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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Fuel cell power technology has drawn extensive attentions due to its high efficiency, low emission and noise. Solid oxide fuel 
cell (SOFC) could generate the power by diverse fuels, such as natural gas (NG), while proton exchange membrane fuel cell 
(PEMFC) only feeds on pure H2. More and more attentions are paid on the combination of SOFC and PEMFC for high efficiency 
and convenient refueling in the practical applications. To obtain H2 fuel with high purity from SOFC as a reformer, the gas 
processing subsystem for H2 separation and purification should be applied between SOFC and PEMFC. In this present study, the 
gas processing subsystem, consisting of water gas shift (WGS) and thermal swing adsorption (TSA), is introduced into the 
SOFC-PEMFC hybrid system. Then, the SOFC-WGS-TSA-PEMFC hybrid system is modelled to investigate the transient 
behaviors under different operations. The simulation results show that the SOFC-WGS-TSA-PEMFC hybrid system has an 
improved energy conversion efficiency of approximately 64%, which is higher than the only-SOFC and the reform-PEMFC. The 
waste heat recovery for driving the TSA reaction accounts for the higher net electricity efficiency compared with the SOFC-
PEMFC hybrid system based on the pressure swing adsorption (PSA) for H2 separation. Since the SOFC and PEMFC have 
completely different transient responses to the change of the loading, the influences of operating conditions of fuel cell vehicles 
on the transient behaviors of single SOFC and PEMFC and the overall performance of the SOFC-WGS-TSA-PEMFC hybrid 
system are further investigated. Through the analysis and discussion based on the dynamic modelling, the operation strategy is 
unveiled in this paper for the performance optimization of the hybrid system when installed in the fuel cell vehicles. 
Keywords: SOFC; PEMFC; Metal hydride; Transient behavior; High efficiency 
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Nomenclature 
A active cell area, m2 
Ca rate constant, s-1 
cp specific heat, J/(kg K) 
DA-B gas diffusion coefficient between the gas of A and B, m2/s 
Deff effective diffusion coefficient, m2/s 
DK Knudsen diffusion coefficient, m2/s 
Eact activation energy, J/mol 
EN reversible cell voltage, V 
F Faraday constant, 96485.338 C/mol 
H/M atomic ratio of hydrogen to metal 
I current, A 
J current density, A/m2 
J0 exchange current density, A/m2 
Jmax maximum current density, A/m2 
K reaction equilibrium constant 
l thickness, m 
mɺ  reaction rate, kg/s 
N number of cell 
P power, kW 
p pressure, bar 
Rohm Ohmic resistance, Ω 
T temperature, K 
µfuel fuel utilization 
ρ density, kg/m3 
Subscript 
a anode 
c cathode 
e electrode 
eq equilibrium 
f fluid 
in inlet 
ref reference 

1. Introduction 

An efficient and clean energy utilization technology is essential for the sustainable development of society. Fuel 
cell power technology has drawn extensive attentions due to its high efficiency, low emission and noise [1,2]. Proton 
exchange membrane fuel cell (PEMFC) and solid oxide fuel cell (SOFC) are the two important kinds of fuel cells for 
power generation, which work at different operating conditions and thus present different electrochemical 
performances. The PEMFC has relatively low operating temperatures (no more than 373 K), mature fabrication 
technology and fast transient response [3], while the SOFC has to work at an elevated operating temperature up to 
more than 873 K. It is exactly because of the high operating temperature that the SOFC could operate to generate 
power by feeding on diverse fuels, such as CH4, biogas, natural gas (NG) and petroleum gas through reforming and 
water gas shift (WGS) reactions. The fuel diversification makes the SOFC more convenient and widely applicable in 
the practical applications, compared with the PEMFC which can only depend on pure H2 as fuel. Compared with H2 
fuel, NG is much cheaper and more available due to the well-developed NG refueling stations. However, poor 
transient behavior exists in the NG fueled SOFC due to the high operating temperature. The slow transient response 
of the SOFC limits its application only to stationary. 

 Author name / Energy Procedia 00 (2018) 000–000  3 

In view of the fast transient response of PEMFC and H2 generation from SOFC by reforming CH4, the hybrid 
system consisting of PEMFC and SOFC is proposed to cover the merits of both SOFC and PEMFC. The 
combination of SOFC and PEMFC makes the mobile application of SOFC possible and feasible. Therefore, more 
and more attentions have been drawn to the SOFC-PEMFC hybrid system in the mobile energy utilization systems, 
such as the on-board power system. Dicks et al. [4] used the SOFC as a reformer for H2 generation and delivered H2 
to the PEMFC for more power generation. Through comparison with standalone SOFC or reformer-PEMFC power 
systems, it was found that SOFC-PEMFC hybrid system presents a higher overall efficiency. The net electricity 
efficiency could be improved by approximately 8%~16% reported by Rabbani et al. [5]. In the hybrid system, a gas 
processing (GP) procedure should be coupled between the SOFC and the PEMFC for H2 separation and purification 
to ensure pure H2 for the PEMFC. Otherwise, the impurity gas easily poisons the PEMFC catalyst, thus resulting in 
the PEMFC performance degradation, especially CO. About 10 ppm of CO can deactivate the PEMFC anodic Pt-
based catalyst [6]. In order to improve the purity of H2, Fernandes et al. [7] adopted the method of pressure swing 
adsorption (PSA) for H2 separation to connect the reforming output and the PEMFC anode input in the hybrid 
system. Based on SOFC as a reformer to convert NG into H2 for PEMFC, the authors proposed the innovative CaPP 
(Car as Power Plant) concept that the H2 fuel from the SOFC reformer (SOFCR) is delivered into the PEMFC-
powered car as the power plant to generate electricity when the car is in the parking situation. In the reported hybrid 
systems, pressure swing adsorption (PSA) technology is commonly applied because of its simple operation and low 
cost. However, it is hard to achieve high purity H2 separation from the reformed gas mixture (H2, CO, CO2 and H2O) 
by PSA due to that the separation is a completely physical process. The H2 purity processed by PSA is reported to be 
about 96% [8]. In contrast with the PSA, the method of thermal swing adsorption (TSA) for H2 separation and 
purification could achieve the purity of H2 fuel as high as 99.9999% by chemisorption [9]. Our previous study [10] 
shows Al-doped AB5-type hydrogen storage alloy (HSA) is capable of separating and purifying H2 from the gas 
mixture containing CO. Consequently, the TSA incorporation between the SOFC and the PEMFC contributes to 
preventing the PEMFC from the poisoning of CO. Besides, the H2 desorption temperature of AB5-type HAS matches 
well with the operating temperature of PEMFC, both of which are in the range of 323 ~ 363 K. It means that the 
discharged H2 can be directly feed into the PEMFC without pre-cooling or pre-heating. Also, the heat requirement 
for the TSA process can be derived from waste heat recovery in the SOFC-PEMFC hybrid system for improving the 
heat efficiency. 

In the present study, the NG-fueled SOFC-PEMFC hybrid system coupled with the TSA gas processing 
procedure is modeled. The transient behaviors under different loading operations are investigated on the basis of the 
dynamic model of the hybrid system. The influences of operation strategy on the transient responses of single SOFC 
and PEMFC as well as the overall performances of the hybrid system are further discussed for the optimal operation 
strategy when the hybrid system is applied to power the fuel cell vehicles. 

2. System modeling 

2.1. System description 

 
Fig. 1. Schematic diagram of the SOFC-PEMFC hybrid system coupled with TSA for H2 separation and purification 
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The NG-fueled SOFC-PEMFC hybrid system coupled with the TSA consists of three main subsystems which are 
SOFC, GP and PEMFC, as shown in Fig. 1. The SOFC subsystem consumes the preheated NG fuel and air to 
produce H2 by the reforming reaction and generate power in the meanwhile. The produced syngas mixture of CO, 
CO2, H2, H2O and N2 out of the SOFC anode will be input into the GP subsystem. In the GP subsystem, two stages 
of the high-temperature (HT) and low-temperature (LT) WGS reactions are first adopted for the WGS reaction of the 
syngas to ensure both the high converting rate (HT-WGS stage) and the large H2 production (LT-WGS stage). Then, 
the treated syngas after the WGS is dried, cooled and input into the TSA reactor filled with Al-doped AB5-type HAS 
LaNi4.3Al0.7. The HAS selectively reacts with H2 component of the syngas to form metal hydride (MH) at room 
temperature. Meanwhile, the other components of the syngas are exhausted to environment. When the temperature 
of the TSA reactor is elevated to about 323~363 K, the pure H2 adsorbed in MH can be discharged into the PEMFC 
subsystem for power generation. The heat required for hydrogen desorption reaction comes from the WGS reaction 
heat recovery to improve the heat efficiency. 

2.2. System model 

The following assumptions are made in the model development. 
1) Pressure drops in the hybrid system are neglected. 
2) The NG source is desulfurized and CH4 is the only hydrocarbon component. The conversion of CH4 in H2 is 

assumed to be complete in the SOFC as a reformer. The necessary heat required for the reforming reaction is 
taken from the electrochemical reaction of the SOFC. Besides, high steam to carbon ratio is assumed to avoid 
carbon deposition occurring in the SOFC [11]. 

3) In the SOFC, the CH4 reforming reaction and electrochemical reaction are separately modeled. The gas 
product after the reforming reaction is the input fuel of the subsequent electrochemical reaction. Both the 
reforming and electrochemical reactions in the hybrid system take place at the equilibrium temperature [12]. 

4) All the reactors and heat exchangers are completely insulated. No heat transfer appears between these 
apparatus and environment. 

2.3. Reforming and WGS reactions 

The reforming reactions occurring in the SOFC can be described in the following Eqs (1) and (2), which represent 
methane reforming and WGS reactions, respectively. 

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

2 2 2CO+H O CO +H      kJ/mol→ ∆ = −41H                                                                                                                    (2) 
In the SOFC, the methane reforming reaction and WGS reaction reach equilibrium in a fast rate due to the high 

reaction temperature. The components and their concentrations of the product gas mixture after the reforming 
reaction are closely associated with the equilibrium constant K of the reaction which only depends on the reaction 
temperature as shown in Eq (3) [13,14]. 
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       (3) 

2.4. TSA reaction for H2 separation and purification 

The TSA reaction for H2 separation and purification based on LaNi4.3Al0.7 alloy can be written in Eq. (4). The 
corresponding desorption reaction equilibrium pressure eqp  and reaction kinetics are described in Eqs. (5) and (6). 
The main parameters listed in the equations are shown in Table 1 [15]. 
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Table 1. The main parameters for the TSA reaction based on LaNi4.3Al0.7 alloy [15]. 

Parameters Polynomial coefficients 
Desorption rate 
constant, Ca (s-1) 

Activation energy, 
Eact (J mol-1) 

Gas pressure, pg 
(bar) 

Reaction enthalpy, 
△HTSA (J mol-1) 

Absorption 
a0=0.0075, a1=15.2935, a2=-34.577, 
a3=39.9926, a4=-26.7998, a5=11.0397, a6=-
2.8416, a7=0.446, a8=-0.0391, a9=0.0014 

59.19 21179.6 1 

30100 

Desorption 
a0=-1.465, a1=19.190, a2=-42.086, 
a3=49.087, a4=-33.819, a5=-14.437, a6=-
3.858, a7=0.627, a8=-0.0567, a9=0.0021 

9.57 23879.6 0.085 

2.5. Fuel cells model 

The electrochemical reaction occurring in the fuel cell is written in Eq. (7). The H2 consumption is determined by 
the fuel utilization fuelµ  of the fuel cells, which is described in Eq. (8). 

2 2 2H + O H O(g)     kJ/molH→ ∆ = −
1 242
2
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Equation (9) describes the electrochemical model of fuel cell that the cell voltage Vcell equals to the reversible 
voltage EN subtracting the irreversible overvoltage Vact, Vohm and Vconc. The reversible voltages of the SOFC and 
PEMFC are calculated by Eqs. (10) and (11) [16]. 
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The activation, ohmic and concentration overvoltage contribute to the irreversible overvoltage. The activation 

overvoltage Vact is caused by the necessary activation of charge transfer for electrodes, which is determined from the 

Butler-Volmer equation. The activation overvoltage of the SOFC is given by Eq. (12). The exchange current density 

J0  in the Eq (12) is related to the electrode microstructure and the operating conditions, which can be written in Eqs 

(13) and (14). For the PEMFC, the activation overvoltage can be simplified into an empirical equation (15) [17]. 
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The NG-fueled SOFC-PEMFC hybrid system coupled with the TSA consists of three main subsystems which are 
SOFC, GP and PEMFC, as shown in Fig. 1. The SOFC subsystem consumes the preheated NG fuel and air to 
produce H2 by the reforming reaction and generate power in the meanwhile. The produced syngas mixture of CO, 
CO2, H2, H2O and N2 out of the SOFC anode will be input into the GP subsystem. In the GP subsystem, two stages 
of the high-temperature (HT) and low-temperature (LT) WGS reactions are first adopted for the WGS reaction of the 
syngas to ensure both the high converting rate (HT-WGS stage) and the large H2 production (LT-WGS stage). Then, 
the treated syngas after the WGS is dried, cooled and input into the TSA reactor filled with Al-doped AB5-type HAS 
LaNi4.3Al0.7. The HAS selectively reacts with H2 component of the syngas to form metal hydride (MH) at room 
temperature. Meanwhile, the other components of the syngas are exhausted to environment. When the temperature 
of the TSA reactor is elevated to about 323~363 K, the pure H2 adsorbed in MH can be discharged into the PEMFC 
subsystem for power generation. The heat required for hydrogen desorption reaction comes from the WGS reaction 
heat recovery to improve the heat efficiency. 
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2) The NG source is desulfurized and CH4 is the only hydrocarbon component. The conversion of CH4 in H2 is 
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taken from the electrochemical reaction of the SOFC. Besides, high steam to carbon ratio is assumed to avoid 
carbon deposition occurring in the SOFC [11]. 

3) In the SOFC, the CH4 reforming reaction and electrochemical reaction are separately modeled. The gas 
product after the reforming reaction is the input fuel of the subsequent electrochemical reaction. Both the 
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4) All the reactors and heat exchangers are completely insulated. No heat transfer appears between these 
apparatus and environment. 

2.3. Reforming and WGS reactions 

The reforming reactions occurring in the SOFC can be described in the following Eqs (1) and (2), which represent 
methane reforming and WGS reactions, respectively. 

4 2 2CH +H O CO+3H      kJ/mol206H→ ∆ =                                                                                                                     (1) 
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In the SOFC, the methane reforming reaction and WGS reaction reach equilibrium in a fast rate due to the high 

reaction temperature. The components and their concentrations of the product gas mixture after the reforming 
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temperature as shown in Eq (3) [13,14]. 
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2.4. TSA reaction for H2 separation and purification 

The TSA reaction for H2 separation and purification based on LaNi4.3Al0.7 alloy can be written in Eq. (4). The 
corresponding desorption reaction equilibrium pressure eqp  and reaction kinetics are described in Eqs. (5) and (6). 
The main parameters listed in the equations are shown in Table 1 [15]. 
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Table 1. The main parameters for the TSA reaction based on LaNi4.3Al0.7 alloy [15]. 

Parameters Polynomial coefficients 
Desorption rate 
constant, Ca (s-1) 

Activation energy, 
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2.8416, a7=0.446, a8=-0.0391, a9=0.0014 

59.19 21179.6 1 
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9.57 23879.6 0.085 

2.5. Fuel cells model 

The electrochemical reaction occurring in the fuel cell is written in Eq. (7). The H2 consumption is determined by 
the fuel utilization fuelµ  of the fuel cells, which is described in Eq. (8). 
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Equation (9) describes the electrochemical model of fuel cell that the cell voltage Vcell equals to the reversible 
voltage EN subtracting the irreversible overvoltage Vact, Vohm and Vconc. The reversible voltages of the SOFC and 
PEMFC are calculated by Eqs. (10) and (11) [16]. 
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The activation, ohmic and concentration overvoltage contribute to the irreversible overvoltage. The activation 

overvoltage Vact is caused by the necessary activation of charge transfer for electrodes, which is determined from the 

Butler-Volmer equation. The activation overvoltage of the SOFC is given by Eq. (12). The exchange current density 

J0  in the Eq (12) is related to the electrode microstructure and the operating conditions, which can be written in Eqs 

(13) and (14). For the PEMFC, the activation overvoltage can be simplified into an empirical equation (15) [17]. 
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The ohmic overvoltage ohm ohmV I R= ⋅  is caused by the ohmic resistance Rohm of the fuel cell. Generally, the 
resistance to the protons transfer through the electrolyte mainly contributes to the ohmic resistance in the fuel cell. 
Therefore, the ohmic overvoltage of the SOFC and PEMFC can be simplified as follows [17,18]. 
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The concentration overvoltage Vconc of the SOFC and the PEMFC are given in Eqs. (17) and (18), respectively 
[17,19]. 
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where, /
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a cD  represents the effective diffusion coefficient of the gas through the electrode, which is 
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The output power of the fuel cell stack is given by the following equation: 

FC cellP N J A V= ⋅ ⋅ ⋅                                                                                                                                                        (19) 

3. Results and discussion 

3.1. Model validation 

This simulation in this work is carried out by the software MATLAB/SIMULINK with the relative tolerance of 
0.001. The validation of the SOFC model is performed using the experimental data in Ref [20]. The corresponding 
operating and geometrical parameters in experiment are summarized in Table 2. Fig. 2a shows the comparison 
between the simulation results and the experimental data at different temperatures. It can be clearly seen that a good 
agreement appears between the simulation and the experiment, strongly indicating that the SOFC model in this paper 
can be used to accurately predict the SOFC performance. Similarly, Fig. 2b also proves the good agreement between 
the simulation results and the experimental data [21] when using the PEMFC model to predict the performance at 
343 K. The relevant operating and geometrical parameters in experiment are also summarized in Table 2. 

Table 2. The main parameters for the model validation [20-23]. 

Parameters Values 

SOFC 
H2 pressure at the anode electrode Hp

2
, bar 0.97 

H2O pressure at the anode electrode H Op
2

, bar 0.03 
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O2 pressure at the cathode electrode Op
2

, bar 0.21 

Operating cathode pressure cp , bar 1 

Anode thickness al , m 0.001 

Electrolyte thickness el , m 8×10-6 

Cathode thickness cl , m 20×10-6 

Electrode porosity ε  0.48 

Electrode tortuosity ξ  5.4 

PEMFC 

H2 pressure at the anode electrode Hp
2

, bar 1 

O2 pressure at the cathode electrode Op
2

, bar 1 

Cell active area A, cm2 50.6 

Electrolyte thickness el , cm 0.0178 

Coefficient ψ  23 

Coefficient B 0.016 

Maximum current density maxJ ,A m-2 1.5 

 
Fig. 2. The model validation, (a) SOFC, (b) PEMFC. 

3.2. System performance 

Based on the established model, the performance of the NG-fueled SOFC-PEMFC hybrid system coupled with 
the TSA treatment is first investigated under the fixed operating conditions of NG mass flow .  mol/sNGφ = 0 5 , 
steam-to-carbon ratio / .S Cτ = 2 5 , HT-WGS and LT-WGS temperatures  KHT WGST − = 623  and  KLT WGST − = 473 . Fig. 
3a displays the output characteristics of the SOFC-PEMFC hybrid system with the variation of the SOFC fuel 
utilization when the operating temperatures of the SOFC and PEMFC are 1073 and 343 K, respectively. Here, it is 
noteworthy that the hydrogen desorption reaction temperature occurring in the TSA reactor determines the PEMFC 
operating temperature. Besides, the TSA equilibrium pressure is the input H2 pressure for the PEMFC. That is to say, 
the PEMFC operating conditions could be adjusted through controlling the TSA process. 
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The ohmic overvoltage ohm ohmV I R= ⋅  is caused by the ohmic resistance Rohm of the fuel cell. Generally, the 
resistance to the protons transfer through the electrolyte mainly contributes to the ohmic resistance in the fuel cell. 
Therefore, the ohmic overvoltage of the SOFC and PEMFC can be simplified as follows [17,18]. 
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The concentration overvoltage Vconc of the SOFC and the PEMFC are given in Eqs. (17) and (18), respectively 
[17,19]. 
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The output power of the fuel cell stack is given by the following equation: 
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3. Results and discussion 

3.1. Model validation 

This simulation in this work is carried out by the software MATLAB/SIMULINK with the relative tolerance of 
0.001. The validation of the SOFC model is performed using the experimental data in Ref [20]. The corresponding 
operating and geometrical parameters in experiment are summarized in Table 2. Fig. 2a shows the comparison 
between the simulation results and the experimental data at different temperatures. It can be clearly seen that a good 
agreement appears between the simulation and the experiment, strongly indicating that the SOFC model in this paper 
can be used to accurately predict the SOFC performance. Similarly, Fig. 2b also proves the good agreement between 
the simulation results and the experimental data [21] when using the PEMFC model to predict the performance at 
343 K. The relevant operating and geometrical parameters in experiment are also summarized in Table 2. 

Table 2. The main parameters for the model validation [20-23]. 
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Fig. 2. The model validation, (a) SOFC, (b) PEMFC. 

3.2. System performance 

Based on the established model, the performance of the NG-fueled SOFC-PEMFC hybrid system coupled with 
the TSA treatment is first investigated under the fixed operating conditions of NG mass flow .  mol/sNGφ = 0 5 , 
steam-to-carbon ratio / .S Cτ = 2 5 , HT-WGS and LT-WGS temperatures  KHT WGST − = 623  and  KLT WGST − = 473 . Fig. 
3a displays the output characteristics of the SOFC-PEMFC hybrid system with the variation of the SOFC fuel 
utilization when the operating temperatures of the SOFC and PEMFC are 1073 and 343 K, respectively. Here, it is 
noteworthy that the hydrogen desorption reaction temperature occurring in the TSA reactor determines the PEMFC 
operating temperature. Besides, the TSA equilibrium pressure is the input H2 pressure for the PEMFC. That is to say, 
the PEMFC operating conditions could be adjusted through controlling the TSA process. 
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Fig. 3. The performances of the hybrid system at different conditions, (a) variation with the SOFC fuel utilization, (b) 

variation with the SOFC operating temperature. 

It can be clearly seen from Fig. 3a that the output power of the SOFC increases as more fuel is utilized in the 
SOFC. However, the H2 production is reduced because of more H2 consumed for SOFC power generation. As a 
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