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Abstract: A SOFC (solid oxide fuel cell) cycle running on natural gas was integrated with a ST (steam turbine) cycle. The fuel is 
desulfurized and pre-reformed before entering the SOFC. A burner was used to combust the remaining fuel after the SOFC stacks. 
The off-gases from the burner were used to produce steam in a HRSG (heat recovery steam generator). The bottoming steam cycle 
was modeled with two configurations: (1) a simple single pressure level and (2) a dual pressure level with both a reheat and a 
pre-heater. The SOFC stacks in the present SOFC-ST hybrid cycles were not pressurized. The dual pressure configuration steam 
cycle combined with SOFC cycle (SOFC-ST) was new and has not been studied previously. In each of the configuration, a hybrid 
recuperator was used to recovery the remaining energy of the off-gases after the HRSG. Thus, four different plants system setups 
were compared to each other to reveal the most superior concept with respect to plant efficiency and power. It was found that in order 
to increase the plant efficiency considerably, it was enough to use a single pressure with a hybrid recuperator instead of a dual 
pressure Rankine cycle. 
 
Key words: SOFC, fuel cell, hybrid cycle, steam cycle, Rankine cycle, hybrid recuperation. 
 

1. Introduction  

The solid oxide fuel cell is an electrochemical 
reactor currently under development by some 
companies to be used in future power and heat 
generation applications. Depending on the type of the 
electrolyte, they are working at temperature levels 
more than about 750 °C up to 1,000 °C. The lower 
temperature alternative is now being developed for 
market entry during this decade by, e.g., Topsoe fuel 
cells. Due to cost and material complications in the 
surrounding components some companies are trying to 
find new materials for the SOFC (solid oxide fuel cell) 
cells to decrease their operating temperature. 
Temperatures of about 650 °C have also been 
mentioned. 

SOFC-based power plants have been studied for a 
while and some companies, such as Wärtsilä, are 
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trying to realize such systems for CHP (combined heat 
and power) applications [1]. The SOFC plant is also 
combined with CC (combined cycles) in the literature 
to achieve ultra-high electrical efficiencies [2, 3]. Due 
to the current operating temperature of the SOFC 
stacks (more than about 750 °C), hybrid SOFC and 
GT (gas turbine) systems have been extensively 
studied in the literature, e.g., in Ref. [4] for CHP and 
in Refs. [5, 6] with internal biomass gasification. The 
characterization, quantification and optimization of 
hybrid SOFC-GT systems have been studied by 
Subramanyan and Calise et al. [7, 8]. The dynamics 
and control concept of a pressurized SOFC-GT hybrid 
system have also been studied, such as in Ref. [9]. In 
Ref. [10], modeling results are compared with 
measured data for a 220 kW hybrid SOFC-GT power 
plant. Details of the design, dynamics, control and 
startup of such hybrid power plants are studied in Ref. 
[11]. Part-load characteristics of a SOFC-micro GT 
were also studied in Ref. [12]. 

D 
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Despite extensive investigation on hybrid SOFC-GT 
plants by many researchers, the studies on combined 
SOFC-ST (steam turbine) are very limited [13-15]. In 
addition, the SOFC manufactures are trying to decrease 
the operating temperature of the SOFC stacks, which 
means that the combination of a SOFC-ST hybrid 
system would be more attractive than SOFC-GT 
systems. Decreasing the operating temperature will 
result in less material cost for the SOFC stacks which 
in turn results in that some problems associated with 
BoP (balance of plants) components will be 
diminished. 

The current manuscript differs considerably from the 
previous studies in the sense that in the previous 
investigations the SOFC plant is pressurized, 
regardless the combinations (SOFC-GT, SOFC-CC or 
SOFC-GT-ST). However, in the current study the 
SOFC plant is not pressurized and it is working under 
ambient pressure. The compressor in the SOFC plants 
provides the necessary mass flow and pressure to 
compensate the pressure drops in the components (heat 
exchangers, SOFC stacks and burner) along the path of 
the air. The provided pressure by the compressor is 
about 1.2 bars for all cases considered. Thus 
technologically, the current hybrid systems are 
completely different from the previous suggested 
systems. This is another advantage of hybrid SOFC-ST 
systems compared to the SOFC-GT and SOFC-CC 
studies. In all the previous studies, the SOFC stacks 
must be pressurized in a large pressurized vessel 
(depending on the size of the plant) which brings up 
complicated practical problems. 

In the bottoming Rankine cycle, a dual pressure level 
with reheat and pre-heater were used in this study. This 
was done because as known, in combined cycles 
(GT-ST) dual pressure levels with reheat and 
pre-heater are economical with respect to higher plant 
efficiency compared to a single pressure level. Thus, 
the results from a dual pressure Rankine cycle in 
combined SOFC-ST hybrid plants were compared with 
the corresponding results obtained from a single 

pressure Rankine cycle, in terms of plant efficiency and 
plant power. In addition, a hybrid recuperator was also 
used here to preheat the air prior to the cathode 
pre-heater of the SOFC plant in accordance to what 
was proposed in Ref. [14]. This was done for both 
single and dual pressure bottoming cycles to study the 
effect of hybrid recuperator versus dual pressure 
Rankine cycle in combined SOFC-ST plants. Such 
hybrid recuperator was shown to be very efficient and 
could increase the plant efficiency significantly. Thus, 
four different plants configurations were compared 
with each other in terms of plant efficiency and 
generated net power. Furthermore, hybrid recuperator 
versus dual pressure steam cycle was compared in 
terms of plant characterization. 

It should be noted that the combination of a 
SOFC-ST cycle with dual pressure level in the steam 
cycle investigated here is new and has not been studied 
previously by the author. It should also be noted that 
the system presented here was studied 
thermodynamically and the objective of this study was 
not to present or discuss associated costs. The current 
investigation is regarded as a continuation study 
presented in Ref. [14]. The thermodynamic assessment 
is conducted by use of mathematical models describing 
the process which in turn relies on connecting 
zero-dimensional component models to generate a 
complete system model. 

2. Methodology 

The results of this paper were obtained using the 
in-house simulation tool called as DNA (dynamic 
network analysis) [16], which is a simulation tool for 
energy system analysis. It is the present result of an 
ongoing development at the Department of Mechanical 
Engineering, Technical University of Denmark, which 
began with a master’s thesis work in Ref. [17]. Since 
then the program has been developed to be generally 
applicable covering unique features and hence 
supplementing other simulation programs. 

In DNA, the physical model is formulated by 
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connecting the relevant component models through 
nodes and by including operating conditions for the 
complete system. The physical model is converted into 
a set of mathematical equations to be solved 
numerically. The mathematical equations include mass 
and energy conservation for all components and nodes 
as well as relations for thermodynamic properties of the 
fluids involved. During the development of DNA, the 
four key terms portability, robustness, efficiency, and 
flexibility were kept in mind as the important features 
for making a generally applicable tool for energy 
system studies. The program is written in FORTRAN. 

2.1 Modeling of SOFC Stacks 

The SOFC model used in this investigation is based 
on the planar type developed by DTU-Risø and 
TOPSØE Fuel Cell. The model was calibrated against 
experimental data in the range of 650 °C to 800 °C 
(SOFC operational temperature) as described and 
implemented in Refs. [14, 18]. For the sake of 
clarification, it is shortly described here. The model is 
assumed to be a zero-dimensional, thus enabling 
calculation of complicated energy systems. In such 
modeling one must distinguish between electrochemical 
modeling, calculation of cell irreversibility (cell voltage 
efficiency) and the species compositions at outlet. The 
operational voltage (EFC) was found to be: 

offsetconcohmactNernstFC EEEEEE Δ−Δ−Δ−Δ−=  (1) 

where, ENernst, ΔEact, ΔEohm, ΔEconc and ΔEoffset are the 
Nernst ideal reversible voltage (open voltage circuit), 
activation polarization, ohmic polarization, 
concentration polarization and the offset polarization, 
respectively. The offset polarization is neglected and 
assuming that only hydrogen is electrochemically 
converted, then the Nernst equation can be written as: 
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where, Δgf
0 is the Gibbs free energy (for H2 reaction) at 

standard pressure. The water-gas shift reaction is very 

fast and therefore the assumption of hydrogen as only 
species to be electrochemically converted is justified 
[19, 20]. In the above equations pH2 and pH2O are the 
partial pressures for H2 and H2O, respectively. The 
partial pressures were assumed to be the average 
between the inlet and outlet weighted by molar fraction 
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The change in standard Gibbs free energy ( 0
fgΔ ) 

was for H2 reaction and the number of electrons 
transferred for each molecule of fuel (ne = 2) and was 
calculated by: 

( ) ( ) ( )
222
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2
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OfHfOHff gggg −−=Δ   (5) 

The activation polarization was evaluated from the 
Butler-Volmer equation [21] by isolating it from other 
polarizations to determine the charge transfer 
coefficients and exchange current density from the 
experiment by the curve fitting technique. 

The ohmic polarization depends on the electrical 
conductivity of the electrodes as well as the ionic 
conductivity of the electrolyte. This was also calibrated 
against experimental data for a cell with anode 
thickness, electrolyte thickness and cathode thickness 
of 600, 50 and 10 μm, respectively. 

The concentration polarization is dominant at high 
current densities for anode-supported SOFCs, wherein 
insufficient amounts of reactants are transported to the 
electrodes and the voltage is then reduced significantly. 
It was modeled as function of diffusion coefficient, 
anode limiting current and current density. The anode 
limiting current was modeled as function of anode 
porosity, anode tortuosity and a binary diffusion 
coefficient. Both diffusion coefficient and the binary 
diffusion coefficient were calibrated against 
experimental data [22]. 
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The fuel composition at anode outlet was calculated 
using the Gibbs minimization method as described in 
Ref. [23]. Equilibrium at the anode outlet temperature 
and pressure was assumed for the following species: H2, 
CO, CO2, H2O, CH4 and N2. Thus, the Gibbs 
minimization method calculates the compositions of 
these species at outlet by minimizing their Gibbs 
energy. The equilibrium assumption is fair because the 
methane content in this study is very low. 

Finally, the current density is directly proportional to 
the amount of reacting hydrogen and the cell area, 
according to Faraday’s law. The fuel composition 
leaving the anode was calculated by the Gibbs 
minimization method. The power production from the 
SOFC (PSOFC) depends on the amount of chemical 
energy fed to the anode, the reversible efficiency (ηrev), 
the voltage efficiency (ηv) and the fuel utilization factor 
(UF). It is defined in mathematical form as: 
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where, 
•
n  was the molar reaction rate (molar flow), UF 

was a set value and ηv was defined as: 
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The reversible efficiency is the maximum possible 
efficiency defined as the relationship between the 
maximum electrical energy available (change in Gibbs 
free energy) and the fuels LHV (lower heating value) 
as follows [24]: 
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2.2 Modeling of Fuel Pre-reforming 

A Gibbs reactor is used in this study, meaning that the 
total Gibbs free energy has its minimum when the 
chemical equilibrium is achieved. Such characteristic 
can be used to calculate the gas composition at a 
specified temperature and pressure without considering 
the reaction pathways. The Gibbs free energy of a gas 
(assumed to be a mixture of k perfect gases) is given by: 
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where, g0 , R, T and yi are the specific Gibbs free energy, 
universal gas constant, gas temperature and molar 
fraction, respectively. Each atomic element in the inlet 
gas is in balance with the outlet gas composition, which 
shows that the flow of each atom has to be conserved. 
For N elements, this balance is expressed as [23]: 
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The N elements correspond to H, C and O in this 
pre-reforming process. Amj is the number of atoms of 
element j (H, C, O, N) in each molecule of entering 
compound i (H2, CH4, CO, CO2, H2O, O2, N2 and Ar), 
while Aij is the number of atoms of element j in each 
molecule of leaving compound m (H2, CH4, CO, CO2, 
H2O, N2 and Ar). The minimization of the Gibbs free 
energy can be formulated by introducing a Lagrange 
multiplier, μ, for each of the N constraints obtained in 
Eq. (12). After adding the constraints, the expression to 
be minimized is then: 
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2.3 Modeling of Other Components 

The pumps power consumption was calculated as: 
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where, •

m , p, υ and η were the mass flow, pressure, 
specific volume (m3/kg) and efficiency of the pump, 
respectively. The pump efficiency and outlet pressure 
was defined as shown below. The power consumption 
for compressors were modeled based on the definition 
of isentropic and mechanical efficiencies (given values) 
as: 
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where, h was the enthalpy for the corresponding state. 
Note also that hSin was the enthalpy when entropy was 
kept constant as for inlet. 

In modeling a heat exchanger, it was assumed that all 
energy from one side is transferred to the other side if 
heat losses were neglected, (which was also the case in 
this study), as: 

( )211 hhmQ −=
••     (18) 

where, the subscript 1 and 2 referred side 1 and side of 
the heat exchanger. If pinch temperature was given 
then the minimum temperature was found at hot or cold 
end, or when a flow was changed between one- and 
two-phase as: 

{ }coldhot TTT −=Δ minmin    (19) 
The deaerator removes dissolved gasses and 

impurities from the condenser by keeping it in a 
reservoir at the state of a saturated liquid and with 
absorbing heat extracted from the steam turbine. Thus, 
in modeling, the outlet of feed water was assumed to be 
saturated in addition to the equations for mass and 
energy balance, 

deaoutdeain mm ,,
••
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••
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3. Plant Configurations 

The plant configurations studied are shown in Figs. 1 
and 2. Fig. 1a shows SOFC with single pressure level 
Rankine cycle while Fig. 1b (case A) shows SOFC 
with dual pressure level Rankine cycle (case B). Fig. 2 
shows the same plant configurations in Fig. 1 but with 
when a HR (hybrid recuperator) is included. Fig. 2a is 
SOFC with single pressure Rankine cycle including 
hybrid recuperator (case C) and Fig. 2b shows SOFC 
with dual pressure Rankine cycle with hybrid 
recuperator (case D). Note that case A and C were 
already presented in Ref. [14], but in order to facilitate 
the compression they were also discussed in this 
investigation. The supplied NG (natural gas) is usually 
pressurized, and therefore no pump was used in the fuel 
line. The fuel was preheated in a fuel pre-heater heat 
exchanger before it was sent to a desulfurization unit 
wherein the sulfur content in the fuel was removed. 

This unit was assumed to be a catalyst, operating at 
temperature of 200 °C. Thereafter, the desulfurized 
fuel was preheated in a pre-reformer heat exchanger to 
reach the operational temperature of the ASR 
(adiabatic steam reformer) catalyst, wherein the 
heavier hydrocarbons of the fuel were cracked down 
into the lighter ones. The pre-reformed fuel was now 
preheated in an AP (anode pre-heater) to 650 °C before 
being sent to the anode side of the SOFC stacks [11]. 
The operating temperature of the SOFC stacks and 
outlet temperatures were assumed to be 780 °C which 
is also assumed to be the outlets temperatures at both 
cathode and anode sides. 

Therefore, the burned fuel after the stacks had a 
temperature of about 780 °C, which was used to 
preheat the fuel in the anode pre-heater. On the other 
side, air was compressed and then preheated in a CP 
(cathode pre-heater) to 600 °C before entering the 
cathode side of the SOFC stacks [11]. These entering 
temperatures are essential requirements for proper 
functioning of SOFC stacks, not only to initiate the 
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Fig. 1  Combined SOFC-ST cycle plant without hybrid recuperator, (a) single pressure Rankine cycle and (b) dual pressure 
Rankine cycle. 
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Fig. 2  Combined SOFC-ST plant with hybrid recuperator, (a) single pressure Rankine cycle and (b) dual pressure Rankine 
cycle. 
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chemical reactions but also for avoiding thermal 
fractures. Because the fuel in the SOFC stacks would 
not burn completely, the rest of the fuel together with 
the air coming out of the cathode side of the stacks 
were sent to a burner for further combustion. The 
off-gases from the burner had a high heat quality, 
which could be used to generate steam in a HRSG (heat 
recovery steam generator). Two types of Rankine cycle 
were used in this study: a single pressure level with 
deaerator (feed water tank) and a dual pressure level 
with reheat and pre-heater. In the single pressure level, 
the pressurized water after the feed water pump was 
superheated to steam in three stages: an ECO 
(economizer), an EVA (evaporator) and a SUP SUP 
(super)-heater. The generated steam was then expanded 
in a steam turbine to generate power. Part of the 
expanded steam was extracted for the deaeration. The 
expanded steam after the turbine was then cooled down 
in a condenser before pumping to the deaerator (Fig. 
1a). 

In the dual pressure level, more complicated setup 
was used; in the high pressure loop an ECO1 
(economizer), an EVA1 (evaporator) and a SUP1 
(super-heater) were used while in the low pressure loop 
PRE (a pre-heater), an ECO2 (economizer) and a SUP2 
(super-heater) were used. Some of the steam after the 
HPST (high pressure steam turbine) was reheated in 
Fig. 1b and sent to LPST (low pressure steam turbine) 
as shown in Fig. 1b. It is worth to note that the 
presented dual pressure steam cycle as bottoming cycle 
for the SOFC cycle is novel and has not been studied in 
the open literature. 

In Fig. 2, the energy of the off-gases from the HRSG 
was further utilized in a HR (hybrid recuperator) in the 
figure to preheat the air after the compressor of the 
SOFC cycle. In other words, heat was recycled back to 
the SOFC cycle. The study of Rokni [14] showed that 
such technique increases the plant efficiency 
significantly if a single pressure Rankine cycle was used 
as s bottoming cycle. However, such advantage is not 
known if a dual pressure Rankine cycle with reheat and 

pre-heater is used. The present study should reveal this 
issue. 

As is known, an ASR reformer needs superheated 
steam for operation, which must be supplied to the 
reformer externally during start-up. However, during 
normal operation steam is available after the SOFC 
stacks due to the reactions of hydrogen and oxygen. 
Therefore, the stream after the anode side of SOFC was 
recycled using an ejector, as shown in Figs. 1 and 2. 

4. Results and Discussions 

For the sake of clarity, natural gas was defined as (in 
molar percentage): 

CH4: 0.87; 
H2S: 0.00375; 
C2H6: 0.081; 
CO2: 0.02925; 
C3H8: 0.01; 
C4H10: 0.006. 
The main parameters for the plant are shown in 

Table 1. The number of SOFC stacks was assumed to 
be 10,000 and number of cells per stacks was assumed 
to be 74. Furthermore, the utilization factor for the 
SOFC cells was assumed to be 0.8. 

The pressure drops for all heat exchangers were 
assumed to 0.01 bars for air flow as well as steam flows, 
however, for fuel side it was assumed to be 0.005 bars. 
These values depend on the heat exchanger types and 
channel geometries, but they are reasonable for plate 
heat exchanger types with respect to flow their mass 
flow. The minimum temperature differences at pinch 
(ΔTmin) were assumed to be 30, 15 and 17 °C for the 
superheater, evaporator and economizer, respectively. 
Similar values were also assumed for the respective 
heat exchangers used in the dual pressure level. Thus 
for HRSG terminal temperature and pinch temperature 
were assumed to be 30 °C and 15 °C, respectively, 
while approach temperature was assumed to be 2 °C. 
By applying approach temperature one may avoid 
evaporation in the economizer when the plant is 
running on off-design. The SOFC stacks provide direct 
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Table 1  Main parameters for design point calculations of Figs. 1 and 2. 

Parameter Case A Case B Case C Case D 
Compressor inlet temperature (°C) 25 25 25 25 
Compressor isentropic efficiency 0.85 0.85 0.85 0.85 
Compressor mechanical efficiency 0.95 0.95 0.95 0.95 
SOFC cathode inlet temperature (°C) 600 600 600 600 
SOFC utilization factor 0.80 0.80 0.80 0.80 
SOFC number of cells 74 74 74 74 
SOFC number of stacks 10,000 10,000 10,000 10,000 
SOFC cathode side pressure drop ratio (bar) 0.05 0.05 0.05 0.05 
SOFC anode side pressure drop ratio (bar) 0.01 0.01 0.01 0.01 
HEXes pressure drops (bar) 0.01 0.01 0.01 0.01 
Fuel inlet temperature (°C) 25 25 25 25 
Desulfurizer operation temperature (°C) 200 200 200 200 
Pre-reformer inlet temperature (°C) 400 400 400 400 
Pre-reformer outlet temperature (°C) 450 450 450 450 
SOFC anode inlet temperature (°C) 650 650 650 650 
SOFC operating temperature (°C) 780 780 780 780 
Burner efficiency 0.98 0.98 0.98 0.98 
HRSG outlet temperature (°C) - - 90 90 
Steam turbine isentropic efficiency 0.9 0.9 0.9 0.9 
Extraction pressure 2 2 2 2 
Second pressure level - 3.49 bar - 3.49 
Condenser pressure 0.05 bar 0.05 bar 0.05 bar 0.05 bar 
Pumps efficiency 0.85 0.85 0.85 0.85 
Generators efficiency 0.97 0.97 0.97 0.97 
Case A: single pressure level, without hybrid recuperator; 
Case B: dual pressure level, without hybrid recuperator; 
Case C: single pressure level, with hybrid recuperator; 
Case D: dual pressure level, with hybrid recuperator. 
 

current which needs to be converted to AC by using a 
converter. Such converters have an efficiency of about 
97%-99% depending on the plant size, but such 
efficiency was neglected in the present study because 
their contribution on total plant efficiency and plant 
output is insignificant. 

Extraction pressure in the single pressure Rankine 
cycle or second pressure level in the dual pressure one 
has a small effect on the plant efficiency and power 
output. Several calculations were carried out to find the 
optimal extraction pressure and second pressure level, 
but these calculations are not included in this study. As 
mentioned earlier the SOFC plant was not pressurized 
(unlike almost all previous investigations). Therefore, 
the pressure ratio for the compressor was not a 
set-point but could be calculated depending on the 

pressure drops in the following components. For 
example, the calculated pressure ratio in all cases 
considered here were less than 1.2 bars. 

In each plant configuration, one needs to find the 
optimal live steam pressure in the bottoming cycle. 
Live steam pressure versus plants efficiencies for the 
case A and B were shown in Figs. 3a and 3b, 
respectively. As was evident, there existed a point at 
which the plant efficiency was maxima. For case A, the 
maximum plant efficiency occurred when the live 
steam pressure was at 22 bar (the solid-line). Note that 
the efficiency lines (ηSOFC, ηST and ηplant) must be read 
on the left-hand side y-axis, while moisture line must 
be read from the right-hand side y-axis. For case B, the 
maximum plant efficiency occurred when the live 
steam pressure was at 43 bar. Another important issue 
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(a)                                                  (b) 

Fig. 3  Effect of live steam pressure on plants efficiencies and moisture content: (a) Case A; (b) Case B. 
 

is the moisture content at the last stage of the steam 
turbine. Too high level of moisture (more than about 
16%) may cause blade corrosion at the last stage [25]. 
For case A, the moisture content reached to 16% when 
live steam pressure was about 46 bar which was much 
higher than the maximum value (dot-line and right 
hand axis in Fig. 3a). Although, the optimal live steam 
pressure of 22 bar could be chosen for case A without 
concerning on moisture content at the last blade stage 
of the steam turbine. 

The dashed area in Fig. 3a represents the area in 
which moisture content was above the limit value and 
therefore was not accepted here. For case B, the 
moisture content was well below the limit value and  
was decreasing with increasing live steam pressure. 

Live steam pressure versus plants efficiencies for the 
cases C and D were shown in Fig. 4. For both case C 
and D, the plant efficiency increased when the live 
pressure increased (left-hand side y-axis). For case C, 
the moisture content reached to 16% when live steam 
pressure was about 103 bars. However, for case D, the 
moisture content was well below the limited value 
(right-hand side y-axis). For case D the calculations 
were stopped at 160 bars due to practical problems 
associated with designing of such steam turbine may 
occur at such pressures, mass flow and power output. 

One may also conclude from Figs. 3 and 4 that 
moisture content problem occurs only for single 

pressure level while such problem did not exist for the 
dual pressure level configuration presented above. 

Another conclusion from Figs. 3 and 4 was that for 
the cases without hybrid recuperation the topping cycle 
efficiency remained unchanged when the bottoming 
live steam pressure was changed (Fig. 3). However, 
this was not true for the cases with hybrid recuperations 
(Fig. 4). The SOFC cycle efficiency decreased 
somewhat with increasing live steam pressure. The 
reason was that the energy fed to the topping cycle was 
not only coming from the fuel itself but also was 
coming from the recuperated heat from the HRSG. 
Thus the efficiencies defined here are shown below: 

heat drecuperate n consumptio fuel
cycle SOFC frompower Net 

+
=SOFCη  

HRSG through cycle steam intoheat 
cycle steam frompower Net 

=STη  (22) 

nconsumptio fuel
plant hybridpower net  total

=plantη  

Furthermore, Figs. 3 and 4 showed that the steam 
cycle efficiency increased when the live steam pressure 
was increased, regardless of the case. This could not be 
discussed without presenting Figs. 5a and 5b, in which 
the effect of live steam pressure on plants net power 
output as well as HRSG effectiveness were shown. Note 
that the power lines (PSOFC, PST and Pplant) must be read 
on the left-hand side y-axis, while HRSG effectiveness 
line must be read from the right-hand side y-axis. 



Dual Pressure versus Hybrid Recuperation in an Integrated Solid Oxide Fuel Cell Cycle―Steam Cycle 

  

606

 

Live steam pressure (bar)

Ef
fic

ie
nc

y 
(%

)

M
oi

st
ur

e 
co

nt
en

t (
%

)

0 20 40 60 80 100 120
0 0

10 3

20 6

30 9

40 12

50 15

60 18

70 21

η SOFC
η ST
η plant
moisture

    Live steam pressure (bar)

Ef
fic

ie
nc

y 
(%

)

M
oi

st
ur

e 
co

nt
en

t (
%

)

50 70 90 110 130 150
0 0

10 3

20 6

30 9

40 12

50 15

60 18

70 21

η SOFC
η ST
η plant
moisture

 
(a)                                                  (b) 

Fig. 4  Effect of live steam pressure on plants efficiencies and moisture content: (a) Case C; (b) Case D. 
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(a)                                                  (b) 

Fig. 5  Effect of live steam pressure on plants net power output and HRSG effectiveness: (a) Case A; (b) Case B. 
 

Expanding steam at higher live steam pressure 
resulted in greater enthalpy drop over the turbine, 
which in turn resulted in higher steam turbine output. 
On the other hand, the evaporation temperature could 
be increased and therefore less steam could be 
generated (due to constant heat available from topping 
cycle). The effect of higher enthalpy drop may 
compensate the effect of lower steam mass flow to 
some extent, meaning that the net power output from 
steam turbine did not change significantly as showed in 
Fig. 5. However, generating steam at higher 
temperature resulted in much lower effectiveness of 
HRSG. Therefore, heat absorbed by the steam cycle 
was decreasing significantly and based on the 
definition (Eq. (22)), steam turbine efficiency was 
increased as shown in Figs. 3 and 4. 

The effectiveness of the HRSG was defined as: 

airinHRSG

outHRSGinHRSG
HRSG hh

hh
−

−
=

,

,,ε          (23) 

which defined the ratio between the actual heat transfer 
and the maximum possible heat transfer in the HRSG. 

For the hybrid recuperation cases the efficiency of 
the topping cycle was decreasing slightly when the live 
steam pressure was increased, meaning that the burner 
temperature was increased slightly and therefore steam 
could be produced at higher temperature. This in turn 
increased the enthalpy drop over steam turbine and 
consequently both efficiency and net power output of 
the bottoming cycle was increased slightly with 
increasing live steam pressure (Figs. 6a and 6b). The 
effectiveness of the HRSG was much higher than the 
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(a)                                                  (b) 

Fig. 6  Effect of live steam pressure on plants net power output and HRSG effectiveness: (a) Case C; (b) Case D. 
 

non-hybrid recuperation cases which can be seen by 
comparing Fig. 5 with Fig. 6. 

Due to corrosion problems, the off-gases could not 
be allowed to cool down to the ambient temperature 
and, therefore, the heat transfer was stopped at 90 °C. 
Note also that the power produced by the SOFC cycle 
did not change when live steam pressure was increased, 
neither in non-hybrid recuperating cases (case A and B) 
nor in hybrid recuperating cases (cases C and D). For 
the non-hybrid recuperating cases the net power 
produced in the plant had maximum because the 
netpower produced by the steam turbine had a 
maximum when live steam pressure was increased. 
This was due to the co-effect of enthalpy drop over the 
turbine and the amount of generated steam, as 
discussed above. For cases A and B the burner 
temperature remains unchanged when the live steam 
pressure is increased because the power produced by 
the SOFC cycle remains constant (Figs. 7a and 7b). 
Note that the heat line must be read on the left-hand 
side y-axis, while temperature lines (Tburner and Tstack) 
must be read from the right-hand side y-axis. 
Increasing live steam pressure resulted in generating 
steam at higher temperature which in turn decreased 
the HRSG effectiveness and therefore heat absorbed by 
the steam cycle was decreased as an effect. 
Consequently, the HRSG stack temperature (outlet 

temperature) was increasing. This was the basis to 
introduce the hybrid recuperator. 

The idea of applying hybrid recuperating was not to 
increase the power produced in the topping cycle but 
to recover more energy from the HRSG and send it 
back to the steam cycle by increasing the temperature 
of the generated steam. The hybrid recuperator 
increased the energy supplied to the SOFC cycle 
which in turn decreased the duty of the cathode 
pre-heater. Therefore, more energy was left from the 
SOFC off-gases to be sent to the burner which in turn 
resulted in increasing the burner temperature and 
consequently increasing the temperature of the 
generated steam. Increasing live steam pressure 
resulted in increasing hybrid recuperating which in 
turn resulted in higher burner temperature as shown in 
Figs. 8a and 8b. 

Heat absorbed by the steam cycle remains constant 
but the temperature of the generated steam increases. 
Note that the steam temperature was 30 °C lower than 
the off-gases temperature coming out from the burner 
(the HRSG terminal temperature mentioned above). 
Increasing generated steam temperature without 
changing the absorbed heat means that the exergy 
losses from the HRSG were decreased. This is an 
important issue to be mentioned and repeated again that 
the energy recovery from the HRSG through hybrid 
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Fig. 7  Effect of live steam pressure on heat absorbed by steam plant, burner and stack temperatures: (a) Case A; (b) Case B. 
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Fig. 8  Effect of live steam pressure on heat absorbed by steam plant, burner and stack temperatures: (a) Case C; (b) Case D. 
 

recuperator decreased the exergy losses from the 
HRSG when live steam pressure was increased. 

5. Summary 

In Table 2, one can see the efficiency and power 
outputs of the different plant configurations discussed 
above. For the recuperated configurations 80 bars was 
selected as the highest pressure level in the steam cycle. 
The reason was basically on two important issues: 
available steam turbine at proposed size and steam 
temperature and, avoiding problems associated with 
designing and constructing the first row of the steam 
turbine when pressure is relatively high with relatively 
low mass flow. The dual pressure level with reheat had 
higher plant efficiency than the single pressure level, 
0.628 respective 0.621. The hybrid recuperator 

increased the plant efficiency considerable both for 
single and dual pressure levels. This was possible by 
recovering more energy from the HRSG. However, the 
most interesting point was that the single pressure level 
with hybrid recuperator had higher plant efficiency 
than the dual pressure level with reheat, 0.682 and 
0.667, respectively. It means that the energy recovery 
from the HRSG could be achieved more efficiently in 
the simple single pressure steam cycle than the dual 
pressure configuration. Note that the cost of a single 
pressure steam cycle is much lower than the dual 
pressure steam cycle with reheat. In other words, 
considerable energy recovery could be achieved with 
relatively low additional investment cost (by adding a 
single heat exchanger). Only one heat exchanger was 
added to the basic plant configuration, case A. 
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Table 2  Net powers and efficiencies of the plants suggested above. 

Parameter Case A Case B Case C Case D 
Live steam pressure (bar) 22 43 80 80 
Net power output (MW) 37.01 37.41 40.60 39.80 
Net power output from SOFC cycle (MW) 31.59 31.63 31.49 31.52 
Net power output from ST cycle (MW) 5.42 5.78 9.11 8.28 
Depleted gas temperature (°C) 191.1 173.1 90 90 
Gas temperature before hybrid recuperator (°C) - - 210.6 167.0 
Thermal efficiency of steam cycle (LHV) 0.308 0.307 0.377 0.343 
Moisture content after ST (%) 11.5 12.2 14.5 11.9 
Thermal efficiency of SOFC cycle (LHV) 0.530 0.531 0.468 0.489 
Thermal efficiency of plant (LHV) 0.621 0.628 0.682 0.667 
Case A: single pressure level, without hybrid recuperator; 
Case B: dual pressure level, without hybrid recuperator; 
Case C: single pressure level, with hybrid recuperator; 
Case D: dual pressure level, with hybrid recuperator. 
 

One could discuss that because the pressure was not 
optimal for the dual pressure level with hybrid 
recuperator (case D), therefore, the plant efficiency for 
the simple pressure level with hybrid recuperator (case 
C) showed larger plant efficiency. However, even if a 
pressure of 160 bars was chosen for the dual pressure 
with hybrid recuperator then the efficiency would be 
less than the simple pressure with recuperator at 80 bar 
(0.677 versus 0.682) as shown in Fig. 3. Thus, 
significant higher plant efficiency could be achieved 
with implementing a single heat exchanger without the 
need for dual pressure level in the bottoming cycle. 

The off-gases from the HRSG maintained a high 
quality heat, which was used to preheat the air after the 
compressor in the SOFC cycle. This could be achieved 
because the SOFC plant was not pressurized and the 
temperature (as well as pressure) after the air 
compressor was low enough. The hybrid recuperator 
has two major impacts on the plant; more energy could 
be recovered from the HRSG, and since this energy 
was recycled back to the SOFC plant then more energy 
was available after the SOFC stacks. Having more 
energy after the SOFC stacks meant that more energy 
could be sent to the bottoming cycle which in turn 
could generate more power. In other words, both 
recovering and recycling could be achieved 

simultaneously. Note that in SOFC-GT-ST (SOFC-CC) 
hybrid plants, the SOFC plant is pressurized and 
consequently the temperature after the compressor is 
higher than the stack temperature and therefore a 
hybrid recuperator could not be used. In the dual 
pressure steam cycle, the off-gases have less energy to 
be utilized by hybrid recuperator and therefore the 
plant efficiency could not increase considerably 
compared to the single pressure steam cycle. 

As was revealed form Table 2, for the cases without 
hybrid recuperator (case A and B), the dual pressure 
configuration could increase the plant efficiency 
compared to the simple pressure level, as expected. The 
major reason was that the bottoming cycle could 
generate more power in the dual pressure configuration 
(360 kW additional), with relatively unchanged steam 
cycle efficiency (30.7% versus 30.8%). 

Another interesting point was that for the cases with 
hybrid recuperator (case C and D), the topping cycle 
efficiency was lower in the simple pressure 
configuration than the dual pressure configuration. 
This was happened despite the fact that the plant 
efficiency was higher in the simple pressure 
configuration than the dual pressure configuration. 

The major explanation for such occurrence was the 
efficiency definition expressed in Eq. (22). In the 



Dual Pressure versus Hybrid Recuperation in an Integrated Solid Oxide Fuel Cell Cycle―Steam Cycle 

  

610

simple pressure configuration (case C) more heat was 
available for recycling it back to the topping cycle than 
the dual pressure configuration (case D), compare 
210.6 °C with 167 °C which were the off-gases 
temperatures before hybrid recuperator. Furthermore, 
the net power generated by the topping cycle remained 
almost unchanged. The small increase in the net power 
generated by the topping cycle, (both recuperated cases 
compared to non-recuperated cases), was due to 
additional mass flow of compressor to compensate the 
additional pressure drop in the heat exchangers. This 
resulted that more heat could be removed from the 
SOFC stacks which in turn allowed for additional 
generated power. 

6. Conclusions 

A hybrid combined SOFC-ST plant was presented 
and analyzed with firstly a single pressure steam cycle 
and secondly a dual pressure steam cycle with reheat 
and preheat. Unlike many previous studies, the SOFC 
plant presented here in hybrid SOFC-ST mode was not 
pressurized. The plant was fired by natural gas, and 
therefore the fuel was desulfurized before sending it to 
the pre-reformer reactor. An adiabatic steam reformer 
was used to pre-process the fuel before sending it to the 
anode side of the SOFC stacks. 

For the non-hybrid recuperation cases it was shown 
that SOFC-ST with a dual pressure steam cycle with 
reheat and pre-heater was superior to the single 
pressure steam cycle. This was in accordance to the 
traditional CC cycles wherein dual pressure level steam 
cycles have a higher efficiency than the single pressure 
steam cycles. The achieved plant efficiency was 62.1% 
versus 62.8%. 

For the hybrid recuperation cases the situation was 
reversed. It was shown that SOFC-ST with a single 
pressure level had a higher plant efficiency and net 
power output than the dual pressure configuration. The 
reason was that more energy could be recovered from 
the HRSG in this case. The plant efficiency was 68.2% 
for the single pressure configuration while it was 

66.7% for the dual pressure configuration. 
Furthermore, it was also determined that the hybrid 

recuperator could increase the plant efficiency 
significantly regardless if a single pressure or dual 
pressure steam cycle was used as a bottoming cycle. 
The increase efficiency was 6.1 point percentage for 
the single pressure while it was 3.9 point percentage for 
the dual pressure steam cycle. Such improvement plant 
efficiency could be achieved by adding only one heat 
exchanger. Thus, it was concluded that in order to 
increase the efficiency of the SOFC-ST hybrid plants, 
it was enough to use a single heat exchanger (as hybrid 
recuperator) without increasing the pressure levels in 
the steam cycle. This was an important conclusion 
since the implementing one heat exchanger is 
significantly less costly than a dual or triple pressure 
level in the steam cycle. 

Finally, by applying a hybrid recuperator the duty of 
the cathode pre-heater will be decreased which in turn 
decreases its cost proportionally. 
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