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Abstract

This paper addresses the off-design and transient response of a high efficiency hybrid system based on the coupling of a recuperated
micro-gas turbine (mGT) with a tubular solid oxide fuel cell (SOFC) reactor.
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The work focuses on the anodic side where an ejector exploits the pressure energy of the fuel to recirculate part of the exh
rder to maintain a proper value for the steam-to-carbon ratio (STCR) and to support the reforming reactions. Two different s

ime-dependent ejector models are presented and validated against experimental data. Then, the most suitable model for cycle si
erm of calculation time, has been employed for the transient analysis of the entire hybrid system.

The SOFC hybrid system transient behaviour is presented and discussed at several operating conditions from an electroch
ynamic and thermal point of view.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Hybrid fuel cell systems are considered to be a good candi-
ate for the future power generation because of their high ef-
ciency and ultra-low emissions. Especially solid oxide fuel
ell (SOFC) hybrid systems, because of their very high ef-
ciency due to a better use of the free Gibbs energy and
igh operative temperatures, seem to be the right answer

o overcome the Carnot efficiency, that is the main limita-
ion of traditional power plants. Moreover, the high tem-
erature exhaust gas can be well exploited for distributed
ogeneration.

Even if the SOFC–HS steady-state analysis has already
een carried out in previous works[1,2], a transient investi-
ation still remains necessary. In fact, while the SOFC hybrid
ystem study at on-design and off-design conditions is neces-
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sary for assessing the cycle performance and understa
the safe operative limits of plants, the transient analys
mandatory for implementing the control system and st
ing the critical aspects with time. In fact, it is extremely us
for avoiding malfunctions or damage to the key-compon
of the plant, especially during the start-up/shut-down or
ing rapid load variations. In a SOFC hybrid system the m
risk situations are, for instance, (I) an excessive temper
in the fuel cell, (II) too high a pressure difference between
cathodic and the anodic sides, (III) too low an STCR valu
the reformer, (IV) too high a microturbine rotational spe
(V) an operating condition too close to the compressor s
line (surge margin) or (VI) excessive thermal stress in the
exchanger and the cell. All these constraints need to be c
with during both load regulation and start-up/shut-down
cedures.

The results presented in this work refer to the cla
scheme of an SOFC–HS with a recuperated mGT[3], previ-
ously investigated at design and off-design conditions[1].

378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Nomenclature

a sound speed (m s−1)
A cross sectional area (m2)
c, u velocity (m s−1)
Cdis discharge coefficient
cp constant pressure specific heat (J (kg K)−1)
cv constant volume specific heat (J (kg K)−1)
D diameter (m)
f friction factor
h convection coefficient (W (m2 K)−1)
HS hybrid system
i current density (mA (cm2)−1)
k cp/cv
Kp surge margin
L length (m)
LHV low heating value (J kg−1)
ṁ mass flow (kg s−1)
mGT micro gas turbine
Ma Mach number
Mass mass (kg)
N rotational speed (rpm)
p pressure (Pa)
P power (W)
q heat flux (W)
Re Reynolds number
S heat transfer surface (m2)
SOFC solid oxide fuel cell
STCR steam-to-carbon ratio
t time (s)
�t time increase (s)
T temperature (K)
TOT turbine outlet temperature (K)
Uf fuel utilization coefficient
V volume (m3)
x mass flow direction (m)
�x distance between calculation sections (m)
XMA mass fractions

Greek symbols
α diffuser angle (rad)
β pressure ratio
ε recuperator effectiveness
η efficiency
ρ density (kg (m3)−1)

Subscripts
0 on-design
1 primary duct outlet
2 secondary duct outlet
3 diffuser inlet
4 diffuser outlet
a, b heat exchange surfaces
amb ambient

av average
diff diffuser
ext external
FC fuel cell
f friction
fuel fuel
HS hybrid system
i,i+1 calculation section number
in inlet
int internal
iso isoentropic
metal metal
mGT micro gas turbine
mix mixing chamber
out outlet
prim primary
sec secondary
s.l. surge line
t total

Superscripts
′ on-design

2. The plant

The hybrid system studied in this work is a plant of about
300 kW net electrical power, employing a microturbine in-
tegrated with a tubular pressurized SOFC (Fig. 1). The cell
cathode receives the air from a pre-heater downstream the
compressor. The anodic side uses the gas mixture coming
from the reformer, which partially converts the fuel (methane)
into hydrogen. The SOFC exhaust gases are fed into a post-
combustor to increase turbine inlet enthalpy. Part of the an-
odic flow is mixed with the fuel and recirculated at the anode
inlet (Fig. 2). This is necessary to generate the right temper-
ature for the reforming reactions and to avoid carbon deposi-
tion inside the reformer and the stack. In fact, if the steam-to-
carbon ratio (STCR) value inside this component is reduced,
carbon deposits irreparably damage both the reformer and the
cell stack. This recirculation system is mainly composed by
a single-stage ejector[4] (Fig. 3) where the fuel is introduced
through a primary nozzle. The primary flow must have high
momentum to ensure the proper recirculation ratio, and to
create the pressure increase to compensate the pressure drop
inside the fuel cell.

The anodic side is mainly dependent on the ejector perfor-
mance, so a complete analysis of this component is essential.
Therefore, in this paper, two anodic ejector models are de-
scribed and validated. The first detailed model, based on the
1 om-
e lation
t on a
s hole
p

D-CFD equations, is useful to evaluate the local phen
na, such as shock waves, but requires a very long calcu

ime, mainly when used at the system level. For this reas
implified model has been developed and used for the w
lant simulations.
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Fig. 1. Hybrid system plant-layout.PHS = 289 kW,PFC = 239 kW,PmGT = 50 kW,ηel = 0.64.

Fig. 2. Anodic circuit of a tubular SOFC.

3. Ejector models

The “dynamic” ejector model is based on the one-
dimensional Euler fluid dynamic equations with source
terms, integrated using an explicit scheme[5]. The method,

even if less accurate than more modern integration schemes,
is useful and effective for plant simulations, because it shows
the main fluid dynamic phenomena with a good flexibility for
the introduction of source terms for viscous pressure losses,
heat exchanges, and so forth.
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Fig. 3. Ejector scheme.

The “dynamic” ejector model is based on the hypothesis
of adiabatic flow and semi-ideal gas, that isp = ρRT and
variable specific heats, resulting from temperature and com-
position.

To analyse the anodic transient recirculation behaviour, it
is necessary to evaluate the composition variation over time.
So, the “dynamic” model applies the following equations to
the duct:

ṁi = ṁXMA i (i is the chemical element number) (1)

Massi = ρavV XMA i (2)

∂Massi
∂t

= ṁi in − ṁi out (3)

The model is general because it employs gas mixtures of 28
gases[3].

The 1D conservative form equations are:

∂Ū

∂t
+ ∂F̄

∂x
= Q̄ (4)

where:

Ū =



ρA

ρAc
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ρAc

ρAc2 + pA
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The viscous pressure losses are introduced with the fol-
lowing source term:

(Sourcepdc)i = Ai+1 + Ai

2

�pfi

�x
(8)

where

�pfi = ρi
c2
i

2
fi
�x

Di

(9)

fi = f ′
(
Re′

Rei

)α

(10)

To simulate the different fluid dynamic phenomena of the
ejector ducts (convergent, mixing chamber, diffuser), the
code allows for the introduction of three different values of
Re′ andf ′ which are the references at on-design conditions
[9].

So, the vector̄Q becomes:

Q̄ =




0

pav
Ai+1 − Ai

�x
− (Sourcepdc)i

0
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 (5)

he ejector is divided intoNcalculation cells where the equ
ions are numerically integrated, leaving out the extreme
ions. The explicit scheme[6] is based on two steps: “pred
or” and “corrector”.

The boundary sections are solved with the method of c
cteristics[7,8]:

p− ρa du = 0 for the characteristic
dx

dt
= u− a (6)

p+ ρa du = 0 for the characteristic
dx

dt
= u+ a (7)

he Eqs.(6) and (7)must be applied where∂A/∂x = 0 and
here are no source terms.
he ejector mixing-chamber is also modelled with the so
erm technique. In fact the injection of the primary noz
ow into the secondary flow is simulated introducing
her source terms into the vector̄Q. So the code calculate
ith the isentropic and (if necessary) normal wave e

ions, the mass flow, the momentum and the total enth
t the primary nozzle outlet[9]. The whole primary mas
ow is introduced into the first mixing camera cell, wh
he momentum and the total enthalpy are injected into
ntire mixing chamber with an apt triangular distribut
Fig. 4).

Fig. 4. Mixing chamber source terms.
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In detail:

(Sourcemomentum)

= Cdisṁprimcout prim + Aout prim(piso − pout sec) (12)

(Sourceenergy)= ṁprimenthalpyt prim (13)

Since the reduction of the calculation time is a neces-
sary requirement when plant simulations are carried out, a
“lumped volume” ejector model has been developed as well.
Such a model accepts an integration time step about 100 times
higher than the “dynamic” model one described before, with
a large reduction in calculation time. In fact the “lumped vol-
ume” model does not require any calculation grid, but the
equations are integrated into the whole ejector volume. So,
the integration time step does not have to satisfy the well-
known “dynamic” model stability rule[10].

The “lumped volume” model is a simplified scheme for a
constant mixing camera ejector, also based on the hypothesis
of semi-ideal gas. The treatment of the composition variation
over time is the same as for the “dynamic” model. It is im-
portant to highlight the introduction of heat exchange in the
“lumped volume” model. In fact, even if the ejector could be
considered adiabatic at steady-state conditions, experimental
tests[11] show that transient heat exchange with the material
m
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Fig. 5. Ejector used for validation (length: 0.686 m)[12].

The time-dependent behaviour is predicted based on the
following equations:

dṁ4

dt
= A

L
[C − (pout − pt in)] (19)

d(cv4MassTt4)

dt
= �(ṁcpTt) + qmetal (20)

dTmetal

dt
= q

Massmetalcvmetal

(21)

whereC is the pressure rise across the ejector and:

q = qamb+ qmetal = Sinth(Tav eject− Tmetal)

+ Sexthamb(Tamb− Tmetal) (22)

The ejector material average temperature in Eq.(21) is nec-
essary for the introduction of the heat exchange source term
into (22).

The “dynamic” ejector model has been validated at steady-
state conditions with a comparison between experimental
data[12] and the model results. The test ejector (Fig. 5) is
rectangular with a convergent sonic primary nozzle. Intro-
ducing dry air into both ducts, and with reasonable values for
viscous pressure losses, the model calculates the experimen-
tal data[12] with great accuracy, as shown inFig. 6. These
results represent a good validation of the original source term
d s
b ave
p

the
p pri-
m igned
f lcu-
l erring

F essure
d

ay not be negligible.
The “lumped volume” model is formed by an off-des

odel and by a constant area pipe for the fluid dynamic d
The actuator disk is based on the mass, momentum

nergy steady-state equations:

˙ 3 = ṁ1 + ṁ2 (14)

p3A3(1 + k3Ma2
3)

= p1A1(1 + k1CdisMa2
1) + p2A2(1 + k2Ma2

2) (15)

˙ 3

(
h3 + c2

3

2

)
= ṁ1

(
h1 + c2

1

2

)
+ ṁ2

(
h2 + c2

2

2

)
(16)

he viscous pressure losses are only introduced into the
ng chamber (Eq.(17)) and the diffuser (Eq.(18)) becaus
hey are negligible in the secondary convergent duct.

pf = ρav mix
c2

av mix

2
f
Lmix

Dmix
(17)

pf = Cf

4α

(
1 − 1

(A4/A3)2

)

+α

(
1 − 1

(A4/A3)

)2

ρav diff
c2

av diff

2
(18)

hereCf is a friction coefficient and the average quanti
re calculated with simple arithmetical averages betwee

nlet and the outlet of the components.
istribution proposed in this work (Fig. 4). This model ha
een verified for unsteady conditions studying shock w
ropagation, with a “Shock tube” approach[13].

The “lumped volume” model has been compared to
revious “dynamic” model. For example, considering a
ary total pressure step (10% reduction), an ejector des

or SOFC anodic recirculation shows that both models ca
ate the same steady-state off-design performance. Ref

ig. 6. Comparison between theoretical and experimental static pr
istribution for the ejector tested in[12].
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Fig. 7. Diffuser outlet mass flow: comparison of “dynamic” and “lumped
volume” model.

Fig. 8. Diffuser inlet static pressure: comparison of “dynamic” and “lumped
volume” model.

to the transient behaviour, the “lumped volume” is capable
of getting the same time response scale (Figs. 7 and 8) and
the average behaviour over time.

A complete experimental validation including transient
results with an apt test rig of the anodic ejector (Fig. 9) is at the
moment in progress at TPG laboratory, under the European
FP-V contract PIP–SOFC.

4. Hybrid system transient model

The hybrid system transient model was implemented us-
ing the TRANSEO tool[14] developed at TPG within the
MATLAB-Simulink environment[15], to exploit the MAT-
LAB mathematical functions and to create a visual, user-
friendly, modular code. All the TRANSEO models take into
account the chemical composition variation with time with
the algorithm presented for the ejector “dynamic” model. In
fact, in hybrid systems the chemical composition of streams
can show significant changes, which affect the matching of
fuel cell and turbomachinery at both steady-state and tran-
sient conditions. It is worth noting that all the component
models take into account the heat exchange with the walls,
which are not negligible over long-time scales.

The quasi 2D recuperator model, which has been de-
scribed in[14,16], takes into account the following aspects:
(I) flow fluid dynamic inertia; (II) metal matrix and vessel
thermal inertia; (III) variation in convective heat transfer co-
efficient; (IV) variation in viscous pressure loss; (V) variation
in internal matrix fin efficiency. The SOFC simplified model,
which has been described in[2], is set on the tubular geom-
etry presented in[17]. The analysis of the system has been
performed in three steps: (1) design point definition; (2) off-
design analysis; (3) transient behaviour.

4

ise
t rmal
a rfor-
m ation
( age
t . So,
f ional

NIGE
Fig. 9. TPG-U
.1. Design point definition

The hybrid system design point was chosen to optim
he plant efficiency without generating excessive the
nd mechanical stresses. In fact, even if the SOFC pe
ance increases with cell temperature, there is a limit

950–1000◦C depending on the materials) to avoid dam
o the ceramics and to not reduce the life of the system
uel and air mass flows were chosen to satisfy this operat

Ejector test rig.
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Table 1
On-design values

Ejector
Fuel mass flow (primary flow) (kg s−1) 0.009
Fuel composition (CH4) (%) 100
Recirculation mass flow ratio 7.2

Tubular SOFC
Reaction pressure (bar) 3.74
Air inlet temperature (K) 873
Cathode mass flow (kg s−1) 0.625
Fuel utilization coefficient 0.85
Electrical power (kW) 238.8
Efficiency 0.53
Current density (mA (cm2)−1) 426.9

Compressor
Power (kW) 112.7
Isentropic efficiency 0.76
Rotational speed (rpm) 68000
Pressure ratio 3.88
Mass flow (kg s−1) 0.625

Expander (turbine)
Power (kW) 182.2
Isentropic efficiency 0.84
Rotational speed (rpm) 68000
Expansion ratio 3.36
Mass flow (kg s−1) 0.634

Recuperator
Effectiveness 0.88

Fuel compressor
Power (kW) 9.4
Isentropic efficiency 0.6

Generator

Mechanical efficiency 0.95
Electrical efficiency 0.88

System (taking into account fuel compressor power)
Net electrical power (kW) 289
Net efficiency 0.64

limit. The operating pressure was assumed in accordance to
[18]. In fact, the design point of the HS plant is the oper-
ating condition where the microturbine flow rate, rotational
speed, pressure, and turbine inlet temperature are all properly
matched to guarantee the design performance of the plant,
and its safe operation[19]. The ejector has been designed to
ensure the proper STCR value avoiding carbon deposition in-
side the reformer and the cell.Table 1reports the main design
point values.

It is important to underline that the HS efficiency is 64%,
which is particularly significant considering the small size
(289 kWe) of the whole plant. Such efficiency is even bet-
ter than that of advanced large combined cycle (>200 MW)
plants, using steam as the blade-cooling medium.

The comparison of this design point with other previous
design studies[2,19] is a first verification of the TRANSEO
model. In fact, the ratio between mGT and HS power, that
is 17%, is very close as well as the ratio between mGT and
SOFC power that is 21%[19].

Fig. 10. Plant net efficiency.

4.2. Off-design analysis

The hybrid system transient model was successfully ver-
ified at off-design conditions, comparing the results with
some previous studies[2,19]. Even if the design point is
not exactly the same, the off-design behaviour is similar. In
fact,Figs. 10 and 11, which represent steady-state conditions
reached with the transient model, show the same trends as
the results obtained with an off-design model[2,19]. Each
point verifies the operative limitations of the plant[19]. In
fact, it is absolutely necessary to avoid cell temperatures that
are too high or too low, an operating condition too close to
the compressor surge line (surge margin) and mGT overspeed
[2].

4.3. Transient behaviour

The behaviour of the entire cycle, resulting from the re-
duction of the fuel ejector nozzle total pressure by a step of
10%, operating at microturbine constant rotational speed and
maintaining the fuel utilization coefficient fixed at 0.85, has
been simulated.

The results are not only an example of the code capabili-
ties, but also represent an interesting operating case because
the fuel control is mandatory for the regulation of the HS
p ol the
s hole
t g the
p

F -
t

ower. The control system is assumed to be able to contr
haft rotational speed, keeping it constant during the w
ransient (for instance, using a by-pass valve or regulatin
ower extracted from the shaft).

ig. 11. SOFC efficiency (ηFC = PFC/(ṁfuel × LHVfuel)) in the hybrid sys
em.
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Fig. 12. Hybrid system electrical power (fuel compressor power included).

Fig. 13. Ejector recirculation factor.

Of course, the next step would be the testing of different
control strategies or control system parameters applied to the
present plant model, but this is the topic of further investi-
gations that are now possible with the present HS transient
model.

The results show that while the cathodic side is driven only
by the temperature variation, because of the rotational speed
being assumed constant, the anodic side is characterized by
three different time-scale phenomena. In fact, the plant power
(Fig. 12) and the ejector recirculation factor (Fig. 13) show
the negligible fluid dynamic delay, the depressurisation time
delay and the thermal long time-scale effect.

This behaviour is explained by the anodic inlet pres-
sure trend (Fig. 14) and by the SOFC average temperature
(Fig. 15). In fact,Fig. 14shows the depressurisation transient
(about 100 s) and the long time-scale temperature variation
due to the SOFC thermal inertia, whose characteristic time is
about 300 s.

Fig. 15. SOFC average temperature.

Fig. 16. Plant net efficiency.

The efficiency of the system (Fig. 16) shows a trend that
is a direct consequence of the HS power behaviour. In fact,
the sudden increase due to the fuel step is followed by a
smooth decrease toward the new steady-state condition. The
latter transient is mainly driven by the depressurisation and
the thermal inertia of the fuel cell.

The main objective of the analysis is the verification of
the fuel cell behaviour inside the whole plant, since it is the
most expensive component affected by relevant operational
constraints. Albeit the differential pressure between the an-
odic and the cathodic side is never too high (Fig. 17) and
the fuel cell inlet STCR (Fig. 18) is always within an accept-
able range,Figs. 17 and 18show that a greater fuel variation
could create some problems, especially during transient con-
ditions: in fact, the oscillation of the STCR and the maximum
differential pressure could become unacceptable. So, it seems
advisable for the control system to act on the microturbine
rotational speed to reduce the cathodic pressure, limiting the
pressure difference between the anodic and the cathodic side
of the cell.

F ide (at
d
Fig. 14. Anodic inlet pressure.
ig. 17. Differential pressure between the anodic and the cathodic s
esign point such a differential pressure has to be minimized).
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Fig. 18. Fuel cell inlet steam-to-carbon ratio.

Fig. 19. Fuel cell average current density.

Fig. 19 reports the average current density behaviour: it
shows the fast fluid dynamic delay (<1 s), the effect of the
depressurisation delay (100 s) and the thermal inertia as well
(300 s). Another significant parameter is the stack voltage
(Fig. 20), which is reduced because the total electrical resis-
tance is increased by the temperature decrease. Instead, the
initial peak is due to the rapid decrease in current density.

On the cathodic side the reduction in the fuel cell aver-
age temperature produces an increase in the mass flow rate
(Fig. 21) and a decrease in the pressure ratio (Fig. 22). Such
a new steady-state condition is well explained by the com-
pressor characteristic curve (Fig. 23).

The compressor operating point moves to lower pressure
ratio values, also achieving a larger surge margin (Fig. 24).
As expected, the reduction of the fuel flow rate (at turboma-
chinery constant rotational speed) does not create problems
for the compressor because it moves away from the surge
line.

Fig. 21. Air compressor mass flow rate.

Fig. 22. Air pressure ratio.

Fig. 23. Compressor characteristic map and operative point.

The temperature variation in the metal matrix of the re-
cuperator needs to be carefully monitored, in order to keep
the thermal stress under control.Fig. 25shows the heat flux
behaviour over time. The difference between the curves re-
ported inFig. 25is due to the thermal storage within the recu-
perator matrix. Even if the detailed temperature distribution
is known, the effect is also evident in the matrix average tem-
perature variation (Fig. 26), which, however, does not seem

Fig. 24. Surge margin.
Fig. 20. Fuel cell voltage.
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Fig. 25. Recuperator heat fluxes.

Fig. 26. Recuperator matrix average temperature.

Fig. 27. Recuperator effectiveness.

to be critical in this case (maximum temperature gradient of
about 0.1 K s−1).

Another meaningful property is the recuperator effective-
ness, reported versus time inFig. 27. The rapid increase is
due to the initial variation in the TOT, which is caused by
the depressurisation of the cell. Such an apparent increase in
effectiveness is simply due to the recuperator thermal iner-
tia, because the matrix releases part of the heat that is stored
internally.

5. Conclusions

This work has been carried out at TPG, University of
Genoa, in order to analyse the transient behaviour of a
SOFC hybrid system based on the coupling of a recuperated
micro-gas turbine with a tubular solid oxide fuel cell, giv-
ing special attention to the anodic recirculation performance
over time. The main conclusions and results of the study
are:

• The “dynamic” and “lumped volume” ejector models for
SOFC recirculation circuit have been developed and suc-
cessfully tested and validated.

• The SOFC hybrid system transient model has been de-
veloped with TRANSEO, a tool developed at TPG[14].
It has been successfully verified at design and off-design
conditions.

• Special attention has been devoted to properly modelling
the composition variation over time for all the components
of the plant.

• The time-scales of the main transient phenomena have
been calculated: the very short fluid dynamic time- scale
(less than 1 s), the pressurization/depressurisation charac-
teristic time (about 100 s) and the fuel cell and heat ex-
changer thermal inertia long time-scale (over 300 s). They
should be taken into account for the development of a
proper control system.

• During transients, unexpected fluctuations in important
proprieties, such as STCR, could occur and need to be
carefully monitored, in order to avoid the system running
into “forbidden” or “dangerous” areas.

The transient model presented here is currently being used
for IP-SOFC system modelling[19,20]and for hybrid system
control definition.
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