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Abstract

This paper addresses the design and off-design analysis of a hybrid system (HS) based on the coupling of a recuperated micro gas turbine
(MGT) with a high temperature solid oxide fuel cell (SOFC) reactor. The SOFC reactor model is presented and discussed, taking into
account the influence of the reactor lay-out, the current density, the air utilisation factor, the cell operating temperature, etc. The SOFC
design and off-design performance is presented and discussed; the design and off-design models of a recuperated micro-gas turbine are also
presented. The operating line, the influence of the micro gas turbine ‘“‘variable speed’ control, and the efficiency behaviour at part load are
analysed in depth.

Finally, the model of the hybrid system obtained by coupling the MGT and the SOFC reactor, considering the compatibility
(technological constraints) of the two systems, is presented. The model allows the evaluation of the design and oft-design behaviour of the
hybrid system, particularly when the MGT variable speed control system is considered. The thermal efficiency of the hybrid system, taking
into account its size (250/300 kW), is noteworthy: higher than 60% at design point, and also very high at part load conditions. Such a result
is mainly due to the simultaneous positive influence of SOFC off-design behaviour and MGT variable speed control. Moreover, it is
possible to recover the waste heat from the gas at the MGT recuperator outlet (Tg, is about 250°C) for cogeneration purposes.

© 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical reac-
tors currently under development for applications in the field
of energy conversion [1,2]. The type of electrolyte which is
usually employed (YSZ, yttria stabilised zirconia) requires a
high operating temperature (1000°C) which imposes severe
technological constraints on the materials, and thus several
research programs are under way to find alternative electro-
lyte materials [3,4] or alternative multi-layer deposition
techniques [5-7] which are expected to permit operation
at temperatures of 700-800°C. Other intensive research
efforts are being made in the field of electrode improvement,
with particular attention to new electroactive materials and
to the optimisation of the structure and morphology of
composite electrodes [8,9]. As far as fuels are concerned,
pure hydrogen and methane are currently being tested, and
both internal and external steam reforming and partial
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oxidation reaction schemes have been proposed for the
latter. Among the reactor geometries, planar [10] and tubular
[11] reactor shapes have been proposed, with a number of
variations such as planar cells with integrated air pre-heater
[12]. Even though it is difficult to quote an average SOFC
performance, the experimental data reported in the literature
being distributed over a wide range, we can still state that,
with an operating temperature in the range 900-1000°C,
with pressure of 1 bar and hydrogen at the anode and oxygen
at the cathode, the efficiency of the cell alone is at least 50%.
SOFCs have not yet reached a level where they can compete
with the cost, reliability and plant size reached by conven-
tional energy conversion technologies; however, a number
of demonstration programs are currently in progress, includ-
ing some hybrid plants based on SOFCs coupled with small
gas turbines [13,14].

Another power source, viewed as being well suited to
meeting the needs of small energy users, is the small gas
turbine. The first generation of micro-turbines [15-17] (25—
300 kW,), is currently being introduced into the distributed
electrical power generation market. About a dozen compa-
nies are currently involved in the R&D of micro-turbines,
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Nomenclature

A, B coefficients in Eq. (15) (ohm™!, K)

C,, C coefficients in Eqgs. (16) and (17) (ohm)

C, molar specific heat (J kmol ' K1)

D, D, coefficients in Eqgs. (18) and (19) (A)

E activation energy (J kmol ™)

F molar flow rate (kmol s~ )

AG Gibbs free energy change of reaction
(J kmol ")

AG° standard Gibbs free energy change of
reaction (J kmolfl)

AH enthalpy change of reaction (J kmol ")

1 electrical current (A)

K, rer; Ky onire  €quilibrium constants (Pa%, -)

my, Mo coefficients in Egs. (13) and (14)

p partial pressure (Pa)

p0 reference pressure (Pa)

P overall pressure (Pa)

R reaction rate (mol s_l)

R, gas constant (J kmol ' K™)

T temperature (K)

U,, Us oxygen, fuel utilisation factor

Ve thermodynamic electrical potential (V)

Vp loss of electrical potential (V)

\% electrical potential of stack (V)

Wy electrical power (W)

X molar fraction

Greek letters

Q electrical resistance (ohm)
v stoichiometric coefficient
0 electrical resistivity (ohm cm)
Subscripts
a, c, el anode, cathode, electrolyte
con contact
chemical component
j flow stream
k chemical (or electrochemical) reaction
ohm ohmic
pol polarisation
Superscripts
in, out inlet, outlet

and several of these projects have been discussed previously
[18]. To meet low-cost goals the engine configurations are
kept as simple as possible, with many of the machines
embodying the following features: (1) single-stage radial
compressor; (2) single-stage radial inflow turbine: (3) direct-
drive high-speed air-cooled generator; (4) multi-fuel com-
bustor; (5) highly effective compact recuperator; and (6) a
simple control system. An additional attractive feature is the
use of air bearings to support the single high-speed rotor.
The salient features of a representative micro-turbine are

given by Massardo et al. [15], Mc Donald [16], and Rodgers
[17]. With a compressor pressure ratio of about 4, a turbine
inlet temperature of 880-900°C, and a recuperator effec-
tiveness of 0.85-0.88, the estimated thermal efficiency is
about 30% (50 = 100 kW,). Factoring in other aspects,
including the generator and the power required for the fuel
compressor, the overall efficiency of the microturbine that
stands alone is about 27%. To advance significantly beyond
this level will require an increase in turbine inlet tempera-
ture, which will necessitate the use of ceramics in the hot-
end components [15].

Solid oxide fuel cells (SOFCs) integrated with gas tur-
bines of small size (less than 1 MW) are attracting wide
interest [19-24] as these systems are able to simultaneously
solve some of the key problems of small gas turbines (low
efficiency and NO, emissions due to the combustor) and of
SOFCs (high cost, predicted to be around $1000-1500 per
kW). The pressurised SOFC module substitutes the com-
bustor of the regenerated turbine plant, and the clean
effluent has a temperature of about 900°C, which well
matches the requirements on the inlet temperature of first
generation micro-turbines. The value of the compressor
discharge pressure of about 4 bar also facilitates increased
power output and higher efficiency from a given SOFC
frame size [19]. Plant efficiencies are predicted to be close
to 60%, and thus the cost of the resulting energy should be
lower than that of a gas turbine plant of the same size (taking
into account both capital and variable costs). Integrated
SOFC/microturbines (hybrid systems) are at an early stage
of testing at the moment [19], and technical-economic
optimisation is an issue currently being addressed by many
developers.

In this paper, the design and off-design performance of a
small size power hybrid system (HS) obtained by coupling a
micro gas turbine (50 kW,) and a SOFC tubular reactor is
discussed on the basis of a model of the hybrid system,
obtained by coupling the design — off-design models of the
micro gas turbine and the tubular SOFC reactor, respec-
tively. All the models, written in the Matlab language, are
presented and discussed in detail in this paper. Then, the
design and part load performance of the MGT, SOFC
reactor, and HS are presented and discussed in depth, also
taking into account the influence of the MGT variable speed
control system. The details of the configuration of the SOFC
module, GT group and overall plant are discussed and
presented together with the modelling equations in the next
section of the paper.

2. Configuration and model of the MGT-SOFC hybrid
plant
2.1. SOFC group

Fig. 1 shows the lay-out of the SOFC group, which
includes both the reformer and the SOFC stack. The refor-



354 P. Costamagna et al./Journal of Power Sources 96 (2001) 352-368

Fuel Recycle

\"/

Air Exhaust

-

A

R : Sensible Heat Reforming
FC : Fuel Cell

C : Combustion

P : Air Pre-Heater

A A
v
R FC FC
\__/
M : Mixing

Fig. 1. Scheme of the SOFC group, including the SOFC stack, the mixer and the sensible heat reformer.

mer is a typical catalytic reactor, where the following
reactions take place:

CH, + H,0 < CO + 3H; (reforming) (1
CO + H,0 < CO, + Hj (shifting) )

The sensible heat of the reactants provides the energy
necessary for the reforming reaction to occur. The reactants
are methane and water, which are supplied to the reformer
through the fuel and the recycling of the water-rich anodic-
exhaust of the SOFC; the composition of the anodic recycle
under typical operating conditions (design point) is xy,0 =
0.4430; xg, = 0.00405; xco = 0.04088; xco, = 0.5120. In
this study, the recycled flow rate is chosen in order to meet
the condition that the steam-to-carbon ratio be about 2.4; this
condition ensures that the problem of carbon deposition is
avoided in the SOFC stack. The other components of the
SOFC group are the mixer and the SOFC stack. The mixer is
an ejector, where the fuel and the recycled flow rate mix

prior to entering the reformer. The SOFC group is repre-
sented in Fig. 1 as a bundle of tubular cells; however, no
specific details of the tubular geometry have been taken into
consideration in the simulation. After the recycled flow rate
has been drawn from the anodic side, the SOFC exhausts
mix and burn in the outlet part of the SOFC stack so that their
temperature rises to the level required by the downstream
MGT group.

In this study, the SOFC simulation is a sub-module of the
overall plant model, which requires many iterations before
reaching convergence; owing to this fact, reliability and high
calculation speed are the most important requirements for
the SOFC subroutine. In order to meet these requirements,
some authors [25] have proposed a predictive evaluation of
the behaviour of the SOFC group based on the interpolation
of experimental data of reactor behaviour under different
operating conditions. However, due to the high number of
operating variables (temperature, current density, reactant
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utilisation, pressure, etc.), a complete experimental database
of SOFC performance under the different operating condi-
tions is difficult to obtain, and no data are available in the
open literature yet. Moreover, as SOFC reactors are still
under development, a ‘state of the art’ fuel cell performance
cannot be defined, and it would be very useful to have a
flexible simulation tool, which could easily be adapted to
different cell geometries and operating conditions, but this
is only possible with a model based on mass and energy
balances coupled with appropriate expressions for the
reaction kinetics, thermodynamic constants and material
properties. Thus, such a model has been developed in order
to evaluate the behaviour of the SOFC group, including
mixer, reformer and SOFC stack. The modelling approach
followed in this study is somewhat different from the one
adopted in previous works [26,27], where the balance
equations were written as local balances, under the form
of partial differential equations. Those equations were then
integrated numerically along the SOFC geometrical co-
ordinates, allowing a detailed evaluation of the distribution
of the physical-chemical variables (temperature, gas com-
positions, electrical current density, etc.) within the SOFC.
Instead, in this study, the balance equations are written as
macroscopic balances, in the form of finite equations.
Those equations simply express a balance between inlet
and outlet flows of mass and energy in each component of
the group; under suitable assumptions (reported and dis-
cussed below), those equations allow the evaluation of the
average values of the physical-chemical variables (i.e.
temperatures, concentrations, etc.) of each component,
and the electrochemical performance of the group itself.
Obviously, this approach is greatly simplified and less
accurate than the previous one; this loss of accuracy is
fully acceptable within the framework of the overall plant
evaluation and allows a significant reduction in the com-
putational time.

The following assumptions have been made: (1) adiaba-
ticity of all the components of the SOFC group; (2) uni-
formity of temperature within all the components of the
SOFC group; (3) cathodic flow composed of O, and N»; (4)
anodic flow composed of CH,, CO, CO,, H,, H,O; (5)
reforming and shift reactions at equilibrium in the reformer
and the SOFC stack; (6) electrochemical reactions in the
SOFC stack as reported below:

10,+2e” — 0> cathode

H, + 0>~ — H,0 +2e~ anode

H, +30, — H,O  overall reaction 3)

the electrochemical oxidation of CO has not been taken into
account at this stage; (7) temperatures of the gases at the
outlet of the reformer and the SOFC stack are equal to the
reformer and stack temperatures, respectively; some results
previously published in the literature [26,28,29] support this
hypothesis.

The equations used for the simulation of the various
elements of the SOFC group are reported in Table 1. The
equations of the mixer simply express the conservation of
mass and energy through the mixing process. The equations
of mass and energy balance for the reformer (Egs. (8) and
(9)) include, in addition to the input and output contribu-
tions, the generation term due to the chemical reactions. The
reaction rates R; (where k = 1 for the reforming reaction,
and k =2 for the shift reaction) are evaluated through
Egs. (6) and (7), which express an equilibrium condition.
The assumption of thermodynamic equilibrium, at an oper-
ating temperature which is about 550°C (see Section 3.2) is
fully justified in the presence of a suitable catalyst in the
reforming reactor. For the sake of completeness, the partial
pressures of the reactants in Egs. (6) and (7) are related to the
molar flow rates F through the relationship

F;

Pi=7 (24
In the SOFC stack, the calculation of the electrical current—
voltage relationship is made through the evaluation of the
thermodynamic voltage (Eq. (12)), which is the voltage of
the stack under open-circuit conditions. When electrical
current is drawn from the stack, voltage losses arise due to
irreversibilities. These losses can be classified as: (1)
ohmic losses (Egs. (13)—(15)); (2) activation losses, due
to sluggish electrode kinetics (Eqgs. (16) and (17)); (3)
concentration losses, occurring when the diffusion of the
reactants through the electrodes is slower than the electro-
chemical reaction. However, at the high operating tem-
perature of SOFCs, diffusion is a very efficient process,
and thus the latter effect is usually negligible, unless under
conditions of very high fuel or oxidant utilisation, which
are not taken into consideration here. Thus, concentration
losses have been neglected in this work. The current—
voltage behaviour of the stack is evaluated by subtracting
the overall voltage losses from the thermodynamic poten-
tial (Egs. (21) and (22)) for each value of the electrical
current.

The balance equations of the SOFC stack account for the
process of conversion of chemical energy to electrical
energy. Thus, in the mass balance (Eq. (22)) both chemical
end electrochemical reactions have been included, and the k
index varies between 1 and 3, where kK = 1 for the reform-
ing, k = 2 for the shift reaction and k = 3 for the electro-
chemical reaction. In this case, the shift and reforming
reaction rates are also evaluated from the constant
of thermodynamic equilibrium (Eqgs. (10) and (11)); the
electrokinetics R3 is correlated to the electrical current /
supplied by the stack

1
-~ 2F
The energy balance (Eq. (23)) includes the electrical

power W, and the enthalpy changes of the chemical and
electrochemical reactions, and allows the evaluation of the

R; (25)
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Table 1
Basic equations for the simulation of the SOFC group

Mixer Mass balance F = ZF ,‘3 4)

J
> _Cpid FifTy"
~ T

i

Energy balance T = 5)
gy SRG,, (
P3 Pco
Reformer Equilibrium chemical reactions Kpref = LD (reforming) 6)
PCH,PH,0
Ky anine = PP (ghifiing) 7
pPcoPu,0
F = FI" ) iR, (®)
Mass balance k
> FIRC, T™ + > "Ri(—AHy)
Toul — i k (9)
Energy balance ZF M Cpi
P3 Pco l
Fuel cell stack Equilibrium chemical reactions Kp et = ST (reforming) (10)
PCH,PH,0
Kpanite = 22P (qhifting) (an
PcoPn,0
~AG —AG" R,T 12
Electrochemical reaction Voe = —G = G £ In w (12)
2F 2F 2F PH,0
Be
Pat = Ac exp(— %) (13)
B
Pa =Aa exp(— 7“) (14)
=A Be 15)
Pe = Ac €Xp T (
1 2F e
=D — <Pfl—(l)2> e~ (Ea/RT) 16)
onl,a RgT 14
1 4F p()«)mZ —(E./RT)
=D)—— = e 17
onl,c ? RgT <p0 ( )
Qlol = Z Qohm + Z onl + Qcon (18)
Vp = Qtotl (19)
V="Ve— Vp (20)
Wa = VI (21)
Mass balance F = Fin 4 Zv;,kRk (22)
k
D FC,T™ + > Re(—AHy) — Wa
Energy balance Tout = 1 k (23)
gy S G,
outlet temperature of the gases, which is equal to the average The values of all the parameters appearing in Eqgs. (13)—
temperature of the stack. As the latter temperature is an input (19) have been taken from the literature [27,30,31] and are
value for the calculation of the stack current—voltage rela- reported in Table 2.
tionship (as T appears in Eqs. (12)—(17) discussed above),
the system of Egs. (4)—(25) was solved through a numerical 2.2. Micro gas turbine
method, starting from a first-attempt value for the stack
temperature and calculating a new temperature at each Fig. 2 shows a simplified lay out of a recuperated micro

iteration until convergence was reached. gas turbine. The MGT is made of the following components:
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Table 2
Values of the parameters appearing in the equations reported in Table 1

Coefficient in Eq. (13)
Coefficient in Eq. (13)
Coefficient in Eq. (14)

Aq = 0.00294 (Q cm)
By = —10350 (K)
A, = 0.00298 (Q cm)

Coefficient in Eq. (14) B, = 1392 (K)
Coefficient in Eq. (15) A, = 0.008114 (Q cm)
Coefficient in Eq. (15) B, = —600 (K)

Coefficient in Eq. (16)
Coefficient in Eq. (17)
Anodic activation energy
Catodic activation energy

Dy = 2.13 x 10%A/cm?)
D> = 1.49 x 10*(A/cm?)
E, = 110000 (J Kmol™)
E. = 110000 (J Kmol ")

Contact resistance Qcon = 0.15 (Q)
Cathode thickness 0.035 (cm)
Electrolyte thickness 0.017 (cm)
Anode thickness 0.030 (cm)

centrifugal compressor, inflow expander, combustion cham-
ber, recuperator, electrical generator, natural gas compres-
sor.The simulation program is composed of several modules
representing actual interconnected MGT components [32].

The simulation of the compressor module is based on the
experimental maps (efficiency and pressure ratio versus non-
dimensional flow rate) shown in Fig. 3 [33]. The calculation
is checked at every step to make sure the compressor surge
margin is respected. The input data of the compressor
module are: air inlet pressure and temperature, rotational
speed, and a first guess pressure ratio. The actual pressure
ratio value of MGT is determined using a matching tech-
nique between the compressor and the downstream compo-
nents [34].

In the combustion chamber the complete combustion
reaction hypothesis is utilised, using the outlet compressor
data and the fuel mass flow rate as input. The combustion
chamber pressure losses (correlated to the combustion pro-
cess and to the friction) are evaluated in the program [34].

The simulation of the expander is based on the turbine
non-dimensional maps shown in Fig. 4 [35], and utilises the
data at the combustion chamber outlet and the regenerator
downstream pressure losses as inputs. The mass flow rate
and compressor-turbine work compatibility are checked to

Fuel

1.033
0.004

257
1.013
0.5034
<
182
3.864
0.4994

A
15
1.013
0.4994
Air

655
1.092
0.5034

2O

P.=54 [kW]
n=10.292

T [°C]
p_[bar]
m [kg/s]

Fig. 2. MGT simplified lay-out.
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Fig. 3. MGT compressor map.

verify the correct matching of the MGT components; if the
matching is not suitable, another pressure ratio value is
considered until convergence is reached.

The recuperator module allows the evaluation of tem-
perature distribution at design and off-design operating
conditions to be obtained on both the cold and hot sides.
At partial load, the heat transfer surface being fixed, an apt
correlation [32] is used to evaluate the heat transfer coeffi-
cient based on the value of the Reynolds number. The
pressure losses at partial load are evaluated as a function
of the density and mass flow rate.

Finally, simplified models have been considered for the
natural gas compressor (necessary to increase the fuel
pressure up to the combustion chamber pressure) and the
electrical generator.

The overall model has been positively tested with gas
turbine data available in open literature [34]. For example,
the matching line for the MGT analysed here is shown in
Fig. 3 (where the surge margin is also evident), while the
data at the design point are reported in Fig. 2. It is worth
noting that the MGT efficiency is about 30% for 54 kW,
electrical power.

2.3. Hybrid system

Fig. 5 shows the simplified layout of the hybrid system,
which has been obtained by substituting the SOFC group to
the combustor of the MGT plant reported in Fig. 2. The plant
design and the size of all the components have been chosen
on the basis of indications from the literature on combined

1.1

1 ]
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& 08
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g 07
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0,6 ‘ n~=n/npp.
l2
n=0,5 mr:m*(To)/ /po
0,5 _
Ahr_Ahreal/ ((>I:)O=!< TO)
0,4 : :
0 0,2 0,4 0,6 0,8 1 1,2 1.4
AhJAhgpp,

Fig. 4.

MGT expander map.
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Fig. 5. Simplified lay-out of the hybrid plant (MGT and SOFC), with data at the design-point.

SOFC/MGT plants [11,14]; the MGT has a size of about
50 kW,, and the SOFC stack has an overall active area of
95 m?, which produces about 240 kW of power at the design
point (the cell specific power is about 2.5 kW/m?). The
simulation model of the hybrid plant has been obtained
using a combination of the previously described models of
MGT and SOFC groups. The resulting simulation package
runs on a personal computer (PIII, 500 MHz, 64 MB RAM)
and requires about 15 min for a design point analysis.

3. Results and discussion
3.1. Design performance of the HS

In our case study, the design point of the HS plant is the
operating condition where the turbine flow rate, rotational
speed, pressure, and turbine inlet temperature are compa-
tible with the limitations of this technology and the size of
the turbine under consideration. When the MGT has been

defined, the SOFC group is designed to be fed with the same
air flow rate, operated at the MGT pressure, and have an
exhaust temperature equal to the turbine inlet temperature
(TIT) of the MGT. Actually, there are other ways of selecting
the design point; for example, starting with the data of an
existing SOFC system and finding the apt MGT (if it exists).
This subject is very important and will be addressed in a
future work which will include an optimisation approach.
Even if the best operating condition for the combined
plant is slightly different from the design point chosen on the
basis of the previous procedure, the main goal of this work is
the study of the behaviour of a hybrid system under off-
design conditions, which could only be marginally affected
by the choice of the design point. In our case study, the
typical operating conditions were as follows: pressure
3.8 bar; fuel (methane) flow rate and inlet temperature
0.094 kg/s and 15°C, respectively; oxidant (air) flow rate
and inlet temperature 0.47 kg/s and 15°C, respectively. The
design point temperature, pressure and flow rate values of
each module of the plant are shown in Fig. 5. It is interesting



360

to note that the HS efficiency is higher than 60%, which is
particularly important considering the small size (287 kW)
of the whole plant. This efficiency is higher than that of
advanced large combined cycle (>200 MW) plants using
steam as the blade cooling medium. It is also important to
observe that at design condition the MGT power is about
16% of the whole HS power, while the ratio between MGT
and SOFC power is 19%. However, the design point per-
formance is not sufficient to determine if the HS is a good
system for the distributed electricity market and cogenera-
tion applications, as an HS is expected to operate also at part-
load conditions during its operating life.

3.2. Off-design performance of the SOFC group

In order to facilitate the understanding of the results of the
overall plant simulation, the performance characteristics of
the SOFC group alone (i.e. not inserted in the HS) are
presented and discussed. In particular, the current—voltage
curves obtained under different operating conditions for the
overall SOFC group (i.e. including the fuel cell stack, the
mixer and the reformer) are presented. It is important to note
that the influence of the reformer on the overall performance
is not very significant, and the behaviour of the group is
dominated by the characteristics of the SOFC reactor. In all
the runs, the operating conditions have been kept as close as
possible to those applied to the HS, in order to analyse the
behaviour of the SOFC group close to the plant design point
and under typical off-design conditions for the HS. For
example, one of the most important parameters influencing
the SOFC performance is the operating temperature of the
fuel cell stack; for this purpose, and in order to vary only one
parameter at a time, some runs were made where the
operating temperature was not free to vary according to
the energy balance (Eq. (23)), but it was imposed as input

P. Costamagna et al./Journal of Power Sources 96 (2001) 352-368

datum, in order to determine its effects on the electrical
performance. Those results are interesting also for a better
understanding of the plant behaviour (Section 3.3). In all the
runs, the pressure was 3.8 bar, the utilisation factors were
kept constant at 0.85 and 0.26 for methane and oxygen,
respectively (where the methane utilisation factor is defined
as Ucn, = Fu, consumed/4Fcn,) and the inlet temperatures of
the gases were 400 and 607°C at the fuel and air sides,
respectively; all these values are very similar to those at the
design point (Fig. 5 and Section 3.1). Fig. 6 shows the
current—voltage simulated characteristic curves at different
stack operating temperatures, from 850 to 1000°C. The
curves show typical SOFC straight lines [19]; by decreasing
the temperature, the slope of the lines increases exponen-
tially, due to the exponential increase of both the activation
and ohmic resistances, as shown in Fig. 7. The latter figure
also shows the relative importance of the different resistance
terms: ohmic and activation polarisations are almost of the
same magnitude, while contact resistances are about one
third of the previous effects, in agreement with data pre-
viously reported in the literature [27].

The efficiency of the SOFC module is an important
parameter to be studied to understand plant behaviour under
part-load conditions. In Fig. 6, the straight lines which
represent the current—voltage curves, also represent the
efficiency of the SOFC module; the direct ratio between
voltage and efficiency is due to the fact that the fuel
utilisation is kept constant along all the curves.

The power is a parabolic function of the cell current
density (Fig. 8), and thus the plot of the efficiency as a
function of power has the behaviour shown in Fig. 9: this is
the ‘off-design map’ of the SOFC module (operating at
imposed temperature), which has an interesting feature. In
fact, if we take into consideration a fixed temperature for the
SOFC stack, for each value of the power supplied there are

0,8
0,7 | 106
06 1 105
0,5 |
s 104 §
[ [
9 0,4 ‘S
= Trc [K] 103 E
> 03 w
! —e— 1273 K
02l ™ 1223 K| 102
’ —a— 1173 K
01 [F*—1123K 10,1
0 , : : - : : : 0
0 2000 4000 6000 8000 10000 12000 14000 16000

Bectrical current density [A/m?]

Fig. 6. SOFC group voltage and efficiency vs. electrical current density, at fixed fuel cell operating temperature, and Uy = 0.85 and U, = 0.26. Variable

parameter: fuel cell temperature.
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two alternative modes of operation (M and N): in both points
the operating parameters of temperature and fuel and oxygen
utilisation have the same value and the electrical current
density and the efficiency differ; the points at high efficiency
correspond to low electrical current densities, and the points
at low efficiency correspond to high electrical current den-
sities. The features of these maps will be further discussed
with reference to the overall plant performance.

In addition to the study of the behaviour of the SOFC
under isothermal conditions, some more runs were carried
out in adiabatic conditions (i.e. the operating condition of
the SOFC group in the HS). In this case, the complete
simulation model was used, including the thermal balance
of the SOFC reactor; thus, the operating temperature of the
stack was not constant, and it was evaluated on the basis of

1400

the energy balance (Eq. (23)). Again, in all the runs the
utilisation factors were kept as 0.85 and 0.26 for methane
and oxygen, respectively; the inlet temperatures of the gases
were kept at 400 and 600°C at the fuel and air sides,
respectively. Fig. 10 shows the current—voltage character-
istic curves and Fig. 11 shows the variation of temperature
along each characteristic curve. As the stack temperature is
about 1000°C at a current density of 8000 A/m?, and the cell
temperature increases by increasing the electrical current
density, no runs were carried out at a higher current density
as the operating temperature would grow beyond the accep-
table operating values. The variation of temperature which
takes place by increasing the current density (Fig. 11) is due
to the increased energy dissipations under these conditions;
due to this increase of temperature, the current—voltage
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Fig. 11. Fuel cell temperature vs. electrical current density, calculated with Uy = 0.85. Fuel cell temperature evaluated according to the energy balance.

Variable parameter: U,.
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curves (Fig. 10) are not perfectly straight lines, nor is the
Nernst voltage perfectly constant.

Fig. 12 is analogous to Fig. 8, and shows the power of the
SOFC group as a function of the electrical current density. In
this case, the curves show an increasing trend in the entire
operating range under consideration, which is similar to the
left branches of the curves reported in Fig. 8. In an analogous
way, Fig. 13 shows the efficiency as a function of the power
supplied by the SOFC module, and, again, only one branch
(i.e. the upper branch) of the analogous curve, shown in
Fig. 9, is visible. Figs. 10-14 also show the effect of the
oxygen utilisation factor, and in particular Fig. 13 demon-
strates that the efficiency versus power curves increase when
the oxygen utilisation factor increases. This can be
explained by the fact that higher oxygen utilisation factors
involve a smaller air flow rate being fed to the fuel cell stack,

0,6

which causes an increase in temperature and, as a conse-
quence, an exponential decrease of the overpotentials, and
finally an increase of the efficiency of the conversion process
(it must be mentioned that, when the oxygen utilisation
factor increases, the average oxygen molar fraction
decreases, with an unfavourable effect on the cathodic
polarisation; however, the latter effect is /inear, and since
the previously mentioned effect of temperature is exponen-
tial, this is prevailing).

3.3. Off-design of the HS at constant turbine rotational
speed

When a variable speed control system is not available, the
only possible way to vary the power supplied by the plant
(part-load operation) in a system including an MGT is to
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Fig. 13. SOFC group efficiency vs. power, calculated with Uy = 0.85. Fuel cell temperature evaluated according to the energy balance. Variable parameter:

U,.
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vary the overall fuel flow rate to be fed to the plant. Some
simulations have been made, where the fuel flow rate has
been changed by keeping the SOFC fuel utilisation factor
constant at 0.85 (and thus different fuel flow rates corre-
spond to proportionally different electrical currents supplied
by the SOFC stack). On the other hand, the air flow rate is an
independent parameter, which is evaluated on the basis of
the matching of the MGT expander, the MGT compressor,
and the stack, thus the oxygen utilisation is not constant
throughout the simulations.

Fig. 14a shows the response of the overall plant and the
SOFC group to a variation of the fuel flow rate (from the
design point (DP) to the part load conditions A, B, ..., G).
We would like to point out that a direct comparison between
the SOFC and HS efficiencies is not possible, since they are
evaluated with slightly different procedures. In fact, the

G: refer to Fig. 14a).

efficiency of the plant is calculated as the ratio between
the net power produced and the LHV of the feeding fuel,
while the efficiency of the stack is the ratio between the
power supplied by the stack alone and the LHV of the fuel
supplied to the plant. Thus, the power consumption of the air
and fuel compressors and the mechanical losses are not
taken into account in the efficiency of the fuel cell group,
while they are considered in evaluating the efficiency of the
overall plant. To give an idea of the relative importance of all
the contributions, at the design point the fuel cell and the
MGT expander supply 242 and 136 kW, respectively, the air
compressor consumes 82 kW and the methane compressor
and mechanical and electric efficiency account for 9 kW
overall. Thus, as the compressors serve the SOFC group as
well as the turbine, it would be realistic to subtract a part of
their power consumption from the power supplied by the
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SOFC group in evaluating the SOFC efficiency. In other
words, the increase of efficiency due to the presence of the
microturbine is not simply the difference between the over-
all plant and the SOFC group efficiencies (which could
erroneously be calculated from Fig. 14a as about 10%).
However, it is not a simple matter to determine how to share
the power losses between the turbine and the SOFC group,
and this matter lies beyond the scope of this work [19].

Fig. 14a shows that when the power supplied by the SOFC
group decreases, the efficiency decreases as well. This
would appear to contradict what was reported previously
in Fig. 13, where, for each value of the air utilisation factor,
the efficiency was a decreasing function of the power.
However, it must be taken into account that the behaviour
of the SOFC group of the plant cannot be simply compared
to the behaviour of the SOFC group alone, as considered in
Section 3.2. In particular, the curves reported in Fig. 13 were
obtained at constant air utilisation factors, and, as already
mentioned, that condition does not apply when the SOFC
group is integrated in the hybrid plant. The labels reported in
Fig. 14a show that the oxygen utilisation factor varies heavily,
decreasing from 0.32 to 0.24 when the power percentage
changes from 100 to 70%. The reason for the air utilisation
factor varying is related to the operating conditions of the
MGT compressor. In fact, at constant rotational speed, the
variation range of the compressor flow rate is rather narrow
(see Fig. 14b), and thus the air flow rate is almost constant,
resulting in a sensitive variation to the oxygen utilisation at
different current densities. This oxygen utilisation variation is
the cause of the stack temperature varying from 984 to 895°C,
and thus the efficiency varying from 52 to 48%.

The efficiency versus power curve of the plant is parallel
to the efficiency versus power curve of the SOFC group
(Fig. 14a), which means that the power supplied by the
MGT, minus all the power losses, is directly proportional to
the fuel flow rate through all these simulations. The off-
design variation of efficiency of the HS is less than 5% under
the conditions discussed so far, varying from 61% at the
design point to 56.4% at 70% of the nominal power (the
minimum part load conditions considered here are deter-
mined by the constraints on the MGT expander inlet fluid
temperature, about 820°C).

In Fig. 14b, the variation of the MGT operating point is
shown for the corresponding A, B, ..., points reported for
the HS in Fig. 14a. It is interesting to note that the pressur-
isation is almost constant, while the air mass flow rate varies
by about 1.5%. As a result the required compressor power is
practically a constant value. It is also interesting to note that
the compressor surge margin increases at part load condi-
tions (points A-G).

3.4. Off-design of the HS at variable turbine rotational
speed

The typical operation mode of large size gas turbine plants
does not usually involve the possibility of changing the

rotational speed of the turbine. The reason for this is that
typical plants do not include an inverter, and thus the
rotational speed of the turbine is chosen on the basis of
the alternate current frequency required by the end user/
electrical network. On the contrary, an HS requires the
presence of an inverter which converts the electrical current
produced by both the fuel cell and the alternator, the latter
one being rectified previously, to direct current. Thus, this
configuration allows the operation of the turbine at variable
rotational speed (variable frequency).

Part-load performance of the hybrid plant at different
turbine rotational speeds is depicted in Fig. 15. The results
show many interesting features:

1. The overall efficiency of the system is very high, and
it agrees well with predictions made by other authors
[22-24].

2. All the fixed turbine rotational speed curves show an
average decrease of plant efficiency of about 0.05 if the
load is reduced by 30%. Only the curves at low turbine
rotational speed show a slightly higher loss of efficiency
at part load conditions.

3. The possibility of varying the rotational speed of the
turbine is of fundamental importance to operate the
plant at very high efficiency, even at very low part load
conditions. For example, Fig. 15 shows that at a load of
about 35% of the nominal operating power, the plant
efficiency is about 52% at 65,000 rpm; in addition, it is
interesting to see that at 75% of the nominal operating
power the efficiency increases from 57.6 to 60-61.7%
by decreasing the rotational speed from 85,000 to
80,000-75,000 rpm, respectively. With reference to
Fig. 15, we would like to point out here that, for each
turbine rotational speed, the overall plant has been
simulated between a maximum load obtained when the
turbine inlet temperature is maximum (900°C), and a
minimum load reached when the turbine inlet tempera-
ture is about the minimum operating value (about
820°C).

4. The advantage of the hybrid system compared to a
traditional MGT plant is evident from Fig. 15 at both the
design point and at part-load conditions.

Again, in order to investigate the performance of the
different parts of the plant at part-load conditions in further
detail, attention has been restricted to the SOFC group itself.
The results are reported in Fig. 16 and show that at each fixed
value of the turbine rotational speed the behaviour of the
SOFC group is very similar to that previously reported in
Fig. 15 for the overall plant. The interesting feature reported
in this figure is that the fuel cell efficiency increases by
decreasing the turbine rotational speed, while the opposite is
true for the overall plant. It is possible to give an explanation
for this effect by considering the broken curves in Fig. 16,
along which the efficiency increases by decreasing the
power. It can be noticed (labels in Fig. 16) that along each
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broken curve both the temperature and the oxygen utilisation
of the fuel cell remain fairly constant; this is due to the fact
that, when the SOFC module is integrated into the plant,
there is an interesting effect of the recuperator module when
the variable speed control system is utilized. In fact (labels in
Fig. 16), in this case the load change involves a reduction of
the air flow correlated to the speed reduction, while for fixed

speed control the load reduction is only due to the fuel mass
flow rate variation (corresponding to a small air flow rate
reduction, see Fig. 14b). Therefore, under variable speed
control conditions, at part load the recuperator effectiveness
increases significantly with decreasing air flow, until a very
low value is reached (below 10%), where thermal perfor-
mance is degraded by longitudinal conduction in the heat
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Fig. 16. SOFC group performance at HS part-load when the MGT variable speed system is utilised.
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exchanger, particularly for matrices of very high compact-
ness [36]. This behaviour of the recuperator effectiveness
allows the air temperature at the inlet of the stack (recup-
erator outlet) to increase at part load, and therefore the SOFC
temperature remains fairly constant along the broken lines of
Fig. 16. Since both temperature and oxygen utilisation
factors remain constant along those curves, they coincide
with the upper part of the curves in Fig. 9, and this explains
the reason why they show an increase of fuel cell efficiency
by decreasing the power. It is extremely important that the
off-design curves of the SOFC group of the plant lies on the
upper, and not on the lower part of the curves reported in
Fig. 9. The latter scenario could very well occur for different
geometrical or operating parameters for the HS (for exam-
ple, a smaller SOFC stack), and in that case the off-design
curves of the SOFC group (and, as a consequence, of the
plant) could show a completely different and unfavourable
trend.

The fact that in spite of the increased performance of the
SOFC group under part-load conditions, the overall plant
shows a decreased performance under the same conditions
(Fig. 15) is due to the fact that the efficiency of the fuel cell
group alone does not take the power required by the com-
pressor and the off-design of the electrical part of the plant
into account, as already mentioned. These effects, and also
all the effects related to the off-design of the MGT group, the
alternator (efficiency of 85% at 25% load) and the mechan-
ical parts, explain the difference between Figs. 15 and 16.

Finally, it is interesting to analyse the MGT and SOFC
power ratio. Fig. 17 shows the Pyg1/Psorc ratio for four
different MGT rotational speeds. At high speed (near design
point), when the load is reduced the power ratio increases, so
the importance of the MGT at part load increases too. This is
due to two facts:

1. The MGT practically operates at a fixed point (see
Fig. 14b), and its power is almost constant.

2. The SOFC power decreases at part load and fixed
rotational speed, as shown in Fig. 16.

When the MGT rotational speed is very low this aspect is
more evident.

4. Conclusions

In this paper, the design and off-design performance of a
hybrid system (HS) based on the coupling of a recuperated
micro gas turbine (MGT) with a high temperature solid
oxide fuel cell (SOFC) reactor has been presented and
discussed. The MGT, SOFC reactor and HS models have
been presented and discussed in depth. The coupling of an
MGT (about 50 kW,) with an SOFC reactor (about 250 kW,,)
has shown a potential for an efficiency of over 60% at design
point and always over 50% at part load conditions. The
different behaviour of the SOFC reactor at off-design con-
ditions has been presented for two cases: when the SOFC
reactor temperature is fixed and when this temperature is
evaluated on the basis of the complete reactor heat transfer
analysis. In the first case the cell efficiency versus cell power
(Fig. 8) and the cell power versus current density (Fig. 7)
show a parabolic behaviour; in the second case (more similar
to the reactor operative conditions in the HS at constant
turbine rotational speed), the corresponding curves are
different (Figs. 12 and 13) due to the strong influence of
the cell temperature on the electrical resistance, the air
utilisation factor, etc.

The HS off-design performance has been analysed for two
different MGT rotational speed control systems: (1) fixed
and (2) variable. At fixed rotational speed the HS perfor-
mance is very interesting, limited only by the minimum TIT
and SOFC temperature values considered here. However, the
MGT always operates near its design point (Fig. 14b), and at
part load the compressor surge margin increases. In this case
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the off-design efficiency of the HS from 61% at the design
point to 56.4% at 70% of the nominal power (Fig. 14a). At
variable MGT rotational speed it is possible to obtain very
high efficiency also at very low part load conditions (Fig. 16).
The efficiency is always higher than 50%, also at 30% of the
power at the design point. The fuel cell performance in the
HS is mainly dominated by the fuel and air flow rates, i.e. the
air utilisation coefficient (U is considered constant). The
importance of the cell operative temperature is also evident.

The power ratio between MGT and SOFC reactors is

about 20% at the HS design point, and it increases at part
load, using fixed rotational speed. When the variable rota-
tional speed control is used the power ratio decreases from
20 to 15%.

The HS studied here has not been optimised from the

design condition performance point of view. In fact two
different possibilities are evident:

1.

2.

Starting with an existing MGT and choosing the SOFC
reactor data, as is done in this work.

Starting with SOFC reactor data and choosing the MGT
characteristics.

For both these cases an optimum design procedure can be

developed, using the model presented here.
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