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Abstract- The analysis of fuel cells can be divided into two areas, steady state modelling, and dynamic modelling. Our prior 
paper [1] focused on the steady-state performance of anode-supported jet fuel external reforming planar solid oxide fuel cell 
stack model for aircraft Auxiliary Power Unit (APU) application. The aim of the current paper is to evaluate the transient 
behavior of this solid oxide fuel cell system to sudden electric load changes. The present model solves transient mass, energy, 
and electrochemical equations for a solid oxide fuel cell (SOFC) and calculates time responses of output parameters of the 
system by a step change of the electric current. In this model, some important capacitive elements in the fuel cell process are 
modelled. The focus of this study is on application to “more-electric” airplanes and the regional jet used as a case study. SOFC 
system heat-up stage and the output voltage response to a sudden load change at small, medium and large timescales are 
presented in this paper. Results indicate that the electric characteristics be adapted to new conditions of SOFC sooner than the 
state parameters. 
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1. Introduction 

Electricity  generation from fossil fuels produces low 
efficiency and high pollution. In aircrafts, the weight and 
volume of the system are very important. A solid oxide fuel 
cell is a good solution for power generation in aircraft to 
increase efficiency and reduce pollutants.  Especially, the 
emissions from the SOFCs are known to be the lowest for an 
all of the fossil fuels [2]. The SOFC APU has high 
efficiency, low emission and can produce high power 
therefore this technology is very interested for researchers 
[3]. 

In order to reduce costs, increase reliability and increase 
the SOFC lifetime, the dynamic study of fuel cell is of great 
importance. A lot of research has been done on SOFC APU 
modeling but most of them are steady state and feasibility 
study. [4–8]. In [13] the steady-state performance analysis 
and the exergetic analysis of a Jet-A fueled hybrid SOFC/GT 
system with a power output of 250 is analyzed. In [4] the 

performance of various hybrid SOFC-APU system 
architectures is compared against an advanced gas turbine- 
based APU system. In addition to the merits of different 
system architectures, optimal SOFC system parameter 
selection is discussed. In [14] two models have been 
developed based on simple thermodynamic expressions. As a 
result, FC performance was a strong function of the operating 
temperature. 

Paper [15] presents a comprehensive review of the 
possible layout configurations of hybrid power plants based 
on the integration of solid oxide fuel cells (SOFC) and gas 
turbine (GT) technologies. The paper also presents a review 
of hybrid SOFC/GT power plants fed by alternative fuels, 
such as coal and biomass and Estimates the weight values of 
all components involved in the system.  

In Reference [16] use of bi-directional Solid-Oxide Cells 
(SOC) as auxiliary power unit (APU) on-board commercial 
aircraft is explored. This work focusses on use of these bi-
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directional SOCs as fuel cells during flight operations and as 
electrolyzes to produce sustainable fuel at the airport when 
the aircrafts are parked. 

In [17] Gas Turbine – Solid Oxide Fuel Cell (GT-SOFC) 
Aircraft Auxiliary Power Unit (APU) configuration is 
thermodynamically investigated. As a result, Hybrid system 
weigh is twice as much as the conventional APU but has 
lower fuel consumption. 

Finally reference [18] reviews the SOFC-APU systems 
for aircraft. This review brings together publications in the 
form of articles, reports, theses and patents related to the use 
of solid oxide fuel cells in aircraft with a focus on replacing 
the current auxiliary units with a hybrid system. The 
potential advantages and main challenges of the new 
technology are reported, indicating some possible trends in 
this technology. 

In this paper, we modelled dynamic behavior of a 
standalone SOFC unit fueled by hydrogen that achieved from 
jet fuel reforming for airplane APU applications. 

2. Model Description 

Mathematical modeling is an effective method for 
evaluating SOFCs in steady state.  Evaluating the 
performance of Planar SOFC in transient behavior is the goal 
of current paper. The results of modeling in steady state have 
already been presented in [1]. In this paper, only a brief 
summary of the mathematical model is presented and for 
further study refer to [1].   

Mass transport, temperature, and flow rates are 
calculated via conservation equations. Ions transport to TPB 
is evaluated via gas diffusion equations. The charge transfer 
kinetics governs the electrochemistry reactions at the TPB. 

The transient phenomena and the dynamic model 
equations for each one are provided in this section.  

2.1. Internal Impedance 

The ohmic, activation and concentration polarization is 
evaluated for electrochemical analysis. The cell voltage is 
calculated via equation (1). 

 (1) 

The more details equations of the electrochemistry 
model through the ideal gas assumption are accessible in [1]. 
Equation (1) is a steady state equation that contains no 
dynamic parameter. In a solid oxide fuel cell, the two 
electrodes are separated by an electrolyte and form two 
double layers, which include the electrolyte-anode layer and 
the electrolyte-cathode layer. These layers are charged by the 
polarization effect, called the electrochemical double-layer 
charging effect during normal fuel cell operation [9]. These 
layers store electrical energy and act like a super capacitor. 
In this model, this effect is investigated and the 
corresponding dynamics is described by the equivalent 
circuit [9], [10] shown in Fig. 1. Because of the parallel R–C 
circuit, the net instantaneous current is the sum of current 
through both R and C elements [11]. Hence,  

 (2) 

 
Fig. 1. Equivalent electrical circuit. 

The current across the capacitor is defined as follows: 

  
             (3) 

Therefore, the output voltage changes as follows: 

       (4) 

Where  is depending on the fuel cell input 
temperature. VC,cell can be obtained as: 

  
       (5) 

In an electrical circuit with a capacitor and a resistor the time 
constant can be defined as: 

 
    (6) 

 

Although the capacity (C) of the double layer charging effect 
due to porous electrodes is large (several Farads) [9], the 

time constant  due to the small amount of 
 is small in this study 

(small timescale). 

Reactant Electrode Transport 

The Stephan–Maxwell relationship for multi-species 
diffusion is [11, 12]: 

 

        (7) 

Although diffusion is a major obstacle to the passage of fuel 
in the electrodes, the thickness of the porous electrodes is 
short. Therefore, the diffusion dynamics is in order of 
millisecond. The following equation shows the transient 
nature of this phenomena [11]:  

 

             (8) 

In this case (Reactant Electrode Transport) we can ignore the 
transient behaviour. 
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2.2. Gas Channel Energy and species Transport 

The main principles of SOFC modeling in the present 
model are mass and energy conservation. The continuity 
equations determined through the ideal gas assumption 
include the inlet and outlet flow rates and effective partial 
pressures of the component in channels due to the reactions: 

 
   (9) 

 
 (10) 

From the Laplace form of the above equations, the time 
constant for the cathode and anode is obtained: 

  , . 

 The mass transfer dynamic in flow channels depends on 
the stack geometry. For the model parameters used in this 
study, the time constants are in the range of several seconds. 

As described in [1], five layers of temperatures (fuel and 
air channels, PEN and air and fuel interconnectors) and 
radiation between solid parts are considered in energy 
balance equations. The energy balance equations through the 
lumped temperature assumption are: 

 

 

 (11) 

 
(12) 

 
(13) 

 

(14) 

 

(15) 

The thermal time constant through the lumped 
temperature assumption in Convection existence defined 

as: . But the equivalent thermodynamic 
time constant of an SOFC for overall thermal equation can be 
of the order of 102-103 s (large timescale).  

3. Results and Discussion 

In this paper, the suggested NASA regional jet APU was 
used as a case study [5]. The SOFC is based on the Gen3 
Delphi planar SOFC characteristics. The model of the Solid 
Oxide Fuel Cell stack has been developed and implemented 
by the authors in the MATLAB SIMULINK, as described in 
[1]. The parameter's value of ER-SOFC system for this 
simulation study is listed in Table 1. 

 

 

 

Table 1. The parameter's value of ER-SOFC system 

Parameters Value unit 

Anode thickness 510*10-6 m 

Cathode thickness 34*10-6 m 

Electrolyte thickness 10*10-6 m 

Interconnector thickness 500*10-6 m 

effective Nusselt number in the air channel 5 - 

effective Nusselt number in fuel channel 3.6 - 

Interconnectors Emissivity Coefficient 0.9 - 

Anode Specific heat capacity 466 J/kg*K 

Cathode Specific heat capacity 520 J/kg*K 

Gen 3 SOFC Stack characteristics 

Parameter Values unit 
Number of cells 30 cell per stack - 
active area 105 Cm2 
30 cell Stack weight 13 kg 
30 cell Stack volume 3.5 litter 
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In this part, the cell transient responses for several load 
changes are considered. As a control strategy, the fuel mass 
flow rate is considered constant. But the fuel utilization 
parameter changes by changing of electric charge. 

The time constant (τ) is a very important parameter in 
the dynamic behaviour studies, which is the time it takes for 
a system to respond to changes. 

Different timescales are:  

the small time scale in the order of 10-5–10−1 s caused by 
electrochemical conversion (τdl) 

the medium time scale in the order of 100- 101 s caused 
by mass and species transport (τa, τc) 

the large time scale in the order of 102–103 s caused by 
energy transport(τt) 

The fixed inlet condition at 1223k and 1 atm and pure 
H2 and air at the anode and cathode inlet are assumed. The 
operating conditions of the SOFC model  for this simulation 
study are listed in Table 2. 

 

 

Table 2. The operating conditions of ER-SOFC system model 

Test parameters Value 

mole flow rate (mole/s) 0.1 

Pressure (atm) 3 

Temperature (k) 1223 

STCR 2.5 

OTCR 0.7 

Landa (excess air) 8 

H2 flow rate (mole/s) 62*10-4 

H2O flow rate (mole/s) 36*10-4 

Air flow rate (mole/s) 796*10-4 

 

Table 3. SOFC APU current demand 

Cruise EO 

 (124.1 kw) 

Cruise (84.3kw) MES (185.3kw) Gate 

 (107.5 kw) 

Parameter description 

139.3 97.8 268.6 164.3 SOFC current demand (A) 

 

Table 3 represents an estimated Regional Jet mission 
load profile, based on More-Electric Aircraft (MEA) 
architecture [5].  

The initial condition is the steady state condition for 
zero electric current. At time t = 0 the load current on the 
SOFC is increased from 0A to 164A (step1- Gate). Then 
the load current is increased from 164A to 268A (step2- 
MES) and finally the load current is decreased from 268A 
to 140A (step3- Cruise). 

3.1. Small timescale  

As described in section 2, for a small time scale, the 
double-layer charging effect is dominated at the dynamic 
response of the model. 

 Figure 2,3,4 show the model dynamic responses in the 
small timescale under step-load current changes. The load 
current steps up from 0 to 164 A at 0.05 s. Then steps up to 
268 A in 0.15 s, finally steps down to 140 A at 0.2 s.   

 

 

 

Fig. 2. Dynamic responses of SOFC voltage versus time in 
small time scale. 
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Figure 2 shows the SOFC voltage versus time. When 
the current load increases (step 1 and 2), the fuel cell 
output voltage decreases suddenly because of the ohmic 
voltage drop, and then decreases slowly toward its final 
value (Second steady state). 

Figure (3) shows the time scale of three distinct 
processes in the third step. The first, VRo, is the sudden 
response of the SOFC voltage due to pure resistive 
elements inside the fuel cell. The second, relatively fast, 
VRct process is due to the time it takes a charge transfer 
process at the electrode-electrolyte interface to respond to 
the change in load. Eventually, the relatively slow 
response of Vp occurs as a result of the time it takes the 
reactant concentrations to change. These three processes 
occur during the fuel cell operation and with any change in 
electric load (figure 4). 

 

Fig. 3. Three separate sections of the dynamic response at 
a small time scale 

 

Fig. 4. Dynamic responses of SOFC voltage versus time in 
three distinct steps 

 
Fig. 5. SOFC output voltage versus time by changing 

double layer charging capacity 

Fig 5 shows the SOFC output voltage versus time by 
changing double layer charging capacity in small time 
scale. As the capacitance increases, the time constant 
increases and the voltage decreases slowly with a lower 
slope to the final value. 

3.2. Medium timescale 

Fig 6 and 7 show dynamic responses of SOFC voltage 
versus time in medium time scale for three different loads 
current change. The load current steps up from 0 to 164 A 
at 1 s. Then steps up to 268 A in 7 s, finally steps down to 
140 A at 15 s. by increasing load current in step 1 and step 
2, the voltage decreases respectively  about 0.2 and 0.26. 
Vice versa  the voltage increases about 0.21 volt by 
decreasing load current in step 3. 

Fig 8 shows the SOFC output voltage versus time in 
different operating pressures in medium time scale. By 
increasing the pressure, the time constant and voltage 
increase.  

 

Fig. 6. Dynamic responses of SOFC voltage versus time in 
medium time scale 
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Fig. 7. Dynamic responses of SOFC voltage versus time in 

three distinct steps 

 
Fig. 8. SOFC output voltage versus time in different 

pressure 

3.3. Large timescale 

One of the most important SOFC behaviours 
considered today is thermal dynamics [11]. Thus, for the 
large timescale, the thermodynamic characteristics will 
dominate the model dynamic responses.  

Figure 9 shows the transient response of the SOFC 
model under load changes. The steps change in the load 
current from 0 to 164 A at 100 s. Then steps up to 268 A in 
700 s, finally steps down to 140 A at 1500 s. 

When the load current increases stepwise, the SOFC 
output voltage drops sharply and then rises to the final 
value (steps 1 and 2). By decreasing the load current, the 
output voltage suddenly increases and then slowly reaches 
its final value (step 3). 

As can be seen in Fig. 9, there is a sudden bursting 
down below the new steady state for cell voltage in steps 1 
and 2, and a sudden climb in step 3. These sudden changes 
are due to the slow thermal response of the SOFC 
materials [5]. 

 
Fig. 9. Dynamic responses of SOFC voltage versus time in 

large time scale 

 

 
Fig. 10. The time between two steady state conditions 
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As can be seen in figure 10, the voltage reaches their 
new steady state condition by approximately after 134, 548 
and 306 s. By increasing the step change, the time between 
two steady state conditions was decreased. 

 

 
Fig. 11. SOFC model temperature versus time in different 

inlet temperature in large timescale 

Figure 11 shows the temperature response of the 
SOFC model at different input temperatures in a large time 
scale. As can be seen, the thermal conditions in the three 
different steps, approximately after 460, 525 and 591 
seconds, reach a new equilibrium. The temperature 
changes for the gas stream are about 6, 20 and 17 Kelvin 
for steps 1 to 3. 

Comparing figures 10 and 11 shows that the time 
between two steady states in the voltage diagram is much 
less than the temperature graph (steps 1 and 3). Therefore, 
electrical characteristics will be coordinated much earlier 
than state parameters to new conditions. 

4. Conclusion 

In this paper, the dynamic modelling of a standalone 
SOFC auxiliary power unit for aircraft has evaluated. A 
dynamic model was presented for planar SOFC based on 
their electrochemical and thermodynamic properties. The 
model has been made in MATLAB Simulink. Dynamic 
characteristics of the model are given for constant fuel 
flow. The model dynamic responses are evaluated from a 
small timescale to a large timescale for three step changes 
from Ground Load to MES and finally to cruise. 

The results show that by increasing the capacitance, 
the time constant increase and the voltage decreases slowly 
with a lower slope to the final value in small timescale but 
in medium timescale by increasing the pressure, the time 
constant and voltage increase. On the other hand, in large 
timescale, results show that by increasing the step change 
in voltage case, the time between two steady state 
conditions was decreased and electrical characteristics will 
be coordinated much earlier than state parameters to new 
conditions. 
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