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Abstract

The paper repoqts the latest resalts of a study conducted on a hybrid train in which a gas
turbine. operating in several alternative voatrol modes (fixed point. on-off or load-
following), generates the electrical energy for recharging a battery package and for driving
the electric motors of a suburban train. The mode), eriginally developed for automotive
applications, has been validated by experimental tesis performed on an ELLIOTT TA-45
GT group in the ENEA-Casaccia Research Center.

This paper describes the preliminary design of the traction system and the choice of the
energy [low control strategy. Numerical simulations have been cwried out, based on an
actual train mission (the Norwegian railroad mack between Asker and Lillechammer) and on
industrial data for the single components. Following twe different approaches, separate
optimizations of the gas turbine set and battery psckage are performed, in which the
objective function is the monetary cost per mission or, which is equivalent, the XWh/(1-km}
for a given misgion profile.

Keywords: GT-driven hybrid propulsion, railroad rransporiation svstems, ransportation
costs

L. General Qverview

The train object of the present study is
composad of four railmoad cosches for a tokad
lepgth of 85 m, a widih of 3.10 m, a height of
4,125 m and 197 t of gross weight, Its all-clectric
version is presently in service on Norwegian
railroads, with a certified maximom speed of
160 kmm and & maximum acceleration of (.85
m's"; its shape is quits similar to the Diesel IC4
train shown in Figure I (receatly puschased by
the Danish Stare Railways from Apsaldobreda,
The comvoy 15 equipped with four electric
maMors, for a total net power of 2,8 MW,

1.1 Description of the GT-based hybrid
system

A% described in {AnsaldoBreda, 2001), the
GT-hybrid propulsion system proposed here
consists of a gas wrbioe set (Figure 2) driving an
electrical AC/DC inverter, The generator outpat
is munaged by a Vchicle Management Unit
(VMU that - working under a logic 1w be
discussed below - satisfies the inslantanegus
power demand by means of elecric motors (M),
A properly sized battery pack serves as an energy

* Author to whom comsspondence should be sddressed

baufler, and is recharged by excess power and by
clectrical braking energy recovery. The GT set
con be operated st fived point or in a lpad
Sollowing (in a sense discussed below) mode: in
this lnfter case, the pas turhine rune al constant
speed, ond its power output is varded by
controfling both the geometry (IGV on the
compressor and VIGV on the wrbined and the
fuel How rate

Figure 1. The 1C4 Diesel train
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In this paper, the degree of kybrdizarion of
a certain configuration is defined as the ratio of
the installed electrical power of the gas mrbine i
the tofal installed net power:

liote = Poav{ (Pgr+ Prat) (1)
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Figure 2. GT Hybrid Series transmizsion
stheme

1.2 Design datn

The assigned design specifications are;
r=05m rolling radius of the train wheels
mw 971 train overall weight
a=0 slope of the rack

b=3lm averall train width

h=4250m overall train height

f=0005 wheel-muiltrack friction
coeffichent

c, =045 acrodynamic drag coefficient

Ngem = L8 electric generator efficiency

Nusem = 0.8 transmission efficiency

P =150 Wikg  Ph-a2cid banieries specific
power
Ep = 35 Whikg Ph-acid battenes specific energy
These data - together with a specified
mission schedule - are uwsed to calcolnte the
istantaneous  power reguired st the wheels
{Figures 4, 5). The detnils of the calculations are
omitted here, und interested readers are referred
1o (Capata and Sciubba, 2002, Capata et al,
2003, Gioffarelli, 2004),

2. The Logic of the Simulation

The design goal was 10 identify the oprimal
configuration as the one that would attain the
minimal yearly operational costs. Since thess
costs depend on the fuel consumption per
mission and by the installed GT and B powers, it
is clear that the “optimization™ presented here is
strictly valid only for the assigned mission path
{Lill=hamrner-Asker In this case). A different
path would in foct in all likeliness modify the
istantaneous power requirement, thus influencing
the Fuel consumptivon and the valves of installed
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power, This leads to n major drawback: if the
mission 1% changed, both the opurmal
configuration and the optimal conmol sirategy
may vary, In fact, we have compared the effects
of different types of control logic on the overall
mission  performance for a single assigned
instantaneous power demand curve. The logic 13
represented by the Mow chans of Figures 3, 4
oo 5,

aj [If the instantaneous netl powes supplied by
the GT groop 15 larger than the
instantaneous power demand, ther rhe
electric generntor M exceeds the encrgy
request and the encrgy surplus is directed 1o
the hattery;

IF Por > Py THEN
Pg = Fm =
Pnl = Pu‘r — Pn- [2.}

by If. ca the opposite, the Instantaneous net
GT power is lower rthan the oain demand,
the rotal required instanfaneous power is
Jointly provided by the battery and GT.

TF Pgr < Py THEN

Pu = Pay + Paux (3}
The constraints introduced in the numerical
procedure are the following:

« The energy flows must close the balance at
ench instant in time (AE,,=0):

= The battery SOC is allowed to vary only
berween a minimum value of 0.6 and a
maximum of 0.9. As discussed below, the
battery pack is the crucial component of the
whole system, and its cost, life and
maintenance deeply influence the sysiem's
performance  and  selinbility. Thus, by
limiting the SOC we ensure 3 longer bastery
life and also longer fime between system
overhaul, decreasing all costs.

A. The Different System Configurations

Three basic confligurations were inmitinlly
considered, which differ from each other for the
GT power manogement sirategy:

» GT-onfoff (Configuration A) The gas
turbing either rums st adle or delivers full power.
In this case, an extra requirement has been added
1o the design specifications: that the GT group is
switched off whea the train is in the station, Such
choice is by po nreans necessary, but it improves
the system consumer friendliness, reducing the
visible emissbons in & sensitive ares (the rdlroad
station) and elso reducing the acoustic pollution
there, When the torbine 13 “switched off™, 1t
really runs at idle, to avoid extreme cycling thar
15 known to lower the total life of the thermal
group. Afier the train leaves the station, the GT



grovp s ipnited only when the 30C of the
batterles becomes lower than o preset value
{different for each optimal operational scheduls),
As shown In the flow charts of Figures 3 and 7,
the wikdne 18 then reset to idle s soon s the
value of the S0C resches (he opper allowabls
limat. Addiiooal minor adjustments e
neceRslcy (0 guarenize that the SO0 i
sufficiently higher tham 0.4 when the main
reaches s fimal destination {end of cach single
leg), so that the train can then be restarted in an
all-electric mods:

¢ OT-fixed (Configurstion B): The GT met
runy st constant power throughout the mission. In
this way we Increpse ithe life of the thermal
growp, thanks to 8 lower number of start-ops with
respect to the previcus case. On the other hand,
the component subjected to the prester siress |3
now the buttery packapge, because If the OT ser s
alwayy 0N the sdditions] constroint of the
bounding of the SOC kevel forces the batlery 1o
be charged nnd discharged cominuously daring
the mizsion, reducing its operting kife. Adopting
the B configuration. the GT med power
coerespands to the avernge power of the mission,
of the optimal (peak-efficiency) opsrating point,
and the warking mode &s continaous, thesefom
the configuration B c2n be considered a prisre
the aptimiem soluton frbm the fuel consumption
poimt -of vigw;

e T in following the load (Confipurution C;
The main charscteriatic of the logic implamented
in this configunition is that the GT supplics &
constamt power, Bl seversl power levels (B0
110% of the rated GT power) defined scconding
to the mission charcleristics, These set points in
peners] operals 5 Jower-than-opamal efficiency,
buat it is now possible o avoid the ONIOFF
working mode. In fact whenever the electric
mtor pbsorbs w larger power than that powar
praduced by the trbine, the GT sef beging o run
ef fixed point. The value of the elecirical power
15 such a5 o guaranies & good value of the S0C
during the mixkion, A8 ooted] above, this valnz &
rigidly linked o the specific bain mod its specific
mikesion, and I8 s ao lopges ealkd - for instance -
for the same frain on & different mission

4. The Simulation Protocnl

The simulation program (s based on a
shimple inpul-citpul madel for the epergy Muxes
throargh the syetem, and i was implamented as
pr abd for configureton design. As mentioned
above, the GT sed is switched on when the BOC
is equal o or ower than o prefized level, and it i
szt to idling or fo o pertial loed mode when the
S0C reaches the maximum allowsble |evel
Naturally, in real operation. n memml override s
glwayn pogsibibe, bl this was pot constdersd i

our calculaons, In hybrhd-mode operation the
hatteries supply or absorb the difference betwesn
the nef power demanded by the frain and the pes
power supplied by the OT. The stmulation
queantitatively  enforces wich o protocol,
calculating the instantaneoua power demand &x o
function of the specified speed and acceleration
[Capotn snd Scinbby 002, CiofTarelli 2004).

The fuel consumption & computed on the
hasis of the specific "instantanecus” efficlency of
the OT set and of in average power during &
certnin Hme interval. 11 was found that & Al 2gual
1z 1 & reprodoced sccurstely enoogh the power
curve of the tmin; therefore, all simulations
presented here gre based on this tmestep, The
calculation of the electnic motor power demand
acepunts for the power demand af the wheels and
for both tonsmistion ond motor losies in the
acteleration phise or of constont speed, the
electric motors provide trnction enéngy, while in
the braking phase a partisl epergy recovery |s
enforced t0  recharge the  bofferies.  The
Instanfapeous aviilable power of the baterles,
Py, thos depends on the S50C and on the energy
requiested by the eleciric motors, The babierfes
considered in this study are of the Phb-acid
bipolatr type, with o specific power Py, of 150
Wikg and specific ensrgy E,, of 30Wh'kg: the
power curve osad in teir simulation was hased
on dats extrected from s previous independend
experimental stedy conducted By the Etalian
Mutinnal Energy Agency ENEA, (TABLE [}, The
caleulation of the bartery charge and discharge

ge must teke into oocoant the necessity of
un electronically enscied control of the current in
ond out of the battery, T, encessive values of I,
lead to rapid batery burn-out Notice that, s
gpecified in (Capata et al, 2003), it was assumed
here that the OT could respond with negligible
time lag to n change in the power demand. At the
time this study was being condwcted, no relighle
dnin on other types of bittenes could be found,
andl therefore po comparison of diffesent elecinc
stornge devices was possible. Itis fikely, though,
that the adoption of the Ni-Cd ype which have
higher power and energy densitizs with respect
ta the Ph-acid type, would kead o o lighter and
msore: efficient power unil. As in & previous paper
of this series (Capota ef al. 2003} we osed several
mission profiles for the mimerical compasizon
nnd fior the program evaluation. Here, of the foar
railrond  patha  (Dslo-Skien,  Skien-Oslo,
Lillehmnmer-Asker,  Asker-Lallehammer)  for
which complets mission data are avadlable (Pede
et al. J0KAY, we onll consider only Lilleharmmer-
Asker, which consists of approximately | hour of
travel (sbout 45 km). snd of the load demands
ahowm i Fignoes f and 5

Three  differemt  configurations  were
compared (TABLE M}, in which the nominal
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power of the gas turbine is substantially higher powerful OT  operntes  in off-design

than the installed battery power (low degree of condition for the greater part of the mission;
hybridization lpe). The aim of such a 2) The reduction of the weight and therefore
comparison is o accurately onalyze the effects of of the cost of the electric storage with a
thres contrasting Factors: reduced installed power,
1_:' The tlIF!'E-ﬂtﬂlj INCreEase  in IJ'H:' foel 3] A P'UEE.I.IJ]E reduction of the !Pﬂf.i.ﬁﬂ r!'l.i.‘HiDﬂ
consumption, due 1o the fact that a maore consumption, obtained thanks 1o a belter
management of the power flows.
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Figure 3. Flow chart of the logic af the three system corfiguration
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Figure 5. Diggram of the power demond
Jor the Lillehammer-Asker traln

Since the powerso-weight ratic 1= much
higher for the GT than for the battery packages,
three additional configurations were analysed, in
which the installed GT power by far excesded
the  average  mission  demand, — These
configurations (I, E, F) are likely to be affected
by & higher fuel consumption per mussson -
because the GT works atb part-load most of the
time - bt present the potential following
advantages!

al The overall weight of the pover unit is
substantally lower than in configurations
A B and C, so that the train payload may
be increasad;

b} The large available GT power serplus
allows lowening of the variations of the
battery SOC, amd this leads 1o longer
hattery life;

gl A smoothly varying bastery SOC and an
excess T power are well suited for the
installation of & properly sized s=t of ultra-
condensers w buffer only the seepest peaks

in the power curve. UC woald be

substantindly Hahter and more efficient than

banieries.

A last configuartion () was simulated, in
which the GT is chosen to be a commercially
pvailable machine, the Makila by Turbomeca,
The reason for this further simulation was that,
since o large s2t of operational data exist for the
Makiln, we could use rhis case as & validation
both of ow model aed of owr aemerical
procedure.

4.1 Imposed values
The values used in the simulation pre
reported in TABLE §:

TABLE . CHARACTERISTIC PARAMETERS
OF BATTERY MODULE

Mpdule mass Moy = 20 kg
Module voltage V=12V
Cell voltage Vg =2V
Specific power Py =150 Wikg
Specific energy Ep =3 Whikg
GT awitch-on sarting S0 = 6l
GT switch-off sening S0C = 90%
TABLE I, FUEL CONSUMPTION OF THE
CONFIGURATIONS STUDIED
Par | Paas o
mowl | oowr [ M| gkown
A T4 | 2060 | en-off 235K
B 350 | 2450 Frxel 248.2
C 7000 | 2100 | load fofl 243.6
D 1500 | 1300 | boad Foll 2354
E PR | 10O | boad Toll 233.1

F 2000 | B | load foll. 2398
{* af roted] poarer)

4.2 The balance cquations

The formulae wsed for the calculation of the
SOC, the fuel comsumption, and the battery
package weights are discussed in this section.

» Fuel consumption: Varying the GT net
power, the fuel Now rate q depends linearly on
the installed power P oond on the off-design
efficiency, @3 described by the following
formula, where P is expressed in KW and q in
kgls

i = 4P —h
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where,

= Toom g 05 o g0~ Tuem
Mg Med

G = (4}

The fuel copsumptinn of each one of tha
constdered configumtions haz been cnloulared
based on the specific consumption” of the OT set
and on s operational total “on™ time during the
miAgeon (dee Figure ).

«  30C calculation:

SOC = S0CTI—1) + kg -En/Pie (33

where, SOC(I-1} is the S0C af previous time
siep, ks energy penalty factor for batiery
charge/discharge, E.;  beblery  Instaniamecus
volisge P, batiery power required io absorh or
provvide the rmoained enerey.

« Battery package welght The welghl of the
package is caleuinted as the ratio betwesn the
installed power and the specific one:

W I—P- i)
Fi-P

As a fiest remark, we may notice that the
specific conmmptiong (expressed m kefmizsion
in Figure &) gre lower for configusations [, E, F,
conirary o what one would expect. The reason
can be foond by closer inapection of squation
(4} the TRCIOr T Ths 15 - for the selecicd lowd-
folbrwing st poinks - alweys very close o 1, nod
(herefore the penalty In the istantanecus fuel
consumption 15 relatively small and can be momne
thin offset by the higher ovemll efficiency m
which the battery pack |s operated (smoother
B curve]

. 550
| e ]
mII
]
& ] e o E F

Figure 6. Comparixon of fie! conzrmpiions
for the configerations studied
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The procedurs used can be summeanzed as
follows. During the Eosd following operation
mode he GT is swikched on il the 50C has
already reached the minimal allowed fevel und
the wehicle continwes io demand energy: the raie
ot which the GT supplics power depends on the
instantansowy difference between the demand,
Pe, andd the discharge copability of the batiery
pack Py In addition, the GT 15 switched back to
idle whenever bruking is on (end the badery s
recharged by the recovered energy) of when the
train comes o 4 stop In this laner case, an
sdditonal contral turne  the GT on again if, for
whatever reason, the battery S0 falls below the
allowed minimaon. The flow chart in Figuee 7
displaya the above logic,

Prrela

Figure 7, Flow chart of the logic
4.3 The resulis of the simulations
Figures 7 through 20 display the results of
the simulations, For esch configuomtion, thres
Curves are reporbed:
mj the pet power demand, curve |
(negutive when oshsorbed by  the
wheelsk

b) the pross power delivered by the GT,
cugve 2

gl ihe batiery state of charge, curve 3.

The battery power in and out is not shown
here, but its value cam be visually inferred by
calculating the istantanesus difference bebween
curves | and 2.
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4.4 The valldntion an ihe MMakdls dati
The strouintkon of e configurstion P, the
i WEH e Makdla OT v Turbomeca. had the
following pooa
imiibrotey valiclate - oar
caloulntions by compuring the pomesically
gerived cycle pemmetns with ihe avellsble

b1 |'|| l'_” 4V ||_'

dintsr

| To wudiiate: ois fostmley design procedure
lrw ciehparing the overll dim=nslony and
fypes of clomentary components with thee
of the !‘I::'.I Hahclilfie)]

1 To ealibrote odr

cabenlathom

weight and effciency

prced ure by iirecily
eempeEnng our restlis wilh the scoaal dats
TARLE I 4i ipiaye e pEmphons mkde

n the denietion, TABLE [V predsnts s died

comparison af sodne relevadid quantitizg

TABLE Il INPUT DESIGN DATA

Inles pressure

p= L0 10 Pa

Alr inlet tnmperanre

T =8 K

Turbine Inler Tempemiane

Ie= 1100 K

MinErmvion kil borpie

- L3
T=d 51" N’

Blads hlocknre costhicient

TN,
&= 0 HO

Palytropic cEnp. efficiesy

= ]
IIF'= &= 1

Polyiropde turbine effeiency

T = L |

Mechamcsl sffeien: ¥

T = RS

Blecinical eflcaeny

TNa =09

Matural gns LHY

Rirtationsl apesd

Ip=28000 klikg

n = 350 rpm

Mlmvinnurm dp velocity
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H=0
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Figure 21, The Terbomeoa MARTEA TT (7T
T

TABLE IV. RELEVANT VALUES FOR THE
SIMULATION OF THE MAETLA GROUP

P n g q
[MW] | [epm] [kpis]
simudation | 1.1 | 6350 ) 9.2 | (.09
MakILA 1.1 G350 | 9.2 [ D089
Her | o | Mok | T
& [mmm]
simulation | 26 4 4 | 395
MAKILA | 27 4 4 | NI

Ly
[glk'Wh]
204
291
T
[mm]
By
N,

Motice that there 5 5 good correspondence
with che dota of the MAKILA TL with an overall
efficlency ol 274% (9% ermor) amd @
consumpdion of 291 gkWh (1% emork, The fuel
congumpion of 008 kgl (19 ernor), assaming
L% daily howrs of |.1|'|:t':'rh:|r| of tha tmain &t full
power,  meperes oo foel ARk conbunlng
appreeimaiely 5 foas of oateral gas, which
reclooes o epproximpsely 335 ooy for En
operation of approximately 10 hours. Assoming
that the MAKRIEA (8 ‘.'I.IIJII'I'I'H.'I.I with & comstml
sysiem that modulstes e TII (1s) between
1Kl K and B K 2 simple remo-snde
procadinn his been developed o dalermine the
turbine  characieristic mid [E51

LEyiEn Ermce
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effichency curves for the compressor and the
turhing {Copota and Sciubba 2002, Capata ot sl
2003, Cioffurelli 20041

Figure 23 shows the the variation of the GT
available power 02 o function of Ty Assuming
similarity with existing models, the maximuom
radial size of the GT =zet has been estimated
ahout 1.3 times the maximum external mdivg of
the rotating equipment, while the axial kength is
about 4 times the radial size. For a power range
betwesn (05 and 10 MW, data available from
AngaldoBreda provide an estimate of the GT
installstion cost equal to 0,45 AW,

1280

1200

Pel (kW)

E B E

{1ivd [ L= = 1] REN 1000 (o o1 e
T, (K

Figure 23. Varlasion of Py as fusction of
TITT:

E, Cost Analysis

We nssumed thot the operational schedule
of the TG-Hybrid trmin would consist of 10
missions per dav, with an clapsed time per
misgion of 3400s and with 23 stops. Taking into
constderation the expecied technicnl Hves of both
the T and the battery packape. it i possible to
compute the mission cost for every configuration
siudied. Assuming,
=  Momber of missions: Mg, =1Fdoy Mumber
af mdssions per year A = 365
»  Mission elnpsed Hme; Lu,, = 3400 5
GT lifie: Digr= 60000k
Mumber of possible missions (or GT:

Moy = Do Dinimien = 63530
« GT installation costt Cgp in TABLE I

(Pede e al, 2002)

= Schedoled maintenance  avery 4000
operational hours (15 total): cost K, = 2%
Corr {Pede et al, 2002)

» System overhaul every 20000 operational
hours (3 waal); cost Ky = 10% Cpy (Pede e
al. 2002)

o Maimtenance otal cost O = Ktk

= Hatiery packape installation cost: Cpp = 10
(kg (Pede e al. 2002)
#  Average supphesl battery power duning e
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mdssbon; Pooo-, batleries mass Mgy

= Average spectfi baltery power during a
mission: Pyp yeerpe =Pvssge™Mmr [Wike]

= Liseful battery milsage:
p o= 69122 VMR Peasenesh b (Pede et al,
2002)

=  Baltery-powered kilometers per mission: 2
{computed)

» Number of missions for a single bagery
package: Ny = pfd
®  Fuel cost; ey = 003 3%g (Pede et al. 2002)
= Total labor annual cost;
=5 30000 year person
The mission cost can be computed, in 3
2003
1:l!lln-m-': C'“'.I - ':I-'I';r + 1:'I:I1'.! + clmr.:. . Cl.ul.-.u:..:-

The calculations provide the following resuhs for
the weights and the nsallaton ¢osts of the

hyheid systzm’:

To calculate the annual operational cost, o
standard  cost-potualization  was  performed,
assuming the economic life of the GT aqual 1w
15 years, & fixed |mierest rete of 5%, zero
resdual value, and all of the batteries purchased
al time 1= {0, We obtain:

Ram[i 141" ] ¢ ({1400 -1] = 0.0
Cor = R-Cip

Cary= B-CarManMyry

C i ™ 2% Oy + 10% Cisr

C y = 30,000 Siyear

Creet § = A-Craetiminsion = A Cris]

Frosn n companson of TABLES 11, V and
V1, we can draw the conclusion that, under the
present assumptions and missbon specifications,
the aptoral configuration 18 B (Por = 350 kW, Py
= 2450 kW, which offers (TABLES V and %I}
the lowest fuel consumption (796 kg/mission
which cosrespond to B3 g A /km or B8 g
fpassangery km*), the lowest mitial  cod
(FI380000, and, wm spite of Qs higher
miintenance and hattery replacement oosts, the
lowest overall veardy costs (399,333 85,

Notice, though, that configurations D, E
and F oare suitable for the adoption of ulira-
condensers (Figures [4-1%), while configuration
B s not { Figures J0and {1,

" Mo eaplicit calculation has heen cxrried out o take
imto account the weight of the fuel anks All dsta
presenied in this paper assames CHy is used s fusl

* Caloulsted assuming an avernge occapancy af 200
passenperaimisaion



TABLE V. GT S5ET AND BATTERY PACK TAELE VII. COMPARISCN OF THE

COST AND WEIGHT FOR THE STUDIED SPECIFIC OUTPUT CHARACTERISTIC OF
CONFEGURATIONS BATTERIES AND ULTRA-CONDENSERS
Power Exergy
M g [eW/kg] | [k
% E‘ = = g | BATTERIES 015 (k35
i 3 %,_,., g Z |= ULTRA-CONDENSER 17 | 0002
g i 3
E |E 2 ¢ E B 6. Conclusions
: o - E
EEE;#%E:@ EAEZ A series of numerical simulations of the
a1 1371 208 3331 1342 a0 O enerpy flows through the power section of an
B 163] 243] 24a] 2912] i39] 350 St Sqtipped. Wil v vt STty
= = propulsion  system were conducted. An all-
L. - 2 35,6] Hrrs| 1167 L electric version of the train, with o total weight of
_I'l H.? 13 17.1 | T9THO| 1088 | 5081 shout 197 fons, operates within the Norwegian
E 10 L 615 3391 139] 1800 roilroad system. The resolis mdicate thit the
F| 33| 0O 802 1356) ) 2000 design choice of the relotive power mix {mtio
(G| 113] L7] 3R] 14531) 632| 1100 between the OT power and the ol insmslled
3 % powes, also called degree of hybridization) hes a
£ i | direct nfluence pot oanly on the power response
- E = | g 5 e {“driveability™) of the system, but also on the life
- |= S EE == gg af the batteries, the efficiency of the gas furbine,
= L the overall dimendgiops of the systam and the
A | 370 i iy o] 137 5007 .
w nrmied minnry prrizen of
(B | 175| O7) V9.6) 195) le3] 29 different P:Lﬁgnru::ugf] with istatled GT
C| 350) 14 1700 350] 40| 490 prwers of 350, 700, 740, 1500, 1800 and 2000
D| = 1) 1597 150 a7 37 kW respectively, varying for each one the
[E| w0l 36 196 200) Wa) 1od compression atio between 3 snd 30 in onder to
Fliool 4] 192] 1000) 3S3) 1033 find an optimal valee To validue ou
_E Sl P 15 350 113 Hih3 Wﬂpﬂtﬂﬁ'ﬂ“-. i -“-p:mﬂﬁ run of the Frmdm

wid implemented onder o special s=t of design

TABLE VL OFERATIONAL COSTS OF THE specifications, so that they would result in the

choice of an existing OT-set, whose performance
SEVEN STUDIRD CONFISURATIONS datn could then be osed for validation purposes.
Cinya Car Cura Corrarn Under owr sssumptions the “optimal

Syear | Sfeycle | Shyear | Shvear configurations js B, for fuel consumption, initial

| A 3552_1] 13152 TH IR 152400 cost and overall yearly cost.
| B | 16800 [5648 | 47333 19560 In perspective, one should remark de
C | Vs [ 34400 4175 | BROG configuration D (P = 1500 kW, By = [300 kW)
e displays un SOC behavior along the prescribed
| B L R @ 10880 misajon that makes it 8 suitable candidate for the
E | 86400 | 6432 | 167737 B0 adoption  of  ultm-condensers, which  affer
F| vsnoo | soss | 3do8ed G360 substantisl sdvantages in terms of weight, cost
and muintenance with respect o the PR-acid
G| S2E0H QR4 | 62644 13560 ;
Cas Coas | Annual batteries condidersd here.
Sfvear | Shvenrr jcost Sveaq The results indicate that besides sodyving
7 the pesaibility of insalling batteries with grester
LY ijiﬁﬁ 2 power and specific encrgy than the Ph-acid
30000 | 390640 | IFGTI3 considered hers, It would be sdvisshle to
0000 | 623065 | T45481 imvestigate the possibility of using o double
BT1600 | B0 glectric  storage  (mowhing  baneries  and

ultrucondensers), and © perform 8 complets
30000 | 713400 11007378 technical-economic analysis of o hybrid solution
00000 | 00800 | 1174024 with more than one type of sconmolition sysiem

30000 | 693500 | BS2504 (for instance, Aywheel + battery)

al=l=lolrl|=l-
:
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The low enerzene density of the correnly
avinlible balenes hmifx the rexsibihes of Ly bnd
vehielzs operaurne m an "orly-rlecins " mode I
oily maupinal imarovements iy the performance
aml The cosl par megaen e ataied, markers
could unly m (el reace |'|||s|||vl-.|y les 1he
imirexluclicn of hybnd tcains

Thz possibiliy of usirg a mere avcurate (51
Managémenl svelern and B moaze  efficient
elecineal <tmage syvslem will make e hybmat
ophnng sure conehine, i Enus of cost and
pedominee. nf cuzrent velicles bor the achal
production coxd of hvhnd vehichex cin swidllv b
Jetzmmuned . only when prodection reaches
indusanial  scale  Tiscal and  governmental
Ieentuwyes  catld undoubdedly encourage he
enznmereratizanun of <uch veliicles
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Acronvims

ACTC mwenen

B hareery

114 hitlters chirper

C COomMBoEssLr

CC com>ustion chamber
O clecrncal gencrakoy
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1GV Inlel Gande Vane

b | tlectoe minwo

RE rCgenerator

VM) velucle managemen unzt
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Subscrpts

hist ballery pickags
[\ ranerv maedule

vell crll

el clectrical

el luel

RCA clecirical gzneratnl
libar  lahee

ni inezhailical

midnt  TAmienance

0l -+ IN1X%I600.

mod module
nonm nominal
ad olf desagn

12 polvironic rnpressor
pt polvirop nerhzne
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