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8  Abstract: A new combined system model is proposed to numerically assess the feasibility and

9 effectiveness of using a thermophotovoltaic cell (TPVC) for waste heat recovery from a direct carbon solid
10 oxide fuel cell (DC-SOFC). The system model mainly consists of an irreversible TPVC model and a 2D
11 tubular DC-SOFC model considering the ionic/electronic charge transport, mass transport, momentum
12 transport, and chemical/electrochemical reactions. Mathematical expressions of the power density and
13 efficiency for the proposed system are derived and the performance characteristics of the combined system
14 are revealed. The impacts of operation conditions and designing parameters including the operating
15 temperature of the DC-SOFC, distance between the carbon layer and anode, and band-gap energy of the
16 TPVC on the combined system performance are examined. It is found that the TPVC can efficiently
17 harvest the waste heat from the DC-SOFC. The maximum power density of the combined system is
18 approximately 56.2% larger than that of the stand-alone DC-SOFC. Moreover, a higher operating
19 temperature of the DC-SOFC and a smaller distance between the carbon layer and the anode are beneficial
20 to the performance enhancement of the combined system. The power density of the combined system can
21 pe further improved through designing the TPVC with an optimum band gap.
22 Keywords: Direct carbon solid oxide fuel cell, Waste heat recovery, Thermophotovoltaic cell, Combined

23 system, Numerical modeling
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1. Introduction

With the increasing fossil fuels depletion and energy demand, considerable efforts have been devoted to

exploring renewable energy sources such as solar energy, wind energy, and fuel cells [1]. Compared with

solar and wind energy, fuel cells are capable of directly converting the chemical energy of fuel into

electricity and are efficient, reliable, and durable [2-4]. Most kinds of fuel cells use hydrogen as fuel but

the large-scale hydrogen production suffers from some technological hurdles [5].

Different from hydrogen-fueled fuel cells, direct carbon fuel cells (DCFCs) use solid carbon fuel for

power generation at high temperatures (typically ~800°C) [6, 7]. According to the types of electrolyte,

DCFCs can be classified into three kinds: molten carbonate, molten hydroxide, and solid oxide DCFCs.

Thereinto, the direct carbon solid oxide fuel cells (DC-SOFCs) are more suitable DCFCs because of their

all-solid structure and non-noble metal catalysts [6]. It has been revealed that the performance of the

DC-SOFC closely relies on the operation conditions and design parameters. Johnson et al. [8] analyzed the

impacts of the design parameters including the tube spacing, carbon bed height, and cell voltage on the

power density and efficiency of a solid oxide-based tubular air carbon fuel cell using the finite element

method. It was found that the power density increases while the efficiency decreases with the increase of

the bed height or tube spacing. Moreover, the DC-SOFC performance is also significantly affected by the

carbon gasification kinetics [9]. Li et al. [10] experimentally studied the impacts of various catalysts on the

performance of the DC-SOFC. Among K, Ni and Ca, K shows the best catalytic effect for carbon black

gasification, while Ca exhibits the poorest catalytic effect for carbon black gasification. The effects of

various kinds of carbon on the performance of the DC-SOFC were also found to be different. Jewulski et al.

[11] investigated the lignite and char derived from lignite as fuel for the DC-SOFC. It was found that the



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

DC-SOFC performance using char as fuel is better than that using lignite as fuel. Furthermore, the

DC-SOFC usually operates at high temperatures so that the mass transport and thermal effect inside the

cell should be also considered. Xu et al. developed a multi-physics model considering the electrochemical

reaction, chemical reactions, ionic/electronic charge transport, mass transport and momentum transport to

investigate the performance characteristics [12] and thermal effect [13] of a tubular DC-SOFC. It was

found that the molar fraction of CO at the anode can be tuned by operating conditions, and the effect of the

cell length on the current density of the DC-SOFC was weak. Similar to the other high-temperature fuel

cells, excessive heat can be generated in the DC-SOFC when the DC-SOFC is operated at a high current

density. The overall efficiency of the fuel cell system can be further enhanced if the excessive heat

generated is further harvested by various approaches including thermoelectric generator (TEG) [14],

thermionic converter (TIC) [15], thermophotovoltaic cell (TPVC) [16], gas turbine (GT) [17], Stirling

cycle [18], Brayton cycle [19], etc [20]. The TPVC is a solid-state generator and enables to directly convert

heat into electricity, which offers advantages such as silent, efficient, and clean [21]. Yang et al. [22]

compared the above several technologies for waste heat recovery from the molten carbonate fuel cells

(MCFCs) and found that the TPVC was more efficient than the other waste heat recovery technologies, as

shown in Fig. 1. Obviously, the heat released from the DC-SOFC, if any, can be used to drive the TPVC

for additional electricity production. Xu et al. [23, 24] used Stirling engine and Otto engine to harvest the

waste heat from the 2D DC-SOFC and found that the proposed approaches could efficiently harvest the

waste heat from the DC-SOFC. However, no study has been conducted to recover the waste heat from the

DC-SOFC using the TPVC and the performance comparisons of available DC-SOFC-based combined

systems are rarely reported.

In this study, a solid-state TPV C is put forwarded to harvest the possible waste heat from a 2D tubular
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DC-SOFC. The adopted fuel cell model fully considers the ionic/electronic charge transport, mass
transport, and momentum transport processes, which is more accurate than a black box fuel cell model
before [14-22]. The output and thermal characteristics of the DC-SOFC are solved by finite element
method. How to integrate these two subsystems and operate the combined system will be elaborated. The
feasibility and effectiveness of this waste heat recovery technology will be evaluated. The impacts of
operation conditions and designing parameters of the subsystems on the power density and efficiency of
the combined system are discussed. The maximum power density is calculated and the optimal parameters
are obtained. Finally, several DC-SOFC-based combined systems are compared. The obtained results may
provide some theoretical bases for the optimal design and operation of practical DC-SOFC-based

combined systems.

2. Model description

The DC-SOFC consists of an electrolyte, two electrodes and gas channels, as schematically shown in Fig.
2 (a). The anode and cathode of the DC-SOFC are fed with the solid carbon and air, respectively. In the
anode chamber, CO- is generated by the chemical reaction between the initial Oz and solid carbon, and
then CO; further reacts with solid carbon to produce CO through the Boundouard reaction, i.e.,
C+CO, —»2CO . The produced CO diffuses into the anode and reacts with O% to generate CO and
electrons, i.e., CO+O* —CO,+2e . The generated CO, diffuses back into the anode chamber to
continuously gasify the carbon and generate CO through the Boundouard reaction. The electrons flow
through the external circuit to the cathode, where O; is reduced into O%, i.e., O+2e" — O%. The energy
flow diagram of the DC-SOFC/TPVC combined system is schematically given in Fig. 2 (b). It is seen that

the proposed system consists of a DC-SOFC, an external heat source, a regenerator, and a TPVC, where
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the TPVC is composed of a plate radiator and a PV cell with a back surface reflector (BSR) separated by a
vacuum gap. When the DC-SOFC operates at low current densities, it requires some heat from the external
heat source to maintain the operating temperature. As the current density increases, the increasing heat
generated in the DC-SOFC may exceed the heat required by the Boundouard reaction. In this situation, a
part of the waste heat is rejected to the environment, and the rest waste heat can be collected and then
transferred to the radiator of the TPVC which emits the tailored spectrum to the PV cell and thus the PV
cell produces the additional electric power. The heat and mass transfer processes at large current densities
are displayed in Fig. 2(c). In Fig. 2 (b), Q, is the heat flow from the external heat source to the DC-SOFC,
Q s the heat flow released from the DC-SOFC, Q,, is the heat flow released to the radiator, Q, is the
heat flow dissipated into the ambient, Q, is the net heat flow from the radiator to the PV cell, Q, is the
heat flow from the PV cell to the ambient, P, and P, are, respectively, the power outputs of the
DC-SOFC and TPVC, T, T, and T_ are, respectively, the temperatures of the DC-SOFC, radiator and
PV cell. The regenerator acts as a heat exchanger to preheat the inlet reactants using the high-temperature
outlet products. It has been proved that the outlet products have enough heat to make the inlet reactants
reach the operating temperature of the DC-SOFC [23].
In Fig. 2 (b), the net heat released from the DC-SOFC can be expressed as

Q=Q-Q,, 1)
where Q, =[—TfCAS /(2F)+(Vact +Vn )]ch is the heat released from the electrochemical reaction and
overpotential losses, Q, is the heat required by the Boudouard reaction, F is the Faraday’s constant,
Ji. = Ji S is the electrical current, i, is the current density, S is the electrode area, and AS is the
entropy change of the electrochemical reactions. The activation overpotential V,, and the ohmic

overpotential V,,, are, respectively, governed by the Butler-Volmer equation and the Ohm’s law [25]
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=j,| ex a | _exp| ——— ||, 2
Jte J{ p( RT, J p( RT. ﬂ )

and
. ="0"V(4), ©)
where j, is the exchange current density, & is the electron transfer coefficient, N is the number of
transferred electron per electrochemical reaction, R is the universal gas constant, &* is the effective
conductivity, and ¢ is the ion conducting and electron conducting electric potential.

Gas transfer in the porous electrodes includes free molecular diffusion and Knudsen diffusion, which

can be described by the extended Fick’s law [26],

Ni:_i[M@—DiMJ, (i=1,...,m), (4)
RT.\ o & oz

where P is the operating pressure of the DC-SOFC, B, is the permeability coefficient, Y, is the molar
fraction of component i, D; is the total effective diffusion coefficient of species i (i=CO, 0, or CO,),
and Z isthe direction along gas inlet.

Considering the porous electrodes and the anode chamber, the momentum conservation of gas in the
DC-SOFC can be described by the modified Navier-Stokes equation [13]

6_u+ uVu——Vp+V{ (Vu+(Vu)Tf°)—g Vu}—ﬂ (5)

Py tP u - r
where £ is the gas density, # is the dynamic viscosity of fluid, U is the velocity vector, and ¢ is the
porosity of the electrode. The above governing equations in DC-SOFCs are solved by the finite element
method in COMSOL MULTIPHSICS, more detailed information can be found in Ref. [13].

The output voltage, V , can be expressed as

V=E _Vact _Vohm ) (6)

where E =1.46713-0.0004527T, +[ RT, /(2|:)]|n[pCO [po, / pcoz] is the equilibrium potential [26]
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and p;(i=CO,0,,CO,) is the gas partial pressure.

The power output of the DC-SOFC is given by
P, =VJ,.. 7)

The heat released to the radiator can be expressed as
Q. =Q-Q, (8)
where Q =S, [k (T, - T,) +<o(T.' —T,)] is heat flow dissipated into the ambient, k is the heat
conductivity coefficient, S, =S, —S, is the heat loss area of the DC-SOFC, S, is the front area of the
radiator of the TPVC, & is the Stefan-Boltzmann constant, and ¢ is the emissivity of the DC-SOFC.

It is assumed that the characteristic wavelength of thermal radiation is less than the distance between
the radiator and the PV cell. Therefore, the heat radiation from the radiator to the PV cell is governed by
the Planck’ law. Photons emitted from the radiator with energy above the band gap energy are absorbed by
the PV cell, and the rest photons are reflected back to the radiator by the BSR. Moreover, the PV cell emits
photons to the radiator due to the radiation recombination. Datas and Algora detailedly derived the net heat

flow Q, from the radiator to the PV cell as [27, 28]

- 53 ~ - 53
o J.o exp[f y (kBTr)] _ldf f J-;g exp [(f —eV, )/ (kBTm)] _ld
AR s 2 &

s, 1-rf, IO exp[él(kBTr)]—ld§

4

Qr Stc ’ (9)

where the first term of Eq. (9) represents the heat flow emitted from the radiator to the PV cell due to the
thermal radiation, the second term indicates the heat flow emitted from the PV cell to the radiator due to
the radiation recombination, and the last term is the heat flow reflected from the BSR to the radiator. C is
the light speed, # is the reduced Planck constant, kg is the Boltzmann constant, &, is the band-gap
energy of the semiconductor material, € is the elementary charge, V,, is the voltage output of the TPVC,

f, is the emitter-to-cell view factor, f, is the cell-to-cell view factor, r is the reflectivity of the
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PV-BSR interface, and S, is the area of the PV cell. The areas of the radiator and the PV cell are assumed
to be the same, and the radiator is supposed as a blackbodly.
The current density j,. generated by the TPVC, determined by the difference between the incoming

photon flux and outgoing photon flux, can be expressed as [27, 28]

Sr " 52 o 52
“Lgexp[g/(kBTr)]—ldE t f)Jf:gexp[g eV, )/ (KT, |- 1

e S
4% hc?

tc

—R?*(1- ) (:2
R (1 r)J‘fg eXp((é_thc)/(KBth))_ldé

jtc = ) (10)

where R is the refraction index of the PV cell.

Thus, the power output of the TPVC, P, can be derived as

Pe =V

tc JIC Stc

S - 52 - 52
Zf de—(1-f
e | Se “LQ exp[&1 (kT,)] -1 &l “)Lgexp[(.f—evt /(ksT,) |1 de . - (11)

arnc| . £ K
o (1_r)Igexp[§ eV, )/ (kgT,) |1 de

Neglecting the heat-transfer losses between the DC-SOFC and the radiator of the TPVC, we have
Qr = Qin ' (12)
Combining Egs. (8), (9), and (12) yields

Qr _(1_ﬂ)[kL (ch _TO) -i_é/é‘(Tf::1 _TOA)]

. & o &
dé—f,
o ! P2/ (T )] 1 Lgexp[(g V) T )] 1 5 (13)
4nPhic? S, rf? rrg £ de
S 1-rf, 70 exp[&/ (kgT,)]-1

where S=S,/S, isthearearatioand ¢5T,°/k =15.

When the excessive waste heat rejected from the DC-SOFC is recovered by the TPVC, the power
output P and efficiency 77 of the combined system can be, respectively, given by
P=P, +P. =V Ji-St. +Vic JieSic (14)

and
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P Vfc ch +Vtc Jtcﬂ
Po+lQl Po+[Q

, (15)

where P, =P, /S, and Q" =Q/S,.

3. Results and discussion

Based on the above formulated model and the parameters summarized in Table 1 [12, 13, 23] and
Table 2 [28], the comparison between the modeling results and the experimental data for the DC-SOFC is
shown in Fig. 3, where T, =1073K and more details can be found in Ref. [29]. It is observed that the
difference between the modeling results and the experimental data is very small. This indicates that the
adopted DC-SOFC model can be used to accurately predict the performance of the DC-SOFC.

Figure 4 shows the power density and the heat flow density of the DC-SOFC versus the operating
current density under different operating temperatures. It is observed that there is a current density

=Q /[ -TeAS/(2F)+(Vyy +Vopn )| at which Q, is equal to Q, (ie., Q=0), where Q =Q /S, .
In this situation, the DC-SOFC can be thermally self-sustained without absorbing or releasing any heat.
When j,. <, (i.e., Q,<Q,), an amount of heat |Q| should be provided to ensure the DC-SOFC normal
operation from the external heat source. When j,. > j,, the heat flow released from the DC-SOFC
increases with the increase of J,, , while the power density of the DC-SOFC first increases and then
decreases as j;, increases. With a further increase in j,, the heat flow density Q" increases to equal
the power output density P, at the current density J, . In this situation, a half of chemical energy in fuel
is converted into waste heat rather than power. When Jr. > Iy, the Q" will be larger than P, . Thus, it is
worthwhile to harvest the waste heat released from the DC-SOFC for further power generation.
Furthermore, the operating temperature is an important factor that affects the DC-SOFC performance. It is

seen from Fig. 4 that P, j,, and I, increase while Q" decreases as the operating temperature

10
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By using Eq. (14), the area ratio between the DC-SOFC and the TPV cell can be solved for a given
. and V. so that the power output and the efficiency of the combined system can be determined.
Combining Eqgs. (14)-(16), we can generate the three-dimensional graphs of the power output density of
the combined system P"=P/S, and efficiency 77 versus j, and V., as shown in Fig. 5. When the
TPVC is operated in the small voltage range, P, and 7, are increased with the increase of V, . When
the TPVC is operated at higher voltages, the radiation recombination rises significantly, and consequently,
both the power output and the efficiency decrease. As a result, both p* and 77 first increase and then
decrease with the increasing output voltages. Furthermore, p* also first increases and then decreases as
Jr. increases while 77 is a monotonic decreasing function of j;; .

The power output densities and efficiencies of the combined system, DC-SOFC, and TPVC are
compared in Fig. 6, where V,. has been optimized, and j, is the current density from which the TPVC
starts to deliver electricity. It is seen that both p* and 77 are always larger than P, and 7, when
b > J,- When i < J,, the TPVC does not involve in the electricity generation, and p* and 77 are
equal to P, and 7, . Numerical calculations show that Pf;m is 0.477 W cm?, while P can reach up

*

to 0.745W cm. P, is 56.2% larger than Pf;m. Moreover, 77, reaches 0.532, which is higher than 775,
of 0.506. Fig. 6 indicates that the proposed combined system is effective in exploiting the heat released
from the DC-SOFC.

The temperature of the DC-SOFC is an important parameter for the combined system because it
affects the performance of the DC-SOFC as well as the TPVC. The impact of the DC-SOFC operating

temperature on p* and 77 is shown in Fig. 7. When j, > j,, the operating temperature positively

affects p* and 77 since the higher operating temperature improves both the performance of the

11
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DC-SOFC and the TPVC. Both j, and j, are shifted rightward as the operating temperature increases
because the DC-SOFC releases more heat at a lower working temperature. When ;. > J,, the decrease in
the power density contributed by the DC-SOFC is less than the increase in the power density contributed
by the TPVC with an increasing ., and therefore, P, appears at a current density much larger than Ip.
The effects of the operating temperature on p* and 77 become more prominentas j, increases.

The distance between the carbon layer and anode is closely associated with the fuel concentration and
solid carbon consumption of the DC-SOFC and thus it affects the performance of the DC-SOFC as well as
the combined system. The effect of the distance between the carbon layer and anode on p* and 7 is
shown in Fig. 8. It is found from Fig. 8 that both p* and 77 are enhanced when the distance between the
carbon layer and anode is decreased. This is because a decrease in the distance enhances the fuel
concentration, yielding an increase in the power density. Moreover, the effect of the distance on p* and
77 becomes more significantas J;, increases.

The band-gap energy of the PV cell affects the short-circuit current and open-circuit voltage of the PV
cell and thus it affects the performance of the TPVC. The effects of the band-gap energy of the PV cell on
P and 77 are shown in Fig. 9. When J,. > j,, it is seen that both p* and 77 first increase and then
decrease as the band-gap energy &, increases. p* and 77 can be optimized by choosing PV cell
materials with proper band-gap energy. This is because the open-circuit voltage is raised while the photons
absorbed by the PV cell and the short-circuit current are decreased as the band-gap energy increases.
Moreover, the effect of the band-gap energy on p* and 77 becomes more significant with the increase
of j, as more heat is released from the DC-SOFC. For the typical parameters given in Table 1 and Table
2, the maximum power density of the DC-SOFC/TPVC combined system and the corresponding

parameters are given in Table 3.
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The heat released from the DC-SOFC can be harvested by other heat-to-power devices, such as

Stirling cycle [23] and Otto heat engine [24]. The maximum attainable power densities of the

DC-SOFC-based combined systems and the corresponding efficiencies are compared in Table 4 at 1123 K.

The maximum power density and the corresponding efficiency of the proposed combined system are larger

than that of the DC-SOFC/Otto heat engine combined system, whereas they are less than that of the

DC-SOFC/stirling heat engine combined system. Compared with the Stirling heat engine, the unique

solid-state TPVC exhibits many other merits such as compact, less auxiliary equipment, no working

substance, and no moving parts. With the rapid development of TPVCs, the experimentally measured

energy efficiency of ~24% has been already reported [21, 30]. Therefore, the TPVC can be treated as a

promising alternative approach to harvest the waste heat from the DC-SOFC.

4. Conclusions

A combined system is put forwarded to harvest the possible waste heat from the DC-SOFC using the

emerging TPVC. Based on the previous 2D tubular DC-SOFC model and the irreversible TPVVC model, the

mathematical expressions of the power density and efficiency of the combined system are derived. The

thermodynamic characteristics of the DC-SOFC have been given and how to operate the combined system

is demonstrated. It is found that the proposed combined system is feasible and effective in harvesting the

heat released from the DC-SOFC for additional electricity generation. The maximum power density of the

combined system with respect to the DC-SOFC alone is approximately increased by 56.2%. Moreover, the

efficiency at the maximum power density of the combined system is significantly larger than the efficiency

at the maximum power density of the DC-SOFC alone. The higher operating temperature of the DC-SOFC

is beneficial to improve both the power density and the efficiency of the combined system. Decreasing the
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distance between the carbon layer and anode increases the fuel concentration, resulting in the enhancement
of the power density and efficiency. The performance of the combined system can be further improved by
properly designing the PV cell with optimum band gap energy. Comparisons show that the performance of
the DC-SOFC/TPVC combined system is in the acceptable level. Because of the unique advantages, the
TPVCs can be regarded as a potential alternative for the waste recovery from DC-SOFCs.

Although the proposed DC-SOFC/TPVC combined system has large power density and high efficiency,
reducing the cost of manufacturing such the system is a key step toward commercialization [31].
Developing high performance radiator of the TPVC and fabrication of efficient catalyst for the DC-SOFC
are two biggest challenges in development this technology [10, 32]. Note that the model in this paper is
highly simplified, and the assumptions made may affect the actual performance of the combined system.
For example, the radiative recombination is considered as the only mechanism losses and the other energy
losses are neglected in the TPVC, and the ideal anti-reflective coating is covered with the PV cell so that
all incoming photons can penetrate into the PV cell. These assumptions will cause the theoretical

performance better than the actual performance.
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Nomenclature

B, Permeability coefficient, m?
c Speed of light, ms™
D, Total effective diffusion coefficient component i, m?s™
e Elementary charge, C
E Equilibrium potential, V
" Emitter-to-cell view factor,
fy Cell-to-cell view factor,
F Faraday’s constant, C mol™
h Reduced Planck constant, Js
Jte Current density, A m™>
Jo Exchange current density, A m™
Ji Electrical current, A
Kg Boltzmann constant, JK™
k, Heat conductivity coefficient, Wm? K?
n Number of transferred electron per electrochemical reaction,
P, Gas partial pressure, Pa
P Power outputs, W
X Heat flow from the external heat source to the DC-SOFC, W
Q, Heat required by the Boudouard reaction, W
Q Heat flow released from the DC-SOFC, W
Q, Heat flow released to the radiator, W
Q. Heat flow dissipated to the ambient, W
Q, Net heat flow from the radiator to the PV cell, W
Q, Heat flow from the PV cell to the ambient, W
r Reflectivity,
R Universal gas constant, Jmol™* K™
R Refraction index,
S Area, m?
S, Effective heat leakage area of the DC-SOFC, m?
AS Entropy change of the electrochemical reactions, Jmol™ K™
T Temperature, K
u Velocity vector, m®s™
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Vi voltage output of the TPVC, V
act Activation overpotential, V
ohm Ohmic overpotential, V
Y, Molar fraction of species i,
z Direction
Greek letters
a Electron transfer coefficient,
p Avrea ratio of the DC-SOFC to the PV cell,
) Stefan-Boltzmann constant, Wm? K™
€ Porosity of the electrode,
4 Emissivity of the DC-SOFC,
H Dynamic viscosity of fluid, Pas
< Band gap energy, eV
P Density, Kgm™
e Effective conductivity, Sm™
¢ Electric potential, V
Subscripts
i species (i=CO, 0, or CO,)
r Radiator
fc Fuel cell
tc Thermophotovoltaic cell

Abbreviation

DC-SOFC | Direct carbon solid oxide fuel cell
DCFC Direct carbon fuel cell

TPVC Thermophotovoltaic cell

BSR Back surface reflector
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Table 1. Parameters used in the DC-SOFC model [12, 13, 23].

Parameters Value or expression Unit
lonic conductivity
5322.92
—10300 -1
Ovsz 3.34x10%e T Sm
Electronic conductivity
o, 1.59x10° Smt
o 0.0038T —-0.1134
Porosity
P 0.46
P 0.46
Electrode volume fraction
Voo 0.21
Vsilver 079
TPB length of electrode
Anode 2.14x10° m?m-3
Cathode 2.14x10° mZm3
Tortuosity
Tan 3
3

ca

22




374

375

Exchange current density

i © 450 Am?

i 400 Am?
Charge transfer coefficient

Ao 0.5

, 0.5

Equilibrium constant of Boudouard k, =6x10° 1/s
reaction

Activation energy of Boudouard E, =248 KJ mol™®

reaction

23




376 Table 2. Parameters used in the TPVC model [28].

Parameters Value
Temperature of the PV cell, K 310
Radiator-to-cell view factor 1
Cell-to-cell view factor 0

Reflectivity of the PV- BSR interface, | 0.9

Refraction index of the PV cell, 35
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379 Table 3. The maximum power density of the DC-SOFC/TPVC combined system and the corresponding

380 parametersat T, =1123K .

Pa(wem?) | [ d(um) | &(V) | B | (Aem?) | Ve(V)

0.745 0.532 59 0.35 0.196 3.55 0.220

381
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383 Table 4. Performance comparisons of several DC-SOFC-based combined systems at 1123K.

Combined system P (wem?) | 7,

DC-SOFC/TPVC 0.745 0.532

DC-SOFC/Strling heat engine [23] 0.949 0.655

DC-SOFC/Otto heat engine [24] 0.696 0.501
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Figure captions:

Fig. 1. Maximum power density improvement comparison of the different waste heat technologies for
MCFCs [22], where U =[( P, Py, )/Pr:,f]xloo% , P* is the maximum power density of the combined
systemand P, is the maximum power density of the MCFC.

Fig. 2. The schematic diagrams of (a) the DC-SOFC, (b) the energy flow of the DC-SOFC/TPVC
combined system, and (c) the heat and mass transfer processes at large current density.

Fig. 3. Comparison between the modeling results and experimental data.

Fig. 4. The power density and the heat flow density of the DC-SOFC varying the current density under
different operating temperatures for d =59 um and &, =0.35eV  where j; is the current density at
which the heat released from the DC-SOFC is equal to that required by the Boundouard reaction, and |,
is the current density at which the power density is equal to the heat released.

Fig. 5. The (a) power density and (b) efficiency of the combined system versus the current density of the
DC-SOFC and voltage output of the TPVC for T, =1123K, d =59 um, and &, =0.35eV

Fig. 6. The (a) power densities and (b) efficiencies of the combined system, DC-SOFC and TPVC varying
with the current density of the DC-SOFC for T, =1123K, d =59 um, and &, =0.35eV where P’
and Pf;m are, respectively, the maximum power densities of the combined system and the DC-SOFC, |,
and J, are, respectively, the current densities at the maximum power densities of the combined system
and the DC-SOFC, |, is the current density from which the TPVC begins to work, 7, and 7, are,
respectively, the efficiencies corresponding to the maximum power densities of the combined system and
the DC-SOFC.

Fig. 7. Effects of the DC-SOFC operating temperature on the (a) power density and (b) efficiency of the

combined system for d =59 um and &, =0.35eV
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413

Fig. 8. Effects of the distance between the carbon layer and anode on the (a) power density and (b)
efficiency of the combined system for T, =1123K and &, =0.35eV,
Fig. 9. Effects of the band gap energy of the TPVC on the (a) power density and (b) efficiency of the

combined system for T, =1123K and d =59 um,
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Fig. 1. Maximum power density improvement comparison of the different waste heat technologies for
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systemand Py, is the maximum power density of the MCFC.
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Fig. 2. The schematic diagrams of (a) the DC-SOFC, (b) the energy flow of the DC-SOFC/TPVC

combined system, and (c) the heat and mass transfer processes at large current density.
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429 Fig. 3.
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433 Fig. 4.
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435 Fig. 4. The power density and the heat flow density of the DC-SOFC varying the current density under
436 (ifferent operating temperatures for d =59 um and &, =0.35eV where |, is the current density at
437 \which the heat released from the DC-SOFC is equal to that required by the Boundouard reaction, and
438 s the current density at which the power density is equal to the heat released.
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442 Fig. 5. The (a) power density and (b) efficiency of the combined system versus the current density of the

443 DC-SOFC and voltage output of the TPVC for T.=1123K, d =59 um and &, =0.35eV,
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445 Fig. 6.
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447 Fig. 6. The (a) power densities and (b) efficiencies of the combined system, DC-SOFC and TPVC varying
448 \ith the current density of the DC-SOFC for T, =1123K, d =59 um, and &, =0.35eV  where P’
449 and Pf;m are, respectively, the maximum power densities of the combined system and the DC-SOFC, ],
450 and Jip are, respectively, the current densities at the maximum power densities of the combined system
451 and the DC-SOFC, j, is the current density from which the TPVC begins to work, 77, and 77, are,
452 yespectively, the efficiencies corresponding to the maximum power densities of the combined system and

453 the DC-SOFC.
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457 Fig. 7. Effects of the DC-SOFC operating temperature on the (3) power density and (b) efficiency of the

458 combined system for d =59 um and &, =0.35eV
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460 Fig. 8.
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462 Fig. 8. Effects of the distance between the carbon layer and anode on the (a) power density and (b)

463 efficiency of the combined system for T, =1123K and &, =0.35eV
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465 Fig. 9.
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467 Fig. 9. Effects of the band gap energy of the TPVC on the (a) power density and (b) efficiency of the

468 combined system for T, =1123K and d =59 um.
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