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Zero-dimensional two-stage SOFC stacks dynamic model was developed to investigate the effect of operating 
parameters on stacks performance. The model resolves spatially thermal and thermo-electrochemical behaviour 
for electrochemical reactions, Catalytic Partial Oxidation and Steam Reforming processes. Design variables and 
thermo-electrochemical properties were obtained from in-house-fabricated SOFCs carried out by project partners. 
The completed SOFCs based Combined Heat and Power, CHP, system model was validated by data18 and numeri-
cal results obtained at steady-state mode showing its high-fi delity. A parametric study with respect to key operating 
parameters including changes in fuel utilization, lambda number and current density values was conducted. The 
global CHP system dynamic response, in term of the current/voltage delivered by two-stage SOFC stacks, under 
a fi xed fuel utilization, has been determined resulting in greater variations in the voltage of a single cell in the fi rst 
stack in comparison to the corresponding values in the second stack.
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INTRODUCTION

                                         Depletion of fossil fuels and continuous increase 
in level of environmental pollutions led to the need 
for the development of alternative forms of energy 
generation and energy storage. Several studies have 
been carried out in the direction of data18 and nu-
merical work on energy management using hybrid 
systems including the use of Solid Oxide Fuel Cells, 
SOFCs1–2. It is well known that Combined Heat and 
Power, CHP, systems based upon the use of SOFCs 
have the capability to achieve greater than 70% overall 
system effi ciency by generating power near the point of 
use and recovering the waste heat. High fuel conversion 
effi ciency to electricity and extremely low emissions 
make SOFC based CHP systems particularly attractive. 
Moreover, two other less obvious SOFC attributes made 
hybrid systems valuable such as SOFC inherent transient 
performance capability and increased effi ciency at part 
load3. To obtain these benefi ts from the use of the fuel 
cells, several factors must be met. According to Ferrari4, 
the SOFC performance in the system is affected by the 
conditions at which it operates such as fuel cell tempera-
ture (maximum gradient signifi cantly lower than 3 K/min), 
the pressure gap between cathode and anode sides (at 
least a 30% decrease during transient operations) and 
controlling Steam-to-Carbon ratio, S/C, for safety issues. 
These constraints have to be considered not only for 
steady-state conditions but also during time-dependent 
operations5. In addition, during time-dependent opera-
tions other risk situations must be addressed such as load 
variations, ambient temperature changes and start-up/
shut down phases6. Padulles et al.7 were among the fi rst 
who carried out dynamic simulations to defi ne what were 
the safe operating areas of the plant under three differ-
ent limits including underused fuel, overused fuel and 
undervoltage. In numerical study Padulles et al.7 used 
MATLABTM. The stack model allowed the simulation 
of the event of a load change to the stack. During the 

decrease of the current from 400 A to 200 A in 100 s 
the stack started following the nominal voltage curve, but 
soon the response transited beyond the nominal value. 
It was concluded that in some situations the voltage 
output may be situated outside the safe operating area. 
Padulles et al.7 stated the need for a trade-off between 
the needs of the network and the integrity of the SOFC 
stack. Dynamic modeling and evaluation of Solid Oxide 
Fuel Cell combined Heat and Power system operating 
strategies were also analysed by Nanaeda et al.3. A fully 
integrated dynamic model resolved the physical states, 
thermal integration and overall effi ciency of system to 
understand the limits and fl exibility of the SOFC based 
CHP system. The simulation results indicated that the 
grid-support strategy was able to achieve greater than 
80% overall system effi ciency with the export of electric-
ity to the utility grid. The week averaged total system 
effi ciency was 71.9%3. The analysis of the dynamic behav-
iour of SOFCs, which presents results related to variable 
power demand, is essential for the positive control of 
the system. Such modeling under transient conditions 
was given by D’Andrea et al.8. The dynamic model of 
a poly-generation system based on a biogas fed SOFC 
plant with CO2 capture and re-use was analysed in off-
design conditions. The impact of a possible malfunction of 
the coolant air regulation system, the stack performance 
under different degrees of direct internal reforming and 
the infl uence of a sudden current load change were 
considered to study the plant behaviour. The direct in-
ternal reforming of biogas fuel in the SOFC stack was 
simulated up to 60% of direct methane conversion into 
the fuel cell anode. It was found that by feeding more 
biogas directly to the fuel cell, endothermic reforming 
reactions were promoted which sunk the internal heat 
generation of the stack thus limiting the risk of stack 
overheating. In addition, by increasing the direct internal 
reforming ratio from 0% to 60%, the air fl ow rate was 
reduced by 14%. It was proven that a reduced cathode 
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air fl ow rate would entail a lower parasitic loss from 
the air blower and it would also save about 14% of the 
electric power supplied to the air blower8. Recently, the 
utilization of biogas instead of fossil fuels in a Solid Oxide 
Fuel Cell based CHP system was tested by Wang et al.9. 
The system model integrated a multi-scale hierarchical 
3D SOFC stack model with 0D balance of power com-
ponent models such as a pre-reformer, a post-burner, 
an evaporator, a mixer, heat exchangers. The model 
enables investigation of the overall system performance 
and stack internal distributed properties down to the 
electrode scale. The system electrical effi ciency and CHP 
effi ciency reached 55.6% and 85%, respectively. It was 
noticed that the increase of the steam to carbon, S/C, 
ratio led to a decrease of both system electrical and 
CHP effi ciency and an increase of the stack temperature 
gradient. Wang et al.9 stated that the S/C ratio should 
be set near the minimum S/C ratio to ensure relatively 
high effi ciency and an increased CHP effi ciency. They 
also found that the increase of operation voltage led to 
the decrease of the system electrical effi ciency and the 
stack temperature gradient, but an increase of the system 
CHP effi ciency9. A review of SOFC numerical models 
can be found in the literature10–12, while critical aspects 
of dynamic stability analysis and control of SOFC power 
plant was described in the literature13–14. 

This study develops a modeling approach to reproduce 
the dynamic behaviour of a proof-of-concept CHP system 
based on two-stage SOFC stacks. An integrated system, 
in which two SOFC stacks are the core elements of 
a more complex structure with Catalytic Partial Oxida-
tion, CPOX, reformer and Steam Reformer, SR, units 
running simultaneously. As discussed in the literature3, 6 
the dynamic system analysis should be readily respon-
sive to electrical load change, thus a novel calculation 
algorithm was developed in Aspen Dynamics to meet 
these purposes. The developed approach guarantees 
high accuracy and quick calculations. To do so, several 
technical assumptions were used as described in Part 2. 
Numerical approach. Each component models of SOFC 
stacks, CPOx and SR reformers, heat exchangers and 
burner have been validated making use of the data18 
results obtained from the fi rst of a kind proof-of-concept 
of this system developed by project partners15–16, 18. The 
validated model has been used to investigate the perfor-
mance of two-stage SOFC stacks based CHP system in 
specifi c conditions. In particular, the following conditions 
have been analyzed: (i) the stack performance under 
different load operations of 100% and 47% and under 
three different values of temperature: 800oC, 830oC 
and 860oC, (ii) the infl uence of a fuel utilization factor, 
FU, change, (iii) the stack performance under different 
degrees of CPOx reforming. The present dynamic model 
allows accurate and fast estimation of stacks performance 
under various transient operating conditions. 

SYSTEM DESIGN

A system layout was developed in an Aspen Dynamics 
v8.4 Simulation Tool and is provided in Fig. 1. The Com-
bined and Heat Power, CHP, system was constituted by 
a fuel pre-treatment section (including a Catalytic Par-
tial Oxidation, CPOx, reformer named “CPOX”, a heat 

exchanger system acts as Steam Reformers, SR, named 
“SR1” and “SR2” and a burner named “BURNER”), 
two-stage SOFC stacks containing 90 and 240 fuel cells 
of 2488 and 4653 Wel each, respectively, named “ANO-
DE1” – “CATHODE1” and “ANODE2” – “CATHO-
DE2”, several fl ow split modules to separate natural gas 
or air: “SP1”, “SP2”, “SP3”, mixers to mix the exhaust 
gases with natural gas or the cathode gas with the air: 
“B1”, “B3”, “M1”, “E3” and the heat exchangers for 
the heat transfer modelling “H-SOFC-1”, “H-SOFC-2”. 
The fuel used in the system was natural gas “NG” with 
a composition of 98.3% CH4, 0.5% C2H6, 0.3% C3H8, 
0.1% C4H10, 0.8% N2; and the air mixture “AIR” was 
considered as 21% O2 and 79% N2. The molar fl ow rate 
was equal to 0.018024 mol ∙ s–1 at the pressure of 1.04 
bar and 0.3922 mol ∙ s–1 at the pressure of 1.00 bar, for 
fresh fuel and air, respectively. The Aspen Dynamics 
does not have a ready fuel cell model that represents the 
Solid Oxide Fuel Cell. Therefore, the model proposed by 
Zhang et al.17 was used to characterized SOFC by two 
separate blocks of anode represented by an Equilibrium 
Reactor model and named “ANODE1” and “ANODE2” 
as well as a cathode represented by a Separator model 
and named: “CATHODE1” and “CATHODE2”. The 
mathematical model enables calculations of the cur-
rent-voltage characteristic of the fuel cell and it was 
implemented in the “fl owsheet constants” compiler 
window, which supports the Fortran, C and C++. In 
the model additional calculation code corresponding to 
the lambda number calculations in the CPOx reforming 
sub-system was included. Moreover, to maintain specifi c 
steam to carbon, S/C, ratio value, an additional PIDincr 
regulator has been implemented in the supply stream of 
the steam reforming sub-system, which is connected to 
the “SP2” splitter. 

A compressor called “C1” simulated using Comp 
model has been defi ned to increase the pressure of the 
“AIR” stream to 1.04 bar as the “AIR1” stream. There 
are two FSplit distributors called “SP2” and “SP3” to 
supply enough natural gas and air to the CPOx reformer 
with a lambda number, λO2C, the value of 0.30924. The 
lambda number represented the molar ratio of the air to 
carbon entering the CPOx reformer and it was defi ned 
by equation (1)15:

 (1)

where:  and  were the volume fl ow rates of 
the air and natural gas entering the CPOx reformer, at 
normal conditions 0oC and 1.01325 bar, Xi is the molar 
fraction of i – components.

The “NG” stream entering to “SP2” splitter and was 
divided into two streams. The fi rst steam “NG-CPOX” 
was directed to the CPOx reforming sub-system. The 
second pure natural gas stream, “NG-SR”, was directed 
to the blender “E3”, where it mixed with the exhaust 
stream leaving the fi rst SOFC stack. 

In the case of Steam Reforming, SR, the value of 
the S/C coeffi cient was calculated to meet in SR sub-
system the desired oxygen/carbon ratio value using 
Aspen Dynamics – PIDincr functions. Too low S/C 
ratio infl icts soot formation on the reforming catalyst. 
The calculated S/C ratio 1.5937, thus desired S/C ratio 



  Pol. J. Chem. Tech., Vol. 23, No. 2, 2021 3

where: H2,equivalent was the known equivalent H2 fl ow rate, 
thus using the known fuel utilization factor, FU, the 
amount of H2 consumed, H2,equivalent, in the anode stack 
was calculated from the equations (5)–(7):

 (5)

 (6)

 

  (7)

BALANCE OF PLANT COMPONENT MODELS

Reformer CPOx

The CPOx reformer was modeled by considering 
Catalytic Partial Oxidation reforming reactions using 
the equilibrium reactor module RGibbs acting at the 
pressure of 1.04 bar. The following chemical reactions 
were specifi ed in the CPOx reformer block: 

CH4 + 0.5O2 → 2H2 + CO (R1)
CH4 + 2O2 → 2H2O + CO2 (R2)
2H2 + O2 → 2H2O (R3)
2CO + O2 → 2CO2 (R4)
C2H6 + O2 → 3H2 + 2CO (R5)
C2H6 + 3.5O2 → 3H2O + 2CO2 (R6)
C3H8 + 1.5O2 → 4H2 + 3CO (R7)
C3H8 + 5O2 → 4H2O + 3CO2 (R8)
C4H10 + 2O2 → 5H2 + 4CO (R9)
C4H10 + 6.5O2 → 5H2O + 4CO2 (R10)

The value of the lambda number was calculated using 
equations implemented directly in Aspen Dynamics, in 
fl owsheet constraints. The temperature and composition 
of the stream leaving “CPOX” (stream “ST1-ANIN”) was 
calculated automatically by Aspen Dynamics. The syngas 

value was assumed as 1.60 with an accuracy of 0.0118 
according to equation (2):

  (2)

where: ni – the molar fl ow of the i-th components in 
stream “S5”. 

To distribute the clean air stream “AIR”, a “SP3” 
distributor has been implemented. The exhaust streams 
from the “SP3” were: “AIR-CPOX” and “AIR2”. The 
fi rst outlet stream was addressed to the CPOx reforming 
sub-system. The molar fl ow rate of “AIR-CPOX” was 
calculated based on equation (3):

 (3)

where: Xi – the molar fractions of the i-th components, 
was defi ned as an import variable. The numerical values 
of the molar fractions of the components were automa-
tically taken by the process simulator from the stream 
“NG-CPOX”.

The second exhaust stream from “SP3”, which was 
the residual “AIR2” stream, was directed to the next 
divider “SP1” to split into two independent streams: 
“AIR4” and “AIR3”. Those streams were delivered the 
air respectively to the fi rst and second stacks. 

To calculate the desired DC power two fl owsheet 
constraints blocks were used in Aspen Dynamics tool. 
Separated fl owsheets constraints allowed to estimate the 
voltage-current parameters for the fi rst SOFC stack 
containing 90-cells and for the second 240-cells SOFC 
stack, respectively. The DC-AC power inverter effi cien-
cy was assumed to 95% for both stacks. The system 
operated at fi xed stacks temperature of 800, 830 and 
860oC and at fi xed fuel utilization factor of 75%. The 
fuel utilization factor, FU, was defi ned from equation 
(4) and implemented into the Aspen Dynamics directly 
in fl owsheet constraints:

 (4)

Figure 1. Aspen Dynamics two-stage SOFC stacks based CHP system model fl ow sheet. Solid lines represent material streams and 
dotted lines energy streams
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produced in the CPOx reformer and the oxidant “ST1-
CAIN” were supplied to the fi rst SOFC stack modelled 
through the “CATHODE1”, “ANODE1” and heater 
“H-SOFC-1” units, where the electrochemical reaction 
took place producing the demanded electrical power.

First SOFC stack
The fi rst SOFC stack model named “ISM1” included 

two separate calculation blocks. The “CATHODE1” 
block was modelled using available in Aspen Dynamics 
model of Separator labeled SEP. The model assumed 
the distribution of the input stream “ST1-CAIN” to two 
independent streams defi ned as “O2-1” and “C-OFF-1”. 
The “ANODE1” block was characterized by the equilib-
rium reactor module RGibbs, where the electrochemical 
reactions were specifi ed (R11) – (R15):

H2 + 0.5O2 → H2O (R11)
CH4 + H2O → 3H2 + CO (R12)
CO + H2O → H2 + CO2 (R13)
H2 + CO2 → CO + H2O (R14)
H2O → H2 + 0.5O2 (R15)

The pressure was assumed as 1.03 bar for the fi rst 
SOFC stack, while the temperature value calculated dur-
ing the simulation was 834.84oC. The outlet temperature 
of the exhaust gas “ST1-ANOF” was calculated by using 
an Aspen Dynamics. The calculations are based on the 
specifi ed value of the electrical power and the total heat 
losses. The application of the equations in fl owsheet 
was also required due to the need to specifi cation the 
amount of the air stream transferred from the cathode 
to the anode assuming the fuel utilization factor equals 
to FU = 0.75. In addition, calculation code was used to 
maintain the operating cathode temperature to the value 
of the cathode inlet stream temperature “ST1-CAIN” as 
well as to maintain the outlet temperature values from 
anode “ST1-ANOF” and cathode “ST1-CAOF”. To 
achieve this assumption, a heater named “H-SOFC-1” 
was defi ned for appropriate modelling the heat transfer 
inside “ISM1”. A pressure drop was specifi ed for each 
side of the SOFC and based on the values obtained from 
the project partner. For the anode, it was assumed of 
0.01 bar, while for the cathode 0.005 bar, respectively. 
The power produced by the fi rst SOFC stack “ISM1” 
was calculated by Aspen Dynamics. The power term was 
represented as the heat stream “Q-SOFC-1”. The stream 
“Q-SOFC-1” in watts W was directed to the DC/AC 
converter to converts from AC power using the inverter 
effi ciency of 95%. The outlet stream “LOSS-1” represents 
5% of the loss of the converter, while the stream “AC-1” 
represents the electrical AC power in watts. 

Steam reforming, SR
The exhaust stream from the cathode of the fi rst SOFC 

stack, “ST1-ANOF”, together with the pure fuel partial 
fl ow, “NG-SR” has been directed to a blender called 
“E3”. The resulting “S5” stream was aimed at powering 
the stream reforming sub-system. A mathematical model 
for simulating the steam reforming sub-system assumed 
the contribution of three independent heat exchangers 
(“B4”, “B2”, “B9”) and two reactors RGibbs: “SR-1” and 
“SR-2”. The introduction of an additional reactor into the 

steam reforming sub-system was intended to increase the 
degree of hydrocarbon and carbon monoxide overreaction 
of the system. The steam reforming sub-system consists 
also of a divider “B1” and a mixer “B3”. The divider 
“B1” was required to distribute the outlet stream from 
the burner “BURN-OFF” to three independent streams 
“H11”, “H12” and “S13” which were then directed to 
heat exchangers. While the mixer “B3” was needed in 
the sub-system to collect the exhaust streams “S11”, 
“S12” and “S15” from the heat exchangers. The use of 
the cascade solved problems with a high degree of air 
consumption in the second SOFC stack as well as allowed 
to reduce the SOFC temperature and risk of catalyst 
damage. In addition, it also solved the need for heat for 
endothermic steam reforming reactions (R16) – (R19). 
In both steam reforming reactors modelled using the 
RGibbs module the following reactions (R16) – (R20) 
were considered:
CH4 + H2O → 3H2 + CO (R16)
C2H6 + 2H2O → 5H2 + 2CO (R17)
C3H8 + 3H2O → 7H2 + 3CO (R18)
C4H10 + 4H2O → 9H2 + 4CO (R19)

Water – Gas Shift, WGS:
CO + H2O → CO2 + H2 (R20)

Second SOFC stack
The second SOFC stack named “ISM2” was modelled 

similar to the fi rst one, which means that the “CA-
THODE2” was modelled as an oxygen separator using 
Separator block, while the “ANODE2” was modelled as 
an equilibrium reactor RGibbs. The stream coming out 
from the cathode “ST1-CAOF” block was directed to 
the Mixer “M1”, where it was connected with the fresh 
air stream “AIR5”. A mixed stream “ST2-CAIN” was 
supplied to the cathode side in the second SOFC stack 
“ISM2”. The SOFC stack included also a third component 
such as a heater module named “H-SOFC-2” for proper 
heat exchange modelling. To ensure correct calculation 
of the second SOFC stack additional computing code 
was implemented to maintain the appropriate operating 
conditions. The pressure drop for the anode and cathode 
were assumed as 0.005 and 0.02 bar, respectively. The 
following operating value for pressure 1.01 bar was used 
for simulation. During the calculations, it was assumed 
equal to the temperature between both SOFC stacks. 
The electrical power produced by the second SOFC 
stack was determined by a “Q-SOFC-2” stream. The 
anode resulting electrochemical fl ux was then directed 
to the DC/AC inverter, which was defi ned as the “DC-
-AC-2” splitter for simulation purposes. The effi ciency of 
the inverter was assumed as 95%. The streams coming 
from the splitter, “AC-2” and “LOSS-2” followed by the 
electrical power of the second stack given for alternating 
current and 5% of inverter losses.

Burner
 Both outlet streams from the second SOFC stack: 

“ST2-ANOF” and “ST2-CAOF” were delivered to the 
burner “BURNER”. The unit was modelled using the 
RStoic reactor model available in the Aspen Dynamics 
assuming adiabatic conditions and the heat duty was 
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 (11)

where: icell – the cell current, A, Acell – the total active 
cell surface, m2, li – the i – component thickness, m, ρi –
the i – component resistivity calculated as a function of 
temperature (equations (12) – (15)21):

  (12)

  (13)

  (14)

  (15)

While the cell current was calculated from equation 
(16):

  (16)

where:  – the oxygen fl ow rate required calcu-
lated from equation (17):

  (17)

The activation voltage loss, VAct, was mainly associa-
ted with the slow of chemical reactions taking place on 
the surface of the electrodes and was expressed by the 
equation (18):

 (18)

where: α − a pre-exponential factor for anode and ca-
thode, j0 – the exchange current density, A . m–2 given 
by equations (19) – (20):

 (19)

  (20)

where: pref – the system reference pressure, pref = 1 bar, 
pi – the i – component partial pressure, Eanode/cathode – the 
anode or cathode energy activation, J . mol–1, j* – the 
pre-exponential factor, A . m–2. 

The concentration loss, VConc, because of depletion 
of the reactant concentration at the reaction sites was 
determined to be (21) – (23):

  (21)

  (22)

  (23)

where: jlim – the current density, which was obtained 
with maximum fuel consumption during the reaction. 
The following equations (24) and (25) were used for the 
anode and cathode current density, respectively:

 (24)

equal to 0 W, while the working pressure was assumed 
equal to 1.01 bar. The burner was used as a combustor 
and the following reactions have been considered:

H2 + 0.5O2 → H2O (R21)
CO + 0.5O2 → CO2 (R22)

The outlet stream named „BURN-OFF” had high 
temperature of 1019.55oC and it was appropriate to 
direct this steam to the steam reforming sub-system 
to use the resulting sub-system waste energy. To make 
full use of waste energy, the CHP system provides an 
additional apparatus in the form of the divider “B1”, 
which allows the distribution of the stream into three 
independent streams: “S13”, “H11” and “H12” already 
discussed (Steam reforming, SR).

CALCULATION OF CELL VOLTAGE AND CURRENT 

The fuel cell voltage calculation is the core of SOFC 
based CHP system modeling. The method adopted in 
the proposed model can be found in the literature17–19. 
It utilizes a performance curve obtained by interpolation 
of data18 at standard operating conditions and then pre-
dicts the cell voltage by using semi-empirical correlations 
accounting for the performance adjustments due to the 
specifi ed operating conditions. This method allows to 
predict SOFCs performance by implementing semi-empi-
rical equations in Aspen Dynamics, directly in fl owsheet 
constraints. The implemented model enables to account 
for the effect of operating pressure, temperature, current 
density and fuel/air compositions on the actual voltage. 
The net voltage, V, was calculated from equation (8):

 (8)

where: VN – Nernst voltage, VOhm – Ohmic voltage loss, 
VAct – activation loss, VConc – concentration loss. 

The Nernst voltage, VN, was determined by the Gibbs 
free energy change of the H2 oxidation reaction based 
on the species mole fraction and the temperature of 
the SOFC (9):

  (9)

where: E0 – the reversible potential at standard condi-
tions of 1 bar, V, 2 – represents the number of electrons 
produced per mole of hydrogen fuel reacted, T – the 
average SOFC temperature, K, R – the molar gas con-
stant, R = 8.314 J . mol–1K–1, pi – the partial pressure 
of gases i – component, bar. The reversible potential, 
E0, was determined from equation (10)20:

   (10)

The Ohmic loss, VOhm, was calculated from equation 
(11) and were caused by the resistance to electron fl ow 
through the anode, cathode and the interconnects and 
the resistance to ion fl ow through the electrolyte:



6 Pol. J. Chem. Tech., Vol. 23, No. 2, 2021

  (25)

where: Deff,i – the overall effective diffusion coeffi cient 
for each gas was calculated using equations (26) – (27):

  (26)

 (27)
where: Dik – the ordinary binary diffusion coeffi cient 
for both anode and cathode (equations (28) – (29)22):

 (28)

 (29)

where:  – the Fuller diffusion volume taken as 7.07; 
12.7, 16.6 and 17.9 m2 ∙ s–1 for H2, H2O, O2 and N2, 
respectively21. Mi – the molecular weight, kg . kmol–1 
for the gaseous component, ε – the porosity, τ – the 
tortuosity of the electrodes. 

  (30)

  (31)

The cell current density, j, was calculated according 
to equation (32):

 (32)

where: A – the active fuel cell surface, n – the number of 
fuel cell in the fi rst 90-cells SOFC stack and the second 
240-cells SOFC stack, respectively. 

Two-stage SOFC stacks performances were predicted 
based on the mathematical model implemented in Aspen 
Dynamics directly in fl owsheet constraints compiler win-
dow. Table 1 gives the input parameters to the model 
of the two-stage SOFC stacks.

SIMULATION RESULTS AND DISCUSSION

Model verifi cation
The component models of two-stage SOFC stacks 

have been validated by comparing their performances 
with the data18. The analysis was made of the CHP 
system operating at a constant rate of fuel consumption 
factor of 0.75. The temperature for both SOFC stacks 
was identical and calculated during the simulation. The 
standard pressure inside the fuel cell was 1.03 bar and 
1.01 bar, respectively for the fi rst and the second SOFC 
stacks. The lambda number, λO2C, was equal to 0.31, 
while the S/C ratio was equal to 1.6. The simulation 
results for a completed model developed in the Aspen 
Dynamics v8.4 working under the operation load of 
100% and 47% were compared to the data18 and shown 
in Tables 2 and 3.

The simulation results for the two-stage SOFC based 
CHP system operating under 100% load were similar 
to the data18. The electrical power of both SOFC stacks 
estimated by the Aspen Dynamics Simulator Tool was 
equal to 2488 W and 4653 W, respectively for the fi rst 
and second stacks (Table 2). The relative error was 
2.60% and 3.00%, respectively, which means that the 
model prediction results for 100% load were close to 
the level of data18.

For the SOFC based CHP system operating under the 
load of 47%, the power determined from the simulation 
for the fi rst 90-cells stack was equal to 1241 W, while for 
the second 240-cells SOFC stack this was 2278 W. The 
differences in values between the data18 and simulations 
results were smaller than for the model operating under 
the load of 100% and were respectively 1.72% for the 
fi rst SOFC stack and 2.27% for the second SOFC stack 
as it can be seen in Table 3. Conversely, the temperature 
difference increased from 0.58% to 2.27%. The fi rst 
reason for these discrepancies was attributed to the 
lack of knowledge of the values of material properties 
characterizing both electrodes23. However, this potential 
cause was ruled out based on a model sensitivity study, 
which showed that the effect of changing the porosity 
and tortuosity values was negligible on fuel cell voltage 
and fuel cell operating temperature. Therefore, it seems 
that a reasonable cause of the discrepancy is attributed 
to the semi-empirical equations (12)–(15) used for 
ohmic overpotential calculations that produced a good 
agreement between experimental and simulation data 
in the range of current density up to 0.3 A . cm−2. For 
the higher values of the current density the agreement 
is worse. Thus, it should be underlined that applied equ-
ations (12)–(15) and the constant parameters appearing 
in the equations have been published in 200621, when the 
fuel cells were operating at much higher temperatures 
than currently are tested. Furthermore, zero-dimensional 
approach used to simulated the two-stage SOFC stacks 
based on the CHP system assumes certain additional 
simplifi cations, including, but not limited to, that the 
temperature of the anode outlet has to be equal to the 
cathode stream temperature as well as minimalized free 
Gibbs energy in all the chemical reactions. Neverthe-
less, it should be considered that the developed model 
provides the electrical power value of the CHP system 
with good accuracy. 

Table 1. Input parameters of the two-stage SOFC stacks mode
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The assessment of the accuracy of the mathematical 
model prediction for two-stage SOFC stacks – CHP 
system was carried out based on the analysis of the infl u-
ence of temperature change in the operation of SOFCs 
assuming three test values: 800oC, 830oC and 860oC. To 
reach the target temperature, the mole fl ow of the air 
stream has been modifi ed. Numerical simulations were 
carried out for the current density in the range of 0–0.5 
A . cm–2. The obtained simulation results are shown 
in Fig. 2 and 3. An increase in current density lowers 
a single cell voltage and increases the power density. 
As shown in Fig. 2 and Fig. 3, an increase in the operating 

Figure 2. Effect of operation of the fi rst and second SOFC 
stacks on the single cell voltage at three different 
operating temperature: 800oC, 830oC and 860oC at 
fuel utilization factor of 0.75

Table 3. Dynamics simulation results for 47% load compared to data18, fuel utilization factor, FU = 0.75

temperature of the fuel cell affects both the voltage of 
a single fuel cell and the power density over the entire 
current density range, respectively. The voltage of the 
fuel cell operating at 800oC showed the lowest values 
in both SOFC stacks. On the other hand, the highest 
voltage values of the fuel cell in both SOFC stacks were 
observed at the operating temperature of 860oC (Fig. 2).

The same trend was observed for the power density 
for the tested range of temperature (Fig. 3). In the case 
of power density, the individual differences were smaller 
in the range of 0 – 0.2 A . cm–2 than in the case of in-
dividual voltages for the same current density range. It 
should be noted that the infl uence of temperature on the 
I–V curves is important and has an impact on operating 
costs in the real system. Due to the operating costs, the 
operating temperature value of the SOFC should be 
relatively low around 800oC. This value may extend the 
life of the stack due to the reduction of thermal stress 
risk. Moreover, assuming that the temperature value of 
the fuel stream fed to the fi rst stack was 700.69oC and 
to the second stack was 700oC, the additional heat was 
needed to pre-heat the fuel/air stream delivered to the 
SOFC sub-system to prevent a reduction in an overall 
CHP system effi ciency. As shown in Fig. 3 in the current 
density range 0.1–0.2 A . cm–2, which is particularly of 
interest to researchers, the differences in power density 
were similar for tested temperature values of 800oC, 
830oC and 860oC.

The electrical power has been validated for each of 
the two SOFC stacks for a system operating at 47% and 
100% load assuming a constant pressure of 1.03 bar and 
1.01 bar for each stack. The temperature values were 

Table 2. Dynamics simulation results for 100% load compared to data18, fuel utilization factor, FU = 0.75
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Verifi cation of the compliance of the basic operational 
parameter prediction has allowed for further advanced 
research studies including analysis and assessment of 
the impact of the change in dynamic conditions on the 
CHP system response.

Eff ect of the fuel utilization factor on stack and system 
performance

The fi rst analysis consisted of a prediction of the be-
haviour of the CHP system operating with a modifi ed 
fuel utilization factor, FU. The analysis assumed the 
operation of the CHP system under a constant load, with 
an initial value of the fuel utilization factor of 0.75 for 
10 minutes. Then, over a period of 20 minutes, the value 
of the fuel utilization factor was gradually increased from 
0.75 to 0.85. After stabilization of the fi nal value of the 
fuel utilization factor, FU, the system was maintained 
in a steady state for further 5 minutes. After this time, 
over the next 20 minutes, the value of the fuel utilization 
factor, FU, was gradually reduced from the set value of 
0.85 to the initial value of 0.75. The last 10 minutes of 
the analysis included maintaining the CHP system in its 
initial state to obtain the state of so-called stabilization. 
The following parameters were verifi ed: temperature of 
fuel outlet stream from fi rst sub-system of SOFC stacks: 
stream “ST1-ANOF” and “ST2-ANOF”, lambda number 

Figure 3. Effect of current density on power density at fuel 
utilization factor of 0.75 for two-stage SOFC stacks 
at three different operating temperature: 800oC, 
830oC and 860oC

Figure 4. Infl uence of operating temperature on electrical po-
wer generated by both SOFC stacks at fuel utilization 
of 0.75 and three different operating temperature: 
800oC, 830oC and 860oC

Table 4. Comparison of anode inlet ST1-ANIN stream results for 100% and FU of 75% from simulations and data18

800oC, 830oC and 860oC. The results are presented in 
Fig. 4.

The increase in temperature caused an increase in 
electrical power of individual SOFC stacks, both at 47% 
and 100% load (Fig. 4). This does not mean that it is 
possible to raise the temperature of the SOFC stack to 
higher values to increase the effi ciency of the system 
without negative consequences involving a signifi cant 
increase in the risk of overheating and damage to the 
fuel cells due to thermal stress. As it was mentioned 
earlier, there have to be a compromise between power, 
effi ciency and system lifetime. Moreover, it can be noticed 
that when the CHP system was operated under 100% 
load, there was a signifi cant difference in power gene-
rated by the second stack compared to the fi rst SOFC 
stack (Fig. 4). When both SOFC stacks were operating 
under 47% load, this difference decreased signifi cantly.

Finally, to gain a high degree of certainty that the de-
fi ned mathematical model for the two-stage SOFC stacks 
based CHP systems has been properly implemented in 
the Aspen Dynamics Process Simulator the gas compo-
sition at the inlet to the anode side of the fi rst SOFC 
stack and steam reformer inlet “S5” stream at 100% load 
were compared to the data18. The results presented in 
Tables 4 and 5 analysis show good agreement between 
data18 and simulated data. 
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Figure 5. Effect of a fuel utilization factor change in the range 
of 0.75 to 0.85 on the cell voltage and temperature 
of the two-stage SOFC stacks based CHP system 
during the simulation in the transient state in the 
Aspen Dynamics v8.4 simulator

Figure 6. Effect of the fuel utilization factor change in the 
range of 0.75 to 0.85 on the electrical power in both 
SOFC stacks, in the transient state in the Aspen 
Dynamics v8.4 simulator

Table 5. Comparison of steam reformer inlet “S5” stream results for 100% load and FU of 75% from simulations and data18

as well as voltage values of a single cell in both SOFC 
stacks. The results of the prediction are shown in Fig. 5.

Eff ect of lambda number on stack and system perfor-
mance

The next analysis included changing the value of the 
lambda number, from an initial value of 0.31 to 0.34. 
The model of introducing changes was based on the 
previous analysis: maintain the initial value for 10 mi-
nutes, then increasing the value of the lambda number 
during the next 20 minutes, stabilising the work took 
place for 5 minutes and gradually restoring the value 
of the a parameter to the initial value also during 20 
minutes. The last 10 minutes were used to stabilise the 
calculation under the same conditions as assumed during 
system start-up. Simulation results are shown in Fig. 7. 

An increase in the lambda value increased the molar 
fl ow rate of the feed stream to the fi rst SOFC stack. 
This translated into an increase in temperature in both 
SOFC stacks from 834.84oC to 843.03oC. An increase 
in the lambda value affects to the higher value of the 
molar fl ow rate of the inlet stream of the fi rst SOFC 
stack. This was due to the higher rate of CH4 reaction 
in the CPOx reactor. As a consequence, although the 
temperature of the outlet stream from the CPOx reactor 
supplying the fi rst SOFC sub-system was approximately 
58oC higher, a higher amount of H2O was generated. 
Hence, it was required to supply more air to the “ISM1”, 
which had to be heated to the operating temperature 
of the fi rst SOFC stack. With regard to the fi rst stack, 

Assuming a constant value of the feed streams, the 
temperature of both SOFC stacks increases from 834.84oC 
to 847.76oC with an increase of the fuel utilization factor. 
The voltage of a single cell in the fi rst stack gradually 
increases in contrast to voltage of the second stack. It 
should be noticed that the change is greater for the fi rst 
SOFC stack. The reduced amount of hydrogen present 
in the outlet stream from the fi rst SOFC stack named 
“ST1-ANOF” results in less hydrogen in the inlet stream 
to the second SOFC stack, even though steam reforming 
is included in the CHP system. Consequently, a voltage 
drop of a single cell in the second stack was observed. 
However, the signifi cant, 13%, increase the current den-
sity in “ISM2” caused the increase of electrical power. 
For comparison, in “ISM1” it was only 4% as can be 
seen in Fig. 6. 

Increased fuel consumption depletes the fuel stream 
from the SOFC stacks. Hence, the temperature of the 
outlet afterburner stream dropped signifi cantly from 
1026oC to 963oC. In the presented model the CPOx re-
forming process was designed as a sub-system enriching 
the stream feeding the fi rst SOFC stack, therefore the 
change of the fuel utilization factor value, in this case, 
did not affect the value of the lambda number.
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changes in the voltage were negligible, caused by adju-
sting the fuel distribution in the “SP2” splitter, the S/C 
parameter with an accuracy of 0.01. Therefore, electric 
power of “ISM1” has decreased by 5.27%. Differently, 
the voltage of a single cell in the second stack has in-
creased. This was due to an increase in the temperature 
of the air inlet stream fed to the second SOFC stack, 
“ST2-CAIN”. The electric power of “ISM2” has changed 
from 4653 W to 4709 W, by 1.12%.

CONCLUSIONS

A complete dynamic model of the Combined and Heat 
Power System based on two-stage Solid Oxide Fuel Cell 
stacks for the estimation of the plant components cha-
racteristics and performance was developed. The SOFC 
operation involved various complicate multiphysical 
phenomena including gas diffusions, electrochemical 
reactions and heat generations. To know and understand 
the operation characteristics as well as to predict SOFCs 
performance, an accurate mathematical model was requ-
ired to be developed. The aim of the work concerning 
the characterization of the dynamic behaviour in terms 
of the electrical power was achieved through the model 
implemented in the Aspen Dynamics Simulator Tool. 
Particular attention was given to the two-stage SOFC 
stacks operating conditions in consideration of their 
transient response. 

The Aspen Dynamics model was developed basing on 
existing Aspen Dynamics unit operation blocks and user 
defi ned functions (i.e. PIDincr) that allowed to evaluate 
the thermo-chemical operating conditions of the system at 
nominal load 100% and 47%. All the system components 
were implemented in the Aspen Dynamics Simulator 
Tools to analyse the behaviour of the CHP system at 
chosen loads. Preliminary simulations were carried out 
to achieve a right plant components and to evaluate the 
system global performances consistent with the data18. 
After this phase, the transient performances have been 
investigated through simulations under an imposed 
electric load step. The tests carried out considering fuel 
utilization factor and lambda number variations proved 
that typical plant operations can be simulated and good 
agreement with the data18 was obtained. 

This work demonstrates that the developed model 
can properly predict the performance for the two-stage 
SOFC stacks based CHP system under different opera-
ting conditions. It has been shown that the developed 

dynamic system model is useful tool to study the limits 
and fl exibility of the CHP system.

NOMENCLATURE 

Acell – total active fuel cell surface, [m2]
Di,k – ordinary binary diffusion coeffi cient, [m2s–1]
Deff,i – overall effective diffusion coeffi cient for i – com-
ponent, [m2s–1]
Eanode/cathode – anode or cathode energy activation, [V]
F – Faraday’s constant, [C . mol–1]
icell – cell current, [A]
i – species H2, H2O, O2, [-]
j – density current, [A . m–2]
j0 – exchange density current, [A . m–2]
j* – pre-exponential factor, [A . m–2]
jlim – current density at maximum fuel consumption, 
[A . m–2]
lanode – anode thickness, [m]
lcathode – cathode thickness, [m]
lelectrolyte – electrolyte thickness, [m]
linterconn – interconnectors thickness, [m]
Mi – molar mass of species i, [kg . mol–1]
nCH4,in

 – molar fl ow rate of H2 that could be produced 
from the CH4, [mol . s–1]
nCOin

 – molar fl ow rate of H2 that could be produced 
from the CO, [mol . s–1]
nH2,consumed

 – molar fl ow rate of H2 consumed, [mol . s–1]
nH2,equivalent

 – equivalent H2 molar fl ow rate, [mol . s–1]
nH2,in

 – molar fl ow rate of H2, [mol . s–1]
nH2,required

 – required O2 molar fl ow rate, [mol . s–1]
p – pressure, [bar]
pi – partial pressure of gaseous i – component, [bar]
pref – system reference pressure, [bar]
R – universal gas constant, [Jkmol–1K–1]
T – temperature, [K]
Uf – fuel utilization factor, [-]
V – voltage, [V]
VAct – activation loss, [V]
VConc – concentration loss, [V]
VN – Nernst voltage, [V]
VOhm – Ohmic voltage loss, [V]
Xi – molar fraction of i – component, [molei 

. mole–1]

Greek symbols
a – conversion energy coeffi cient into electrical one, [-]
λO2C – lambda number, [-]
– resistivity, [Ω . m]
τ – tortuosity factor, [-]

 – Fuller diffusion volume, [m2 . s–1]
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Figure 7. Results of simulation in the dynamic state for the 
CHP system with a change in the value of the lambda 
number, λO2C, in the range of 0.31–0.34
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