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H I GH L IG H T S

ﬁrst 2D hybrid model combining photoreactor and SOFC is developed.
• The
strategy towards power generation from solar energy is proposed.
• AZeronovel
CO emission can be achieved during the operation of proposed system.
• Parametric
studies are conducted with performance determining factors discussed.
•
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Solar fuels, as clean and sustainable fuels, are promising energy sources for future low carbon economy. In this
work, a hybrid system consisting of a photoreactor and a solid oxide fuel cell (SOFC) is proposed for on-site
power generation from solar fuels. 2D numerical models are developed for the hybrid system for the ﬁrst time by
coupling the mass/momentum transport with the charge (electrons/ions) transport and the electrochemical/
chemical reactions. A peak power density of 2162 W m−2 is achieved from the SOFC at 1073 K operating
temperature. However, a rapid drop of the power density is observed at large current density due to the fuel
starvation in the anode. The inlet CO2 mole fraction is found to signiﬁcantly aﬀect the output power density of
the SOFC and CO2 utilization rate of the photo reactor, where a CO2 mole fraction of 40% is the optimum value
for the studied cases. The results oﬀer insightful information on energy conversion from solar to fuel to power
and provide new options for sustainable energy conversion devices.

1. Introduction
Development of low-carbon and sustainable energy technologies has
raised widely interest due to recent concerns about climate change and
environmental problems [1–3]. Renewable energy technology such as
photovoltaics (PV) is promising for sustainable energy utilization [4–6].
However, with the solar radiation being intermittent and unstable, a
more eﬀective energy storage and smarter transportation system is required for reliable energy supply [7–10]. Limited by complex energy
storage and smart grid technologies, solar-driven fuel generation has
become a viable solution towards solar energy harnessing and is worthy
of signiﬁcant eﬀort [11–13].
In the process of solar fuel generation, solar energy is harvested by
semiconductors, such as titanium dioxide (TiO2) in a photoreactor
[14–16]. On the catalyst surface, photochemical reduction reactions are
initiated when electron–hole pairs are generated by light radiations
⁎

[17]. Through photochemical reduction reactions, CO2 and H2O vapour
can be reduced to CO, methane and other hydrocarbon fuels [18,19].
Since Fujishima & Honda ﬁrst demonstrated the use of TiO2 in photocatalytic H2O splitting [20], the route from solar to fuel has been widely
investigated by researchers all over the world. With the development of
catalysts, higher light absorption, large surface area and improved
charge separation were achieved by Kim et al. [21], where a methane
generation rate of approximately 12 times higher than that of using
pure TiO2 was observed. Recently, Sorcar et al. [22] also described an
eﬃcient, stable, and readily synthesized CO2-reduction photocatalyst,
which produces a unprecedented high combined photocatalytic yield of
ethane (2.7%) and methane (5.2%) over the 42 h test duration. In spite
of signiﬁcant progress in solar fuels synthesis, the direct utilization of
product (the gas species mixture including hydrocarbons, CO, CO2,
H2O, etc.) remains a problem [23].
Compared with the intermittent electrical power generation using
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Nomenclature

RMSR
Rphoto
RWGSR
T
u
V
yi

Abbreviation
CFD
LSCF
MSR
SCCM
SDC
SOFC
TiO2
TPB
WGSR
YSZ

computational ﬂuid dynamic
lanthanum strontium cobalt ferrite
methane steam reforming
standard cubic centimeters per minute
samaria-doped ceria
solid oxide fuel cell
titanium dioxide
triple phase boundary
water gas shift reaction
yttrium stabilized zirconium

Greek letters

α
β
ε
ηact
ηohmic
κ
μ
ρ
σ
γ
τ
∅

Roman

B0
Dieff
Dikeff
eff
Dim
Eact
ECO
0
ECO
Eeq
E H2
E H0 2
F
I
io
k
K H2O
K CO2
n
Ni
p
R

reaction rate of methane steam reforming, mol·m−3·s−1
reaction rate of photochemical reduction, mol·m−3·s−1
reaction rate of water gas shift reaction, mol·m−3·s−1
temperature, K
velocity ﬁeld, m3·s−1
volume fraction
mole fraction of component i

permeability coeﬃcient, m2
eﬀective diﬀusivity of species i , m2·s−1
Knudsen diﬀusion coeﬃcient of i , m2·s−1
molecular diﬀusion coeﬃcient of i , m2·s−1
activation energy, J·mol−1
equilibrium potential for carbon monoxide oxidization, V
standard equilibrium potential for carbon monoxide oxidization, V
equilibrium Nernst potential, V
equilibrium potential for hydrogen oxidization, V
standard equilibrium potential for hydrogen oxidization, V
Faraday constant, 96,485 C·mol−1
light intensity, mW cm−2
exchange current density, A·m−2
rate constant of photochemical reduction
ratio of rate constant for adsorption and desorption of H2O
ratio of rate constant for adsorption and desorption of CO2
number of electrons transferred per electrochemical reaction
ﬂux of mass transport, kg·m−3·s−1
(partial) pressure, Pa
gas constant, 8.314 J·mol−1·K−1

charge transfer coeﬃcient
reaction order of photochemical reduction
porosity
activation polarization, V
ohmic polarization, V
permeability, m2
dynamic viscosity of ﬂuid, Pa·s
ﬂuid density, kg·m−3
conductivity, S/m
pre-exponential factor, A m−2
tortuosity
potential, V

Subscripts
an
ca
CO
CO2
H2
H2O
l
s

anode
cathode
carbon monoxide
carbon dioxide
hydrogen
steam
ionic phase
electronic phase

Superscripts
0
eﬀ
L

solar cells, the utilization of solar fuels oﬀers a potential way of continuous and stable power supply [24,25]. Therefore, the utilization of
solar energy can be simpliﬁed by combining photochemical synthesis
reactor with a device that can eﬀectively utilize the mixture gas of solar
fuel, such as solid oxide fuel cells (SOFCs).
SOFCs are electrochemical devices for converting chemical energy
into electricity with high eﬃciency (> 60%) [26–28]. They are whole
solid-state devices working quietly, usually with a dense ion-conducting
electrolyte sandwiched between two electrodes [29,30]. Using this
sandwich structure, fuel and oxidant (air) are well separated and the
emission can be controlled in a way that the outlet gas can be recycled
for an eﬃcient loop [31,32]. Besides, the high operating temperature
(about 800 °C) of SOFCs allows the use of non-noble catalyst (such as
nickel) while keeping high electrochemical activity [33,34]. Fuel ﬂexibility is another important advantage in SOFCs compared with low
temperature fuel cells [35,36]. H2, ammonia, various hydrocarbon
fuels, and even solid carbon can be utilized for power generation
[37–39]. In particular, the direct utilization of low-cost fuels (such as
methane) in SOFCs has attracted great attention, where novel electrolyte structures have been proposed [40–42]. Due to the maturing
market for SOFCs and their excellent scalability, SOFC-combined systems have been widely studied for further performance improvement
[43–46].
It has been proved by previous researchers that SOFCs are very

parameter at equilibrium conditions
eﬀective
local

Fig. 1. Schematic of the hybrid system.

suitable components of hybrid systems; however, so far no work has
been done to investigate a hybrid system combing a SOFC with a
photoreactor to achieve on-site solar-fuel-to-power process (Fig. 1).
Since this hybrid system has potential to realize low-carbon economy, it
is of great importance to understand the detailed chemical/physical
processes of the system. To ﬁll the above-mentioned research gap, a
hybrid system containing an SOFC and a photoreactor is proposed and
710
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2.1.1. Chemical reactions in the SOFC
The mixture of CH4, H2O, CO and CO2 is supplied to the anode and
air is supplied to the cathode (Fig. 1). In the porous anode, MSR and
WGSR happen, as shown in Eqs. (1) and (2)

evaluated by a 2D mathematical model. The kinetics for the SOFC
section are validated with the experimental data, whilst validated kinetics for the photoreactor section are adopted for model development.
Parametric simulations are performed to gain insights in the coupled
physical/chemical processes in the hybrid system for further optimization.

(1)

CH 4 + H2 O = CO + 3H2

(2)

CO + H2 O = CO2 + H2
−3 −1

For the calculation of MSR rate (RMSR mol m s ) and WGSR rate
(RWGSR mol m−3 s−1), the following widely validated expressions are
adopted [48]:

2. Model description
The proposed hybrid system mainly consists of a photoreactor and
an SOFC, as shown in Fig. 1. The SOFC and the photoreactor are physically separated (which can be realized through multi-layer insulation
structure), and their working temperatures are separately controlled.
Thus, their diﬀerent operating temperature will not aﬀect each other.
CO2 and H2O are introduced into the photoreactor, where they are
reduced by solar energy to generate CH4, CO and O2. After O2 separation, the mixed gas (containing CH4, CO, CO2 and H2O) is supplied to
the SOFC anode, where methane steam reforming (MSR) and water gas
shift reaction (WGSR) take place and H2 is generated through these
reactions. In the anode, H2 and CO are electrochemically oxidized to
H2O and CO2 by the oxygen ions (O2−), which is reduced from O2 in the
cathode and transported through the electrolyte. From the electrochemical oxidation reactions, the released electrons ﬂow from the
anode to cathode through the outer circuit and power is generated in
this process.
In this study, 2D numerical models for the SOFC and the photoreactor are developed to simulate the characteristics of the hybrid
system. Three sub-models are coupled, including SOFC sub-model,
photoreactor sub-model and computational ﬂuid dynamic (CFD) submodel. For model simpliﬁcation, the following assumptions are
adopted:

p3H2 p ⎞
⎛
CO
RMSR = krf pCH4 pH2O −
⎜
Kpr ⎟
⎠
⎝
krf = 2395exp ⎛
⎝

(3)

−231266
⎞ (mol m−3 Pa−2 s−1)
RT ⎠

(4)

Kpr = 1.0267 × 1010exp( −0.2513Z4 + 0.3665Z3 + 0.5810Z2 − 27.134Z

Z=

+ 3.277)

(5)

1000
−1
T

(6)

pH2 pCO2 ⎞
RWGSR = k sf ⎜⎛pH2O pCO −
⎟
Kps ⎠
⎝

k sf = 0.0171exp ⎛
⎝

(7)

−103191
⎞ (mol m−3 Pa−2 s−1)
RT ⎠

(8)

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

(9)

2.1.2. Electrochemical reactions
In the cathode, O2− ions are generated through the electrochemical

1. The electrochemical reactions occur on the triple phase boundaries
(TPBs), which are distributed uniformly in the porous electrodes.
2. The electronic and ionic conducting phases are continuous and
homogeneous in the porous electrodes.
3. All the gases are considered as ideal gases.
4. Temperature distribution is uniform in the reactors due to the small
size.
5. Only methane and CO are the fuels generated from photoreactor as
described by Eq. (23).
6. The oxygen separator works perfectly and there is no species loss in
the transportation.
7. Only H2 and CO are electrochemically oxidized in the anode.
8. Light intensity for photoreactor is stable and constant.
9. Reaction order of the photocatalytic reaction is not aﬀected by the
light intensity.

Table 1
Kinetic parameters for SOFC section.
Parameters
Ionic conductivity
YSZ

Chemical and electrochemical reactions signiﬁcantly aﬀect the
conversion of diﬀerent species and the generation of electricity in the
SOFC. Understanding this complicated process is a key step to the optimization of the hybrid system. Here, the SOFC sub-model is used to
calculate the chemical and electrochemical reaction in the cell at given
operating conditions such as applied voltage, operating temperature
and inlet gas components. In accordance with the experiments for
model validation [47], SOFC has the thickness of its anode, electrolyte
and cathode being 400 µm, 8 µm and 24 µm, respectively. The cell is
made of Ni-yttrium stabilized zirconium (YSZ) composite anode, YSZ/
samaria-doped ceria (SDC) bilayer electrolyte and lanthanum strontium
cobalt ferrite (LSCF) cathode. The properties of these materials including their conductivities, porosities and volume fractions can be
found in Table 1.

−10300
T

Sm−1

100
T

× 105.48077 −

3792.53
T

Sm−1

LSCF

100
T

× 102.51289 −

3036.75
T

Sm−1

100
T

× 10 4.32576 +

1204.26
T

Sm−1
Sm−1

Ni

3.27 × 106 − 1065.3T

Porosity
Cathode
Anode

0.2
0.6

Anode volume fraction
YSZ
Ni

0.4
0.6

Area of TPB
Cathode layer

2.14 × 105

m2 m−3

Anode layer

2.14 × 105

m2 m−3

Electrode tortuosity
Anode
Cathode

3
3

Electrochemical reaction
i H2

5300

A m−2

2410
5010

A m−2
A m−2

iCO
iO2
α H2
αCO
αO2

711

3.34 × 10 4e

Unit

SDC

Electronic conductivity
LSCF

2.1. SOFC chemical/electrochemical sub-model

Value or expression

0.5
0.5
0.85
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During operation, the output voltage from the SOFC can be calculated by extracting activation overpotential (ηact ) and ohmic overpotential (ηohmic ) from the equilibrium overpotential (Eeq ) as shown in
Eq. (13):

Table 2
Validated kinetic parameters for photo reduction reaction.
Parameter

Value

Unit

k
I
β
K H2O
K CO2

5000
150
0.60
0.75
30

μmole g catal.−1
mW cm−2

V = Eeq − ηact − ηohmic ,

bar−1
bar−1

It should be noted that the equilibrium overpotential is calculated
based on local gas partial pressures, so that concentration overpotential
is included.
2.1.2.1. Equilibrium potential. Equilibrium potential is related with
thermodynamic. The calculation of equilibrium potentials for H2 and
CO electrochemical oxidization can be expressed by Eqs. (14) and (15):

Table 3
Operating parameters for SOFC temperature eﬀects study.
Parameter

Value

Unit

Photoreactor inlet gas ﬂow rate
Photoreactor inlet gas composition

100
CO2 (40%),
H2O (60%)
100
Air
973–1173
0.7

SCCM

SOFC
SOFC
SOFC
SOFC

cathode gas ﬂow rate
cathode gas composition
operating temperature
operating voltage

0
EH2 = EH
+
2

SCCM
K
V

Value

Unit

Photoreactor inlet gas ﬂow rate
Photoreactor inlet gas composition

100
CO2 (40%),
H2O (60%)
100
Air
973, 1073
0.2–0.7

SCCM

cathode gas ﬂow rate
cathode gas composition
operating temperature
operating voltage

Unit

Photoreactor inlet gas ﬂow rate
Photoreactor inlet gas composition

100
CO2 (10–90%),
H2O (100% - CO2)
100
Air
1073
0.7

SCCM

(16)

0
ECO

(17)

= 1.46713 − 0.0004527T (V)

(1 − α)nFηact ⎞ ⎫
αnFηact
⎞ − exp ⎛−
,
RT
RT ⎠
⎠⎬
⎝
⎭
⎜

⎟

(18)

Here, i 0 is the exchange current density (Am ) and α is the transfer
coeﬃcient. These two parameters are tuning parameters in ﬁtting the
simulation results with experimental data. As both H2 and CO can be
electrochemically oxidized in the anode, the exchange current density
of H2 is set to be 2.2 times of CO according to previous study [49].

K
V

2.1.2.3. Ohmic potential. The ohmic overpotential (ηohmic ) can be
calculated by the Ohm’s law, as shown in Eqs. (19) and (20).

Value

Unit

Photoreactor inlet gas ﬂow rate
Photoreactor inlet gas composition
SOFC cathode gas ﬂow rate
SOFC cathode gas composition
SOFC operating temperature
SOFC operating voltage
Light intensity

200
CO2 (40%), H2O (60%)
100
Air
1073
0.7
150–300

SCCM

il = −σl eff ∇ (∅l )

(19)

is = −σs eff ∇ (∅s )

(20)

SCCM

Here, ∅l and ∅s are the ionic and electronic potentials, respectively.
In the typical composite electrodes, the eﬀective conductivities (σl eff
and σs eff ) can be further expressed as Eqs. (21) and (22), respectively.

K
V
mW cm−2

σl eff = σl·

Vl
τl

(21)

σs eff = σs·

Vs
τs

(22)

reduction of O, as shown in Eq. (10):

=

(15)

L
PO
are
2

−2

SCCM

Parameter

O2 +

L
PCO

0
EH
= 1.253 − 0.00024516T (V)
2

i = i 0 ⎧exp ⎛
⎨
⎝
⎩

Table 6
Operating parameters for light intensity eﬀect study.

2O2 −

L
PCO
,
2

2.1.2.2. Activation potential. Activation overpotential reﬂects the
activity of the electrochemical reactions. It is related with the
property of reactants and catalytic material. The Butler-Volmer
equation is employed to calculate the activation overpotential (ηact ),
as shown in Eq. (18).

K
V

Value

4e−

P LH2 ,

SCCM

Parameter

cathode gas ﬂow rate
cathode gas composition
operating temperature
operating voltage

L

and
local partial pressures of H2O,
Here
H2, CO2, CO and O2, respectively. R is the gas constant
(8.3145 J mol−1 K−1), F is the Faraday constant (96,485 C mol−1), T is
0
0
the working temperature (K), and ECO
and EH
are standard potentials,
2
which can be calculated by Eqs. (16) and (17):

Table 5
Operating parameters for photoreactor inlet gas composition eﬀect study.

SOFC
SOFC
SOFC
SOFC

(14)

RT ⎡ PCO (PO2 )1/2 ⎤
ln
L
⎥
2F ⎢
PCO
2
⎦
⎣

P LH2O ,

Table 4
Operating parameters for SOFC applied voltage eﬀects study.

SOFC
SOFC
SOFC
SOFC

L
L
RT ⎡ P H2 (PO2 )1/2 ⎤
ln ⎢
⎥
2F ⎣
P LH2O
⎦

L

0
ECO = ECO
+

Parameter

(13)

Here, σ is the intrinsic conductivity, V is the volume fraction value
and τ is the tortuosity value. Related parameter values of SOFC submodel can be found in Table 1.

(10)

In the anode, H2 and CO are electrochemically oxidized by the O2−
ions transported from the cathode and electrons are released in this
process as shown in Eqs. (11) and (12):

H2 + O2 − = H2 O + 2e−.

(11)

CO + O2 − = CO2 + 2e−.

(12)

2.2. Photoreactor reaction sub-model
The photoreactor model contains photochemical reaction and
computational ﬂuid dynamic (CFD) for the calculation of species
712
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Fig. 2. Model validation for (a) SOFC chemical/electrochemical sub-model and (b) photoreactor reaction sub-model.

Fig. 3. The eﬀects of SOFC operating temperature on (a) the output current density, (b) the mole fractions of fuel at anode and (c) the MSR and WGSR rates.

reaction sub-model is used to calculate the photo reduction reaction
rates (Rphoto mol m−3 s−1) of CO2 and H2O at given operating parameters. The kinetic model is based on the experimental results and
numerically validated from Tahir et al. [50] as follows:

generation/consumption rate and distribution in the calculation domain.
Fuels for the SOFC are generated by the photoreactor through
photochemical reductions of CO2 and H2O. In accordance with the
experiments conducted by Tahir et al. [50], a montmorillonite (MMT)/
TiO2 coated monolith photoreactor is adopted. The photochemical reaction rate directly aﬀects the concentration of solar fuels and the
subsequent power generation in the SOFC. Therefore, it is important to
study the eﬀects of given operating conditions on the photoreactor such
as the inlet gas component and light intensity. Here, the photoreactor

3CO2 + 2H2 O → CH 4 + 2CO + 3O2

(23)

L
K H2OP LH2OK CO2 PCO
⎞
2
Rphoto = kIα ⎜⎛
L
L
2⎟
1
+
K
P
+
K
P
(
)
H
O
CO
H
O
CO
2
2
2
2
⎠
⎝

(24)

Here, k is the rate constant, I is light intensity and α is reaction
713
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Fig. 4. The eﬀects of applied voltage on the output power and mole fractions of fuel at anode at 973 K and 1073 K operating temperature.

∇ (−Deff
i ∇c i) = ri,

order. K H2O and K CO2 are the constants for adsorption and desorption of
H2O and CO2, respectively. Related kinetic parameters are listed in
Table 2.

Here, c i is the gas molar concentration and ri is the mass source term
of the gaseous species.
The momentum transport is calculated by Navier-Stokes equation
with Darcy’s term as shown in Eq. (28).

2.3. Computational ﬂuid dynamic (CFD) sub-model
The mass transport and momentum transport are important physical
processes that aﬀect the species distribution in both the photoreactor
and SOFC. The CFD model is also coupled with the chemical/electrochemical model, thus aﬀects the chemical electrochemical reactions
rate in the SOFC and photoreactor. With the solar-fuels transporting
from photoreactor to the SOFC in the hybrid system, the CFD sub-model
connects the SOFC chemical/electrochemical sub-model and photoreactor reaction sub-model. In the CFD sub-model, mass transport of gas
species is calculated by extended Fick’s law as shown in Eq. (25).

Ni = −

1 ⎛ B0 yi P
⎞
⎜
∇P − Deff
i ∇ (yi P)⎟ (i = 1, …, n),
RT ⎝ μ
⎠

(27)

ρ

εμu
∂u
2
+ ρu∇u = −∇p + ∇ [μ(∇u + (∇u)T) − μ∇u] −
k
∂t
3

(28)

Here, ρ is the gas density and u is the velocity vector.
2.4. Boundary conditions
The electric potentials are speciﬁed at the outer boundaries of anode
and cathode, respectively. Insulation condition is speciﬁed at the
bottom and top of the SOFC. Inlet gas ﬂow rate and mole fraction of the
species are given at inlets of the photoreactor. The inlet gas of SOFC
anode is the same with the outlet of photoreactor, while O2 is excluded.
Pressure conditions are speciﬁed for both SOFC and photoreactor, respectively. Speciﬁc boundary condition values can be found in Tables
2–6 for each parametric study. The numerical models are solved at
given parameters using commercial software COMSOL MULTIPHYSICS®.

(25)

Here, B0 is the permeability, μ is the gas viscosity, yi and
are the
mole fraction and eﬀective diﬀusivity of component i , respectively. Deff
i
can be further determined by Eq. (26).

Deff
i

−1

Deff
i =

ε⎛ 1
1
+ eff ⎞⎟ ,
⎜
τ ⎝ Deff
D
im
ik ⎠

2.5. Model validation

(26)

Here, ε is the porosity, τ is the tortuosity factor, Deff
im is the molecular
diﬀusion coeﬃcient and Deff
ik is the Knudsen diﬀusion coeﬃcient [51].
When coupled with chemical/electrochemical reactions, the mass
conservation can be calculated by Eq. (27).

In the SOFC sub-model, the same material and geometry are
adopted in accordance with the experiments conducted by Xu et al.
[47]. The kinetic parameters of the solid oxide cell are validated by
comparing the current-voltage characteristic of simulation results and
714
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Fig. 5. The eﬀects of inlet CO2 mole fraction on (a) output current density, (b) mole fractions of fuel at anode, (c) average photo reduction reaction rate and (d) CO2
utilization rate.

operating conditions are kept as constant, as shown in Table 3.
As found in Fig. 3a, the output current density at given applied
voltage is signiﬁcantly aﬀected by the operating temperature. With the
operating temperature increasing from 973 K to 1173 K, the output
current density raises quickly from 1194 A m−2 to 4728 A m−2, which
shows a more than 3 times improvement. Meanwhile, there is no signiﬁcant decrease of H2 or CO mole fractions observed at anode with the
increase of operating temperature, as shown in Fig. 3b. Although the
high operating temperature results in a faster electrochemical consumption of H2 and CO, the consumed H2 and CO are recovered by the
largely improved MSR rate at high operating temperature. As can be
seen form Fig. 3c, the MSR rate increases from 0.5 mol m−3 s−1 at
973 K to 15.6 mol m−3 s−1 at 1173 K. The quick MSR rate also explains
the signiﬁcant decrease of CH4 mole fraction at high temperature, as
shown in Fig. 3b. Compared with the steady growth of MSR rate with
the increase of operating temperature, the WGSR rate keeps negative
and reaches a peak at 1113 K, which means H2 and CO2 are consumed
to generate CO and H2O for the balance of gas species.

experimental data with good agreement, as shown in Fig. 2a. In the
subsequent parametric study, the same cell structure and tuning parameters are used and the cell area is extended to 1 cm × 10 cm for the
study of practical application.
In the photoreactor sub-model, the same operating temperature and
pressure are used in accordance with the experiments. The experimental and simulation data of methane yield rate at diﬀerent CO2
partial pressures are compared for model validation. According to the
testing and simulation results reported by Tahir et al. [50] (as shown in
Fig. 2b), the validated Langmuir-Hinshelwood kinetic model is adopted.
In the parametric study, the reaction area of photoreactor is set to be
10 cm × 10 m with a thickness of 2 μm to match the reaction rates of
the SOFC.
3. Results and discussion
To investigate the eﬀects of operating conditions on the system
performance, parametric studies are conducted by varying the operating temperature, applied voltage and inlet CO2 mole fraction. For the
performance evaluation, CO2 utilization rate is the main evaluation
criterion in the photoreactor, while the output power density and CO2
recovery rate are the main criteria in the SOFC section.

3.2. Eﬀect of applied voltage
As the main product from the proposed system, output power is
signiﬁcantly aﬀected not only by the operating temperature, but also by
the applied voltage. In this parametric study, the applied voltage is
varied from 0.2 V to 0.9 V at 973 K and 1073 K operating temperature,
respectively. The other operating parameters are kept constant as
shown in Table 4.
At both two operating temperatures, the current densities enjoy a

3.1. Eﬀect of SOFC operating temperature
The operating temperature is a key parameter aﬀecting the chemical
and electrochemical kinetics in the SOFC. In this parametric study, the
operating temperature is varied from 973 K to 1173 K, while other
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Fig. 6. The eﬀects of light intensity on (a) output current density, (b) CO2 mole fraction distribution, (c) CH4 mole fraction distribution and (d) CO mole fraction
distribution in the photoreactor.

quick increase while reach a limitation at ∼3200 A m−2 (973 K) and
5000 A m−2 (1073 K) as shown in Fig. 4a and b, respectively. In accordance with this, their power densities boost in the beginning and fall
oﬀ quickly form the peak power density of 1092 W m−2 (973 K) and
2162 W m−2 (1073 K), respectively. This signiﬁcant decline is mainly
caused by fuel starvation, as can be found in Fig. 4c and d. With the
decrease of applied voltage, a higher activation overpotential can be
applied to the electrochemical reaction, which signiﬁcantly increases
the electrochemical reaction rate. Therefore, H2 and CO are quickly
consumed, and their mole fractions are signiﬁcantly declined. When the
cell works at 0.2 V applied voltage and 1073 K operating temperature,
only 0.67% of H2 and 0.71% of CO exist in the anode. It can also be
found that the mole faction of CH4 is much higher than H2 and CO at
low voltage, indicating a faster MSR rate can be helpful to ease the fuelstarvation phenomenon.

the increase of inlet CO2 mole fraction, the current densities rise in the
beginning and decrease continuously until reach a very low value
(about 100 A m−2) when the inlet CO2 mole fraction is increased to 0.9.
This huge diﬀerence can be explained by the similar tendency of mole
fraction changes of the fuels at anode as shown in Fig. 5b. The mole
fractions of H2, CO and CH4 at anode all reach peak values, when the
inlet CO2 mole fraction is controlled at ∼0.4. The further explanation
comes from the eﬀects of inlet CO2 mole fraction on the photo reduction
rate, as shown in Fig. 5c, which also shows a peak photo reduction
reaction rate at ∼0.4 inlet CO2 mole fraction, while the rate quickly
decreases with the further increase of inlet CO2 mole fraction. In addition, a high inlet CO2 mole fraction not only lowers down the current
density, but also reduces the CO2 utilization rate. As shown in Fig. 5d,
the CO2 utilization rate is close to 100% when the inlet CO2 mole
fraction is less than 0.4. However, it quickly decreases to less than 10%
when the inlet CO2 mole fraction is high than 0.66.

3.3. Eﬀect of inlet CO2 mole fraction
3.4. Eﬀect of light intensity
The mole fraction of inlet gas specie is an important parameter that
aﬀects both the photo reduction rate and gas utilization. In this parametric study, the inlet CO2 mole fraction is varied from 0.1 to 0.9 at
given SOFC operating temperatures, while other operating conditions
are kept as constant, as shown in Table 5.
As shown in Fig. 5a, the current density is signiﬁcantly aﬀected by
the inlet CO2 mole fraction at all three given temperatures. In accordance with previous analysis in Section 3.1, the highest SOFC operating temperature (1173 K) provides the largest peak current density
(4736 A m−2) and the lowest operating temperature (973 K) provides
the smallest peak current density (1196 A m−2). However, along with

Light intensity is an important factor that aﬀects the photochemical
reaction rate. In this parametric study, the light intensity is varied from
150 to 300 mW cm−2 (which is stronger than the light intensity given in
Ref. [50]), while other operating conditions are kept constant, as shown
in Table 6.
As shown in Fig. 6a, the current density is promoted from 1745 to
2462 A m−2 with the light intensity increasing from 150 to
300 mW cm−2. Since the applied voltage is kept at 0.7 V, the increase of
output current density also means the increase of output power density
with the increase of light intensity. This signiﬁcant improvement is
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mainly contributed by the improved CO2 conversion rate as well as the
solar-fuel concentration in the photoreactor as shown in Fig. 6b–d. With
the increase of light intensity from 150 to 200, 250 and 300 mW cm−2,
the mole fraction of CO2 continuously decreases from 0.25 to 0.19, 0.12
and 0.08 at the outlet of the photoreactor, respectively. Meanwhile, the
mole factions of CH4 and CO continuously increases from 0.07 to 0.09,
0.12 and 0.13 and from 0.13 to 0.18, 0.25 and 0.28 at the outlet of the
photoreactor, respectively. Therefore, a stronger light intensity is very
helpful to improve the performance of the hybrid system, which can be
achieved by concentrating the sunlight to the photoreactor.
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4. Conclusions
In summary, a novel strategy towards power generation from solar
energy has been put forward in this work. With the reduction of CO2
with H2O in the photoreactor, the outlet gas mixture can be directly
utilized in the SOFC after O2 separation. 2D numerical models are developed to investigate the detailed chemical/physical process in the
hybrid system and parametric studies are conducted for performance
optimization. The kinetics of SOFC sub-model and photoreactor submodel are validated by comparing experimental data with simulation
results, where there are only 5% and 3% relative errors for each submodel, respectively.
Through numerical simulation, we observed that the opetating
temperature of the SOFC, the applied voltage and the inlet gas component of the photoreactor have great inﬂuence on the output power
density. In addition, the reaction rate of MSR plays an important role to
prevent the fuel starvation in the electrochemical reactions of the SOFC.
Considering the relative lower fuel concentration, a relative higher
operating voltage is suggested. Adding an external fuel inlet for the
SOFC anode can also help release the “fuel-starvation” problem, while
its detailed eﬀects on the overall system performance needs future
study. A peak power density of 2162 W m−2 is obtained at 1073 K operating temperature of the SOFC. The stronger light intensity is also
found to signiﬁcantly improve the output current density and CO2
conversion rate, thus concentrating the sunlight to the photoreactor is
also suggested.
Although the preliminary results are promising, challenges need to
be carefully addressed such as the low solar-to fuel eﬃciency (< 1%),
low photochemical reduction rate, eﬀective O2 separation and fuel
storage. More studies are needed to improve this hybrid system. For
example, the development of an eﬀective separator membrane, highly
active photocatalyst, direct utilization of separated oxygen and advanced recycle design are needed. Overall, this photoreactor-SOFC
hybrid system demonstrates a new design with promising preliminary
performance for power generation from solar energy and build a solid
foundation to undestand the chemical/physical mechanism of the
system, and more importantly, oﬀers a feasible and eﬀective approach
for achieving stable solar-to-power energy devices.
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