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transport, and chemical/electrochemical reactions. Mathematical expressions of the power density and 12 

efficiency for the proposed system are derived and the performance characteristics of the combined system 13 

are revealed. The impacts of operation conditions and designing parameters including the operating 14 

temperature of the DC-SOFC, distance between the carbon layer and anode, and band-gap energy of the 15 

TPVC on the combined system performance are examined. It is found that the TPVC can efficiently 16 

harvest the waste heat from the DC-SOFC. The maximum power density of the combined system is 17 

approximately 56.2% larger than that of the stand-alone DC-SOFC. Moreover, a higher operating 18 
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1. Introduction 29 

With the increasing fossil fuels depletion and energy demand, considerable efforts have been devoted to 30 

exploring renewable energy sources such as solar energy, wind energy, and fuel cells [1]. Compared with 31 

solar and wind energy, fuel cells are capable of directly converting the chemical energy of fuel into 32 

electricity and are efficient, reliable, and durable [2-4]. Most kinds of fuel cells use hydrogen as fuel but 33 

the large-scale hydrogen production suffers from some technological hurdles [5]. 34 

Different from hydrogen-fueled fuel cells, direct carbon fuel cells (DCFCs) use solid carbon fuel for 35 

power generation at high temperatures (typically ~800℃) [6, 7]. According to the types of electrolyte, 36 

DCFCs can be classified into three kinds: molten carbonate, molten hydroxide, and solid oxide DCFCs. 37 

Thereinto, the direct carbon solid oxide fuel cells (DC-SOFCs) are more suitable DCFCs because of their 38 

all-solid structure and non-noble metal catalysts [6]. It has been revealed that the performance of the 39 

DC-SOFC closely relies on the operation conditions and design parameters. Johnson et al. [8] analyzed the 40 

impacts of the design parameters including the tube spacing, carbon bed height, and cell voltage on the 41 

power density and efficiency of a solid oxide-based tubular air carbon fuel cell using the finite element 42 

method. It was found that the power density increases while the efficiency decreases with the increase of 43 

the bed height or tube spacing. Moreover, the DC-SOFC performance is also significantly affected by the 44 

carbon gasification kinetics [9]. Li et al. [10] experimentally studied the impacts of various catalysts on the 45 

performance of the DC-SOFC. Among K, Ni and Ca, K shows the best catalytic effect for carbon black 46 

gasification, while Ca exhibits the poorest catalytic effect for carbon black gasification. The effects of 47 

various kinds of carbon on the performance of the DC-SOFC were also found to be different. Jewulski et al. 48 

[11] investigated the lignite and char derived from lignite as fuel for the DC-SOFC. It was found that the 49 
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DC-SOFC performance using char as fuel is better than that using lignite as fuel. Furthermore, the 50 

DC-SOFC usually operates at high temperatures so that the mass transport and thermal effect inside the 51 

cell should be also considered. Xu et al. developed a multi-physics model considering the electrochemical 52 

reaction, chemical reactions, ionic/electronic charge transport, mass transport and momentum transport to 53 

investigate the performance characteristics [12] and thermal effect [13] of a tubular DC-SOFC. It was 54 

found that the molar fraction of CO at the anode can be tuned by operating conditions, and the effect of the 55 

cell length on the current density of the DC-SOFC was weak. Similar to the other high-temperature fuel 56 

cells, excessive heat can be generated in the DC-SOFC when the DC-SOFC is operated at a high current 57 

density. The overall efficiency of the fuel cell system can be further enhanced if the excessive heat 58 

generated is further harvested by various approaches including thermoelectric generator (TEG) [14], 59 

thermionic converter (TIC) [15], thermophotovoltaic cell (TPVC) [16], gas turbine (GT) [17], Stirling 60 

cycle [18], Brayton cycle [19], etc [20]. The TPVC is a solid-state generator and enables to directly convert 61 

heat into electricity, which offers advantages such as silent, efficient, and clean [21]. Yang et al. [22] 62 

compared the above several technologies for waste heat recovery from the molten carbonate fuel cells 63 

(MCFCs) and found that the TPVC was more efficient than the other waste heat recovery technologies, as 64 

shown in Fig. 1. Obviously, the heat released from the DC-SOFC, if any, can be used to drive the TPVC 65 

for additional electricity production. Xu et al. [23, 24] used Stirling engine and Otto engine to harvest the 66 

waste heat from the 2D DC-SOFC and found that the proposed approaches could efficiently harvest the 67 

waste heat from the DC-SOFC. However, no study has been conducted to recover the waste heat from the 68 

DC-SOFC using the TPVC and the performance comparisons of available DC-SOFC-based combined 69 

systems are rarely reported. 70 

In this study, a solid-state TPVC is put forwarded to harvest the possible waste heat from a 2D tubular 71 
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DC-SOFC. The adopted fuel cell model fully considers the ionic/electronic charge transport, mass 72 

transport, and momentum transport processes, which is more accurate than a black box fuel cell model 73 

before [14-22]. The output and thermal characteristics of the DC-SOFC are solved by finite element 74 

method. How to integrate these two subsystems and operate the combined system will be elaborated. The 75 

feasibility and effectiveness of this waste heat recovery technology will be evaluated. The impacts of 76 

operation conditions and designing parameters of the subsystems on the power density and efficiency of 77 

the combined system are discussed. The maximum power density is calculated and the optimal parameters 78 

are obtained. Finally, several DC-SOFC-based combined systems are compared. The obtained results may 79 

provide some theoretical bases for the optimal design and operation of practical DC-SOFC-based 80 

combined systems. 81 

2. Model description 82 

The DC-SOFC consists of an electrolyte, two electrodes and gas channels, as schematically shown in Fig. 83 

2 (a). The anode and cathode of the DC-SOFC are fed with the solid carbon and air, respectively. In the 84 

anode chamber, CO2 is generated by the chemical reaction between the initial O2 and solid carbon, and 85 

then CO2 further reacts with solid carbon to produce CO through the Boundouard reaction, i.e., 86 

2C+CO 2CO . The produced CO diffuses into the anode and reacts with O2- to generate CO2 and 87 

electrons, i.e., 
2- -

2CO+O CO +2e . The generated CO2 diffuses back into the anode chamber to 88 

continuously gasify the carbon and generate CO through the Boundouard reaction. The electrons flow 89 

through the external circuit to the cathode, where O2 is reduced into O2-, i.e., - 2-O+2e O . The energy 90 

flow diagram of the DC-SOFC/TPVC combined system is schematically given in Fig. 2 (b). It is seen that 91 

the proposed system consists of a DC-SOFC, an external heat source, a regenerator, and a TPVC, where 92 



6 
 

the TPVC is composed of a plate radiator and a PV cell with a back surface reflector (BSR) separated by a 93 

vacuum gap. When the DC-SOFC operates at low current densities, it requires some heat from the external 94 

heat source to maintain the operating temperature. As the current density increases, the increasing heat 95 

generated in the DC-SOFC may exceed the heat required by the Boundouard reaction. In this situation, a 96 

part of the waste heat is rejected to the environment, and the rest waste heat can be collected and then 97 

transferred to the radiator of the TPVC which emits the tailored spectrum to the PV cell and thus the PV 98 

cell produces the additional electric power. The heat and mass transfer processes at large current densities 99 

are displayed in Fig. 2(c). In Fig. 2 (b), eQ  is the heat flow from the external heat source to the DC-SOFC, 100 

Q  is the heat flow released from the DC-SOFC, inQ  is the heat flow released to the radiator, LQ  is the 101 

heat flow dissipated into the ambient, rQ  is the net heat flow from the radiator to the PV cell, 0Q  is the 102 

heat flow from the PV cell to the ambient, fcP  and tcP  are, respectively, the power outputs of the 103 

DC-SOFC and TPVC, fcT , rT  and tcT  are, respectively, the temperatures of the DC-SOFC, radiator and 104 

PV cell. The regenerator acts as a heat exchanger to preheat the inlet reactants using the high-temperature 105 

outlet products. It has been proved that the outlet products have enough heat to make the inlet reactants 106 

reach the operating temperature of the DC-SOFC [23]. 107 

    In Fig. 2 (b), the net heat released from the DC-SOFC can be expressed as 108 

t bQ Q Q  , (1) 109 

where    t fc act ohm fc2Q T S F V V J        is the heat released from the electrochemical reaction and 110 

overpotential losses, bQ  is the heat required by the Boudouard reaction, F  is the Faraday’s constant, 111 

fc fc fcJ j S  is the electrical current, fcj  is the current density, fcS  is the electrode area, and S  is the 112 

entropy change of the electrochemical reactions. The activation overpotential actV  and the ohmic 113 

overpotential ohmV  are, respectively, governed by the Butler-Volmer equation and the Ohm’s law [25] 114 
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  actact
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,            (2) 115 

and 116 

 ec

fcj     , (3) 117 

where 0j  is the exchange current density,   is the electron transfer coefficient, n  is the number of 118 

transferred electron per electrochemical reaction, R  is the universal gas constant, ec  is the effective 119 

conductivity, and   is the ion conducting and electron conducting electric potential. 120 

Gas transfer in the porous electrodes includes free molecular diffusion and Knudsen diffusion, which 121 

can be described by the extended Fick’s law [26], 122 

 
0

fc

1 ii

i i

y pB y p p
N D

RT z z

 
   

  
,  1,....,i m ,                     (4) 123 

where p  is the operating pressure of the DC-SOFC, 0B  is the permeability coefficient, iy  is the molar 124 

fraction of component i , iD  is the total effective diffusion coefficient of species i  2 2CO, O or COi  , 125 

and z  is the direction along gas inlet. 126 

Considering the porous electrodes and the anode chamber, the momentum conservation of gas in the 127 

DC-SOFC can be described by the modified Navier-Stokes equation [13] 128 

  fc 2

3

Tu u
u u p u u u

t k


   
  

             
,                 (5) 129 

where   is the gas density,   is the dynamic viscosity of fluid, u  is the velocity vector, and   is the 130 

porosity of the electrode. The above governing equations in DC-SOFCs are solved by the finite element 131 

method in COMSOL MULTIPHSICS, more detailed information can be found in Ref. [13]. 132 

The output voltage, V , can be expressed as 133 

act ohmV E V V   ,              (6) 134 

where  
2 2fc fc CO O CO1.46713 0.0004527 2 lnE T RT F p p p          is the equilibrium potential [26] 135 
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and  2 2CO, O , COip i   is the gas partial pressure. 136 

    The power output of the DC-SOFC is given by 137 

fc fcP VJ .                     (7) 138 

    The heat released to the radiator can be expressed as 139 

in LQ Q Q  , (8) 140 

where 4

L 0

4

L fc fc 0[ ( ) ( )]LQ S k T T T T     is heat flow dissipated into the ambient, Lk  is the heat 141 

conductivity coefficient, L fc rS S S   is the heat loss area of the DC-SOFC, rS  is the front area of the 142 

radiator of the TPVC,   is the Stefan-Boltzmann constant, and   is the emissivity of the DC-SOFC.  143 

It is assumed that the characteristic wavelength of thermal radiation is less than the distance between 144 

the radiator and the PV cell. Therefore, the heat radiation from the radiator to the PV cell is governed by 145 

the Planck’ law. Photons emitted from the radiator with energy above the band gap energy are absorbed by 146 

the PV cell, and the rest photons are reflected back to the radiator by the BSR. Moreover, the PV cell emits 147 

photons to the radiator due to the radiation recombination. Datas and Algora detailedly derived the net heat 148 

flow rQ  from the radiator to the PV cell as [27, 28] 149 
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,  (9) 150 

where the first term of Eq. (9) represents the heat flow emitted from the radiator to the PV cell due to the 151 

thermal radiation, the second term indicates the heat flow emitted from the PV cell to the radiator due to 152 

the radiation recombination, and the last term is the heat flow reflected from the BSR to the radiator. c  is 153 

the light speed,  is the reduced Planck constant, Bk  is the Boltzmann constant, g  is the band-gap 154 

energy of the semiconductor material, e  is the elementary charge, tcV  is the voltage output of the TPVC, 155 

rtf  is the emitter-to-cell view factor, ttf  is the cell-to-cell view factor, r  is the reflectivity of the 156 
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PV-BSR interface, and tcS  is the area of the PV cell. The areas of the radiator and the PV cell are assumed 157 

to be the same, and the radiator is supposed as a blackbody. 158 

The current density tcj  generated by the TPVC, determined by the difference between the incoming 159 

photon flux and outgoing photon flux, can be expressed as [27, 28] 160 

 
 

 

 
  

2 2

r
rt tt

tc B r tc B tc

tc 2 3 2 2
2

tc B tc

1
exp / ( ) 1 exp / ( ) 1

4
1

exp / ( ) 1

g g

g

S
f dE f d

S k T eV k Te
j

c
r d

eV K T

 



 


 

 




 



 
  

     
  

  
   

 



,   (10) 161 

where   is the refraction index of the PV cell. 162 

Thus, the power output of the TPVC, tcP , can be derived as 163 
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    Neglecting the heat-transfer losses between the DC-SOFC and the radiator of the TPVC, we have 165 

r inQ Q . (12) 166 

    Combining Eqs. (8), (9), and (12) yields 167 
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,   (13) 168 

where tc fc/S S   is the area ratio and 
3

0 1.5LT k  . 169 

When the excessive waste heat rejected from the DC-SOFC is recovered by the TPVC, the power 170 

output P  and efficiency   of the combined system can be, respectively, given by 171 

fc tc fc fc fc tc tc tcP P P V j S V j S     (14) 172 

and 173 
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fc fc tc tc

* *
fc fc

V j V jP

P Q P Q





 

 
,          (15) 174 

where *

fc fc fc/P P S  and *

fc/Q Q S . 175 

3. Results and discussion 176 

Based on the above formulated model and the parameters summarized in Table 1 [12, 13, 23] and 177 

Table 2 [28], the comparison between the modeling results and the experimental data for the DC-SOFC is 178 

shown in Fig. 3, where fc 1073KT   and more details can be found in Ref. [29]. It is observed that the 179 

difference between the modeling results and the experimental data is very small. This indicates that the 180 

adopted DC-SOFC model can be used to accurately predict the performance of the DC-SOFC. 181 

Figure 4 shows the power density and the heat flow density of the DC-SOFC versus the operating 182 

current density under different operating temperatures. It is observed that there is a current density 183 

   *

s t fc act ohm2j Q T S F V V        at which tQ  is equal to bQ  (i.e., 0Q  ), where 
*

t t fc/Q Q S . 184 

In this situation, the DC-SOFC can be thermally self-sustained without absorbing or releasing any heat. 185 

When fc sj j  (i.e., tQ < bQ ), an amount of heat |Q| should be provided to ensure the DC-SOFC normal 186 

operation from the external heat source. When fc sj j , the heat flow released from the DC-SOFC 187 

increases with the increase of fcj  , while the power density of the DC-SOFC first increases and then 188 

decreases as fcj  increases. With a further increase in fcj , the heat flow density 
*Q  increases to equal 189 

the power output density 
*

fcP  at the current density qj . In this situation, a half of chemical energy in fuel 190 

is converted into waste heat rather than power. When fc qj j , the 
*Q  will be larger than 

*

fcP . Thus, it is 191 

worthwhile to harvest the waste heat released from the DC-SOFC for further power generation. 192 

Furthermore, the operating temperature is an important factor that affects the DC-SOFC performance. It is 193 

seen from Fig. 4 that 
*

fcP , sj , and qj  increase while 
*Q  decreases as the operating temperature 194 
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increases. 195 

By using Eq. (14), the area ratio between the DC-SOFC and the TPV cell can be solved for a given 196 

fcj  and tcV  so that the power output and the efficiency of the combined system can be determined. 197 

Combining Eqs. (14)-(16), we can generate the three-dimensional graphs of the power output density of 198 

the combined system 
*

fcP P S  and efficiency   versus fcj  and tcV , as shown in Fig. 5. When the 199 

TPVC is operated in the small voltage range, *

tcP  and tc  are increased with the increase of tcV . When 200 

the TPVC is operated at higher voltages, the radiation recombination rises significantly, and consequently, 201 

both the power output and the efficiency decrease. As a result, both *P  and   first increase and then 202 

decrease with the increasing output voltages. Furthermore, *P  also first increases and then decreases as 203 

fcj  increases while   is a monotonic decreasing function of fcj . 204 

The power output densities and efficiencies of the combined system, DC-SOFC, and TPVC are 205 

compared in Fig. 6, where tcV  has been optimized, and bj  is the current density from which the TPVC 206 

starts to deliver electricity. It is seen that both *P  and   are always larger than 
*

fcP  and fc  when 207 

fc bj j . When fc bj j , the TPVC does not involve in the electricity generation, and *P  and   are 208 

equal to 
*

fcP  and fc . Numerical calculations show that 
*

fc,mP  is 0.477 W cm-2, while 
*

mP  can reach up 209 

to 0.745W cm-2. 
*

mP  is 56.2% larger than 
*

fc,mP . Moreover, p  reaches 0.532, which is higher than fc, p  210 

of 0.506. Fig. 6 indicates that the proposed combined system is effective in exploiting the heat released 211 

from the DC-SOFC. 212 

    The temperature of the DC-SOFC is an important parameter for the combined system because it 213 

affects the performance of the DC-SOFC as well as the TPVC. The impact of the DC-SOFC operating 214 

temperature on *P  and   is shown in Fig. 7. When fc bj j , the operating temperature positively 215 

affects *P  and   since the higher operating temperature improves both the performance of the 216 
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DC-SOFC and the TPVC. Both sj  and bj  are shifted rightward as the operating temperature increases 217 

because the DC-SOFC releases more heat at a lower working temperature. When fc pj j , the decrease in 218 

the power density contributed by the DC-SOFC is less than the increase in the power density contributed 219 

by the TPVC with an increasing fcj , and therefore, *

mP  appears at a current density much larger than pj . 220 

The effects of the operating temperature on *P  and   become more prominent as fcj  increases. 221 

    The distance between the carbon layer and anode is closely associated with the fuel concentration and 222 

solid carbon consumption of the DC-SOFC and thus it affects the performance of the DC-SOFC as well as 223 

the combined system. The effect of the distance between the carbon layer and anode on *P  and   is 224 

shown in Fig. 8. It is found from Fig. 8 that both *P  and   are enhanced when the distance between the 225 

carbon layer and anode is decreased. This is because a decrease in the distance enhances the fuel 226 

concentration, yielding an increase in the power density. Moreover, the effect of the distance on *P  and 227 

  becomes more significant as fcj  increases. 228 

The band-gap energy of the PV cell affects the short-circuit current and open-circuit voltage of the PV 229 

cell and thus it affects the performance of the TPVC. The effects of the band-gap energy of the PV cell on 230 

*P  and   are shown in Fig. 9. When fc bj j , it is seen that both *P  and   first increase and then 231 

decrease as the band-gap energy g  increases. *P  and   can be optimized by choosing PV cell 232 

materials with proper band-gap energy. This is because the open-circuit voltage is raised while the photons 233 

absorbed by the PV cell and the short-circuit current are decreased as the band-gap energy increases.  234 

Moreover, the effect of the band-gap energy on *P  and   becomes more significant with the increase 235 

of fcj  as more heat is released from the DC-SOFC. For the typical parameters given in Table 1 and Table 236 

2, the maximum power density of the DC-SOFC/TPVC combined system and the corresponding 237 

parameters are given in Table 3. 238 
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    The heat released from the DC-SOFC can be harvested by other heat-to-power devices, such as 239 

Stirling cycle [23] and Otto heat engine [24]. The maximum attainable power densities of the 240 

DC-SOFC-based combined systems and the corresponding efficiencies are compared in Table 4 at 1123 K. 241 

The maximum power density and the corresponding efficiency of the proposed combined system are larger 242 

than that of the DC-SOFC/Otto heat engine combined system, whereas they are less than that of the 243 

DC-SOFC/Stirling heat engine combined system. Compared with the Stirling heat engine, the unique 244 

solid-state TPVC exhibits many other merits such as compact, less auxiliary equipment, no working 245 

substance, and no moving parts. With the rapid development of TPVCs, the experimentally measured 246 

energy efficiency of ~24% has been already reported [21, 30]. Therefore, the TPVC can be treated as a 247 

promising alternative approach to harvest the waste heat from the DC-SOFC. 248 

4. Conclusions 249 

    A combined system is put forwarded to harvest the possible waste heat from the DC-SOFC using the 250 

emerging TPVC. Based on the previous 2D tubular DC-SOFC model and the irreversible TPVC model, the 251 

mathematical expressions of the power density and efficiency of the combined system are derived. The 252 

thermodynamic characteristics of the DC-SOFC have been given and how to operate the combined system 253 

is demonstrated. It is found that the proposed combined system is feasible and effective in harvesting the 254 

heat released from the DC-SOFC for additional electricity generation. The maximum power density of the 255 

combined system with respect to the DC-SOFC alone is approximately increased by 56.2%. Moreover, the 256 

efficiency at the maximum power density of the combined system is significantly larger than the efficiency 257 

at the maximum power density of the DC-SOFC alone. The higher operating temperature of the DC-SOFC 258 

is beneficial to improve both the power density and the efficiency of the combined system. Decreasing the 259 
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distance between the carbon layer and anode increases the fuel concentration, resulting in the enhancement 260 

of the power density and efficiency. The performance of the combined system can be further improved by 261 

properly designing the PV cell with optimum band gap energy. Comparisons show that the performance of 262 

the DC-SOFC/TPVC combined system is in the acceptable level. Because of the unique advantages, the 263 

TPVCs can be regarded as a potential alternative for the waste recovery from DC-SOFCs.  264 

   Although the proposed DC-SOFC/TPVC combined system has large power density and high efficiency, 265 

reducing the cost of manufacturing such the system is a key step toward commercialization [31]. 266 

Developing high performance radiator of the TPVC and fabrication of efficient catalyst for the DC-SOFC 267 

are two biggest challenges in development this technology [10, 32]. Note that the model in this paper is 268 

highly simplified, and the assumptions made may affect the actual performance of the combined system. 269 

For example, the radiative recombination is considered as the only mechanism losses and the other energy 270 

losses are neglected in the TPVC, and the ideal anti-reflective coating is covered with the PV cell so that 271 

all incoming photons can penetrate into the PV cell. These assumptions will cause the theoretical 272 

performance better than the actual performance. 273 
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Nomenclature 281 

0B   Permeability coefficient, 2m  

c   Speed of light, 
-1ms  

iD  Total effective diffusion coefficient component i , 
2 -1m s  

e   Elementary charge, C  

E   Equilibrium potential, V  

rtf   Emitter-to-cell view factor,  

ttf   Cell-to-cell view factor,  

F  Faraday’s constant, 1C mol  

  Reduced Planck constant, J s  

fcj   Current density, 2A m  

0j   Exchange current density, 2A m  

fcJ   Electrical current, A  

Bk   Boltzmann constant, 
1J K
 

Lk   Heat conductivity coefficient, 
-2 -2W m K  

n   Number of transferred electron per electrochemical reaction,  

xp   Gas partial pressure, Pa  

P   Power outputs, W  

eQ   Heat flow from the external heat source to the DC-SOFC, W  

bQ   Heat required by the Boudouard reaction, W  

Q   Heat flow released from the DC-SOFC, W  

inQ   Heat flow released to the radiator, W  

LQ   Heat flow dissipated to the ambient, W  

rQ   Net heat flow from the radiator to the PV cell, W  

0Q   Heat flow from the PV cell to the ambient, W  

r   Reflectivity,  

R   Universal gas constant, 
-1 -1J mol K  

   Refraction index, 

S  Area, 2m  

LS   Effective heat leakage area of the DC-SOFC, 2m  

S   Entropy change of the electrochemical reactions, 
-1 -1J mol K  

T  Temperature, K  

u   Velocity vector, 
3 -1m s  
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tcV   voltage output of the TPVC, V  

actV   Activation overpotential, V  

ohmV   Ohmic overpotential,  V  

iy   Molar fraction of species i ,  

z  Direction 

Greek letters 

   Electron transfer coefficient, 

  Area ratio of the DC-SOFC to the PV cell, 

   Stefan-Boltzmann constant, 
-2 -4W m K  

   Porosity of the electrode, 

   Emissivity of the DC-SOFC,  

   Dynamic viscosity of fluid, Pa s  

g   Band gap energy, eV  

   Density, 
3Kg m
 

ec  Effective conductivity, 1S m  

   Electric potential, V  

Subscripts 

i species  2 2CO, O or COi   

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 

 282 
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Table 1. Parameters used in the DC-SOFC model [12, 13, 23]. 373 

Parameters Value or expression Unit 

Ionic conductivity 

GDC  
5322.92

6.66071100
10 T

T

 
 

   S m-1 

YSZ  
10300

43.34 10 e T



  
S m-1 

Electronic conductivity 

silver  
81.59 10

0.0038 0.1134T




 S m-1 

Porosity 

an  0.46  

ca  0.46  

Electrode volume fraction 

GDCV  0.21  

silverV  0.79  

TPB length of electrode 

Anode 52.14 10  m2 m-3 

Cathode 52.14 10  m2 m-3 

Tortuosity 

an  3  

ca  3  
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Exchange current density 

CO

0i  450 A m-2 

2O

0i  400 A m-2 

Charge transfer coefficient 

CO  0.5  

2O  0.5  

Equilibrium constant of Boudouard 

reaction 

13

rb 6 10k    1/s 

Activation energy of Boudouard 

reaction 

rb 248E   -1KJ mol  

 374 

375 
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Table 2. Parameters used in the TPVC model [28]. 376 

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, 3.5  

 377 

378 
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Table 3. The maximum power density of the DC-SOFC/TPVC combined system and the corresponding 379 

parameters at fc 1123KT  .  380 

 * -2

m WcmP  P   md    eVg     2

p A/cmj   tc VV  

0.745 0.532 59 0.35 0.196 3.55 0.220 

 381 

382 
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Table 4. Performance comparisons of several DC-SOFC-based combined systems at 1123K. 383 

Combined system  * -2

m WcmP  P  

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 

 384 

385 
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Figure captions: 386 

Fig. 1. Maximum power density improvement comparison of the different waste heat technologies for 387 

MCFCs [22], where  * * *

m m,f m,f 100%u P P P   
  , *

mP  is the maximum power density of the combined 388 

system and 
*

m,fP  is the maximum power density of the MCFC. 389 

Fig. 2. The schematic diagrams of (a) the DC-SOFC, (b) the energy flow of the DC-SOFC/TPVC 390 

combined system, and (c) the heat and mass transfer processes at large current density. 391 

Fig. 3. Comparison between the modeling results and experimental data. 392 

Fig. 4. The power density and the heat flow density of the DC-SOFC varying the current density under 393 

different operating temperatures for 59 md   and 0.35eVg  , where sj  is the current density at 394 

which the heat released from the DC-SOFC is equal to that required by the Boundouard reaction, and qj  395 

is the current density at which the power density is equal to the heat released. 396 

Fig. 5. The (a) power density and (b) efficiency of the combined system versus the current density of the 397 

DC-SOFC and voltage output of the TPVC for fc 1123 KT  , 59 md  , and 0.35eVg  . 398 

Fig. 6. The (a) power densities and (b) efficiencies of the combined system, DC-SOFC and TPVC varying 399 

with the current density of the DC-SOFC for fc 1123 KT  , 59 md  , and 0.35eVg  , where 
*

mP  400 

and 
*

fc,mP  are, respectively, the maximum power densities of the combined system and the DC-SOFC, pj  401 

and fc,pj  are, respectively, the current densities at the maximum power densities of the combined system 402 

and the DC-SOFC, bj  is the current density from which the TPVC begins to work, p  and fc,p  are, 403 

respectively, the efficiencies corresponding to the maximum power densities of the combined system and 404 

the DC-SOFC. 405 

Fig. 7. Effects of the DC-SOFC operating temperature on the (a) power density and (b) efficiency of the 406 

combined system for 59 md   and 0.35eVg  . 407 
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Fig. 8. Effects of the distance between the carbon layer and anode on the (a) power density and (b) 408 

efficiency of the combined system for fc 1123 KT   and 0.35eVg  . 409 

Fig. 9. Effects of the band gap energy of the TPVC on the (a) power density and (b) efficiency of the 410 

combined system for fc 1123 KT   and 59 md  . 411 

 412 

413 
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Fig. 1 414 

 415 

Fig. 1. Maximum power density improvement comparison of the different waste heat technologies for 416 

MCFCs [22], where  * * *

m m,f m,f 100%u P P P   
  , *

mP  is the maximum power density of the combined 417 

system and 
*

m,fP  is the maximum power density of the MCFC. 418 

 419 

420 
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Fig. 2. 421 

 422 

 423 

 424 

Fig. 2. The schematic diagrams of (a) the DC-SOFC, (b) the energy flow of the DC-SOFC/TPVC 425 

combined system, and (c) the heat and mass transfer processes at large current density. 426 

 427 

428 
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Fig. 3. 429 

 430 

Fig. 3. Comparison between the modeling results and experimental data. 431 

432 
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Fig. 4. 433 

 434 

Fig. 4. The power density and the heat flow density of the DC-SOFC varying the current density under 435 

different operating temperatures for 59 md   and 0.35eVg  , where sj  is the current density at 436 

which the heat released from the DC-SOFC is equal to that required by the Boundouard reaction, and qj  437 

is the current density at which the power density is equal to the heat released. 438 

439 
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Fig. 5. 440 

 441 

Fig. 5. The (a) power density and (b) efficiency of the combined system versus the current density of the 442 

DC-SOFC and voltage output of the TPVC for fc 1123 KT  , 59 md  , and 0.35eVg  . 443 

444 
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Fig. 6. 445 

 446 

Fig. 6. The (a) power densities and (b) efficiencies of the combined system, DC-SOFC and TPVC varying 447 

with the current density of the DC-SOFC for fc 1123 KT  , 59 md  , and 0.35eVg  , where 
*

mP  448 

and 
*

fc,mP  are, respectively, the maximum power densities of the combined system and the DC-SOFC, pj  449 

and fc,pj  are, respectively, the current densities at the maximum power densities of the combined system 450 

and the DC-SOFC, bj  is the current density from which the TPVC begins to work, p  and fc,p  are, 451 

respectively, the efficiencies corresponding to the maximum power densities of the combined system and 452 

the DC-SOFC. 453 

454 
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Fig. 7. 455 

 456 

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

combined system for 59 md   and 0.35eVg  . 458 

459 
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Fig. 8. 460 

 461 

Fig. 8. Effects of the distance between the carbon layer and anode on the (a) power density and (b) 462 

efficiency of the combined system for fc 1123 KT   and 0.35eVg  . 463 

464 
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Fig. 9. 465 

 466 

Fig. 9. Effects of the band gap energy of the TPVC on the (a) power density and (b) efficiency of the 467 

combined system for fc 1123 KT   and 59 md  . 468 

 469 
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 471 

 472 

 473 

 474 

 475 

 476 




