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Abstract: Designing proper solid oxide fuel cell (SOFC) system configurations is essential for their
high efficiency. The present study analyzes the performance improvement of the SOFC system with
anode off-gas recirculation (AOGR). Two AOGR configurations are suggested. Depending on the
heat flows of off gases, the configurations are called AOGR #1 and #2, respectively. Additionally, a
reference system is examined for comparison. This study aims to numerically evaluate the charac-
teristics and performance of each system under various operating conditions such as fuel and air
utilization factors. The operating current density and steam to carbon ratio are fixed at 0.3 A/cm2

and 2.5, respectively. The results indicate that the system performance shows a large difference
depending on the system configurations. The SOFC system with AOGR has better performance
than the reference system under the operating conditions considered in this paper. However, it is
also revealed that depending on the system configuration and operating conditions, AOGR can be
effective or ineffective for system performance. Therefore, a deliberate operating strategy for AOGR
systems needs to be developed based on the load conditions.

Keywords: SOFC; AOGR; hydrogen recirculation; system performance; power generation system

1. Introduction

Solid oxide fuel cells (SOFCs) have recently received attention as an alternative power
source since they have especially high electrical efficiency, low emission and fuel flexibility.
Challenging issues for SOFC commercialization are having long-term durability and en-
hancing economic efficiency. Due to the long operation time of a SOFC, it is mainly utilized
as a stationary power plant. Therefore, achieving high system efficiency and fuel utilization
becomes important because it is directly linked to economic efficiency [1,2]. To improve
system efficiency, designing an appropriate system configuration is necessary in addition
to applying highly efficient components. The overall system efficiency varies according to
the layout of the system components.

Generally, thermal energy from stack off-gas and system exhaust gas are utilized in
order to improve system efficiency. The heat is recovered at heat recovery heat exchangers
(HR-HEs) and often supplied to the fuel/air preheater and reformer or used to generate
steam necessary for the reforming reaction [3,4]. The SOFC combined heat and power
(CHP) system has also been widely suggested for efficient SOFC systems [5–9]. In utilizing
exhaust heat from the stack and system, the system composition and its configuration
highly affect the system’s overall efficiency. Therefore, many studies on designing system
configurations have been conducted [6,7].

In order to improve system efficiency, anode off-gas recirculation (AOGR) can be
adopted for the SOFC system. Anode off-gas (AOG) contains unreacted hydrocarbons and
a high content of steam. The recirculated AOG reacts as fuel inside a fuel cell, leading to an
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increase in the fuel utilization efficiency. The efficiency of the steam methane reforming
(SMR) reaction is also promoted by additionally supplied steam from AOG [10,11].

In the study of Powell et al. [12], a 2 kW class SOFC system with AOGR was ex-
perimentally verified. Heat and steam from AOG were delivered to an adiabatic steam
reformer. As a result, the overall fuel utilization efficiency was increased up to 93%, and
the system achieved a maximum net LHV efficiency of 57% at 1.7 kW. Additionally, a
parametric study of the SOFC system with AOGR was conducted by Lee et al. [10]. In this
study, a turbocharger and an ejector were suggested to supply air and recirculated AOG.
The effects of the external reforming (ER) ratio, fuel utilization and steam to carbon (S/C)
ratio were examined. The suggested system showed electrical efficiency of 64.6% when
the ER ratio, fuel utilization and S/C ratio were 0.4, 0.75 and 2.5, respectively. Through
the sensitivity analysis, it was revealed that fuel utilization was the most influential factor
in the system efficiency. Table 1 presents a literature summary of the SOFC system with
AOGR analyzed by many researchers.

Table 1. A literature summary of the SOFC system with AOGR.

Authors SOFC Power ηele
(Max.) AOGR Device Comments

Lee et al. [10] 5 kW 64.6% Ejector

The turbocharger and ejector are used to
blow the cathode air and AOG. Sensitivity
analysis has been conducted to determine

the optimal operating schemes.

Powell et al. [12] 1.7–2.2 kW 56.6%
(LHV) Blower

The system uses adiabatic ESR and AOGR
system. Required heat and steam for SMR

are provided by recirculated AOG.

Koo et al. [13] 113.8 kW 66%
(LHV) Blower

A cascade system having a double SOFC
system and a single SOFC system with

AOGR was analyzed using the
exergy-based analysis method.

Wagner et al. [14] 6 kW 66%
(LHV) Fan

A novel micro AOGR fan has been
introduced and experimentally coupled to

SOFC system.

Baba et al. [15] 1 kW - Ejector
SOFC system with a variable flow ejector
was examined under partial load and full

load conditions.

Tanaka et al. [16] 10 kW 58.7%
(LHV) Blower Tow AOGR blowers were developed and

coupled with SOFC system simulator.

Dietrich et al. [17] 0.3 kW 41%
(LHV) Injector

SOFC running on propane with AOGR
was experimentally examined and

compared to a partial oxidation system.

Additionally, the method that can generate additional electricity by utilizing SOFC
exhaust gas has been widely studied. SOFC hybridization with other power generation
systems allows the system efficiency to be effectively improved [7,18,19]. Kuchonthara
et al. [19] evaluated a combined power generation system with a SOFC and various gas
turbine (GT) cycles. The results indicated that the humid air turbine promoted the thermal
efficiency of the overall system. The effectiveness of a SOFC-engine hybrid system was
experimentally demonstrated by Kim et al. [18]. A 5 kW class SOFC stack and internal
combustion engine were combined, and the electrical efficiency of the hybrid system
increased by up to 26%.

In this paper, two SOFC system configurations with AOGR were developed. The
differences between the first AOGR system (AOGR #1) and the second AOGR system
(AOGR #2) were the heat flows of AOG, cathode off-gas (COG) and catalytic combus-
tor off-gas (CCOG). The details were described in Section 2. The performances of each
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system were evaluated in comparison with those of a reference system. For comparison,
component-level mathematical modeling was conducted. Analysis of the effect of the
fuel/air utilization factor and recirculation ratio was conducted based on the simulation
result. In particular, the temperature of each component, net power, and electrical and
thermal efficiency were examined.

2. System Configurations

To evaluate the system efficiency of various SOFC system configurations, the reference
SOFC system and the system with AOGR were analyzed. The reference system shown in
Figure 1a consists of an external steam reformer (ESR), a SOFC stack, a catalytic combustor
(CC), air blowers, a steam generator, an air preheater and an HR-HE. For an efficient system,
a direct internal reforming (DIR) SOFC was suggested. The DIR stack enables hydrocarbons
to be reformed directly inside a stack [20,21]. As the steam reforming reaction is highly
endothermic, the ESR needs a large amount of heat. In the reference system, ESR thermally
integrated with CC was used, in other words the heat of combustion from CC was directly
provided to the ESR. This ESR is called an allothermal reformer [4]. Due to the thermal
stability of CC, additional air to the CC blows when needed to keep the temperature of the
CC lower than 1123.15 K [22]. Thermal energy from COG was used to generate the steam
required for the steam reforming process. Cooled COG has the effect on preventing the
excessive temperature increase of the CC. CCOG supplies heat to the ESR and stack air
flow. The rest of the CCOG thermal energy was recovered from the HR-HE.

The first concept of the SOFC system with AOGR is suggested in Figure 1b, and it is
named the AOGR #1 system. AOG flowed into the fuel preheater through a recirculation
blower. The recirculation blower was generally able to withstand hot gas up to 1073.15 K,
so recirculated AOG needed to be cooled at the fuel preheater. The recirculated AOG is
able to warm the ESR and simultaneously provide the additional steam required for the
SMR reactions. Distinctive flows of AOG and fuel are marked with blue lines in Figure 1b.

Figure 1c shows the second concept of the SOFC system with AOGR, which is called
the AOGR #2 system. While the ESRs shown in Figure 1a,b were thermally integrated to
the CC, the ESR shown in Figure 1c obtained the required heat only from the reactant flows,
namely, the adiabatic reformer. It has been demonstrated that the SMR reaction can occur
using only the sensible heat of the inlet gas [4,12]. The inlet fuel to the ESR was heated in
two stages by the heat from recirculated AOG and COG. The heat of CCOG was used to
warm up the stack supplied air and was recovered at the HR-HE. The differences of the
AOGR #2 system compared to the AOGR #1 system are highlighted with green lines in
Figure 1b.

Figure 1. Cont.
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Figure 1. Schematic diagram of the system configuration; (a) reference system, (b) AOGR #1 system,
and (c) AOGR #2 system.

3. Model Description

The purpose of the model developed in this paper was firstly to compare the perfor-
mance and efficiency of various configurations and then to develop a control strategy in
subsequent research. To check the system response according to the control design, the
model has to be dynamic and not too complex [1,23]. In addition, the needs of dynamic
models have been addressed by several authors because of the high operating temperature
of SOFCs [24,25]. Therefore, a dynamic and lumped component model was developed in
the SIMULINK environment. First, the steady-state characteristics of each system were
examined to check the effectiveness of the systems. Dynamic characteristics and control
strategies will be analyzed in future papers. In the following sections, the descriptions of
each component model are discussed.

3.1. A SOFC Stack

In this model, a 1 kW class DIR stack has been adopted for an efficient SOFC system,
and it is a planar SOFC stack with an anode-supported cell. The conditions inside a SOFC
stack are appropriate for the SMR reaction because of its proper operating temperature and
electrochemically generated steam. Additionally, internal reforming has several advantages,
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such as reducing the size of the external reformer and air blower power consumption by
means of decreasing the stack air flow rate for stack cooling [23,26,27].

The SOFC stack is composed of reactant channels and the positive-electrolyte-negative
(PEN) structure. The model accounts for mass balances, thermal balances and electrochem-
ical reactions. Specifications of the stack are presented in Table 2. Fuel and air mixtures are
assumed to follow the ideal gas law.

Table 2. A SOFC stack specifications.

Parameter Values

Cell length (m) 0.1
Cell width (m) 0.1
Number of cells 40
Anode electrode thickness (m) 1 × 10−3

Cathode electrode thickness (m) 3 × 10−4

Electrolyte thickness (m) 2 × 10−5

Anode channel height (m) 3 × 10−4

Cathode channel height (m) 5 × 10−4

Channel width (m) 1 × 10−3

Number of channels 60
Anode porosity 0.4
Density of PEN (kg m−3) 5300
Specific heat of PEN (J kg−1 K−1) 500

3.1.1. Mass Balance Model

In the mass transfer model, the species in the anode channel are considered as CH4,
H2O, CO, H2 and CO2, and those in the cathode channel are only N2 and O2. Four reactions
inside a stack are considered. All the reactions are presented in Table 3.

Table 3. Reactions considered inside a stack.

Reaction Equation

Steam methane reforming reaction (SMR) CH4 + H2O→ CO + 3H2 (R1)
Water gas shift reaction (WGS) CO + H2O→ H2 + CO2 (R2)

H2 oxidation reaction (Ox) H2 + O2− → H2O + 2e− (R3)
O2 reduction reaction (Red) 0.5O2 + 2e− → O2− (R4)

Overall reaction H2 + 0.5O2 → H2O (R5)

Mass balance dynamics for i species in fuel and air channels are given in Equations (1)
and (2). In the fuel channel, (R1)—(R3) reactions described in Table 3 take place. (R4)
reaction occurs in the air channel. ri is the molar rate of formation for i species, and is
obtained from the equations below.

∂Ci,f

∂t
= −u f

∂Ci, f

∂x
+ ri, f (i = CH4, H2O, CO, H2, CO2) (1)

∂Ci,a

∂t
= −ua

∂Ci,a

∂x
+ ri,a (i = N2, O2) (2)

For calculating the reaction rates of (R1) and (R2), there are various relations ac-
counting for the reaction rates of SMR and WGS [1,20,28]. Among the equations, Chinda
et al. [29] model presented in Equations (3)–(8) has been used. Chinda et al. derived the
reaction rate from Arhenius’ curve fits using the data by Lehnert et al. [30]. Rk and kk
represent the reaction rate and forward reaction rate constant of reaction k, respectively.
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Chinda et al. considered that the SMR reaction occurs at the surface of the anode and the
WGS reaction takes place inside the void volume of the anode.

RR1 = kR1

(
PCH4 PH2O −

P3
H2

PCO

KR1

) [
mol m−2 s−1

]
(3)

RR2 = kR2

(
PH2OPCO −

PH2 PCO2

KR2

) [
mol m−3 s−1

]
(4)

kR1 = 2395 exp
(
−231266

RT

) [
mol m−2 Pa−2 s−1

]
(5)

kR2 = 0.0171 exp
(
−103191

RT

) [
mol m−3 Pa−2 s−1

]
(6)

Kk indicates the equilibrium constant of reaction k and can be calculated by Equations (7)
and (8) [2], Z is defined as (1000/T(K)-1), The unit of KR1 is Pa2, and KR2 is a dimension-
less constant.

KR1 = 1.0267× 1010exp
(
−0.2513Z4 + 0.3665Z3 + 0.5810Z2 − 27.13Z + 3.2770

)
(7)

KR2 = exp
(
−0.2935Z3 + 0.6351Z2 + 4.1788Z + 0.3169

)
(8)

The reaction rates of (R3) and (R4) are equal to the electrochemical reaction rate of the
fuel cell and can be obtained by Faraday’s law as shown in Equation (9).

RR3 = RR4 = RR5 =
J

2F

[
mol s−1

]
(9)

From Equations (3)–(9), the molar rate of formation per volume (ri) can be inferred.
Nitrogen does not react, so rN2 is zero.

rCH4 = − 1
t f

RR1 (10)

rH2O = − 1
t f

RR1 − εaRR2 +
1

Va
RR3 (11)

rCO =
1
t f

RR1 − εaRR2 (12)

rH2 = 3
1
t f

RR1 + εaRR2 −
1

Va
RR3 (13)

rCO2 = εaRR2 (14)

rO2 = −0.5
1
Vc

RR3 (15)

The pressure decrease (∆p) through the anode and cathode channels is calculated
using Equation (16). Equations (17) and (18) represent the friction factor ( f ) for laminar and
turbulent flow, respectively. ϕ is the aspect ratio of the channel, and vg is the gas velocity.

f =
24

Re[1− 1.3553ϕ + 1.9467ϕ2 − 1.7012ϕ3 + 0.9564ϕ4 − 0.2537ϕ5]
(Re < 2000) (16)

f =
0.0791
Re0.25 (Re ≥ 2000) (17)

∆p = f
4Lch
Dh

1
2

ρgu2
g (18)
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3.1.2. Electrochemical Reaction Model

Cell potential can be computed by Equation (19). The thermodynamic reversible
potential (Vrev) is determined by the Nernst equation in Equation (20) [31]. A voltage drop
from the thermodynamic reversible potential exists because of overpotentials summarized
in Table 4.

Vcell = Vrev − ηact,a − ηact,c − ηohm − ηconc (19)

Vrev = E0 −
RTPEN

2F
ln

PH2O

PH2 P0.5
O2

(20)

E0 = 1.2723− 2.7645× 10−4TPEN (21)

Table 4. Equations for the overpotentials of the stack based on Ref. [29].

Equation

Activation overpotential
ηact,a = RT

αa F sinh−1
(

j
j0,a

)
j0,a = 1.5× 1010 exp

(
− 137000

RT

)
ηact,c =

RT
αc F shih−1

(
j

2j0,c

)
j0,c = 8× 1010 exp

(
− 140000

RT

)
Ohmic overpotential

ηohmic = j(ASRohmic) = j te
σ

σ = 3.34× 104 exp
(
− 10300

TPEN

)
Concentration overpotential

ηconc,c =
RT
2F ln

(
1− j

jlim,c

)
3.1.3. Thermal Balance Model

For thermal energy calculations, the lumped capacitance method was used. Homoge-
neous temperature among the fuel cell components was assumed, so the temperature of
the fuel cell was considered the same as TPEN . Heat absorption and release related to the
reactions inside the fuel cell and convective heat transfer between the fuel cell and fuel/air
bulk flows were considered in this model. Consequently, three temperatures were achieved
from the thermal balance model: air, fuel bulk flow temperature and PEN temperature.
The relevant equation for thermal balances in the PEN structure appears as follows.

∂TPEN
∂t = − qg,a

ρPEN cp,PEN LcwctPEN
− qg,c

ρPEN cp,PEN LcwctPEN

+ 1
ρPEN cp,PEN

(
− 1

tPEN
∆HR1RR1 − ∆HR2εaRR2 − 1

tPEN ωc Lc
∆HR5RR5

) (22)

For the calculation of heat transfer at gas channels, the Nusselt number (Nu) was
considered to be a constant value of 3.39. Anode and cathode channels can act as fins of
uniform rectangular cross-sectional areas, so relations for heat transfer at extended surfaces
are used, as shown below, where η f is the fin efficiency and the convective heat transfer
coefficient hch is obtained from Nu.

qg = η f hch

(
Nch A f + Ab

)(
TPEN − Tg

)
(23)

3.2. Steam Methane Reformer

The methane steam reforming process requires a large amount of heat; thus, exhaust
gas from the system is generally used as a heat source for the ESR, namely, an allothermal
reformer. The reference and AOGR #1 systems suggested in this paper adopted this type
of ESR. However, DIR stacks can mitigate the demand for high-performance ESR [4].
ESR can operate at a lower temperature range than the normal operating temperature
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(973.15–1073.15 K) [32]. Hence, an adiabatic reformer was also examined in the AOGR #2
system. A shell and tube type catalytic steam reformer was selected in this paper, and the
suggested specifications of the reformer are detailed in Table 5. The model consists of mass
and thermal balance models. Gas mixtures are considered ideal gases, and the porosity of
the bed is constant.

Table 5. Reformer specifications.

Parameter Values

Length (m) 0.3
Diameter (m) 0.2
Particle diameter (m) 1.2 × 10−3

Catalyst pore radius (m) 1 × 10−8

Bed porosity 0.4
Density of reformer (kg m−3) 3970
Specific heat of reformer (J kg−1 K−1) 765

For catalytic steam reformers, it is important to find the most appropriate catalyst
because it directly affects the performance of the reformer. Among various active metals,
nickel (Ni) is widely used because of its high reactivity and long durability [33,34]. Xu and
Froment examined the kinetics of the SMR process with a Ni/MgAl2O4 catalyst under an
operating range of approximately 675–1000 K. The results are the most widely used for
SMR kinetcis [35]. The SMR model in this paper has been developed based on the Xu and
Froment model. While various reactions take place in catalytic SMR, only the SMR reaction,
the WGS reaction, and the direct steam reforming (DSR) reaction are considered. The SMR
(R1) and WGS (R2) reactions are defined in Table 3, and the DSR (R6) reaction is presented
below. It is assumed that the species in the reactant flow are CH4, H2O, CO, H2 and CO2.
The SMR kinetics based on Xu and Froment model are organized in Table 6 [35].

Direct steam reforming reaction (DSR) CH4 + 2H2O→ CO2 + 3H2 (R6) (24)

Table 6. The equations for SMR kinetics based on Xu and Froment model based on Ref. [35].

Equation

Reaction rate[mol kg−1
cats
−1]

RSMR,R1 = kR1
p2.5

H2

(
pCH4 pH2O−p3

H2
pCO/Ke,R1

)
Den2

RSMR, R2 = kR2
pH2

(pCO pH2O−pH2 pCO2 /Ke,R2)
Den2

RSMR,R6 = kR3
p3.5

H2

(
pCH4 p2

H2O−p4
H2

pCO2 /Ke,R3

)
Den2

Den = 1 + KCO pCO + KH2 pH2 + KCH4 pCH4 + KH2O pH2O/pH2

Kinetic rate constant
kR1 = 4.225× 1015 exp

(
− 240100

RTSMR

)
kR2 = 1.955× 106 exp

(
− 67130

RTSMR

)
kR6 = 1.020× 1015 exp

(
− 243900

RTSMR

)
Equilibrium constant

Ke,R1 = exp(−26830/T + 30.114)bar2

Ke,R2 = exp(4400/T − 4.036)
Ke,R6 = exp(−22430/T + 26.078)bar3

Rate of formation or consumption of each species[mol kg−1
cats
−1]

rSMR,CH4 = −ηR1RSMR, R1 − ηR6RSMR, R6
rSMR,CO2 = ηR2RSMR, R2 + ηR6RSMR, R6

rSMR,H2O = −ηR1RSMR, R1 − ηR2RSMR, R2 − 2ηR6RSMR, R6
rSMR,H2 = 3ηR1RSMR, R1 + ηR2RSMR, R2 + 4ηR6RSMR, R6

rSMR,CO = ηR1RSMR, R1 − ηR2RSMR, R2
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Mass and thermal balances in both the gas and solid phases are presented below.
Equations (25) and (26) represent the mass balance in the gas and solid phases for each
species i, respectively [28]. The mass transfer coefficient (kg,i) is presented in Equations (27)
and (28) [36].

εb
∂Cg,i

∂t
= −vg

∂Cg,i

∂x
− kg,iav

(
Cg,i − Cs,i

)
(25)

dCs,i

dt
= −kg,iav

(
Cg,i − Cs,i

)
+ (1− εb)ρcatrSMR,i (26)

kg,i = jD,iReSc1/3
i

Di
dp

(27)

εb jD,i = 0.765Re−0.82 + 0.365 · Sc−0.398
i (28)

Equations (29) and (30) are the thermal balances in the gas and solid phases. The
convective heat transfer coefficient (hg,SMR) in Equation (30) is known from the Chilton–
Colburn j-factor (jH). For forced convection through a packed bed, Yoshida et al. [37]
suggested empirical correlations of jH . Ψ is an empirical coefficient depending on the
particle shape, and its value is 1 for a sphere.

εb
∂Tg

∂t
= −vg

∂Tg

∂x
+

hg,SMRav

ρgcp,g

(
Ts − Tg

)
(29)

∂Ts

∂t
= −

hg,SMRav

ρbedcp,b

(
Ts − Tg

)
+

(1− εb)ρcat

ρbcp,b
∑
k
(−∆HkηkRk) (k = R1, R2, R6) (30)

hg,SMR = jH
cp,gρgvg

Pr2/3 (31)

jH = 0.91Re−0.51Ψ 0.01 < Re < 50 (32)

jH = 0.61Re−0.41Ψ 50 < Re < 7000 (33)

3.3. Catalytic Combustor

To compute the temperature and species in the CC, a mathematical model including
mass and thermal balances was developed. A Pt-catalyzed monolithic combustor is ana-
lyzed. Specifications of CC are given in Table 7. The oxidation reactions over Pt considered
in this model are CO, CH4 and H2 oxidation. The rate expressions and reaction rate per Pt
surface area are organized in Table 8 based on Ref. [38]. Chemical reactions are assumed to
occur only on the external surface of the catalytic wall.

Table 7. Catalytic combustor specifications.

Parameter Values

Length (m) 0.25
Width (m) 0.25
Height (m) 0.1
Number of cells 10,000
Hydraulic diameter (m) 1.2 × 10−3

Catalyst pore radius (m) 1 × 10−8

Tortuosity 14
Monolith porosity 0.63
Density of solid (kg m−3) 430
Catalyst (m2 m−3) 26,895
Mass (m2 m−3) 25
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Table 8. Equations for the reaction rate of CC based on Ref. [38].

Equation

Oxidation reactions of CC
CO + 0.5O2 → CO2

CH4 + 2O2 → CO2 + H2O
H2 + 0.5O2 → H2O

(R1)
(R2)
(R3)

Reaction rate[mol m−2s−1]
RCC,CO = k1yCOyO2 /G

RCC,CH4 = k2yCH4 yO2 /G
RCC,H2 = k1yH2 yO2 /G

G = (1 + KCOcCO)
2

Rate constant[molK m−2s−1]
k1 = 6.699× 109 exp(−12556/T)
k2 = 7.326× 106 exp(−19000/T)

Adsorption equilibrium constant
KCO = 65.5 exp(961/T)

Homogeneous temperature, concentration and velocity within the channel are as-
sumed for mass and thermal balance computations. Equations (34) and (35) describe the
mass balances for the gas and solid phases for each species i, where i refers to CH4, H2O,
H2, CO, CO2, O2 and N2. The corresponding equations for thermal balances for the gas
and solid phases are presented in Equations (36) and (37). For the heat transfer coefficient
(hg,CC) calculation, Nu is considered to have a constant value of 3.39.

εm
∂yg,i

∂t
= −vg

∂yg,i

∂x
− km,iS

(
yg,i − ys,i

)
(34)

(1− εm)
dys, i

dt
= km,iS

(
yg,i − ys,i

)
+

RTCC
Ptot

αRCC,i (35)

εmρgcp,g
∂Tg

∂t
= hg,CCS

(
Ts − Tg

)
− vgρgcp,g

∂Tg

∂x
(36)

(1− εm)ρscp,s
∂Ts

∂t
= hg,CCS

(
Tg − Ts

)
+ α

(
∑

i
(−∆Hi)Ri

)
(37)

3.4. Balance of Plant
3.4.1. Air and Recirculation Blower

A model of air and recirculation blowers was employed to examine the outlet tem-
perature and power consumption. The stack air flow rate was determined by the air
utilization factor, and the CC air flow rate was controlled to maintain a CC temperature be-
low 1123.15 K. In terms of the recirculation blower, the target recirculation ratio determines
the flow rate. The blower outlet temperature and power consumption are obtained from
Equations (38) and (39). In the computation, the values of ηisen, ηmotor and ηmech were 0.8,
0.9 and 0.9, respectively.

Tblower,o = Tblower,i − Tblower,i
1− (po/pi)

κ−1/κ

ηisen
(38)

Pblower =
.

mblowercp,air(Tblower,o − Tblower,i) ηmotorηmech (39)

3.4.2. Heat Exchanger

Heat exchangers are employed to recover heat from AOG, COG and exhaust gas.
They act as fuel/air preheaters, a steam generator and a HR-HE. The outlet temperature of
each gas and heat transfer rate are defined by the effectiveness-NTU method, as shown in
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Equation (40) since the information is insufficient to use the LMTD method. εHE indicates
the effectiveness of a heat exchanger and was set to 0.75.

qHE = εHECmin(Th,i − Tc,i) Cmin = min{Chot, Ccool} (40)

3.5. Performance Factor

U f uel and Uair indicate the fuel and air utilization factors, respectively. Methane is
only supplied as fuel in this model. If there are other hydrocarbons in fuel, they should
be added to the denominator in Equation (41). The fuel and air flow rates of the stack
are determined from the target utilization factor. Recirculated hydrogen, however, is not
considered when the fuel flow rate is calculated.

U f uel =
J

8F
.
nCH4

(41)

Uair =
J

4FyO2
.
nair

(42)

The electrical, thermal and total efficiencies are shown in Equations (43)–(45). The
electrical efficiency of the system is the ratio of the net generated energy of the system to the
chemical energy of the supplied fuel. To estimate the thermal efficiency, the temperature of
the final exhaust gas from the CC (Tvent) is assumed to become 393.15 K after the HR-HE.

ηele =
Pstack − PFCBlower − PCCBlower

.
mCH4 LHVCH4

(43)

ηth =
Cp,CCOG

.
mCCOG(TCCOG,O − Tvent)

.
mCH4 LHVCH4

(44)

ηtot =
ηele + ηth

.
mCH4 LHVCH4

(45)

4. Results and Discussion
4.1. Model Validation

To demonstrate the reliability of the developed model, a model validation process is
essential. Comparing the simulation results to the experimental data of the whole system
is the best way to validate a model, however, the purpose of this paper was to estimate the
performance depending on the system configuration. Thus, only the model of the most
complex component, which is a SOFC stack, is demonstrated in this paper. A 1 kW class
stack as described in Table 1 was used for the experiment. During the experiments, the fuel
and air flow rates were constant regardless of the current. H2 and CO2 were supplied at
27.96 and 10.61 lpm, respectively, as fuel. The air flow rate was fixed at 66.10 lpm. The load
current was varied from 0 to 29.92 A. The stack temperature was maintained at 1023.15 K
during the experiment. The model validation results are displayed in Figure 2. As a result,
the model was able to accurately predict the performance of the stack.
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Figure 2. Comparison between the predictions and experimental data.

4.2. Operating Conditions for Simulation

The operating conditions for the simulation are presented in Table 9. Methane was
used as fuel. The fuel and air flow rates were determined depending on the fuel/air
utilization factor and operating current density. Steam flow rate was calculated based
on the fuel flow rate and S/C ratio. The steam was generated at steam generator using
thermal energy from off-gas. The PI controller adjusted the CC air flow rate so that the
temperature of the CC did not exceed 1123.75 K. In this study, the performance of each
system was investigated with various fuel/air utilization factors and recirculation ratios.
We define the reference condition of the simulation as the condition with both a utilization
factor of 0.6 and a recirculation ratio of 0.2.

Table 9. Operating conditions for the simulation.

Parameter Values

Inlet fuel CH4
Operating pressure of the system (bar) 1.2
Operating current density (A cm−2) 0.3
Maximum temperature of CC (K) 1123.15
Exhaust gas temperature (K) 393.15
S/C ratio at ESR 2.5
Ambient temperature (K) 298.15
Fuel/Air utilization factor (Reference value) 0.3–0.8 (0.6)
Recirculation ratio (Reference value) 0–0.8 (0.2)

4.3. Result 1: The Effect of the Fuel/Air Utilization Factors
4.3.1. Reference System

The fuel flow rate changed from 6.42 to 2.41 lpm in accordance with the fuel utilization
factor of 0.3 to 0.8. The air flow rate was fixed at 30.57 lpm. Figure 3a,b indicate the
temperature of each component, the CC air flow rate and the heat transfer rate of each heat
exchanger. As the fuel utilization factor increased, less fuel was supplied to the system. This
decreased the combustion energy at the CC and the additional CC air flow rate for cooling.
When the fuel utilization factor was 0.8, the temperature of CC became lower than 1123.15 K
without additional air flow to the CC. The ESR was thermally integrated with CCOG in
the reference system; therefore, the temperature of the ESR decreased. In Figure 3b, it
was observed that the heat transfer rate from CCOG to ESR and the amount of recovered
heat were rapidly reduced. On the other hand, the stack temperature increased due to
the lowered internal reforming rate. The SMR process is a strong endothermic process,
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so the more abundance the internal reforming reactions are, the lower the temperature of
the stack.

Figure 3. The effect of fuel utilization factor on the reference system; (a) temperature of each
component, (b) heat transfer rate at each heat exchanger (COG HE: steam generator, CCOG HE: air
pre-heater, HR HE: heat recovery heat exchanger).

To examine the effect of the air utilization factor, the fuel utilization factor was fixed at
0.6 and the air utilization factor was changed from 0.3 to 0.8. The results are depicted in
Figure 4a,b. A decreased stack air flow rate led to a temperature rise in the stack, and the
raised temperature accelerated the internal reforming reaction. Consequently, the hydrogen
molar flow rate to the CC increased, causing larger heat generation in the CC. Although
extra air was supplied to the CC, the total amount of air diminished because the stack air
flow rate decreased further. Less heat was transferred from the CCOG to the ESR, thus, the
temperature of the ESR slightly decreased.

Figure 4. The effect of air utilization factor on the reference system; (a) temperature of each com-
ponent, (b) heat transfer rate at each heat exchanger (COG HE: steam generator, CCOG HE: air
pre-heater, HR HE: heat recovery heat exchanger).

4.3.2. SOFC System with AOGR #1

In this section, the AOGR #1 system is examined. As the condition described in
Section 4.3.1, the fuel or air utilization factor was changed from 0.3 to 0.8. For the cal-
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culation, the recirculation ratio was held constant at 0.2. The results of the fuel and air
utilization factors are presented in Figure 5a,b, respectively. Overall, the results are similar
to those presented in Figures 3 and 4. By comparing the CC air flow rate, the generated heat
of the CC of this system was slightly lower than that of the reference system. The AOGR
system enhanced the efficiency of fuel utilization, so the available energy in CC becomes
reduced. The temperature of the recirculation blower is also shown in Figure 5a,b, and it
falls within the appropriate operating temperature. The recirculation blower temperature
was between 691.79 and 745.86 K.

Figure 5. The effect of (a) fuel and (b) air utilization factors on the AOGR #1 system.4.3.3. SOFC
System with AOGR #2.

The difference between the AOGR #1 and AOGR #2 systems is the heat supply method
for the ESR. As mentioned in Section 2, the ESR applied in the system with AOGR #1 was
thermally integrated with the CC to directly absorb heat from the CCOG. Meanwhile, the
ESR used in the AOGR #2 system received the required heat only from the reactants. Fuel
preheater 2 was also added to recover additional heat from the COG, as shown in Figure 1c.
The effect of fuel and air utilization factors on component temperatures is presented in
Figure 6a,b. The changes in temperature of the stack, ESR and CC were similar to those
presented in Section 4.3.2. However, CCOG did not directly flow to the ESR, and the
temperatures of the stack and CC in the AOGR #2 system became higher than those in the
AOGR #1 system. When the fuel utilization factor was 0.8, the stack temperature slightly
decreased. Under this condition, the effect of the stack temperature reduction because of
the lowered inlet air temperature became greater than the effect of the stack temperature
increase caused by the weakened internal reforming reaction.

With regard to the recirculation blower, the temperature of the recirculation blower
increased to 728.02 K at the fuel utilization factor of 0.8. The heat supply amount at the
fuel preheater diminished in accordance with the increase in the fuel utilization factor. On
the other hand, the temperature of the recirculation blower decreased as the air utilization
factor increased because of the reduced heat transfer rate in the steam generator.
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Figure 6. The effect of (a) fuel and (b) air utilization factors on the AOGR #2 system.

4.4. Result 2: Performance Analysis
4.4.1. Comparison of Net Power

Figure 7a represents the net power of each system with various fuel utilization factors.
For the computation of net power, the power consumptions of the stack air blower, CC air
blower and recirculation blower were considered. According to the result of the reference
system, the net power continuously increases with increasing fuel utilization factor. An
increased stack temperature affected the enhancement of net power. For the AOGR #1
and AOGR #2 systems, however, the net power decreased when the fuel utilization factor
reached a certain value. The maximum net power of AOGR #1 and AOGR #2 was 774.92
and 848.88 W, respectively, at a fuel utilization factor of 0.7. An increase in the stack
temperature had a positive effect on power enhancement, on the other hand, the power
was simultaneously negatively affected since a relatively high fuel utilization factor caused
a fuel dilution problem at the anode. The effect of the air utilization factor on the net power
is depicted in Figure 7b. The weakened cooling effect by lower stack air flow resulted in
performance improvement for all systems.

Figure 7. Net power of each configuration with various (a) fuel and (b) air utilization factors.

When comparing the results of each system, the net power of the AOGR #2 system was
higher than that of the other systems. This was because the AOGR #2 system applied the
heat of CCOG only to the stack inlet air, increasing the stack temperature. The performance
improvement became noticeable with a high fuel utilization factor (except for 0.8) and low
air utilization factor. The net power of the AOGR #2 system was on average 9.48% and
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7.24% higher than that of the reference system and the AOGR #1 system in Figure 7a and
on average 17.70% and 15.55% higher in Figure 7b, respectively. This result explains that
when a DIR stack is used, a high temperature at the ESR is not necessarily required. DIR
reactions sufficiently compensate for lowered ESR performance, and a temperature rise in
the stack develops the performance.

4.4.2. Comparison of Efficiency

The electrical and thermal efficiency of each system depending on the fuel and air
utilization factor is described in Figure 8a,b. In Figure 8a, decreased amount of input
fuel energy resulted in an increase in electrical efficiency for all systems when the fuel
utilization factor increased. Meanwhile, the thermal efficiency was reduced as the amount
of generated heat at the CC diminished because of the lower fuel supply. The total efficiency
of the reference system and AOGR #1 system was enhanced from 38.25 to 55.35% and from
31.94 to 52.58%, respectively. Despite the higher net power of the AOGR #1 system than
the reference system, the reference system had higher total efficiency due to the larger heat
recovery amount. The AOGR #2 system showed relatively higher total efficiency with
little change. The maximum total efficiency was 60.81% when the electrical and thermal
efficiencies were 40.83 and 19.98%, respectively. When the stack air flow rate decreased, the
electrical efficiency of the stack improved owing to the rise in the stack temperature for all
systems, as shown in Figure 8b. The maximum total efficiency was 49.35% for the reference
system, 44.90% for the AOGR #1 system and 61.36% for the AOGR #2 system when the air
utilization factor was 0.8.

Figure 8. Efficiency of each configuration with various (a) fuel and (b) air utilization factors. (R:
reference system, #1: AOGR #1 system, #2: AOGR #2 system).

In Figure 8a,b, the AOGR #2 system shows the highest total efficiency among the
system configurations. Unlike the other two systems, a large amount of heat can be
recovered at the HR-HE of AOGR #2. Therefore, the thermal efficiency of this system was
superior to that of the other systems. By comparing the results shown in Figures 7 and 8,
the fuel flow rate was a relatively influential factor in the system performance.

4.5. Result 3: The Effect of Recirculation Ratio
4.5.1. The SOFC System with AOGR #1

Figure 9a shows the effect of the recirculation ratio in the AOGR #1 system. Both the
air and fuel utilization factors were 0.6, and the recirculation ratio changed from 0 to 0.8.
As the recirculation ratio increased, the inlet fuel flow rate to the CC decreased, causing a
reduction in the temperature of the ESR and CC. The recirculated fuel diluted the anode
fuel at a high recirculation ratio and then weakened the internal reforming reaction in the
stack. This phenomenon increased the temperature of the stack.
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Figure 9. The effect of recirculation ratio on the AOGR #1 system; (a) temperature of each component
and (b) power and efficiency.

Power and efficiency changes are presented in Figure 9b. The maximum net power and
electrical efficiency were 762.6 W and 36.7% at a recirculation ratio of 0.2. The maximum
thermal efficiency was observed when AOG was not recirculated. Because heat generation
of CC kept decreasing as the recirculation ratio increased, the AOGR system was unable
to achieve higher thermal efficiency. Therefore, the total efficiency fell as more hydrogen
was recirculated.

4.5.2. The SOFC System with AOGR #2

The effect of the recirculation ratio varied according to the operation condition. In this
paper, the fuel and air flow rates to the system were considered as the main parameters. It
was revealed that the effect of the air utilization factor on the performance of the AOGR #2
system was relatively small in the previous section, thus, power and efficiency changes
with various fuel utilization factors and recirculation ratios were investigated in this
section with a fixed air utilization factor of 0.6. Recirculation did not exceed 0.6 to prevent
CC temperatures that were too low at high fuel utilization factors. Figure 10 shows the
generated power of the stack, and the black asterisk marker indicates the maximum power
points at each fuel utilization factor. The result shows that when inlet fuel flow was
high, a high recirculation ratio has the advantage of power generation. However, a low
recirculation ratio was better at an excessively high fuel utilization factor. An optimized
point generating the maximum power of 860.82 W was achieved when the fuel utilization
factor was 0.61 and the recirculation ratio was 0.26.

Figure 10. Generated power of AOGR #2 system with various fuel utilization factors and recircula-
tion ratios.
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Electrical and thermal efficiency changes are presented in Figure 11. The change
in electrical efficiency is similar to the result of Figure 9b. The black asterisk marker in
Figure 11a represents the point of the maximum electrical efficiency at each fuel utilization
factor. At a fixed fuel utilization factor, the electrical efficiency increased along the raised
recirculation ratio until fuel dilution occurred. The maximum value was 53.44% when the
fuel utilization factor and recirculation ratio were 0.80 and 0.10, respectively. In Figure 11b,
the thermal efficiency always showed a maximum value as there was no recirculated
hydrogen. The thermal efficiency continued decreasing when the fuel flow rate decreased.

Figure 11. Efficiency of the AOGR #2 system with various fuel utilization factors and recirculation
ratios; (a) electrical and (b) thermal efficiency.

5. Conclusions

To validate the effectiveness of the SOFC system with AOGR, three configurations of
the SOFC system were numerically evaluated. Two different system configurations with
AOGR systems using recirculation blowers were examined, and the results were compared
to those of a reference system. With a developed dynamic model, the temperature of each
component, power, and system efficiency were analyzed under various fuel/air utilization
factors and recirculation ratios.

As the fuel and air utilization factors increased, the net power and total efficiency of
the systems were enhanced because of the rise in the stack temperature. For the SOFC
system with AOGR, the performance began to decrease after a certain fuel utilization
factor because of fuel dilution by recirculated AOG. The AOGR #1 system showed greater
electricity generation than the reference system, but the total efficiency of the reference
system was higher than that of the AOGR #1 system since the reference system can recover
more heat from the exhaust gas. Both the electrical and total efficiency of AOGR #2 had the
highest values among the three systems. The ESR of the AOGR #2 system did not absorb
additional heat from CCOG, so the thermal energy utilization of the AOGR #2 system was
much higher than that of the other systems.

Anode off-gas recirculation can improve fuel utilization efficiency but also diminish
the performance because of fuel dilution. The performance change with various recircula-
tion ratios and fuel utilization factors was examined for AOGR #1 and AOGR #2 systems,
and the results indicate that there is an optimum recirculation ratio depending on the
operating conditions. The maximum power and electrical efficiency of AOGR #2 were
860.82 W with a fuel utilization factor of 0.61 and recirculation ratio of 0.26 and 53.44%
with a fuel utilization factor of 0.80 and recirculation ratio of 0.10, respectively. In terms
of thermal efficiency, however, the maximum value was achieved when the recirculation
ratio was 0. While operating the SOFC system, the requirements of electricity and heat
varied according to the situation. Therefore, considering the electrical and thermal load, the
system operating conditions need to be controlled. Based on this study, research analyzing
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the dynamic characteristics of each system and developing optimized control strategies are
in progress.
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Nomenclature

A area (m2)
av external surface area per unit volume of catalyst bed (m2 m−3)
C molar concentration (mole m−3)
cp specific heat capacity (J kg−1 K−1)
D effective diffusion coefficient (m2 s−1)
Dh hydraulic diameter (m)
dp particle diameter (m)
E0 Nernst voltage (V)
F Faraday constant (C mole−1)
f friction factor
·H heat of reaction (kJ mole−1)
H convective heat transfer coefficient (W m−2 K−1)
J current (A)
j current density (A cm−2)
j0 exchange current density (A cm−2)
jD, jH Chilton-Colburn factor for mass and heat transfer
jlim limit current density (A cm−2)
K equilibrium constant (described in the paper)
k forward reaction rate constant (described in the paper)
kg gas to solid mass transfer coefficient (m3 m−2 s−1)
km mass transfer coefficient (m s−1)
L_c cell length (m)
m mass flow rate (kg s−1)
Nch number of channels
Nu Nusselt number
n molar flow rate (mole s−1)
q convective heat transfer rate (W m−2)
P partial pressure (pa), power (W)
Pr Prandtl number
R ideal gas constant 8.314 (J mole−1 K−1)
Rk reaction rate (k = R1, R2, R3, R4, R5, described in the paper)
Re Reynolds number
r molar rate of formation or consumption (mole m−3 s−1)
rSMR molar rate of formation or consumption at SMR (mole kg−1

cat s−1)
S geometric surface area per unit reactor volume (m2 m−3)
Sc Schmidt number
T temperature (K)
t time (s), thickness (m)
t f anode electrode thickness (m)
U utilization factor
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u velocity (m s−1)
V voltage (V)
Va anode volume (m3)
Vc cathode volume (m3)
v superficial velocity of the gas (m s−1)
w cell width (m)
y molar fraction
α catalytic surface area per unit reactor volume (m2 m−3), ion transfer coefficients
ε porosity
η overpotential (V), efficiency
ηk effectiveness factor of reaction k
κ specific heat ratio
ρ density (kg m−3)
σ electrode conductivity (S m−1)
ϕ aspect ratio
Subscripts
a air, anode
b bed, base
c cathode
cat catalyst
ch channel
e electrode
ele electrical
f fuel, fin
g gas
i species, inlet
k reaction
m monolith
o outlet
s solid
Abbreviations
AOG anode off-gas
AOGR anode off gas recirculation
CC catalytic combustor
COG cathode off-gas
CCOG catalytic combustor off-gas
DIR direct inter reforming
ESR external steam reformer
ER external reforming
HE heat exchanger
HR-HE heat recovery heat exchanger
PEN positive-electrolyte-negative
RBlower recirculation blower
S/C steam to carbon
SMR steam methane reforming
SOFC solid oxide fuel cell
WGS water gas shift
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