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Abstract

This paper presents a full and partial load exergy analysis of a hybrid SOFC–GT power plant. The plant basically consists of: an air compressor,
a fuel compressor, several heat exchangers, a radial gas turbine, mixers, a catalytic burner, an internal reforming tubular solid oxide fuel cell
stack, bypass valves, an electrical generator and an inverter. The model is accurately described. Special attention is paid at the calculation of
SOFC overpotentials. Maps are introduced, and properly scaled, in order to evaluate the partial load performance of turbomachineries. The plant is
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imulated at full-load and part-load operation, showing energy and exergy flows trough all its components and thermodynamic properties at each
ey-point. At full-load operation a maximum value of 65.4% of electrical efficiency is achieved. Three different part-load strategies are introduced.
he off-design operation is achieved handling the following parameters: air mass flow rate, fuel mass flow rate, combustor bypass, gas turbine
ypass, avoiding the use of a variable speed control system. Results showed that the most efficient part-load strategy corresponded to a constant
alue of the fuel to air ratio. On the other hand, a lower value of net electrical power (34% of nominal load) could be achieved reducing fuel flow
ate, at constant air flow rate. This strategy produces an electrical efficiency drop that becomes 45%.

2005 Elsevier B.V. All rights reserved.
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. Introduction

High temperature solid oxide fuel cells (SOFC) are promised
o be the most efficient device for direct conversion of fuel chem-
cal energy into electricity. Its efficiency can be further increased
hen coupled with a gas turbine (GT) cycle up to 70% [1].
he perspective of full commercialization of hybrid SOFC–GT
lants is very attractive since these devices could represent the
ost efficient equipment for residential/distributed power/heat

eneration applications [1–4]. Theoretically, the lower size of a
ybrid SOFC–GT power plant is conditioned only by the small-
st commercial available microturbine [1]. According to the
resent technological progress in microturbine research field,
t is possible to assume that hybrid plants could be commercial-
zed from the size of 100 kW up to 10 MW, perfectly suitable
or cogeneration distributed plants [1,2].

∗ Corresponding author. Tel.: +39 081 7682304; fax: +39 081 2390364.
E-mail address: frcalise@unina.it (F. Calise).

Nowadays, at least four different types of SOFC are available
(tubular, tubular “high power density”, planar, and microtubo-
lar) [1,2]. Although these have been studied since 1970s only a
few prototypes are presently operating. Siemens Westinghouse
is probably the main company involved in the design and com-
mercialization of hybrid SOFC–GT power plants [1–4]. This
company installed a 220 kW hybrid tubular SOFC–GT system
at the National Fuel Cell Research Center in California. Results
coming from these experimental tests showed values of the net
electrical efficiency lower than the target ones (52% versus 57%)
[1]. This experimental campaign demonstrated the huge diffi-
culty in integrating SOFC with traditional components [1].

Usually, SOFC–GT hybrid plants are designed only at full-
load operation [5–8], taking into account the connection with
the electrical network, determining an energetic and economic
dependence of the plant on the network. This circumstance can
be avoided since SOFC–GT hybrid plants are perfectly suitable
also as stand alone devices. In fact, as shown in many previous
papers [9–11], conversely from the traditional energy conver-
sion devices, these hybrid plants show very slight efficiency
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.07.088
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Nomenclature

A heat transfer area (m2)
cp heat specific capacity (kJ kg−1 K−1)
C concentration
D diffusion coefficient
exch specific chemical exergy (kJ kmol−1)
E open circuit reversible potential (V)
Eact activation energy (kJ kmol−1)
F Faraday constant (As mol−1)
G Gibbs free energy (kJ kmol−1)
i current density (mA cm−2)
il limiting current density (mA cm−2)
i0 exchange current density (mA cm−2)
K equilibrium constant of reaction
ṁ mass flow rate (kg s−1)
M molar mass (g mol−1)
ṅ molar flow rate (kmol s−1)
ne number of e− per mol of H2 reacted
N rotor speed (rpm)
p partial pressure (bar)
P electrical power (kW)
r area specific resistance (� cm2)
rSC steam to carbon ratio
R gas constant (J mol−1 K−1)
t temperature (◦C)
T temperature (K)
U heat transfer coefficient (kW m−2 K−1)
Uf fuel utilization factor
V cell potential (V)
Vact activation overpotential (V)
Vconc concentration overpotential (V)
Vohm ohmic overpotential (V)
x CH4 reacted moles (kmol s−1)
xi component molar fraction
y CO reacted moles (kmol s−1)
z H2 reacted moles (kmol s−1)

Greek symbols
α charge transfer coefficient
β pressure ratio
γ i0 equation constant (mA cm−2)
δ component thickness (cm)
ε heat transfer efficiency
η efficiency
νi stoichiometric coefficient
ρ resistivity (� cm)

Subscripts
a environment
c correct
cold cold fluid
DP design point
el electrical
ex exergetic
f formation

hot hot fluid
is isentropic
ref reference
s solid

Superscript
◦ standard pressure

degradations at partial load, due to the modularity of the cell.
Obviously, this goal can be achieved only in case of an optimized
design of the plant, both at design and partial load operation, is
performed. Consequently, during the last years, some authors
[9–11] started investigating the behavior of hybrid plants tak-
ing into account the partial load operating conditions. In spite
of this effort, research is very far from obtaining satisfactory
results, since many technical problems still have to be solved
[1,11].

In the present paper, a properly developed plant layout is
discussed. A detailed model of all components of the plant is
introduced, paying special attention at the electrochemical and
chemical reaction occurring within the SOFC. On the basis of
this model, different partial load strategies are presented, investi-
gating plant performances and analyzing inefficiencies through
plant components, both at full and partial load operation.

2. Plant layout

The selected plant layout (Fig. 1) allows the best compro-
mise between cost, simplicity, reliability and efficiency. During
the last period of time, a number of papers have been published
introducing dozens of different plant layouts, coupling the SOFC
with a number of traditional devices (GT, steam turbine, heat
exchangers, gasifiers, biogas recovers, etc.) [1–4]. Usually, the
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ore complex the plant layout is, the higher is its efficiency
nd, consequently, its capital cost. The choice of plant layout
s dramatically affected by the SOFC arrangement [1–11]. In
his work it is assumed to use an anode re-circulation arrange-

ent (Fig. 2), that allows to avoid the use of an expensive heat
ecovery steam generator [9,10]. In this case, in fact, the steam
equired to support the steam reforming reaction is derived
rom the anode outlet stream. Obviously, during the start-up,
he plant requires an external boiler that produced steam for
he reforming reaction. In this paper the start-up is not taken
nto account, thus the external boiler is not considered. The
lant layout under investigation in the present work is displayed
n Fig. 1. It consists of: a centrifugal air compressor (AC); a
entrifugal fuel compressor (FC); a counterflow tube in tube
ir–GT exhaust heat exchanger (HE1); a counterflow tube in
ube fuel–GT exhaust heat exchanger (HE2); a radial gas tur-
ine (GT); mixers for anode re-circulation (M) and air bypass
MGT); a catalytic burner (CB); an internal reforming tubular
olid oxide fuel cell stack (IRSOFC); a counterflow air-SOFC
xhaust heat exchanger (HESOFC); bypass valves; an electrical
enerator and an inverter.
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Fig. 1. Plant layout.

The working principle of the plant can be summarized as
follows. Air and fuel are pressurized at the fuel cell operat-
ing pressure. The air compressor mechanical work is supplied
directly by the gas turbine. Air (state-point 13) and fuel (state-
point 15) are preheated before entering the SOFC stack by means
of the two heat exchangers. These last ones are designed to
transfer the outlet GT heat flow rate (state-point 10) to the inlet
air and fuel streams. Air (state-point 6) and fuel (state-point 1)

streams are fed, respectively, to the cathode and anode com-
partment of the fuel cell. In the anode compartment, fuel is
mixed with anode re-circulated stream (state-point 5). Then, it
is carried to external surface of the SOFC tubes (state-point 2)
where the internal reforming reactions occur, releasing hydro-
gen, which is brought to the three phases boundary (TPB) [1–5]
sites where the anode semireactions occur. Air is fed to the
top of the stack (state-point 22) where is further preheated and
finally carried, by an inner injection tube, into the SOFC tube
(state-point 6). There it participates at cathode electrochemical
semireaction. In this way ions O2− pass through the electrolyte
and electrons are conducted into the external circuit, determin-
ing the required dc electricity, which is converted in a more
suitable ac power by using a proper inverter. Finally, anode out-
let stream (state-point 3) is partly re-circulated (state-point 5), as
mentioned above, and partly (state-point 4) meets the depleted
air coming from the SOFC tubes (state-point 7). The air and
the unreacted fuels of the anode stream are burnt within the
catalytic burner partly increasing the stream temperature and
partly preheating the inlet air (state-point 22). The combustor
outlet stream temperature and pressure (state-point 9) is suit-
able to enter the gas turbine. The GT produces mechanical work
for air and fuel compressors and the directly coupled electri-
cal generator. In this way, it is possible to cover all the passive
loads of the plant and supply additional ac (or eventually dc
power) for the user. A proper mixer is placed before GT inlet
i
a
p
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n
Fig. 2. SOFC stack with anode re-circulation arrangement.
n order to control its inlet temperature. Finally, after preheating
ir and fuel, GT exhaust stream (state-point 10) can be used to
roduce a medium temperature heat flow rate, recovering ther-
al energy from the plant. Even if its temperature is usually

ot high enough to produce steam, it can be easily used for
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space and water heating, providing additional efficiency to the
plant.

Air compressor and gas turbine are assumed to be coupled
on the same rigid shaft; fuel compressor, much smaller than all
the other turbomachineries, is assumed to change its rotor speed
arbitrary. As a consequence, fuel pressure ratio might be higher
than air one, or vice versa. In this case it is necessary to laminate
the highest pressure stream, before entering the cell. The high
operating temperature of the cell and its structural peculiarities
make mandatory to avoid excessive pressure gradients through
the cell.

3. Part-load strategy approach

The above-mentioned hybrid system is investigated by
authors in previous works, dealing with both I and II laws anal-
ysis [13–15]. Results showed that, at full-load, this plant could
reach a net electrical efficiencies close to 70%. The aim of the
paper is to investigate the performance and inefficiencies of this
plant during partial load. The investigation of the part-load oper-
ation is very complex since many solutions, returned by the
simulation code, must be rejected since physically infeasible. In
fact:

(1) Turbomachineries, simulated on the basis of their maps,
operate only in a very small range of mass flow rate, pressure
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and safety required for the part-load operation of these hybrid
plants.

Here, the quasi-stationary assumption is employed. As a con-
sequence, only gradual load excursion are taken into account.
The modeling of rapid load excursion or of the start-up would
require a more detailed transient model of all the component of
the plant. These events are very rare since plant structural con-
straints must be considered: it is not possible to rapidly change
cell temperature and pressure since this variation would dra-
matically damage cell tubes. The start-up occurs only when the
system is started, and can be summarized as follows: SOFC stack
is bypassed and fuel is channeled to the combustor; its exhaust
gas gradually increase stack temperature and are expanded into
the GT. Turbomachineries speed is gradually increased up to
its design value. Then steam is produced by the external boiler
and mixed with fuel before entering the stack and the reforming
process is started. Then, when the reforming reaction is fully
activated, the electrochemical reaction can occur generating the
steam required for the reforming reaction. Finally, when the
steam to carbon ratio (rSC) approaches the required value, the
external boiler is disconnected, and the plant is ready to produce
electricity and steam.

4. Thermodynamic chemical and electrochemical model

The calculation of state-points thermodynamic in the plant
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ratio and rotor speed. Maps are very sensitive to the vari-
ation of design and operating parameters: small changes
to the code input parameters often correspond to a turbo-
machinery operating point placed outside its map, i.e. an
infeasible solution.

2) Some set of input parameters may correspond to a negative
net mechanical work of the AC–GT group. Here no external
motor is introduced in order to supply additional mechani-
cal work to the AC–GT. As a consequence, the solution is
rejected.

3) The GT pressure ratio might be higher than air compressor
one, determining a virtual outlet GT pressure lower than the
environmental one. The solution is rejected in this case too.

4) The SOFC operating temperature and the GT inlet tempera-
ture cannot exceed upper bounds, due to their technological
constraints. Thus, in case the code returned values of such
temperatures higher then their respective limits, such math-
ematical solution is rejected.

Previous papers introduced a part-load operation strategy
ased on GT variable speed control [9,10]. Here, this choice
s avoided. In fact, the use of a variable speed control is very
omplex and sometimes inefficient, since: (i) the GT inlet con-
itions depend dramatically on SOFC performances, varying as
consequence of changes in its operational and design param-

ters. The GT map is also very sensitive to its inlet conditions
nd to its mass flow rates. Thus, in case of high load excursion
T map dramatically changes, so that it is impossible to find
coupling point with the air compressor whatever rotor speed

s selected; (ii) the managing of a variable speed control sys-
em is usually very complex, versus the needs for simplicity
roperties is very complex since: (i) almost all chemical, phys-
cal and electrochemical phenomena are governed by strongly
on linear equations; (ii) the hybrid SOFC–GT plant under inves-
igation is a very highly coupled system.

In the present paper, in order to simulate the above-mentioned
henomena, a zero-dimensional model is implemented. This
pproach is promised to be very effective since represents the
est compromise between computational time and content of
nformation [9–19]. The model, considered in this work, is
ased on the following general assumptions: (i) all the inlet and
utlet sections flows are one-dimensional; (ii) thermodynamic
quilibrium; (iii) steady state; (iv) no heat losses towards the
nvironment; (v) negligible kinetic and gravitational terms in
he balance equations.

The simulation code is written in MATLAB and implemented
ith a proper graphical user interface. It consists of several

ubroutines, each one is designed in order to calculate: fluid
hermodynamic properties, components energy exchanges, elec-
rochemical performances, etc.

. Fluid thermodynamic properties

Although solid oxide fuel cells can be fed by a number of
uels (methane, natural gas, biogas, syngas, etc.), in this paper
he use of natural gas is considered [13,14]. It basically consists
f N2 and CH4 (Table 1). Furthermore, it is assumed the use of
ir (21% O2 and 79% N2) as oxidant [13,14].

In the thermodynamic processes considered in the plant, tem-
erature and pressure range, respectively, from 25 to 1300 ◦C
nd from 1.00 to 10 bar. The assumption of ideal gas is consid-
red for all the gases. The water properties are calculated on the
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Table 1
Typical composition of Italian natural gas (×102 mol mol−1)

CH4 99.728
Ethane 0.0006
Propane 0.0148
Isobutane 0.007
Butane 0.0019
Isopentane 0.0022
Pentane 0.00001
Hexanes 0.0078
N2 0.207
CO2 0.0311

basis of the superheated steam model, based on IAPWS-IF97
equations [13,14]. In all the range of temperature and pressure
considered, the Dalton’s law (ideal mixtures) is adopted. For all
the substances, a temperature-dependent specific heat model is
adopted:

cp,i = R̃

Mi

(A + BT + CT 2 + DT−2) (1)

The coefficients of Eq. (1) are reported in Table 2.
Suitable codes are developed in order to calculate specific

enthalpy, entropy, chemical and physical exergy, on the basis
of temperature, pressure and chemical composition. The devel-
oped software also allows the calculation of mixture temperature
starting from its chemical composition, pressure and enthalpy
(or entropy). This calculation is performed iteratively using the
MATLAB optimization toolbox. Specific chemical exergy is
also required for the exergy balances in the mixers and in the
chemical (or electrochemical) reacting devices. This property is
calculated on the basis of its definition [20]:

·
exch =

(
7∑

i=1

ṅi

)
7∑

i=1

(xi
∼
exch,i + R̃Taxi ln(xi)) (2)

where
·

exch is the reference specific chemical exergies [20]
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Table 3
Reference specific chemical exergy (kJ kmol−1)

H2O 11710
CO 275430
H2 238490
O2 3970
N2 720
CO2 20140
CH4 836510

6. Electrochemical model

SOFC are claimed to be able to electrochemically oxidize not
only hydrogen but also carbon monoxide [1,2], which would
be available for the electrochemical reaction by the anode re-
circulated stream and by the products of pre-reforming reaction
[1,2]. Presently, it is not clear the real mechanism that is respon-
sible for CO consumption within the anode compartment of the
fuel cell. Even if the electrochemical reaction of CO is theoret-
ically possible, it must be taken into account that, at the anode
compartment of the SOFC, the shift reaction also occurs, con-
verting CO into hydrogen [1,2]. For the sake of simplicity, it
is assumed that CO consumption occurs only due to the shift
reaction, neglecting the electrochemical CO oxidation [9–15].
Consequently, anode and cathode semireactions can be summa-
rized as follows:

H2 + O2− → H2O + 2e− (3)

1
2 O2 + 2e− → O2− (4)

H2 + 1
2 O2 → H2O (5)

The overall electrochemical process is significantly exothermic.
Even if part of the available heat it is utilized by the endothermic
reforming process, it is mandatory to operate with high air to fuel
ratios in order to reduce the stack temperature [1,2].
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eported in Table 3. The present model also allows the calcu-
ation of pressure drops through the plant components. This
alculation is performed on the basis of a simplified approach
10] i.e. assuming constant friction factor and avoiding the cal-
ulation of mixture viscosity. Consequently, pressure drops are
valuated only on the basis of fluid density and mass flow rate
10].

able 2
pecific heat capacity constants

Ai Bi (K−1) Ci (K−2) Di (K2)

2O 3.47 1.45E−03 0 1.21E+03
O 3.376 5.57E−04 0 −3.10E+03

2 3.3249 4.22E−04 0 8.30E+03

2 3.639 5.06E−04 0 −2.27E+04

2 3.28 5.93E−04 0 4.00E+03
O2 5.457 1.05E−03 0 −1.16E+05
H4 1.702 9.08E−03 −2.16E−06 0
A detailed calculation of the electrochemical performance of
he SOFC requires at least a mono-dimensional steady model,
ince all the main parameters (i.e. temperature, pressure, voltage,
urrent density, i, etc.) vary along the tube axis [9–15]. In order
o reach a good compromise between calculation accuracy and
omputational effort, a zero-dimensional model is adopted. In
act, the gradients of thermodynamic and electrochemical prop-
rties are usually not remarkable along the tube axis. In addition,
he outlet radial temperature gradients are always negligible
19]. As a consequence, all SOFC parameters are evaluated at
he outlet temperature, pressure and chemical composition [19].

The electrochemical performance of a fuel cell depends on
everal parameters, namely: (i) the inlet anode and cathode
treams chemical composition; (ii) their mass flow rates, temper-
tures and pressures; (iii) the SOFC materials and its geometry;
iv) the SOFC components thickness; (v) the current density; (vi)
he fuel utilization factor. The electrochemical performance is
sually described by the polarization curve obtained by plotting
he voltage versus the current density [2]. In such diagram the

aximum theoretical reversible voltage and the overall losses,
s a function of the current density, are shown. In general, the
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fuel cell achieves its maximum reversible voltage in case of no
current required by the external load [2]. The calculation of such
voltage is performed on the basis of a simple charge balance and
on the Nerst equation:

E = ∆G◦
f

2F
+ R̃T

2F
log

(
pH2

2
√

pO2

pH2O

)
(6)

Note that the Gibbs free energy, at standard pressure, depends
dramatically on temperature. This function is calculated tak-
ing into account the ideal gas mixture model and the empir-
ical correlations for specific heats. Although the open circuit
reversible voltage decreases when temperature increases, the
real voltage shows the opposite trend since overvoltages must
be taken into account. Thus, when electrons flow through the
internal and external SOFC circuit some losses must be taken
into account, decreasing cell voltage. These losses are mainly
due to: (i) electrochemical reaction activation, Vact; (ii) circuits
ohmic resistance, Vohm; (iii) concentration Vconc (described in
the following). In this simulation, overvoltages due to fuel and
electrons crossover through electrolyte are neglected [9–19].
Consequently, the overall cell voltage is calculated as follows:

V = E − Vohm − Vact − Vconc (7)

P
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7. Activation overvoltage

Kinetics of electrochemical reactions are measured by the
current density. This is the ratio between the overall current
required by the external load and active SOFC area [1–5]. Both
anode and cathode semireactions must be “catalyzed”, supplying
some additional energy in order to speed up the overall electro-
chemical reaction [2]. This energy, i.e. the activation energy, is
usually measured by the overpotential, which is the difference
between equilibrium and non-equilibrium voltage [1].

The activation overvoltage is calculated using the
Butler–Volmer equation [13,14]:

i = i0

[
exp

(
α

neF

RTs
Vact

)
− exp

(
−(1 − α)

neF

RTs
Vact

)]
(8)

The calculation of the activation overvoltage must be performed
iteratively since it is not possible to reverse the Butler–Volmer
equation. This circumstance is very expensive about the com-
putational point of view but allows to avoid the typical errors
yielded by the Tafel equation [2] at current densities lower than
the exchange ones. The exchange current densities could not be
handled as constant, since they are dramatically dependent on
SOFC operating temperature [9]. The charge transfer coefficient,
α, is assumed constant at 0.50 [2].
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the o
resently, literature data for validating the electrochemical
odel are still scarcely available [2]. Thus, all the overvoltage
odels cannot be easily validated. Despite, the overall model

esult (i.e. the polarization curve) can be compared with experi-
ental ones in order to evaluate the global model accuracy. The

onsidered model is validated on the basis of literature data [19].
olarization curves, plotted on the basis of the following model,
re displayed in Figs. 3 and 4.

Fig. 3. Polarization curves, varying
The activation overvoltage depends on the exchange current
ensity, since this parameter is a measurement of electrochem-
cal kinetics. For any equilibrium redox reaction, the cathodic
urrent density is balanced by the anodic one. which is called
he exchange current density [2]. Unfortunately, its calculation
nd measurement is usually very complex. Some authors pre-
icted the value of the exchange current density by means of
emi-empirical correlations [9]. In case of SOFC, the following

perating temperature, p = 1.00 bar.
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Fig. 4. Polarization curves, varying the operating pressure, t = 1000 ◦C.

correlations are considered:

i0,anode = γanode

(
pH2

pref

)(
pH2O

pref

)
exp

(
−Eact,anode

RTs

)
(9)

i0,cathode = γcathde

(
pO2

pref

)0.25

exp

(
−Eact,cathode

RTs

)
(10)

The activation overvoltage curves are displayed in Fig. 5, as a
function of the SOFC operating temperature. Obviously, such
losses can be reduced increasing cell operating temperature or
lowering its operating current density.

8. Ohmic losses

The SOFC operating temperature is high in order to reduce its
ohmic losses [1–5]. This overvoltage is due to: (i) the electrons
flow through the anode, cathode and interconnections; (ii) the
ionic flow through the electrolyte. The SOFC material resistiv-
ity is a temperature-dependent function [2]. Usually, the SOFC
ohmic resistance is due mostly to the interconnections. Presently,
like almost all the papers, the ohmic losses are simulate by
means of resistivity, obtained by the experimental temperature-
dependent correlations [13,14]. Such resistances are summated
assuming a series electrical scheme. In this way, the ohmic loss
is calculated as follows:

V

r

ρ

F
c

Table 4
SOFC resistivity constants

A (� cm) B (K) δ (cm)

Anode 0.00298 1392 0.01
Cathode 0.00814 −600 0.19
Electrolyte 0.00294 −10350 0.004
Interconnections 0.1256 −4690 0.0085

thickness, δ (in Eq. (12)), are reported in Table 4 [13,14]. Ohmic
overvoltage curves are displayed in Fig. 5.

9. Concentration overvoltage

Anode electrochemical semireaction causes the hydrogen
consumption at the electrode–electrolyte interface. The H2 par-
tial pressure decreases when it is not readily replenished from
the fresh fuel. The decrease of this partial pressure reduces
cell voltage because of the Nerst equation [2]. Similarly, the
same phenomenon occurs at the cathode compartment where
oxygen is consumed by the cathode electrochemical semireac-
tion. The concentration overvoltage can be calculated taking
into account transportation phenomena occurring in the fuel cell
[2]. This overvoltage is usually negligible for low current den-
sity [1,2]. Concentration is usually simulated neglecting heat
convection and taking into account only diffusion phenomena,
introducing binary and Knudsen diffusion models [19]. Previ-
ous papers, based on such models, showed that the resulting
limiting current density is only slightly dependent on the SOFC
temperature [19]. Thus, in this simulation, the overall concen-
tration overvoltage calculation is simplified assuming a constant
value for the limiting current density and implementing the
Fick’s law [13,14]. Finally, the concentration overvoltage can be
ohm = ir (11)

= δρ (12)

= A exp

(
B

T

)
(13)

or the considered air electrode supported SOFC (Ni-YSZ), the
oefficients A and B of resistivity (Eq. (13)) and the components
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Fig. 5. Activation and ohmic overvoltages, varying the operating temperature, p = 1.00 bar.

evaluated as

�Vconc = RT

2F
ln

(
1 − i

il

)
(14)

The simulation of concentration overvoltage, based on the
above-mentioned model, is shown in Fig. 6.

10. Internal reforming model

The above discussed electrochemical reaction deals with
hydrogen as fuel. Here, the fuel cell is fed by methane. The
usual high operating temperature of SOFC allows to sustain the
reforming process within the anode compartment of the stack
[1–5], which covered by a suitable catalyst for the reforming
reaction, can convert almost all the methane into hydrogen. The
considered reforming reactions are:

CH4 + H2O → CO + 3H2 (15)

CO + H2O ↔ CO2 + H2 (16)

From these equations, it is clear that this process requires steam.
This can be produced externally by a boiler or by a heat recov-
ery steam generator supplied by the gas turbine exhaust gases,
that represent an additional capital cost. For this reason, it is
assumed to supply the required steam by recirculating the anode
o
e
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tion tube. Then, it is brought to the bottom of the SOFC tube
where it can participate at the cathode electrochemical semire-
action. Finally, depleted air and unreacted fuel are combusted in
a catalytic burner (Fig. 2). In order to simulate both combustion
and heat exchange phenomena occurring on the top of the fuel
cell stack, it is assumed that the combustion and heat exchange
processes are in sequence.

Assuming the reforming reactions at chemical equilibrium,
their reaction rates can be calculated by using the definitions
of the equilibrium constants and the fuel utilization factor. Fur-
thermore, the rate of anode re-circulation is calculated in order
to reach the desired value of the steam to carbon ratio, rSC [2]
which must be sufficiently high in order to avoid carbon depo-
sition [1,2].

The IRSOFC subroutine allows to calculate SOFC outlet
stream chemical composition once that inlet mass flow rates,
temperature and pressure are fixed. This calculation requires the
stack equilibrium temperature too. The temperature is iteratively
calculated by means of the energy balance on the SOFC stack.

To solve the reforming process an algebraic system of equa-
tions is suitably developed. It is obtained handling mole balances
and: (i) fuel utilization factor, Uf; (ii) constant of reactions, K;
(iii) recirculation rate, r:

Kreforming = xH2
3xCO

xH2OxCH4

(
p3

p0

)2

= (ṅH2,1 + 3x + y − z)3(ṅCO,1 + x − y)

(ṅH2O,1 − x − y + z)(ṅCH4,1 − x)(ṅtot,1 + 2x)2

×
(

p3

p0

)2

(17)
utlet one [9,10]. This process can be performed by means of an
jector, according to the scheme displayed in Fig. 2. The fresh
uel (state-point 1, Fig. 2), coming from the heat exchanger, is
ixed with the anode re-circulated stream (state-point 5), within
device that operates simultaneously as a mixer and as a pre-

eformer. Air, coming from the heat exchanger, is preheated by
virtual counterflow heat exchanger, within the SOFC air injec-
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Fig. 6. Concentration overvoltage, varying the operating temperature, p = 1.00 bar.

Kshift = xH2xCO2

xH2OxCO
= (ṅH2,1 + 3x + y − z)(ṅCO2 + y)

(ṅH2O,1 − x − y + z)(ṅCO + x − y)
(18)

z = Uf(ṅH2,1 + 4ṅCH4,1 + ṅCO,1)

1 − r(1 − Uf)
(19)

rSC = ṅH2O,2

ṅCH4,2
⇒ r = rSCṅCH4,1 − ṅH2O,1

z − y + x(rSC − 1)
(20)

The above displayed reaction constants depend only on SOFC
operating temperature, as shown in Fig. 7. Suitable subroutines
are developed in order to evaluate whatever constant of reaction,
based on temperature-dependent enthalpy and Gibbs functions.

The solution of the above-mentioned system of algebraic
equations allows one to evaluate also the value of the electri-
cal power produced by the SOFC stack. Thus, recalling the
subroutine calculating cell potential, the SOFC electrical power
production is evaluated on the basis of a simple mole and charge
balance:

P = 2FzV (21)

The use of this equation is possible since the total current is the
sum of all the singular cell currents. An inverter is employed in
order to match the user’s requests, in terms of current and voltage
[
s
o

1

s
g

factor, is usually lower than 85% [1,2]. In the combustor, the
fuels available are: hydrogen and in lower percentages carbon
monoxide and methane. The oxidant is the depleted oxygen of
the cathode outlet stream. As mentioned above, the air mass
flow rate is much higher than the fuel one in order to control
stack temperature. Consequently, oxygen mass flow rate is much
higher than the required combustion stoichiometric value. Com-
bustion reactions, assumed at chemical equilibrium and driven
into completion, are:

CH4 + 2O2 → CO2 +2H2O (22)

H2 + 1
2 O2 → H2O (23)

CO + 1
2 O2 → CO2 (24)

Combustor outlet temperature is calculated on the basis of a
simple energy balance on the combustor control volume. The
calculation of combustor exergy destruction rate requires the
evaluation of inlet and outlet chemical exergy flows too.

12. Heat exchanger model

Tubular SOFC operating temperature must be close to
1000 ◦C in order to make more effective the electrolyte perfor-
mance [1,2]. Although the overall chemical and electrochemical
r
b
g
t
s
m
a
f
e

13–19]. The inverter efficiency, at design and partial load, is
imulated on the basis of semi empirical functions depending
n the net electrical power [10].

1. Combustor model

Anode outlet stream chemical exergy rate is relatively high
ince not all the fuel is consumed by the cell. SOFC outlet hydro-
en molar fraction is not negligible, since the fuel utilization
eactions are largely exothermic, air and fuel must be preheated
efore entering the stack in order to avoid high temperature
radients [2]. Such processes are performed by means of two
ubes in tube counterflow heat exchangers. These devices are
imulated on the basis of the �-NTU method [21,22], imple-
enting temperature-dependent specific heats. Some additional

ssumptions are considered: (i) constant global heat trans-
er coefficient; (ii) enthalpy independent from pressure. Heat
xchange area, inlet flows temperature and pressures are input
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Fig. 7. Constants of reforming and shift reactions.

data. An iterative procedure is implemented in order to assess
the outlet temperatures, based on the calculation of average
hot and cold fluids specific heats. These parameters depend
on the unknown HE outlet temperatures. Thus, guess values
for such temperatures are selected, allowing the calculation of
the average specific heats and consequently, by means of the
�-NTU method, the outlet temperatures are re-calculated. The
procedure is stopped when the convergence criterion on such
temperatures is satisfied. Finally entropy and exergy balances
can be performed in order to calculate HE exergy destruction
rate.

13. Mixer model

The mixer is the simplest device of the plant. It is necessary in
the fuel cell stack and at GT inlet in order to control its inlet tem-
perature. The mixer model is based on mass, moles, energy and
exergy balances. Note that its exergy destruction rate depends
on variations of both physical and chemical exergy flows.

14. Turbomachineries model

Three turbomachineries are included in the plant under study:
air compressor, fuel compressor and gas turbine. These devices
are investigated in detail, in order to match their requirements
w
a
m
u
fl
p
p

map) and a radial turbine (based on NASA-CR-174646 map)
are selected. Such devices show large ranges for both mass flow
rate and pressure ratios, allowing the working points moving in
the feasible region of these maps. Axial turbines, for example,
can work only very close to the design mass flow rate so that
it is very difficult to find a real working point in case of partial
load. All these maps are corrected on the basis of the values of
inlet temperature and pressure:

ṁcorrect = ṁ

√
Tinlet
Tref

pinlet
pref

(25)

Ncorrect = N√
Tinlet
Tref

(26)

The scaled correct maps of the air compressor, fuel compres-
sor and gas turbine are displayed, respectively, in Figs. 8–10.
In case of air or fuel compressor, the inlet status corresponds at
the environmental one, whereas temperature and pressure of the
GT inlet stream can considerably vary according to the changes
in the design and operating parameters. Consequently, once the
GT corrected map is fixed, the un-corrected changes at each
iteration of the procedure. Air compressor and gas turbine are
assumed to be coupled on a unique shaft; as a consequence, they
must have the same rotor speed, whereas the speed of the fuel
c
c
o
o
e
d
t

ith those coming from the fuel cell. Maps, available in the
rchives of software GSP and Gasturb, are used, describing the
ass flow rate versus pressure ratio curves, for different val-

es of rotor speed. Since no map matched the values of mass
ow rate and pressure ratios required by the components of the
lant under investigation, all these maps are properly scaled. In
articular, a centrifugal compressor (based on ASME 95-GT-79
ompressor can vary independently. The maps are used to cal-
ulate isentropic efficiencies and pressure ratios, as a function
f mass flow rates, rotor speed and inlet conditions. Thus, the
utlet conditions of the components are calculated, as well as
nergy, entropy and exergy balances. The use of maps restrict
ramatically the feasible working region of the plant: whenever
he working point of a turbomachinery falls outside the map or



F. Calise et al. / Journal of Power Sources 158 (2006) 225–244 235

Fig. 8. Centrifugal air compressor correct map.

the GT outlet pressure calculated is lower than the environmen-
tal one, the solution is rejected. The overall mechanical power
produced by turbomachineries is

Lnet = (LGT − LAC)ηEG − LFC (27)

The efficiency of the electrical generator, at deign and par-
tial load, is simulated on the basis of semi-empirical functions
[10].

15. Plant model

The code is developed sequentially, avoiding the solution of
large strongly non-linear algebraic system. Each system device
is simulated by a suitable subroutine. Despite of this effort,
many internal loops are required as a consequence of the physi-
cal and logical relationships existing among plant components.
The overall simplified flow chart is shown in Fig. 11. Once
all these setting/operational parameters are assigned, the code
simulates both air and fuel compressors with the following
steps: (i) reading the turbomachineries maps, implemented in
the code; (ii) calculating outlet pressure and isentropic efficiency

by the above-mentioned maps; (iii) recalling the compressor
subroutine, evaluating its outlet conditions and energy/exergy
flows. The calculation of compressors allows the evaluation of
pressures at each state-point of the plant. Then, a stack guess
temperature is chosen in order to let the IRSOFC subroutine
calculate the stack outlet chemical composition. A guess value
of the temperature at the state-point 23 (Fig. 1) is fixed, allowing
the call of combustor subroutine. An other guess value is fixed
for temperature at state-point 18. Such a value allows to cal-
culate sequentially the outlet thermodynamic properties of: (i)
the SOFC counterflow heat exchanger; (ii) the GT mixer; (iii)
the GT; (iv) the gas–air heat exchanger. The GT is simulated
with the same procedure used for the air and fuel compressors.
The calculation of gas–air heat exchanger allows to re-calculate
temperature at state-point 18 and then evaluate the convergence
criterion dealing with such temperature. Similarly, the calcula-
tion of gas–fuel heat exchanger and the energy balance on SOFC
stack allows to apply the convergence criterion on temperatures
of state-points 23 and 4. Finally, the code verifies if: (i) the
overall GT/AC mechanical power is positive; (ii) the GT out-
let pressure is higher than the environmental one. In case these
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Fig. 9. Centrifugal fuel compressor correct map.

conditions are not matched, the solution is rejected. The post
processing procedure allows to calculate state properties and
operating parameters required by the user (chemical composi-
tion, physical and chemical exergy, entropy, enthalpy, density,
thermal flow, mechanical flows, I and II law efficiencies, over-
voltages, etc.).

16. Full-load simulation: results and discussion

The plant under investigation is simulated at full-load oper-
ation on the basis of the fixed setting parameters displayed in
Table 5. Results are shown from Tables 6–8: the former dis-
plays some of the most interesting plant results, the second one
shows devices energy/exergy flow rates, finally the last one dis-
plays some of the state-point thermodynamic properties. The
steam to carbon ratio (rSC) is set at 2.00. The fuel utilization
factor is set at 80%: higher values are not recommended since
high overvoltages would occur in the final section of SOFC
tube. Furthermore, SOFC area is set in order to achieve high
efficiencies. The resulting current density (194 mA cm−2) is sig-
nificantly low, allowing the cell to achieve a very high voltage

(0.63 V versus 0.797 V, maximum theoretical reversible poten-
tial). Similarly, the remarkable values of UA for the preheating
heat exchangers allow heat exchange efficiencies to achieve
values higher than 90%. All the performance parameters are
calculated by the simulation code. The most important ones
are shown in Table 6. SOFC heat exchanger efficiency is rel-
atively low as a consequence of its small exchange area. Higher
efficiencies are not recommended in order to avoid significant
temperature gradients in the cell. The overall electric stack effi-
ciency is higher than 50%. In case of an ideal reversible cell,
this efficiency could achieve a value higher than 72%. Turboma-
chineries, the inverter and the electrical generator operate at their
design point achieving the maximum values of their efficiencies.
The net overall result is an electrical efficiency higher than 65%
and simultaneously a thermal efficiency close to 22%. Almost
all the electrical power is produced by the fuel cell stack. The
mechanical power produced by the GT is dramatically reduced
by the work required to move compressors. Obviously, the ther-
mal flow of the air heat exchanger is much higher than the fuel
one since the air mass flow rate is two orders of magnitude higher
than the fuel one. Inefficiencies lie mainly in those devices where
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Fig. 10. Radial gas turbine correct map.

chemical processes occur. SOFC stack, where both reforming
and electrochemical reaction occur, is the component where
the highest efficiency defect (δ) is detected. Similarly the cat-
alytic burner, site of combustion reactions, shows a remarkable
exergy destruction rate. On the other hand, efficiency defects of
turbomachineries are relatively low because of the high values
of isentropic efficiencies (design point) and since their energy
flows are less important in the overall plant balance. Finally,
Table 8 shows some of the main thermodynamic properties of
all the state-points of the plant. At design point outlet air and
fuel compressors pressures are very close each other avoiding
any lamination process. Furthermore, the SOFC temperature is
close to the ideal value of 1000 ◦C and the calculated value
of TIT is perfectly compatible with the present technological
constraints imposed by GT technology. Obviously, the higher
are pressure and temperature, the higher are the values of spe-
cific physical exergy. On the other hand, specific molar chemical
exergy depends mainly on flow fuel content. This value, in fact,
decreases (three orders of magnitude) after reforming, electro-
chemical and combustion reactions.

17. Partial load operation: results and discussion

The partial load operation of the plant could be managed
handling the following parameters:

(1) air mass flow rate;
(2) fuel mass flow rate;
(3) combustor bypass, i.e. the ratio between the mass flow rate

to the combustor and the mass flow rate going out from the
gas–fuel heat exchanger;

(4) GT bypass, i.e. the ratio between the mass flow rate to the
gas turbine mixer and the mass flow rate going out from the
gas–air heat exchanger;

(5) AC–GT rotor speed (the speed of the electrical generator is
changed using an inverter, according to user load request).

It is not possible to vary arbitrary all these operating parame-
ters, since unfeasible solution would be achieved. In fact: (i) the
turbomachineries operating points may fall outside of their map
and (ii) the SOFC operating temperature may exceed the fixed
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Fig. 11. Plant simulation simplified flow chart.
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Table 5
Setting parameters

Parameter Value

SOFC area (cm2) 1.000E+07
rSC 2.000E+00
Uf 8.000E−01
il (mA cm−2) 9.000E+02
tstack max (◦C) 1.250E+03
�pstack max (bar) 6.000E−01
UAHE1 (kW K−1) 1.500E+01
UAHE2 (kW K−1) 1.650E−01
UAHESOFC (kW K−1) 7.500E−01
�pmixer (%) 1.000E+00
�pCB (%) 4.000E+00
�pstack (%) 2.000E+00
ηinverter (100%) 9.700E−01
ηinverter (10%) 9.200E−01
ηelectr. gen. (100%) 9.500E−01
ηelectr. gen. (10%) 6.000E−01
ηCB 1.000E+00
mair (kg s−1) 1.885E+00
mfuel (kg s−1) 4.650E−02
tref (◦C) 2.500E+01
pref (bar) 1.000E+00
NGT/AC (rpm) 4.000E+04
NFC (rpm) 4.000E+04
m20 (kg s−1) 0.000E+00
m23 (kg s−1) 0.000E+00
m17m21/m10m13 1.000E+00

limit. In particular, air compressor map dramatically restricts the
feasible solution region, since its operating point is very close
to its surge line.

In the present simulation, the partial load operation is
obtained varying only air and fuel flow rates (first and second
items) and combustor bypass (third items). Air bypass factor
(fourth item) is automatically handled by the simulation code in
order to match the constraints about the maximum cell tempera-
ture and the maximum TIT. As above-mentioned, in the present
simulation the AC–GT rotor speed (fifth item) variation is not
considered. In particular, the following partial load strategies are
implemented in the present analysis:

(A) constant air mass flow rate, variable fuel flow rate, no com-
bustor bypass;

(B) constant air to fuel mass flow rate ratio, no combustor
bypass;

Table 6
Main results of the simulation at full-load

Parameter Value

HE1 efficiency 9.02E−01
HE2 efficiency 9.06E−01
HESOFC efficiency 2.66E−01
Stack efficiency 5.02E−01
Stackrevers. efficiency 7.24E−01
GTis efficiency 8.51E−01
ACis efficiency 8.13E−01
FCis efficiency 7.41E−01
Inverter efficiency 9.70E−01
Electrical generator efficiency 9.40E−01

Plant net electrical power (kW) 1.47E+03
Plant net thermal power (kW) 4.89E+02
Plant exd (kW) 4.89E+02
Plant fuel (kW) 2.35E+03
Plant exergetic residual (kW) 2.99E+02
Plant net electrical efficiency 6.54E−01
Plant net thermal efficiency 2.18E−01
Plant net exergetic efficiency 6.26E−01

(C) constant air mass flow rate, variable fuel flow rate and com-
bustor bypass.

The first criterion is obviously the simplest one since the par-
tial load operation is achieved regulating the downstream valve
of the fuel compressor. On the other hand, this strategy does not
allow a satisfactory control of both the stack and the GT inlet
temperatures since, reducing the fuel to air ratio, these tempera-
ture decrease lowering the system efficiency. Stack temperature
and TIT can be better controlled handling also the air flow rate
or bypassing some fuel mass flow rate directly to the combustor
(B and C strategy). In the following, details are supplied for each
partial load control strategy.

17.1. Strategy A

The first criterion is based on the reduction of the fuel flow
rate, fixing the air mass flow rate allowing a significant reduction
of plant net electrical power production, since it can be reduced
down to 35% of its nominal value (Fig. 12a). As reported in lit-
erature [1–3], the SOFCs achieve electrical efficiencies close to
their nominal value at partial load too. In spite of this, the global
hybrid SOFC–GT power plant electrical efficiency significantly

Table 7
Components energy, exergy flows and efficiencies, at full-load operation

Q (kW) L (kW) Sgen (kW K

AC 0.00E+00 5.38E+02 1.84E−01
FC 0.00E+00 2.40E+01 1.30E−02
GT 0.00E+00 9.04E+02 1.80E−01
HE1 6.27E+02 0.00E+00 7.34E−02
HE2 1.99E+01 0.00E+00 7.76E−03
M −02
C −01
I −01
H −01
M +00
0.00E+00 0.00E+00 8.15E
B 0.00E+00 0.00E+00 3.50E

RSOFC 0.00E+00 1.22E+03 6.47E
ESOFC 3.05E+02 0.00E+00 1.07E
GT 0.00E+00 0.00E+00 0.00E
−1) exd (kW) ηex δ (%)

5.48E+01 8.98E−01 1.12E+01
3.86E+00 8.39E−01 7.89E−01
5.37E+01 9.44E−01 1.10E+01
2.18E+01 9.43E−01 4.45E+00
2.32E+00 8.00E−01 4.74E−01
2.43E+01 9.92E−01 4.96E+00
1.04E+02 9.48E−01 2.13E+01
1.93E+02 8.63E−01 3.94E+01
3.19E+01 8.66E−01 6.51E+00
0.00E+00 0.00E+00 0.00E+00
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Table 8
State-points main properties at full-load operation

k-Point Temperature
(◦C)

Pressure
(bar)

Enthalpy
(kJ kg−1)

Entropy
(kJ kg−1 K−1)

Physical exergy
(kJ kg−1)

Chemical exergy
(kJ kmol−1)

Mass flow
(kg s−1)

xH2O xCO xH2 xO2 xN2 xCO2 xCH4

1 3.66E+02 7.27E+00 9.95E+02 1.27E+00 6.33E+02 8.20E+05 4.65E−02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.00E−02 0.00E+00 9.80E−01
2 8.24E+02 7.20E+00 1.57E+03 2.30E+00 1.03E+03 2.21E+05 2.82E−01 4.49E−01 4.51E−02 6.18E−02 0.00E+00 9.79E−03 2.10E−01 2.24E−01
3 1.02E+03 7.06E+00 1.68E+03 2.16E+00 1.15E+03 4.49E+04 4.42E−01 5.82E−01 5.85E−02 8.02E−02 0.00E+00 6.76E−03 2.73E−01 0.00E+00
4 1.02E+03 7.06E+00 1.68E+03 2.16E+00 1.15E+03 4.49E+04 2.07E−01 5.82E−01 5.85E−02 8.02E−02 0.00E+00 6.76E−03 2.73E−01 0.00E+00
5 1.02E+03 7.06E+00 1.68E+03 2.16E+00 1.15E+03 4.49E+04 2.35E−01 5.82E−01 5.85E−02 8.02E−02 0.00E+00 6.76E−03 2.73E−01 0.00E+00
6 7.51E+02 7.16E+00 8.05E+02 9.79E−01 5.58E+02 1.29E+02 1.89E+00 0.00E+00 0.00E+00 0.00E+00 2.10E−01 7.90E−01 0.00E+00 0.00E+00
7 1.02E+03 7.02E+00 1.12E+03 1.23E+00 7.93E+02 1.66E+02 1.72E+00 0.00E+00 0.00E+00 0.00E+00 1.44E−01 8.56E−01 0.00E+00 0.00E+00
8 1.15E+03 6.74E+00 1.34E+03 1.55E+00 9.50E+02 8.24E+02 1.93E+00 8.21E−02 0.00E+00 0.00E+00 1.19E−01 7.58E−01 4.10E−02 0.00E+00
9 1.02E+03 6.74E+00 1.18E+03 1.43E+00 8.27E+02 8.24E+02 1.93E+00 8.21E−02 0.00E+00 0.00E+00 1.19E−01 7.58E−01 4.10E−02 0.00E+00

10 6.40E+02 1.14E+00 7.15E+02 1.53E+00 3.31E+02 8.24E+02 1.93E+00 8.21E−02 0.00E+00 0.00E+00 1.19E−01 7.58E−01 4.10E−02 0.00E+00
11 2.68E+02 1.12E+00 2.88E+02 9.35E−01 8.09E+01 8.24E+02 4.65E−02 8.21E−02 0.00E+00 0.00E+00 1.19E−01 7.58E−01 4.10E−02 0.00E+00
12 2.50E+01 1.00E+00 2.52E+01 2.36E−01 0.00E+00 1.29E+02 1.89E+00 0.00E+00 0.00E+00 0.00E+00 2.10E−01 7.90E−01 0.00E+00 0.00E+00
13 3.00E+02 7.46E+00 3.11E+02 3.34E−01 2.56E+02 1.29E+02 1.89E+00 0.00E+00 0.00E+00 0.00E+00 2.10E−01 7.90E−01 0.00E+00 0.00E+00
14 2.50E+01 1.00E+00 5.24E+01 2.34E−01 0.00E+00 8.20E+05 4.65E−02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.00E−02 0.00E+00 9.80E−01
15 2.29E+02 7.42E+00 5.68E+02 5.12E−01 4.33E+02 8.20E+05 4.65E−02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.00E−02 0.00E+00 9.80E−01
16 6.40E+02 1.14E+00 7.15E+02 1.53E+00 3.31E+02 8.24E+02 4.65E−02 8.21E−02 0.00E+00 0.00E+00 1.19E−01 7.58E−01 4.10E−02 0.00E+00
17 6.40E+02 1.14E+00 7.15E+02 1.53E+00 3.31E+02 8.24E+02 1.89E+00 8.21E−02 0.00E+00 0.00E+00 1.19E−01 7.58E−01 4.10E−02 0.00E+00
18 6.07E+02 7.31E+00 6.43E+02 8.03E−01 4.49E+02 1.29E+02 1.89E+00 0.00E+00 0.00E+00 0.00E+00 2.10E−01 7.90E−01 0.00E+00 0.00E+00
19 3.52E+02 1.12E+00 3.83E+02 1.10E+00 1.27E+02 8.24E+02 1.89E+00 8.21E−02 0.00E+00 0.00E+00 1.19E−01 7.58E−01 4.10E−02 0.00E+00
20 2.50E+01 1.00E+00 – – – – 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
21 1.02E+03 6.74E+00 1.18E+03 1.43E+00 8.27E+02 8.24E+02 1.93E+00 8.21E−02 0.00E+00 0.00E+00 1.19E−01 7.58E−01 4.10E−02 0.00E+00
22 6.07E+02 7.31E+00 6.43E+02 8.03E−01 4.49E+02 1.29E+02 1.89E+00 0.00E+00 0.00E+00 0.00E+00 2.10E−01 7.90E−01 0.00E+00 0.00E+00
23 2.50E+01 1.00E+00 – – – – 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
24 3.66E+02 7.27E+00 9.95E+02 1.27E+00 6.33E+02 8.20E+05 4.65E−02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.00E−02 0.00E+00 9.80E−01
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Fig. 12. Strategy A: energetic, exergetic and electrochemical results.

decreases down to 45% (Fig. 12a) mostly because of the vari-
ation of the fuel to air ratio. In fact, at partial load operation
less fuel is required, consequently the fuel to air ratio decreases,
determining the reduction of both TIT and stack temperature
(Fig. 12b). In relation to the minimum power ratio (P/PDP) of
35%, such temperatures approach 750 ◦C. The stack efficiency is
affected by its operating temperature: even if, at partial load oper-
ation, lower values of current densities are achieved (Fig. 12f),
the reduction of its operating temperature is so high that cell volt-
age decreases approaching 0.50 V (Fig. 12f). This phenomenon
depends on the voltage trend in function of current density and
temperature, previously described in Fig. 6. Here, the effect of
temperature decrease is dominant with respect to the current
density reduction. Furthermore, GT and FC performance sig-
nificantly varies reducing the overall electricity produced by the
hybrid plant. The air compressor isentropic efficiency is constant
since no variation in air flow rate and in the rotor speed occurs
(Fig. 12d). GT isentropic efficiency decreases with P/PDP as a
consequence of the reduction of its TIT (Fig. 12d). According to
the typical shape of the compressor maps, the FC isentropic effi-
ciency shows a non-monotonic variation since its design point
did not achieve the highest value of its isentropic efficiency
(Fig. 12d). The reduction of GT isentropic efficiency determines
a remarkable growth of its exergy destruction rate and conse-
quently of its efficiency defect (Fig. 12e). Similarly, the high
values of SOFC overvoltages determine higher IRSOFC effi-
c
F
w
r
(
t
a

due to the higher slope of the GT electrical power curve with
respect to the stack one.

17.2. Strategy B

The advantage of the first partialization criterion mainly con-
sists in the possibility to operate also in case of very low electrical
loads. On the other hand, this criterion also implies a remarkable
reduction of plant efficiency (Fig. 12a), mainly due to the reduc-
tion of both stack and GT inlet temperatures. For this reason,
a new criterion is implemented, aiming to control such tem-
peratures. Such strategy is obtained keeping constant the air
to fuel ratio. By contrast to the first criterion, the simulation
shows that the stack temperature and TIT slightly increase with
the P/PDP reduction (Fig. 13b). An increase of the cell voltage
(Fig. 13f) is obtained as a consequence of both current density
reduction (Fig. 13f) and stack temperature growth (Fig. 13b).
On the other hand, the variation of the GT mass flow rate and
of the TIT, determines the GT isentropic efficiency reduction
(Fig. 13d). In fact, the GT operating point moves in the ineffi-
cient region of its map. This reduction is also the reason of its
entropy generation increase and consequently of the higher value
of its efficiency defect (Fig. 13e). The high voltages achieved
by the cell (Fig. 13f), determine lower overvoltages versus the
full-load operation, and consequently lower efficiency defects
of the IRSOFC (Fig. 13e). The two above-mentioned effects
a
e
i
p
b
A
t

iency defects with respect to the full-load operation (Fig. 12e).
inally, the overall plant exergy efficiency decreases in the same
ay of the electrical efficiency (Fig. 12a). The higher is the

eduction of output power, the higher are the irreversibilities
mainly due to the GT and the IRSOFC, Fig. 12e). In Fig. 12c,
he ratio between stack and AC–GT power production is shown:
t part-load operation, a decrease is detected. This behavior is
re in contrast, but the reduction of turbomachineries isentropic
fficiency is only slightly dominant so that the overall result
s a small reduction of the exergetic efficiency (Fig. 13a). This
art-load strategy also shows almost the same trend of the ratio
etween stack and GT power production reported for the strategy

(Fig. 13c). Differently from the previous criterion, this par-
ialization procedure shows a very small operating range, since
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Fig. 13. Strategy B: energetic, exergetic and electrochemical results.

reducing the net electrical power more than 80% (Fig. 13a), the
air compressor approaches its surge line. Obviously, a better
design of such component would allow to achieve lower P/PDP.

17.3. Strategy C

An other partialization procedure is introduced in order to
reduce problems of GT and SOFC temperatures management,

achieved by the first criterion and in order to enlarge the partial-
ization field of the second strategy (Fig. 14a). This procedure
is based on the first one, varying also the combustor bypass
factor, which is linearly increased with P/PDP. The aim is to
increase the stack temperature and TIT with respect to the strat-
egy B. This target is reached only in case of TIT (Fig. 14b),
in fact, much more chemical energy is converted into heat.
This additional heat, with respect to the no-bypass condition,

xerge
Fig. 14. Strategy C: energetic, e
 tic and electrochemical results.
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Fig. 15. Energetic and exergetic efficiencies comparison for the three partialization strategies.

is used to increase GT inlet temperature. On the other hand,
less fuel is available for the electrochemical reaction, reducing
also the amount of heat produced by the overall electrochemi-
cal/reforming reactions. Consequently SOFC operating temper-
ature significantly decreases (Fig. 14b). The above-mentioned
results show that the managing of the combustor by pass fac-
tor does not allow to control both TIT and stack temperature
simultaneously. In order to reach this goal it is also required
to reduce the air mass flow rate. Anyhow, the better control
of TIT also allows to achieve higher GT isentropic efficiencies
(Fig. 14d). Obviously, the compressors isentropic efficiencies,
independent from TIT and stack temperature, show the same
trend reported in the case of the strategy A (Fig. 14d). The same
trend is also showed in case of GT and stack power production
(Fig. 14c). The reduction of stack temperature causes, similarly
to the first criterion, a remarkable reduction of both cell potential
and current density (Fig. 14f). This reduction corresponds at a
slight increase of its efficiency defect since the CB to IRSOFC
conversion ratio increases (Fig. 14e). This circumstance deter-
mines a significant growth of catalytic burner efficiency defect
(Fig. 14e).

18. Conclusions

In the present paper, the hybrid SOFC–GT power plant is
described and simulated at both design and partial load oper-
a
t
p
t
r
a
o
c
r

value. In such range, the electrical, global end exergetic efficien-
cies, achieved in case of the strategy A, are slightly higher the
ones resulting from the other criterions (Fig. 15). Furthermore,
handling the combustor bypass ratio it is not possible to achieve
better values of plant efficiencies. Their efficiency curves do not
show a significant variation with respect to these ones coming
from the second criterion (Fig. 15). Finally, a better behavior
of the partial load operation could be achieved implementing
the first criterion and optimizing the turbomachineries design.
In this case an optimization procedure is required in order to
find the optimum values of map scaling factor. Such values shall
maximize the average net electrical efficiency, according with
user load profile. Simultaneously, future works will deal also
with the thermo-economic optimization of this plant, aiming
at finding the set of synthesis/design parameters minimizing
the overall plant cost achieved during its complete operating
life.
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