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Abstract: A novel integrated system consisting of an external heat source, a direct carbon solid 

oxide fuel cell (DC-SOFC), a vacuum thermionic generator (VTIG) and a regenerator is 

proposed to handle the heat management of the DC-SOFC. The electrochemical/chemical 

reactions, ionic/electronic charge transport, mass/momentum transport and heat transfer are 

fully considered in the 2D tubular DC-SOFC model, which shows that the overall heat released 

in the cell is always different from the heat required by the internal Boudouard reaction. Three 

different operation strategies of the proposed system are presented, and accordingly, analytical 

expressions for the overall power output and efficiency for the proposed system are specified. 

The results show that the VTIG could effectively recover the waste heat for additional power 

production at a large operating current density, and the maximum power density and efficiency 

of the proposed system could reach more than 8100 W m-2 and 60% at 30000 A m-2 and 1173 

K, respectively. The effects of the operating current density, the operating temperature and the 

distance between the carbon layer and anode of the DC-SOFC, and the size, anode temperature 

and work function of the VTIG on the performance of the proposed system are discussed 

through comprehensive parametric studies. 
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1. Introduction 

    Despite the tendency in decreasing the reliance on fossil fuels and the development of 

alternative renewable energy technologies due to energy crisis and relative environmental 

problems, solid carbon remains a main resource in the coming decades because of its abundant 

storage and low price [1]. However, the utilization of solid carbon in conventional thermal 

plants for electricity generation is low-efficient due to the limitation Carnot cycle and complex 

intermediate processes [2]. In addition, the pollution from thermal plants cause various 

environmental problems, e.g. acid rains and global warming. Therefore, an alternative high-

efficient and clean energy conversion device for electricity generation from solid carbon is 

urgently needed, such as solid oxide fuel cells (SOFCs) [3, 4]. 

An SOFC is a whole solid-state device with a dense electrolyte sandwiched between two 

porous electrodes. As one of the most attractive energy conversion devices, SOFCs can directly 

convert gaseous fuels, such as H2 and CO, into electricity through electrochemical reactions. 

The fuel flexibility characteristic of SOFCs also allows the utilization of other fuels, such as 

methane and solid carbon [5, 6]. Solid carbon is an attractive fuel since it has a high volumetric 

energy density compared with gaseous fuels. Moreover, solid carbon is cheap and abundant, 

bringing huge economic advantages in exploring new markets [7-9]. However, the large 

particle size of solid carbon limits its direct contact with the triple phase boundaries (TPBs) in 

porous anode, resulting in a low output power density of direct carbon solid oxide fuel cells 
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(DC-SOFCs). To overcome this problem, in situ solid carbon gasification has been proposed. 

Through in situ gasification, solid carbon is converted to gaseous fuel (e.g. CO) before the 

electrochemical reaction, which keeps the high volumetric energy density of solid carbon and 

expands the electrochemical reaction area simultaneously. A number of studies have been 

conducted to further improve the performance of DC-SOFC by adopting catalysts for faster 

carbon gasification kinetics [10-13]. Moreover, it has been found that DC-SOFCs can co-

generate fuel and electricity power, which further increases their economic advantage [14-18]. 

The thermal effect in DC-SOFC has been also studied to examine its potential for combined 

heat, gaseous fuel and electricity power generation [19]. It was found that the DC-SOFC 

requires heat input at a small current density due to the endothermic carbon gasification 

reaction, while the cell releases waste heat at a large operating current density. Initial studies 

combining conventional Stirling cycle and Otto heat engine with the DC-SOFC for its 

performance improvement have been conducted [20, 21]. However, a system combining DC-

SOFC with more novel and advanced heat-to-electricity conversion device is still needed to 

examine the potential performance improvement. 

A vacuum thermionic generator (VTIG) consists of an emitter (i.e., cathode) and a collector 

(i.e., anode) with a vacuum gap between them [22-24]. A VTIG can directly convert thermal 

energy into electricity using electron gas as working fluid based on the principle of thermionic 

emission [25-29]. The VTIG offers many advantages, such as being quiet, efficient, compact 

and environmental-friendly, but it requires a high-temperature heat source to generate an 

electrical current for practical usage [30, 31]. VTIGs normally operate at a high temperature 
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(above 1600 K) with high efficiency (above 50%) and are often used as topping cycles for 

power generation [32, 33]. It is difficult to operate the VTIG at a low temperature because the 

high work function of common metallic cathodes cannot produce sufficient electron emission 

at a low temperature. Recently, Liang et al. [34, 35] proposed a single-layer graphene cathode-

based VTIG and found that it was possible for the cathode to emit a sufficiently high current 

density at 700-1000 K. Obviously, the reduced operating temperature provides an opportunity 

for VTIG to act as a bottoming cycle for waste heat recovery for DC-SOFCs. 

The literature survey shows that no research has been reported on the heat management of 

the DC-SOFCs using the VTIG yet. In this work, an external heat source and a VTIG are 

adopted and integrated to handle the heat management problem of a DC-SOFC. The thermal 

characteristics of the DC-SOFC are revealed using a 2D tubular model, in which the 

electrochemical/chemical reactions, ion/electronic charge transport, mass/momentum transport 

and heat transfer are fully considered. The operation modes of the proposed system are 

specified under different operating conditions, and accordingly, the mathematical expressions 

for output power and efficiency of the proposed system are given, respectively. The feasibility 

and effectiveness of the proposed system are also shown through numerical calculations. 

Finally, the effects of several design parameters and operation conditions on the performance 

of the proposed system are discussed. 
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2. System description 

    As shown in Fig. 1, the proposed system mainly consists of a DC-SOFC, an external heat 

source, a VTIG and a regenerator. The DC-SOFC generates electricity (PSOFC) by consuming 

inlet solid carbon. If the DC-SOFC operates at an endothermic mode, an amount of heat |QSOFC| 

should be provided from the external heat source to ensure the normal operation of the DC-

SOFC, as shown in Fig. 1 (b). If the DC-SOFC operates at an exothermic mode, excessive 

waste heat generated in the cell QSOFC is transferred to the VTIG for additional power 

generation, as shown in Fig. (c). The regenerator functions as a counter-flow heat exchanger 

that preheats the low-temperature inlet reactants with the help of the high-temperature outlet 

gases. 

For simplification, the following assumptions are adopted for DC-SOFC and VTIG models 

[14]: 

 Electrochemical reactions spatially take place at TPBs, which are assumed to be 

uniformly distributed in the porous electrodes; 

 Electronic and ionic conduction phases in the porous electrodes are continuous 

and homogeneous; 

 All gases involved in the DC-SOFC are ideal gases and the gas flows are 

incompressible; 

 Difference of the temperature between the anode and the carbon is negligible; 

 Heat transfer irreversibility between the DC-SOFC and the VTIG is neglected; 
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 Inter-electrode gap in the VTIG is small and the space charge effect is neglected; 

 Areas of the two plates of VTIG are assumed to be identical. 

2.1 DC-SOFC 

    The schematic of the electrolyte-supported tubular DC-SOFC is shown in Fig. 2 (a). Solid 

carbon is supplied to the anode chamber and air is supplied to the cathode channel. The solid 

carbon reacts with CO2 to form CO molecules (Boudouard reaction). The produced CO 

molecules diffuse into the porous anode and reacts with O2- at the TPB sites to form CO2 

molecules, which subsequently diffuse back to the anode chamber to maintain the Boudouard 

reaction. Through these self-sustained processes, electrical power can be continuously 

generated. 

The well-developed 2D model is adopted to describe the electrochemical/chemical 

reactions, ionic/electronic charge transport, mass/momentum transport and heat transfer in the 

tubular DC-SOFC [14]. The 2D DC-SOFC model has been validated in the previously study 

[14] with good agreement between the simulation results and the experimental data reported in 

Ref. [36]. In the following, the sub-models for the 2D DC-SOFC will be briefly described. 

2.2.1 Chemical reaction model 

    The key chemical reaction in DC-SOFC is the Boudouard reaction (Eq. (1)), which 

converts solid carbon into CO by consuming CO2. The reaction rate for the Boudouard reaction 

can be calculated by Eq. (2). 

C + CO2 = 2CO                 (1) 

𝑅𝑟𝑏 = 𝑘𝑟𝑏exp⁡(−𝐸𝑟𝑏/𝑅𝑇)𝑐CO2 ⁡              (2) 
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2.2.2 Electrochemical reaction model 

    In the electrochemical reaction model, CO is the fuel that directly participates in 

electrochemical reactions. CO molecules produced from Boudouard reaction will transport 

from anode chamber to electrode TPB sites where they electrochemically react with O2- ions 

and release electrons, as shown by Eq. (3). At the cathode, the O2 molecules in the air are 

reduced to O2- ions (as shown by Eq. (4)), which are transported from the cathode to the anode 

CO + O2− → CO2 + 2e−               (3) 

O2 + 4e− → 2O2−                (4) 

The related equilibrium potential (𝐸) for the electrochemical reactions can be calculated 

as Eq. (5) [14] 

𝐸 = 𝐸𝐶𝑂
0 +

𝑅𝑇

2𝐹
ln [

𝑝𝐶𝑂
𝐿 (𝑝𝑂2

𝐿 )
1
2⁄

𝑝𝐶𝑂2
𝐿 ]              (5) 

where R is the universal gas constant, T is the operating temperature, F is the Faraday’s constant,  

𝑝𝐿   is the local gas partial pressure. 𝐸𝐶𝑂
0   is the standard potential for CO, which can be 

calculated by Eq. (6) [14] 

𝐸𝐶𝑂
0 = 1.46713 − 0.0004527𝑇             (6) 

As local gas partial pressure is used in the calculation, only activation overpotential loss 

(𝜂𝑎𝑐𝑡) and ohmic overpotential losses (𝜂𝑜ℎ𝑚𝑖𝑐) are considered for the calculation of the output 

voltage (V): 

𝑉 =𝐸− 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐               (7) 
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According to the Butler-Volmer equation and ohm law, the activation overpotential loss 

𝜂𝑎𝑐𝑡 and ohmic overpotential losses 𝜂𝑜ℎ𝑚𝑖𝑐 can be, respectively, calculated by [14, 15] 

𝑖 = 𝑖0 {exp (
𝛼𝑛𝐹𝜂𝑎𝑐𝑡

𝑅𝑇
) − exp (

(1−𝛼)𝑛𝐹𝜂𝑎𝑐𝑡

𝑅𝑇
)}             (8) 

and 

𝑖 = −𝜎𝑒𝑓𝑓𝛻(𝜙)                 (9) 

where 𝑖 is the operating current density, 𝑖0 is the exchange current density,⁡ 𝛼 is the electron 

transfer coefficient, 𝑛  is the number of transferred electrons per electrochemical reaction, 

𝜎𝑒𝑓𝑓 is the effective conductivity and 𝜙 is electric potential, respectively. 

2.2.3 Mass and momentum transport model 

    Mass and momentum transport are, respectively, calculated by the extended Fick’s model 

(Eq. (10)) and the Navier-Stokes equation (Eq. (11)) [14, 15] 

𝑁𝑗 = −
1

𝑅𝑇
(
𝐵0𝑦𝑗𝑝

𝜇

∂p

∂z
− 𝐷𝑗

𝑒𝑓𝑓 ∂(𝑦𝑗p)

∂z
)⁡ (𝑗 = 1,… ,𝑚)         (10) 

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌𝑢∇𝑢 = −∇𝑝 + ∇[𝜇 (∇𝑢 + (∇𝑢)𝑇) −

2

3
𝜇∇𝑢] −

𝜀𝜇𝑢

𝑘
       (11) 

where 𝑁𝑗 is the flux transport rate, 𝐵0 is the permeability of the porous electrodes, 𝑦𝑗 is the 

mole fraction of species j, ⁡ 𝜇  is the gas viscosity,  𝐷𝑗
𝑒𝑓𝑓

  is the overall effective diffusion 

coefficient of species j considering both Knudsen diffusion and molecular diffusion, ⁡ 𝜌 is the 

gas density and u is the velocity vector. 

2.2.4 Heat transfer model 

    The heat transfer process within the fuel cell can be calculated by the general heat balance 
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equation [16]: 

ρ𝐶𝑝𝑢 ∙ ∇𝑇 + ∇ ∙ (−𝜆𝑒𝑓𝑓∇𝑇) = 𝑄             (12) 

where 𝐶𝑝  is the constant-pressure heat capacity of fluid, 𝜆𝑒𝑓𝑓  is the effective heat 

conductivity and Q is the heat source term. 

    The electrical efficiency of DC-SOFC is defined as: 

SOFC
SOFC

SOFC SOFC

P

P Q
 


               (13) 

where 𝑃𝑆𝑂𝐹𝐶  is the electrical power output and 𝑄𝑆𝑂𝐹𝐶 is the rate of heat rejection of the DC-

SOFC. 

The electrical power output can be calculated as the multiplication of output voltage and 

electrical current (I): 

𝑃𝑆𝑂𝐹𝐶 = 𝑉 × 𝐼                 (14) 

The heat rejection rate from DC-SOFC is a positive value at a high operating current, 

which is the difference between the heat generation rate (𝑄𝑒) and the heat consumption rate in 

Boudouard reaction (𝑄𝑏), as shown by Eq. (15) 

𝑄𝑆𝑂𝐹𝐶 = 𝑄𝑒 − 𝑄𝑏                (15) 

where 𝑄𝑒 results from the thermal energy released in the electrochemical reactions and the 

Joule heat caused by the overpotential losses. Thus, 𝑄𝑒 can be further calculated as: 

𝑄𝑒 =⁡ −𝐼𝑇∆𝑆/(2𝐹) + (𝐸 − 𝑉)𝐼⁡              (16) 
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and 𝑄𝑏 equals to the enthalpy change in the Boudouard reaction. 

When 𝑄𝑒 = 𝑄𝑏 , i.e., 𝑄𝑆𝑂𝐹𝐶 = 0, the thermal neutral current 𝐼𝑡𝑛 for the DC-SOFC can 

be obtained as: 

𝐼𝑡𝑛 =⁡
𝑄𝑏

−𝑇∆𝑆 (2𝐹)⁡⁄ +𝐸−𝑉𝑡𝑛
               (17) 

where 𝑉𝑡𝑛 is the thermal neutral voltage corresponding to 𝐼𝑡𝑛. 

    Based on the above governing equations and the parameters in Table 1 [14, 37, 38], the 

curves of 𝑄𝑆𝑂𝐹𝐶 ⁡  and V   varying with the operating current density i (𝑖 = 𝐼 𝐴⁄ ,  A is the 

effective area of cell) is obtained, as shown in Fig. 2 (b). It is seen that 𝑄𝑆𝑂𝐹𝐶 increases from 

negative to positive with the increasing i. When the heat production from electrochemical 

reactions is less than the heat requirement for the Boudouard reaction (i.e., 𝑄𝑆𝑂𝐹𝐶 < 0), an 

amount of heat |QSOFC| should be provided from the external heat source to the DC-SOFC to 

maintain its normal operation. In this situation, the external heat source in Fig. 1 should be 

connected while the VTIG is unnecessary. When 𝑄𝑆𝑂𝐹𝐶 = 0, the DC-SOFC is thermally self-

sustained and thus both the external heat source and the VTIG are unnecessary. When the heat 

production in the cell exceeds the heat requirement for the Boudouard reaction (i.e., 𝑄𝑆𝑂𝐹𝐶 >

0), the VTIG should be connected to recover the excessive heat from DC-SOFC QSOFC for extra 

electrical power generation PTIG. As also shown in Fig. 2 (b), a higher operating temperature 

results in a larger thermal neutral current density 𝑖𝑡𝑛⁡  and a faster endothermic Boudouard 

reaction, and therefore, more heat is needed at a higher operating temperature. Therefore, less 

overall heat is generated for a given current density at a higher operating temperature. 
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2.2 Vacuum thermionic generator 

    When 𝑖 > 𝑖𝑡𝑛 , the excessive heat 𝑄𝑆𝑂𝐹𝐶 ⁡  is flowed to the cathode of the VTIG to 

evaporate electrons out of the cathode surface. The escaped electrons cross the vacuum inter-

electrode gap, condense at the relative cold anode, and finally return to the cathode through an 

external circuit [39]. The net thermionic electric current between the cathode and the anode 

 is the sum of the forward electric current from the cathode  and the reverse electric 

current from the anode  , and each of the electric currents can be described by the 

Richardson-Dushman law [22] 

              (18) 

and 

             (19) 

where   and   are, respectively, the areas of the cathode and the anode,   is the 

Richardson-Dushmann constant,   is the temperature of the anode,   and   are the 

work functions of the cathode and anode, respectively,  is the output voltage 

of the VTIG,  is the charge of an electron,  is the Boltzmann constant. 

    Considering the radiation losses between the cathode and the anode, the rate of heat 

absorbed by the cathode and the rate of heat released by the anode can be, respectively, 

expressed as [26, 28] 

 4 42
0 2

2 2a B a B
SOFC c a c

k T k T
Q U I U I A T T

e e
 

      
        
   

      (20) 

and 

TIGI cI

aI

 2

0 expc c c BI A A T k T   

 2
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cA aA 0A

2T c a

 c aU e  

e Bk
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         (21) 

where  is the equivalent thermal emissivity of inner surfaces of cathode and anode,  is 

the Stefan-Boltzmann constant. Based on Eqs. (15) and (18)-(21), one may easily numerically 

determine the lowest current density, , from which the bottoming VTIG begins to work. 

From Eqs. (18)-(21), the net thermionic electric current, power output and efficiency of the 

VTIG can be, respectively, expressed as 

    (22)
 

     (23) 

and 

TIG
TIG

SOFC

P

Q
                   

 (24) 

where  is the ratio between the electrode area of the VTIG and the electrode area of 

the DC-SOFC.
 

Based on the parameters given in Table 1 and Table 2 [26-28], one may obtain the net 

electric current density  ( ) and output voltage  of the VTIG varying with 

the operating current density of the DC-SOFC i , as shown in Fig. 3. It is seen that  is larger 

than  , and   increases as   or   increases. Generally,   increases while  

decreases with the increasing i .  decreases as  or  increases, while  increases 

as   increases or   decreases. The effects of   on   become more significant as  

increases. The effects of  on  become less sensitive as  decreases. The effects of  
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on  become more significant while the effects of  on  become less significant as  

increases. 

2.3 Regenerator 

    With the help of the regenerator, the products are cooled down to the environmental 

temperature  and the solid carbon and air are heated to the operating temperature of the 

DC-SOFC . According to the thermodynamic parameters provided in Ref. [40, 41], one can 

easily prove that the heat contained in the exhaust gas is enough to preheat the inlet reactants 

to attain the operating temperature of the DC-SOFC. Since some high-effectiveness 

regenerators have already been reported [42], it is proper to assume that the regenerator in Fig. 

1 performs perfect regeneration. 

 

2.4 Performance of the system 

When , the VTIG is not involved in the power generation. Thus, the equivalent power 

output (  ) and equivalent efficiency (  ) of the proposed system can be, respectively, 

expressed as: 

            (27) 

and 

            (28)
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3. Results and discussion 

    Based on the above mathematical models and relevant parameters given in Tables 1 and 

2, the performance characteristics of the proposed system can be analyzed. The parameters are 

taken as default ones unless mentioned specifically. 

The equivalent power density and efficiency of the VTIG within the system are shown in 

Fig. 4, where  .   almost linearly increases as   increases, while   first 

quickly and then slowly increases as  increases. Both  and  increase as  or  

decreases. The effects of   on the performance of VTIG become less significant as  

increases, while the effects of  on the performance of VTIG become more significant as  

increases. At given operating conditions, the performance of VTIG becomes less sensitive to 

 as  decreases,  and  slightly change when  drops from 600 K to 300 K [43]. 

The power densities of the DC-SOFC, the VTIG and the proposed system are compared at 

different operating temperatures, as shown in Fig. 5, where  and  

are the power densities for the DC-SOFC and the proposed system, respectively. When , 

the curves of   and   are overlapped as the VTIG is not involved in power 

generation. When  ,   keeps growing with increasing operating current density as 

more heat is provided to the VTIG from the DC-SOFC. Following a different trend, the power 

density of the DC-SOFC  first increases and then decreases with the increasing . The 

power density magnitude of VTIG is the same as that of the DC-SOFC. As a result, the power 

*

TIG TIGP P A *

TIGP i
TIG

i *

TIGP
TIG a 2T

a i
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2T 2T
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density of the proposed system is obviously improved compared with the power density of the 

sole DC-SOFC. 

For a given operating current density, the performance of the DC-SOFC is improved with 

increasing operating temperature as the elevated operating temperature promotes the 

chemical/electrochemical reactivity, ionic conductivity and gas effective diffusion. 

Additionally, a higher operating temperature provides a smaller slope for output voltage 

reduction, and consequently, the higher operating temperature extends the operating current 

density range of the DC-SOFC. It is seen from Fig. 5 that   increases as the operating 

temperature increases. For a given operating current density, the power density of the VTIG 

decreases with increasing operating temperature because less waste heat is supplied to the 

VTIG, as shown by Fig. 2. As the increase in  is more significant than the decrease in 

, a higher operating temperature is more preferable for the proposed system to obtain a 

higher overall power density  . For example, when the DC-SOFC operates at a current 

density of 30000 A m-2, the power density of the proposed system  approximately increases 

from 5580 W m-2 at 1073 K to 8100 W m-2 at 1173 K, which are about 81.5% and 36.4% larger 

than that of the stand-alone DC-SOFC, respectively. 

The efficiencies of the DC-SOFC, the VTIG and the proposed system under different 

operating temperature are shown in Fig. 6. Similarly, the curves of  and  are 

overlapped in the region of , in which both  and  first increase to 100% at 

and then decrease to a certain value at . It is seen that both  and  are increased as the 

operating temperature  increases. When ,  decreases as the operating temperature 

Li

*

SOFCP

*

TIGP

*P

*P

~ i ~SOFC i

Li i  SOFC tni

Li tni Li

T Li i 
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 increases. When ,  is always larger than . When the DC-SOFC works at a 

current density of 30000 A m-2, the efficiency of the proposed system  increases from 47.5% 

at 1073 K to 61.8% at 1173 K, and the efficiency of the DC-SOFC  increases from 26.4% 

at 1073 K to 45.4% at 1173 K. A higher operating temperature is thus more favored for the 

proposed system to achieve a better performance, as shown in Fig. 7. 

    The effects of  on the system performance are only in the region of , as shown in 

Fig. 8. It is observed that both  and  are increased as  decreases. The effects of  on 

the system performance become less significant as the operating current density  increases. 

The effects of the anode temperature of VTIG ( ) on the proposed system performance happen 

only in the region of  , as shown in Fig. 9. It is observed that the performance of the 

proposed system is improved as  decreases, and this effect becomes less prominent as  

decreases from 800K to 600 K. When  , the effects of   on the proposed system 

performance become more significant as the operating current density increases. 

In DC-SOFCs, the distance between carbon layer and anode Dce will increase 

accompanying the consumption of solid carbon. Thus, the gas transportation between carbon 

layer and anode could significantly affect the electrical power output PSOFC and heat generation 

QSOFC. As shown in Fig. 10, both  and  are improved as Dce decreases from 559 μm to 

59 μm . At given conditions, the peak power density   increases from 5000 W m-2 at 

559⁡ μm to 7230 Wm-2 at 59 μm. As analyzed in our previous papers [14, 19], a small distance 

between carbon layer and anode helps maintain a high fuel concentration in the anode, which 

results in a high output power density of the DC-SOFC. It is also shown that the effects of  

T Li i  SOFC



SOFC

a Li i

*P  a a

i

2T

Li i

2T 2T

Li i 2T

*P 

*

maxP

ceD
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on the system performance become more pronounced at a larger current density because more 

heat is produced in the DC-SOFC at a higher operating current density. 

Work function  is a parameter that measures the minimum energy necessary to bring 

an electron outside of the anode of the VTIG. Similar to other VTIG related parameters, the 

effects of  take place only in the region of . It is seen from Fig. 11 that the performance 

of the proposed system is improved as the work function decreases because it is easier for the 

VTIG to emit electrons with a lower work function anode. The effects of  on the system 

performance become more significantly with the increasing operating current density . 

4. Conclusions 

    A new system consisting of a DC-SOFC, an external heat source, a VTIG and a 

regenerator is proposed to handle the heat management of the DC-SOFC. A previously 

developed 2D tubular DC-SOFC model shows that the overall heat generated in the cell could 

be smaller than, equal to or larger than the heat required by the internal Boudouard reaction. 

According to the thermal characteristics of the DC-SOFC, three operation modes are presented. 

The analytical expressions for power output and efficiency of the proposed system under 

different operating conditions are specified. The results show that the proposed system is 

technically feasible and effective, and the power density and efficiency of the proposed system 

could be more than 8100 W m-2 and 60%, respectively. Comprehensive parametric studies show 

that the performance of the proposed system can be improved by increasing the operating 

a

a Li i

a

i
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temperature and the operating current density or decreasing the distance between carbon layer 

and anode electrode. Furthermore, decreasing the size, anode temperature and work function 

of the VTIG are also beneficial to improve the performance of the proposed system. The results 

obtained may provide some theoretical insights into handling the heat management of a real 

DC-SOFC. 
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Nomenclature 

Abbreviation 

    DC-SOFC Direct-carbon solid oxide fuel cell  

      SOFC Solid oxide fuel cell 

      TPB  Triple phase boundary 
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      VTIG vacuum thermionic generator 

      YSZ Yttrium stabilized zirconium 

 

Roman 

𝑎 Plate area ratio between VTIG and DC-SOFC 

A Effective area of DC-SOFC, m2 

𝐴0 Richardson-Dushmann constant,A m-2 K-2 

𝐴𝑎 Area of VTIG anode, m2 

𝐴𝑐 Area of VTIG cathode, m2 

      𝐵0 Permeability coefficient, m2 

𝑐𝐶𝑂2 Molar concentration of carbon dioxide, mol·m-3 

𝐶𝑝 Constant-pressure heat capacity,  

      𝐷𝑖
𝑒𝑓𝑓

 Effective diffusivity of species 𝑖 , m2·s-1 

𝑒 Charge of an electron, C 

𝐸𝑎𝑐𝑣 Activation energy, J·mol-1 

𝐸 Equilibrium potential, V 

𝐸𝐶𝑂
0  Standard equilibrium potential for carbon monoxide oxidization, V 

𝐸𝑒𝑞 Equilibrium Nernst potential, V 

𝐸𝑟𝑏 Activation energy of Boudouard reaction, J·mol-1 

      𝐹 Faraday constant, 96485 C·mol-1 
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i Current density, A·m-2 

𝑖𝐿 Lowest working current density for VTIG, A·m-2 

      𝑖𝑜 Exchange current density, A·m-2 

𝑖𝑡𝑛 Thermal neutral current density, A·m-2 

      𝐼 Electrical current, A 

𝐼𝑎 Reverse electric current from VTIG anode, A 

𝐼𝑐 Reverse electric current from VTIG cathode, A 

𝐼𝑇𝐼𝐺 Net thermionic electric current in VTIG, A 

𝐼𝑡𝑛 Thermal neutral current, A 

𝑗𝑇𝐼𝐺 Net thermionic electric current density of VTIG, A·m-2 

𝑘𝑏 Boltzmann constant, J K-1 

𝑘𝑟𝑏 Kinetic coefficient of Boudouard reaction, s-1 

n Number of electrons transferred per electrochemical reaction 

𝑁𝑖 Flux of mass transport, kg·m-3·s-1 

      𝑝 (partial) Pressure, Pa 

𝑝𝐶𝑂
𝐿  Local CO gas partial pressure, Pa 

𝑝𝐶𝑂2
𝐿  Local 𝐶𝑂2 gas partial pressure, Pa 

𝑝𝑂2
𝐿  Local 𝑂2 gas partial pressure, Pa 

P Electricity power output, W 

𝑃𝑆𝑂𝐹𝐶  Electricity power output by DC-SOFC, W 
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𝑃𝑇𝐼𝐺 Electricity power output by VTIG, W 

𝑃∗ Electricity power density, W·m-2 

𝑃𝑚𝑎𝑥
∗  Maximum electricity power density of DC-SOFC, W·m-2 

𝑃𝑆𝑂𝐹𝐶
∗  Electricity power density of DC-SOFC, W·m-2 

𝑃𝑇𝐼𝐺
∗  Electricity power density of VTIG, W·m-2 

Q Heat, W 

𝑄𝑏 Heat absorption by Boudouard reaction, W 

𝑄𝑒 Heat released by electrochemical reaction, W 

𝑄𝑆𝑂𝐹𝐶 Heat rejection of DC-SOFC 

      𝑅 Gas constant, 8.314 J·mol-1·K-1 

𝑅𝑟𝑏 Reaction rate of Boudouard reaction, mol·m-3·s-1 

T Operating temperature, K 

𝑇2 VTIG anode temperature, K 

      𝑢 Velocity field, m3·s-1 

U Output voltage of VTIG, V 

V Operating voltage, V 

𝑦𝑖 Molar fraction of component i 

 

Greek letters 

 

𝛼 Charge transfer coefficient 
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𝛽𝐻2 Electrochemical kinetics parameter for H2 

𝜀 Porosity 

𝜀0 Effective thermal emissivity 

𝜂 Electrical efficiency 

𝜂𝑆𝑂𝐹𝐶  Electrical efficiency of DC-SOFC 

𝜂𝑇𝐼𝐺  Electrical efficiency of VTIG 

𝜂𝑎𝑐𝑡 Activation polarization, V 

𝜂𝑜ℎ𝑚𝑖𝑐 Ohmic polarization, V 

𝜅 Permeability, m2 

𝜆 Thermal conductivity, W·m-1K-1 

𝜆𝑒𝑓𝑓 Effective thermal conductivity, W·m-1K-1 

𝜇 Dynamic viscosity of fluid, Pa·s 

𝜌 Fluid density, kg·m-3 

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

𝜎𝑒𝑓𝑓 Effective conductivity, S m-1 

τ Tortuosity 

∅ Potential, V  

Φ𝑎 Work function of the VTIG anode, eV 

Φ𝑐 Work function of the VTIG cathode, eV 
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Subscripts  

     an Anode 

     ca Cathode 

     co Carbon monoxide 

     H2 Hydrogen 

     l Ionic phase 

     s Electronic phase 

  

Superscripts  

     0 Parameter at equilibrium conditions 

     eff Effective 

     L Local 
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Table 1. Parameters used in 2D DC-SOFC model [14, 37, 38] 

Parameters Value or expression Unit 

Ionic conductivity 

GDC 100

𝑇
× 10(6.66071⁡ −⁡

5322.92

𝑇
)
 S m-1 

YSZ 
3.34 × 104𝑒

−10300

𝑇  S m-1 

Electronic conductivity 

Ag 1.59𝑒8

(0.0038𝑇 − 0.1134)
 S m-1 

Porosity 

Cathode  0.46  

Anode  0.46  

Electrode volume fraction 

GDC 0.21  

Ag 0.79  

STPB 

Cathode layer  2.14 × 105 m2 m-3 

Anode layer 2.14 × 105 m2 m-3 

Tortuosity 

Cathode  3  

Anode  3  

Exchange current density 

CO 450 A m-2 

O2 400 A m-2 

Charge transfer coefficient 

CO 0.5  

O2 0.5  

Equilibrium constant of 

Boudouard reaction (𝑘𝑟𝑏) 

6 × 1013 
s-1 

Activation energy of Boudouard 

reaction (𝐸𝑟𝑏) 

248⁡  
kJ mol-1 

 

  



 

30 

 

Table 2. Parameters used in VTIG [26-28] 

Parameter Value 

Charge of an electron,  (C) 1.6×10-19 

Boltzmann constant,  (J K-1) 1.38×10-23 

Stefan-Boltzmann constant,  (W m-2 K-4) 5.67×10-8 

Effective thermal emissivity,  0.18 

Work function of the anode,  (eV) 1.0 

Temperature of the anode,  (K) 600 

Richardson-Dushmann constant,  (A m-2 K-2) 1.2×106 

Plate area ratio between VTIG and DC-SOFC,  0.1 

 

 

 

 

 

 

 

 

 

 

e

Bk



0

a

2T

0A

a



 

31 

 

List of Figures 

Fig. 1. (a) schematic diagram of a DC-SOFC based integrated system, (b) system layout at 

small operating current density, and (c) system layout at large operating current density. 

Fig. 2. (a) schematic of the 2D tubular DC-SOFC, and (b) 𝑄𝑆𝑂𝐹𝐶  and V varying with the 

operating current density of DC-SOFC under different operating temperatures. 

Fig. 3. Net electric current density TIGj  and output voltage U  of the VTIG varying with the 

operating current density of the DC-SOFC for different (a) a, and (b) T2. 

Fig. 4. Equivalent power density and efficiency of the VTIG varying with the operating current 

density for different (a) a, and (b) T2. 

Fig. 5. Power densities of the DC-SOFC, the VTIG and the proposed system at (a) 1073 K, (b) 

1123 K, and (c) 1173 K. 

Fig. 6. Efficiencies of the DC-SOFC, the VTIG and the proposed system at (a) 1073 K, (b) 

1123 K, and (c) 1173 K. 

Fig. 7. Effects of the operating temperature of DC-SOFC on the system performance. 

Fig. 8. Effects of the ratio between the VTIG electrode area and the DC-SOFC effective surface 

area on the system performance. 

Fig. 9. Effects of the anode temperature of VTIG on the system performance. 

Fig. 10. Effects of the distance between carbon layer and anode on the system performance. 

Fig. 11. Effects of the work function of VTIG anode on the system performance. 

 

 



 

32 

 

 

Fig. 1. 

DC-SOFC

Regenerator

Vacuum

Thermionic

Generator

C/air CO/CO2/N2

External

Heat

Source

PSOFC

PTIG

QSOFC

|QSOFC|

 

 

(a) 

DC-SOFCEH1

Input Reactants

Output Products

PSOFC

Exhaust gases
External

Heat Source

Heat input

 

(b) 



 

33 

 

DC-SOFC

Vacuum

Thermionic

Generator

EH2

EH1

Input Reactants Output Products

Heat input

Heat rejection

PTIG

PSOFC
Exhaust gases

 

(c) 

Fig. 1. (a) schematic diagram of a DC-SOFC based integrated system, (b) system layout at 

small operating current density, and (c) system layout at large operating current density. 
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Fig. 2. 
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Fig. 2. (a) schematic of the 2D tubular DC-SOFC, and (b) 𝑄𝑆𝑂𝐹𝐶  and V varying with the 

operating current density of DC-SOFC under different operating temperatures, where 

tn tni I A  is the corresponding operating current density at tnI . 
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Fig. 3. 
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Fig. 3. Net electric current density TIGj  and output voltage U  of the VTIG varying with the 

operating current density of the DC-SOFC for different (a) a, and (b) T2. 
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Fig. 4. 
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Fig. 4. Equivalent power density and efficiency of the VTIG varying with the operating current 

density for different (a) a, and (b) T2. 
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Fig. 5. 
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Fig. 5. Power densities of the DC-SOFC, the VTIG and the proposed system at (a) 1073 K, (b) 

1123 K, and (c) 1173 K. 
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Fig. 6. 
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Fig. 6. Efficiencies of the DC-SOFC, the VTIG and the proposed system at (a) 1073 K, (b) 

1123 K, and (c) 1173 K. 
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Fig. 7. 
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Fig. 7. Effects of the operating temperature of DC-SOFC on the system performance. 
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Fig. 8. 
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Fig. 8. Effects of the ratio between the VTIG electrode area and the DC-SOFC effective surface 

area on the system performance. 
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Fig. 9. 
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Fig. 9. Effects of the anode temperature of VTIG on the system performance. 
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Fig. 10. 
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Fig. 10. Effects of the distance between carbon layer and anode on the system performance. 
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Fig. 11. 
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Fig. 11. Effects of the work function of VTIG anode on the system performance. 

 




