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Multiphysics Transients Modeling of Solid Oxide
Fuel Cells: Methodology of Circuit Equivalents and

Use in EMTP-Type Power System Simulation
Tian Lan and Kai Strunz

Abstract—Programs of the Electromagnetic Transients Program
(EMTP) type have been the most popular digital simulators for em-
ulating electromagnetic transients in power electric networks con-
sisting mainly of rotating machinery, lines, transformers, loads,
and power electronic converters. With the increasing interest in
fuel cells, it would be beneficial to extend the scope of EMTP-type
application to multiphysics transients as they appear, for example,
in fuel cells. The concept and realization of this extension are pre-
sented in this paper. Analogies between electric, pneumatic, and
thermal quantities are exploited for developing circuit models that
describe currents and voltages, molar flows and pressures, and
heat transfers and temperatures. It is shown how already existing
libraries of network components of typical EMTP-type simulators
accurately emulate the involved multiphysics phenomena of mul-
tiple energy carriers. The theoretical considerations are comple-
mented by validation and application to combined heat and power
to illustrate the value of the modeling. The studies are conducted
using the program PSCAD as an example of the EMTP-type family
and center on the solid oxide fuel cell.

Index Terms—EMTP, equivalent circuits, fuel cells, hydrogen,
multi-physics, power system modeling, power system simulation,
solid oxide fuel cell (SOFC), distributed generation, multiple
energy carriers, electromagnetic transients, combined heat and
power (CHP).

I. INTRODUCTION

ACCORDING to the U.S. Department of Energy (DOE),
fuel cells are expected to be key elements for building a

competitive, secure, and sustainable clean energy economy [1].
Solid Oxide Fuel Cells (SOFCs) convert the chemical energy
of fuel into electricity and operate at temperatures in the region
of 600 to 1000 ◦C [2], [3]. The energy conversion efficiency of
SOFCs can reach up to 65%. Due to the high operating temper-
ature, SOFCs allow internal reforming of gaseous fuel inside
the fuel cell, making SOFCs very flexible in the choice of fuel,
such as hydrogen, methane, and propane [4]. The applications
of the SOFC vary from several watts to several megawatts [2],
[3], [5]–[7]. The small-scale SOFCs can be used in applications
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such as the supply of power to microelectronic and communica-
tion equipment [6], [7]. At the larger scale, SOFCs are suitable
for the application to Combined Heat and Power (CHP). In
addition to electricity, CHP makes use of the heat contained
in the high-temperature exhaust streams for functions such as
residential heating, commercial heating, or further electricity
generation [2], [3], [5].

Before fuel cells can be effectively utilized in power systems,
it is important to study their behavior and interaction with other
power system components [2]. Simulation tools are valuable
for this purpose. Especially programs which allow a resource
to be studied in interaction with other models of power system
components, such as power electronics devices, are helpful. One
such class of simulators is of the Electromagnetic Transients
Program (EMTP) type [8].

EMTP-type simulators have been steadily extended to include
a wide range of power electric and power electronic components
and their controls, and to allow for optimization [9]–[11]. With
the growing interest in fuel cells, it would be useful to model a
fuel cell in the context of the EMTP, as it could then be readily
integrated with relevant models of power electric and electronic
systems. However, in order to be useful for studies such as
the evaluation of a system’s load-following response, control
design, or calculation of hydrogen storage levels, a fuel cell
model has to consider the pneumatic and thermal transients of
the fuel cell in addition to the electric transients conventionally
modeled in EMTP-type simulators.

A wide array of application-oriented models of a fuel cell was
developed and applied [12]–[20]. In [12]–[15], the developed
fuel cell models only consider the electric transients. In addition
to the electric transients, the pneumatic transients were included
in the fuel cell models presented in [16] and [17]. In [18]–[20],
the effect of the thermal transients on fuel cell output voltage
was investigated. Despite being useful for certain types of stud-
ies, these models do not simultaneously consider electric, pneu-
matic, and thermal transients. In [21], a one-dimensional model
of a tubular SOFC for use in Matlab was developed. The fuel
cell model presented in this paper specifically facilitates simu-
lation in EMTP-type simulators. To accomplish this, electrical
analogies for pneumatic and thermal quantities are employed to
create a multi-physics, equivalent circuit representation of the
fuel cell system.

An overview of the modeling concept proposed is presented
in Section II. Next, the equivalent circuits for modeling electric,
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Fig. 1. Block diagram of SOFC multiphysics modeling for EMTP-type
simulators.

TABLE I
EXCHANGE QUANTITIES OF MODEL OF MULTIPHYSICS TRANSIENTS

V f c terminal voltage of fuel cell stack
I f c load current of fuel cell stack
T f c temperature of fuel cell stack
ṅ i , a n , ṅ i , c a inlet molar flows to anode, cathode
Ḣ i , a n , Ḣ i , c a enthalpy flows affiliated with ṅ i , a n , ṅ i , c a

ṅo , a n , ṅo , c a outlet molar flows from anode, cathode
Ḣo , a n , Ḣo , c a enthalpy flows affiliated with ṅo , a n , ṅo , c a

pch
H 2

, pch
H 2 O partial pressures of hydrogen and water vapor in

anode channel
pch

O 2
partial pressure of oxygen in cathode channel

pneumatic, and thermal transients are described in Sections III–
V, respectively. Section VI explains details on the integration of
electric, pneumatic, and thermal transient models into a com-
plete SOFC model in PSCAD. The model is validated for steady
state and transient operation in Section VII. A test case demon-
strating a possible CHP application of the model is presented in
Section VIII. Conclusions are drawn in Section IX.

II. MODELING CONCEPT

Fig. 1 shows the system modeling concept. Multi-physics
signal exchanges can be observed between the external and the
fuel cell system, whose borders are marked by the dashed line
frame. In order to emulate the different multi-physics phenom-
ena of the fuel cell in EMTP-type simulators, equivalent circuit
models to describe each of the electric, pneumatic, and ther-
mal transients are developed. The exchange quantities shown in
Fig. 1 are described in Table I.

To facilitate the modeling of the blocks of Fig. 1 in EMTP-
type simulators, several assumptions are made regarding scal-
ing, geometry, gas characteristics, and heat transfer. The list of
assumptions is given in the Appendix.

III. MODELING OF ELECTRIC TRANSIENTS

In the following subsections, the electrical response of the
fuel cell stack is mathematically described so as to facilitate the
modeling of electrical transients with circuit elements available
in EMTP-type simulators.

A. Mathematical Description

The output voltage of the fuel cell can be determined by sum-
ming the voltage contributions from the fuel cell chemical reac-
tion, as calculated by the Nernst equation, the activation losses,
the ohmic losses, and concentration losses [3]. The following
subsections describe each of those as well as the electrical tran-
sient due to the double layer capacitance.

1) Nernst Voltage: The voltage produced by the chemical
reaction in a fuel cell is given by the Nernst equation [2], [3]:

Ecell = E0 +
RTfc

2F
ln

⎛
⎝pch

H2

√
pch

O2

pch
H2 O

√
p0

⎞
⎠ (1)

where Ecell represents the reversible voltage of a single fuel
cell, R is the ideal gas constant, F is the Faraday constant, p0

is the standard pressure, and E0 is the cell reversible voltage at
an arbitrary temperature Tfc and can be expressed as [2]:

E0 = E0 − kE(Tfc − 298.15 K) (2)

where kE is a constant determined by experiment, E0 is the cell
reversible voltage at standard state 298.15 K and 101325 Pa.
For a hydrogen-oxygen fuel cell, E0 is 1.229 V [3].

2) Activation Voltage Drop: The fuel cell activation voltage
drop is caused by the energy barrier that the reactants must over-
come in the chemical reactions taking place on the surface of
the electrodes. This voltage drop is nonlinear and contributes
to the majority of the voltage drop during low-current fuel
cell operation. The voltage drop is calculated using the Tafel
equation [3]:

Vact,cell =
RTfc

2αF
ln
(

Ifc

I0

)
(3)

where α is the electron transfer coefficient, I0 is the exchange
current and can be expressed as [16]:

I0 = Be

(
−W a c t
R T f c

)

(4)

where B is a constant determined by experiment, and Wact is
the activation energy of the electrochemical reaction.

The Tafel equation given by (3) only holds true when Ifc
is larger than I0 [3]. Therefore, according to [2], an empirical
equation for Vact,cell may be expressed as follows instead of (3):

Vact,cell = Vact0,cell + Vact1,cell (5)

and

Vact0,cell = ξ0 + Tfc · ξ1 (6)

Vact1,cell =
RTfc

2αF
sinh−1

(
Ifc

2I0

)
(7)

where Vact1,cell is a voltage drop depending on both current
and temperature, Vact0,cell includes a constant term ξ0 and a
temperature-dependent term Tfc · ξ1 . When the load current is
zero, Vact1,cell will be zero. The voltage drop Vact0,cell defined
in (6) is independent of the load current. It is included in (5) to
reflect its influence on the open circuit voltage. This approach
has been supported by [2].
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According to assumption 1 in the Appendix, for modeling an
aggregated fuel cell stack consisting of N cells, it is useful to
define an open circuit voltage as follows:

Eoc = N(Ecell − Vact0,cell) (8)

The voltage drop Vact1,cell can be aggregated for the entire
fuel cell stack and modeled as a resistance to Ifc :

Ract = N
Vact1,cell

Ifc
(9)

3) Ohmic Voltage Drop: The ohmic voltage drop is caused
by the resistance of the paths that the electrons and ions flow
through. In order to calculate the nonlinear ohmic losses in the
fuel cell stack, the combined resistance of the electrodes, inter-
connect, and the electrolyte of N cells can be lumped together
and modeled as a single nonlinear resistance Rohm [22]:

Rohm = NRTγ
e
[
δ
(

1
T γ

− 1
T f c

)]
(10)

Vohm = IfcRohm (11)

where RTγ
is the ohmic resistance of a single cell at temperature

Tγ , δ is a constant determined by experiment, and Vohm is the
ohmic voltage drop of the fuel cell stack.

4) Concentration Voltage Drop: The concentration voltage
drop is caused by the mass transfer processes from the channels
to the reaction sites in the porous electrodes. During the reaction
process, mass diffusion from the flow channels to the electrode-
electrolyte interface, where the reactions take place, can cause
concentration gradients for the reactants. As a result, the effec-
tive partial pressures of hydrogen, oxygen, and water vapor at
the reaction sites are different from those in the flow channels.
To obtain the effective partial pressure for each reactant at the
reaction site, it is also necessary to model the diffusion of the re-
actants from the anode and cathode channels through the porous
electrodes. This can be accomplished using the Stefan-Maxwell
formulation for the anode or cathode channel for a given re-
actant. For an SOFC, the Stefan-Maxwell formulation can be
solved as follows for each reactant [21]:

pH 2
= pch

H2
− RTfc lan

DH2 ,H2 O2FAcell
Ifc (12)

pH 2 O = pch
H2 O +

RTfc lan

DH2 O ,H2 2FAcell
Ifc (13)

pO 2
= pop − (pop − pch

O2

)
e

(
R T f c l c a I f c

D O 2 , N 2
p o p 4 F A c e l l

)

(14)

where pH 2
, pO 2

, and pH 2 O are the effective partial pressures of
hydrogen, oxygen, and water vapor, respectively, at the reaction
sites, pop is the channel pressure, Dm,n is the effective binary
diffusivity of the m-n pair [19], [23], Acell is the cell active area,
and ll is the length of the given electrode.

The concentration voltage drop is due to the concentration
gradients of the reactants being transported between flow chan-
nels and reaction sites. For the aggregated fuel cell stack, it can

Fig. 2. Implementation of model for electric transients in PSCAD.

Fig. 3. Calculation of Eo c using CSMF function blocks in PSCAD.

be calculated by:

Vconc = N
RTfc

2F

⎡
⎣ln

⎛
⎝pch

H2

√
pch

O2

pch
H2 O

√
p0

⎞
⎠− ln

(
pH 2

√
pO 2

pH 2 O

√
p0

)⎤
⎦

(15)
After insertion of (12)–(14) into (15), division by fuel cell

load current Ifc gives the corresponding resistance Rconc :

Rconc =
Vconc

Ifc
(16)

5) Double Layer Charging Effect: The double layer charg-
ing effect causes an electric transient due to the buildup of
charges at the electrode-electrolyte boundary layers. This effect
can be modeled using an electric capacitance Cdl , connected in
parallel with Ract and Rconc [3] as shown in Fig. 2. Mathemat-
ically, the voltage drop Vdl across this parallel combination is
represented by:

Vdl =
(

Ifc − Cdl
dVdl

dt

)
(Ract + Rconc) (17)

6) Fuel Cell Output Voltage: Considering the voltage drops
and the double layer charging effect, the output voltage of the
fuel cell stack Vfc is given by the following equation:

Vfc = Eoc − Vdl − Vohm (18)

B. Implementation

The PSCAD implementation of the model for electric tran-
sients primarily consists of the equivalent circuit model pre-
sented in Fig. 2. This circuit represents (17) and (18). All
impedances are implemented as nonlinear components. The fuel
cell load can be connected across Vfc .

Voltage Eoc defined by (8) is evaluated using Continuous Sys-
tem Model Functions (CSMF) blocks from a standard PSCAD
library, as shown in Fig. 3. Similarly, Ract defined by (9), Rohm
defined by (10), and Rconc defined by (16) can also be evaluated
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TABLE II
ANALOGIES BETWEEN ELECTRICAL AND PNEUMATIC QUANTITIES

Quantity Electric Pneumatic

Potential Voltage V (V) Pressure p (Pa)
Flow Current I (A) Gas flow rate ṅ , ν̇ (mol · s−1 )
Capacitance Electric capacitance Pneumatic capacitance

C (F) Cp (mol · Pa−1 )

Fig. 4. Fuel cell schematic showing gas flows and chemical reactions.

using CSMF function blocks. It is noted that pch
H2

, pch
O2

, pch
H2 O ,

and Tfc are obtained from the models for pneumatic transients
and thermal transients in Fig. 1.

The exchange current I0 is calculated according to (4). The
voltage drop Vact1,cell is calculated from (7). Since standard
libraries may lack an inverse hyperbolic sine function block, the
inverse hyperbolic sine in (7) is reformulated as:

sinh−1(x) = ln(x +
√

1 + x2) (19)

IV. MODELING OF PNEUMATIC TRANSIENTS

The reactant gases considered are hydrogen, water vapor, and
oxygen. The output voltage characteristic of a fuel cell depends
on the partial pressures of these reactant gases, as shown in
Section III. This dependence necessitates the modeling of pneu-
matic transients inside the fuel cell, which can be accomplished
in an EMTP-type simulator by utilizing well-known electrical
analogies for pneumatic quantities, as described in Table II.

A. Mathematical Description

The pneumatic transients in an SOFC can be modeled by
considering relevant gas flows in the anode and cathode as shown
in Fig. 4. Relations in Fig. 4 consider SOFC reaction with an O=

oxygen ion conducting electrolyte [3]. For both the anode and
the cathode, there exists a net inlet flow ṅi,l and a net outlet flow
ṅo,l , where the subscript ‘l’ denotes the anode or the cathode.
For each reactant, Fig. 4 also shows a flow due to the chemical
reactions inside the fuel cell. This flow ν̇

I f c , j
, where the subscript

‘j’ denotes a given reactant, is given as:

ν̇
I f c , j

=
IfcN

zjF
(20)

where zj is the number of participating electrons per reactant.
The values of zH2 , zO2 , and zH2 O are 2, 4, and 2, respectively.
For constant channel pressure at each electrode, molar conserva-
tion in the control volume necessitates that the flows ṅi,l and ṅo,l

must be balanced by the ν̇
I f c , j

flows for each present reactant

according to the following equations:

ṅo,an = ṅi,an − ν̇
I f c , H 2

+ ν̇
I f c , H 2 O (21)

ṅo,ca = ṅi,ca − ν̇
I f c , O 2

(22)

Additionally, the individual input and output flows in the
anode and cathode channels for each reactant are defined as:

ν̇i,j = yi,j ṅi,l (23)

ν̇o,j = yo,j ṅo,l (24)

where ν̇i,j is the inlet flow for a given reactant j, and ν̇o,j is
the corresponding outlet flow. The input amount-of-substance
fractions yi,j are a property of the gas mixtures being used,
and thus are known constants. Under the made assumption of
constant channel pressure pop , the output amount-of-substance
fractions yo,j are calculated as:

yo,j =
pout

j

pop
(25)

where pout
j is the partial pressure for a given reactant j at the

outlet of the channel. As the partial pressures of the reactants
are assumed to change uniformly along the fuel cell tubular
channels, the arithmetic mean value can be used to describe the
effective partial pressure pch

j for a given reactant in the anode or
cathode channel [2]:

pch
j =

pin
j + pout

j

2
(26)

Using molar conservation, the flows ν̇i,j and ν̇o,j for reactant
j can be combined with the appropriate ν̇

I f c , j
flow to determine

the partial pressure pch
j [16]:

H2 and O2 :
dpch

j

dt
=

1
Cp,l

(
ν̇i,j − ν̇o,j − ν̇

I f c , j

)
(27)

H2O :
dpch

j

dt
=

1
Cp,l

(
ν̇i,j − ν̇o,j + ν̇

I f c , j

)
(28)

where Cp,l is the pneumatic capacitance of the fuel cell anode
or cathode, and is defined as:

Cp,l =
Vl

R · Tfc
(29)

where Vl is the volume of the given anode and cathode
channel.

B. Implementation

The model for pneumatic transients is implemented in an
EMTP-type simulator by representing the anode and cathode
using separate equivalent circuits. These circuits are constructed
by simultaneously considering one of (21) or (22), depending
on the electrode, and one of (27) or (28), depending on the
present reactant. For the cathode, this can be accomplished by
two electrical nodes linked by transformers, as illustrated in
Fig. 5. The implementation for the anode is similar, it can be
seen in the complete implementation of the EMTP-type fuel cell
model presented in Fig. 9.
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Fig. 5. Implementation of model for pneumatic transients for cathode in
PSCAD.

Fig. 6. Variable transformer model used to calculate yo ,O 2
in PSCAD.

In Fig. 5, two electrical nodes ‘a’ and ‘b’ are linked by three
ideal transformers. On the left side of the circuit, three cur-
rents meet at the electrical node ‘a’ in order to model the molar
flow-balance in the cathode as given in (22). Inlet flow ṅi,ca rep-
resents the air supply to the cathode. Flows ν̇

I f c , O 2
and ṅo,ca are

modeled as controlled current sources, where ṅo,ca indicates the
outlet flow from the cathode. Current source ν̇

I f c , O 2
is obtained

from (20), ṅo,ca is controlled by an ideal backpressure regulator
placed at the outlet of the cathode channel. This control gives a
constant pressure in the channel as given by assumption 4 of the
Appendix. The controlling signal ṅo,ca is determined by given
ṅi,ca and ν̇

I f c , O 2
as shown in Fig. 5. Based on (23) and (24), three

ideal transformers with the proper turns ratios, as indicated in
Fig. 5, are used to transform ṅi,ca , ν̇

I f c , O 2
, and ṅo,ca into ν̇i,O2 ,

ν̇
I f c , O 2

, and ν̇o,O2 , respectively. As in (27), the partial pressure
of oxygen pch

O2
is obtained by calculating the voltage across

the capacitance Cp,ca of Fig. 5. The diode prevents negative
pressures.

The realization of the variable transformer is depicted in
Fig. 6. The variable transformer has a turns ratio of yo,O2

in order
to transform ṅo,ca into ν̇o,O2 . The amount-of-substance fraction
yo,O2

of oxygen is a function of the effective partial pressure
pch

O2
according to (25) and (26), and this variability is indicated

in the transformer symbol of Fig. 5. As depicted in Fig. 6,
the secondary side connected to the node ‘b’ of Fig. 5 is mod-
eled through a current-controlled current source ν̇o,O2 controlled
through the product of ṅo,ca · yo,O2

. The primary side connected
to the node ‘a’ is modeled through a voltage-controlled voltage
source controlled through the product pch

O2
· yo,O2

.

TABLE III
ANALOGIES BETWEEN ELECTRICAL AND THERMAL QUANTITIES

Quantity Electric Thermal

Potential Voltage V (V) Temperature T (K)
Flow Current Heat transfer rate

I (A) Q̇ (J · s−1 )
Resistance Electric resistance Thermal resistance

R (Ω) R t h (K · W−1 )
Capacitance Electric capacitance Thermal capacitance

C (F) C t h (J · K−1 )

Fig. 7. Fuel cell schematic showing energy flows.

V. MODELING OF THERMAL TRANSIENTS

Due to the temperature dependence of the output voltage, it
is important to consider thermal transients when modeling fuel
cell behavior in the network. In EMTP-type simulators, this can
be accomplished by creating analogies for thermal quantities in
the fuel cell stack, as presented in Table III.

A. Mathematical Description

The fuel cell core temperature change varies with the net
amount of heat change in the control volume of the solid parts
of the stack. The heat change is described by an energy flow
balance that includes enthalpy changes due to the chemical
reaction, heat transfer to the anode and cathode channels, and
the electric power generated [19], [24]:

Cth
dTfc

dt
= Ḣ

I f c , H 2
+ Ḣ

I f c , O 2
− Ḣ

I f c , H 2 O

− Q̇conv ,an − Q̇conv ,ca − Pel (30)

where Cth is the thermal capacitance of the fuel cell stack, and
the energy flows are defined in Fig. 7.

As shown, Q̇conv ,l is a convective heat transfer from fuel cell
solid parts to the anode or cathode fluid, Ḣ

I f c , j
is the enthalpy

flow due to the gas flow of reactant ‘j’, and Pel is the electrical
output power of the fuel cell and can be considered as a cooling
for the cell. They can be calculated as:

Ḣ
I f c , j

= ν̇
I f c , j

· hj (TI f c , j
) (31)

Q̇conv ,l = NklAl(Tfc − Tṅ,l) (32)

Pel = Vfc · Ifc (33)
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Fig. 8. Implementation of model for thermal transients in PSCAD.

with

hj (TI f c , j
) = h0

f ,j + Δhj (TI f c , j
)

= h0
f ,j + cp,j (TI f c , j

− T0) (34)

Tṅ,l =
Tiṅ ,l + Toṅ ,l

2
(35)

where hj (TI f c , j
) is the molar enthalpy of reactant ‘j’ at temper-

ature T
I f c , j

[24], it can be obtained by adding the molar enthalpy

change Δhj between the standard state T0 and the current state
T

I f c , j
to the enthalpy of formation h0

f ,j as given in (34), cp,j is
the molar heat capacity of reactant j, N gives the number of
cells, kl is the convective heat transfer coefficient of the anode
fluid or cathode fluid, Al is the area of the given electrode, Tṅ,l

is the effective temperature of anode fluid or cathode fluid in
the tubular channel, it can be presented as an arithmetic mean
value as given in (35) [21], T0 is set to 298.15 K as the standard
reference temperature [24], and T

I f c , j
affiliated with reactant

molar flow ν̇
I f c , j

can be given as:

T
I f c , H 2

= Tṅ,an , T
I f c , O 2

= Tṅ,ca , T
I f c , H 2 O

= Tfc (36)

The enthalpy flow due to the gas flow at the outlet of the
channels is a function of the net outlet flow of fluids discussed
in Section IV-A and the outlet temperatures [19], [24]:

Ḣo,an = ṅo,an · ho,an(Toṅ ,an) (37)

Ḣo,ca = ṅo,ca · ho,ca(Toṅ ,ca) (38)

To calculate the fluid output temperatures Toṅ ,l , the energy
balances of Fig. 7 are considered [19], [24]:

Ḣo,an = Ḣi,an + Q̇conv ,an + Ḣ
I f c , H 2 O

− Ḣ
I f c , H 2

(39)

Ḣo,ca = Ḣi,ca + Q̇conv ,ca − Ḣ
I f c , O 2

(40)

The incoming flows and input temperatures are known. Insert-
ing (31) to (38) into (39) and (40), the fluid outlet temperatures
Toṅ ,l can then be found. Those temperatures Toṅ ,an and Toṅ ,ca
are needed to calculate the fuel cell temperature Tfc in (30).

B. Implementation

The equations describing the thermal transients in an SOFC
can be represented in an EMTP-type simulator using the equiv-
alent circuit model presented in Fig. 8. To facilitate circuit mod-
eling, several parameters in (32) are lumped into thermal re-
sistances: Rth,l = 1/(NklAl). The capacitive branch consists

TABLE IV
OPERATING POINT PARAMETERS FOR VALIDATION

Operating point parameters for 3 W SOFC

yi , H 2
0.9 ṅ i , a n (mol/s) 7.39 × 10−5 T i ṅ , l (K) 1023

yi , O 2
0.21 ṅ i , c a (mol/s) 1.07 × 10−3 po p (Pa) 101325

Operating point parameters for 5 kW SOFC

yi , H 2
0.9 ṅ i , a n (mol/s) 0.096 T i ṅ , l (K) 1173

yi , O 2
0.21 ṅ i , c a (mol/s) 1.234 po p (Pa) 303975

of a capacitance Cth , and the resistive branches comprise two
parallel resistances Rth,an and Rth,ca . The controlling signal
for the dependent current source is Pel , which is determined by
(33). To model (30), Pel is connected as shown in Fig. 8. Each
of the two thermal resistances will connect to a voltage source
characterizing either the effective temperature of the anode or
cathode fluid in the electrode channels as shown in Fig. 9 of
the complete connections. The currents Ḣ

I f c , O 2
, Ḣ

I f c , H 2
, and

Ḣ
I f c , H 2 O flowing through the three branches marked by the dots

represent the enthalpy flows carried by the chemical reactants.
Complete connections of these three branches are depicted in
the model for thermal transients of Fig. 9. The enthalpy flow
for each present reactant Ḣ

I f c , j
is implemented using a current-

controlled current source. The controlling signal is determined
by (31) as shown in the upper left part of Fig. 9, where the
circuit implementation of energy balances of anode and cath-
ode fluids is presented. Finally, according to (30), the fuel cell
temperature Tfc is obtained by calculating the voltage across the
capacitance Cth as shown in Fig. 8.

VI. INTEGRATION OF ELECTRIC, PNEUMATIC, AND THERMAL

TRANSIENTS

For the complete fuel cell, all diverse transients are simulated
simultaneously. The circuit implementation in PSCAD is shown
in Fig. 9. The organization of Fig. 9 corresponds to the concept
of Fig. 1.

In Fig. 9, the model for electric transients described in Sec-
tion III is located in the lower right part. The model for thermal
transients is located on the left. This model was described in
Section V. The energy balances of anode and cathode fluids
described by (39) and (40), respectively, are implemented in
the upper left part. For the model of pneumatic transients, the
equivalent circuit of the cathode, as depicted in Fig. 5, is located
in the upper right corner of the diagram. The equivalent circuit
used to model pneumatic transients in the anode is shown in the
middle part on the right. It is similar in structure to the circuit
shown in Fig. 5. The upper double-tap transformer has turns
ratios of yi,H2

and yi,H2 O in order to model (23). Similarly, the
double-tap variable transformer has turns ratios of yo,H2

and
yo,H2 O in order to model (24), and it is similar to the variable
transformer shown in Fig. 6. Flows ν̇

I f c , H 2
and ν̇

I f c , H 2 O required
by (27) and (28) are modeled as two controlled current sources
using (20). The partial pressures pch

H2
and pch

H2 O are obtained
using equivalent circuit presentations of (27).

Thanks to the modular approach followed, Fig. 1 also offers
insight into the opportunity to reduce the SOFC model if only
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Fig. 9. Implementation of models for electric, pneumatic, and thermal transients in PSCAD.

a reduced set of transients is of interest. For example, if only
electric transients are of interest, then the respective blocks in
Fig. 1 and Fig. 9 called “Model for electric transients” can be
used as a dedicated SOFC model. The interface variables Tfc ,
pch

H2
, pch

O2
, and pch

H2 O are then set as inputs by the user.

VII. VALIDATION

The modeling is validated for steady state and transients of
different scales. Two instantiations of the SOFC in PSCAD
shown in Fig. 9 with operating point parameters in Table IV
are considered. One instantiation is a 3 W micro-tubular SOFC,
and the other is a 5 kW tubular SOFC. The fuel cell param-
eters shown in Table V of the Appendix are adapted based
on [3], [16], [21], [25] and [26]. With these two parameter sets,
the fuel cell models can respectively represent the behaviors of
the 3 W micro-tubular SOFC stack reported in [26] and the 5 kW
tubular SOFC stack reported in [21]. Some of the parameters,
such as for the double layer capacitance, can be obtained by
using AC impedance spectroscopy techniques [27].

The 3 W micro-tubular SOFC stack comprises six cells con-
nected in series. For the purpose of validation, the reference
data of this SOFC stack, including the polarization curve char-
acteristics and the fast transient responses, were compiled from
the experimental data reported in [26]. The corresponding ex-
perimental setup was also described in [26]. The 5 kW tubular
SOFC stack comprises 96 cells connected in series. The refer-
ence data of this fuel cell stack, including polarization curve
characteristics and the slow transient responses, were compiled
from the results reported in [21]. With the help of these two fuel
cell stacks, the modeling can be validated for steady state, fast
transients, and slow transients.

A. Polarization Curve Validation

Both the 3 W SOFC model and the 5 kW SOFC model are
used for validating the steady state behavior. The validation
results of the polarization curve characteristics of the 3 W SOFC
are given in Fig. 10. The operating temperature of the fuel cell
model is maintained at 1023 K according to assumption 9 in the
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Fig. 10. Model polarization curve compared with reference data of 3 W SOFC.

Fig. 11. Model polarization curve compared with reference data of 5 kW
SOFC.

Appendix. The results show matching simulation and reference
data in all regions: region of low currents, where activation
losses dominate; middle region, where ohmic losses dominate
and where the voltage drop is proportional to the current; and
region of high currents, where the voltage drops towards zero
due to the low partial pressures of reactants. Fig. 11 shows
the validation results of the polarization curve characteristics of
the 5 kW SOFC. The operating temperature is 1173 K. Here,
simulation and reference data match in all regions as well.

B. Fast Transients

The electric transient due to the double layer capacitance is
the fastest transient in the fuel cell, occurring on the order of
tens of milliseconds. This transient is validated by comparing
the simulation results of the 3 W micro-tubular SOFC with the
corresponding reference data reported in [26]. The validation is
based on the simulation of a load current step. The fuel cell load
current is at 0.1 A until time 30 s, at which point the fuel cell load
current steps up to 0.8 A. The resulting voltage transient can be
seen in Fig. 12. The transient profile shows a voltage step due
to an instantaneous decrease in ohmic losses, followed by a first
order response governed by the double layer capacitance. Both
these stages of the fast transient are visible in the simulation and
the experiment.

C. Slow Transients

The thermal transient is the slowest in the SOFC, with a time
constant in the tens of minutes. To validate the slow transient be-
havior of the SOFC model, the 5 kW SOFC model is simulated,
and the results are compared with the reference data presented
in [21]. The test simulation used for comparison begins with
the fuel cell in steady state at a load current of 100 A. The load

Fig. 12. Model response to load transients at small time scale and comparison
with reference data of 3 W SOFC.

Fig. 13. Model response to load transients at large time scale and comparison
with reference data of 5 kW SOFC.

current steps to 30 A after 120 minutes. The resulting fuel cell
voltage response is shown in Fig. 13. The voltage curve first
rises above its steady state value when encountering the current
change. After reaching the peak, it then gradually recovers back
to the final value in several tens of minutes due to the ther-
mal transient of the fuel cell. The fuel cell voltage decreases
with fuel cell temperature primarily because the ohmic resis-
tance Rohm defined in (10) increases with decreasing fuel cell
temperature. As for the polarization curve and the fast transient,
the simulation of the slow transient also closely matches the
reference.

VIII. APPLICATION: MULTIPHYSICS LOAD-FOLLOWING

TRANSIENTS OF CHP PLANT

The SOFC is characterized by high operating temperature,
which makes the hot exhaust streams more valuable. The SOFC-
based CHP can produce electricity while utilizing the generated
heat that would be wasted otherwise [3], [4]. In this section, the
5 kW SOFC model validated in Section VII is used in a CHP ap-
plication study. To sustain the electrochemical reactions within
the SOFC, it is important to maintain the fuel cell temperature
at a proper level [3]. When the SOFC is connected to a load
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Fig. 14. Implementation of application case in PSCAD.

and starts to generate electric power, the inlet fluids, including
the air and hydrogen, are preheated by using the SOFC exhaust
streams.

The implementation of such a thermally self-sustaining CHP
system is shown Fig. 14. The system comprises an SOFC stack,
an afterburner, two preheaters, a hydrogen supply system, and
an air supply system [3], [28]. It is noted that for any fluid
flow, the molar flow rate and the enthalpy flow appear as a pair.
The block “SOFC” represents the model of Fig. 9. A hydrogen
supply system and an air supply system feed reactants to the
fuel cell anode and cathode, respectively. The exhaust fluids of
the SOFC consist of nitrogen and oxygen from the cathode and
unused hydrogen and produced water vapor from the anode. All
these fluids go into the afterburner to further elevate the fluid
temperature. In the two preheaters, the exhaust heat is harnessed
and used for preheating the inlet hydrogen and air flows. Mod-
eling details of these components are given in Appendix XII.
Parameters are listed in Tables VI and VII of Appendix XI. The
“H2 utilization measurement” block located in the lower part
of Fig. 14 calculates the hydrogen utilization. Hydrogen utiliza-
tion is an important control parameter for fuel cell operation and
will be used for hydrogen flow control. It can be calculated as
follows:

u =
ν̇

I f c , H 2

ν̇i,H2

=
NIfc

2Fṅi,anyi,H2

(41)

The setup in Fig. 14 illustrates how the implemented multi-
physics fuel cell system is interfaced with other electric, pneu-
matic, and thermal circuitry. It is critical to have the fuel
flowing in the pneumatic circuit to be adjusted in accor-
dance with the load. For example, the “H2 supply control
stage” acts on the ”H2 supply power stage” to adapt the sup-
ply. Furthermore, it is desirable to control the load voltage
through power electronic conversion [2]. The following appli-
cation case also illustrates how different controls and transients
interact.

A. Electric and Pneumatic Load-Following Transient

As indicated in Fig. 14, a boost converter keeps the load
voltage to a desired level Vdc . Changes in load Pload,ref are

Fig. 15. Simulation of multiphysics load-following transients of CHP plant.

simulated by modifying the variable resistance according to
Rload = V 2

dc,ref/Pload,ref . In order to avoid fuel starvation, the
power supplied by the fuel cell is limited to a certain maxi-
mum rate [29], [30]. The responses of diverse quantities to load
changes are shown in Fig. 15. The fuel cell system initially is
in steady state supplying a load of 2000 W. At time 10 s, the
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Fig. 16. Implementation of H2 supply system with control in PSCAD.

reference load profile Pload,ref increases to 3000 W at a rate of
1000 W/s. At time 20 s, Pload,ref decreases at that rate to a final
value of 2000 W. The DC bus voltage Vdc is maintained at 230 V
as shown in the first column of Fig. 15. The maximum devia-
tion during the transients is less than 5 V. The responses of the
hydrogen utilization are also presented in Fig. 15. The results
show that u is kept between 0.7 and 0.9 during the transients.
The applied hydrogen flow control is given in Appendix XII-A.
Fig. 15 also shows the simulation results for Ifc , Vfc , and pH 2

.
Quantities Ifc and Vfc represent the involved electric transients
of the fuel cell and show the ripples of the 10 kHz switching of
the boost converter. The partial pressure pH 2

is of interest for
studies concerning fuel cell durability [31].

B. Thermal Load-Following Transient

In the two preheaters, heat is transferred from the exhaust
fluid of the afterburner to the fuel cell inlet flows. Quantity Texh
shown in Fig. 15 is the temperature of the exhaust fluid at the
outlet of the afterburner. Quantities Tiṅ ,ca and Tiṅ ,an are the
temperatures of the fluids at the inlets of the fuel cell cathode
and anode, respectively. These temperature curves represent the
thermal transients of the CHP system. As an example, at time
10 s, the temperature at the outlet of the afterburner Texh first
drops lower at the load increment and then gradually increases to
a steady state value. This behavior can be explained as follows.
Since the hydrogen consumption rises proportionally to the fast-
changing current Ifc according to (20), the hydrogen utilization
ratio u also rises initially. A larger u indicates that less unused
hydrogen is fed to the afterburner. Thus, an initial drop in Texh
is observed. As the hydrogen utilization is brought back to 0.8
by means of the action of the hydrogen supply control stage of
Fig. 16, more unused hydrogen is fed to the afterburner, resulting
in the rise in Texh .

As expected, the air temperature Tiṅ ,ca rises with the exhaust
fluid temperature Texh . But even though Texh rises, the hydro-
gen temperature Tiṅ ,an drops with the control implemented.
This is because the electric load increase trigged an increase
in hydrogen flow drawn from a source at 298 K. The above
observation and discussion show the close interactions of

multi-physics transients in an SOFC-CHP application. The
results illustrate the insight gained by representing electric,
pneumatic, and thermal circuits simultaneously.

IX. CONCLUSION

A methodology for simulating multi-physics transients in
EMTP-type network simulators was developed, implemented,
validated, and applied to the modeling of a solid oxide fuel cell.
The presented work is distinguished through three scientific
contributions. First, the modeling of mutually coupled electric,
pneumatic, and thermal circuits was formulated. Second, it was
shown how the method can be applied in the modeling of an
SOFC in EMTP-type simulation using circuit elements from
standard libraries of PSCAD. Third, the performed validation
shows a close matching of simulation and reference data for the
steady state and diverse transients. In a comprehensive com-
bined heat and power application study, the model computed
multi-physics transients at a level of insight that has not been
reached so far by power network simulators.

X. APPENDIX: ASSUMPTIONS

To facilitate the modeling of the multi-physics SOFC, the
following assumptions are made:

1) Parameters for single fuel cells can be aggregated to
model an entire fuel cell stack with further electrome-
chanical assistance.

2) The model is one-dimensional in the direction of the elec-
trolyte. A two-dimensional extension along the channel
would involve multiple control volumes as in Figs. 4 and
7.

3) All reactant gases are perfect gases. Based on this as-
sumption, the ideal gas law stands, and (27) and (28) can
then be established [24].

4) Total pressures in the fuel cell gas flow channels are
assumed to be constant.

5) The gases are assumed to be preheated before flowing
into the fuel cell stack.

6) During normal fuel cell operation, the fuel cell is at
thermal equilibrium, and heat generated in the fuel cell
is balanced with the anode and cathode fluids [19].

7) It is assumed that the temperature is uniformly dis-
tributed in the solid parts so that the radiation between
solid parts is not taken into account. Moreover, radiation
heat transfer between the solid parts and the fluids is ne-
glected compared with the convective heat transfer [32].

8) To shorten start-up of the simulation, the SOFC stack
should be in hot standby mode [33], [34]. Based on
this assumption, the SOFC stack can avoid the heat-up
process and directly start to operate when it is connected
to a load.

9) For the validation of the polarization curve of the model,
it is assumed that the fuel cell operating temperature is
maintained [21], [26].

10) The afterburner and the two preheaters used in the appli-
cation are assumed to be lossless.
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XI. APPENDIX: VALIDATION AND APPLICATION

CASE PARAMETERS

TABLE V
FUEL CELL PARAMETERS

TABLE VI
BOOST CONVERTER PARAMETERS

Quantity Value

Switching frequency 10 kHz
DC bus voltage 230 V
DC bus capacitance 2000 μF
Converter side inductance 5 mH

TABLE VII
CHP PARAMETERS

XII. APPENDIX: MODELING AND IMPLEMENTATION OF CHP
COMPONENTS

In this section, supplementary information on the
application of Fig. 14 is given.

A. Hydrogen Supply System

A pressure source, which represents a store, drives the hy-
drogen inlet flow through the controlling valve in Fig. 16. The
enthalpy flow due to this hydrogen flow is calculated by:

Ḣsrc
H2

= ṅsrc
H2

· hH2 (T
src
H2

) (42)

where ‘src’ stands for source.

For SOFC operation, it is necessary to design a controller
which maintains a range for the hydrogen utilization ratio u
between 0.7 and 0.9 [30]. This can be accomplished by using a
proportional integral (PI) controller to regulate the inlet flow to
the anode ṅi,an since (41) shows ṅi,an to be proportional to Ifc
for a given u. The input error signal εu to the PI controller is
calculated as follows:

εu = (u − uref ) (43)

where uref is the desired reference hydrogen utilization.
As shown in Fig. 14, the measurements taken from the mod-

ule SOFC provide the value of the hydrogen utilization u to
be compared with its reference uref . The upper circuit of the
hydrogen power supply stage in Fig. 16 is used for representing
the hydrogen flow, while the lower circuit represents the affil-
iated enthalpy flow. Regarding the hydrogen flow circuit, the
pressure is modeled according to the pressure-voltage analogy.
The valve is modeled as a variable resistance. It is regulated by
the PI controller. The enthalpy flow Ḣsrc

H2
due to the molar flow

ṅsrc
H2

is implemented using a current controlled current source,
whose controlling signal is ṅsrc

H2
· hH2 (T

src
H2

) according to (42).
The voltage source with the controlling signal of T src

H2
indicates

the supply temperature of the hydrogen.

B. Air Supply System

The air supply system may be modeled in a similar way
as the hydrogen supply system. If a compressor is involved
for providing the force for driving the air, then this should be
accounted for in the model. The air flow rate can still be regulated
by a valve as in Fig. 16.

The enthalpy flow of the air flow at the outlet of the compres-
sor is calculated by:

Ḣcomp
o,air = Ḣcomp

i,air + ΔḢcomp
air (44)

with

Ḣcomp
i,air = ṅcomp

i,air · hair(T
comp
i,air ) (45)

ΔḢcomp
air = ṅcomp

i,air · cp,air · (T comp
o,air − T comp

i,air ) (46)

where Ḣcomp
i,air is the enthalpy flow of the air flow at the inlet

of the compressor, ΔḢcomp
air is the enthalpy increment of the

air flow due to the compression, and T comp
o,air is the compressor

outlet temperature of the air.
The temperature of the air at the outlet of the compressor

T comp
o,air is given as [3]:

T comp
o,air = T comp

i,air +
T comp

i,air

ηc

⎛
⎝
(

pcomp
o,air

pcomp
i,air

) ϕ −1
ϕ

− 1

⎞
⎠ (47)

where T comp
i,air is the temperature of the air at the inlet of the

compressor, ϕ is the ratio of the heat capacities of the air, ηc
is the isentropic efficiency of the compressor, pcomp

i,air and pcomp
o,air

are the air pressures at the inlet and outlet of the compressor,
respectively.
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C. Afterburner

In the SOFC, the hydrogen utilization is maintained between
0.7 and 0.9 [30]. The unused hydrogen in ṅo,an is combusted in
a burner according to the following reaction:

H2 +
1
2
O2 → H2O , (48)

The molar conservation necessitates that the inlet flows ṅo,l ,
which are also the outlet flows from the SOFC as discussed in
Table I, and the afterburner outlet flow ṅexh must be balanced
by the flows for each present reactant according to the following
equation:

ṅexh = ṅo,an + ṅo,ca − ν̇H 2
− ν̇O 2

+ ν̇H 2 O (49)

where the subscript ‘exh’ stands for exhaust, ν̇H 2
, ν̇O 2

, and ν̇H 2 O

are the molar flow rates of the reactants in the afterburner for
H2 , O2 , and H2O, respectively. It is assumed that the unused
hydrogen is completely combusted in the afterburner. Flow ν̇H 2

is therefore given as:

ν̇H 2
= ν̇o , H 2

= yo,H2
ṅo,H2 (50)

where ν̇o , H 2
is the unused hydrogen in the anode fluid from

the fuel cell as defined in (24). Based on the chemical reaction
of (48), ν̇O 2

and ν̇H 2 O can be obtained from ν̇H 2
:

ν̇O 2
=

1
2
ν̇H 2

(51)

ν̇H 2 O = ν̇H 2
(52)

In order to obtain the energy flow at the outlet of the af-
terburner, the following energy balance for the afterburner is
established [24]:

Ḣo,an + Ḣo,ca = Ḣexh (53)

and

Ḣexh = ṅexh · hexh(Texh)

= ṅexh · (h0
f ,exh + cp,exh(Texh − T0)

)
(54)

where h0
f ,exh is the enthalpy of formation of the exhaust fluid,

and cp,exh is the molar heat capacity of the exhaust fluid. They
can be calculated by [24]:

h0
f ,exh =

Z∑
i=1

yih
0
f ,i , cp,exh =

Z∑
i=1

yicp,i (55)

where h0
f ,i and cp,i respectively are the enthalpy of formation

and molar heat capacity of constituent i, yi is the amount-of-
substance fraction of constituent i, and Z is the total number of
the constituents in the fluid.

According to (54), the temperature of the exhaust fluid at the
outlet of the afterburner Texh can be determined based on ṅexh
and Ḣexh .

D. Preheaters

The two preheaters can be modeled based on the molar con-
servation and energy balance [24], [33]. In the following, the
model for the hydrogen preheater is given. The air preheater can
be modeled in a similar way.

For the hydrogen preheater of Fig. 14, the following molar
conservation can be established for the inlet and outlet flows:

ṅi,an = ṅpre h2
i,H2

(56)

ṅpre h2
o,exh = ṅpre h2

i,exh (57)

where ṅpre h2
o,exh = ṅpre air

i,exh in Fig. 14.
The thermal power is transferred from the hot fluid to the

cold fluid. It is assumed that the preheater is lossless, the energy
decrement in the hot fluid thus equals the energy increment in
the cold fluid:

ΔQ̇pre h2
exh = Ḣpre h2

i,exh − Ḣpre h2
o,exh (58)

ΔQ̇pre h2
exh = Ḣpre h2

o,H2
− Ḣpre h2

i,H2
(59)

where the superscript ‘pre_h2’ stands for H2 preheater,
ΔQ̇pre h2

exh is the heat exchanged between the hot and cold flu-
ids. Combining (58) and (59), the enthalpy flow affiliated with
the exhaust fluid coming out of the fuel preheater Ḣpre h2

o,exh is
determined by:

Ḣpre h2
o,exh = Ḣpre h2

i,exh − (Ḣpre h2
o,H2

− Ḣpre h2
i,H2

) (60)

where the inlet enthalpy flow due to the exhaust fluid Ḣpre h2
i,exh is

an input coming from the afterburner, the inlet enthalpy flow due
to the hydrogen fluid Ḣpre h2

i,H2
equals Ḣsrc

H2
as shown in Fig. 16,

and the outlet enthalpy flow of the hydrogen fluid Ḣpre h2
o,H2

is the

energy flowing to the SOFC anode Ḣi,an . Similar to (54), based
on ṅpre h2

o,exh and Ḣpre h2
o,exh , the temperature of the exhaust fluid at

the outlet of the hydrogen preheater T pre h2
o,exh can be obtained

according to:

Ḣpre h2
o,exh = ṅpre h2

o,exh · hexh(T pre h2
o,exh )

= ṅpre h2
o,exh ·

(
h0

f ,exh + cp,exh(T pre h2
o,exh − T0)

)
(61)
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