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Abstract: A novel hybrid system fueled with natural gas (NG), consisting of solid oxide fuel 9 

cell (SOFC), proton exchange membrane fuel cell (PEMFC) and gas processing (GP) 10 

subsystem for H2 production and purification, is proposed and modeled in this paper. The 11 

combination of water gas shift (WGS) and thermal swing adsorption (TSA) methods is 12 

adopted to convert the syngas out from the SOFC into H2 with high purity for subsequent use 13 

as a fuel in PEMFC for additional power generation. The parametric and exergy analyses 14 

show that the proposed hybrid system can achieve high energy conversion efficiency of 15 

approximately 64% and exergy efficiency of 61%, which are higher than some other fuel cell 16 

systems, such as reformer-PEMFC, standalone SOFC, SOFC-engine/gas turbine and 17 

SOFC-chemical looping hydrogen production. The waste heat recovery for driving the TSA 18 

reaction and the H2 recirculation for the PEMFC are found to improve the net electricity 19 

efficiency by 3.24% and 9%, respectively. In addition, using TSA method instead of the 20 

traditional pressure swing adsorption (PSA) could improve the efficiency of the 21 
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SOFC-PEMFC hybrid system without increasing the exergy destruction. These results reveal 22 

that the novel hybrid system is a promising energy conversion system with high efficiency. 23 

Keywords: Solid oxide fuel cell; Proton exchange membrane; Metal hydride; Exergy; 24 

High-efficiency. 25 

 26 

Nomenclature 27 

Abbreviation 28 

CLHP chemical looping hydrogen production 

DC/AC direct current to alternating current 

DIR direct internal reforming 

FC fuel cell 

GT gas turbine 

GP gas processing 

HEX heat exchanger 

HSA hydrogen storage alloy 

HT-WGS high temperature – water gas shift 

LT-WGS low temperature – water gas shift 

MH metal hydride 

NG natural gas 

PEMFC proton exchange membrane fuel cell 

PSA pressure swing adsorption 

R-PEMFC reform-PEMFC 
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TSA thermal swing adsorption 

WGS water gas shift 

 29 

Symbols 30 

Acell fuel cell area, m2 

dC  hydrogen desorption reaction rate constant, s-1 

dE  activation energy, J mol-1 

0

TE  standard reversible voltage for H2, V 

Ex exergy, kW 

F Faraday constant, C mol-1 

h specific enthalpy, J mol-1 

H

M
 hydrogen and metal atomic ratio 

I current, A 

J current density, A m-2 

K reaction equilibrium constant 

LHVfuel lower heating value of fuel, kW 

M molar mass, kg kmol-1 

2Hn  hydrogen content, mol 

P power, kW 

p pressure, bar 

Qloss heat loss of the fuel cell, kW 

Rg universal gas constant, J K-1 mol-1 
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T temperature, K 

Uir irreversible voltage of the fuel cell, V 

y component concentration, mol L-1 

  mass flow, kg s-1 

μfuel fuel utilization 

η energy efficiency 

χSOFC fuel recirculation percentage of SOFC 

ζ exergy efficiency 

△H reaction enthalpy, J mol-1 

 31 

Subscript 32 

a anode 

ab absorption 

AC alternating current 

AUX auxiliary 

c cathode 

cell fuel cell 

coolant coolant 

d desorption 

DC direct current 

eq  equilibrium 

Gross gross 
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H2 hydrogen gas 

H2O water 

hfluid heating fluid 

in inlet 

ISE isentropy 

net net 

NG natural gas 

O2 oxygen gas 

ox oxidant 

out outlet 

ref reference 

reform reforming 

shift water gas shift reaction 

Steam steam 

Total total 

TSA temperature swing adsorption 

wfluid working fluid 

 33 

1. Introduction 34 

Along with the upgraded living standard and rapid development of economics, the 35 

human needs for energy have been increasing day by day. A large-scale exploitation and 36 

utilization of traditional non-renewable energies have led to increasingly serious issues, such 37 
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as energy crisis and environmental pollution. Therefore, an efficient and clean energy 38 

utilization technology is a must for the sustainable development of society. Fuel cell (FC) 39 

power technology is attractive due to its high efficiency, diverse forms of application, low 40 

emission and noise [1-4]. Among the fuel cells, proton exchange membrane fuel cell 41 

(PEMFC) has relatively low operating temperatures (no more than 100℃), fast transient 42 

response and mature fabrication technology [5-7]. PEMFC is viewed to be a promising power 43 

generation technology. However, the PEMFC has to be fueled with pure hydrogen as the 44 

impurity such as CO can easily poison the Pt-based catalyst of PEMFC. Hydrogen source 45 

becomes a key issue for achieving the large-scale utilization of PEMFC. Unfortunately, an 46 

efficient, economical and safe hydrogen storage technology is still not available [8]. The most 47 

commonly used technology for hydrogen storage is traditional pressurized gas storage with 48 

extremely high operating pressure, which faces the challenges of security risk, low 49 

volumetric density and scarce infrastructure (e.g. hydrogen refueling station) [9,10]. These 50 

challenges significantly hinder the large-scale application of hydrogen energy system. 51 

Unlike the PEMFC, the biggest merit of solid oxide fuel cell (SOFC) is wide choices of 52 

anode fuels, such as CH4, biogas, natural gas (NG), petroleum gas and so on [11-13]. The 53 

poisonous CO for PEMFC can even be utilized as a fuel by SOFC for power generation. 54 

Compared with pure H2, NG is much cheaper and widely available. Besides, high 55 

temperature SOFC fueled with NG could convert CH4, the main component of NG, into H2 56 

by integrating direct internal reforming (DIR). The H2 fuel can be delivered to the PEMFC 57 

for additional power generation. The combination of SOFC-DIR and PEMFC makes the fuel 58 

source transfer from pure H2 to NG whose infrastructure (refueling station) is well-equipped 59 
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now. Therefore, more and more attentions have been drawn to the SOFC-PEMFC hybrid 60 

system. Dicks et al. [14] first evaluated the benefits of a system combining high- and 61 

low-temperature fuel cell types. It was found that the combined SOFC-PEMFC system using 62 

SOFC as a reformer for hydrogen production has a higher overall efficiency than the 63 

SOFC-only or reformer-PEMFC system. Rabbani et al. [15] further confirmed the overall 64 

efficiency of the combined SOFC-PEMFC system can be improved by 8%~16% compared 65 

with standalone SOFC or PEMFC system. Recently, Tan et al. [16] designed a hybrid power 66 

generation system consisting of SOFC and PEMFC and further performed a parametric 67 

optimization study on the hybrid system. However, the output syngas after the reforming 68 

reaction occurring in the SOFC, including H2, CO, CO2 and H2O, is only treated with 69 

condensation process before entering into the downstream PEMFC. Actually, the impurity 70 

gases (CO, CO2) of the mixture have a non-ignorable impact on the PEMFC performance due 71 

to the requirement of pure H2. In order to improve the purity of H2, Fernandes et al. [17] 72 

adopted the method of pressure swing adsorption (PSA) for H2 separation to connect the 73 

reforming output and the PEMFC anode input in the hybrid system. Based on SOFC as a 74 

reformer to convert NG into H2 for PEMFC, the authors proposed the innovative CaPP (Car 75 

as Power Plant) concept that the H2 fuel from the SOFC reformer (SOFCR) is delivered into 76 

the PEMFC-powered car as the power plant to generate electricity when the car is in the 77 

parking situation. 78 

The PSA technique is a completely physical separation process, based on the mechanism 79 

that different gases exhibit different behaviors under pressure changes [18]. Therefore, it is 80 

hard to obtain H2 with very high purity from the reformed gas mixture (H2, CO, CO2 and 81 
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H2O) by PSA. The H2 purity processed by PSA is reported to be about 96% [19]. The 82 

existence of CO easily poisons the PEMFC catalyst, thus resulting in the FC performance 83 

degradation. This is because that the anodic Pt-based catalyst in the PEMFC only bears no 84 

more than 10 ppm of CO [20]. In contrast, thermal swing adsorption (TSA) is based on 85 

chemisorption at different temperatures to achieve H2 separation and even purification. 86 

AB5-type hydrogen storage alloy (HSA) is capable of separating and purifying H2 from the 87 

gas mixture containing CO content up to 0.1% (volume percentage) [21]. The purity of the 88 

desorbed H2 can reach as high as 99.9999% [22]. The pressure of H2 fed into the PEMFC can 89 

be self-regulated by controlling the TSA temperature, while an extra compressor after the 90 

PSA process is needed to regulate H2 pressure. In addition, the TSA chemical reaction based 91 

on HSA could be driven by waste heat recovery in the SOFC-PEMFC hybrid system. These 92 

benefits can potentially contribute to the improvement of energy conversion efficiency for the 93 

SOFC-PEMFC hybrid system. 94 

To the best of our knowledge, no study on the SOFC-PEMFC hybrid system coupled 95 

with the TSA treatment for H2 purification can be found from the literature. Therefore, the 96 

integrated system consisting of SOFC-DIR, WGS (water gas shift), TSA and PEMFC 97 

modules is proposed and modeled in the present study. Then, a parametric study is performed 98 

to analyze the influences of various important parameters on the performance of the hybrid 99 

system. Besides, detailed analyses of exergy flow and exergy loss of the main components in 100 

the hybrid system are carried out, which is significant for optimizing the hybrid FC system. 101 

 102 

 103 
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2. SOFC-PEMFC hybrid system coupled with TSA 104 

Figure 1 shows the layout of the proposed hybrid system (labeled as 105 

SOFC-WGS-TSA-PEMFC). In this system, the NG fuel is first heated by the waste heat and 106 

then injected into the SOFC anode. Direct internal reforming reaction occurs in the SOFC, 107 

accompanying with the production and output of syngas (components in mole fraction: H2O 108 

44.38%, H2 19.82%, CO 8.99%, CO2 26.49% and N2 0.32% in Treform=1023 K). A part of 109 

syngas will be recycled back to mix with the fuel NG as a new fuel for SOFC anode. The 110 

remaining part of syngas keeps going on and plays a role in preheating the fuel NG and air as 111 

heat source for improving the system efficiency. Meanwhile, the temperature of the syngas is 112 

reduced to the required temperature 350℃ where the high-temperature WGS reaction 113 

happens. 114 

 115 

Fig. 1. The layout of the SOFC-WGS-TSA-PEMFC system. 116 

 117 
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In the gas processing (GP) subsystem consisting of WGS and TSA sections, the two 118 

stages WGS including high-temperature and low-temperature stages are adopted to ensure 119 

high converting rate and large H2 production for the WGS reaction of the syngas. 120 

High-temperature WGS (HT-WGS) reaction makes high converting rate, while 121 

low-temperature WGS (LT-WGS) produces more H2. The heat generated by WGS reaction is 122 

recycled to evaporate water and produce steam. After the WGS treatment, the syngas is 123 

cooled and dried prior to the TSA process. In the TSA process, only H2 component of the 124 

syngas can be selectively adsorbed by AB5-type HSA in chemisorption at room temperature 125 

to form MH (metal hydride). The other components of the syngas are exhausted to 126 

environment. When the MH reaction bed is heated to certain temperature (50~90℃), high 127 

pure H2 is released from the MH to supply for the PEMFC as anode fuel. In order to improve 128 

the system net efficiency, the produced steam in the WGS process is used to heat the MH bed 129 

for driving hydrogen desorption reaction. 130 

In the PEMFC subsystem, pure H2 source separated from the TSA process is fed into the 131 

PEMFC. The unreacted H2 in the PEMFC output is recycled back to the inlet for improving 132 

fuel utilization. Cathode air is heated by waste heat of tail gas to reach the required 133 

temperature prior to the input into the PEMFC. The cooling method using water as working 134 

medium is performed to make sure the operating temperature less than 100℃, preventing 135 

water from evaporating out of the PEMFC. 136 

 137 

3. System model 138 

3.1.  Model assumptions 139 
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The following assumptions are made for simplifying the system model. 140 

1) Pressure drops in the system are neglected. 141 

2) The NG source with 3% H2O is desulfurized. 142 

3) The system is in steady-state operation. 143 

4) High steam to carbon ratio is assumed in the SOFC where no carbon deposition is 144 

considered [23]. 145 

5) All the reactors (including the WGS and TSA reactors) and heat exchangers are 146 

assumed to be well insulated. There is no heat transfer between the devices (reactors 147 

and heat exchangers) and the outside environment. 148 

6) The hydrocarbon component in the NG is assumed to completely convert into H2 in 149 

the SOFC-DIR. The necessary heat required for the reforming reaction is taken from 150 

the electrochemical reaction in the SOFC. Besides, the reforming and WGS 151 

reactions in the system occur at the equilibrium temperature and pressure [24]. 152 

7) The modeling of SOFC-DIR is separated into the reforming and the electrochemical 153 

reactions. The gas fuel after the reforming reaction equilibrium is the input fuel of 154 

the subsequent electrochemical reaction. The local isothermal model is applied to 155 

fuel cell for calculating electrochemical balances based on the constant cell 156 

temperature [25]. 157 

8) The humidification of the PEMFC is not considered for the following reason. Our 158 

study only focuses on the stationary performance of the hybrid system. The 159 

humidification of flue gas has little influence on the efficiency and gas composition 160 

except increasing the humidity. Therefore, the reasonable simplification on the 161 
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PEMFC humidification is performed. 162 

 163 

3.2.  Models of the SOFC and PEMFC subsystem 164 

The core of the SOFC subsystem shown in Fig. 2a is the SOFC fuel cell which works 165 

both as a NG reformer and a generator. The excessive air is input into the SOFC cathode for 166 

being used as the coolant to remove the generated reaction heat out of fuel cell, ensuring the 167 

isothermal operation of the SOFC. The internal reforming reaction, water gas shift reaction, 168 

and electrochemical reactions in the SOFC can be expressed in Eqs. (1-3) [26,27]. 169 

 170 

Fig. 2. The schematic model (a) SOFC subsystem; (b) WGS-TSA subsystem; (c) PEMFC 171 

subsystem. 172 

4 2 2CH +H O CO+3H      kJ/mol206H→  =                                    (1) 173 

2 2 2CO+H O CO +H      kJ/mol→  =−41H                                     (2) 174 

2 2 2H + O H O(g)     kJ/molH→  = −
1

242
2

                                    (3) 175 
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The reaction equilibrium constant reformK  of the reforming reaction occurring at the 176 

equilibrium temperature reformT  can be described as below [28]. 177 

( )

         . . . . .

CO H

reform reform

CH H O

p p
K f T

p p

T T T T− − −


= =



= −   +   −   +  −

2

2 2

3

11 4 7 3 4 22 63121 10 1 24065 10 2 25232 10 0 195028 66 1395

  (4) 178 

Figure 2 c shows the schematic model of the PEMFC subsystem. For the fuel cell (SOFC 179 

and PEMFC) subsystems, the overall mass balance equation is described as follows. 180 

, , , ,+a in c in a out c out   − − = 0                                                 (5) 181 

The mass exchange between the anode and cathode in the fuel cells can be calculated by 182 

Eq. (6). 183 

, ,

, ,

=        for SOFC

=        for PEMFC

c a a out a in O

a c c out c in H

I
M

F

I
M

F

→

→

− = 

− = 

2

2

4

2

  

  
                                 (6) 184 

The overall energy balance equation of the fuel cell is written as below. 185 

, , , , , , , ,+a in a in c in c in a out a out c out c out DC lossh h h h P Q     −  −  = +                         (7) 186 

The relationship between anode mass flow ,a in  and power output P  of the fuel cell 187 

can be described in the following equation. 188 

,

/

a in fuel fuel fuel DC cell ir

DC AC

P
LHV P A J U  


   = = =                              (8) 189 

The current density J  can be calculated by Eq. (9). , ,a in iy  stands for the concentration 190 

of the effective components involved with H2 during the reforming and electrochemical 191 

reactions. 192 

, ,
,

n

a in i
fuel a in i

cel l cel l a

y
I

J
A A M F

 
= =  



2
                                            (9) 193 



 14 / 40 
 

Combining Eqs. (8) and (9), the relationship between power output P and fuel utilization 194 

μfuel could be obtained and described in Eq. (10). 195 

, ,
,

/ /

n

a in i
a in i

DC AC ir fuel DC AC ir

a

y

P I U U
M F


  =   =    



2
                           (10) 196 

The relationship between irreversible cell voltage 
irU  and cell equilibrium conditions 197 

(cell pressure 
Cellp  and temperature 

cellT ) is shown as below. The third term in Eq. (11) 198 

represents the voltage loss 
lossU  caused by the polarization under the assumption that the 199 

voltage loss over the length of the electrodes (the direction of the fuel flow) is ignored. For 200 

sake of simplicity, the voltage loss 
lossU  is assumed to conform to Ohm’s Law and 201 

equivalent to the local current density times a constant resistance Req. The values of Req and 202 

Acell are obtained through the calculation under the design conditions of cell voltage 
irU  and 203 

current density J. 204 

/

, , /

,

ln
c O a Hg cell

ir T cell eq

a H O

y yR T
U E p I R

F y

  
= +   −   

    

2 2

2

1 2

0 1 2

2
                            (11) 205 

3.3.  Model of gas processing subsystem 206 

Figure 2 b shows the schematic model of the GP subsystem which contains two 207 

important reactors of WGS and TSA. In the WGS reactor, the water gas shift reaction occurs 208 

at the equilibrium temperature reactT . The equilibrium constant shiftK  corresponding to the 209 

WGS reaction is the function of reactT  as expressed in Eq. (12) [29]. 210 

( )

       . . . . .

CO H

shift WGS

CO H O

p p
K f T

p p

T T T T− − −


= =



=   −   +   −  +

2 2

2

12 4 8 3 5 25 47301 10 2 57479 10 4 63742 10 0 03915 13 2097

  (12) 211 

In the TSA reactor, the AB5-type HSA LaNi4.3Al0.7 against CO impurity [21] is used to 212 

complete the hydrogen absorption/desorption processes. The TSA reaction for hydrogen 213 
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separation and purification based on HSA can be described as Eq. (13). The hydrogen 214 

absorption/desorption reaction enthalpy of LaNi4.3Al0.7 alloy is 2 .  kJ/mol HH = −29 2  [30]. 215 

4.3 0.7 2 4.3 0.7 6LaNi Al +3H LaNi Al H                                           (13) 216 

The TSA reaction takes place at the equilibrium pressure eqP  which is closely 217 

associated with the reaction temperature reactT . The relationship between eqP  and reactT , 218 

called as pressure-concentration isotherm, can be expressed in Eq. (14). The polynomial 219 

function coefficients na  [31] are different for hydrogen absorption/desorption processes, 220 

which are listed in Table 1. The hydrogen desorption reaction kinetics of TSA can be written 221 

in Eq. (15) [32]. The main parameters of this equation are shown in Table 2. 222 

eq = exp

n

n

n g react ref

H H
p a

M R T T=

     
   −               


9

0

1 1
                                (14) 223 

exp( )
g eqd

d

g d eq

p pEdH
C H

dt R T p

 −
=  −   

 
 

                                     (15) 224 

Table 1 The polynomial function coefficients for hydrogen absorption/desorption [31]. 225 

Coefficient a0 a1 a2 a3 a4 a5 a6 a7 a8 a9 

Absorption 0.0075 15.2935 -34.577 39.9926 -26.7998 11.0397 -2.8416 0.446 -0.0391 0.0014 

Desorption -1.4654 19.1902 -42.086 49.0869 -33.8194 14.4375 -3.8581 0.6275 -0.0567 0.0021 

Table 2 The main TSA reaction parameters. 226 

Parameter Value Ref 

Desorption rate constant, Cd (s
-1) 9.57 [33] 

Activation energy, Ed (J/mol) 23879.6 [31] 

Reactor gas pressure, pg (bar)  0.085 [31] 

Absorbed hydrogen content, H (wt%) 0.7 [21] 
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3.4. Computational details 227 

In the present study, Cycle-Tempo software, an elaborate thermodynamic system 228 

simulator designed by Delft University of Technology (TU Delft) [34], is used to perform 229 

thermodynamic modeling and exergy analysis for optimizing the SOFC-WGS-TSA-PEMFC 230 

system. The FC modular in the Cycle-Tempo was developed by A de Groot [25], which is 231 

capable of simulating almost all different types of fuel cells including SOFC and PEMFC. 232 

The Cycle-Tempo software has been successfully applied in the energy system optimization, 233 

which is proven to be a feasible and reliable tool for the stationary modeling and simulation 234 

[35-37]. During the calculations, the relative accuracy for the iteration operation is set as 235 

1.0×10-4. The counter-flow between fuel and air flows is chosen for the fuel cell. The values 236 

of the important input parameters used in the model computation are summarized in Table 3. 237 

Table 3 Values of the important input parameters used in the model of the hybrid system. 238 

Parameter Value 

Operating temperature of the SOFC, TSOFC (K) 1023 

Operating pressure of the SOFC, pSOFC (bar) 1.013 

Inlet temperature of fuel and air in the SOFC, Tin,SOFC (K) 1023 

Reforming reaction temperature in the SOFC, Treform (K) 1023 

Equilibrium pressure of the DIR reaction, preform (bar) 1.013 

Outlet temperature of fuel and air in the SOFC, Tout,SOFC (K) 1073 

DC/AC conversion efficiency, ηDC/AC 0.96 

Fuel utilization in the SOFC, μfuel,SOFC 0.8 

Cell voltage of SOFC, Uir,SOFC (V) 0.75 
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Current density, J (A/m2) 2500 

Isentropic efficiency of compressor, ηISE 0.8 

Fuel recirculation percentage of SOFC, χSOFC 0.4 

Reaction temperature of HT-WGS, THT-WGS (K) 623 

Reaction temperature of LT-WGS, TLT-WGS (K) 473 

Steam temperature, TSteam (K) 383 

Hydrogen absorption temperature of HSA, Tab (K) 303 

Hydrogen desorption temperature of MH, Td (K) 353 

Operating temperature of the PEMFC, TPEMFC (K) 353 

Operating pressure of the PEMFC, pPEMFC (bar) 1.013 

Inlet temperature of fuel and air in the PEMFC, Tin,PEMFC (K) 353 

Outlet temperature of fuel and air in the PEMFC, Tout,PEMFC (K) 358 

Cell voltage of PEMFC, Uir,PEMFC (V) 0.7 

Fuel utilization in the PEMFC, μfuel,PEMFC 0.85 

Oxidant utilization in the PEMFC, μox,PEMFC 0.5 

Temperature of cooling water, Tcoolant (K) 293 

 239 

3.5. Model verification 240 

Considering a steady state model discussed in this work, the energy balance of the model 241 

is calculated to perform the model verification. In this case, a random operating point of NG 242 

mass flow .NG = 0 06 kg/s  is chosen. The energy input and output of the 243 

SOFC-WGS-TSA-PEMFC system are summarized in Fig. 3. The energy input into the 244 
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system includes NG source, air source, heat source for TSA, water source and the consuming 245 

power of the auxiliary compressors. The one going out of the system has the power of fuel 246 

cells (SOFC and PEMFC), tail gas, steam, water out of the separator and the HEX cooling the 247 

PEMFC. The calculation compositions of gas flow and the energy results are shown in Table 248 

4. The comparison between the input and output energy shows there is a small error of about 249 

5.76 kW in the hybrid system. The very small relative error (about 0.33%) indicates the 250 

model verification of the SOFC-WGS-TSA-PEMFC system for the energy balance. 251 

 252 

Fig. 3. The energy input and output of the SOFC-WGS-TSA-PEMFC hybrid system. 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 



 19 / 40 
 

Table 4 The energy balance verification of the SOFC-WGS-TSA-PEMFC hybrid system. 263 

 Components 
Energy 

(kW) 

Total 

energy 

(kW) 

Error 

(kW) 

Relative 

error 

Input 

NG source 

(CH4: 85%, C2H6: 7%, C3H8: 2%, CO2: 

5%, N2: 1%) 

287.42 

1723.15 

5.76 0.33% 

Air source 

(N2: 77.29%, O2: 20.75%, CO2: 0.03%, 

H2O: 1.01%, Ar: 0.92%) 

757.56 

Heat source -90.30 

Water 

source 

H2O input in the GP 9.51 

Coolant water input 886.97 

Auxiliary power -128.02 

Output 

FC 

power 

SOFC 1383.24 

-1717.39 

PEMFC 377.25 

Tail 

gas 

Gas out of SOFC 

(N2: 80.52%, O2: 17.44%, CO2: 

0.03%, H2O: 1.05%, Ar: 0.96%) 

-230.34 

Gas out of TSA 

(CO2: 98.74%, N2: 1.14%, CO: 

0.11%, CH4: 0.01%) 

-1356.40 

Gas out of PEMFC 

(N2: 70.02%, H2O: 19.71%, O2: 

9.40%, Ar: 0.83%, CO2: 0.03%) 

-704.96 

Steam 305.07 

Water 

source 

H2O output in the GP -899.06 

Coolant water output -592.19 

4. Results and discussion 264 

4.1. SOFC-WGS-TSA-PEMFC system performance 265 

The performance of the SOFC-WGS-TSA-PEMFC system is first predicted under the 266 

operating condition of SOFC output power  kW500SOFCP = . The NG mass flow required to 267 

produce 500 kW and the corresponding H2 mass flow produced from the GP subsystem are 268 

.NG = 0 022 kg/s  and .H =
2

0 002 kg/s , respectively. The output power of PEMFC depends on 269 

the H2 production from the WGS reaction, which is calculated to be 129.80 kW. Therefore, 270 
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the generated total power of the fuel cells is .  kWTotal SOFC PEMFCP P P= + = 629 80 . In this case, the 271 

total energy of NG fuel input into the hybrid system is .  kWNGE = 926 10 . The gross efficiency 272 

Gross  of the hybrid system can be obtained to be 68.01% by Eq. (16), which is the ratio of 273 

total power 
TotalP  to input NG fuel energy 

NGE . Since some auxiliary power and thermal 274 

energy for TSA are consumed in the power generation process, this part of energy should be 275 

removed from the generated total power 
TotalP . Consequently, the net electricity efficiency 276 

net  of the hybrid system is 60.46% when the SOFC output power is 500 kW under the given 277 

operating conditions. Table 5 lists the calculation results of the power generation and energy 278 

consumption in the hybrid system. 279 

Total

Gross

NG

P

E
 =                                                          (16) 280 

Table 5 The calculated power generation and efficiency of the hybrid system in the case of 281 

 kW500SOFCP = . 282 

 

Input energy 

(kW) 

Total power (kW) Auxiliary power (kW) 

Thermal 

energy (kW) 

Efficiency 

NG fuel SOFC PEMFC Compressor 3 Compressor 8 TSA reactor Gross Thermal Net 

Value 926.10 500 129.80 5.93 33.97 30.1 68.01% 3.24% 60.46% 

 283 

It is of importance to note that the thermal energy .  kWTSAQ = 30 1  required for the TSA 284 

process can be taken from the steam (Apparatus No.: 213) with the heat value 285 

.  kWSteamQ = 109 35  generated by the WGS reaction through heat exchanger. The recovery of 286 

the heat source for driving the TSA reaction can improve the net electricity efficiency of the 287 

hybrid system by 3.24% to be 63.70%. Figure 4 shows the comparison of the overall 288 
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electricity efficiency among different fuel cell systems, such as Reformer-PEMFC 289 

(R-PEMFC) [38], standalone-SOFC [39], SOFC-CLHP [26], SOFC-engine [40], SOFC-GT 290 

[41] and SOFC-PEMFC hybrid system. It can be seen that the SOFC-PEMFC hybrid system 291 

has a higher efficiency than the other five kinds of fuel cell systems. The high energy 292 

conversion efficiency of the hybrid system indicates that the combination of SOFC and 293 

PEMFC contributes to the enhancement of energy conversion process besides the utilization 294 

of NG as fuel source. In addition, the coupling of TSA into the SOFC-PEMFC hybrid system 295 

causes an improved net electricity efficiency (63.70%) compared with the system coupled 296 

with PSA whose efficiency is 59.4% [17]. 297 

 298 

Fig. 4. The comparison of overall efficiency among different fuel cell systems [17,26,38-41]. 299 

 300 
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4.2. Parametric analysis 301 

The influences of some important operating parameters on the performance of the 302 

SOFC-WGS-TSA-PEMFC system are further investigated in this study. As is well known, 303 

the fuel utilization has a significant impact on the H2 production and energy conversion 304 

efficiency. Therefore, the influences of fuel utilization on the H2 production behavior, output 305 

power and net electricity efficiency of the hybrid system are first discussed. First, a set of 306 

SOFC fuel utilization μfuel,SOFC=0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 is considered under the same 307 

NG mass flow .NG = 0 022 kg/s . Figure 5a shows the variations of H2 production, the power 308 

generation and auxiliary power consumption with the increase of μfuel,SOFC. It is found that 309 

increasing the SOFC fuel utilization can improve the SOFC power generation in an 310 

approximate linearity. According to Eq. (10) , the FC output power is proportional to the fuel 311 

utilization. Higher fuel utilization results in more power output generated by FC under the 312 

same operating conditions. Therefore, it is easily understood that the SOFC power generation 313 

increases with the increase of the SOFC fuel utilization. Meanwhile, more H2 takes part in the 314 

electrochemical reaction to achieve more power at a higher μfuel,SOFC. The consumption of H2 315 

in the SOFC causes the reduction in H2 production occurring in the WGS reactors, 316 

accordingly reducing the power generation of PEMFC. Since the PEMFC power is much 317 

smaller than the SOFC power in the hybrid system, the total output power is mainly 318 

originated from the SOFC power. The fuel utilization μfuel,SOFC has a direct and more powerful 319 

impact on the SOFC compared with the PEMFC. Therefore, increasing μfuel,SOFC improves the 320 

total output power of the hybrid system, even though the PEMFC power generation is 321 

reduced. However, as shown in Fig. 5a, a small change appears in the total output power 322 
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when μfuel,SOFC is more than 0.7. In addition, the consumption of more H2 in the SOFC caused 323 

by the higher μfuel,SOFC results in that the amount of air required to oxidize the increased H2 in 324 

the fuel cell is increased. The increased air indicates more auxiliary power consumption of 325 

the compressor (Apparatus No.: 8). Taking the two influence factors of the large auxiliary 326 

power consumption and the small change in the total output power at a high μfuel,SOFC (more 327 

than 0.7) into account, the hybrid system with the high μfuel,SOFC has almost the same net 328 

electricity efficiency, about 63% shown in Fig. 5b. The net electricity efficiency reaches the 329 

maximum value 63.69% when the μfuel,SOFC is 0.8. Therefore, the SOFC fuel utilization will 330 

be fixed at 0.8 in the following study. 331 

 332 

Fig. 5. The hybrid system performance at different SOFC fuel utilizations μfuel,SOFC (a) H2 333 

production and power; (b) net electricity efficiency. 334 

Since the fuel of downstream PEMFC is pure H2 from the WGS and TSA gas processing 335 

subsystem in the hybrid system, the PEMFC fuel utilization mainly affects the PEMFC power 336 

generation and the system net electricity efficiency. The SOFC power generation holds 337 

unchanged under the conditions of the fixed NG mass flow 
NG  and fuel utilization μfuel,SOFC. 338 

Fig. 6 shows the variations of power generation and system efficiency with the increase of the 339 

PEMFC fuel utilization μfuel,PEMFC at .NG = 0 022 kg/s  and , .fuel SOFC = 0 8 . It can be seen that 340 



 24 / 40 
 

both the power generation (PEMFC and total) and the net electricity efficiency are increased 341 

in a linear pattern when more H2 fuel is consumed in the PEMFC. The overall efficiency of 342 

the hybrid system is increased from 55.28% to 62.28% when the μfuel,PEMFC varies from 0.4 to 343 

0.9. If the recirculation of H2 fuel out from the PEMFC outlet is considered, the μfuel,PEMFC 344 

will have no impact on the power generation and system efficiency. Because the H2 fuel from 345 

the gas processing subsystem is completely consumed in this case. The total output power 346 

and efficiency of the hybrid system reach the stable values of 644.28 kW and 63.69%, 347 

respectively. Compared with the case without H2 recirculation at 
, .fuel PEMFC = 0 4 , the 348 

efficiency under the H2 recirculation can be improved by about 9%. Therefore, it is suggested 349 

to consider the H2 recirculation for the PEMFC in the hybrid system with the purpose of 350 

improving the overall system efficiency. 351 

 352 

Fig. 6. The hybrid system performance with/without the H2 recirculation at different PEMFC 353 

fuel utilizations μfuel,PEMFC. 354 
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Figure 7 displays the influences of SOFC outlet syngas recirculation on the net 355 

electricity efficiency and power of the hybrid system. The recirculation χSOFC not only affects 356 

the performance of the SOFC, but also plays a crucial role on the subsequent H2 production 357 

and the performance of the PEMFC. Increasing the χSOFC helps to enhance the SOFC 358 

performance, while overlarge χSOFC makes few H2 produced from the WGS reaction and 359 

causes the performance degradation of the PEMFC as a result. The balance point of χSOFC, 360 

determining the best efficiency to the hybrid system, is found to be about 0.4, which agrees 361 

well with the reported conclusion that the FC hybrid system fueled with renewable fuels has 362 

the highest electricity efficiency with the syngas recirculation percentage of 40% [42]. 363 

 364 

Fig. 7. The influences of χSOFC on the net electricity efficiency and power of the hybrid 365 

system. 366 

The influences of operating temperatures on the performance of the hybrid system are 367 

further investigated in this work. Since the CH4 reforming reaction is internally coupled into 368 

the SOFC, the operating temperature of the SOFC is supposed to be also the reforming 369 

reaction temperature. Figure 8a shows the performance of the hybrid system at different 370 

reforming temperatures of Treform= 923, 973, 1023, 1073, 1123, 1173 and 1223 K under the 371 
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optimal fuel utilization conditions (μfuel,SOFC=0.8 and χSOFC=0.4) and fixed current density 372 

JSOFC=2500 A/m2. As the Treform increases, the power generation of SOFC decreases. The 373 

reduction in the SOFC power is attributed to the decrease of H2 production in the SOFC-DIR, 374 

because the reforming reaction constant shiftK  is reduced at the elevated reforming operating 375 

temperature. It means that the amount of H2 fuel produced from the reforming reaction for 376 

electrochemical reaction in the SOFC-DIR is reduced at the elevated Treform. As a 377 

consequence, the amount of the syngas from SOFC anode outlet is increased. On the contrary, 378 

the H2 fuel produced from the syngas after the two-stage WGS and TSA processes is 379 

increased, which is from 0.00139 to 0.00226 kg/s with the increase of Treform from 923 to 380 

1223 K. Therefore, the PEMFC power increases with the increase of Treform. The auxiliary 381 

power (mainly the compression power for air and H2 sources) also becomes large at the 382 

elevated Treform, because more compression work is required to achieve the higher fuel inlet 383 

temperature. In a word, the total output power of the hybrid system first increases and then 384 

decreases as the reforming temperature is increased. The net electricity efficiency of the 385 

hybrid system reaches the peak value of 63.32% at the Treform of 1023 K. 386 

 387 

Fig. 8. The hybrid system performance at different operating temperatures (a) DIR reforming 388 

temperature; (b) LT-WGS operating temperature. 389 
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In order to achieve fast converting rate and high H2 production in the WGS reactors, 390 

two-stage reactions with high and low temperatures are used in the gas processing subsystem. 391 

In view of H2 production mainly depending on the LT-WGS reaction, the influence of 392 

LT-WGS operating temperature of 443~523 K on the hybrid system performance is studied. 393 

In this case, the operating temperature of the HT-WGS reaction is fixed at 623 K. As shown 394 

in Fig. 8b, the reduction in the LT-WGS operating temperature benefits for improving the 395 

PEMFC power generation and overall system efficiency. The enhanced PEMFC power 396 

indicates that the reduced LT-WGS operating temperature facilitates the H2 production, as 397 

listed in Table 6. The mole fraction of H2 component in the mixture gas after the LT-WGS 398 

reaction increases from 28.48% to 28.75% when the LT-WGS operating temperature is 399 

reduced from 523 K to 443 K. Accordingly, the H/C ratio of the mixture gas is incresed from 400 

1.605 to 1.621. These results reveal that lower reaction temperature promotes the H2 401 

conversion reaction in the LT-WGS reactor and enriches the H2 production as a result. In 402 

addition, the mole fraction of CO component in the mixture gas which is input into the TSA 403 

reactor based on LaNi4.3Al0.7 (HSA) is reduced with the decrease of LT-WGS reaction 404 

temperature. When the temperature is less than 463 K, the concentration of CO can be 405 

controlled below 0.1%, which is non-toxic to the HSA. Therefore, the control of LT-WGS 406 

reaction temperature is important to avoid CO component poisoning the TSA process. 407 

Although the reduced LT-WGS reaction temperature has a positive influence on the hybrid 408 

system performance, the influence is weak. The operating temperature of 463 K is 409 

recommended for the LT-WGS to achieve the high overall system efficiency without CO 410 

poisoning. 411 
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Table 6 The H2 and CO mole fractions and the H/C ratio in the mixture gas after the 412 

LT-WGS reaction at different temperatures. 413 

Temperature 443 K 463 K 473 K 483 K 503 K 523 K 

H2 mole fraction 28.75% 28.71% 28.68% 28.65% 28.58% 28.48% 

CO mole fraction 0.06% 0.10% 0.13% 0.16% 0.23% 0.33% 

H/C ratio 1.621 1.618 1.616 1.614 1.611 1.605 

 414 

In the SOFC-WGS-TSA-PEMFC system, the H2 fuel injected into the PEMFC is from 415 

the hydrogen desorption of MH in the TSA reactor. The PEMFC operating temperature is 416 

self-regulated according to the hydrogen desorption temperature of TSA reactor, which 417 

suggests that the PEMFC and TSA reactor have the same operating temperature. According 418 

to Eq. (15), the H2 production in the TSA reactor is closely associated with the hydrogen 419 

desorption temperature Td. In other word, the PEMFC operating temperature affects the H2 420 

fuel mass flow fed into the PEMFC. Figure 9 shows the influences of the PEMFC operating 421 

temperature on the performance of the hybrid system. It can be seen that the relationship 422 

between equilibrium pressure and temperature is linear, which conforms to the Van’t Hoff 423 

equation describing the variation of the equilibrium pressure with the reaction temperature for 424 

MH [43]. The higher the operating temperature is, the more the H2 production is. Therefore, 425 

the PEMFC can generate more power at higher temperatures. Of course, the thermal energy 426 

supplied for the TSA reactor is also increased when increasing the temperature Td. As 427 

previously mentioned, the steam heat can be utilized to cover this part of thermal energy. 428 

Thus, the increase of the required thermal energy has no influence on the net electricity 429 



 29 / 40 
 

efficiency. However, the large H2 fuel mass flow inevitably reduces the operating time of the 430 

PEMFC, because of the fixed total H2 amount produced by the SOFC-DIR and WGS 431 

reactors. Consequently, the highest possible PEMFC operating temperature will not benefit 432 

for the overall performance of the hybrid system. 433 

 434 

Fig. 9. The hybrid system performance at different PEMFC operating temperatures (a) H2 435 

production and equilibrium pressure; (b) net electricity efficiency and power. 436 

 437 

4.3. Exergy analysis 438 

The exergy analysis can help to find out which component of the system dominates the 439 

energy irreversibility of the whole system, thus providing the approach of optimizing the 440 

system performance. Therefore, the exergy analysis of the SOFC-WGS-TSA-PEMFC system 441 

is further performed under the same environment condition (1.013 bar and 288 K) in this 442 

paper. The results from the parametric analysis reveal that the novel hybrid system presents 443 

the superior performance when the important operating parameters are set as μfuel,SOFC=0.8, 444 

χSOFC=0.4, TSOFC=1023 K, TLT-WGS=463 K, Td=TPEMFC=353 K and complete H2 recirculation 445 

for the PEMFC. At the given optimum operation, the exergy flow and exergy efficiency of 446 

the hybrid system are calculated under the same NG fuel condition of .NG = 0 022 kg/s . 447 
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Similar to the calculation equation of energy efficiency (Eq. (16)), the equation for the gross 448 

exergy efficiency can be written as the following equation. When calculating the net exergy 449 

efficiency, this part of exergy consumed by the auxiliary apparatus should be removed from 450 

the output exergy of the fuel cells. 451 

SOFC PEMFC

Gross

NG

Ex Ex

Ex


+
=                                                 (17) 452 

Table 7 lists the calculation results of the output exergy 
TotalEx , the input NG source 453 

exergy 
NGEx , the auxiliary exergy 

AUXEx  and the corresponding exergy efficiency. The gross 454 

exergy efficiency of the hybrid system is 65.04%. The net exergy efficiency with the 455 

consideration of the heat source recovery for driving the TSA reaction (the thermal efficiency: 456 

3.06%) is 60.89%. 457 

Table 7 The calculated exergy and exergy efficiency of the hybrid system. 458 

 

Input exergy (kW) Total power (kW) Auxiliary power (kW) Exergy efficiency 

NG fuel SOFC PEMFC Compressors Gross Net 

Value 984.29 511.51 128.66 40.82 65.04% 60.89% 

 459 

The exergy flow diagram in the SOFC-WGS-TSA-PEMFC system is shown in Fig. 10. 460 

In the hybrid system, a total exergy destruction of 39.09% occurs and the exergy efficiency of 461 

60.91% is achieved. The exergy flow starts from the NG fuel source with .  kWNGEx = 984 29  462 

and then enters into the SOFC-subsystem. In this subsystem, 22.38% of the exergy is 463 

destructed, which is the largest exergy destruction among the three subsystems. The PEMFC 464 

subsystem has the second largest exergy destruction which is 11.40%. Compared with the 465 

fuel cells subsystems, the GP subsystem has the smallest exergy destruction of 5.31%. The 466 
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results reveal that the subsystems involving fuel cells usually have the high exergy 467 

destruction. Actually, the exergy destruction in the H2 separation and purification process is 468 

very small. The TSA process in this case is about 0.99%, which is comparable to the PSA 469 

process (0.8%) reported in the CaPP-SOFCR [17]. Besides, this part of the exergy can be 470 

supplied by the thermal utilization of the produced steam in the WGS reactor, indicating that 471 

the exergy destruction of TSA process can be recovered in our hybrid system. Therefore, the 472 

replacement of TSA for PSA process in the hybrid system has little influence on the exergy 473 

efficiency. Moreover, the SOFC-WGS-TSA-PEMFC hybrid system can prevent the gas 474 

impurity component CO from poisoning the PEMFC, which is conducive to long-cycle 475 

operation of the hybrid fuel cell system. 476 
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 477 

Fig. 10. Exergy flow diagram of the SOFC-WGS-TSA-PEMFC system. 478 

Figure 11 displays the exergy loss of the components and the corresponding ratio to the 479 

total exergy loss in the SOFC-WGS-TSA-PEMFC system. In the SOFC subsystem, the 480 

SOFC-DIR component and the HEX component (Apparatus No.: 10) contribute a major part 481 

of exergy loss. The relative exergy loss (the ratio of exergy loss of each component to total 482 

system) of the two components reach up to 23.65% and 19.53%, respectively. For the 483 

SOFC-DIR, the high exergy loss is mainly attributed to the occurrence of the reforming and 484 
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electrochemical reactions. The reason for the high exergy loss of the HEX 10 component is a 485 

big temperature difference between the working fluid (air flow) and the heating fluid (exhaust 486 

gas flow from the SOFC-DIR cathode). The temperature of the air flow is increased from 318 487 

K to 1023 K through the HEX 10 so that the air can be fed into the cathode of the fuel cell 488 

after the preheating. Meanwhile, the gas flow exhausted from the SOFC-DIR cathode is 489 

cooled down to about 355 K for venting to the environment. The waste heat recovery of the 490 

SOFC-DIR to preheat the air flow reduces the exergy loss of the exhaust gas flow to about 491 

3.96%. Actually, the excessive heat of the syngas flow from the SOFC-DIR anode is also 492 

considered to preheat the NG fuel and the initial air flow in this case. However, the HT-WGS 493 

reaction with the syngas as the reactants is required to take place at a temperature as high as 494 

623 K. The syngas heat out from the anode outlet that can be utilized for preheating is limited. 495 

In the HEX 9, the temperature of the working fluid (air flow) is increased by only 12 K (306 496 

K to 318 K). This is also the reason why the HEX 10 has the big temperature difference 497 

between the working fluid and the heating fluid. In such a situation, the exergy efficiency of 498 

the HEX 9 is very low, which is calculated to be only 12.51% according to Eq. (18) [44]. By 499 

comparison, the exergy efficiency of the HEX 10 can reach up to 92.15%. The comparison 500 

confirms that the heat exchange is more in the HEX 10 than the HEX 9. 501 

, ,

, ,

wfuild out wfuild in

HEX

hfuild in hfuild out

Ex Ex

Ex Ex


−
=

−
                                              (18) 502 
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 503 

Fig. 11. Absolute and relative exergy loss of the main components in the 504 

SOFC-WGS-TSA-PEMFC system. 505 

In the GP subsystem containing the WGS and TSA, the largest exergy loss is the exhaust 506 

gas (CO2 of 98.8%) from the TSA reactor. The relative exergy loss of the exhaust gas is 507 

6.62%. The largest exergy loss of the hybrid system appears in the PEMFC component. The 508 

relative exergy loss of the PEMFC reaches 25.60%. Actually, the exergy loss of the fuel cells 509 

SOFC and PEMFC dominates nearly 50% of the total exergy loss. Therefore, the exergy 510 

analysis further confirms that the fuel cells play an important role on determining the 511 

performance of the hybrid system. 512 

 513 

5. Conclusions 514 

In summary, a novel SOFC-WGS-TSA-PEMFC system fueled with NG is proposed and 515 

modeled in this paper. The parametric and exergy analyses are further performed and 516 

discussed to optimize the performance of the hybrid system. Through the analyses, the 517 

following conclusions can be drawn. 518 
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(1) The SOFC-WGS-TSA-PEMFC system presents a high net electricity efficiency up to 519 

about 64%, which is also more efficient than the reported R-PEMFC, only-SOFC, 520 

SOFC-CLHP, SOFC-engine and SOFC-GT fuel cell systems. In addition, the 521 

replacement of TSA for the PSA process to achieve H2 separation and purification 522 

helps to improve the energy conversion efficiency of the SOFC-PEMFC hybrid 523 

system and prevent the PEMFC from being poisoned. 524 

(2) The parametric analysis reveals that the optimum operating conditions for the hybrid 525 

system are μfuel,SOFC=0.8, χSOFC=0.4, TSOFC=1023 K, TLT-WGS=463 K and 526 

Td=TPEMFC=353 K. The complete H2 recirculation is suggested to the PEMFC for 527 

high efficiency. The LT-WGS reaction temperature should be controlled below 463 528 

K to prevent CO component from poisoning the AB5 type hydrogen storage alloy. 529 

(3) The net exergy efficiency of the hybrid system under the optimal operating 530 

conditions can reach 60.91%. The SOFC and PEMFC components account for nearly 531 

half of the total exergy loss, indicating the dominant role in the hybrid system. 532 

Besides, the TSA process for H2 separation and purification has the comparable 533 

exergy destruction to the PSA process, both of which are very small (less than 1%). 534 
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