more energy
is available to drive the second-stage power tesltimerefore, creating second-shaft work.

The second-stage power turbine converts the renmifiow energy from the gas
generator into useful second-shaft output work. figher the temperature difference across
the power turbine, the more second-shaft outputepdsvavailable.

The third stage, the auxiliary turbine, drives angltary-gear system, and, through this,
can deliver power to both the gas-generator ratdrthe third-shaft output.

The exhaust-gas system directs exhaust flow aveey the AGT outlet to a condenser in
EGR system. Often a silencer is part of the exhaystem. Similar to the inlet system, the
exhaust-gas system is designed for minimum pres$ssses.

The key feature which contributed to removing th&jon problems long associated with
AGTs--high SFC and scorching exhaust gas was thenerator or heat exchanger. It ex-
tracted heat from the hot exhaust gases, trandféinre energy to the incoming air, and thus
lightened the combustor's task of raising the gasperature.

The result was conservation of fuel as well as loeehaust temperatures. An AGT
without a regenerator would have required sevemad the amount of fuel normally used
in a regenerator-equipped VZE three-shaft AGT. @xiea fuel would be required to heat the
gases to operating levels.

The advantages of an AGT for HEV use include a laickibration, high power/mass
ratio and compact size (although both aspects deperwhether a regener-ator is used) and
the ability to burn a variety of fuels, includingose of low octane, and especially oxy-fuels.
A multi-ratio gearbox is not needed--although steps gearing is.

The regenerator also performed another importamttion. It reduced the exhaust gas
temperature from about 1,400 K at full AGT poweratgafe level of less than 400 K. Even
more important, at idle the temperature was rediice260 K. By the time the gases passed
through the exhaust ducts to the condenser, theaeture was reduced even to 300 K.

An exhaust gas condenser plays an important rolériong and cooling of the exhaust
gas prior to compression. However, as is clear Iirtlack of widespread use, the
disadvantages are large.

The primary negatives are high cost (expensive teghperature materials needed) and
high SFC. The latter is mostly the case becaugmmtthrottle, AGT is very thirsty for the
amount of power being produced. Gas flows (botak@tand exhaust) are also very large, so
effective filtration is bulky and exhaust silencimgeds to be comprehensive. Emissions
performance to HEV legislated standards is alsblproatic for some AGT configurations.

The VZE three-stage AGT’s powertrain, acting ingbat or series HEVs, is not only
propelling or dispelling a drivetrain and genergtielectrical energy, but also putting out
exhausted C&that can be sequestered or recirculated.



© EVS-25 Shenzhen, China, Nov. 5-9, 2010
The 25th International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium & Exposition
The lower Q concentration decreases the stability and theasad amount of GOH,O
and N will decrease the combustion temperature and tthes,NOx emissions. Adding
N, and CQ decreases the N@missions, whereas,@ddition increases the N@missions.
Addition into the fuel stream is proven to affdo¢ tNQ emissions the most. The stability
limits of the flames are specified with respectitass-based additive-to-fuel ratios.
Gaseous CPOmay be injected with the ambient air (see Fig. @aljquid CQ--with the
fuel stream (see Fig. 8b). Liquefaction processC@k requires significantly less power
to pump liquid than compress a gas.
Advantages of oxy-fuel combustion
» Exhaust gases consist of €&hd HO (the later is rejected by condensation);
Very low NQ, emissions;
Efficient O, separation reduces efficiency penalty;
Allowing for pure Q for 25-30% power saving relative to cryogenicsgparation;
Using Q/CO, mixture in combustion system, raising S&dntent to 95%;
Not necessary to separate @m exhaust gas;
Improvement in combustor efficiency;
Reduction NQ emission;
Simplification of exhaust gas treatment.
Limitations of oxy-fuel combustion
» Expensive air separation process with high eneegyahd (cryogenic);
» New development of AGT necessary;
» CO; recirculation for temperature control,
» Condensation process needs new equipment.

VV V VYV VY
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Coming back to the case of the application of EGRE three-stage AGTs run not only
on oxy-fuel but also on syngas (Fig. 8). This syngansists of ClHand CQ and its
composition can be varied through a system of wlpges and a buffer tank. Thus, the VZE
three-stage AGTs have been run on various syngésnes ranging from 40 - 100% methane.
There exists some problems with combustion stgbilit

4. The VZE three-stage AGT/SOFC for parallel HEVs

The simplest VZE three-stage AGT/SOFC cycle cossadt a coupling of the two
components by a recuperator (heat exchanger).isnctse the SOFC exhaust heats com-
pressed air in the AGT recuperator (Fig. 9) whitede and cathode gas preheating is done
with heat from the AGT exhaust gas and the heaaseld from combustion of residual
oxy-fuel contained in the SOFC exhaust gas. Asdbreept leads to high temperatures at the
recuperator exit, there is only small additionainfjy necessary to reach the nominal TIT,
provided this is in the same range as the temperatiioperation of the SOFC. The high
temperatures that occur in the recuperator regpieeial materials, however, particularly high
temperature alloys or expensive ceramics. Thestilighe need to develop inexpensive and
heat-resistant materials, resulting in componeiitts avsufficient life-span. The same problem
occurs at the interconnection between SOFC ancpeseator. An additional problem in this
area is the necessity for adapting the coolingesysif the combustor (combustion chamber)
walls to the elevated temperatures of the entegayg
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Figure 9: Simplified layouts of turbines shafts gpldnetary gears for the VZE three-stage
AGT/SOFC with the M-P compressor (a) or M-F pump (b

Often the combustor is kept in operation afteriteduction of the SOFC exhaust gas
into the process. This is done in order to reaehntiaximum TIT. But then the film cooling
of the combustor walls has to be modified in suclvay that the admissible material
temperatures are met. Otherwise, also in this ae@amaterials have tube applied. Another
possibility is to omit additional combustion anddocept lower TITs. With a recuperative
combination of an SOFC and a VZE three-stage AGTekactrical efficiency of 53%
is obtained, if an SOFC temperature of circa 1828 a TIT of 1,193 K and a pressure ratio
of 6, 5 are assumed.
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An increase in the TIT by additional firing in tikembustor of the AGT leads to a loss
in efficiency apart of the oxy-fuel is only utilidan the AGT. If the allowable TIT is below
1,200 K, the exhaust heat of the SOFC is only aifytiutilized and the efficiency will
decrease. This leads to the optimum of efficiertcgirga 1,200 K. An increase in the SOFC
temperature causes a moderate augmentation ofieébei@l efficiency; due to the higher
operation tem-perature the air surplus at the citlod the SOFC decreases.

If future development of materials technology forZE/ three-stage AGT/SOFC
propulsion and/or dispulsion powertrains with Tofscirca 1,800 K is assumed, this will lead
to higher AGT/SOFC--system efficiencies. The hidéactical efficiencies of AGT/SOFC
--systems integrated via recuperators increased_SOperating temperatures whereas higher
TITs obtained from additional firing reduce effioty of this VZE three-stage AGT/SOFC
propulsion and/or dispulsion concept over the entivestigated range. Pressure optima
of systems without additional firing are shiftedléaver values. The reason for this is that
additional losses due to higher pressure ratiogiepdarly on the AGT side--were taken into
account here.

When the VZE three-stage AGT and the SOFC are edugly a recuperator,
power--to--heat ratios of unto 2.1 are realizalil@ anaximum SOFC--temperature of circa
1,200 K and at an exhaust temperature of circak36@t SOFC operating temperatures and
TITs of circa 1,300 K this coefficient increasesatovalue of 2.43 because of the enhanced
electrical efficiency of the VZE three-stage AGTHO propulsion and/or dispulsion
powertrain. A large variety of power--to--heat oatipresupposes the possibility of separate
operation of the SOFC and the AGT, which can b#itaed by bypass pipes and valves.

5. Conclusions

So why the HEV ought to use a VZE three-stage AG#& ¥ ZE three-stage AGT/SOFC
instead of a reciprocating ICE? It turns out thagré are two considerable advantages
of the AGT over the ICE: VZE three-stage AGTs hawgreat power-to-mass ratio compared
to reciprocating ICEs. That is, the amount of powetting out of the AGT compared
to the mass of the ICE itself is very good. VZEet#wstage AGTs are smaller than their
reciprocating counterparts of the same power. Baerdhey spin at such high speeds and
because of the high operating temperatures, degjgeamd manufacturing VZE three-stage
AGTs is a tough problem from both the engineering @aterials standpoint.

The novel VZE three-stage AGT propulsion and/opdlision powertrain overcome some
of these disadvantages, and hence ought to bepepnjar in automotive applications.

The novel VZE three-stage AGT/SOFC propulsion andispulsion powertrain exhibits
a synergism in which the combination performs vaithefficiency that far exceeds that which
can be provided by either VZE three-stage AGT pisipn and/or dispulsion powertrain
alone. Thus the combination performs better tharstim of its parts.

The working definition of VZE three-stage AGT/SOFRopulsion and/or dispulsion
powertrains is evolving, but currently the followirstatement captures the basic elements:
VZE three-stage AGT/SOFC propulsion and/or dispulgpowertrains combine two or more
energy conversion devices that, when integratedigo

« Additional advantages over those devices operatididually.

« Asynergism that yields performance that exceedstim of the components.
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With these attributes, combined with an inheremw level of pollutant emission, VZE
three-stage AGT/SOFC propulsion and/or dispulsiomwgrtrain configurations are likely
to represent a major percentage of the next geoeratlvanced powertrains for HEVs.

It appears that there are no technological barteeeclude possible production of VZE
three-stage AGT/SOFC propulsion and/or dispulsiowgstrains, but there is much R&D
work still ahead. The configuration of a potengiatiompetitive AGT-powered HEV can be
defined.

The technology is essentially in place, but theneoaic and business strategies are open
guestions that can only be answered by the vemeleufacturers involved. With decisions
to proceed and adequate funding, production coedgihbin three to ten years.

The author is now finishing up the conceptual desigd first article testing stage of the
VZE three-stage AGT and plans to finalise a limipedduction plan, based in part on interest
received at the EVS 25, very soon.
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