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Abstract: Besides electricity generation, solid oxide fuel cells (SOFCs) produce a significant amount 9 

of waste heat, which needs to be immediately removed to ensure durable operation of SOFCs. 10 

However, the removal of waste heat greatly decreases the efficiency of SOFCs. In this study, a new 11 

hybrid system mainly consisting of a thermoelectric generator, a thermoelectric cooler and an SOFC 12 

is proposed to recover the waste heat from SOFC for performance enhancement. The thermodynamic 13 

and electrochemical irreversible losses in each component are fully considered. An analytical 14 

relationship between the SOFC operating current density and the thermoelectric devices 15 

dimensionless electric current is derived, from which the range of SOFC operating current density 16 

that permits the thermoelectric devices to effectively work is determined. The equivalent power 17 

output and efficiency for the hybrid system are specified under different operating current density 18 

regions. The feasibility and effectiveness are illustrated by comparing the proposed hybrid system 19 

with the stand-alone SOFC. It is found that the power density and efficiency of the proposed system 20 

allow 2.3% and 4.6% larger than that of the stand-alone SOFC, respectively. Finally, various 21 

parametric analyses are performed to discuss the effects of some design and operation parameters on 22 

the hybrid system performance. 23 
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1. Introduction 29 

 The worldwide energy and environment crisis raise a strong demand for development of 30 

efficient and clean energy technologies [1]. Fuel cells are promising power sources as they can 31 

efficiently and environmental-friendly convert the fuel chemical energy into electricity without 32 

intermediary complicated energy conversion processes [2]. Among various fuel cells, SOFCs have 33 

attracted considerable interests due to their low emissions, fuel flexibility, inexpensive metal catalyst 34 

and high electrochemical reaction rate [3-5]. In literatures, a great number of studies have focused 35 

attention on aspects such as new electrode material fabrication [6, 7], lowering operating temperature 36 

[8, 9], durability improvement [10, 11], new cell prototype development [12, 13], and single cell 37 

theoretical modeling [14-16]. 38 

The high operating temperature of SOFCs also produces substantial amounts of high-grade heat 39 

that are capable of powering a wide range of bottoming thermodynamic devices [17-21]. By 40 

developing cogeneration or trigeneration systems, the energy and exergy efficiencies of SOFC-based 41 

hybrid systems could reach 80% and 60%, respectively [22-24]. Extensive studies have been 42 

conducted on SOFC-based hybrid systems fueled with various kinds of fuels [25-27] and integrated 43 

with different bottom cycles [28-32] by means of various analysis approaches [33-35]. Liao et al. 44 

proposed thermophotovoltaic cells to efficiently exploit the waste heat from SOFCs and compared 45 

the proposed hybrid system with some other SOFC based hybrid systems [28]. Mehrpooya et al. [29] 46 

introduced a combined system containing SOFC-GT (SOFC-gas turbine) system, steam Rankine 47 

cycle and absorption refrigeration system. They used energy and exergy as well as economic factors 48 

to discriminate optimum operation points of the combined system. Ma et al. [30] carried out 49 

thermodynamic analyses of a trigeneration system by employing an ammonia-water mixture 50 
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thermodynamic cycle to harvest the waste heat from a natural gas fueled SOFC-GT. They examined 51 

the dependence of system performance on several important thermodynamic parameters. Ebrahimi et 52 

al. [31] proposed a novel cycle combining SOFC, micro gas turbine (MGT), and organic Rankine 53 

cycle (ORC) for power production. They evaluated the cycle behavior and investigated the effects of 54 

ten design parameters on the overall cycle electrical efficiency. Eveloy et al. [32] integrated a hybrid 55 

SOFC-GT system and a reverse osmosis plant to enhance power generation and desalinate seawater. 56 

Compared with existing standard gas turbine cycle, the proposed system could improve the exergy 57 

efficiency by approximately 29% and simultaneously produce additional 494 m3/h fresh water. 58 

Rokni et al. [33] performed thermodynamic and thermoeconomic analyses of a biomass gasified 59 

SOFC/Stirling heat engine hybrid system. It was found that a thermal efficiency of 0.424 LHV and a 60 

net electric capacity of 120 kWe were obtained when the feedstock was 89.4 kg/h. Lee et al. [34] 61 

evaluated the environmental impacts associated with a SOFC-based combined heat and power (CHP) 62 

generation system. It was showed that in the total environmental impact of manufacturing, the SOFC 63 

stack accounted for 72% and the remaining balance-of-plant were responsible for the rest 28%. 64 

Aminyavari et al. [35] implemented exergetic, economic and environmental analyses on an 65 

internal-reforming SOFC-GT hybrid system integrated with a steam Rankine cycle. After 66 

multi-objective optimization procedures, the final optimum results demonstrated that the exergy 67 

efficiency and total cost rate were 65.11% and 0.1374 €/s, respectively. 68 

Thermoelectric devices include three semiconductor thermoelectric systems that convert waste 69 

heat into electric power (i.e., thermoelectric generator, TEG) or convert electricity into thermal 70 

energy for heating (i.e., thermoelectric heat pump, THP) or cooling (i.e., thermoelectric cooler, TEC) 71 

[36, 37]. As thermoelectric devices are compact, quiet, environmental-friendly and highly reliable, 72 
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they are widely used in solar energy conversion [38], electronic cooling [39], residential air 73 

conditioning [40], and waste heat recovery [41, 42]. As all-solid-state energy converters, 74 

thermoelectric devices are natural good choices to recover the waste heat from SOFCs. To date, 75 

some scholars have employed TEGs to harvest waste heat from high-temperature fuel cells such as 76 

molten carbonate fuel cell [43], phosphoric acid fuel cell [44] and SOFC [45] for additional power 77 

generation. However, no one has yet used thermoelectric devices to recover the waste heat from 78 

SOFCs for cooling production, which is usually needed in buildings. 79 

In this work, we present a new hybrid system that uses cascading thermoelectric devices to 80 

recover the waste heat from hydrogen-fueled SOFCs for cooling applications. Based on 81 

electrochemistry and non-equilibrium thermodynamics, the primary irreversible losses of each 82 

component with the hybrid system are described. The integration characteristics between the SOFC 83 

and thermoelectric devices will be investigated. Analytical expressions for evaluating the hybrid 84 

system performance will be given, through which the generic performance characteristics are 85 

discussed in detail. The feasibility and effectiveness for the proposed system will be demonstrated by 86 

comparing with the stand-alone SOFCs. Furthermore, extensive parametric studies will be employed 87 

to reveal the sensitivity of the hybrid system performance to some design parameters and operating 88 

conditions. 89 

2. System description 90 

    The proposed hybrid system consists of an SOFC, two thermoelectric devices and a regenerator, 91 

as shown in Fig. 1. The thermoelectric devices consist of a TEG and a TEC, and the regenerator 92 

absorbs the heat in the outlet exhaust products to preheats the inlet reactants from ambient 93 

temperature 0T  to the SOFC operating temperature T . The SOFC electrochemically converts the 94 
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fuel chemical energy into electrical power and high-grade waste heat. One part of the waste heat, 95 

HQ  (J s-1), is transferred from the SOFC at temperature T  to the TEG for additional electrical 96 

power generation via the Seebeck effect, and the generated electricity is subsequently delivered to 97 

power the TEC, which extract heat, CQ  (J s-1), from the cooled space at temperature CT  based on 98 

the Peltier effect. Another part of the waste heat, RQ  (J s-1), is consumed to compensate the 99 

regenerative losses in the regenerator. The rest part of the waste heat, LQ  (J s-1), is directly rejected 100 

to the environment. 1Q  and 2Q  are heat-transfer rates between the environment and the TEG and 101 

TEC, respectively. 102 

    For simplification, following assumptions are adopted [46-50]: 103 

 SOFC and thermoelectric devices are in steady states;  104 

 Operating temperature and operating pressure of the SOFC are constants and uniform ; 105 

 Reactants are completely consumed in the SOFC; 106 

 Newton’s law is used to describe the heat transfers within the system; 107 

 Thermoelectric elements in TEG and TEC are identical; 108 

 Geometric configurations of the thermoelectric devices are in the optimum form; 109 

 Thermoelectric elements are insulated both electrically and thermally from their 110 

surroundings, except at reservoir-junction contacts; 111 

 Electric current flows along the arm of a thermoelectric element; 112 

 External heat-transfer irreversibilities between the thermoelectric devices and the heat 113 

reservoirs are neglected; 114 

 Seebeck coefficient, thermal conductance, electrical resistance, and figure of merit of the 115 

thermoelectric devices are independent of temperature; 116 
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 Thompson effects in thermoelectric devices are neglected. 117 

2.1. SOFC 118 

The typical SOFC shown in Fig. 1 is made of Ni | YSZ | LSM with hydrogen as fuel and air as 119 

oxidant. The SOFC electrochemical performance is deteriorated by activation, concentration and 120 

ohmic overpotentials, which can be characterized by the Bulter-Volmer equation, dusty gas model 121 

and Ohm’s law, respectively. Adopting the electrochemical model in previous papers [51, 52], the 122 

power output SOFCP  and efficiency SOFC  for a SOFC are given by 123 

 , , , ,SOFC act a act c con a con c ohmP VI jA E V V V V V       ,          (1) 124 

and 125 
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(2 )H I h F


    .                 (9) 135 

 136 

2.2. Thermoelectric devices 137 

As shown in Fig. 1, the TEG and TEC are operated between the heat sink (i.e., the ambience) 138 

and the SOFC and the cooled space, respectively. The number of thermoelectric elements in TEG 139 

and TEC are m  and n , respectively, and the thermoelectric elements are electrically connected in 140 

serials. Each element consists of a P-type semiconductor leg and an N-type semiconductor leg which 141 

are connected by a thin copper. Neglecting the Thomson effect, the internal irreversible losses inside 142 

a thermoelectric element are mainly from the Joule heat and the heat-conduction losses between the 143 

hot junction and cold junction. The Joule heat generates an amount of heat 2

g teI R , where 
gI  is the 144 

electrical current flowing through a thermoelectric element, and teR  is the internal electrical 145 

resistance of a thermoelectric element. The heat-conduction losses in TEG and TEC are, respectively, 146 

 0mK T T  and  0 CnK T T , where K  is the thermal conductance of a thermoelectric element. 147 

Based on the non-equilibrium thermodynamics, the heat balance equations can be expressed as [47] 148 

 2

00.5H g g teQ mI T mI R mK T T    ,             (10) 149 

 2

1 0 00.5g g teQ mI T mI R mK T T    ,             (11) 150 

 2

2 0 00.5g g te CQ nI T nI R nK T T    ,              (12) 151 

and 152 

 2

00.5C g C g te CQ nI T nI R nK T T    ,             (13) 153 

where P , N  and  P N     are the Seebeck coefficients of a P-type semiconductor leg, an 154 

N-type semiconductor leg and a thermoelectric element, respectively. 155 

Based on Eqs. (10) - (13), one may define an internal structure parameter x  to describe the 156 
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ratio of thermoelectric element numbers between the TEG and the TEC, i.e., 157 

 

 
2 0

1 0

1

1 1

i ZT
x m n

i ZT





 
 

 
,                (14) 158 

where 1 0T T  , 2 0CT T  , 1 2 CT T    , 
gi I K  and  2

teZ KR  are dimensionless 159 

electric current and figure of merit of a thermoelectric element, respectively. 160 

From Eqs. (10) – (14), the coefficient of performance (COP)   and the cooling rate (CR)   161 

of the cascading thermoelectric devices can be, respectively, expressed as 162 
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When the thermoelectric devices begin to work, both the COP and the CR are larger than zero, 166 

i.e., 0   and 0 . Solving the inequalities, the effective dimensionless electric current range is 167 

given by 168 

1 2i i i  ,                 (17) 169 

where    2

1 0 2 2 0 21 1 2 1i ZT ZT      
  

 and  2 0 11 1i ZT   . Substituting 1i  and 2i  into 170 

Eq. (14), the corresponding internal structure parameters are 171 

         2 2

1 1 2 0 2 1 2 0 21 2 1 1 1 1 2 1x ZT ZT                
  

 and 2x  , 172 

respectively. To make the thermoelectric devices effective, the internal structure parameter of the 173 

thermoelectric devices should be designed as 174 

1x x .                 (18) 175 

Considering the exergy content difference between the cooling load and the electric power [53], 176 

the equivalent power output teP  and efficiency te  for the cascading thermoelectric devices can be 177 
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expressed as 178 

 
   
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and 180 
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 182 

2.3. Regenerator 183 

The thermodynamic losses in the regenerator are often expressed as [54]: 184 

0(1 )( )R re reQ K A T T   ,                                                  (21) 185 

where reK , reA  and   are the heat-transfer coefficient, heat-transfer area and the effectiveness of 186 

the regenerator, respectively. 187 

2.4. Performance of the hybrid system 188 

The heat leakage rate LQ  between the SOFC and the environment can be described by [54] 189 

0( )L L LQ K A T T  ,                  (22) 190 

where LK  and LA  are the heat leakage coefficient and area, respectively. 191 

According to the energy conservation law, one has 192 

 
   1 0 2 02 2

1
2

H SOFC R L SOFC

Fc T T Fc T TA h
Q H P Q Q j

F h h


   
          

  
,   (23) 193 

where 1 (1 )re rec K A A   and 2 L Lc K A A  are temperature-independent composite constants 194 

which are associated with the regenerative losses and the heat leakage, respectively. 195 

Based on Eqs. (10) and (23), the numerical relationship between the dimensionless electric 196 

current of the thermoelectric devices, i , and the operating current density of SOFC, j , is 197 

determined by Eq. (24) 198 
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      2 2

0 1 2 02 1 2SOFC

ZA h
i ZT Z T Z T T j c c T T

mK F


 
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 
.     (24) 199 

    Using Eqs. (14) and (24) and the parameters given in Table 1 [43, 49, 51, 52, 55], one can 200 

generate the curves of ~x j  for different CT  and 0T , as shown in Fig. 2 (a). It is seen that x  first 201 

smoothly and then sharply increases with increasing j , and x  increases as CT  decreases or 0T  202 

increases. Compared with the variation of CT , x  is more sensitive to the variation of 0T . Fig. 2 (b) 203 

shows the equivalent power density varying with the equivalent efficiency of the thermoelectric 204 

devices at different 0T  or CT . *

,maxtdP , 
,maxtd , *

,tdP   and 
,td P  move towards larger ones as CT  205 

decreases or 0T  increases. In a word, the thermoelectric devices display better performance under 206 

the larger temperature gap  0 CT T  condition. 207 

Replacing the symbol i  in Eq. (24) by the 1i  and 2i  in Eq. (17) respectively, one may 208 

numerically determine the lower bound 1j  and upper bound 2j  between which the thermoelectric 209 

devices enable to work. Thus, the effective operating current density interval is given by 210 

2 1j j j   .                    (25) 211 

Thus, the overall equivalent power output P  and efficiency   for the proposed hybrid 212 

system can be, respectively, given by 213 

 

 

1 2

1 2

SOFC td

SOFC

P P j j j
P

P j j or j j

   
 

  

            (26) 214 

and 215 

 

 

1 2

1 2

SOFC td

SOFC

P P
j j j

H

j j or j j








  

  
  

            (27) 216 

 217 

3. Generic performance characteristics 218 
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    Figure 3 shows the generic performance characteristics and comparisons between the SOFC and 219 

the thermoelectric devices and the proposed hybrid system. It is seen that *

SOFCP , *

tdP  and *P  first 220 

increase and then decrease as j  increases. Different from the trends of power densities, SOFC  221 

continuously decreases as j  increases in the entire range, while td  first increases and then 222 

decreases in the region of 1 2j j j  , and   first quickly decreases then somewhat increases and 223 

finally drops as j  increases. Outside the region of 1 2j j j  , the curves of * ~P j  and ~ j  224 

are respectively overlapped with that of * ~SOFCP j  and ~SOFC j , and the values of *

tdP  and td  225 

are equal to 0. It is also observed that *

maxP  is larger than both *

, maxSOFCP  and *

,maxtdP , and P  is 226 

larger than 
,SOFC P . For the parameters in Table 1, *

maxP  is about 2.3% larger than *

, maxSOFCP , and 227 

P  is about 4.6% larger than 
,SOFC P . Compared with the stand-alone SOFC, the performance 228 

improvement of the proposed hybrid system is not adequately obvious. This is because the 229 

heat-electricity efficiency of TEGs is relatively low and a large exergy destruction occurs in the 230 

cooling processes. Moreover, Pj  is always different from 
,fc Pj  because *

SOFCP  and *

tdP  achieve 231 

their peak values at different operating current densities. Combining the power output and efficiency 232 

criteria, the optimum operating ranges for current density, power density and efficiency are suggested 233 

to be located in Pj j , * *

maxP P  and P  , respectively. 234 

 235 

4. Parametric studies 236 

4.1. Effect of m  237 

A larger m  indicates more thermoelectric elements are employed in TEG and TEC, which 238 

facilitates the performance improvement of the thermoelectric devices. As shown in Fig. 4 (a), 239 

*

,maxtdP , 
,td Pj , 

,tdj  , 1j , 2j  and j  increase while 
,maxtd  almost keeps invariant as m  240 
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increases, and curves of * ~tdP j  and ~td j  move rightward with increasing m . For the hybrid 241 

system, the effects of m  are only in the region of 1 2j j j  , as shown in Fig. 4 (b). It is 242 

interesting to note that *

maxP  first increases and then decrease with the increasing m , and 243 

consequently, there exists an optimum value for m  at which *

maxP  attains its maximum. This is 244 

because the increase in *

tdP  is less significantly than the decrease in *

SOFCP  for a larger m  at 245 

which 
,td Pj  exceeds 

,SOFC Pj . For parameters in Table 1, an optimum value for m  is located 246 

between 8 and 12. 247 

4.2. Effect of T  248 

    A higher operating temperature T  not only improves the performances of the SOFC and the 249 

thermoelectric devices but also leads to larger thermodynamic losses within the system. Because the 250 

performance deterioration caused by the thermodynamic losses is less significant than the 251 

performance improvements in the SOFC and thermoelectric devices, a higher operating temperature 252 

is desired. As shown in Fig. 5, *P  and   increase with increasing T , and the values of Pj , Sj , 253 

1j , 2j  and j  increase with increasing T . The effect of T  occurs in the whole range of j  254 

and becomes more significantly at elevated T . However, a larger T  would cause some problems 255 

such as performance degradation, slow start-up and shutdown cycles and higher costs for balance of 256 

plant (BOP). Lowing the operating temperature of SOFCs to the intermediate temperature range 257 

(500–700°C) has become an important topic in SOFC community [56]. 258 

4.3. Effects of p  259 

    Operating pressure not only affects the SOFC performance (via open circuit potential and 260 

overpotentials) but also influences the waste heat quantity transferred to the thermoelectric devices. 261 

Similar to T , the effects of operating pressure p  on the system performance is in the whole region 262 
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of j . Figure 6 shows that both *P  and   increase with increasing p , and the values of *

maxP , 263 

*

,maxSOFCP , Pj , Sj , 1j , 2j  and j  are also increased with increasing p . The effect of p  on 264 

the system performance becomes more significantly at larger operating current densities. For 265 

performance improvement, a larger p  is always more preferable, but it also consumes some 266 

additional electricity in the inlet reactants compression processes. The black solid lines in Fig. 6 267 

represents the operating pressure is chosen as 1.0 atm, which is the usual choice in practice. 268 

4.4. Effects of K  269 

    Thermal conductance K  significantly affects the thermoelectric devices performance, as 270 

shown in Fig. 7 (a). Similar to the effects of m , *

,maxtdP , 
,td Pj , 

,tdj 
, 1j , 2j  and j  increase 271 

while 
,maxtd  almost keeps invariant as K  increases, and the curves of * ~tdP j  and ~td j  move 272 

rightward with increasing m . Different from T  and p , Figure 7 (b) shows that the effects of K  273 

on the whole system performance are only in the region of 1 2j j j  . Outside this region, the 274 

curves of 
* ~P j  and ~ j  are overlapped with that of the * ~SOFCP j  and ~SOFC j , 275 

respectively. The value of *

maxP  first increases and then decreases with increasing K , while the 276 

value of Pj  continuously increases as K  increases. At a small K , *

tdP  is much smaller than 277 

*

SOFCP  such that the whole system performance improvement is not obvious. As K  increases, the 278 

increase in *

tdP  is less significantly than the decrease in *

SOFCP , especially for the cases of 279 

, ,td P SOFC Pj j . For the parameters in Table 1, an optimum value for K  is found to be between 0.04 280 

and 0.08. 281 

4.5. Effects of 1c / 2c  282 

    The integrated parameters 1c  and 2c  are closely related with the thermodynamic losses within 283 

the hybrid system. As shown in Fig. 8, the value of *

maxP  almost keeps invariant for small 1c  and 284 
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2c , and the effects of 1c  and 2c  only occur in the region of 1 2j j j  . As 1c  and/or 2c  increase, 285 

the value of *

maxP  drops evidently, especially for the cases of 
, ,td P SOFC Pj j . It is also seen that the 286 

values of Pj , 1j  and 2j  are increased as 1c  and/or 2c  are increased. Numerical calculations 287 

further show that the value of j  slightly decreases as 1c  and/or 2c  increase. The black solid 288 

lines in Fig. 8 represent a special case that both regenerative losses RQ  and heat leakage LQ  are 289 

negligible. In such a situation, Eqs. (23) and (24) can be, respectively, simplified into 290 

 1
2

H SOFC

jA h
Q

F



   ,                 (28) 291 

and 292 

   2 2

02 1 SOFC

ZA h
i ZT Z T Z T T j

mK F


 
      

 
.          (29) 293 

 294 

4. Conclusions 295 

A novel hybrid system consisting of SOFCs and cascading thermoelectric devices is proposed to 296 

recover waste heat from SOFCs for simultaneous power generation and cooling applications. A 297 

theoretical model is derived to evaluate the hybrid system performance, considering various 298 

irreversible losses in the system. A numerical relationship for the output electric currents of the 299 

SOFC and the cascading thermoelectric devices is derived, and the current density interval of SOFC 300 

that allows the thermoelectric devices to work is determined. The internal structure parameter x  301 

and equivalent power density and efficiency of the thermoelectric devices varying with the heat 302 

reservoir temperatures are revealed. The performance parameters for the hybrid system are specified 303 

under different operating conditions, and the generic performance characteristics are demonstrated. 304 

Numerical calculations show that the power density and efficiency of the proposed system allow 305 

2.3% and 4.6% larger than that of the stand-alone SOFC, respectively. Comprehensive parametric 306 
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studies are conducted to discuss the effects of some design and operation parameters on the hybrid 307 

system performance. It is found that there exist optimum values for the number of thermoelectric 308 

elements in TEG and the thermal conductance of a thermoelectric element for maximizing the hybrid 309 

system equivalent power density. 310 
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Table captions: 447 

Table 1. Parameters used in the modeling [43, 49, 51, 52, 55]. 448 

Figure captions: 449 

Fig. 1. A conceptual diagram of an SOFC/ thermoelectric devices hybrid system. 450 

Fig. 2. Curves of (a) ~x j , and (b) * ~td tdP   at different 0T  or CT , where * /td tdP P A  is the 451 

equivalent power density of the thermoelectric devices, *

,maxtdP  and 
,maxtd  are respectively 452 

the maximum power density and maximum efficiency of the thermoelectric devices, *

,tdP   453 

and 
,td P  are the power density at 

,maxtd  and the efficiency at *

,maxtdP , respectively. 454 

Fig. 3. Comparisons of (a) power densities and (b) efficiencies between the SOFC, thermoelectric 455 

devices and hybrid system, where * /SOFC SOFCP P A  and APP /*   are, power densities for 456 

SOFC and hybrid system, respectively; *

,maxSOFCP , *

,maxtdP  and *

maxP  are maximum power 457 

densities of the SOFC, thermoelectric devices and hybrid system, respectively; 
,maxtd  is the 458 

maximum efficiency of the thermoelectric devices; Pj  and P  are operating current 459 

density and efficiency at *

maxP , respectively; 
,fc Pj  is the operating current density at 460 

*

,maxSOFCP ; 
,td Pj  and 

,tdj 
 are operating current densities at *

,maxtdP  and 
,maxtd , respectively; 461 

Sj  is the stagnation current density from which the SOFC does not output electricity any 462 

more. 463 

Fig. 4. Effects of the number of thermoelectric elements in TEG on the hybrid system performance. 464 

Fig. 5. Effects of the operating temperature on the hybrid system performance. 465 

Fig. 6. Effects of the operating pressure on the hybrid system performance. 466 

Fig. 7. Effects of the thermal conductance of a thermoelectric element on the hybrid system 467 

performance. 468 
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Fig. 8. Effects of the thermodynamic losses related parameters on the hybrid system performance. 469 

470 
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Table 1   471 

Parameter Value 

Operating pressure, P (atm) 1.0 

Operating temperature, T (K) 1073 

Anode interface gas compositions 95 % H2 +5 % H2O 

Cathode interface gas compositions 79 % N2 +21% O2 

Activation energy for anode, Eacta (J mol-1) 1.0×105 [51] 

Activation energy for cathode, Eactc (J mol-1) 1.2×105 [51] 

Electrode porosity, ε 0.48 [51] 

Electrode tortuosity,ξ 5.4 [51] 

Average pore diameter, Dp (m) 3.0 ×10-6 [51] 

Average grain size, Ds (m) 1.5 ×10-6 [51] 

Average length of grain contact, X 0.7 [51] 

Anode thickness , La (m) 5.0×10-4 

Anode electric conductivity, σa (Ω
-1 m-1) 8.0×104 [52] 

Cathode thickness, Lc (m) 5.0×10-5 

Cathode electric conductivity, σc (Ω
-1 m-1) 8.4×103 [52] 

Electrolyte thickness , Le (m) 5.0×10-5 

Electrolyte ionic conductivity, σe (Ω
-1 m-1) 3.34×104exp(-1.03×104/T) [52] 

Effective surface area of the SOFC, A (m2) 4.0×10-2  

Sectional area of a thermoelectric element, (m2) 0.005 [55] 

Heat conductivity of a thermoelectric element, K (W 

K-1 m-1) 
0.04 

Figure of merit of the thermoelectric materials, 0ZT  1.0 [49] 

Number of TEGs, m  8 

Constants in Eq. (23), 1c ; 2c  (W m-2 K-1) 0.1; 0.1 [43] 

Temperature of the ambience, T0 (K) 305 

Temperature of cooled space , TC (K) 290 
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Fig. 1. 473 
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Fig. 2. 476 
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Fig. 3. 480 
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Fig. 4. 485 
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Fig. 5. 489 
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Fig. 6. 493 
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Fig. 7. 496 

5000 10000 15000 20000 25000 30000
0

100

200

300

 K = 0.02

 K = 0.04

 K = 0.06

 K = 0.08

j (A m
-2
)

 P
* td

 (
W

 m
-2
)

(a)


td,max

j
td,

j
td,P

P
*

td,max

0.000

0.005

0.010

0.015

0.020

0.025

0.030

 
td


td

P
*

td

 497 

5000 10000 15000 20000 25000 30000
0

2000

4000

6000

 

 K = 0.02

 K = 0.04

 K = 0.06

 K = 0.08

j (A m
-2
)

P
*  (

W
 m

-2
)

j
P

P
*

max

(b)

0.0

0.2

0.4

0.6

0.8

 

 498 

 499 

500 



 33 

Fig. 8. 501 
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